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1. Background

 Cancer is a global health problem and poses a significant economic burden to 
society as marked by an incidence of 14.1 million new cases and 8.2 million cancer-
associated deaths in 2012 [1]. These numbers are likely to increase over the coming 
years as a result of ageing and an increased exposure to risk factors [1]. Typically, 
cancer patients are treated with surgery, chemotherapy, radiotherapy, or combinations 
thereof. However, these therapies are often associated with severe side effects and 
high treatment costs. In case conventional therapies fail, alternative therapies such as 
photodynamic therapy (PDT) may be applied. 
 PDT is a non-to-minimally invasive treatment modality that comprises the 
administration of a photosensitizer and illumination of the photosensitizer-replete 
tumor with laser light (Fig. 1A). The activated photosensitizer reacts with molecular 
oxygen that causes the local production of reactive oxygen species, including highly 
deleterious singlet oxygen in the photosensitizer-replete and illuminated tissue [2]. 
This creates a state of oxidative stress in the tumor, which leads to tumor cell death, 
tumor (micro)vasculature shutdown, thereby depleting the tumor of oxygen and 
nutrients, and triggers an anti-tumor immune response (reviewed in [3]). All these 

Fig. 1. Principles of photodynamic therapy (PDT). (A) PDT comprises the administration of photosensitizer, its 
accumulation in the tumor, followed by the local illumination of the tumor with light. (B) PDT requires three basic 
elements (photosensitizer + light + oxygen) to locally generate reactive oxygen species and result in tumor removal.
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factors contribute to tumor removal (Fig. 1B).

2. Clinical status quo of photodynamic therapy

 PDT is currently used for the treatment of a variety of tumor types, including 
cancers of the head-and-neck area, early-stage esophageal cancers, Barrett’s esophagus, 
and skin cancers, all of which show high complete response rates [4-7] (Fig. 2). However, 
some tumor types only moderately respond to PDT, including superficial urothelial 
carcinoma [8], nasopharyngeal carcinoma [9], and perihilar cholangiocarcinoma [10] 
(Fig. 2).

1

Fig. 2. Clinical PDT outcomes plotted for various types of solid cancer. The cancer subtype is indicated at the 
top of the pie chart and the corresponding PS is shown at the bottom. The mean percentage of patients with a 
complete response to PDT (i.e., complete removal of the tumor) at follow up (F/U) is indicated in green, whereas the 
percentage of patients with an incomplete response to PDT is indicated in red (i.e., residual tumor present after PDT 
at the time of follow up). For non-resectable perihilar cholangiocarcinoma, the yellow and red slices represent the 
1-year survival and the 1-year mortality, respectively. Abbreviations: 5-ALA, 5-aminolevulinic acid; SCC, squamous 
cell carcinoma; mTHPC, m-tetrahydroxyphenylchlorin; T1/T2, tumor stage 1/2; HpD, hematoporphyrin derivative. 
Data compiled from refs [11-24]. 

1
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2.1 Photodynamic therapy for perihilar cholangiocarcinoma
 The work in thesis is mainly focused on optimizing PDT for the treatment of 
perihilar cholangiocarcinoma patients. Perihilar cholangiocarcinoma is a tumor that 
arises at the confluence of the common hepatic bile ducts and is often diagnosed at a late 
stage, at a point where only 20-30% of the patients are eligible to undergo resection [25]. 
The remainder of the patients will enter a palliative trajectory, inasmuch as there are no 
curative therapies available for non-resectable perihilar cholangiocarcinoma patients. 
Typically, a stent is placed in the bile ducts to restore the bile flow and to relieve patients 
from jaundice. However, these patients generally have a poor survival as marked by a 
median survival of 6-9 months post-diagnosis (stenting + palliative chemotherapy) [26]. 
Promising results have been achieved when stenting was combined with PDT, which 
resulted in a median survival of 21 months [26]. Unfortunately, PDT is not able to cure 
these patients and conventional PDT strategies are associated with photosensitivity 
issues that may last up to three months after photosensitizer administration. This may 
be due to long clearance times and non-specific accumulation of photosensitizer in 
the skin [27]. After exposure to (day)light, the photochemical reaction in the skin may 
produce erythema, blisters, and burn-like wounds (Fig. 3). The phototoxicity poses a 
clinical problem, especially in cancer patients that have a short life expectancy.
 Driven by these promising results and a clear medical need for novel therapies, 
this thesis is focused on the development of a novel PDT strategy for the treatment of 
perihilar cholangiocarcinoma patients.

Fig. 3. Clinical phototoxicity cases in non-resectable biliary cancer patients who had undergone PDT with 
intravenously administered Photofrin (porfimer sodium) or Foscan (mTHPC) as a last-line treatment (palliative). 
Phototoxicity was most prominent in regions most susceptible to light exposure as well as the infusion site. (A) 
Photo of a hand made after healing of severe burns with blisters, 3 months after injection of Photofrin in the vena 
cubiti. (B) and (C) Skin lesions both 2 months after intravenous injection of mTHPC, which ultimately healed by 
scarring (not shown). (D) and (E) Patient before (D) and 3 months after Photofrin-PDT (E) following a visit to an 
amusement park. The patient was wearing light-protective clothing, including a hat, but still experienced a severe 
photoallergic reaction in the face as evidenced by the degree of swelling. All patients were included in a clinical trial 
that had been approved by the institutional review board of the Academic Medical Center, University of Amsterdam 
(trial number NCT01016002). The trial was discontinued after inclusion of 5 patients due to the severity of adverse 
events. Explicit informed consent for the publication of the images in (D) and (E) was provided in writing by the 
patient’s spouse to Michal Heger.
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3. Enhancing photodynamic therapy

 In an attempt to reduce photosensitivity issues and to increase therapeutic 
efficacy, the work in this thesis has focused on the development of a photosensitizer 
multi-drug delivery platform. Conventional, clinically approved photosensitizers 
such as porfimer sodium (first-generation photosensitizer) and 5-aminolevulinic 
acid (second-generation photosensitizer) only moderately absorb light and exhibit 
an absorption peak that lies outside the therapeutic window (650 – 850 nm [2]). 
Photosensitizers that have a absorption peak in the therapeutic window suffer less 
from absorption by biological compounds such as hemoglobin and melanin that may 
limit light penetration into tissues [3]. As such, the experimental second-generation 
photosensitizer zinc phthalocyanine (ZnPC) was selected, which is known to have a 
high molar extinction coefficient (2.74 × 105 M-1 cm-1) in the red spectrum and a main 
absorption peak at 674 nm [28]. Also, ZnPC and other metallated phthalocyanines 
appear to be efficient singlet oxygen generators that are relatively non-toxic in the 
ground state [3].
 In addition to photosensitizers with improved spectral properties, targeting 
could improve the photosensitizer pharmacokinetics and result in higher photosensitizer 
concentration in the target tissue and hence increase PDT efficacy. Photosensitizers 
have been incorporated in various targeting structures that include low-density 
lipoproteins, micelles, liposomes, solid lipid nanoparticles, gold nanoparticles, quantum 
dots, polymeric micelles, and polymeric nanoparticles (reviewed in [3]), which could 
be classified as third-generation photosensitizers. The work described in this thesis is 
focused on liposomes inasmuch as liposomes can be employed to encapsulate both 
hydrophobic and hydrophilic agents, are relatively inexpensive, have a high payload, 
and are relatively non-toxic. Importantly, liposomes can also be modified to impart 
tumor targeting properties [29]. This knowledge was utilized to develop three distinct 
liposomal formulations that are targeted to the pharmacologically most relevant tumor 
areas, which include tumor cells, tumor interstitial spaces, and tumor endothelium 
(described in Chapter 2, Fig. 4). In brief, all liposomal formulations are coated 
with polyethylene glycol (PEG) to ensure long circulation time and deter clearance 
by cells of the mononuclear phagocyte system [30]. While interstitially-targeted 
liposomes (ITLs) are passively targeted to the tumor stroma by means of the enhanced 
permeability and retention effect [31, 32], tumor endothelium-targeting liposomes 
(ETLs) have a positively charged surface that is believed to associate with the more 
negatively charged tumor endothelium [33]. Lastly, tumor-targeting liposomes (TTLs) 
bear a tumor-recognizing domain (i.e., nanobody) on their surface to ensure binding 
to a surface receptor that is overexpressed by tumor cells. 
 Lastly, as a result of a sublethal fluences generated in the more distal regions 
of the illuminated tumor, tumor cells may activate survival pathways that result in 

1
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ineffective tumor removal. An extensive overview of the behavior of cells to PDT 
can be found in [34]. We hypothesized that inhibition of survival signaling following 
PDT may improve therapeutic efficacy and ultimately tumor recurrence. Our multi-
targeting drug delivery platform may be used to both target the photosensitizer as well 
as inhibitors of survival pathways to the tumor (fourth-generation photosensitizer).

Fig. 4. Multi-targeting photosensitizer delivery platform for PDT. The PDT modality consists of three distinct 
liposomal formulations that are targeted to the tumor interstitial spaces (top), tumor endothelium (bottom left), 
and tumor cells (bottom right). After photosensitizer accumulation, the tumor area is locally illuminated with light 
to activate the photosensitizer. 

4. Aim and outline of the thesis

 The aim of this thesis was to develop a PDT strategy that could be employed for 
the treatment of perihilar cholangiocarcinoma based on third- or fourth-generation 
photosensitizers. We attempted this by (1) incorporating a photosensitizer with 
improved properties into a multi-targeting liposomal delivery system, (2) analyzing 
the molecular and cellular responses of tumor cells to PDT, and (3) pharmacologically 
intervening in survival programs that are activated by tumor cells after PDT.
 The basis for this thesis is provided in Chapter 2, as it describes the rationale 
to use the experimental photosensitizer ZnPC in combination with a multi-targeting 
approach. In an attempt to gain insight into the response of PDT-recalcitrant tumor 
cells to PDT, perihilar cholangiocarcinoma cells were treated with PDT using 
ZnPC-encapsulating ITLs and the activation of survival signaling was assessed 
using transcriptomics (Chapter 3). The latter study was followed up using a multi-
omic approach, as a panel of tumor-associated cells were subjected to PDT using 
ZnPC-encapsulating ETLs and analyzed by transcriptomics, of which perihilar 
cholangiocarcinoma cells were also analyzed by a proteomic- and metabolomic-based 
approach (Chapter 4). The knowledge obtained in the previous chapters was exploited 
in Chapters 5 and 6 to make tumor cells more vulnerable to PDT. Chapter 5 reveals 
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that combination treatment of a HIF-1 inhibitor with PDT hypersensitizes perihilar 
cholangiocarcinoma cells to PDT and Chapter 6 demonstrates that the combinatorial 
use of the hypoxic cytotoxin tirapazamine with PDT significantly improved efficacy.
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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 adverse events. This is mainly attributable to 
three factors: (1) the currently employed photosensitizers exhibit suboptimal spectral 
properties, (2) the route of administration is associated with unfavorable photosensitizer 
pharmacokinetics, and (3) the upregulation of survival pathways in tumor cells may 
impede cell death after PDT. Consequently, there is a strong medical need to improve 
PDT of these recalcitrant cancers. An increase in PDT efficacy and reduction in clinical 
side-effects may be achieved by encapsulating second-generation photosensitizers into 
liposomes that selectively target to pharmacologically important tumor locations, 
namely tumor cells, tumor endothelium, and tumor interstitial spaces. In addition to 
addressing the drawbacks of clinically approved photosensitizers, this review addresses 
the most relevant pharmacological aspects that dictate clinical outcome, including 
photosensitizer biodistribution and intracellular localization in relation to PDT efficacy, 
the mechanisms of PDT-induced cell death, and PDT-induced antitumor immune 
responses. Also, a rationale is provided for the use of second-generation photosensitizers 
such as diamagnetic phthalocyanines (e.g., zinc or aluminum phthalocyanine), which 
exhibit superior photophysical and photochemical properties, in combination with a 
multi-targeted liposomal photosensitizer delivery system. The rationale for this PDT 
platform is corroborated by preliminary experimental data and proof-of-concept 
studies. Finally, a summary of the different nanoparticulate photosensitizer delivery 
systems is provided followed by a section on phototriggered release mechanisms in the 
context of liposomal photosensitizer delivery systems.

Keywords
Cancer, drug delivery, metallated phthalocyanines, photodynamic therapy, 
photosensitizers, reactive oxygen species, singlet oxygen, tumor targeting
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1. Introduction

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

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

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

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

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

 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 instructed 
to stay inside and avoid direct exposure to sunlight until the PS has been completely 
cleared to prevent unbridled photochemical damage to the skin. Although PDT is still 
being used in specialized treatment centers, the significant burden on patients has led 
several treatment centers, including ours, to abandon PDT as a treatment option for 
terminal cancer patients due to ethical considerations [19].
 Such decisions are unfortunate in light of the relatively good treatment outcomes 
achieved with PDT in many other types of cancer, as a result of which researchers 
are striving to further improve this modality while minimizing the drawbacks. The 
negative side-effects associated with PDT may be circumvented in several ways. Firstly, 
novel and more efficacious second-generation PSs with improved photophysical and 
photochemical properties have emerged, including chlorins and metal-coordinated 
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-power laser systems have become available to accommodate PDT with these PSs. 
Secondly, the new generation of PSs, which are often lipophilic, can be incorporated into 
nanoparticulate drug delivery systems to ensure compatibility with plasma (required 
for intravenous administration) and to facilitate selective targeting. The targeting is 
expected to improve PS accumulation in the tumor [20, 21], as a result of which lower 
PS plasma concentrations will be required for 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 
model of cell death as well as the anti-tumor immune response. Next, an overview 
is provided of second-generation metallated phthalocyanines (PCs) as PSs and their 
advantages over conventional, clinically employed PSs. Following a brief overview 
of the different nanoparticulate PS delivery systems currently available for PDT, an 
exemplary PS delivery platform is introduced that is centered on zinc phthalocyanine 
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(ZnPC) and liposomes as an experimental PDT regimen for solid cancers.

2. Photodynamic therapy

2.1. Clinically approved photosensitizers
 In the most ideal scenario, PSs should be non-toxic, should not generate toxic 
or mutagenic catabolites, and exhibit low-to-no dark toxicity. Moreover, ideal PSs 
should be chemically pure and photostable compounds that absorb maximally in the 
therapeutic window (650–850 nm [1]), have a high triplet state quantum yield, have a 
high ROS production efficiency, and accumulate selectively in the tumor tissue [22].
 As detailed in Fig. 2, the four most frequently utilized clinical PSs include (1) 
hematoporphyrin derivative (HpD), (2) a semi-purified form of HpD known as porfimer 
sodium, (3) 5-aminolevulinic acid (5-ALA), which is a precursor of the mitochondrially 
produced PS protoporphyrin IX (PpIX), and (4) m-tetrahydroxyphenylchlorin 
(mTHPC). These PSs are associated with a considerable level of phototoxicity that 
is caused by long clearance times after systemic administration and extensive PS 
retention in the skin (Table 1). The profound skin toxicity applies to HpD [23] and 
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HpD IV NA Yes 17 – 22 d 8-12 wk 367-1,136* NCA [181, 308-310]

Porfimer sodium IV 1.7-2:1 Yes 17 d 4-12 wk 5.3 7,000 [24, 176, 187, 192, 
311-313]

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

1-2 d 9,041 2000 [25, 176, 188, 314-316]

Topical 1.7-30:1 PpIX: 8 h 250

mTHPC IV 2-3:1 No 45 h 2-6 wk 8.46-26.4 8,750 [26, 176, 181, 182, 186, 
189, 317]

ZnPC IV 6.3:1 [3.7-9:1] NA NA NA >5 < 100 [190, 191, 201, 301, 
318]

ZnPCS4 IV NA No NA NA >31.6 < 100 [180, 319]

AlPC IV NA No NA NA >10 < 100 [178, 179, 320]

AlPCS4 IV 10:1 No NA NA >500 < 100 [33, 176, 177, 192]

Table 1. Pharmacokinetic, pharmacodynamic, and toxicity parameters of clinically applied and experimental 
photosensitizers. Abbreviations: LD50, lethal 50% dose; est., estimated; IV, intravenous; NA, not assessed; d, day; 
wk, week; NCA, not commercially available; h, hour; ZnPC, zinc phthalocyanine; ZnPCS4, tetrasulfonated zinc 
phthalocyanine; AlPC, chloroaluminum phthalocyanine; AlPCS4, tetrasulfonated chloroaluminum phthalocyanine. 
*LD50 dark toxicity for HpD was calculated based on a molecular weight of 598.7 g/mol, as described in [307].
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Fig. 2. Chemical structure and physicochemical properties of commonly used PSs. Chemical structure of porfimer 
sodium (A), hematoporphyrin (inasmuch as the exact chemical structure of HpD is unknown, the structure of 
hematoporphyrin is depicted) (B), PpIX (C), and mTHPC (D). The physicochemical properties are summarized in 
(E). Estimated octanol/water partition coefficients (log P) were obtained from [382].

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 tissue [27]. Since PSs are slowly cleared from the skin by gradual 
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Fig. 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 [383], hemoglobin (Hb), oxyhemoglobin 
(HbO2) [384], and zinc phthalocyanine (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).

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 important clinical implications. First, short-wavelength red light 
has a lower optical penetration depth into tissue than longer-wavelength red light due 
to the competitive absorption by melanin (skin) and hemoglobin (skin and blood-
containing tissue, 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 [29]. Second, sunlight is more 
intense at the shorter red wavelengths (Fig. 3B) and may therefore account for more 
ROS generation by PSs with more blue-positioned Q-band maxima compared to PSs 
with more red-positioned Q-band maxima at equal dermal PS concentrations (Fig. 
3B). 

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

2.2.1. Systemic distribution
 Systemically infused PSs are distributed throughout the body via the 
circulation, whereby the PS typically hyperaccumulates in tumor tissue due to the 
enhanced permeability and retention (EPR) effect. Since the tumor endothelium is 
highly fenestrated and the tumor interstitium lacks lymphatic drainage, PSs are more 
prone to accumulate and remain in tumor tissue than in healthy tissues [30].
 To study the biodistribution of a PS after systemic administration, Bellnier and 
co-workers injected radio-isotopically (14C)-labeled porfimer sodium intravenously in 
mammary carcinoma (SMT-F)-bearing mice [31], and found that porfimer sodium 
(hydrophobic, Fig. 2) was taken up by various organs within 7.5 h after systemic 
administration. The highest peak concentrations were measured in the liver, adrenal 
gland, and bladder, whereas lower concentrations were found in the pancreas, kidney, 
and spleen. Even lower concentrations were measured in the stomach, bone, lung, and 
heart. Although the intratumoral porfimer sodium concentration was lower than in 
the previously mentioned organs, the porfimer sodium concentration in the tumor 
was higher than in skeletal muscle, skin, and brain tissue. Another study evaluated 
the biodistributive behavior of mono-l-aspartyl chlorin e6 (NPe6, hydrophilic) in 
murine mammary carcinoma (BA)-bearing mice [32]. It was shown that the highest 
NPe6 concentrations were reached in the liver, kidney, and spleen, whereas the lowest 
concentration of NPe6 was found in the brain, muscle, and esophagus. Furthermore, 
a substantial amount of NPe6 was localized in the skin 1 h post-injection, although 
this concentration rapidly declined over a period of 96 h. At 4 h, the NPe6 tumor 
tissue concentration was higher than in all the examined tissues, except for the 
liver, kidney, adrenal gland, and spleen. Additionally, Chan et al. examined the 
biodistribution of sulfonated chloroaluminum phthalocyanines (AlPCs) in colon 
carcinoma (Colo 26)-xenografted mice [33]. A positive correlation was found between 
the degree of intratumoral PS accumulation and the degree of sulfonation (increases 
hydrophilicity), where tetrasulfonated AlPC (AlPCS4) was associated with the highest 
tumor concentration. In line with earlier studies, the sulfonated AlPCs extensively 
accumulated in the liver and spleen in an inversely proportional manner to the degree 
of sulfonation (AlPCS1 > AlPCS2 > AlPCS4 > AlPCS3). These studies reveal that PSs 
typically accumulate in all organs, where the liver, spleen, lungs, and kidneys are the 
most prominent sites for PS accumulation. However, the uptake of PSs by internal 
organs does not constitute a clinical issue on the condition that the PSs do not exhibit 
dark toxicity, given that the organs are usually impermeable to light from the outside. 
In contrast, the 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 
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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) [34], (2) bind to macromolecules, including low-density lipoprotein (LDL) 
[35], albumin [36], and/or lipid bodies that are abundantly expressed or metabolically 
exacted in the tumor environment [37, 38], (3) undergo an increase in its lipophilicity 
(octanol/water partition coefficient or log P) in the more acidic tumor milieu [39], and 
(4) undergo pinocytosis and/or phagocytosis by tumor cells or by tumor-associated 
macrophages [40, 41]. It should be noted that higher intratumoral PS concentrations 
do not necessarily correlate positively to treatment efficacy [42], as additional factors 
are involved in post-PDT tumoricidal mechanisms.
 The binding of PSs to biomolecules (e.g., LDL, transferrin, and/or albumin 
or their cognate receptors) and subsequent PS internalization [43] constitutes a 
propitious PS delivery route to tumor cells and may positively contribute to treatment 
outcome. The delivery mechanism is based on the tumor cell’s demand for energy and 
building blocks required for cell sustenance and proliferation. Accordingly, tumor 
cells typically exhibit elevated expression of LDL- and transferrin receptors as well as 
enhanced albumin uptake [44-46]. Porphyrins, for instance, have a strong affinity for 
LDL, transferrin, and albumin [47]. Kessel found that in mice HpD associated with 
both LDL and HDL and that accumulation of HpD correlated with the relative number 
of LDL receptors present in the respective tissue [48]. This indicates that the LDL 
pathway serves as a delivery route of HpD and other PSs that associate with LDL to 
the tumor site. PCs (including ZnPC) also associate with LDL [49] and albumin [50], 
as a result of which these blood-borne biomolecules can be exploited as endogenous 
tumor-targeting PS carriers to enhance PS tumor-to-normal tissue ratios. Typically, 
the binding of biomolecule-conjugated PS to the corresponding cell receptor results in 
endocytic internalization of the PS and subsequent delivery to lysosomes [51].

2.2.2. Intracellular distribution
 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 reticulum (ER), and the plasma membrane. 
Factors that influence the subcellular localization include net ionic charge, log P value, 
and the amphiphilicity of the PS. Generally, anionic PSs (net charge of ≤−2) end up 
in lysosomes, whereas cationic PSs are electrophoretically driven to the mitochondria 
[52] because the inner space of the mitochondrion is more negatively charged in tumor 
cells than in healthy cells [53]. Consequently, cationic PSs preferentially accrue and 
remain in the mitochondria of tumor cells [52, 53]. Furthermore, hydrophilic PSs 
tend to localize to lysosomes [54, 55], while lipophilic PSs preferentially localize to the 
plasma membrane and intracellular membranes, including the mitochondrial and ER 
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membrane [56].
 With respect to the intracellular localization of clinically used PSs, 5-ALA 
readily localizes to mitochondria, after which the mitochondrially produced PpIX 
translocates to the cytosol [57]. On the other hand, HpD temporarily accumulates 
in the plasma membrane but quite rapidly redistributes diffusely across subcellular 
membranes [58]. Its derivative, porfimer sodium, localizes to the plasma membrane as 
well, but also shows discrete association with the Golgi apparatus [59]. While mTHPC 
exhibits a preference for both the ER and Golgi [60], metallated PCs preferentially 
accumulate in the plasma-, Golgi-, and mitochondrial-membranes [61]. Studies have 
further shown that a PS exhibits spatiotemporal dynamics following uptake [57-60], 
which will ultimately affect the mode and extent of cell death upon PDT and hence 
therapeutic outcome (addressed in Section 2.3). For instance, mTHPC-treated human 
mesothelioma-bearing nude mice were susceptible to PDT-induced necrosis over 
a range of drug-light intervals (12 h to 4 days), although the therapeutic efficacy 
significantly differed among the different drug-light intervals irrespective of the tissue 
PS concentration [62].

2.3. Mechanisms of photodynamic therapy-mediated cell death as function of intracellular 
photosensitizer localization
 PDT-induced mechanisms of cell death are in part dependent on the type 
of PS used and hence the intracellular localization of the PS. It is believed that type 
II photochemical reaction-derived 1O2 is the most predominant type of ROS that is 
produced upon PDT [63, 64], and, given that cytosolic 1O2 diffusion is restricted to 
very short distances (~220 nm) [65], 1O2 is only capable of oxidizing 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 [66] and hence do not result in sublethal oxidation of DNA and consequent 
malignant cell transformation (e.g., by generation of 8-hydroxyguanine) in proximal 
non-cancerous cells, although exceptions do exist [67]. The short lifetimes of most 
ROS/RNS also preclude cell damage to peritumoral healthy tissue. Furthermore, PSs 
often target to more than one (sub) cellular location that, upon PDT, will result in 
concomitant activation of different cell death pathways, thereby limiting the efficacy 
of simultaneously activated cell survival pathways and stress responses after PDT 
(reviewed in [68]). In addition to intracellular PS localization, factors such as cell type, 
intracellular PS concentration, light dose, local oxygen tension, and residual energy 
status govern the eventual mode of cell death (i.e., apoptosis versus necrosis) [69] 
(discussed in this section) and autophagy (addressed in Section 2.5).
 As addressed in Section 2.2.2, the temporal distribution and intracellular 
localization of a PS is dynamic after initial cell entry. For instance, HpD, porfimer 
sodium, and ZnPC are initially confined to the plasma membrane, whereas at longer 
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incubation times (>1–2 h) the PSs become more prominently localized in distinct 
perinuclear areas [57, 58, 61]. Accordingly, Hsieh et al. demonstrated that porfimer 
sodium accumulates in the plasma membrane directly after uptake but, at later time 
points, distributes to various intracellular compartments to ultimately end up mainly 
in the Golgi complex [59]. Irradiation of plasma membrane-localized porfimer sodium 
induced necrosis-like cell death, whereas irradiation of cytoplasmically localized 
porfimer sodium led to cell death that was characterized by cytoplasmic vacuole 
formulation and cell shrinkage in the presence of an intact plasma membrane.
 For illustrative purposes, the effect of PS localization on PDT efficacy was 
evaluated in a so-called chase experiment. Human epidermoid carcinoma (A431) cells 
were incubated with ZnPC-encapsulating cationic liposomes (ZnPC-ETLs, Section 
4.4.3) for 10 min, after which the liposome-containing medium was replaced with 
fresh culture medium. After specific time intervals the cells were treated with PDT 
and examined for cell viability, the results of which are presented in Fig. 4A. These 
data reveal that a higher photokilling capacity was achieved when A431 cells were 
irradiated at early time points after incubation (<4 h) compared to later time points 
(>4 h). In addition, confocal microscopy experiments were performed to examine the 
intracellular localization of ZnPC as a function of time. As shown in Fig. 4B, ZnPC 
is highly associated with mitochondria after 30 min and to a lesser extent after 4 h. At 
the 4-h time point, ZnPC exhibited a more diffuse localization, which was even more 
pronounced after 24 h. This is in line with the previously alluded to spatiotemporal 
dynamics of PSs following uptake, attesting to the importance of a well-defined PDT 
protocol and the fact that systematic modulation of this protocol can culminate in the 
activation of distinct cell death pathways.

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

• − [72]). Oxidative modification of lipid constituents is associated with phospholipid 
packing defects and membrane permeabilization [73, 74], ultimately leading to 
necrosis.
 Lysosome-targeted PSs may induce ROS-triggered cell death in two ways: (1) 
via the discharge of cathepsins from lysosomes due to lipid (per) oxidation-mediated 
lysosome rupture and/or (2) PDT-induced relocalization of the PS to other organelles 
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and subsequent induction of oxidative damage [75-77]. With respect to the first pathway, 
cathepsins exhibit proteolytic activity and are able to cleave BH3 interacting-domain 
death agonist (BID) to form truncated-BID (t-BID), which ultimately culminates in 
apoptosis. The second pathway comprises the redistribution of lysosomal PS molecules 
to other organelles such as the ER, mitochondria, and the Golgi apparatus, where site-
specific damage is inflicted upon PDT.
 Irradiation of PSs that localize to the ER (e.g., 9-capronyloxytetrakis 
(methoxyethyl) porphycene (CPO) [78], hypericin [79], and mTHPC [60]) is believed 
to result in lipid (per) oxidation and consequent disruption of the ER membrane, 
accompanied by the release of Ca2+ as well as unfolded/misfolded proteins into the 
cytosol. The release of these compounds triggers Ca2+ signaling and the unfolded 
protein response (UPR), respectively. The net effect of Ca2+ signaling and UPR is 
the activation of calpain, caspase 4, and caspase 12 and ultimately caspase-mediated 
apoptosis [80]. Alternatively, excessive Ca2+ uptake by mitochondria may either lead to 
apoptogen release and loss of mitochondrial membrane potential followed by apoptosis 
[81] or mitochondrial permeability transition (MPT) ensued by ATP depletion and 
necrotic cell death [82]. Mitochondria-targeting PSs have been shown to rapidly 
induce apoptosis following photosensitization [83, 84] as a result of mitochondrial lipid 
peroxidation. PDT-induced mitochondrial lipid peroxidation has been demonstrated 
with meso-tetrakis[4-(carboxymethyleneoxy)phenyl]porphyrin (T4CPP), a (non-

Fig. 4. (A) Effect of intracellular ZnPC dispersion time on PDT-induced cell death and spatiotemporal dynamics of 
intracellular ZnPC distribution. A431 cells were incubated with ZnPC-encapsulating cationic liposomes (ZnPC–
ETLs) composed of DPPC:DC-chol:cholesterol:DSPE-PEG (66:25:5:4, molar ratio). ZnPC was incorporated at a 
ZnPC:lipid ratio of 0.003. Concentrations in the legend indicate final lipid concentrations. After 10 min, the medium 
was refreshed and cells were treated with PDT at the indicated time points (x-axis) and kept under standard culture 
conditions until the time of viability testing. (B) Intracellular ZnPC localization as a function of time. A431 cells 
were incubated with ZnPC-ETLs (ZnPC:lipid ratio of 0.030) for 10 min, after which the intracellular localization 
was visualized by confocal microscopy at different time points. ZnPC (red), MitoTracker Red (MTR, mitochondria, 
green), DAPI (nuclei, blue).
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exclusive) mitochondria-targeting PS [85], which resulted in 1O2 generation and 
lipid peroxidation in isolated rat liver mitochondria and mitochondria of sarcoma 
180 cells [86]. The release of pro-apoptotic factors ultimately leads to apoptosis when 
residual ATP levels are high enough to facilitate this energy-dependent mode of cell 
death [87]. Lastly, essentially three pathways have been described in which Golgi-
targeting PSs induce cell death following PDT. First, ROS generation in the Golgi can 
cause oxidative modification and cleavage of Golgi proteins, leading to apoptosis as 
well as organelle fragmentation, which is an early apoptotic event [88, 89]. Second, 
PDT-induced apoptotic signaling seems to involve the general vesicular transport 
factor p115. Following PDT, p115 was shown to undergo cleavage by caspase-3 and 
caspase-8 and to subsequently translocate to the nucleus, where it was able to stimulate 
apoptosis independently of Golgi fragmentation [90]. Third, a study revealed that 
2,4,5,7-tetrabromorhodamine 123 bromide, a PS that selectively incorporates into 
the Golgi, produced both O2

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

2.4. Photodynamic therapy-mediated immune response: the role of damage-associated 
molecular patterns (DAMPs)
 The initiation of an anti-tumor immune response is one of the main secondary 
mechanisms by which PDT orchestrates anti-tumor effects [92-94]. The requirement 
of the immune system in the PDT-induced removal of solid cancers has been clearly 
demonstrated in murine tumor models. Immunocompetent mammary sarcoma 
(EMT6)-bearing mice treated with porfimer sodium showed a complete response rate 
up to 90 days post-PDT [95]. In contrast, immunodeficient EMT-6 tumor-bearing mice 
treated under the same conditions only exhibited initial tumor destruction. At later 
time points (>25 days), all immunodeficient mice had recurrent tumors [95]. These 
findings indicate that PDT results in direct tumor destruction, whereas prolonged 
tumor-free survival relies on a functional immune system. The PDT-induced anti-
tumor immune response essentially comprises the initiation of a sterile inflammatory 
response, the maturation of dendritic cells (DCs), the presentation of tumor-associated 
antigens (TAAs) by DCs, the priming of a specific CD8+ cytotoxic T-lymphocyte (CTL) 
response [96], and the removal of cancer cells, as summarized in Fig. 1 and further 
discussed in Section 2.4.3. Over the last years, it has become evident that damage-
associated molecular patterns (DAMPs) exposed or released by PDT-treated cells 
play a major role in anti-tumor immunity by promoting sterile inflammation and DC 
maturation [97, 98].
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2.4.1. Damage-associated molecular patterns
 DAMPs are specific molecules that emanate from stressed and dying cells 
and act as danger signals for the host immune system. In case of PDT, DAMPs play 
a crucial role in initiating and augmenting the pro-inflammatory response following 
therapy [99-101]. DAMPs have predominantly non-immunological 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 receptors on 
immune cells, which includes the family of pattern recognition receptors (PRRs). The 
binding results in various pro-inflammatory effects such as maturation, activation, and 
antigen processing/presentation on antigen-presenting cells (APCs) such as DCs and 
macrophages [100]. An overview of the best characterized DAMPs that are released 
after PDT is provided in Fig. 5 in the context of the mode of cell death induced by PDT 
as well as the immunological effects.

2.4.2. Damage-associated molecular pattern release following photodynamic therapy
 Heat shock proteins (HSPs) are chaperone proteins that facilitate the correct 
folding and transport of newly synthesized proteins. Increased expression of HSPs 
protects the cell under stress conditions by stabilizing unfolded proteins, promoting 
proteasomal degradation, and preventing apoptosis [102]. Moreover, in stressed cells 
the overexpressed HSPs can be surface exposed and/or released into the extracellular 
environment, where they exhibit immunostimulatory properties [102]. HSPs bind 
to numerous receptors, including Toll-like receptor 2 (TLR2), TLR4, and cluster of 
differentiation 91 (CD91) [103-106], resulting in the activation of various innate 
immune cells and anti-tumor immune responses. HSP-initiated signaling through 
TLR2 and TLR4 has been associated with nuclear factor kappa-light-chain-enhancer 
of activated B cells (NF-κB) activation (mediates a pro-inflammatory response), DC 
maturation, and cytokine production [107]. Signaling via CD91 results in phagocytosis, 
NF-κB activation, and antigen presentation [108-110]. HSPs are the best-characterized 
DAMPs associated with PDT and can be released extracellularly and/or exposed on 
the cell surface following PDT treatment [111-115]. It seems that PDT modalities that 
trigger apoptosis primarily instigate the surface exposure of HSPs such as HSP60 and 
HSP70 [111], whereas PDT regimes that primarily cause necrosis are associated with 
the extracellular release of HSPs such as HSP70 and HSP90 [116].
 Calreticulin is a Ca2+-binding protein that mainly resides in the lumen of the 
ER, where it functions as a chaperone and is involved in Ca2+ signaling [117, 118]. 
Calreticulin exposed on the cell membrane (ecto-CRT) acts as an eat-me signal and 
engages in the recognition and phagocytic engulfment of apoptotic cells by APCs [119], 
a process mediated by CD91 on APCs [109]. Calreticulin also functions as one of the 
main DAMPs in immunogenic apoptosis (also termed immunogenic cell death, ICD) 
[120], as ecto-CRT facilitates the DC-mediated phagocytosis of cancer cells undergoing 



29

ICD, resulting in antigen presentation and an anti-tumor adaptive immune response 
[121]. Hypericin-PDT can for instance induce ICD through site-specific oxidative 
damage to the ER [122]. Both pre-apoptotic ecto-CRT and late apoptotic/secondary 
necrotic extracellularly released calreticulin have been found following hypericin-PDT 
in vitro [109, 123, 124].
 High mobility group box-1 (HMGB-1) has been identified as a nuclear DNA-
binding protein involved in DNA organization and gene transcription [125]. HMGB-1 
can be actively secreted by immune cells [126, 127] or passively released by necrotic 
cells [128, 129]. Extracellular HMGB-1 acts as a DAMP by inducing inflammation 

Fig. 5. Apoptotic cells (top right) expose and/or release heat shock protein 60 (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 high mobility group box-1 (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 [385].
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[129], stimulating cytokine production [130, 131], enhancing neutrophil recruitment 
[132], and activating DCs [133]. More recently, it has been demonstrated that 
apoptotic [134] and autophagic [135] cells also release HMGB-1. HMGB-1 exerts its 
pro-inflammatory functions through interactions with a range of receptors, including 
but not limited to receptor for advanced glycation end products (RAGE), TLR2, and 
TLR4 [136, 137]. Very few studies have been conducted on the release of HMGB-1 
from PDT-treated cells and the relative importance of this DAMP in the PDT-induced 
immune response. Korbelik et al. reported that PDT with porfimer sodium resulted 
in the release of HMGB-1 from necrotic cells into the blood stream of mice as early 
as 1 h post-PDT [138]. A study by Tracy et al. showed that HMGB-1 is one of the 
DAMPs released from necrotic cells treated with PDT using 2-(1-hexyloxyethyl)-2-
devinylpyropheophorbide-a (HPPH, localizes to mitochondria) or HPPH-galactose 
(localizes to lysosomes) [116]. However, cells undergoing apoptotic cell death did not 
release significant amounts of HMGB-1 following PDT with HPPH or HPPH-galactose 
[116]. Moreover, no significant HMGB-1 release was detected from T24 cells treated 
with hypericin-PDT under ICD-inducing conditions [124], altogether suggesting that 
HMGB-1 signaling after PDT is dependent on the mode of cell death.
 Extracellularly released ATP has been identified as a very potent find-me signal 
for monocytes, macrophages, and DCs [139]. Elliott et al. reported that the ATP/UTP 
receptor P2Y2 on phagocytes is a critical sensor for extracellular ATP, which in turn 
promotes phagocyte recruitment [139]. Moreover, ATP has been identified as a ligand 
for P2X7 purinergic receptors on DCs. ATP binding to this receptor can lead to the 
activation of the NLR family, pyrin domain containing 3 (NLRP3) inflammasome; a 
caspase 1 activation complex that stimulates DC maturation and subsequent secretion 
of IL-1β, an important chemokine for the priming of T cells and hence the induction of 
an anti-tumor adaptive immune response [140, 141]. Garg et al. showed that hypericin-
PDT-treated human bladder carcinoma (T24) cells undergoing ICD secrete ATP in the 
pre-apoptotic phase [109]. Unfortunately, the extracellular release of ATP following 
PDT has only been investigated using hypericin as PS in the paradigm of ICD [109, 
124]. It should be noted that oxidized ATP has been reported to act as an inhibitor of 
P2RX7, thereby impeding proliferation and effector functions of T cells [142]. This 
means that ATP belongs to the class of redox-sensitive DAMPs such as HMGB-1, which 
are susceptible to oxidation-induced inactivation in terms of immunostimulatory 
properties.

2.4.3. Photodynamic therapy-induced anti-tumor immunity
 The mechanisms whereby PDT activates and potentiates anti-tumor immunity 
have been extensively researched. However, the exact molecular mechanisms that 
lead to the PDT-induced enhancement of anti-tumor immunity have yet to be fully 
elucidated. Here, a brief overview of the mechanisms involved in the transition from 
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focused, PDT-induced oxidative stress to a systemic anti-tumor immune response 
is addressed. For more detailed reports on PDT-induced anti-tumor immunity the 
readers are referred to other reviews [96, 115, 143-145].
 PDT-induced oxidative stress results in extended tumor tissue injury. The host 
perceives this injury as localized trauma and is provoked to launch an inflammatory 
response mediated by the innate immune system [146]. DAMPs released by PDT-
stressed cells act as danger signals intended to assist the host in recognizing the injured 
self. This PDT-induced activation of the innate immune system constitutes a multistep 
process that involves the initiation of a massive, acute, and sterile inflammatory 
response, cytokine release, complement activation, and recruitment and activation 
of innate immune cells (e.g., neutrophils, DCs, macrophages) [96]. Different DAMPs 
play major roles in these processes (Section 2.4.2). Ultimately, this rapidly expanding, 
relatively non-specific innate immune response gives rise to the much slower developing 
adaptive immune response and hence anti-tumor immunity. The anti-tumor immune 
response is initiated by the presentation of TAAs, released from dying and dead cancer 
cells, by DCs to naive T cells, resulting in the generation of tumor-specific CTLs that 
attack and remove residual cancer cells. Moreover, the DAMPs interact with various 
receptors expressed by DCs (Fig. 5), which stimulates DC maturation that culminates 
in increased surface levels of major histocompatibility complex (MHC) classes I and 
II, and other co-stimulatory proteins [147], rendering fully mature DCs much more 
effective at presenting TAAs to T cells.
 The involvement of CTLs in PDT-mediated anti-tumor immunity was first 
observed by Canti et al. [148]. In a subsequent study it was demonstrated that the 
growth inhibition of EMT6 tumors after porfimer sodium-mediated PDT is dependent 
on CTLs [149]. Recent studies showed that PDT-treated tumor cells stimulate DCs and 
their ability to present TAAs, resulting in the generation of tumor-specific CTLs [123, 
124].
 The involvement of the adaptive immune system, and more specifically DCs 
and T cells, in PDT-induced tumor eradication enables the manifestation of abscopal 
effects, which is absolutely critical for good clinical outcomes of PDT given that PDT 
may not affect all cancer cells in a tumor equally (Section 2.1) and PDT-subjected 
cancer cells may activate survival pathways to revert cell death signaling (Section 2.5). 
The eradication of distant tumor cells that were not exposed to PDT has been observed 
not only in a murine syngeneic cancer model [149], but also in a clinical setting [150]. 
Other clinical studies that point towards the potency of PDT to induced anti-tumor 
immune responses have been published for vulval intraepithelial neoplasia [151], basal 
cell carcinoma [152], and both actinic keratosis and Bowen’s disease [153].
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2.5. Photosensitizer concentration- and light dosage-dependent cell responses
 Two important factors in the cell’s response to PDT are intracellular PS 
concentration and fluence rate (W/cm2 in an infinitesimal tissue volume) and, by 
inference, the extent of ROS generation and consequent degree of oxidation. Tumor 
cells can cope with PDT-induced damage by activating one or more of several possible 
survival- and stress-response pathways, comprising (1) an immediate early stress 
response that promotes tumor cell proliferation, (2) an antioxidant response that results 
in de novo synthesis of antioxidants, (3) a hypoxia stress response that restores energy 
homeostasis and induces angiogenesis, (4) a pro-inflammatory signaling response that 
governs angiogenesis and invasion, (5) an ER stress response that aims to restore ER 
homeostasis, and (6) autophagy that involves recycling of damaged cell components as 
part of promoting cell survival. The first five cell survival pathways have been reviewed 
in detail by Broekgaarden et al. in light of PDT [68]. The ER stress response following 
PDT [80, 154] has not been completely characterized and likely applies predominantly 
to PSs that localize to or near the ER given the short diffusion distance of ROS/RNS. 
Consequently, the PS concentration- and light dose-dependent cell responses will 
be illustrated in the context of autophagy, which constitutes a better elucidated and 
more ubiquitous response mechanism than the ER stress response. For all responses, 
however, an oxidative damage threshold generally applies that governs the fate of a cell 
in that cells must possess sufficient residual metabolic capacity to remediate oxidative 
damage. When the oxidative damage 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 directed at promoting autophagic cell death upon continued exposure 
to stress conditions (reviewed in [155]). With respect to PDT, Kessel and Reiners 
[156] demonstrated that at lower PS dosages, PDT with CPO (targets to the ER) and 
mesochlorin (localizes to 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 B-cell CLL/
lymphoma 2 (BCL2) [157, 158], which is confined to the mitochondria and/or ER, 
insofar as photo-oxidative loss of BCL2 can trigger both apoptosis and autophagy. As 
oxidative stress is known to be destructive to BCL2 [158, 159], the oxidation-mediated 
release of autophagy-regulated protein beclin 1 (BECN1) from its BCL2 complex may 
induce autophagy following PDT [160, 161] and consequent cell death.
 Comparable results have been reported for the mode of autophagy as a function 
of light dosage. Low-dose PDT is typically associated with pro-survival autophagy, 
during which cells (L1210 cells, murine leukemia) recycle damaged and degraded 
cell organelles to remediate injury and facilitate survival [156, 162]. Correspondingly, 
low-dose PDT with mitochondria- or ER-targeting PSs (CPO and mesochlorin, 
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respectively) resulted in a greater degree of cell death when autophagy-related protein 
7 (ATG7), a protein involved in autophagy induction, was silenced in a knockdown 
derivative cell line (L1210/Atg7−) [156, 163]. Conversely, higher-dose PDT induced 
autophagic cell death rather than survival and augmented the extent of photokilling 
[156, 163]. It should be noted that these effects may in part be attributable to oxidative 
stress-dependent debilitation of autophagosome formation, particularly when ER- or 
mitochondria-targeted PSs are used [156, 163].
 Taken altogether, these findings indicate that autophagy contributes to cell 
survival after low-dose PDT but cell death after high-dose PDT. Since it has been 
postulated that there is an equilibrium state between apoptosis and autophagy [164, 
165], suppression of autophagy following PDT may exacerbate oxidative stress-induced 
cell demise.

3. Metallated phthalocyanines as photosensitizers for photodynamic therapy

3.1. Metallated phthalocyanines
 Metallated PCs are synthetic second-generation PSs comprising a fully 
conjugated, symmetrical macrocyclic structure containing a centrally positioned, 
coordinated, multivalent metal cation such as Al3+, Ga3+, Zn2+, Cu2+, Fe2+, or Co2+ 
(Fig. 6A–D). The type of metal dictates the photophysical properties of the PS [166]; 
closed-shell diamagnetic metal-containing PCs (Al3+, Ga2+, Zn2+) exhibit higher triplet 
state quantum yields (ФT) and longer-lived triplet states than paramagnetic metal-
containing PCs (Co2+, Cu2+, Fe2+) [167].
 The diamagnetic PCs, and particularly ZnPC and AlPC, are very suitable 
PSs for PDT due to several pronounced advantages. Firstly, these PCs have a 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) [168]. Secondly, the non-
functionalized diamagnetic PCs exhibit ФTs of 0.3–0.5 [169] and triplet state lifetimes 
of >200 μs (reviewed in [170]). Moreover, the triplet states are amply energetic (1.21–
1.31 eV) to generate 1O2 (0.98 eV) [171], altogether accounting for considerable 1O2 
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 tri-valent metal cation can be incorporated and the six-membered ring 
of the isoindole groups can be modified by conjugation of functional groups (e.g., 
sulfonate) to alter the chemical properties (e.g., log P) without drastically affecting the 
photophysical properties (Fig. 6A–E). In some instances, however, functionalization 
may change the photochemical properties, as was observed for tetrasulfonated ZnPC 
(ZnPCS4) (Fig. 6L) but not for AlPCS4 (Fig. 6M).
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Fig. 6. Chemical structures of ZnPC (A), AlPC (B), tetrasulfonated ZnPC (ZnPCS4) (C), and tetrasulfonated AlPC 
(AlPCS4) (D). The physicochemical properties are provided in (E). Estimated octanol/water partition coefficients 
(log P) were obtained from [382]. Normalized absorption spectra are provided of ZnPC dissolved in pyridine and 
ZnPC encapsulated in liposomes (ZnPC-ITLs, composed of DPPC:DSPE-PEG (96:4, molar ratio) at a ZnPC:lipid 
ratio of 0.003) (F), AlPC dissolved in pyridine and AlPC encapsulated in liposomes (AlPC-ITLs, composed of 
DPPC:DSPE-PEG (96:4, molar ratio) at an AlPC:lipid ratio of 0.003) (G), tetrasulfonated ZnPC (ZnPCS4) in 
MilliQ (H), and tetrasulfonated AlPC (AlPCS4) in MilliQ (I), both at a 1.5-μM final PS concentration. The ROS-
generating capacity of ZnPC-ITLs (J), AlPC-ITLs (K), ZnPCS4 in physiological buffer [74] (L), and AlPCS4 in 
physiological buffer (M) during PDT (pink area) was determined using the oxidation-sensitive fluorogenic probe 
2’,7’-dichlorodihydrofluorescein (DCFH2), prepared as described in [386]. The mean ± SD DCF fluorescence 
intensities are plotted for n = 3 experiments and the experiment was carried out according to [74].
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3.2. Advantages of metallated phthalocyanines over conventional photosensitizers
 An important advantage of metallated PCs over clinical first-generation PSs 
such as HpD, porfimer sodium, and 5-ALA as well as the second-generation PS mTHPC 
is that the PC Q-band maximum of ~675 nm lies more favorably in the therapeutic 
window (Fig. 3B and Fig. 6E), accounting for greater optical penetration depth and 
more homogeneous photon distribution throughout the target tissue. Diamagnetic PCs 
also exhibit an 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 larger 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 dose suffices [172].
 Another beneficial aspect of PCs is that they do not exhibit notable toxicity 
[173]. With respect to phototoxicity, it is well-documented that the clinically approved 
PSs elicit considerably longer photosensitivity, and thus potential phototoxicity, than 
the metallated PCs, which have not been associated with skin phototoxicity to date 
(Table 1). The photosensitivity of HpD and porfimer sodium, for example, extends to 
as much as 4–12 weeks after PS administration, which corresponds to the time patients 
must be kept away from light exposure. This is mainly due to a combination of factors, 
including long elimination half-life of the PSs (Table 1), long clearance times from the 
skin (Table 1), and a relatively unfavorable spectral overlap with sunlight (Fig. 3B) 
[174, 175]. The photosensitivity of mTHPC is also quite extensive, namely 2–4 weeks, 
while that of 5-ALA is clinically manageable. However, the use of 5-ALA is associated 
with other drawbacks related to its photophysical properties (Fig. 2E) and unfavorable 
pharmacokinetics (i.e., low tumor:healthy tissue ratio) after systemic administration 
(Table 1), as addressed below.
 In regard to the toxicity profiles of the clinically approved PSs, Berlanda et al. 
studied the dark toxicity of mTHPC (both Foscan and its polyethylene glycol (PEG)-
conjugated derivative, Fospeg), porfimer sodium, and 5-ALA, amongst others, in A431 
cells [176]. The lethal 50% dose (LD50) for non-irradiated Foscan, Fospeg, porfimer 
sodium, and 5-ALA was 8, 246, 5, and 9040 μM, respectively. The LD50 value for AlPCS4 
could not be calculated as its dark toxicity did not fall below 50% at concentrations 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 [177]. A summary of the dark toxicity LD50 
values is provided in Table 1. In addition, PCs appear to be non-genotoxic compounds. 
PDT with AlPC induced considerable oxidative damage and cell death in human oral 
keratinocytes in vitro, but without inducing a genotoxic response, as confirmed by the 
comet assay [178]. These results were corroborated in another study employing AlPC-
PDT [179]. Similarly, ZnPCS4 is not genotoxic upon PDT in vitro [180], although its 
utility in PDT is limited due to the relatively poor ROS-generating capacity (Fig. 6L).
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 With respect to clinically approved PSs, mTHPC did not induce DNA damage 
in human myeloid leukemia (K562) and nasopharyngeal carcinoma (CNE2 and HK1) 
cells under dark conditions or following PDT [181, 182]. In contrast, considerable 
DNA damage was observed in K562 cells after HpD-PDT [181]. Other in vitro studies 
showed that treatment of cells with 5-ALA resulted in mutagenic effects after exposure 
to visible light [183]. Chromosomal aberrations and formation of micronuclei were also 
detected under dark conditions [184]. Of note, as the photoactive product of 5-ALA, 
namely PpIX, is produced in mitochondria, it is conceivable that most of the genomic 
aberrations might be confined to mitochondrial DNA, which is a typical target for 
DNA modifications, even during regular energy metabolism [185].
 The safety:efficacy ratio of a compound is also an important parameter in 
pharmacology, as it reflects the ‘clinical 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 [176], whereby the lower 
values indicate a less favorable balance between dark toxicity and PDT efficacy. The 
safety:efficacy ratio of AlPCS4 could not be derived in this study, as the dark toxicity 
was too low to calculate an LD50 value. The safety:efficacy ratio of Foscan in two biliary 
tract cancer cell lines (gall bladder cancer and bile duct cancer cells) was 356 and 410, 
respectively [186].
 Moreover, the tumor:healthy tissue ratio is a critical in vivo pharmacokinetic 
parameter because it relates PDT efficacy to biodistribution and potential (photo)
toxicity. Theoretically, a high tumor:healthy tissue ratio is likely to improve therapeutic 
outcome and reduce drug accumulation in healthy tissue, which is inherently 
proportional to the level of undesired side effects. For example, porfimer sodium 
exhibited a tumor:skin ratio of only 1.7:1 in a hamster melanoma model [187]. Similarly, 
intravenously or intravesically injected 5-ALA resulted in a tumor:bladder wall ratio 
of 2:1 in an orthotopic rat bladder tumor model [188]. Slightly higher tumor:normal 
adjacent mucosa ratios of 2–3:1 were observed for mTHPC after intravenous injection 
in patients with different types of solid cancer [189]. In case of diamagnetic PCs, the 
majority of studies on these PSs have employed liposomal formulations (discussed in 
the next section) as a delivery vehicle. In a fibrosarcoma mouse model using ZnPC 
liposomes, tumor:muscle ratios (muscle tissue adjacent to the fibrosarcoma) of 7.5:1 
[190] and 9:1 [191] were found 18 to 24 h post-injection, respectively. Furthermore, 
Chan and colleagues showed that the uptake of sulfonated AlPC in Colo 26 tumor-
bearing mice was dependent on the degree of sulfonation [33]. Whereas AlPCS4 
accumulated in tumors at a 10:1 tumor:adjacent tissue ratio, lower ratios were observed 
with a lower degree of sulfonation. Accordingly, 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 



37

h after systemic administration [192]. The tumor:tissue ratios of the most common 
clinical and experimental PSs are listed in Table 1.
 Lastly, the high log P value of metallated PCs (Fig. 6E) is responsible for the 
distribution of these PSs to a wide variety of lipophilic compartments (Sections 2.2.2 and 
4.4.2). PDT of metallated PC-containing cells will therefore induce oxidative damage 
at multiple intracellular sites that are critical to cell viability and function (Section 
2.3). As addressed in Section 2.3.1, the mode of cell death depends on intracellular 
PS localization and thus the origin of PDT-induced damage. Given that metallated 
PCs localize to multiple intracellular sites, PDT with these PSs will activate different 
modes of cell death that will ultimately result in necrotic, apoptotic, necroptotic, and/or 
autophagic cell death. The concomitant activation of different cell death pathways will 
therefore increase the probability that a tumor cell is terminated after PDT through the 
‘cumulative cell death induction effect’ rather than salvaged by activated survival and/
or stress response mechanisms [68]. Consequently, the cytotoxic potential of irradiated 
PCs is theoretically higher per mole compound in a cell than for PSs that target to a 
single location, such as lutetium texaphyrin [193], verteporfin [194], and hypericin 
[79], where only one specific cell death induction pathway dominates.
 In the final analysis, compared to clinically approved PSs, diamagnetic PCs 
have a more red-shifted Q-band maximum and superior molar absorptivity, which 
facilitates deeper light penetration, a higher efficiency of light absorption at clinically 
relevant wavelengths, and extensive ROS generation at comparably lower intratumoral 
PS concentrations. The generation of ROS occurs at multiple cellular locations, 
which enables optimal PDT efficacy due to the cumulative cell death induction 
effect. Moreover, diamagnetic PCs exhibit no dark toxicity or genotoxicity, even after 
irradiation. Lastly, the diamagnetic PCs are associated with a higher safety:efficacy 
ratio and tumor:healthy tissue ratio, altogether making these metallated PCs more 
suitable for PDT compared to conventional PSs. Unfortunately, a direct comparison 
regarding the therapeutic efficacy of clinical PSs and diamagnetic PCs could not be 
made inasmuch as the effectiveness (e.g., LD50 value) is dependent on several variables 
such as irradiance, cumulative radiant exposure, wavelength/molar absorptivity, and 
cell/tumor tissue type, which widely differ among studies.

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

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

4.1. Non-liposomal photosensitizer carrier and delivery systems
 Nanoparticulate PS delivery systems can be classified into lipid-based and non-
lipid based delivery systems. Both types of delivery systems are described in Table 2, 
including the physico-chemical attributes as well as the advantages and disadvantages 
in terms of PS delivery. The lipid-based delivery systems include LDL, micelles, and 
solid lipid nanoparticles, all of which are water-compatible carriers suitable for the 
encapsulation of hydrophobic PSs (Table 2). LDL is an endogenous blood-borne particle 
composed of (free and esterified) cholesterol, phospholipids, triglycerides, and a single 
apoliporotein B-100 that the body uses for the transport of lipophilic biomolecules 
(e.g., cholesterol) to cells. Micelles comprise small-diameter particles composed of 
a phospholipid monolayer that, in case of normal-phase micelles, contain an acyl 
chain-based core and the hydrophilic head groups positioned at the phospholipid–
water interface. Solid lipid nanoparticles are composed of a solid lipid core that is 
stabilized by a surfactant layer, albeit the composition can be highly variable. The 
micelles and solid lipid nanoparticles can be functionally modified to accommodate a 
specific pharmacokinetic purpose, including PEGylation to enhance circulation half-
life [196, 197] and the conjugation of ligands for e.g., immunotargeting [198, 199], 
whereas this is less applicable to LDL due to its intrinsic targeting properties. LDL has 
been employed for intratumoral PS delivery [200, 201] via its cognate LDL receptor 
(LDLR). However, this delivery system may lack targeting specificity inasmuch as the 
LDLR is not exclusively present on tumor cells and a variety of malignant tissues lack 
overexpression of LDLR (reviewed in [202]).
 Of the non-lipid based nanoparticles, dendrimers, polymeric micelles, 
and polymers are capable of encapsulating hydrophobic as well as hydrophilic 
PSs (Table 2). Dendrimers are supramolecular assemblies typically composed 
of branched polyaminoamides that can be synthesized in a controlled manner 
with a high monodispersity (reviewed in [203, 204]). However, the in vivo toxicity 
data for dendrimers is currently unavailable, which limits the prospects for clinical 
applicability. Polymeric micelles are nanoparticles that are usually composed of 
amphiphilic polymers, including PEG-based phospholipid conjugates and poloxamers 
[205]. Although polymeric micelles have a high structural stability and low toxicity 
(Table 2), the development of these nanoparticles may be hampered by technical 
difficulties in specific polymer synthesis and efficient drug incorporation methods on 
an industrial-scale basis [206]. Alternatively, polymeric nanoparticles are generally 
composed of biodegradable polymers, including polyglycolic acid, polylactic acid, and 
poly(lactic-co-glycolic acid), which are generally non-toxic [207]. Although polymeric 
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Lipid-based Size [nm] Carrier material Encapsulated PS (Dis)advantages [Ref]

Liposomes 15 – 1,000 Hydrophobic
Hydrophilic

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

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

[324]

Low-density 
lipoprotein

18 – 25 Hydrophobic Bacteriochlorin e6 
bisoleate [325], hemato-
porphyrin [200], SiPC 
[326], ZnPC [201]

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

[202]

Micelles 2 – 20 Hydrophobic Cl2SiPC [327], HexSiPC 
[327], temocene [328], 
ZnPC [329]

+ Synthesis
+ Shelf-life
+ Low viscosity
- Low solubilization
- Potential surfactant toxicity

[330]

Solid lipid nano-
particles

50 – 1,000 Hydrophobic Hypericin [331], mTH-
PC [332]

+ Easy to scale up
+ Water-based technology
+ Biocompatibility
- Particle growth
- Drug loading capacity

[333]

Other

Dendrimers 1 – 100 Hydrophobic
Hydrophilic

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

[203]

Gold nanopar-
ticles

1 – 100 Hydrophobic
Hydrophilic

5-ALA [336], PpIX 
[337], ZnPC [338] 

+ Physico-chemical properties       
    of gold
+ Synthesis
+ Versatility
- Potential toxicity
- Costs

[339]

Polymeric mi-
celles

10 – 100 Hydrophobic
Hydrophilic

mTHPC [340], Pc 4 
[341], porfimer sodium 
[342], ZnPC [343]

+ Structural stability
+ Payload
+ Low toxicity
- Synthesis
- No universal incorporation 
method

[344]

Polymeric nano-
particles

10 – 1,000 Hydrophobic
Hydrophilic

5-ALA [345], mesochlo-
rin e6 [346]

+ Versatility
+ Biocompatibility
+ Synthesis
- Encapsulation efficiency
- Stability

[208]

Quantum dots 2 – 100 Hydrophobic
Hydrophilic

AlPCS4 [214], chlorin e6 
[347], PpIX [348], Rose 
Bengal [349] 

+ Unique optical properties
+ Tunable surface properties
- Limited knowledge on clinical use
- Potential toxicity
- Compatibility in biological en-
vironments

[350]

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, silicon phthalocyanine.
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nanoparticles may be attractive as a delivery vehicle, there are still some difficulties to 
overcome, including a poor encapsulation efficiency [208, 209] and a poor PS stability 
in solution [210].
 In contrast, gold nanoparticles and quantum dots are nanoparticles with 
unique physico-chemical and optical properties, respectively [211]. Gold nanoparticles 
that are coupled to PSs have been associated with increased 1O2 upon irradiation as a 
result of surface plasmon resonance (reviewed in [212]), allowing these particles to be 
used for PDT as well as photothermal therapy. Moreover, the excitation wavelength 
is tunable to wavelengths in the far red [213], enabling deep light penetration and 
relatively homogenous irradiation of bulkier tumors. Quantum dots are semiconductor 
nanocrystals that function as light acceptor for subsequent PS activation via fluorescence 
resonance energy transfer [214]; the PS therefore has to be conjugated to the quantum 
dots in order to achieve a photodynamic effect. Although gold nanoparticles and 
quantum dots are attractive for PDT, the nanoparticles may be quite toxic (Table 2) 
and therefore limited in terms of clinical applicability.
 Inasmuch as the nanoparticulate PS delivery systems addressed in this 
section may not be ideal for clinical PDT (Table 2), the following sections will focus 
on liposomes for intratumoral PS delivery. 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 photosensitizer carrier and delivery systems
 To date, the Food and Drug Administration has approved liposomal formulations 
of two anti-cancer drugs, daunorubicin and doxorubicin, and various anti-cancer 
formulations are under evaluation in clinical trials [215, 216]. It is somewhat surprising 
that none of these drugs include a PS, given the fact that the clinical implementation 
of PDT is primarily hampered by ethical issues related to phototoxicity (which can be 
alleviated by encapsulation) while the therapy is very effective for several cancer types 
(Section 1). At this moment, clinical phase I/II trials with liposome-encapsulated PSs 
are being conducted exclusively with verteporfin (Fospeg). Of note, it is not expected 
that PDT with liposome-encapsulated first-generation PSs will result in better 
therapeutic outcomes compared to liposome-encapsulated second-generation PSs, 
given that the majority of drawbacks of the first-generation PSs as addressed in Section 
3.2 will remain an issue.
 In case of PDT with second-generation PSs (metallated PCs), liposomal 
encapsulation (in which case it is referred to as a third-generation PS) is advantageous 
[217] for several reasons. First, liposomes are able to encapsulate hydrophilic and 
lipophilic molecules and hence render the highly lipophilic second-generation PSs 
compatible with plasma. Second, liposomal incorporation resolves PS aggregation 
in aqueous solutions such as biological fluids, which negatively affects ФT and 
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ROS generation [218-220]. Third, due to the high payload, a single liposome could 
theoretically deliver a sufficient amount of PS to a cell to cause lethal oxidative 
stress following PDT. As a result, less liposomal PS can be administered to patients 
to achieve equal intratumoral PS levels compared to unencapsulated PS. Moreover, 
unencapsulated PSs have a tendency to extravasate and accumulate in the skin. 
Liposomal encapsulation minimizes PS accumulation in the skin [221, 222], which 
will not only reduce phototoxicity but also further improve PS bioavailability for tumor 
targeting. Fourth, additional pharmacological compounds can be co-encapsulated in 
a single delivery system (in which case it is referred to as a fourth-generation PS) for 
further improvement of therapeutic efficacy. Finally, in addition to the inherent non-
toxicity of neutral phospholipids [223, 224], i.e., typically the main lipid constituents 
of liposomal drug delivery systems [225], liposomes can easily be modified 
compositionally to facilitate the unique prerequisites of the drug delivery system and 
to accommodate a specific physiological context. For instance, liposome uptake by 
cells of the mononuclear phagocyte system can be considerably forestalled by proper 
sizing [226] and by the conjugation of PEG to component phospholipids, usually 
phosphatidylethanolamine [227-230]. It has been proposed that (1) the presence of a 
“dense conformational cloud” by the PEG polymers over the liposome surface [231], 
(2) the repulsive interactions between PEG-grafted membranes and blood constituents 
[232], (3) the hydrophilicity of PEGylated formulations [233], and (4) the decreased rate 
of plasma protein adsorption on the hydrophilic surface of PEGylated liposomes [234] 
impose so-called ‘stealth’ properties [235]. Consequently, PEGylated liposomes are 
targeted to tumors by means of the EPR effect, which facilitates higher tumor:healthy 
tissue ratios and tumor killing capacity compared to their unencapsulated equivalents 
[236, 237]. Inclusion of PEG chains further enables the design of immunoliposomes 
capable of homing to the target site through the attachment of antibodies, antigen-
binding fragments (Fab’ fragments), or nanobodies to a chemically modified distal 
end of a liposome-grafted PEG chain [238-241]. As for the stealth liposomes, the 
use of drug-encapsulating immunoliposomes is associated with greater in vivo target 
selectivity and improved cytostatic efficacy (Table 3). More detailed information on 
the utility of PS encapsulation into lipid-based delivery systems is available elsewhere 
[21].
 In light of the advantages of liposomal encapsulation of metallated PCs and the 
proven in vivo efficacy of stealth liposomes and immunoliposomes, the remainder of 
this review will mainly focus on second-generation PC-encapsulating liposomes for 
the treatment of solid tumors. Three different liposomal formulations will be addressed 
from the perspective of a comprehensive multi-targeting modality. Inasmuch as 
diamagnetic PCs exhibit similar photochemical and photophysical properties (Section 
3.1), ZnPC is used as a model PS in many instances.
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Target Antibody Cancer subtype Liposomal 
composition

Drug Response [Ref]

CD19 Anti-CD19 mAb B-cell lymphoma HSPC:Chol:mPEG Doxorubicin Improved survival compared 
to untargeted liposomes.

[351]

CD19 Anti-CD19 mAb 
Anti-CD19 Fab

B-cell lymphoma SM:Chol:mPEG Doxorubicin 
Vincristin

Significantly more effective 
than untargeted liposomes or 
free drug.

[352]

EGFR IMC-C225 Fab Breast cancer DSPC:Chol:mPEG Various Significant anti-tumor effects 
and superior to untargeted 
liposomes.

[264]

EGFR EMD72000 Fab
IMC-C225 Fab

Breast cancer, 
colorectal cancer 

DSPC:Chol:mPEG Doxorubicin High uptake in various 
EGFR-overexpressing cell 
lines. 

[353]

EGFR EGFR mAb Non-small cell 
lung cancer

DOPE:CHEMS:
PDP-PEG-DOPE

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

[354]

EGFR EGFR mAb Glioblastoma 
multiforme

Soy PC:Chol:
mPEG:PEG-PE

Significantly enhanced accu-
mulation and uptake.

[355]

EGFR EGFR mAb Ovarian carci-
noma

HSPC:Chol:mPEG Doxorubicin Accumulation was compara-
ble to control liposomes. 

[356]

GD2 Anti-GD2 mAb
Anti-GD2 Fab

Neuroblastoma HSPC:Chol:mPEG Doxorubicin Complete inhibition of 
metastatic growth in a nude 
mouse model.

[357]

HBEGF Anti-HBEGF 
Fab 

Breast cancer HSPC:Chol:mPEG Doxorubicin Tumor regression in MDA-
MB-231 tumor-bearing mice.

[266]

HER-2 Anti-HER2 
scFV

Breast cancer POPC:Chol:m-
PEG 

Doxorubicin Significant decrease in tumor 
size compared to untargeted 
liposomes. 

[358]

HER-2 Anti-HER2 Fab Breast cancer EPC:Chol:mPEG PE38KDEL Receptor-specific binding 
and internalization in vitro.

[359]

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

HPTS 
(probe)

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

[360]

IGF-1R 1H7 mAb Pancreatic carci-
noid cancer

HSPC:Chol:mPEG Doxorubicin Superior antitumor efficacy 
compared to control liposo-
mes.

[361]

MT1-
MMP

222-1D8 Fab Fibrosarcoma HSPC:Chol:mPEG Doxorubicin Significant suppression of 
tumor growth, independent 
of tumor accumulation.

[362]

VCAM-
1

Anti-VCAM-1 
mAb

Multiple mye-
loma

Soy PC:Chol:
cyanur-PEG-PE

Selective targeting of tumor 
vessels.

[363]

VEGFR DC101 Fab Hepatocellular 
carcinoma

PC:mPEG Doxorubicin Significant delay of tumor 
growth up to 7 weeks.

[364]

VEGFR DC101 Fab Colon cancer, 
breast cancer, 
pancreatic cancer

DSPC:Chol:mPEG Doxorubicin Superior therapeutic efficacy 
and selective abolishment of 
the tumor vasculature.

[365]

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 (HER1); EPC, egg phosphatidylcholine; Fab antigen-binding fragment; 
GD2, ganglioside GD2; HBEGF, heparin-binding 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 



43

4.3. Phthalocyanine-encapsulating liposomes
 Metallated PC-containing liposomes have been employed for a broad array 
of clinical applications, including the treatment of cutaneous leishmaniasis [242], 
antineoplastic therapy [190, 243, 244], and diagnostic applications in atherosclerosis 
[245]. For the treatment of solid cancers, ZnPC has been conjugated to LDL [201] 
and serum albumin for systemic administration [246], encapsulated into various 
nanoparticulate drug delivery systems for intravenous infusion [244, 247-249], and 
formulated in a mixture of oleic acid and propylene glycol for topical administration 
[250]. With respect to liposomal formulations, in vivo studies demonstrated 
accumulation of liposomal ZnPC in tumors, the subsequent irradiation of which led to 
a significant reduction in tumor size [201]. A liposomal formulation of ZnPC (CGP-
55847, Ciba-Geigy) was evaluated in a phase I/II clinical trial for the treatment of 
squamous cell carcinoma in the upper digestive tract [172]. However, the clinical trial 
with CGP-55847 was discontinued due to reasons not publicly disclosed.
 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 [251]. As shown in Fig. 6F, the main absorption bands of ZnPC in pyridine 
and liposomal ZnPC fully overlap, indicating that the Q-band electronic transition 
states are not influenced by the lipid bilayer. Moreover, the fluorescence excitation and 
emission spectra of ZnPC in pyridine are entirely superimposable on the spectra of 
liposomal ZnPC, attesting to the fact that the singlet state is not influenced by the 
lipid bilayer (Fig. 7A) [74]. Fig. 7B and C further show that liposomal ZnPC produces 
ROS upon PDT that oxidize small molecules (2’,7’-dichlorodihydrofluorescein) and 
large biomolecules (albumin), respectively [74]. The generation of ROS proceeds in a 
PS:lipid molar ratio- (Fig. 7B and C) and irradiance-dependent manner (Fig. 7D) [74], 
and the extent of oxidation of extraliposomal compounds is hampered by the presence 
of antioxidants in the membrane, such as cholesterol [252], α-tocopherol [253], and 
(poly)unsaturated fatty acids [254]. Although the amount of ROS generation is linearly 
proportional to the amount of ZnPC in the membrane, there is an optimal PS:lipid 
molar ratio beyond which the extent of ROS generation plateaus and abandons linearity, 
despite an increased ZnPC bilayer density (Fig. 7B and C) [74]. At a PS:lipid molar 
ratio of >0.003, ZnPC starts forming aggregates [255] that, due to altered relaxation 

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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mechanisms in excited PS dimers/multimers [219] and/or reduced oxygen availability 
in these aggregates [218], results in impaired 1O2 generation. Similar effects have been 
described for AlPC [255].
 The main implication of these findings is that ZnPC retains its photophysical 
and photochemical properties once it has entered a cell, where it will distribute to the 
cell- and subcellular membranes as elaborated in Section 2.2.2. PDT with liposomally 
delivered ZnPC will induce (per)oxidation of proximal cellular constituents (Fig. 
7B and C), particularly membrane-embedded molecules and bilayer constituents. 
The (per)oxidation of intra/transmembrane molecules and unsaturated lipids 
causes membrane perturbation and leakage of intracellular content, which has been 
demonstrated with PDT-subjected cell phantoms containing ZnPC in the bilayer [74]. 

Fig. 7. (A) Normalized fluorescence emission (Em) and excitation (Ex) spectra of unencapsulated ZnPC and 
ZnPC-containing 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’-dichlorodihydrofluorescein (DCFH2). The protocol is described in [74]. (C) 
ZnPC:lipid ratio-dependent oxidation of tryptophan (Trp) residues in bovine serum albumin following PDT with 
ZnPC–ITLs. The protocol is described in [74]. (D) Laser power-dependent oxidation kinetics of DCFH2 during 
PDT with ZnPC–ITLs. The protocol is described in [74].
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The biological consequences of membrane permeabilization have been addressed in 
Section 2.3 and ultimately result in cell death, as experimentally demonstrated in the 
following sections.

4.4. Targeting photosensitizer-encapsulating liposomes to solid tumors

4.4.1. Comprehensive tumor-targeting strategy
 The microenvironment of solid cancers can essentially be classified into three 
pharmacologically relevant target areas: the tumor cells that make up the bulk of the 
cancer, the endothelial cells that line the intratumoral vasculature, and the interstitial 
space that is comprised of stromal proteins, fibroblasts, and immune cells (macrophages 
and dendritic cells). PS-encapsulating liposomes for systemic administration can be 
prepared that preferentially accumulate in one of the three target areas. The generic 
make-up of the liposomes is presented in Fig. 8, and each formulation, namely 
tumor-targeting liposomes (TTLs), tumor endothelium-targeting liposomes (ETLs), 
and interstitially-targeted liposomes (ITLs) is discussed separately in Sections 4.4.2 
through 4.4.4.
 Principally, each formulation can be employed individually for PDT, whereby 
the TTLs and ETLs have proven most effective in vitro in terms of tumor killing 
potential [256, 257]. However, the implementation of a combinatorial, multi-targeting 
modality for PDT as illustrated in Fig. 9 is advocated for two important reasons. First, 
the generation of oxidative damage at multiple intratumoral locations will translate 
to more extensive interference with post-treatment biological and biochemical 
processes and hence exacerbate the degree of tumor cell death. For example, if only 
the tumor cells are targeted, which is usually the case, the PDT-induced activation 
of cell death mechanisms may be reverted due to co-activation of cell survival and 
stress response pathways [68], leading to increased cancer cell survival following PDT. 
When, however, the TTL-induced damage profile is complemented by concomitant 
ETL-mediated vascular shutdown and consequent intratumoral anoxia, the chances 
that partially viable cells survive as a result of survival and recovery programs will 
considerably diminish. Second, the induction of damage in a greater tumor volume 
(i.e., tumor parenchyma + vasculature + stroma versus parenchyma only) is expected 
to trigger more extensive DAMP release with a broader spectrum of DAMP molecules, 
which will result in a more profound immune response. As addressed in Fig. 1 and 
Section 2.4, the PDT-induced immune response is critical for tumor removal through 
immunogenic apoptosis and immunological processing of tumor cells.

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 
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the cell and organelle membranes, including those of mitochondria and the Golgi 
apparatus (ZnPC) [61, 258]. Consequently, PDT with PC-TTLs will induce oxidative 
damage at multiple critical sites, which will culminate in the execution of different cell 
death pathways as elaborated in Section 2.3.1. Extensive cell damage and death is not 
only imperative for optimal therapeutic efficacy, but also for minimizing the number of 
residual tumor cells that could mediate cancer recurrence, for optimally deterring the 
execution of cell survival pathways [68], and for maximally reducing post-treatment 
tumor sustenance through the processes related to the hallmarks of cancer [259, 260]. 
Moreover, tumor cells are the source of TAAs and DAMPs, which are released as a 
result of oxidation of membrane constituents or cell death signaling, that mediate 
the anti-tumor immune response (Fig. 1, Section 2.4) [96]. The extent to which these 
signaling molecules are liberated in the treated tissue, and hence the magnitude of 
the anti-tumor immune response, is proportional to the degree of induced damage. 
Accordingly, PDT with PC-TTLs is expected to induce widespread and pleiotropic 
oxidative damage that results in extensive cell death, a prolific anti-tumor immune 
response, and, in fully treated tumors, minimal probability of tumor recurrence.
 TTLs (Fig. 8) are generally composed of phosphatidylcholines and a molar 
fraction of PEGylated lipids to which a ligand/epitope recognition molecule has been 
conjugated, such as an antibody, Fab’ fragment, nanobody, or peptide (reviewed in [21, 
217, 261]). The ligand/epitope recognition molecules typically bind to antigens that are 
abundantly expressed on the outer membrane of cancer cells but not or only minimally 
expressed by healthy cells. The different immunoliposome formulations and the ligand/
epitope recognition molecules that have been investigated to date are summarized 
in Table 3 and the ligands/epitopes that constitute viable targets for PS-containing 

Fig. 8. (1) Tumor cell-targeting liposomes (TTLs) contain specific epitope recognition domains (e.g., antibodies, Fab’ 
fragments, nanobodies, or peptides) that are conjugated to an anchor molecule such as a lipid-conjugated, distally 
modified polyethylene glycol (PEG) chain. (2) Endothelial cell-targeting liposomes (ETLs) are typically cationic 
liposomes that exhibit a strong affinity for the negatively charged tumor endothelium. (3) Interstitially-targeted 
liposomes (ITLs) passively accumulate in the tumor interstitium by exploiting the enhanced permeability and 
retention (EPR) effect and poor lymphatic drainage in solid tumors. PEGylation of the liposomes imparts ‘stealth’ 
properties in that unspecific liposome uptake by the mononuclear phagocyte system is considerably forestalled.
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immunoliposomes specifically developed for the treatment of PDT-recalcitrant tumors 
(Section 1) are provided in Table 4.
 The utility of immunoliposomes for the delivery of pharmacological agents 
has been demonstrated in numerous in vitro and in vivo studies. In mice, Song et al. 
[262] showed that systemically infused, sterically stabilized epidermal growth factor 
receptor (EGFR)-targeted liposomes were able to extravasate from the intratumoral 
microcirculation and specifically and efficiently bind to xenotransplanted EGFR-
overexpressing human non-small cell lung carcinoma (H1299) cells, after which 

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

[Ref]

Superficial recurrent urothelial 
carcinoma

EGFR / HER-1 23.6% (OE) [366]

EGFR / HER-1 100% (PS)* [367]

HER-2 12.4% (OE) [368]

MUC-1 44.1% (OE) [369]

Nasopharyngeal carcinoma EGFR / HER-1 62.7% [43.2-83.3] (OE) [370-373]

HER-2 50.7% (PS)** [371]

IGF-1R 56% (OE) [374]

Extrahepatic cholangiocar-
cinoma

EGFR / HER-1 33.7% [15.8-57.9] (OE) [375-378]

HER-2 23.2% [8.5-31.3] (OE) [375-380]

HER-2 80% (PS)*** [381]

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. 

the TTLs were internalized via an ATP-dependent process. Corroboratively, 
our group found that anti-EGFR nanobody-conjugated TTLs (1,2-dipalmitoyl-
sn-glycero-3-phosphocholine (DPPC):cholesterol:1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy(PEG)-2000] (DSPE-PEG), 66:30:4 molar ratio) 
extensively bound to and were taken up by human EGFR-transfected murine (HER14) 
fibroblasts (Fig. 10A and B) and A431 cells [21]. The in vitro and in vivo PDT efficacy of 
these TTLs will be published elsewhere [21, 263]. Mamot et al. [264] demonstrated that 
anti-EGFR TTLs exhibit a 6-fold higher uptake by EGFR-transfected human primary 
glioblastomas (U87) in mice versus non-targeted (anti-EGFR C225 Fab-lacking) 
liposomes. The TTLs were presumably internalized via receptor-mediated endocytosis. 
Park et al. [265] found that systemic administration of either sterically stabilized 
liposomes (comparable to ITLs, Section 4.4.4) or anti-human epidermal growth factor 
receptor 2 (HER-2)-conjugated TTLs resulted in equivalent levels of accumulation in 
xenografted breast cancer (BT-474, MDA-MB-453, MCF-7/HER2) tumors in mice, but 
the intratumoral distribution and internalization pattern clearly differed between the 
formulations. Whereas sterically stabilized liposomes accumulated extracellularly, the 
PEGylated anti-HER2 TTLs predominantly distributed in the cytoplasm of tumor cells. 
Of note, the conjugation of antibodies or fragments thereof to e.g., PEG chains appear 
not to alter the size, surface charge, or pharmacokinetic properties of the liposomes 
compared to non-targeted, PEGylated liposomes [264, 266]. 
 Due to the selective uptake of PS-TTLs, intracellular PS levels are generally 
higher than for their non-targeted counterparts, causing the TTLs to be more potent 
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in terms of phototoxicity. Gijsens et al. [257] demonstrated that AlPCS4-encapsulating 
transferrin-conjugated liposomes exhibit a 10-fold lower IC50 value than non-
targeted liposomes in HeLa cells treated with PDT (0.63 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-Diaz et 
al. used folate-conjugated liposomes containing zinc tetraphenyl porphyrin (ZnTPP) 
to treat folate receptor-expressing HeLa cells [267]. 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 
h post-PDT. In line with previous findings, human ovarian carcinoma (Ovcar-5) cells 
treated with verteporfin-containing anti-EGFR TTLs exhibited significantly lower cell 
viability than non-targeted liposomes [268].
 The data presented in this section indicate that the overexpression of specific 
surface recognition 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. Consequently, as has been determined in a variety of studies, 
this PDT strategy is expected to produce increased levels of phototoxicity compared to 
unencapsulated PSs or PS-encapsulating non-targeted liposomes.

Fig. 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 in (A, B) are comparable 
images of HER14 cells incubated with fluorescently labeled control liposomes. Human umbilical vein endothelial 
cells (HUVECs) (isolated as described in [387]) 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 uptake 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 [74]). NBD fluorescence was measured in the FL1 fluorescence channel of the flow cytometer.

2



50 | CHAPTER 2

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, photodestruction of tumor vasculature is a decisive therapeutic 
outcome of PDT [249, 269-272]. It has been shown in mice that PDT with the 
systemically infused PS MV6401 resulted in acute vasoconstriction and thrombosis 
3 h after PDT [273]. Fingar et al. [274] reported that verteporfin-mediated PDT of 
chondrosarcomas in rats resulted in selective destruction of tumor vasculature, which 
was associated with thrombus formation, hemostasis, and long-term tumor regression.
 Blood vessels constitute an ideal target for PDT inasmuch as the relatively high 
local oxygen tension (in blood vessels and endothelium) as well as the physiologically 
abundant presence of the radical nitric oxide contribute to exacerbated ROS/RNS 
production upon PS excitation. Photochemical affliction of tumor microvasculature 
leads to acute tumor infarction, culminating in a local anoxic/hypoxic and malnourished 
environment that is associated with stalled tumor growth in case of sustained hemostasis 
[273]. Moreover, thrombi are potent chemoattractants for cells of the innate immune 
systems (neutrophils and monocytes/macrophages) that, when activated, propagate 
thrombus/vascular remodeling by releasing cytokines and chemokines to attract 
additional immune cells to the thrombostatic vasculature [275, 276]. Accordingly, 
PC-ETLs are potentially effective in PDT of particularly hypervascularized tumors by 
inducing cessation of oxygen and nutrient supply and corollary cell death [273, 277, 
278], retarding tumor growth [273], and triggering pro-inflammatory signaling that 
leads to an anti-tumor immune response (Section 2.4) and removal of PDT-afflicted 
tissue (reviewed in [96]).
 The uptake of PC-ETLs by intratumoral endothelial cells can be achieved by 
coating the liposomes with specific endothelium-recognizing epitopes or by imparting 
a positive surface charge on the liposomes. In case of the former, a variety of epitopes 
that are abundantly present on tumor cells can also be used to target the tumor 
endothelium, as elaborately described in [279] and summarized in Table 3 and Table 
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 arginine-glycine-aspartic acid (RGD)-peptides), and asparagine-glycine-
arginine (NGR) peptides that target aminopeptidase N.
 Alternatively, cationic liposomes have been employed to target the tumor 
vessels. Generally, cationic liposomes are partly composed of (phospho)lipids with 
a positively charged head group, frequently complemented by neutral lipids such as 
phosphatidylcholines and cholesterol (summarized in [280]). Alternatively, a non-
to-minimally toxic cationic moiety with a lipophilic anchor, such as 3β-[N-(N’,N’-
dimethylaminoethane)-carbamoyl] cholesterol (DC-chol) [281], can be used in 
conjunction with neutral lipids. It is believed that cationic liposomes electrostatically 
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associate with the negatively charged glycocalyx of inflamed or angiogenic endothelial 
cells [282], as evidenced by their propensity to accumulate more extensively in tumor 
vessels (~25–28% of the total administered dose) than in normal vessels (~4% of the 
total administered dose) [283]. This binding specificity may be in part explained by 
the lethargic and irregular blood flow in the tumor environment, as a result of which 
a greater probability of ETL–glycocalyx interactions exists that in turn enables more 
profound accumulation of ETLs in the tumor vasculature. Another factor that may 
contribute to this phenomenon is the typical upregulation and overexpression of 
negatively charged surface glycoproteins (e.g., sialic acid-rich glycoproteins) by tumor 
endothelium [284].
 Presently, relatively limited in vitro and in vivo data is available on the utility 
of ETLs for PDT. The cationic ETLs are believed to be internalized by endothelial cells 
via endocytosis [282]; cationic PEGylated ZnPC–ETLs, but not their neutral controls 
(i.e., ZnPC–ITLs, Section 4.4.4), are indeed taken up by cultured human umbilical vein 
endothelial cells (HUVECs) (Fig. 10C–F). Campbell et al. [283] showed that cationic 
ETLs (1,2-dioleoyl-3-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 et al. demonstrated that ETLs 
specifically accumulated in RIP-Tag2 tumor-bearing mice (Fig. 11) and that the degree 
of accumulation was associated with the developmental stage of the tumor [282]. In 
terms of in vitro efficacy, we have shown that ZnPC–ETLs (composed of DPPC:DC-
chol:cholesterol:DSPE-PEG (66:25:5:4, molar ratio) and a ZnPC:lipid ratio of 0.003) 
exhibit no dark toxicity in HUVECs and respond to PDT in a PS concentration-
dependent manner [285]. With respect to in vivo efficacy studies, Gross et al. [286] 
encapsulated verteporfin in ETLs (DOTAP) and performed PDT on laser-induced 
choroidal neovasculature in mice. The unencapsulated and ETL-encapsulated 
verteporfin were equally effective and significantly decreased the size of the choroidal 
neovessels, although the cationic ETLs demonstrated higher selectivity and reduced PS-
associated side effects. However, choroidal neovessels are not equivalent to intratumoral 
vasculature, so the results are not per se extrapolatable to the responsiveness of solid 
tumors to ETL-mediated PDT. Nevertheless, the data collectively suggest that cationic 
ETLs can selectively deliver PSs to intratumoral vasculature and that PDT will result 
in vascular shutdown, tumor cell death, and retardation of tumor growth. Evidently, 
more in vivo studies are needed to establish pharmacokinetic-, pharmacodynamic-, 
and toxicological profiles of PC-containing ETLs.

4.4.4. Photosensitizer-encapsulating interstitially targeted liposomes
 The interstitial compartment of a tumor contains tumor-associated fibroblasts 
and immune cells that continuously remodel the tumor extracellular matrix (stroma), 
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which entails neovascularization, 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 
[287-289]). Consequently, PS delivery to the tumor interstitium may constitute a useful 
means to inflict considerable damage to the tumor [290, 291]. The mechanisms that 
stand at the basis of PDT efficacy in the stromal environment include: (1) oxidation 
of cell membranes, either by primary ROS or by secondary or tertiary ROS (e.g., •OH 
[2]) that are formed from type I reactions in the tumor microenvironment, and (2) 
activation of immune cells by (a) direct oxidation of cellular constituents following 
PDT of PS-ITLs that have been taken up by the immune cells (e.g., tumor-resident 
macrophages) and/or (b) by oxidized extracellular biomolecules [276] (e.g., stromal 
proteins or glycocalyx degradation products [2]) that bind to immune receptors (e.g., 
TLR-2, TLR-4, CD44) or are taken up by the immune cells following PDT [292].
 The targeting of ITLs to the tumor interstitium and their retention proceeds 
passively via the EPR effect. For these purposes, liposomes are generally composed 
of neutral (zwitterionic) phospholipids (mostly phosphatidylcholines) and a molar 
fraction (4–6%) of PEGylated lipids for steric stabilization and to impart stealth 
properties [293]. Alternatively, ITLs may be sterically stabilized by other types of 
non-to-low immunogenic (block co-) polymers, including polyacrylamide (PAA), 
poly(vinylpyrrolidone) (PVP), and poly(acryloyl morpholine) (PAcM) (reviewed in 
[294]). Proper sizing is also important, as the ITLs must have a smaller diameter than 
the length of the inter-endothelial cell fenestrations in the tumor vasculature, i.e., <200 
nm [295], to extravasate. Moreover, particles <160 nm are profoundly taken up by the 
liver in rabbits, whereas particles >210 nm are avidly taken up by both the spleen and 
the liver [226]. Consequently, the diameter of ITLs should be between 160 and 210 
nm. Steric stabilization in combination with proper sizing considerably prolongs the 

Fig. 11. In vivo proof-of-concept of cationic liposome targeting to intratumoral vasculature. Fluorescently 
labeled cationic liposomes (1,2-dioleoyl-3-trimethylammonium propane:cholesterol:Texas red-conjugated 
1,2-dihexadecanoyl-sn-glycero-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 colocalization of cationic liposomes with (intratumoral) blood vessels 
(C, G). Images were modified from [282] and used with permission from Dr. Gavin Thurston.
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circulation time, as a result of which the ITLs will have ample time to passively diffuse 
into the tumor interstitium. Accordingly, Wu et al. [296] demonstrated that, in rats, 
sterically stabilized liposomes rapidly accumulated in the interstitial compartment of 
xenografted rat breast adenocarcinomas (R3230Ac) following infusion, which was 3–4 
fold more extensive than their non-PEGylated counterparts.
 With respect to in vitro PDT studies, our group has demonstrated that ITLs 
encapsulating ZnPC exhibited no dark toxicity, but became cytotoxic upon irradiation 
of extrahepatic cholangiocarcinoma (Sk-Cha1) cells in a lipid concentration-dependent 
manner (at a constant ZnPC:lipid ratio of 0.003) [74]. The mode of cell death comprised 
both apoptosis and necrosis, whereby necrosis was the predominant mode of cell 
death, most likely because a small fraction of the ITLs was internalized by the cells 
[74]. Moreover, the ITLs were not taken up by HUVECs, which suggests that these 
liposomes will not be cleared by endothelial-like cells following intravenous infusion 
(Fig. 10E, F, and H). In vivo studies in mice bearing human fibrosarcoma (MS-2) 
tumors demonstrated that ZnPC-encapsulating non-PEGylated ITLs accumulated in 
the tumors at tumor:healthy tissue ratios of 7.5:1–9:1 24 h after systemic administration 
[190, 191], which is in agreement with the previously cited findings by Wu et al. [296] 
regarding interstitial ITL accumulation. Furthermore, Oku et al. [297] performed 
PDT with glucuronidated ITLs containing verteporfin and achieved a complete 
response rate in 80% of the Meth A sarcoma-bearing mice. In contrast, a 20% complete 
response rate was observed with free PS or verteporfin encapsulated in conventional 
anionic liposomes (DPPC:1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 
(POPC):cholesterol:1,2-dipalmitoyl-sn-glycero-3-phosphoglycerol (DPPG)). These 
data clearly indicate that the tumor interstitium comprises a viable target for PDT-
mediated tumor eradication using PS-ITLs.
 Alternatively, LDL can serve as an additional vehicle for the transfer of lipophilic 
PCs from the ITLs to blood-borne LDL and subsequently to tumor cells (Fig. 9). Various 
studies have found that ZnPC incorporated in non-PEGylated lipid-based delivery 
vehicles can transfer to plasma proteins, including LDL and high-density lipoprotein 
(HDL) [49, 298]. As demonstrated by Reddi et al. [201], intravenous infusion of in vitro 
prepared ZnPC–LDL complexes resulted in selective accumulation of these complexes 
in the tumor, as evidenced by a maximal tumor:healthy tissue ratio of 5.7, 24 h post-
injection. None of the studies examined the effect of PEGylation on the transfer kinetics 
of ZnPC from ITLs to plasma proteins. Such studies have only been conducted with 
mTHPC [299, 300], showing that 42% of mTHPC was transferred from PEGylated 
ITLs to plasma proteins 30 minutes after incubation, which progressively increased 
to 74% after 24 h [300]. Inasmuch as mTHPC and metallated PCs are chemically 
comparable (Fig. 2D and Fig. 6A–D) and the PCs are typically encapsulated in lipid 
formulations that resemble the formulations used in [299, 300], it is expected that 
ZnPC will exhibit similar transfer behavior. Accordingly, the transfer of PC molecules 
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from (PEGylated) ITLs to LDL will lead to tumor-specific PC accumulation [301]. 
Based on in vitro results it appears that the ZnPC–LDL conjugates enter the cells via 
non-specific endocytosis [302]. The ZnPC–LDL complexes are not internalized via 
receptor-mediated endocytosis, since the association of PCs with LDL slightly distorts 
the molecular structure of apoprotein B [302] that is responsible for LDL receptor 
binding [303].
 This section summarized the importance of targeting the stromal environment 
inasmuch as the tumor stroma is responsible for neovascularization and metastatic 
spread of tumor cells and contains oxidizable cellular and molecular constituents with 
immunogenic potential. PEGylated ITLs generally exhibit better pharmacokinetics, 
tumor-accumulating capacity, and hence therapeutic outcomes than their non-
PEGylated equivalents. The transfer of ZnPC from ITLs to endogenous lipid-based 
nanocarriers such as LDL constitutes an alternative way to augment ZnPC accumulation 
in the tumor stroma.

4.5. Phototriggered release modalities for liposome-delivered anti-cancer agents
 In addition to the delivery of PSs, liposomes may also be used for the delivery 
of water-soluble compounds to the tumor site rather than the tumor cells per se. With 
such modalities, the liposomal encapsulants may accumulate in the tumor interstitial 
space and undergo local release into the tumor microenvironment upon irradiation. 
Upon their release, these compounds essentially aid in the tumor eradication process.
 The triggered release of the hydrophilic encapsulants can be integrated into 
the photodynamic process by the inclusion of photo-labile constituents such as 
photodegradable phospholipids. These constituents are chemically modified upon 
light irradiation, leading to a change in chemical properties or degradation, consequent 
perturbation/destabilization of the particle, and corollary release of the hydrophilic 
encapsulants. A complete overview of the phototriggered release mechanisms is 
provided in Fig. 12. Detailed reviews on these mechanisms are available elsewhere 
[304-306]. Unfortunately, a multitude of the 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 in various solid cancer subtypes and 
are associated with a substantial amount of photosensitivity. To circumvent these 
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issues, the application of diamagnetic PCs is expected to improve clinical outcome 
and lower the degree of photosensitivity and phototoxic reactions. The encapsulation 
of diamagnetic PCs into liposomes provides a sophisticated PS delivery platform for 
the targeting of pharmacologically important intratumoral sites, including the tumor 
interstitium, tumor endothelium, and tumor cells. Future in vivo and clinical research 
should determine whether this multi-faceted tumor targeting strategy improves 

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

 Photodynamic therapy (PDT) of solid cancers comprises the administration of 
a photosensitizer followed by illumination of the photosensitizer-replete tumor with 
laser light. This induces a state of local oxidative stress, culminating in the destruction of 
tumor tissue and microvasculature and induction of an anti-tumor immune response. 
However, some tumor types, including perihilar cholangiocarcinoma, are relatively 
refractory to PDT, which may be attributable to the activation of survival pathways 
in tumor cells following PDT (i.e., activator protein 1 (AP-1)-, nuclear factor of kappa 
light polypeptide gene enhancer in B-cells (NF-κB)-, hypoxia-inducible factor 1-alpha 
(HIF-1α)-, nuclear factor (erythroid-derived 2)-like 2 (NFE2L2)-, and unfolded protein 
response-mediated pathways).
 To assess the activation of survival pathways after PDT, human perihilar 
cholangiocarcinoma (SK-ChA-1) cells were subjected to PDT with zinc phthalocyanine 
(ZnPC)-encapsulating liposomes. Following 30-minute incubation with liposomes, 
the cells were either left untreated or treated at low (50 mW) or high (500 mW) laser 
power (cumulative light dose of 15 J/cm2). Cells were harvested 90 min post-PDT and 
whole genome expression analysis was performed using Illumina HumanHT-12 v4 
expression beadchips. The data were interpreted in the context of the survival pathways. 
In addition, the safety of ZnPC-encapsulating liposomes was tested both in vitro and in 
vivo.
 PDT-treated SK-ChA-1 cells exhibited activation of the hypoxia-induced stress 
response via HIF-1α and initiation of the pro-inflammatory response via NF-кB. PDT 
at low laser power in particular caused extensive survival signaling, as evidenced by 
the significant upregulation of HIF-1- (P < 0.001) and NF-кB-related (P < 0.001) genes. 
Low-power PDT was less lethal to SK-ChA-1 cells 90 min post-PDT, confirmed by 
annexin V/propidium iodide staining. In vitro toxicogenomics and toxicological 
testing in chicken embryos and mice revealed that the ZnPC-encapsulating liposomes 
are non-toxic.
 PDT-treated perihilar cholangiocarcinoma cells exhibit extensive survival 
signaling that may translate to a suboptimal therapeutic response and possibly tumor 
recurrence. These findings encourage the development of photosensitizer delivery 
systems with co-encapsulated inhibitors of survival pathways.

Keywords
Drug delivery system, metallated phthalocyanines, non-resectable perihilar 
cholangiocarcinoma, therapeutic recalcitrance, tumor targeting
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Background

 Photodynamic therapy (PDT) is a non-to-minimally invasive treatment 
modality that is used for the curative or palliative treatment of early-stage and late-
stage solid cancers, respectively. The therapy relies on the accumulation of a non-
toxic photosensitizer in the tumor following topical or systemic administration. 
Subsequently, the tumor is light-irradiated locally at a wavelength that corresponds to 
the red absorption peak of the photosensitizer. This leads to photosensitizer activation 
and generation of cytotoxic reactive oxygen species (ROS) via type I (superoxide anion) 
and/or type II (singlet oxygen) photochemical reactions. Extensive intratumoral ROS 
production initiates several key processes that culminate in the removal of the tumor, 
including: (1) induction of different forms of tumor cell death, (2) destruction of tumor 
microvasculature, (3) blood flow stasis and consequent tumor hypoxia/anoxia, and (4) 
induction of an anti-tumor immune response (reviewed in [1–3]).
 Although PDT is highly effective in some cancer types (e.g., basal cell carcinoma, 
early-stage esophageal carcinoma) [4–7], other solid cancers are relatively unresponsive 
to PDT (e.g., nasopharyngeal carcinoma [8], perihilar cholangiocarcinoma [9]). 
This therapeutic recalcitrance may be explained by three key factors. First, the route 
of photosensitizer administration may be suboptimal for a specific tumor type, 
thereby deterring optimal photosensitizer accumulation in the tumor. Second, the 
approved first-generation photosensitizers (i.e., hematoporphyrin derivatives and 
5-aminolevulinic acid) exhibit poor photophysical and physicochemical properties, 
leading to insufficient and/or heterogeneous ROS production throughout the tumor 
bulk. Third, activation of survival pathways by tumor cells as a result of PDT may lead 
to insufficient tumor cell death following PDT [10].
 To resolve these issues, a novel PDT modality was proposed based on the 
encapsulation of the photosensitizer zinc phthalocyanine (ZnPC) into polyethylene 
glycol (PEG)-coated liposomes [11]. Accordingly, three distinct ZnPC-containing 
nanoparticulate formulations were developed that are either targeted to tumor 
cells (tumor cell-targeting liposomes), tumor endothelium (endothelium-targeting 
liposomes), or tumor interstitium (interstitially-targeted liposomes (ITLs)) [11]. This 
comprehensive tumor-targeting strategy is expected to augment therapeutic efficacy 
and minimize photosensitivity and phototoxicity that are observed in patients treated 
with currently approved PDT modalities.
 The aims of this study were to evaluate whether ZnPC-encapsulating ITLs 
(ZnPC-ITLs) are safe for future clinical application using toxicogenomics [12], 
chicken embryos, and mice as toxicological test models and to study the PDT-induced 
activation of survival pathways in human perihilar cholangiocarcinoma cells – i.e., 
cells derived from a cancer that is recalcitrant to PDT. For the latter aim, whole genome 
gene expression profiles were determined in the early phase (90 min) after PDT in 
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accordance with literature [13] and the data were analyzed in the context of the five 
major PDT-induced survival pathways [10] (Fig. 1).

 The main findings were, first, that ZnPC-ITLs are not toxic in vitro and in vivo 
up to a 500-μM and 2.5-mM final lipid concentration, respectively, at a ZnPC:lipid 
molar ratio of 0.003. Second, irradiation of cells at low laser power (50 mW, 15 J/cm2) 
caused considerable survival signaling after PDT via activation of hypoxia-inducible 
factor 1 (HIF-1) and nuclear factor of kappa light polypeptide gene enhancer in B-cells 
(NF-кB), which was associated with limited photokilling capacity. Irradiation of cells 
at high laser power (500 mW, 15 J/cm2) was associated with less extensive survival 
signaling and resulted in more profound cell death.

Results

PDT efficacy
 The in vitro proof-of-concept regarding ZnPC-ITLs as part of a novel multi-
targeting strategy for PDT was provided previously [14]. However, this study did not 
examine the effect of laser power on post-PDT viability. It was hypothesized that low 

Fig. 1. Induction of survival signaling after PDT. PDT-mediated ROS production results in activation of (1) the 
immediate early gene response via activator protein 1 (AP-1), (2) the unfolded protein response in reaction to 
endoplasmic reticulum (ER) stress, (3) the antioxidant response via nuclear factor (erythroid-derived 2)-like 2 
(NFE2L2), (4) the inflammatory response via activation of nuclear factor of kappa light polypeptide gene enhancer 
in B-cells (NF-кB), and (5) the hypoxia-induced stress response via hypoxia-inducible factor 1-alpha (HIF-1α). 
Data and figure adapted from [10]
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laser power (i.e., low degree of ROS production per unit time) would allow cells to 
cope with ROS-induced damage, whereas high laser power would be more toxic to 
cells. To investigate the influence of laser power on PDT efficacy, SK-ChA-1 cells were 
incubated with ZnPC-ITLs and either not irradiated (dark toxicity, designated as ‘ITL’) 
or irradiated at high laser power (500 mW, designated as ‘ITL 500’) or low laser power 
(50 mW, designated as ‘ITL 50’) with a cumulative radiant exposure of 15 J/cm2. As 
shown in Fig. 2A, cells in the ITL group exhibited slightly higher metabolic activity 
than the control cells 24 h after treatment, whereas metabolic activity was completely 
abrogated in the treated cells. Cell death was assessed with the SRB protein assay, 
which revealed that cell viability had decreased to 47.6 % and 51.4 % (normalized to 
the control group) in the ITL 50 and ITL 500 groups, respectively (Fig. 2B).
 In addition, SK-ChA-1 cells were stained with annexin V and PI 90 min 
(Fig. 2C) and 24 h (Fig. 2D) after PDT to evaluate the mode of cell death by flow 
cytometry. After 90 min, the ITL group paralleled the control group with a cell viability 
of approximately 90 %, whereas 43.6 % and 27.2 % of cells were viable in the ITL 50 
and ITL 500 groups, respectively (Fig. 2C). The difference in cell viability between the 
treatment groups was abolished 24 h after PDT (Fig. 2D), suggesting that execution of 
cell death programs had not yet completed 90 min after low light dose PDT and that 
laser power therefore dictates the rate at which cell death programs are executed.

In vitro and in vivo toxicity
 Next to efficacy, the safety of a new liposomal formulation is a critical parameter 
in the preclinical development trajectory. Therefore, in vivo toxicity was evaluated in 
two different animal models, namely in chicken embryos and in C57BL/6 mice. The 
chicken embryo model was chosen to assess acute toxicity, as it is a cheap and suitable 
substitute for mammalian models [15]. Alternatively, a mouse model was used to study 
long-term toxicity. As shown in Fig. S1, systemically administered ZnPC-ITLs did not 
exhibit any toxicity. In addition, whole genome microarray-based toxicogenomics is 
considered a valuable tool for evaluating the toxicity of xenobiotics [12, 16]. Therefore, 
as a complementary method to the in vivo toxicity testing, the in vitro toxicity of 
ZnPC-ITLs was analyzed in SK-ChA-1 cells by microarray analysis. SK-ChA-1 control 
cells and cells that were incubated with ZnPC-ITLs in the dark (ITL) exhibited similar 
transcriptional responses (Fig. 3A). None of the genes were differentially expressed 
when comparing the ITL group to the control group, corroborating the in vivo data at 
a molecular level.

Gross transcriptional response to PDT
 In addition to the toxicogenomic profile of ZnPC-ITLs, the transcriptomic data 
was used to gain insight in the immediate early gene response [13] and explain the 
differences in cell viability that were observed 90 min post-PDT (Fig. 2C). As depicted 
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in Fig. 3A, the global molecular response of the ITL 50 and ITL 500 groups were not 
associated and both groups showed a distinct response relative to the control group. 
The ITL 500 modality resulted in the upregulation of 213 genes and downregulation 
of 375 genes (588 total) compared to the control regimen (Fig. 3B). The number of 
differentially expressed genes in the ITL 50 group relative to control was ~10-fold 
greater (i.e., 5,598) versus the ITL 500 group. Cells in the ITL 50 and the ITL 500 group 
exhibited some overlap in differentially expressed genes, namely 154 upregulated genes 
and 218 downregulated genes.

Differential gene regulation in response to PDT
 To gain insight in the key processes that are initiated by PDT at the molecular 
level, the top increased and decreased genes were ranked based on the log2 fold-change 
(Fig. 4, with more detailed information in Tables 1 and 2). Compared to the control 
group, the ITL 50 group exhibited more profound changes in gene expression than the 

Fig. 2. Viability of SK-ChA-1 cells after ZnPC-ITL-PDT. SK-ChA-1 cells were incubated with 500 μM ZnPC-ITLs 
(final lipid concentration) and kept in the dark (ITL) or were irradiated with 50-mW (ITL 50) or 500-mW (ITL 
500) laser light at a cumulative radiant exposure of 15 J/cm2. Metabolic activity and the extent of cell death were 
assessed after 24 hours with a WST-1 assay (A) and SRB assay (B), respectively. Data were normalized to control 
cells that were set at 100 %. Alternatively, the mode of cell death was assessed 90 minutes (C) or 24 hours (D) 
post-PDT by flow cytometry. For this purpose, cells were stained with Alexa Fluor 488-conjugated annexin V 
and propidium iodide (PI). Necrotic cells are represented in red (PI-positive), apoptotic cells are shown in green 
(PI-negative, annexin V-positive), and healthy cells are represented in white (PI-negative, annexin V-negative). 
Values are presented as mean + SD for n = 6 per group. Readers are referred to section Statistical analysis for the 
significance of the statistical symbols.
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ITL 500 group. Of note, the microarray expression data were validated by determining 
the transcript levels of specific genes by qRT-PCR, which revealed a strong correlation 
(Fig. S2).
 As shown in Table 1, the top upregulated genes in the ITL 50 group are involved 
in chemotaxis (chemokine (C-X-C motif) ligand 1 (CXCL1) and CXCL2), inflammation 
(interleukin 8 (IL8), FBJ murine osteosarcoma viral oncogene homolog (FOS)), and the 
immune response (colony stimulating factor 2 (CSF2)), whereas downregulated genes 
are associated with cell adhesion (thrombospondin 1 (THBS1)) and the extracellular 

Fig. 3. (A) Principal component analysis of SK-ChA-1 cells that were either untreated (in red), incubated with 500 
μM ZnPC-ITLs (final lipid concentration) and kept in the dark (ITL, in green), or treated with 500-mW (ITL 500, 
in orange) or 50-mW (ITL 50, in purple) laser light. The extent to which a principal component (PC) accounts for 
the variability in the data is indicated in parentheses. (B) Venn diagram showing the number of non-overlapping 
upregulated and downregulated genes per group (in-circle values) and the number of overlapping upregulated and 
downregulated genes (values in the respective overlapping region) between the various treatment groups compared 
to the control group. The total number of genes that were up- and downregulated per group comprises the sum of 
all regions in a given circle.

Fig. 4. Top upregulated and downregulated PDT-induced genes as expressed by the log2 fold-change in gene 
expression in the ITL 50 (A) and ITL 500 group (B) compared to the control group. Genes were ordered by 
decreasing absolute log2 fold-change. Values are presented as the mean of n = 3 per group.
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matrix (matrix metallopeptidase 1 (MMP1), MMP10). In contrast, treatment of SK-
ChA-1 cells at 500-mW laser power activated transcripts related to mitogen-activated 
protein (MAP) kinase (MAPK) signaling (dual specificity phosphatase 6 (DUSP6)), 
the stress response (activating transcription factor 3 (ATF3)), and response to ROS and 
unfolded proteins (FOS, heat shock 70 kDa protein 1A (HSPA1A)) (Table 2). High-
power irradiation also resulted in downregulation of genes involved in cell cycle arrest 
(cyclin-dependent kinase inhibitor 1B (CDKN1B)) and apoptosis initiation (Bcl2 
modifying factor (BMF)).

Gene Full name Function

CXCL1 chemokine (C-X-C motif) ligand 1 Cell proliferation, chemotaxis, inflammation

IL8 interleukin 8 Angiogenesis, chemotaxis, inflammation

C15orf48 chromosome 15 open reading frame 48

CXCL2 chemokine (C-X-C motif) ligand 2 Chemotaxis, inflammation

UBD ubiquitin D Protein ubiquitination, aggresome formation, mye-
loid DC differentiation

CSF2 colony stimulating factor 2 Macrophage activation, DC differentiation, immune 
response

CCL20 chemokine (C-C motif) ligand 20 Chemotaxis, inflammation

PDZK1IP1 PDZK1 interacting protein 1

CCL2 chemokine (C-C motif) ligand 2 Chemotaxis, inflammation

FOS FBJ murine osteosarcoma viral oncogene homolog Inflammation, cellular response to ROS, DNA 
methylation

LOC651309

THBS1 thrombospondin 1 Cell adhesion, extracellular matrix organization, 

SOX21 SRY (sex determining region Y)-box 21 Transcription from RNA polymerase II promoter, 
SC differentiation

TOX3 TOX high mobility group box family member 3 DNA-dependent transcription

CBLN1 cerebellin 1 precursor Positive regulation of synapse assembly

CGNL1 cingulin-like 1 Motor activity

CYP1A1 cytochrome P450, family 1, subfamily A, polypeptide 1 Xenobiotic metabolic processes, drug metabolic 
processes

SPOCK1 testican 1 Neuron migration, neurogenesis

MMP10 matrix metallopeptidase 10 Proteolysis, extracellular matrix disassembly

MMP1 matrix metallopeptidase 1 Proteolysis, extracellular matrix disassembly

Table 1. Top 10 most up- and downregulated genes induced by the 50-mW PDT regimen. Gene functions were 
obtained from The Gene Ontology Consortium (http://www.geneontology.org/).

 In addition, gene ontology analysis was performed using the DAVID 
Bioinformatics Resources 6.7 database to gain insight in the upregulated genes 
(absolute log2 fold-change of > 1, corrected P-value of < 0.05 (section Data analysis 
and processing)) in the ITL 50 and ITL 500 group in terms of biological processes. 
Overrepresented gene ontology (GO) terms were evaluated and are presented in Table 
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3. Characterization of the top 8 overrepresented GO terms revealed that the GO term 
“response to stress” applied to both the ITL 50 (involving 92 genes) and the ITL 500 
(involving 16 genes) group. In the ITL 50 group, genes annotated with the GO terms 
“response to biotic stimulus” and “apoptosis” were overrepresented, as reflected by 
a P-value of 1.2 × 10−17 and 2.0 × 10−7, respectively. In contrast, the GO terms “MAP 
kinase phosphatase” and “regulation of cellular process” were overrepresented in the 
ITL 500 group. In summary, the main processes that were initiated following PDT 
include oxidative stress, cell death, and inflammation.

Gene Full name Function

FOS FBJ murine osteosarcoma viral oncogene homolog Inflammation, cellular response to ROS, DNA 
methylation

DUSP6 dual specificity phosphatase 6 Inactivation of MAPK activity

KREMEN2 kringle containing transmembrane protein 2 Wnt receptor signaling pathway

ATF3 activating transcription factor 3 Response to stress

HSPA1A heat shock 70kDa protein 1A Response to unfolded protein, ubiquitin protein 
ligase binding

IL8 interleukin 8 Angiogenesis, chemotaxis, inflammation

RHOB ras homolog family member B GTP binding, apoptotic process, cellular response 
to H2O2

SNORD38A small nucleolar RNA, C/D box 38A

FOSB FBJ murine osteosarcoma viral oncogene homolog B Transcription factor binding

CXCL1 chemokine (C-X-C motif) ligand 1 Cell proliferation, chemotaxis, inflammation

SOX21 SRY (sex determining region Y)-box 21 Transcription from RNA polymerase II promoter, 
stem cell differentiation

CHAC1 ChaC, cation transport regulator homolog 1 Intrinsic apoptotic signaling pathway in response 
to ER stress, negative regulator of Notch signaling 
pathway

CDKN1B cyclin-dependent kinase inhibitor 1B Cell cycle arrest

NEDD9 neural precursor cell expressed, developmentally 
down-regulated 9

Cell adhesion, cell division, cytoskeleton organiza-
tion

AY358241

STC2 stanniocalcin 2 Cellular calcium ion homeostasis

FBXO32 F-box protein 32 Protein ubiquitination, response to denervation 
involved in regulation of muscle adaptation

EFNA1 ephrin-A1 Activation of MAPK activity, cell migration, aortic 
valve morphogenesis

BMF Bcl2 modifying factor Positive regulation of intrinsic apoptotic signaling 
pathway

DDIT4 DNA-damage-inducible transcript 4 Response to hypoxia, intrinsic apoptotic signaling 
pathway in response to DNA damage by p53 class 
mediator, negative regulation of TOR signaling 
cascade

Table 2. Top 10 most up- and downregulated genes induced by the 500-mW PDT regimen. Gene functions were 
obtained from The Gene Ontology Consortium (http://www.geneontology.org/).
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Activation of survival pathways following PDT
 Based on the survival pathways depicted in Fig. 1 and described in [10], survival 
signaling pathways were constructed in PathVisio to investigate whether and to what 
extent the PDT modalities initiated survival signaling in SK-ChA-1 cells (Figs. 5 and 
6).

Activation of ASK-1 and consequent JNK and p38 MAPK signaling
 Apoptosis signal regulating kinase 1 (ASK-1) can be activated in two distinct 
ways: (1) as a result of ROS production and (2) via tumor necrosis factor (TNF) 
production and subsequent tumor necrosis factor receptor-associated factor 2 (TRAF2), 
TRAF5, and TRAF6 signaling, all of which associate with ASK-1 and stimulate 
autophosphorylation and activation of ASK1 [17]. As depicted in Fig. 5A, activator 
protein 1 (AP-1, consisting of JUN and FOS, amongst others) was upregulated in both 
the ITL 50 and ITL 500 groups. Relative to the control group, numerous downstream 
genes of AP-1 signaling that exert pro-inflammatory and proliferative functions were 
more highly expressed in the ITL 50 group, including TNF, cyclin D1 (CCND1), 
heparin-binding EGF-like growth factor (HBEGF), B-cell CLL/lymphoma 3 (BCL3), 

ITL50

Cluster [ES] GO term Count P-value (FDR)

1 [12.96] Response to biotic stimulus 45 1.2E-17

2 [11.83] Response to stress 92 6.2E-13

3 [5.89] Apoptosis 39 2.0E-7

4 [5.77] Response to cytokine stimulus 14 9.8E-8

5 [5.13] Regulation of apoptosis 47 2.4E-7

6 [4.92] Regulation of response to stress 25 1.3E-7

7 [4.38] Chemotaxis 19 1.3E-7

8 [4.18] bZIP transcription factor 10 5.7E-6

ITL500

Cluster [ES] GO term Count P-value (FDR)

1 [3.97] Response to stress 16 2.4E-5

2 [3.55] MAP kinase phosphatase 4 1.8E-6

3 [3.15] Regulation of cellular process 32 7.2E-5

4 [2.68] Response to chemical stimulus 12 6.1E-4

5 [2.41] Angiogenesis 6 5.7E-5

6 [2.33] Fos transforming protein 4 8.5E-7

7 [2.08] Regulation of cell proliferation 8 6.1E-3

8 [1.89] Regulation of catalytic activity 9 2.2E-3

Table 3. Overrepresented GO terms in the ITL 50 and ITL 500 group. Gene ontology (GO) analysis was performed 
using the DAVID Bioinformatics Resources 6.7 database (https://david.ncifcrf.gov/). Significantly upregulated
genes were loaded into DAVID and the HumanHT-12_V3_0_R2_11283641_A was selected as a background 
reference. An EASE score of 0.1 was used in the analysis and FDR-corrected P-values are presented.
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Fig. 5. PDT-induced survival signaling. Genes are mapped that are involved in MAP3K5 (also known as ASK-1) 
signaling (A), NFE2L2 signaling (B), and the unfolded protein response following PDT (C). The color and intensity 
of the box indicates the direction and extent of the log2 fold-change for the indicated gene, respectively (lower 
right corner of each panel). Grey boxes signify probes that exhibited poor quality or were not included in the gene 
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and jun B proto-oncogene (JUNB) compared to the ITL 500 group.

NFE2L2 signaling following PDT
 Nuclear factor (erythroid-derived 2)-like 2 (NFE2L2) is a transcription factor 
that is ubiquitously expressed in the cytoplasm and degraded via kelch-like ECH-
associated protein 1 (KEAP1) under non-stressed conditions. During oxidative stress 
the redox-sensitive KEAP1 is oxidized, causing dissociation of KEAP1 from NFE2L2 
[18]. In turn, NFE2L2 dimerizes with small Maf, JUN, and FOS proteins, which then 
translocate to the nucleus to bind to the antioxidant responsive element (ARE) [19, 20]. 
This binding initiates transcription of a plethora of antioxidant-responsive genes. An 
overview of the effects of ZnPC-ITL-PDT treatment on the NFE2L2-mediated pathway 
is shown in Fig. 5B. PDT resulted in modest downregulation of NFE2L2 transcription 
levels, although cells in both the ITL 50 and ITL 500 groups upregulated NFE2L2 
binding partners (JUN, JUNB, FOS). Despite the fact that NFE2L2 was downregulated 
in the ITL 500 group, several NFE2L2 target genes were upregulated (e.g., heme 
oxygenase 1 (HMOX1), NAD(P)H dehydrogenase, quinone 2 (NQO2), sulfiredoxin 1 
(SRXN1)). Furthermore, expression of various genes involved in glutathione and redox 
cycling (glutamate-cysteine ligase, catalytic subunit (GCLC), glutamate-cysteine ligase, 
modifier subunit (GCLM), glutathione reductase (GSR)) were decreased in the ITL 50 
group. Overall, there was no unequivocal induction of NFE2L2-related antioxidant-
responsive genes 90 min after PDT in either group (Table 4).

Unfolded protein response following PDT
 The unfolded protein response (UPR) is a process that is initiated upon ER stress. 
In response to the accumulation of unfolded and misfolded proteins in the ER, protein 
translation is stalled, unfolded and misfolded proteins are degraded, and molecular 
players involved in protein folding are upregulated (reviewed in [21]). However, 
apoptotic cell death is triggered when the amount of unfolded and misfolded proteins 
exceeds a certain threshold [21, 22]. During UPR signaling, HSPA5 binds unfolded and 
misfolded proteins in the ER lumen, which causes activation of endoplasmic reticulum 
to nucleus signaling 1 (ERN1), eukaryotic translation initiation factor 2-alpha kinase 3 
(EIF2AK3), and ATF6 (Fig. 5C). Activation of these proteins in turn triggers the release 
of various transcription factors, which include X-box binding protein 1 (XBP1), ATF4, 
and ATF6. As shown in Fig. 5C, both the ITL 50 and ITL 500 groups did not clearly 
induce these transcription factors. In fact, various downstream genes of XBP1, ATF4, 
and ATF6 were downregulated rather than upregulated (e.g., ER degradation enhancer, 
mannosidase alpha-like 1 (EDEM1), heat shock protein 90 kDa beta (HSP90B1)) in 

expression analysis. Each gene box, which typically comprises multiple probes as indicated by vertical splits, is 
horizontally divided in two halves corresponding to the PDT regimens (legend lower left). All comparisons were 
made between the PDT-treated groups versus the control group. Dashed lines indicate interactions that are not 
directly transcriptionally regulated. The molecular pathways were adapted from [10].
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Fig. 6. PDT-induced survival signaling. Genes are mapped that are involved in NF-кB signaling (A) and HIF-
1 signaling (B) following PDT. The color and intensity of the box indicates the direction and extent of the log2 
fold-change for the indicated gene, respectively (lower right corner of each panel). Grey boxes signify probes 
that exhibited poor quality or were not included in the gene expression analysis. Each gene box, which typically 
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both groups 90 min after PDT, altogether attesting to the disinvolvement of the UPR 
survival pathway in ZnPC-ITL-PDT.

Activation of pro-inflammatory signaling via NF-кB
 NF-кB consists of a subfamily of proteins that include NF-кB1, NF-кB2, 
v-rel avian reticuloendotheliosis viral oncogene homolog (REL), RELA, and RELB. 
Activation of NF-кB following PDT can occur by various pathways as shown in Fig. 
6A. First, NF-кB can be activated via direct activation of conserved helix-loop-helix 
ubiquitous kinase (CHUK) during hypoxic conditions, which inhibits inhibitor of 
kappa light polypeptide gene enhancer in B-cells, kinase beta (IKBKB) [23]. Second, 
NF-кB activation occurs via inhibition of oxygen-dependent egl-9 family hypoxia-
inducible factor 2 (EGLN2) that leads to CHUK activation and consequently IKBKB 
inhibition [23]. Third, NF-кB can be activated via tumor necrosis factor receptor 
superfamily, member 1A (TNFRSF1A) signaling, leading to TRAF6 activation and NF-
кB induction [24]. The activation of NF-кB promotes various pathways directly and 
indirectly related to cell survival, including proliferation, inflammation, and survival.
 As presented in Fig. 6A, treatment of SK-ChA-1 cells at low laser power resul-
ted in upregulation of all members of the NF-кB subfamily. Strikingly, this response 
was not observed in the ITL 500 group, suggesting that the acute damage induced 
by the high-dose irradiation favored cell death signaling rather than cell salvage sig-
naling. Furthermore, the ITL 50 group exhibited upregulated expression of NF-кB 
downstream genes (Table 4), including CSF2, CXCL2, and vascular cell adhesion mo-
lecule (VCAM). In addition, cells in the ITL 50 group also upregulated various pro-in-
flammatory cytokines, including IL1 alpha (IL1A), IL1 beta (IL1B), and IL8, with a log2 
fold-change of 0.93, 1.48, and 6.75, respectively.

comprises multiple probes as indicated by vertical splits, is horizontally divided in two halves corresponding to the 
PDT regimens (legend lower left). All comparisons were made between the PDT-treated groups versus the control 
group. Dashed lines indicate interactions that are not directly transcriptionally regulated. The molecular pathways 
were adapted from [10].

ITL50 ITL500

Geneset Genes Direction P-value (FDR) Direction P-value (FDR)

AP-1 18 ▲ 0.102 ▼ 0.927

NFE2L2 13 ▼ <0.001 ▲ 0.927

UPR 22 ▼ 0.141 ▼ 0.164

HIF-1 28 ▲ <0.001 ▼ 0.059

NF-κB 21 ▲ <0.001 ▲ 0.059

Table 4. A ROAST gene set test was performed to evaluate whether a specific survival pathway was either up- (▲) 
or downregulated (▼). The gene sets are based on the specific survival pathways as presented in Figs. 5 and 6. FDR-
corrected P-values are presented.
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Activation of HIF-1 following PDT
 Under normoxic conditions, HIF1A is hydroxylated by EGLN1 and hypoxia 
inducible factor 1, alpha subunit inhibitor (HIF1AN), which mediates recognition of 
HIF1A by von Hippel-Lindau tumor suppressor, E3 ubiquitin protein ligase (VHL) 
that targets HIF1A for ubiquitin-mediated proteasomal degradation. However, during 
oxidative stress and hypoxia, the oxygen sensors EGLN1 and HIF1AN are inhibited 
and thereby prevent degradation of HIF1A (reviewed in [25]). Downstream HIF-1 tar-
get genes then promote glycolysis, angiogenesis, and proliferation, all of which support 
cell survival. As shown in Fig. 6B, upregulation of HIF-1-induced genes was observed 
90 min post-PDT in the ITL 50 group (Table 4). ZnPC-ITL-PDT led to upregulation 
of endothelin 1 (EDN1), a gene that is downstream of HIF1A and a known vasocon-
strictor, in both groups after PDT. Unexpectedly, downregulation of vascular endothe-
lial growth factor A (VEGFA), solute carrier family 2 (facilitated glucose transporter), 
member 1 (SLC2A1), and insulin-like growth factor binding protein 1 (IGFBP1) was 
observed in both groups.

Discussion

 Perihilar cholangiocarcinoma is a rare but highly lethal cancer that is typically 
diagnosed at an advanced tumor stage, accounting for the fact that the tumor cannot 
be resected in approximately 70–80 % of the patients [26]. It was demonstrated in 
a cohort of non-resectable patients that, when standard intervention (stenting) was 
combined with PDT, the median survival could be prolonged from 6 to 9 months to 
21 months post-diagnosis (summarized in [27]). However, the management of non-
resectable perihilar cholangiocarcinoma remains palliative. Inasmuch as PDT is a 
promising treatment strategy for perihilar cholangiocarcinoma, novel routes have 
been explored to increase therapeutic efficacy and to develop a more patient-friendly 
PDT strategy [11]. For those purposes, ZnPC-encapsulating liposomes (ITLs), which 
are part of a novel multi-targeted liposomal delivery platform for PDT [11, 14], were 
evaluated for toxicity and for the potential use in PDT of perihilar cholangiocarcinoma. 
The experiments demonstrated that (1) ZnPC-ITLs are not toxic in vitro and in vivo at 
high lipid concentrations, (2) irradiation of SK-ChA-1 cells at high laser power (500 
mW, 15 J/cm2) resulted in more profound acute cell death than PDT at low laser power 
(50 mW, 15 J/cm2), and (3) irradiation of SK-ChA-1 cells at low laser power caused 
considerable survival signaling after PDT via activation of mainly HIF-1 and NF-кB.
 The response of SK-ChA-1 cells to PDT at low (50 mW) or high laser power 
(500 mW) was compared. Since PDT treatment at low laser power causes moderate 
ROS production over an extended period of time [14], cells likely had the opportunity 
to activate an antioxidant (possibly via NFE2L2) and survival response to remediate 
the acute effects of ROS and cope with the ROS-induced damage more effectively than 
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cells that were severely damaged by the 500-mW laser irradiation. This postulation 
is supported by the viability data, which demonstrated that cells irradiated at 50 mW 
were more viable at 90 min post-PDT than cells irradiated at 500 mW. The difference 
in cell viability at 90 min post-PDT was, however, abolished 24 h after PDT. A possible 
explanation is that, when cells are unable to cope with the PDT-inflicted damage, the 
execution of cell death programs via either apoptosis, (programmed) necrosis, and/
or autophagy is ultimately completed. The time required to complete the activated 
cell death programs is apparently longer for moderately damaged cells than for highly 
damaged cells. Both PDT regimens also entirely abrogated metabolic activity 24 h 
post-PDT, which may be explained by the intracellular localization of ZnPC. ZnPC is 
largely confined to mitochondria upon cell entry [11], which is the source of electrons 
for the WST-1-based metabolic activity assay [28]. PDT-induced mitochondrial 
damage debilitates electron production and leakage from the electron transport chain, 
thereby hampering the reduction of WST-1 to the formazan chromophore. Metabolic 
perturbations (measured by WST-1) occur chronologically before cell death-mediated 
fragmentation and detachment from the wells plate (measured by the SRB assay), as 
a result of which the WST-1 data reflects more profound cell damage than the total 
protein assay at 24 h post-PDT.
 To understand the molecular events that are triggered directly after PDT, whole 
genome expression profiles were established of PDT-treated SK-ChA-1 cells in the 
early phase (90 min) after PDT in line with previous reports [13]. Since the cellular 
redox state of a cell changes during PDT as a result of the production of ROS and 
reactive nitrogen species (e.g., peroxynitrite) [29], PDT causes activation of a variety of 
redox-sensitive proteins and transcription factors [10]. ASK-1, also known as mitogen-
activated protein kinase kinase kinase 5 (MAP3K5)) is associated with thioredoxin 
under physiological conditions and thereby kept inactive. However, during oxidative 
stress thioredoxin is oxidized and dissociates from ASK-1, leading to its activation [17]. 
Consequently, JUN N-terminal kinase (JNK, also designated as MAPK8) and protein 
38 (p38) MAPK signaling is induced, leading to the immediate-early gene response 
via AP-1 [30]. Furthermore, UPR signaling and redox-sensitive transcription factors 
NFE2L2, NF-кB, and HIF1A are activated under oxidative stress and are able to initiate 
a plethora of processes (reviewed in [10]), including cell proliferation, inflammation, 
and angiogenesis.
 When the PDT-treated groups were compared to the control group, SK-ChA-1 
cells subjected to low-power PDT displayed a different response than cells treated 
using high-power PDT. Moreover, the number of up- and downregulated genes was 
considerably greater in the ITL 50 group than in the ITL 500 group. These data indicate 
that SK-ChA-1 cells treated by low-power PDT attempt to survive, as evidenced by the 
significant upregulation of HIF-1- (P < 0.001) and NF-κB-mediated (P < 0.001) pathways. 
It should be noted, however, that the experiments were carried out under normoxic 
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conditions. Since HIF-1A is rapidly degraded under normoxia [31], the effects that were 
observed in terms of HIF-1 activation are probably an underestimation. Nevertheless, 
in line with the results of this study, Liu et al. observed significant upregulation of 
various proinflammatory genes, including FOS, FOSB, IL8, and tumor necrosis factor, 
alpha-induced protein 3 (TNFAIP3) in 5-aminolevulinic acid (5-ALA)-treated human 
gingival (Ca9-22) cells [32]. In our study, SK-ChA-1 cells treated with low-power 
PDT also demonstrated extensive upregulation of FOS, FOSB, IL8, and TNFAIP3 (log2 
fold-changes of 4.42, 2.13, 6.75, and 2.75, respectively). Moreover, Kammerer and co-
workers observed significant upregulation of inflammation-related genes, including 
CXCL2, CXCL3, IL1A, and IL6 receptor (IL6R)) after non-lethal 5-ALA-PDT in a panel 
of prostate and glioblastoma cell lines [33]. Cells in the ITL 50 group also significantly 
upregulated CXCL2 and IL1A, whereas IL6R remained unaffected. Contrary to 
expectations, cells in the ITL 50 group downregulated the NFE2L2-mediated pathway 
(P < 0.001); an effect that was absent in the ITL 500 group. This response could be due 
to the crosstalk between the NF-κB and NFE2L2 pathways. It has been proposed that 
RELA, a subunit of NF-κB, interferes with NFE2L2 activation through deprivation of 
CREB binding protein (CREBBP) and activation of histone deacetylase 3 (HDAC3) 
[34]. Thus, a strong induction of the NF-κB pathway, as observed in the ITL 50 group, 
may impede NFE2L2 signaling. Lastly, the UPR did not seem to be important in the 
early phase after PDT in SK-ChA-1 cells, which could be explained by the localization 
of ZnPC at the time of PDT. Since ZnPC translocates from the plasma membrane to 
intracellular organelles in a time-dependent manner [35], it is likely that the ZnPC 
concentration in the ER is low, as a result of which ER stress and the UPR were probably 
less important under these experimental conditions.
 The data in this study as well as in previously published studies plead for the 
development and use of fourth-generation photosensitizers (i.e., second-generation 
photosensitizer encapsulated in a nanoparticulate delivery system (making it a third-
generation photosensitizer) with co-encapsulated small-molecular inhibitors of survival 
pathways) in PDT. In that respect, the HIF-1- and NF-κB-mediated survival responses 
that were induced by PDT in mainly the ITL 50 group comprise potential target sites for 
pharmacological intervention. Corroboratively, HIF-1 induction with cobalt chloride 
in human esophageal carcinoma (Het-1a) cells reduced the extent of cell death and 
abrogated apoptosis after 5-ALA-PDT [36]. This pro-survival response was blocked 
following HIF-1 silencing with siRNA, which augmented PDT efficacy in the Het-1a 
cells [36]. Chen et al. revealed that nanoparticulate delivery of HIF-1 siRNAs to head-
and-neck carcinoma (SSC4) xenografts significantly enhanced photosan-PDT efficacy 
in mice [37], leading to 40 % tumor regression within 10 days post-PDT. Similarly, 
the combination treatment with ALA-PDT and celecoxib, an anti-inflammatory drug 
that inhibits prostaglandin-endoperoxide synthase 2 (PTGS2) (a downstream target of 
HIF-1 and NF-κB), yielded an additional 40 % reduction in tumor growth compared 
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to ALA-PDT alone in human cholangiocarcinoma (HuCC-T1)-bearing mice [38]. 
Although the authors stated that increased ROS generation was mainly responsible 
for the increased response, it is likely that the inhibition of prostaglandin synthesis 
(reviewed in [39]), which is normally initiated by PTGS2 to promote survival, also 
contributed to therapeutic efficacy. Lastly, it was demonstrated that inhibition of HIF-
1α with acriflavine, a small molecule that prevents the dimerization of HIF-1α with 
HIF-1β and thus its activation [40], potentiated PDT efficacy in human epidermoid 
carcinoma (A431) cells and SK-ChA-1 cells using liposomal ZnPC Broekgaarden et 
al., Inhibition of hypoxia inducible factor 1 with acriflavine sensitizes tumor cells to 
photodynamic therapy with zinc phthalocyanine-encapsulating cationic liposomes, in 
preparation [41].
 Comparable results were obtained in studies where other survival pathways 
were inhibited before PDT. Coupienne et al. inhibited NF-кB with BAY 11–7082 (an 
inhibitor of IKK) prior to 5-ALA-PDT of glioblastoma cells [42], achieving increased 
therapeutic efficacy as a result of an impaired autophagic response, which otherwise 
mediates survival. Moreover, verteporfin-PDT induced epidermal growth factor 
receptor (EGFR) and signal transducer and activator of transcription 3 (STAT-3) 
signaling in ovarian carcinoma (OVCAR-5) and non-small cell lung cancer (H460) 
cells [43]. Activation of the STAT-3 pathway results in the transcription of both HIF-1- 
and NF-κB target genes [44, 45]. Accordingly, siRNA-mediated knockdown of either 
EGFR or STAT-3 increased PDT efficacy.
 At this stage, combination treatments with respect to PDT and inhibitors in 
the clinical setting are limited to the treatment of macular degeneration, in which case 
VEGF inhibitors are employed to deter neovascularization. Nevertheless, the data that 
have become available to date indicate that the combined use of PDT and inhibitors 
of survival pathways in the form of fourth-generation photosensitizers may be an 
attractive approach to improve therapeutic efficacy.

Conclusions

 In summary, ZnPC-encapsulating liposomes are non-toxic in various in vivo 
models in the absence of irradiation but become highly cytotoxic upon PDT in vitro. 
Low-power PDT-treated perihilar cholangiocarcinoma cells activate extensive survival 
signaling in vitro, which is characterized by the induction of HIF-1- and NF-кB-related 
genes. Induction of these genes concurred with higher viability 90 min after PDT. 
Such post-PDT survival signaling may translate to a suboptimal therapeutic response 
in the clinical setting and possibly tumor recurrence. These findings encourage the 
development of photosensitizer delivery systems with co-encapsulated inhibitors of 
survival pathways, or so-called fourth-generation photosensitizers.
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Methods

Chemicals
 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) was obtained from 
Avanti Polar Lipids (Alabaster, AL). 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
polyethylene glycol (DSPE-PEG, average PEG molecular mass of 2,000 amu), ZnPC 
(97 % purity), HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid), pyridine, 
and sulforhodamine B (SRB) were acquired from Sigma-Aldrich (St. Louis, MO). 
Acetic acid (glacial), ethidium bromide, ethylenediaminetetraacetic acid (EDTA), 
formaldehyde solution (36.5–38 % in water), sodium chloride, and tris(hydroxymethyl)
aminomethane (Tris) were obtained from Merck KGaA (Darmstadt, Germany). 
Agarose was purchased from Gibco-BRL (Paisley, UK) and ethanol was from J.T. Baker 
(Deventer, the Netherlands).
 All lipids were dissolved in chloroform and ZnPC was dissolved in pyridine at 
a 178-μM concentration. All dissolved lipids were stored under a nitrogen atmosphere 
at −20 °C.

Cell culture
 Human perihilar cholangiocarcinoma (SK-ChA-1) cells were maintained at 
standard culture conditions (37 °C, 5 % CO2 and 95 % air). SK-ChA-1 cells were cultured 
in Roswell Park Memorial Institute (RPMI) 1640 culture medium supplemented with 
10 % fetal bovine serum (FBS) (v/v) (Gibco, Invitrogen, Carlsbad, CA), 1 % penicillin/
streptomycin (v/v), 1 % L-glutamine (v/v) (both from Lonza, Walkersville, MD), and 
1 × 10−5 % β-mercaptoethanol (v/v) (Sigma-Aldrich). The cells were passaged weekly at 
a 1:10 ratio.

Preparation of ZnPC-ITLs
 ZnPC-ITLs were prepared by the lipid film hydration technique as described 
previously [14]. Briefly, ZnPC-ITLs were composed of DPPC and DSPE-PEG (96:4, 
molar ratio). ZnPC was incorporated at a ZnPC-to-phospholipid ratio of 0.003. The 
liposomes were sized with a bath sonicator and characterized for size and polydispersity 
by photon correlation spectroscopy [14]. Liposome suspensions were purged with 
nitrogen gas and stored for a maximum of 3 days at 4 °C in the dark.

PDT protocol
 Cells were harvested using Accutase (Innovative Cell Technologies, San Diego, 
CA) and seeded in 6-wells culture plates (Corning Life Sciences, Tewksbury, MA) at 
a density of 0.5 × 106 cells/well. After reaching confluence, cells were washed with PBS 
and incubated with ZnPC-ITLs (500 μM final lipid concentration) in serum-free RPMI 
1640 medium (1.5 mL final volume per well) for 30 min at 37 °C in the dark. Control 
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cells received an equal volume of PBS. In case of PDT, cells were irradiated with a 671-
nm diode laser (CNI, Changchun, China) at a laser power of either 50 or 500 mW until 
a cumulative light dose of 15 J/cm2 was reached. PDT was performed in the dark while 
the cells were maintained at 37 °C using a hotplate (cat. no. 97042–616, VWR, Radnor, 
PA).

Cell function and death assays
 Mitochondrial metabolism was assessed using WST-1 reagent (Roche). 
Twenty-four hours post-PDT, the culture medium was removed and 1,500 μL of WST-
1-containing RPMI medium (at a 1:25 volume ratio, serum- and phenol red-free) was 
added to the wells. After 30 min of incubation under standard culture conditions, 300-
μL aliquots were transferred to 24-wells plates and the absorbance was read at 450 nm 
using 600 nm as a reference wavelength (BioTek Synergy HT multi-well plate reader, 
Winooski, VT). Data were normalized to the mean absorbance of the control cells.
 In addition, cell death was determined 24 h post-PDT using the SRB total 
protein assay as described by Vichai et al. [46]. SRB absorbance was read at 564 nm 
using 690 nm as a reference wavelength (BioTek Synergy HT multi-well plate reader). 
Data were normalized to the mean absorbance of the control cells.

Determination of mode of cell death
 The mode of cell death following PDT was analyzed by flow cytometry using 
the Alexa Fluor 488 annexin V/dead cell apoptosis kit (Life Technologies, Carlsbad, 
CA). Cells were cultured in 6-wells plates as described in section “Cell culture” and 
irradiated as described in section “PDT protocol”. Samples were prepared as described 
previously [14] and assayed on a FACSCanto II (Becton Dickinson, Franklin Lakes, 
NJ). Ten thousand events were recorded in the gated region and data were analyzed 
using FlowJo software (Treestar, Ashland, OR). Healthy cells were defined as annexin 
V-negative/propidium iodide (PI)-negative, apoptotic cells were defined as annexin 
V-positive/PI-negative, and necrotic cells were defined as PI-positive.

ZnPC-ITL acute toxicity in chicken embryos
 Fertilized chicken eggs (White Leghorn) were ordered from Drost Loosdrecht 
(Loosdrecht, the Netherlands), placed on paper towel in an egg incubator (Ova-Easy 190 
Advance, Brinsea, Weston-super-Mare, UK), and maintained under dark conditions at 
37.5 °C, 60 % humidity, and a 90° turn interval of 60 min. After 72 h, 2–3 mL of albumin 
was removed with a syringe to create empty volume in the superior portion of the egg. 
Next, surgical tape (Transpore White, 3M, St. Paul, MN) was fastened on the upper 
part of the eggshell and a small window (1.5 × 3.0 cm) was cut in the tape-covered 
eggshell that was immediately sealed with a second strip of surgical tape, after which 
the egg was placed back in the incubator. Previously opened eggs were incubated as 
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described above but without the turn cycles. On embryonic development day 12, 50 μL 
of ZnPC-ITLs (final lipid concentration of 0.3, 0.5, or 0.7 mM in blood; blood volumes 
were derived from [47]) in 0.75 % NaCl (i.e., iso-osmolar relative to embryonic blood) 
or 50 μL of 0.75 % NaCl (control) was intravenously injected into a large-sized blood 
vessel in the chorioallantoic membrane using a 30-gauge needle and a 1-mL syringe 
(Becton Dickinson). All surgical procedures were performed as fast as possible under 
sterile conditions in a LAF hood. Acute toxicity was defined as embryonic death within 
24 h after systemic administration.

ZnPC-ITL long term toxicity in mice
 The animal experiments were approved by the animal ethics committee of the 
Academic Medical Center under BEX103077 and performed in accordance with the 
NIH Guide for the Care and Use of Laboratory Animals. Six-to-eight week old male 
C57BL/6 mice were purchased from Charles River (Leiden, the Netherlands). All mice 
were acclimated for 1 week and were provided with water and standard chow (Harlan 
Teklad, Harlan, Madison, WI) ad libitum. Mice were housed under green light at all 
times (Philips TL-D 36 W/17, Philips, Eindhoven, the Netherlands) with standard dark/
light cycles to prevent activation of the photosensitizer. At the start of the experiment, 
mice were randomly assigned to the ZnPC-ITL or control group (n = 8 per group). 
A dose of 2.5 mM ZnPC-ITLs (final lipid concentration in blood, corresponding to 
an administered lipid dosage of 200 μmol/kg) was intravenously administered via the 
penile vein, whereas control mice received the same volume of buffer (0.88 % NaCl, 10 
mM HEPES, pH = 7.4, 0.292 osmol/kg). Systemic lipid concentration was determined 
using a total blood volume of 80 mL/kg [48, 49]. Subsequently, all mice were inspected 
daily and were weighed every 4 days as part of toxicological vigilance. After 28 days, mice 
were anesthetized and blood was collected via cardiac puncture in heparin- or EDTA-
anticoagulated microtainers (BD, Franklin Lakes, NJ). Biochemical and hematological 
parameters were determined by routine clinical chemistry (Department of Clinical 
Chemistry, Academic Medical Center). Lung, liver, and spleen tissue was loafed and 
fixed in FAA (47.5 % (v/v) ethanol, 5 % (v/v) acetic acid, 3.7 % (v/v) formaldehyde) at 4 
°C, dehydrated in graded concentrations of ethanol and xylene, embedded in paraffin, 
cut to 5 μm-thick sections, and stained with hematoxylin and eosin as described in 
[50].

Illumina HumanHT-12 array
 SK-ChA-1 cells received either PBS (‘control’) or 500 μM ZnPC-ITLs (final 
lipid concentration) and were kept in the dark (‘ITL’), or were treated with 500-mW 
(‘ITL 500’) or 50-mW (‘ITL 50’) laser light (n = 3 per group). Ninety minutes after 
PDT, total cellular RNA was extracted from SK-ChA-1 cells using 1 mL of TRIzol (Life 
Technologies) according to the manufacturer’s protocol. RNA samples were purified 
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using the RNeasy mini kit (Qiagen, Venlo, the Netherlands) and eluted in 30 μL 
RNAse-free H2O. The quality control, RNA labeling, hybridization, and data extraction 
were outsourced to ServiceXS (Leiden, the Netherlands). The RNA concentration was 
measured using a Nanodrop ND-1000 spectrophotometer (Nanodrop Technologies, 
Wilmington, DE) and the RNA quality and integrity was determined using Lab-on-
Chip analysis on the Agilent BioAnalyzer (Agilent Technologies, Santa Clara, CA). 
Biotinylated cRNA was prepared using the Illumina TotalPrep RNA amplification kit 
(Ambion, Austin, TX) according to the manufacturer’s specifications with an input 
of 200 ng total RNA. Per sample, 750 ng of the obtained biotinylated cRNA samples 
was hybridized onto the Illumina HumanHT-12 v4 beadchip (Illumina, San Diego, 
CA). Hybridization and washing were performed according to the Illumina Manual 
“Direct Hybridization Assay Guide” and the scanning procedure was performed on 
the Illumina iScan (Illumina). Image analysis and extraction of raw expression data 
was performed with Illumina GenomeStudio v2011.1 Gene Expression software with 
default settings (no background subtraction and no normalization).

Microarray preprocessing and data analysis
 Analyses were carried out with Bioconductor packages using the statistical 
software package R (version 3.0.0). Raw data normalization was performed on the 
Illumina sample and control probe profiles by a normexp-by-control background 
correction, quantile normalization, and log2 transformation using the limma package 
(version 3.16.5). The arrayQualityMetrics package (version 3.16.0) was used to confirm 
that the microarray data was of good quality. Probes with a detection P-value of > 0.05 
(non-expressed) on all arrays (17,521 of 47,231 probes) were filtered out. Principal 
component analysis was performed on unscaled data (function prcomp). Differential 
expression between the experimental conditions was assessed with a moderated t-test 
using the linear model framework from the limma package. Resulting P-values were 
corrected for multiple testing using the Benjamini-Hochberg false discovery rate. 
Corrected P-values of ≤ 0.05 were considered as statistically significant. Probes were 
reannotated using the Bioconductor package IlluminaHumanv4.db package (version 
1.18.0). The microarray data have been deposited in NCBI Gene Expression Omnibus 
in a MIAME compliant format and are accessible under GEO series accession number 
GSE68292. In addition, a ROAST gene set test [51] was performed on the selected 
survival pathways (Table S1) to statistically determine whether a survival pathway was 
upregulated or downregulated using 10,000 rotations with Benjamini-Hochberg-based 
multiple testing correction. If multiple probes were mapped to the same Entrez Gene 
identifier according to the illuminaHumanv4.db package, the probe with the highest 
standard deviation was chosen. Survival pathways were visualized using PathVisio 
3.1.3. [52] on the basis of [10].
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Quantitative reverse transcription polymerase chain reaction (qRT-PCR)
 The experiment as described in section “Illumina HumanHT-12 array” was 
repeated, RNA was extracted (section “Illumina HumanHT-12 array”), and cDNA 
was prepared using the oligo-dT-based Transcriptor first strand cDNA synthesis 
kit (Roche Diagnostics, Basel, Switzerland) with an input of 500 ng total RNA. 
In addition, 2 μM ribosomal protein S18 (RPS18) reverse transcriptase primer 
(GCATCGCCGGTCGGCATCG) was added to each reaction mix. cDNA was 
synthesized according to the manufacturer’s instructions and diluted in RNAse-free 
H2O to obtain a final concentration of 5 ng/μL.
 For amplification reactions, 5 μL of 2× SensiFAST SYBR No-ROX master 
mix (Bioline, London, UK), 1 μL of forward and reverse primer mix (5 μM) (primer 
sequences can be found in Fig. S2), 2 μL of nuclease-free H2O, and 2 μL of cDNA 
template (10 ng) were mixed. The qRT-PCR reaction was carried out using a LightCycler 
480 II instrument (Roche). The qRT-PCR program consisted of 3 min at 95 °C, 45 
cycles of 1 s at 94 °C, 7 s at 65 °C, and 10 s at 72 °C, followed by melting curve analysis 
(65–97 °C, with a temperature increase of 0.11 °C/s). Subsequently, the quantitative 
analysis of the qRT-PCR data was performed according to Ruijter et al. [53] to calculate 
the starting concentration (N0) of each cDNA template. Gene expression levels of the 
target genes were normalized to the expression level of the reference gene RPS18 and 
log2 fold-changes of the target genes were calculated based on the mean values of the 
control group.
 To assure product specificity, all qRT-PCR amplification products were 
separated by gel electrophoresis using 2 % agarose in 0.5 × TAE buffer (40 mM Tris, 20 
mM acetic acid, 1 mM EDTA) in the presence of 0.5 μg/mL ethidium bromide (Fig. S3). 
Subsequently, the ethidium bromide-stained qRT-PCR products were analyzed under 
UV using an ImageQuant LAS4000 imager (GE Healthcare Life Sciences, Piscataway, 
NJ). The O’GeneRuler DNA Ladder Mix (#SM1173, Thermo Scientific, Waltham, MA) 
was used as a reference to estimate the size of the qRT-PCR products. In addition, 
all qRT-PCR products were validated by sequencing. Therefore, qRT-PCR products 
were purified using the QIAquick PCR purification kit (Qiagen) and sequencing was 
performed using the BigDye Terminator Cycle sequencing kit (Thermo Scientific) 
according to the manufacturer’s instructions with an input of 5 ng DNA. Samples were 
sequenced on a Lifetech 3130xl genetic analyzer (Applied Biosystems, Waltham, MA) 
and data analysis was performed using NCBI BLAST (http:// blast. ncbi. nlm. nih. gov/ 
Blast. cgi). Sequencing results can be found in Table S2.

Statistical analysis
 Statistical analysis was performed in GraphPad Prism 5 (GraphPad Software, La 
Jolla, CA). Normality was tested with the D’Agostino Pearson omnibus test. Differences 
between normally distributed variables were analyzed with an unpaired t-test or one-
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way ANOVA with Bonferroni post-hoc test and not normally distributed variables 
were analyzed with a Mann–Whitney U test. The Bonferroni method was applied to 
adjust the P-value in case of multiple testing (Fig. S1). Intergroup differences groups 
were indicated with (*) and differences between the treated groups and the control 
group were indicated with (#). A single, double, and triple sign indicate a P-value 
of ≤ 0.05, ≤ 0.01, and ≤ 0.001, respectively. Data are presented as mean ± SD throughout 
the manuscript.
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Supplementary information

Fig. S1. In vivo toxicity evaluation of ZnPC-ITLs. (A) Chicken embryos were intravenously injected on embryonic 
development day 12 with different concentrations of ZnPC-ITLs (n = 7 per group). The concentrations indicate 
the final lipid concentration in blood. Control embryos were intravenously injected with an equal volume of 
0.75% NaCl. (B) C57BL/6 mice were intravenously injected with ZnPC-ITLs (2.5 mM, final lipid concentration in 
blood, red line) or physiological buffer (black line). Mice were weighed every four days until day 28 post-injection. 
Data is presented as mean ± SD with n = 8 per group. (C) Biochemical and hematological parameters assessed in 
C57BL/6 mice 28 days after systemic administration of ZnPC-ITLs. Data is presented as mean ± SD with n = 8 per 
group. Statistical analysis was performed as described in section 5.12. Abbreviations: ALT, alanine transaminase; 
AST, aspartate transaminase; CK-MB, creatine kinase M and B; CPK, creatine phosphokinase; LDH, lactate 
dehydrogenase. (D) Histology of liver, spleen, and lung of C57BL/6 mice 28 days after systemic administration of 
ZnPC-ITLs or physiological buffer (control). Hematoxylin and eosin staining, magnification 20×.
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Fig. S2. Validation of absolute log2 fold-changes as obtained by microarray with qRT-PCR. Microarray-derived 
transcript levels of a panel of genes are depicted for the ITL 50 and ITL 500 group in white and green, respectively. 
The corresponding qRT-PCR levels of these genes are depicted for the ITL 50 group in grey and the ITL 500 group 
in red. Gene expression is depicted as the log2 fold-change between treated and untreated cells. The microarray and 
qRT-PCR data were normalized to the expression level of the reference gene RPS18.

Fig. S3. Analysis of qRT-PCR products by gel electrophoresis. (A) Lane 1 contains a ladder and lanes 2 – 8 show the 
specific qRT-PCR products of the genes that are listed on top of each lane. (B) Lane 1 contains a ladder and lane 2 
shows the reference gene RPS18. The amplicon size of a specific gene product is noted in parentheses below each 
gene name.
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AP-1 UPR NFE2L2 NF-κB HIF-1α

HGNC Gene ID HGNC Gene ID HGNC Gene ID HGNC Gene ID HGNC Gene ID

BCL2 596 ASNS 440 ABCC2 1244 BCL2A1 597 ANGPT1 284

BCL2L1 598 ATF3 467 ABCC3 8714 BCL2L1 598 ANGPT2 285

BCL2L11 10018 ATF6 22926 ABCC4 10257 BIRC2 329 BAK1 578

BCL3 602 BBC3 27113 ABCC6 368 BIRC3 330 BAX 581

CCNA2 890 BC2L11 10018 ABCG2 9429 BIRC5 332 BCL2A1 597

CCND1 595 CALR 811 CES1 1066 CCND1 595 BCL2L1 598

CCNE1 898 DDIT3 1649 EPHX1 2052 CD40LG 959 BID 637

CDKN1A 1026 DNAJB11 51726 GCLC 2729 CFLAR 8837 BIRC5 332

CDKN2A 1029 DNAJB9 4189 GCLM 2730 CSF2 1437 BNIP3 664

EGFR 1956 DNAJC3 5611 GSTP1 2950 CXCL2 2920 BNIP3L 665

FAS 355 EDEM1 9695 HMOX1 3162 CXCL8 3576 EDN1 1906

FASLG 356 ERP27 121506 NQO1 1728 ICAM1 3383 EPO 2056

FGF7 2252 HSP90B1 7184 NQO2 4835 IL1A 3552 HK1 3098

FOS 2353 HSPA5 3309 SRXN1 140809 IL1B 3553 IGFBP1 3484

HBEGF 1839 NARS 4677 IL2 3558 IGFBP2 3485

HSP90AA1 3320 PDIA6 10130 IL6 3569 IGFBP3 3486

IFNG 3458 PPP1R15A 23645 MMP1 4312 LDHA 3939

IL2 3558 SULT1E1 6783 MMP2 4313 MCL1 4170

IL6 3569 TRIB3 57761 MMP3 4314 NOS2 4843

JUNB 3726 UBE2E1 7324 MMP9 4318 PDHA1 5160

MMP2 4313 WARS 7453 PTGS2 5743 PFKL 5211

PDGFRA 5156 XBP1 7494 SELE 6401 PGK1 5230

RB1 5925 TNF 7124 PKM 5315

TNF 7124 VCAM1 7412 PMAIP1 5366

TNFSF10 8743 VEGFA 7422 PTGS2 5743

TP53 7157 SERPINE1 5054

SLC16A1 6566

SLC2A1 6513

SLC2A3 6515

TGFA 7039

TGFB3 7043

TP53 7157

VEGFA 7422

Table S1. Overview of transcriptional targets of the five survival pathways. Official gene names are listed that were 
derived from the Hugo Gene Nomenclature Committee (HGNC) along with their Genbank accession numbers 
(Gene ID).

3



100 | CHAPTER 3

G
en

e
Fo

rw
ar

d 
pr

im
er

R
ev

er
se

 p
ri

m
er

A
m

pl
ic

on
 si

ze
 (b

p)
D

es
ig

n
N

uc
le

ot
id

e 
se

qu
en

ce
 a

s d
et

er
m

in
ed

 w
ith

 se
qu

en
ci

ng

CX
CL

1
A

G
G

G
A

AT
TC

A
C

C
C

C
A

A
G

A
A

C
A

C
TA

TG
G

G
G

G
AT

G
C

A
G

G
AT

T
13

0
RT

Pr
im

er
D

B
G

A
C

G
C

T
T

TC
G

C
C

AT
TC

T
TG

AT
G

TG
G

C
T

TG
A

C
T

TC
G

G
T

T
TG

G
G

C
G

-
C

A
G

TG
G

G
G

TC
C

G
G

G
G

G
A

C
T

TC
A

C
G

T
TC

A
C

A
C

T
T

TG
G

AT
G

T
TC

T
T-

G
G

G
G

TG
A

AT
TC

C
C

TT
G

A

ED
N

1
G

G
G

C
TG

A
A

G
G

AT
C

G
C

TT
TG

A
G

C
G

C
C

TA
A

G
A

C
TG

C
TG

TT
TC

19
9

N
C

BI
 p

rim
er

 b
la

st
G

A
TC

TG
C

A
G

C
C

A
A

A
G

C
A

G
A

TG
A

A
TC

TG
A

G
C

A
A

A
TA

A
TC

C
T

TC
T-

G
A

A
A

A
A

A
A

G
G

G
AT

C
A

A
A

A
A

C
C

TC
C

C
G

TT
C

A
A

A
C

TG
A

A
C

C
C

A
A

A
G

-
G

A
A

A
A

C
G

A
A

G
A

A
A

A
A

C
A

G
C

T
TC

A
G

G
TC

C
C

TC
A

A
A

G
C

G
C

TG
C

G
G

-
G

TT
C

C
TC

A
G

AT
C

TC
A

A
A

G
C

G
AT

C
C

TT
C

A
G

C
C

C
TA

FO
S

G
TG

A
C

C
G

TG
G

G
A

AT
G

A
A

G
TT

C
C

G
G

G
G

AT
A

G
C

C
TC

TC
TT

A
C

12
7

qP
rim

er
D

ep
ot

T
C

C
G

C
G

C
T

C
C

T
T

C
T

C
C

G
C

A
T

G
G

G
C

T
C

G
C

C
T

G
T

C
A

C
G

C
G

C
A

G
G

-
A

C
TT

C
TG

C
A

C
G

G
A

C
C

TG
G

C
C

G
TC

TC
C

A
G

A
G

C
C

A
A

C
TT

C
AT

TC
C

C
A

-
C

G
G

TC
A

C
TA

JU
N

G
TC

C
TT

C
TT

C
TC

TT
G

C
G

TG
G

G
G

A
G

A
C

A
A

G
TG

G
C

A
G

A
G

TC
C

11
5

qP
rim

er
D

ep
ot

G
G

C
G

A
C

G
T

TG
C

G
C

C
T

T
TC

C
TG

C
G

TC
T

TA
G

G
C

T
TC

TC
C

C
G

G
C

G
G

-
TA

A
A

G
A

C
C

G
A

A
G

G
C

G
G

C
G

G
A

G
A

G
C

C
A

C
G

C
A

A
G

A
G

A
A

G
A

A
G

G
A

-
C

A
C

N
FE

2L
2

G
C

TC
AT

A
C

TC
TT

TC
C

G
TC

G
C

AT
C

AT
G

AT
G

G
A

C
TT

G
G

A
G

C
TG

14
5

qP
rim

er
D

ep
ot

G
C

A
C

G
C

AT
C

C
G

TC
C

A
G

C
A

G
G

A
AT

G
G

AT
T

TG
AT

TG
A

C
AT

A
C

T
T

TG
-

G
A

G
G

C
A

A
G

AT
AT

A
G

AT
C

T
TG

G
A

G
TA

A
G

TC
G

A
G

A
A

G
TA

T
T

TG
A

C
T

T-
C

A
G

TC
A

G
C

G
A

C
G

G
A

A
A

G
A

G
TA

TG
A

G
C

C

RE
LA

TC
C

G
C

G
G

G
C

A
G

C
AT

C
C

C
C

C
AT

C
C

C
G

G
C

A
G

TC
C

TT
TC

C
TA

C
17

0
N

C
BI

 p
rim

er
 b

la
st

A
A

A
A

G
TG

C
G

G
G

TG
A

G
G

C
C

G
G

TG
A

G
G

A
G

G
TC

C
T

TG
G

TG
A

C
C

G
G

-
G

A
G

AT
G

C
G

C
A

C
TG

TC
C

C
TG

G
TC

C
TG

TG
TA

G
C

C
T

TG
AT

C
T

TG
AT

G
-

G
TG

G
G

G
TG

G
G

TC
T

TG
G

TG
G

TA
TC

TG
TG

C
TC

C
TC

TC
G

C
C

TG
G

G
AT

-
G

C
TG

C
C

C
G

C
G

G
A

V
EG

F
C

C
A

C
A

C
C

AT
C

A
C

C
AT

C
G

A
C

A
C

TA
AT

C
TT

C
C

G
G

G
C

TC
G

G
TG

20
4

N
C

BI
 p

rim
er

 b
la

st
TG

C
A

G
C

AT
AT

G
AT

G
G

C
G

A
AT

C
A

AT
TC

A
A

G
A

G
G

A
C

C
G

TG
C

TG
G

G
T-

C
C

C
C

G
C

C
C

G
G

G
A

AT
G

C
T

TC
C

G
C

C
G

G
A

G
TC

TC
G

C
C

C
TC

C
G

G
A

C
C

-
C

A
A

A
G

TG
C

TC
TG

C
G

C
A

G
A

G
TC

TC
C

TC
T

TC
C

T
TC

A
T

T
TC

A
G

G
T

T-
TC

TG
G

AT
TA

A
G

G
A

C
TG

TT
C

TG
TC

G
AT

G
G

TG
AT

G
G

TG
TG

G

RP
S1

8
TT

C
G

G
A

A
C

TG
A

G
G

C
C

AT
G

AT
C

G
A

A
C

C
TC

C
G

A
C

TT
TC

G
TT

C
T

15
1

N
C

BI
 p

rim
er

 b
la

st
G

C
AT

G
A

AT
TC

TT
G

G
C

A
AT

G
C

TT
TC

G
C

TC
TG

G
TC

C
G

TC
TT

G
C

G
C

C
G

-
G

TC
C

A
A

G
A

AT
T

TC
A

C
C

TC
TA

G
C

G
G

C
G

C
A

AT
A

C
G

A
AT

G
C

C
C

C
C

G
G

-
C

C
G

TC
C

C
TC

TT
A

AT
C

TG
G

C
C

TC
A

G
TT

C
C

G
A

A
A

Table S2. Overview of primer sequences and resulting amplicon sizes (in bp) that were used for the validation of 
microarray expression levels using qRT-PCR. The primers are listed in the 5’ to 3’ direction. 
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Abstract

 Photodynamic therapy (PDT) is an established palliative treatment for 
perihilar cholangiocarcinoma that is clinically promising. However, tumors tend to 
regrow after PDT, which may result from the PDT-induced activation of survival 
pathways in sublethally afflicted tumor cells. In this study, tumor-comprising cells 
(i.e., vascular endothelial cells, macrophages, perihilar cholangiocarcinoma cells, and 
EGFR-overexpressing epidermoid cancer cells) were treated with the photosensitizer 
zinc phthalocyanine that was encapsulated in cationic liposomes (ZPCLs). The post-
PDT survival pathways and metabolism were studied following sublethal (LC50) and 
supralethal (LC90) PDT.
 Sublethal PDT induced survival signaling in perihilar cholangiocarcinoma (SK-
ChA-1) cells via mainly HIF-1-, NF-кB-, AP-1-, and heat shock factor (HSF)-mediated 
pathways. In contrast, supralethal PDT damage was associated with a dampened 
survival response. PDT-subjected SK-ChA-1 cells downregulated proteins associated 
with EGFR signaling, particularly at LC90. PDT also affected various components of 
glycolysis and the tricarboxylic acid cycle as well as metabolites involved in redox 
signaling.
 In conclusion, sublethal PDT activates multiple pathways in tumor-associated 
cell types that transcriptionally regulate cell survival, proliferation, energy metabolism, 
detoxification, inflammation/angiogenesis, and metastasis. Accordingly, tumor cells 
sublethally afflicted by PDT are a major therapeutic culprit. Our multi-omic analysis 
further unveiled multiple druggable targets for pharmacological co-intervention.

Keywords
Cancer therapy, metallated phthalocyanines, non-resectable perihilar 
cholangiocarcinoma, reactive oxygen species, therapeutic recalcitrance, tumor 
targeting
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Introduction

 Photodynamic therapy (PDT) is a non-to-minimally invasive treatment 
modality for solid cancers that entails the photosensitization of a tumor using light-
sensitive compounds called photosensitizers. After the photosensitizer molecules 
have sufficiently accumulated in the target tissue, the tumor is illuminated with light 
to activate the photosensitizer molecules [1]. Activated photosensitizers interact with 
molecular oxygen through energy or electron transfer, leading to the photochemical 
production of singlet oxygen and superoxide anion, respectively. These reactive oxygen 
species (ROS) subsequently attack biomolecules in the vicinity of their production 
site and induce a state of hyperoxidative stress in the illuminated tumor cells in 
case of an optimal PDT regimen. The oxidative damage in turn results in tumor cell 
death, microvascular shutdown and corollary tumor hypoxia and hyponutrition, and 
induction of an anti-tumor immune response (reviewed in [2]), altogether culminating 
in tumor destruction and removal.
 Some types of cancers respond well to PDT and are associated with excellent 
cure rates, including esophageal carcinoma [3] and basal cell carcinoma [4]. In contrast, 
the cure rates for nasopharyngeal carcinoma [5] and superficial recurrent urothelial 
carcinoma HCl [6, 7] are suboptimal with respect to PDT and warrant improvement. 
Moreover, non-resectable perihilar cholangiocarcinomas respond better to PDT than 
to any other last-line treatment such as chemotherapy [8], but all available treatments 
(including PDT) are currently palliative and not curative. The recalcitrant nature of 
these tumor types to PDT is believed to stem from the use of photosensitizers with 
suboptimal spectral properties and poor pharmacokinetics as well as the activation of 
cell survival pathways by tumor cells following PDT [2, 9].
 To resolve these issues with a single therapeutic modality, we have developed a 4th-
generation photosensitizer-based PDT platform that aims to target pharmacologically 
relevant locations in the tumor, namely the tumor cells [10], the tumor endothelium 
[11–13], and the tumor interstitium [14]. The platform employs a 2nd-generation 
photosensitizer (zinc phthalocyanine, ZnPC) encapsulated in targeted liposomes 
(making it a 3rd-generation photosensitizer, which was employed in this study) with 
co-encapsulated molecular inhibitors of survival pathways (making it a 4th-generation 
photosensitizer) [2, 9–14]. Previously, we demonstrated that PDT of human skin and 
bile duct cancer cells with liposomal ZnPC and acriflavine, an inhibitor of hypoxia-
inducible factor 1α (HIF-1α) [15], increases therapeutic efficacy by downmodulation 
of HIF-1α-driven survival signaling following PDT [11, 13]. In light of this combined 
therapy and the broader scope of applicability of the PDT platform technology, it is 
imperative to map post-PDT survival pathways [9] for every liposomal formulation so 
as to identify druggable targets beyond those already tested [9]. So far we have mapped 
PDT-activated survival pathways with respect to the interstitially targeted ZnPC-

4



104 | CHAPTER 4

liposomes [16], but not yet for the endothelium- and tumor cell-targeting liposomes.
 Of the three different liposomal formulations that were developed, the most 
promising is the tumor endothelium-targeting ZnPC formulation. These liposomes, 
which are cationic and PEGylated, are taken up by cultured endothelial cells [14], 
macrophages (manuscript in preparation), and tumor cells [11, 13, 14], enabling multi-
targeted delivery of the photosensitizer to key locations. Moreover, the liposomes are 
relatively non-toxic in the absence of light (this study), but become highly toxic to 
cultured cells upon illumination in the low nanomolar photosensitizer concentration 
range [11, 13]. Finally, ZnPC distributes to multiple intracellular loci after uptake 
of the liposomes [17, 18], from which different cell death pathways but also cell 
survival pathways are activated [2]. In preliminary experiments it was discovered that 
epidermal growth factor receptor (EGFR), a receptor overexpressed in a multitude of 
cancers [19] including perihilar cholangiocarcinoma [20, 21], was afflicted by PDT 
with ZnPC-liposomes. EGFR constitutes an important druggable target in cancer 
therapy, as evidenced by the approval status of the monoclonal antibodies cetuximab 
and panitumumab, as well as the kinase inhibitors gefitinib and erlotinib [22].
 This study therefore examined the cell survival pathways induced by ZnPC-
encapsulating PEGylated cationic liposomes (ZPCLs) in tumor parenchymal 
and non-parenchymal cell types using a multi-omics approach: transcriptomics, 
(phospho)proteomics, and metabolomics. The cells that were employed are human 
umbilical vein endothelial cells (HUVECs) as a model for vascular endothelium; 
RAW 264.7 murine macrophages as a model for tumor-resident macrophages; human 
biliary adenocarcinoma (SK-ChA-1) cells as model for PDT-recalcitrant perihilar 
cholangiocarcinomas; and EGFR-overexpressing human epidermoid carcinoma 
(A431) cells to further elaborate on the preliminary experimental results. The studies 
were performed at supralethal light dose (90% lethal concentration, LC90), reflective 
of cells fully affected by PDT, and at sublethal light dose (LC50), representative of cells 
in the distant and peripheral portions of the illuminated tumor, where the fluence 
rates are insufficient due to light absorption and scattering [23]. Therapeutically, the 
low-fluence sites are the most important tumor regions because survival signaling 
is expected to predominate, which may negatively impact therapeutic outcome and 
facilitate tumor recurrence as has been observed in PDT-treated patients [24].
 The most important results of the study were that (1) ZPCLs were not toxic 
in vitro, which is key for clinical translation, (2) sublethal PDT was associated with 
extensive survival signaling, which is detrimental to therapeutic outcome, (3) PDT 
resulted in downregulation of proteins involved in EGFR signaling and cell adhesion, in 
particular after optimal PDT, and (4) sublethal and optimal PDT both downregulated 
metabolic pathways involved in energy production, including glycolysis and the 
tricarboxylic acid (TCA) cycle. The latter two findings are chiefly advantageous for 
therapeutic efficacy.
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Materials and methods

Chemicals
 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 3β-[N-(N’,N’-
dimethylaminoethane)-carbimoyl]cholesterol (DC-cholesterol) were purchased from 
Avanti Polar Lipids (Alabaster, AL, USA). β-Mercaptoethanol, cholesterol, chloroform, 
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-polyethylene glycol (DSPE-
PEG, average PEG molecular mass of 2000 amu), ZnPC (97% purity), acetonitrile, 
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), potassium carbonate 
(K2CO3), pyridine, sodium chloride (NaCl), sodium deoxycholate, sodium fluoride, 
sodium orthovanadate, sulforhodamine B (SRB), tris(hydroxymethyl)aminomethane 
(Tris), and Triton X-100 were obtained from Sigma-Aldrich (St. Louis, MO, USA). 
Glycerol was purchased from Fisher Scientific (Hampton, NH, USA), and sodium 
dodecyl sulfate (SDS) and bromophenol blue were obtained from Bio-Rad Laboratories 
(Hercules, CA, USA). Methanol, perchloric acid (O4), and sodium hydroxide (NaOH) 
were from Merck (Darmstadt, Germany).
 All lipids were dissolved in chloroform and stored under a nitrogen atmosphere 
at −20 °C. ZnPC was dissolved in pyridine at a 178-µM concentration and stored under 
nitrogen at room temperature (RT) in the dark.

Cell culture
 Human epidermoid carcinoma (A431) cells and murine macrophages (RAW 
264.7) were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Lonza, 
Walkersville, MD, USA) supplemented with 10% fetal bovine serum (FBS) (Bodinco, 
Alkmaar, the Netherlands), 100 U/mL penicillin, 100 µg/mL streptomycin, and 2 mM 
L-glutamine (all from Lonza). Human umbilical vein endothelial cells (HUVECs) 
were isolated as described in [25] and maintained in EndoGro-LS complete culture 
medium (Merck Millipore, Billerica, MA, USA). HUVECs were grown in Primaria 
cell culture flasks (Corning Life Sciences, Tewksbury, MA, USA). Human perihilar 
cholangiocarcinoma (SK-ChA-1) cells were cultured in Roswell Park Memorial 
Institute (RPMI) 1640 culture medium (Lonza) supplemented with 10% FBS, 
100 U/mL penicillin, 100 µg/mL streptomycin, 2 mM L-glutamine, and 143 µM 
β-mercaptoethanol. All cells were maintained at standard culture conditions (37 °C, 
5% CO2, 95% air, humidified atmosphere).

Preparation of ZPCLs
 ZPCLs were composed of DPPC, DC-cholesterol, cholesterol, and DSPE-
PEG (66:25:5:4, molar ratio) and prepared by the lipid film hydration technique as 
described previously [13, 16]. Physiological buffer composed of 10 mM HEPES, 0.88% 
(w/v) NaCl, pH = 7.4, 0.293 osmol/kg [14] was used as hydration solution. ZnPC 
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was incorporated in the liposomal formulation at a ZnPC:lipid molar ratio of 0.003. 
Liposomal formulations were purged with nitrogen gas and stored at 4 °C in the dark. 
Under these conditions the liposomal ZnPC remains stable for at least 56 days [13].

PDT protocol
 Cells were seeded in either 6-well (2 mL per well) or 24-well (0.5 mL medium 
per well) culture plates (Corning Life Sciences) as specified in the corresponding 
subsections and grown under standard culture conditions. HUVEC, RAW 264.7, SK-
ChA-1, and A431 cells were seeded at a density of 0.5  ×  105 cells/mL, 0.5  ×  106 cells/mL, 
0.25  ×  106 cells/mL, and 0.5  ×  106 cells/mL, respectively, and cultured until confluence 
in 24 h (48 h for SK-ChA-1 cells). HUVECs were cultured in Primaria culture plates 
(Corning Life Sciences) throughout the study. After reaching confluence, cells were 
washed with PBS and incubated with ZPCLs in serum-free supplemented phenol red-
free medium for 1 h (drug-light interval) at 37 °C under standard culture conditions. 
Control cells received an equal volume of physiological buffer. The concentrations 
of ZPCLs that were used for the different cell types are specified in Table S1. Next, 
cells were washed with PBS and fresh fully supplemented phenol red-free medium 
was added. Cells were either returned to the incubator (control and dark toxicity) or 
irradiated with a 671-nm diode laser (CNI, Changchun, China) at a laser power of 500 
mW with a fluence of 15 J/cm2. The spot size was set to the exact dimensions of the well 
(6-wells plate: 9.5 cm2, 24-wells plate: 1.9 cm2). During the application of PDT, cells 
were maintained at 37 °C using a hotplate (Cat. No. 97042-616, VWR, Radnor, PA, 
USA).

Cell metabolic activity and viability assays
 Cell metabolic activity was assessed using the water-soluble tetrazolium salt 
(WST-1) reagent (Roche Diagnostics, Basel, Switzerland). Cells were seeded in 24-wells 
plates and cultured until confluence. After a predetermined time interval following 
PDT, the culture medium was removed and 300 µL of WST-1-containing serum-free 
and phenol red-free medium (at a 1:25 volume ratio) was added to the wells. After 
30 min of incubation under standard culture conditions, the absorbance was read at 
450 nm using 600 nm as a reference wavelength (BioTek Synergy HT multi-well plate 
reader, Winooski, VT, USA). Data were normalized to the average value of the control 
cells that was set at a metabolic activity of 100%.
 After the measurement, the wells were washed with PBS and the protein content 
was determined with the SRB total protein assay as described by Vichai et al. [26]. 
SRB absorbance was read at 564 nm using 690 nm as a reference wavelength (BioTek 
Synergy HT). Data were normalized to the average value of the control cells that was 
set at a viability of 100%.
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Whole genome expression analysis
 Cells were seeded in 6-wells plates and cultured until confluence. Cells were 
treated using the PDT protocol as described in “PDT protocol” (n = 3 per group). Total 
cellular RNA was extracted using 1 mL of TRIzol (Life Technologies, Carlsbad, CA, 
USA) according to the manufacturer’s protocol. RNA samples were purified using the 
NucleoSpin RNA kit (Machery-Nagel, Düren, Germany) and eluted in 30 µL RNAse-
free water. The quality control, RNA labeling, hybridization, and data extraction were 
performed at ServiceXS (Leiden, the Netherlands). The procedure can be found in 
[16]. Samples for human cell lines were randomly assigned to three Human-HT12 v4 
arrays. For the RAW 264.7 cell line, MouseWG-6 v2 arrays were used with control and 
vehicle samples on one chip and LC50 and LC90 samples on a second chip.

Microarray data preprocessing and analysis
 Microarray data preprocessing and analysis were performed as described 
previously [16]. In short, each cell line was analyzed separately with Bioconductor 
packages (version 2.13) using the statistical software package R (version 3.1.0). 
Normalization was performed starting from the Illumina sample and control probe 
profiles by a normexp-by-control background correction, quantile normalization, 
and log2 transformation (limma package). Probes with a detection P value of >0.05 
(non-expressed) on all arrays for the cell line under study were filtered out. Differential 
expression between the experimental conditions was assessed with a moderated t test 
using the linear model framework (limma package). Resulting P values were corrected 
for multiple testing using the Benjamini-Hochberg false discovery rate. Corrected P 
values ≤0.05 were considered statistically significant. Probes were reannotated using the 
Bioconductor IlluminaHumanv4.db and lluminaMousev2.db packages. The microarray 
data have been deposited in NCBI Gene Expression Omnibus in a MIAME compliant 
format and are accessible under GEO series accession number GSE84758. Microarray 
data were confirmed using quantitative reverse transcription polymerase chain reaction 
(qRT-PCR) since the qRT-PCR data were in agreement with the microarray data (Fig. 
S1). This also strongly suggests that, for the RAW 264.7 cells, potentially confounding 
effects due to systematic differences between chips and biological effects of interest 
(comparison of LC50/LC90 versus control/vehicle) are limited. In addition, a ROAST 
gene set test [27] was performed on the downstream targets of each survival pathway 
(Table S2) to statistically determine whether a survival pathway was either upregulated 
or downregulated using 10,000 rotations with Benjamini-Hochberg-based multiple 
testing correction of the mid P values.

qRT-PCR
 RNA was extracted as described in “Whole genome expression analysis”. cDNA 
synthesis and qRT-PCR reactions were performed as described previously [16]. Primer 
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sequences can be found in Table S3. The quantitative analysis of the qRT-PCR data was 
performed according to Ruijter et al. [28] to calculate the starting concentration (N0) of 
each cDNA template. Gene expression levels were normalized to the expression level 
of the reference gene ribosomal protein S18 (RPS18). Log2 fold-changes of the target 
genes were calculated based on the mean values of the control group.

Proteomics
Harvesting
 SK-ChA-1 cells were seeded in 6-wells plates and cultured until confluence. 
Cells were treated using the PDT protocol as described in “PDT protocol” (n = 12 
per group). Ninety minutes post-PDT, cells were washed three times with 2 mL PBS 
and 150 µL of lysis buffer [8 M urea, 0.5% sodium deoxycholate, 50 mM NH4HCO3, 
supplemented with cOmplete Mini protease inhibitor cocktail and phosSTOP (both 
from Roche)] was added to each well that was ensued by 30-min incubation on ice. 
Lysates were scraped, collected, pooled (to yield n = 4 per treatment group), and 
centrifuged for 15 min at 20,000×g. The supernatant was stored at −80 °C for further 
analysis. Protein concentrations were determined with the bicinchoninic acid (BCA) 
assay (Thermo Fisher Scientific, Waltham, MA, USA).

Affinity purification and digestion
 For each sample, 400 µg of proteins was reduced by incubating with 2 µL of 1 
M DTT at 56 °C for 25 min, alkylated by adding 4 µL of 200 mM IAA for 30 min at 
RT in the dark, and digested by Lys-C (enzyme:protein ratio of 1:75) for 4 h at 37 °C. 
Samples were then diluted four times with 50 mM NH4HCO3 and digested overnight 
at 37 °C with trypsin (enzyme:protein ratio of 3:100). Next, 100 µL of acetic acid was 
added to each sample to precipitate sodium deoxycholate, after which the samples were 
centrifuged for 15 min at 20,000×g. The obtained digests were desalted using 1 cc Sep-
Pak C18 cartridges. Phosphoenrichment was performed with Ti-IMAC microcolumns 
with 250 µg of digests following the protocol previously described in detail [29], while 
the rest of the digests was kept for proteome analysis.

NanoLC–MS/MS analysis
 Phosphoproteome and proteome were analyzed by NanoLC-MS/MS using an 
Agilent 1100 HPLC system (Agilent Technologies, Santa Clara, CA, USA) coupled 
to a Q Exactive Plus Orbitrap (Thermo Scientific) mass spectrometer. Peptides were 
trapped at 5 µL/min in 100% solvent A (0.1 M acetic acid in water) on an in-house 
packed 20 mm × 100 µm ID trapping column (ReproSil-Pur C18-AQ, 3 µm, Dr. Maisch, 
Ammerbuch, Germany) and then transferred to an in-house packed 50-cm × 50-µm ID 
analytical column (Poroshell 120 EC-C18, 2.7 μm, Agilent Technologies) maintained 
at 40 °C. The gradient used for proteome analysis ranged from 10% to 40% solvent B 
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[0.1 M acetic acid in 8:2 (v/v) acetonitrile/water] in 180 min at ~100 nL/min, whereas 
the gradient for phosphopeptides ranged from 4% to 40% in 120 min. The eluent was 
sprayed via distal coated emitter tips (New Objective, Woburn, MA, USA) connected 
to the analytical column. The Q Exactive Plus was operated in data-dependent mode, 
automatically switching between MS and MS/MS. Full-scan MS spectra (from m/z 350 
to 1500) were acquired in the Orbitrap with a resolution of 60,000 at m/z 400 (after 
accumulation to a target value of 500,000). The 20 most intense ions at a threshold 
above m/z 500 were successively selected and fragmented in HCD cells at normalized 
collision energy of 35% after accumulation to a target value of 10,000.

Protein quantification and identification
 Data analysis was performed using MaxQuant (version 1.5.2.8) [30] and the 
integrated search engine Andromeda [31]. For peptide and protein identification, 
raw files were searched against the human Swissprot database (20,201 entries) with 
carbamidomethylated cysteine as fixed modification and phosphorylation of serine, 
threonine, and tyrosine and oxidation of methionine as variable modifications. 
Trypsin/P was set as the proteolytic enzyme for which up to two missed cleavage sites 
were allowed. Precursor tolerance was set to 4.5 ppm and fragment ion tolerance to 
0.05 Da. Peptide identifications required a minimal length of 7 amino acids and all data 
sets were adjusted to 1% PSM FDR. For label-free quantification (LFQ), match between 
runs was selected with a maximum shift time window of 3 min and the intensities of 
razor and unique peptides were summed up. Resulting protein intensities were then 
normalized to obtain LFQ intensities. To facilitate further data analysis, the results 
were imported into Perseus (version 1.5.2.4). Replicates were grouped per condition, 
and proteins or phosphopeptides identified in less than 3 out of 4 replicates were 
discarded. A two-tailed t-test was used to assess statistical significance. Phosphopeptide 
and protein P values were corrected by permutation-based FDR correction (FDR 
5%). Phosphopeptides were filtered for a localization probability of >0.75 (class 
1 sites). Regulated proteins were analyzed using Reactome within the Cytoscape 
environment and regulated phosphorylation sites were analyzed by Phosphopath [32] 
within Cytoscape. The mass spectrometry proteomics data have been deposited to 
the ProteomeXchange Consortium via the PRIDE partner repository with the dataset 
identifier PXD004320.

Western blotting
 Western Blotting was performed to validate the (phospho)proteomic data (Fig. 
S2). For these purposes, SK-ChA-1 cells were seeded in 6-wells plates, cultured until 
confluence, and treated by PDT as described in “PDT protocol” (n = 3 per group). 
Ninety minutes after PDT, cells were washed twice with ice-cold PBS, placed on ice, 
and lysed in ice-cold RIPA buffer (50 mM Tris, 150 mM NaCl, 1% Triton X-100, 0.5% 
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sodium deoxycholate, 1% SDS) supplemented with cOmplete Mini protease inhibitor 
cocktail, 10 mM sodium fluoride, and 1 mM sodium orthovanadate. The samples were 
centrifuged for 15 min at 14,000×g (4 °C) and the supernatant was stored for further 
analysis. Protein lysates were mixed with 4 × SDS sample buffer (200 mM Tris (pH = 
6.8), 8% SDS, 40% glycerol, 0.02% bromophenol blue) and boiled for 5 min at 95 °C. 
Next, samples (20–30 µg) were loaded on a TGX 10% precast gel (Bio-Rad Laboratories) 
and electrophoresis was performed at 150 V. The gels were blotted onto Amersham 
Hybond P 0.45 PVDF membranes (GE Healthcare, Little Chalfont, UK) for 2 h at 250 
mA at 4 °C. The membranes were blocked for 1 h with 5% BSA (Sigma-Aldrich) in 
0.1% Tween 20 Tris-buffered saline (TBST, 20 mM Tris, 150 mM NaCl, pH = 7.6), 
after which the membranes were incubated overnight with the primary antibody at 4 
°C on a rocker. The primary antibodies used were (dilution factor, catalogue number, 
company): EGFR [1:1000, #4267, Cell Signaling (Danvers, MA, USA)], phospho-ERK 
(1:1000, #4370, Cell Signaling), phospho-p38 MAPK (1:500, #9216, Cell Signaling), p38 
MAPK (1:1000, #9228, Cell Signaling), COX IV (1:1000, #4844, Cell Signaling), and 
ERK [1:1000, sc-2711270, Santa Cruz Biotechnology (Dallas, TX, USA)]. All primary 
antibodies were diluted with 5% BSA in TBST. Next, the membranes were washed three 
times in TBST and incubated with an HRP-conjugated secondary antibody [1:2000, 
Dako Cytomation (Glostrup, Denmark)] for 1 h at RT. Subsequently, membranes were 
washed three times with TBST. The enhanced chemiluminescence (ECL) kit (Thermo 
Scientific) was used as substrate and protein bands were visualized on an ImageQuant 
LAS 4000 luminometer (GE Healthcare).

Metabolomics
 SK-ChA-1 cells were seeded in 6-wells plates and cultured until confluence. 
Cells were treated using the PDT protocol as described in “PDT protocol” (n = 3 per 
group). After 90 min, the cells were washed with 1 mL cold PBS and the cells were 
lysed in 1 mL lysis buffer (40% acetonitrile, 40% methanol, 20% water). The cells were 
scraped and transferred to 2-mL centrifuge tubes that were shaken for 10 min at 4 
°C. Next, the samples were centrifuged for 15 min at 20,000×g (4 °C), after which the 
supernatant was aspirated and stored at −80 °C. LC-MS analysis was performed on an 
Exactive mass spectrometer (Thermo Scientific) coupled to a Dionex Ultimate 3000 
autosampler and pump (Thermo Scientific). The MS operated in polarity-switching 
mode with spray voltages of 4.5  and −3.5  kV. Metabolites were separated using a 
Sequant ZIC-pHILIC column [2.1 × 150 mm, 5 µm, guard column 2.1 × 20 mm, 5 
µm (Merck)] using a linear gradient of acetonitrile and eluent A (20 mM (NH4)2CO3, 
0.1% NH4OH in ULC/MS grade water [Biosolve, Valkenswaard, the Netherlands)]. 
The flow rate was set to 150 µL/min. Metabolites were identified and quantified using 
LCquan software (Thermo Scientific) on the basis of exact mass within 5 ppm and 
further validated in accordance with the retention times of standards. Peak intensities 
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were normalized based on total ion count.

Nucleotide profiles
 SK-ChA-1 cells were seeded in 6-wells plates and cultured until confluence. Cells 
were treated using the PDT protocol as described in “PDT protocol” (n = 3 per group). 
After 90 min, the cells were washed twice with PBS, placed on ice, and nucleotides were 
extracted using 200 µL of ice-cold 0.4 M HClO4. After 10-min incubation on ice, the 
samples were centrifuged for 5 min at 10,000×g (4 °C) and the nucleotide-containing 
supernatant was neutralized using 7.5 µL of 5 M K2CO3. The wells were washed twice 
with 150 µL 0.2 M NaOH to remove residual proteins, which was added to the protein-
containing dry pellet as obtained in the previous centrifugation step. In addition, 300 
µL of 0.8 M HClO4 was added to the protein fraction. After mixing thoroughly, the 
samples were centrifuged for 5 min at 10,000×g (4 °C) and the protein-containing 
pellet was dissolved in 200 µL of 0.2 M NaOH. Protein content was determined using 
the bicinchoninic acid assay protein kit (Thermo Scientific).
 Nucleotide extracts were analyzed by high-performance liquid chromatography 
(HPLC) using a Partisphere 5-μm SAX cartridge column (Cat. No. 4621-0505, Hichrom, 
Reading, United Kingdom). Nucleotides were eluted with a gradient from 100% buffer 
A (100-fold dilution of buffer B) to 70% buffer B (0.75 M NaH2PO4

−, pH = 4.55) in 50 
min at a flow rate of 1 mL/min.

Statistical analysis
 Statistical analysis was performed in GraphPad Prism 6 (GraphPad Software, 
La Jolla, CA, USA). Normality was tested with the D’Agostino Pearson omnibus test. 
Differences between normally distributed variables were analyzed with a one-way 
ANOVA with Bonferroni post hoc test. Intergroup differences were indicated with (*) 
and differences between the treated groups and the control group at the same time point 
were indicated with (#). Differences between a condition and the previous condition 
at the same time point are, when relevant, indicated with ($) (pertains only to Fig. 
1). A single, double, and triple sign indicate a P value of  ≤ 0.05, ≤0.01, and  ≤ 0.001, 
respectively. Data are presented as mean  ±  SD throughout the manuscript.

Results

PDT induces photosensitizer concentration- and time-dependent cell death
 To correlate the transcriptomic-, (phospho)proteomic-, and metabolomic 
responses to the extent of PDT-induced cell death, the viability of HUVEC, RAW 
264.7, SK-ChA-1, and A431 cells was determined first as a function of time after PDT 
at previously calculated LC50 and LC90 concentrations (details can be found in Table 
S1). The effect of PDT on cells was assessed with the WST-1 and SRB assays. WST-1 is a 
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measure of mitochondrial metabolic activity [33] and therefore represents a parameter 
of early onset cell demise. In contrast, SRB stains total protein and is therefore used as 
a parameter of late, fully executed cell death.
 The ZPCLs exhibited no deleterious effect on metabolic activity (Fig. 1a–d) 
or cell viability (Fig. 1e–h) in any of the cell types in the absence of laser irradiation, 
indicating that the ZPCLs imparted no dark toxicity. The loss of metabolic activity (Fig. 
1a–d) and extent of cell death (Fig. 1e–h) were more pronounced in the LC90 group 
versus the LC50 group and occurred in a time-dependent manner. The loss of metabolic 
activity is in line with the localization of ZnPC to mitochondrial membranes [2] and 
the post-PDT induction of mitochondrial permeability transition [12]. Typically, 
cells were most afflicted at the longest incubation time, underscoring that metabolic 
perturbations and execution of cell death pathways are progressive during at least 24 h 
after PDT. Unexpectedly, the LC90 HUVECs showed significantly higher cell viability 
24 h after PDT compared to 2 h post-PDT (Fig. 1e). HUVECs in the LC90 group were 
also more resilient to treatment 24 h following PDT than HUVECs in the LC50 group 
(Fig. 1e).

Fig. 1. Cell viability after ZPCL-PDT. (A-H) HUVEC, RAW 264.7, SK-ChA-1, and A431 cells were incubated with 
ZPCLs (concentrations can be found in Table S1) and treated with PDT. Two hours (white bar), 6 hours (light 
grey bar), and 24 hours (dark grey bar) after PDT, cell viability was determined using the (A-D) WST-1 and (E-H) 
SRB assay (n = 8 per group). Readers are referred to the experimental section for the significance of the statistical 
symbols. Abbreviation: Metab. act., metabolic activity.

PDT at LC90 has greater transcriptional effects than at LC50, but the effect size is cell type-
dependent
 To gain insight in the early transcriptomic response after PDT with ZPCLs, non-
illuminated and PDT-treated cells were harvested 90 min after (control) treatment and 
the transcriptome was analyzed by whole genome microarray, summarized in Fig. 2, 
and correlated to cell viability. This toxicogenomics approach corroborated the absence 
of dark toxicity of ZPCLs (Fig. 2, vehicle vs control), given that of all screened genes, 
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none were dysregulated compared to control. The same had been observed previously 
with the ZnPC-encapsulating interstitially targeted liposomes [16], which differ from 
the ZPCLs in that they lack DC-cholesterol in the membrane and therefore bear a 
neutral surface charge rather than a cationic charge.
 In case of the interstitially targeted liposomes, the milder PDT protocol 
(irradiation of cells at 50 mW) induced more profound transcriptional dysregulation 
than the severe PDT regimen (500 mW laser irradiation) [16]. In contrast, the extent 
of mRNA dysregulation following PDT with ZPCLs was most pronounced in the LC90 
groups compared to the LC50 groups (Fig. 2). The overlap between genes dysregulated 
in both the LC90 and LC50 groups was also cell type-specific. The highest number of 
commonly afflicted genes was observed in RAW 264.7 cells (3363), followed by A431 
(790), SK-ChA-1 (638), and HUVEC (134) cells.

PDT-mediated induction of survival signaling
 The basis of therapeutic recalcitrance towards PDT may partly originate from 
the induction of survival signaling after PDT [16]. PDT activates six major pathways 
that encompass a nuclear factor of kappa light polypeptide gene enhancer in B cells 
(NF-кB)-mediated inflammatory response, a proteotoxic stress response via the 
unfolded protein response (UPR) and heat shock transcription factor (HSF)-mediated 
response, an activator protein 1 (AP-1)-mediated immediate early gene response, a 
HIF-1-mediated hypoxia-induced stress response, and a nuclear factor (erythroid-
derived 2)-like (NFE2L2)-mediated antioxidant response [9]. The pathways have been 
described in detail in [16, 34]. The microarray expression data were superimposed 
on these pathways [Fig. S3 (with pathways and transcriptional targets) and Fig. 3 
(transcriptional targets only)].
 The downstream targets of the survival pathways were analyzed with a ROAST 
gene test to determine whether a pathway was differentially regulated in response to 
PDT. All cell types upregulated the NF-кB, AP-1, and HSF survival pathways at LC50 and 
LC90, whereas only the LC50 groups exhibited upregulation of HIF-1-mediated signaling 
(Table S4). Importantly, HIF-1-, UPR-, AP-1-, and NF-кB-associated genes were less 
extensively dysregulated in the LC90 group of the tumor-derived cell lines (A431, SK-
ChA-1) compared to the LC50 group. In contrast, the LC90 group of the non-tumor 
derived cells (RAW 264.7, HUVEC) displayed more HSF-mediated signaling than the 
LC50 group. Altogether, these findings indicate that PDT induced extensive survival 
signaling in all cell types tested, whereby survival signaling was more prominent in 
cells treated by sublethal PDT.

NF-кB-mediated inflammatory response
 NF-кB mediates an inflammatory response following PDT [35, 36]. As shown 
in Fig. 3, the transcription of various pro-inflammatory cytokines that are under the 
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control of NF-кB, including interleukin 1A (IL1A), IL1B, IL6, and chemokine (C-X-C 
motif) ligand 8 (CXCL8), increased following PDT in the human cell types. Murine 
Il1b and Cxcl2 were also considerably induced following PDT in RAW 264.7 cells. 
Sublethal PDT resulted in upregulation of vascular endothelial growth factor (VEGF) 
in SK-ChA-1 and A431 cells, which was downregulated in HUVEC cells. The pro-
inflammatory factor prostaglandin-endoperoxide synthase 2 (PTGS2, Ptgs2) was also 
highly upregulated following PDT in HUVEC, RAW 264.7, and A431 cells.

Proteotoxic stress response
 The proteotoxic stress response can be induced by ROS-mediated endoplasmic 
reticulum (ER) stress that leads to the accumulation of misfolded and unfolded 

Fig. 2. Gross transcriptional response 90 minutes after ZPCL-PDT. The Venn diagrams show the number of 
upregulated (red) and downregulated (green) genes compared to the control group (FDR < 0.05), as well as the 
overlapping genes between the vehicle (dark toxicity), LC50, and LC90 groups (n = 3 per group). The total number of 
upregulated and downregulated genes per PDT regimen (full circle) equals the sum of all values enveloped by the 
respective circle.
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Fig. 3. Transcriptional response following ZPCL-PDT. Expression analysis of genes that are involved in NF-кB, UPR, 
HSF, NFE2L2, HIF-1, and AP-1 signaling as shown by the log2 fold-change (lower right corner). All comparisons 
were made between the PDT-treated groups versus the control group (n = 3 per group). A gene may correspond 
to multiple probes as indicated by horizontal splits. Each gene is divided in two halves corresponding to the LC50 
(left) and LC90 (right) group. Grey boxes signify probes that exhibited poor quality or were not included in the gene 
expression analysis. 
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proteins in the ER [37]. As a result, the UPR is initiated together with the activation of 
HSF1 [38]. ZPCL-PDT at both regimens induced upregulation of the UPR-associated 
genes DNA-damage-inducible transcript 3 (DDIT3, Ddit3), activating transcription 
factor 3 (ATF3, Atf3), protein phosphatase 1, and regulatory subunit 15A (PPP1R15A, 
Ppp1r15a) in all cell types (Fig. 3). PDT at LC50 triggered upregulation of DnaJ (Hsp40) 
homolog, subfamily B, member 9 (DNAJB9) in all cell types, of which the protein 
product protects cells from apoptosis [39]. With respect to HSF signaling, all cell types 
exhibited elevated DNAJB1 (Dnajb1) and heat shock 70 kDa protein 1A (HSPA1A, 
Hspa1a) mRNA levels following PDT (Fig. 3). In contrast to RAW 264.7, SK-ChA-1, 
and A431 cells, HUVECs revealed a dose-dependent effect on the transcript levels of 
HSPA1A, DNAJB1, JUN, and FOS, where PDT at LC90 caused the most pronounced 
upregulation of these genes.

AP-1-mediated immediate early gene response
 In response to various extracellular and intracellular (e.g., ROS) stimuli, the 
immediate early response is activated via apoptosis signal-regulating kinase 1 (ASK-
1) that enables AP-1-mediated transcription [40]. The AP-1 transcription factors FBJ 
murine osteosarcoma viral oncogene homolog (FOS, Fos) and jun B proto-oncogene 
(JUNB, Junb) were upregulated in RAW 264.7, SK-ChA-1, and A431 cells in both the 
LC50 and LC90 groups (Fig. 3). Furthermore, the survival factor heparin-binding EGF-
like growth factor (HGEGF, Hbegf) was strongly upregulated in all cell types following 
both PDT regimens. EGFR was downregulated in HUVEC, SK-ChA-1, and A431 cells, 
particularly in the LC90 group.
 In addition, the effect of PDT on EGFR signaling in EGFR-overexpressing A431 
cells versus SK-ChA-1 cells is shown in more detail in Fig. S4. This subanalysis revealed 
that PDT had an inhibitory effect on the various ErbB isoforms, which was observed in 
both cell lines, although EGFR (ERBB1) was mostly afflicted. Also, known downstream 
targets of EGFR [41] appeared to be more inhibited in A431 cells compared to SK-
ChA-1 cells after supralethal PDT (Fig. S4).

HIF-1-mediated hypoxia-induced stress response
 HIF-1 is a transcription factor that is induced by ROS and hypoxia [42], which 
promotes the transcription of genes involved in cell survival and angiogenesis [43]. 
ZPCL-PDT caused upregulation of various HIF-1-associated genes, including VEGFA 
(not in HUVECs), PTGS2, endothelin 1 (EDN1), myeloid cell leukemia 1 (MCL1), 
and phorbol-12-myristate-13-acetate-induced protein 1 (PMAIP1) (Fig. 3). The effects 
were more pronounced after sublethal PDT. PDT also upregulated several HIF-1-
associated genes in RAW 264.7 cells, including Vegfa, Ptgs2, Edn1, and Pmaip1 but 
not Mcl1. However, RAW 264.7 cells did not exhibit any dose-dependent differences as 
observed in the human cell types.
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NFE2L2-mediated antioxidant response
 The NFE2L2-mediated antioxidant response is activated by oxidative stress 
and serves to restore the cellular redox balance. As shown in Fig. 3, the NFE2L2 
pathway was largely unaffected. In fact, PDT reduced the expression of genes involved 
in detoxification [e.g., ATP binding cassette subfamily C member 4 (ABCC4, Abcc4), 
ATP binding cassette subfamily G member 2 (ABCG2, )] and antioxidant activity 
[e.g., epoxide hydrolase 1 (EPHX1, Ephx1)]. Heme oxygenase 1 (HMOX1, Hmox1) is 
linked to cell survival following PDT [44]. In addition to NFE2L2, HIF-1 (“HIF-1-
mediated hypoxia-induced stress response”) is also able to mediate transcription of 
HMOX1 [45]. Its gene expression after PDT was higher in RAW 264.7, SK-ChA-1, 
and A431 cells but not in HUVEC cells. This effect was more pronounced in the LC50 
cells compared to the LC90 cells as evidenced by the log2 fold-changes in HMOX1/
Hmox1 gene expression: A431 (2.1 versus 1.3, respectively), SK-ChA-1 (2.1 versus 1.4, 
respectively), and RAW 264.7 cells (1.7 versus 1.5) respectively.

PDT upregulates transcription-related proteins and downregulates proteins linked to 
EGFR signaling
 To explore the cellular response in a cell line derived from a tumor that is 
refractory towards PDT [24], SK-ChA-1 cells were subjected to more in-depth analysis 
using an untargeted (phospho)proteomic-based approach 90 min after PDT. The EGFR-
overexpressing A431 cell line was excluded from the (phospho)proteomic analysis to 
eliminate redundancy, given that SK-ChA-1 cells also express high basal levels of EGFR 
[46]. The differentially expressed phosphorylated and non-phosphorylated proteins 
(compared to non-treated cells) are presented in Table S5. A no-liposome, irradiation-
only group was excluded because we have shown previously that red light irradiation 
has no effect on cells [14].
 The proteome data revealed a dose-dependent response in the number 
of differentially expressed proteins (Fig. S5). To gain more insight in the affected 
molecular pathways, the data were analyzed with Reactome [47, 48] (Fig. 4). Based 
on the proteomics data, PDT caused downregulation of various proteins involved 
in endocytosis in the LC50 group, but more predominantly in the LC90 group [AP-2 
complex subunit alpha-1 (AP2A1), AP2M1, AP2B1, AP3B1]. Furthermore, SK-
ChA-1 cells that had been treated at LC90 upregulated proteins involved in pre-RNA 
splicing (serine/arginine-rich splicing factor 4 (SRSF4), SRSF6) and epigenetic control 
of transcription [protein dpy-30 homolog (DPY30), WD repeat-containing protein 5 
(WDR5)] (Fig. 4).
 Phosphoproteomic data were analyzed with the Phosphopath plugin in 
Cytoscape [32] and only phosphosites which were differentially regulated in either 
LC50 or LC90 groups were analyzed. PDT of SK-ChA-1 cells induced phosphorylation 
of heat shock protein beta-1 (HSPB1) (Fig. 5), which is involved in the defense against 
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Fig. 4. Differentially expressed proteins observed after ZPCL-PDT of SK-ChA-1 cells in the LC90 group. Up- (in red) 
and downregulated (in green) proteins between the PDT-treated groups and control group (n = 4 per group) were 
analyzed using Reactome to assess functional interactions [38, 39]. Arrows indicate activating/catalyzing reactions, 
whereas straight and dashed lines indicate functional and predicted functional interactions, respectively. Proteins 
without functional interactions are not displayed in the figure.
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oxidative stress [49, 50]. Furthermore, PDT decreased phosphorylation of proteins 
involved in EGFR signaling, such as mitogen-activated protein kinase 1 (MAPK1), son 
of sevenless homolog 1 (SOS1), and catenin delta-1 (CTNND1). This effect was more 
evident at LC90 inasmuch as these cells downregulated the EGFR-associated proteins 
EGFR (confirmed by Western blotting, Fig. S2), proto-oncogene tyrosine-protein 
kinase Src (SRC), caveolin-1 (CAV1), and phosphorylated proteins SOS1, related RAS 
viral (r-ras) oncogene homolog 2 (RRAS2), MAPK1, and MAPK3. Altogether, it seems 
that PDT induced the expression of transcription-related proteins and downregulated 
proteins involved in EGFR signaling. 

Fig. 5. Phosphoproteomic analysis of SK-ChA-1 cells after ZPCL-PDT. The data (n = 4 per group) were analyzed 
with the Phosphopath plugin in Cytoscape [40] and increased and decreased phosphorylation of proteins in the 
PDT-treated groups versus the control group are indicated in red and green, respectively. Straight lines and arrows 
indicate protein interactions (derived from the Biogrid database [77]) and kinase-substrate interactions (imported 
from PhosphoSitePlus [78]), respectively. Wikipathways was used for pathway analysis [79], where the dataset was 
queried against this database to identify pathways. For this figure, EGF, VEGF, insulin, FAK, and MAPK signaling 
pathways were selected.

PDT affects metabolites that are involved in energy production and redox signaling
 Finally, PDT-treated SK-ChA-1 cells were investigated in terms of metabolomics 
at 90 min post-PDT. Incubation of cells with ZPCLs in the absence of light only 
marginally affected the metabolomic profile (Fig. 6a, Table S6), again confirming the 
in vitro safety of the ZPCLs. 
 PDT highly influenced almost all studied metabolites, whereby the effects 
observed in the LC50 group were essentially exacerbated in the LC90 group. PDT-
subjected SK-ChA-1 cells upregulated multiple amino acid levels as well as metabolites 
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Fig. 6. Metabolomic analysis of SK-ChA-1 cells after ZPCL-PDT. (A) Metabolites were classified into pathways 
and metabolite expression is depicted as the log2 fold-change (bottom left corner) between treated and control 
cells (n = 3 per group). Numerical values can be found in Table S6. (B) Log2 fold-change of metabolites in the 
category carbohydrate metabolism grouped per pathway. Changes in LC50- (left) and LC90-treated (right) SK-
ChA-1 cells compared to control cells are depicted. Identical log2 fold-change values are plotted for 3PG and 
2PG and for citrate and isocitrate, as these metabolites could not be resolved. Metabolites indicated in grey could 
not be quantified. Abbreviations: TCA cycle, tricarboxylic acid cycle; PPP, pentose phosphate pathway; G6P, 
glucose-6-phosphate; F6P, fructose-6-phosphate; F1,6BP, fructose-1,6-bisphosphate; DHAP, dihydroxyacetone 
phosphate; G3P, glyceraldehyde-3-phosphate; 1,3 BPG, 1,3-bisphosphoglycerate; 3PG, 3-phosphoglycerate; 2PG, 
2-phosphoglycerate; PEP, phosphoenolpyruvate; 6pG, 6-phosphogluconate; PenP, pentose-phosphate.
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involved in nucleotide metabolism. In contrast, metabolites involved in the TCA cycle 
and urea cycle were downregulated, reflecting perturbations in anaerobic energy 
production as evidenced by the lactate and succinate accumulation. Moreover, PDT 
also affected metabolites that modulate the redox balance (Fig. 6b). Glutathione 
and oxidized glutathione (GSSG) were downregulated, while nicotinamide adenine 
dinucleotide phosphate (NADP+) was upregulated. Possibly as a consequence of the 
pro-oxidative state, metabolites in the oxidative branch of the pentose phosphate 
pathway were upregulated (Table S6). Lastly, the nucleotide profile was also determined 
in PDT-treated cells, which showed slightly lower uridine triphosphate (UTP), cytidine 
triphosphate (CTP), and guanosine triphosphate (GTP) levels in the LC50 group (Fig. 
S6). The lower ATP:ADP ratio in PDT-treated cells may be indicative of dying cells 
(Fig. S6).

Discussion

 Clinical PDT may be enhanced by pharmacologically interfering in molecular 
pathways that mediate resistance to therapy [2]. During PDT, light intensity attenuates 
in the tumor tissue as a result of absorption and scattering, creating a gradient of 
cumulative light dose (fluence) across the tumor. Since PDT-mediated ROS production 
is proportional to the fluence [14], tumor cells that are more distal from the light source, 
or tumor cells that are insufficiently oxygenated, may experience less oxidative stress 
than fully exposed and oxygenated cells [23], allowing the sublethally afflicted cells 
to activate survival pathways. Inasmuch as tumor cell survival may ultimately enable 
recurrence and metastasis, it is critical that the tumor bulk is completely eradicated in 
a single PDT session.
 One potential strategy to optimize PDT is using pharmacological adjuvants 
that inhibit post-PDT survival signaling, which may be co-administered with the 
photosensitizer [11–13]. This study was conducted to determine which pathways are 
activated and hence eligible for pharmacological targeting. The response of tumor 
parenchymal and non-parenchymal cells subjected to sublethal (LC50) and supralethal 
PDT (LC90) was therefore investigated in the acute phase of PDT—a time point where 
the transcriptome and acute phase proteins were expected to be dysregulated. SK-ChA-1 
and A431 cells were used because the former are derived from a tumor known to be 
refractory to PDT [51, 52] and because both overexpress EGFR, which was shown to be 
profoundly affected by PDT. It is critical to underscore that the post-PDT environment 
temporally evolves in a dynamic manner at the level of the transcriptome, lipidome, 
proteome, and metabolome [53]. In support of this, the extent of PDT-induced cell death 
progressively increased at 2, 4, and 24 h after PDT and transcriptomic and (phospho)
proteomic analysis revealed that mRNA and protein expression was discordant at 90 
min post-PDT (Fig. S7). First, mRNA and protein expression profiles may be more 
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in sync at later time points, i.e., when the mRNA has been translated to functional 
proteins. Second, the transcriptome and proteome are also expected to change over 
time, potentially necessitating an acclimating pharmacological inhibition strategy after 
PDT. Because the transcriptomic-, (phospho)proteomic-, and metabolomic temporal 
changes are vital to therapeutic outcome, studies in our labs are underway to establish 
post-PDT molecular signatures across the 24-hour time span.
 In the acute phase, transcriptomic analysis revealed that PDT-treated tumor cells 
(SK-ChA-1, A431) were afflicted at multiple physiological and biochemical junctions 
and activated extensive survival signaling via HIF-1, NF-кB, AP-1, and HSF. Survival 
signaling was most pronounced in the low-dose PDT group, which is detrimental to 
the desired clinical outcome. Second, PDT-treated SK-ChA-1 cells downregulated 
proteins involved in EGFR signaling. Third, metabolomic analysis of PDT-treated SK-
ChA-1 cells pointed to downregulation of metabolites involved in energy metabolism 
(glycolysis, TCA cycle), altered cellular redox state, and upregulation of metabolites 
involved in nucleotide metabolism and the pentose phosphate pathway. These latter 
two findings are expected to be beneficial for PDT outcome, as EGFR downregulation 
and perturbed energy metabolism negatively affect cell viability and proliferation and 
hence offset the survival signaling.
 The ROAST gene set analysis supports our hypothesis that suboptimally treated 
tumor cells (LC50) engage in more extensive survival signaling in response to PDT. 
Especially the HIF-1- and NF-кB-mediated pathways may be attractive for therapeutic 
interventions. PDT of SK-ChA-1 and A431 cells upregulated genes downstream of HIF-
1 and NF-кB (IL1A, IL1B, IL6, CXCL8, VEGFA, HMOX1) that mediate inflammation, 
survival, and angiogenesis [54, 55]. These findings have been echoed in literature (Table 
1). Whereas overexpression of HIF-1 was associated with therapeutic resistance in 
5-aminolevulinic acid (5-ALA)-PDT-treated human esophageal carcinoma cells [56], 
combination therapy of siRNA-mediated knockdown of HIF-1 with Photosan-PDT 
significantly improved therapeutic efficacy in human head-and-neck cancer (SCC4, 
SAS) tumor-bearing mice [57]. Corroboratively, treatment of A431 and SK-ChA-1 
cells with the HIF-1 inhibitor acriflavine significantly improved PDT efficacy [11, 13]. 
Similarly, it was shown in various studies that combined treatment comprising NF-кB 
inhibitors and PDT augmented therapeutic efficacy [35, 58, 59].
 In addition to the tumor-derived cell lines, murine macrophages (RAW 264.7) 
responded fervently to PDT, inasmuch as these cells significantly upregulated all 
survival pathways (except for NFE2L2 in the LC90 group). This hyperactive state may in 
part have been caused by the fact that macrophages become activated upon exposure 
to dying cells and cell debris [60], including post-PDT [35]. The same pattern was 
observed for HUVEC cells, but in contrast to the tumor cell lines, only few differences 
were observed between the LC50 and LC90 groups. Unexpectedly, after PDT the 
endothelial cells slightly downregulated VEGF, which is a growth factor for (tumor) 
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endothelium that stimulates angiogenesis. Zhang et al. also observed downregulated 
VEGF protein levels after hypericin-PDT in HUVECs [61], which may indicate that 
PDT is able to induce growth inhibition of tumor endothelium.
 SK-ChA-1 cells were also subjected to (phospho)proteomic and metabolomic 
analysis, of which the main results are summarized in Fig. 7. At the proteomic 
level, PDT-mediated phosphorylation of HSPB1, which is a stress protein that 
acts as a chaperone to stimulate survival under stress conditions [50]. PDT at LC90 
downregulated proteins involved in focal adhesion [CAV1, integrin alpha-2 (ITA2)], 
adherens junctions (CTNND1, EpCAM), and tight junctions (phosphorylated ZO1 
and ZO3). As reported in [62–64], PDT may oxidatively damage proteins involved 
in cell–cell adhesion, cytoskeletal structure, and focal adhesion, which appears to be 
dependent on cell type, photosensitizer concentration, and light dose. However, it may 
also contribute to a higher metastatic potential after PDT, inasmuch as loss of adhesion 
proteins is associated with invasion [62]. Further research is warranted to establish 
whether PDT enhances the metastatic potential of cancer cells, as activation of both 
survival and metastasis pathways by PDT may hamper clinical safety of the procedure.
 Supralethal PDT also downregulated various proteins involved in EGFR 
signaling, which is an important therapeutic target as it is overexpressed in numerous 
cancer types [19]. Previous studies have shown that SK-ChA-1 and A431 cells in the 
absence of PDT are sensitive to EGFR inhibitors, as these compounds inhibited cell 
growth [46, 65]. ZPCL-PDT of SK-ChA-1 cells at LC90 revealed downregulation of 
EGFR on both the transcriptomic and proteomic level. Both SK-ChA-1 and A431 cells 
exhibited a reduction in EGFR mRNA levels after PDT and this effect was enhanced 

Identified target Druggable target General function Inhibitor PDT efficacy Ref.

Transcriptomics ▲ HMOX1 HMOX1 Cytoprotective, antoxi-
dative properties

SnPPIX ▲ [75]

ZnPPiX ▲ [44, 76]

▲ AP-1 pathway AP-1 Proliferation, inflamma-
tion, apoptosis - n.d. [9]

▲ HIF-1 pathway HIF-1 Survival, angiogenesis, 
glycolysis

Acriflavine ▲ [11, 13]
HIF-1α siRNA ▲ [57]

▲ HSF pathway HSF1 Proteostasis, survival - n.d. [9]

▲ NF-κB pathway NF-κB Inflammation, prolifera-
tion, anti-apoptosis

NF-κB siRNA ▲ [35]
Dihydroarte-

misinin ▲ [58]

BAY 11-7082 ▲ [59]

Proteomics ▲ HSPB1 HSPB1 Anti-apoptosis, cell 
invasion - ▲ ▼ [50, 77]

Metabolomics ▲ Succinate SUCNR1 Inflammation, HIF-1 
stabilization - n.d. [73]

Table 1. Potential druggable targets that were identified in this study. For all the molecular targets, its general 
function is listed, as well as whether inhibition improves (indicated with ▲) or hampers (indicated with ▼) PDT 
efficacy. Abbreviations: SnPPIX, tin protoporphyrin; ZnPPIX, zinc protoporphyrin; siRNA, small interfering RNA; 
n.d., not determined; SUCNR1, succinate receptor 1.
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in the LC90 group. Although the exact mechanism is still unknown, the general trend 
is that PDT is able to inhibit and/or degrade EGFR, thereby deterring tumor growth 
and inducing apoptosis [66]. However, exceptions do exist. For instance, Edmonds and 
co-workers showed that human ovarian carcinoma (OVCAR-5) and non-small cell 
lung cancer (H460) cell lines upregulated EGFR after PDT with verteporfin (log P = 

Fig. 7. Overview of the cellular response of SK-ChA-1 cells to supralethal (LC90) PDT. In response to PDT, SK-
ChA-1 cells downregulate proteins involved in focal adhesion, tight and adherens junctions, and EGFR signaling. 
Metabolic processes that are dependent on mitochondria (TCA cycle, urea cycle) appear to be downmodulated, 
whereas the antioxidant response was activated. On the transcriptomic level, SK-ChA-1 cells demonstrated an 
upregulation of AP-1-, HSF-, and NF-кB-mediated signaling that may contribute to cell survival.
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3.74) [67, 68]. Inhibition of EGFR with erlotinib increased PDT efficacy and resulted in 
apoptotic cell death [67], linking pharmacological EGFR inhibition to cell demise. Also, 
a more recent study demonstrated that erlotinib treatment prior to PDT induced higher 
complete response rates in NSCLC (H460, A549)-xenografted mice [69]. Interestingly, 
treatment of various cancer cell lines with the photosensitizer Photofrin (porfimer 
sodium, log P = 8.5 [2]) alone downregulated EGFR protein expression, which was 
enhanced upon PDT, indicating that Photofrin alone is able to downmodulate EGFR 
expression [70]. ZnPC is a highly lipophilic photosensitizer (log P = 8.5 [2]) that 
intercalates into biomembranes [13]. Given that EGFR is a transmembrane protein, 
ZnPC is expected to reside in the direct vicinity of the transmembrane domain of EGFR, 
where it can subsequently cause oxidative modification of EGFR’s transmembrane 
structures and impede its functional properties. The same applies to verteporfin and 
Photofrin. However, apparently the site of ROS generation is not ubiquitously linked to 
protein dysfunctionalization. Instead, EGFR expression after PDT is photosensitizer-
dependent, whereby inhibition of EGFR by PDT may contribute to an anti-cancer effect 
when photosensitizers are employed that induce its downregulation, such as ZnPC, by 
an as yet undefined mechanism.
 The metabolomics data of PDT-treated SK-ChA-1 cells showed similar trends 
between the LC50 and LC90 groups, although the effects were more pronounced in 
the LC90 group. PDT-treated cells exhibited increased glucose whereas a number of 
glycolysis-associated metabolites were reduced, suggesting that glucose is shuttled 
into pathways that branch off glycolysis, such as the pentose phosphate pathway. 
Also, the TCA cycle appeared to be downregulated following PDT, as evidenced by 
downregulation of acetyl-CoA, citrate, α-ketoglutarate, and malate. As a result of ROS 
production during PDT, the redox status of a cell may be seriously affected. This is 
also observed in PDT-treated SK-ChA-1 cells, as regulators of the redox response 
differed (e.g., reduction of glutathione and GSSG, increase in NADP+). The post-
PDT pro-oxidative state may also explain the upregulation of the pentose phosphate 
pathway (Fig. 6b), as the pentose phosphate pathway contributes to the production 
of NADPH—a major player in the antioxidant response [71]. Another important 
factor that was increased in PDT-treated SK-ChA-1 cells is succinate. Mitochondria 
are a known target of ZnPC-based PDT [2, 17], after which mitochondria-localized 
succinate may be released into the cytoplasm [72]. Succinate has been shown to mediate 
ATP generation in mitochondria, activation of HIF-1, and pro-inflammatory signaling 
(reviewed in [73]). Pharmacological strategies that limit succinate production could 
therefore serve as a strategy to augment PDT efficacy, although succinate build-up in 
mitochondria is also a precursor condition for latent oxidative stress [74] that in turn 
may promote tumor cell death.
 To our knowledge, this is the first study that explored the PDT response 
in such detail at the cellular and molecular level. Therefore, it may provide novel 
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information that could be valuable to design new therapeutic strategies, possibly 
based on therapeutic targets that were found in this study (Table 1). Consistent with 
earlier reports, the combined use of PDT and inhibitors of survival pathways may be 
an attractive approach to improve therapeutic efficacy in the aforementioned clinically 
recalcitrant cancer types.
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Fig. S1. Cell type-dependent PDT-induced survival signaling. Transcriptomic response of HUVEC, RAW 264.7, 
SK-ChA-1, and A431 cells following ZPCL-PDT at the LC50 and LC90 concentrations. Gene expression data were 
mapped onto AP-1- (top), NF-κB- (middle left), UPR- (middle right), NFE2L2- (bottom left), and HIF-1α-mediated 
pathways (bottom right), irrespective of P-value. The color and intensity of the box indicates the direction and 
extent of the log2 fold-change (versus the control group) for the indicated gene, respectively (legend lower left). 
Grey boxes signify probes that exhibited poor quality or were not included in the gene expression analysis. Each 
gene box, which may comprise multiple probes as indicated by horizontal splits, is vertically divided in two halves 
corresponding to the LC50 and LC90 groups (legend lower left). Abbreviations: ER, endoplasmic reticulum; ERAD, 
ER-associated degradation.
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Fig. S2. Analysis of EGFR signaling after ZPCL-PDT. Gene expression is depicted as the log2 fold-change (upper 
right corner) between the PDT-treated groups versus the control group (n = 3 per group). A gene may consist of 
multiple probes as indicated by horizontal splits. Grey boxes signify probes that exhibited poor quality or were not 
included in the gene expression analysis.

Fig. S3. Differentially expressed proteins as visualized by volcano plots. The group comparisons show log2 fold-
changes of proteins and corresponding P-values observed in SK-ChA-1 cells in response to ZPCL-PDT.
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Fig. S4. Western Blot analysis of SK-ChA-1 cells after ZPCL-PDT. (A) Western Blot analysis of a panel of proteins 
that were differentially expressed after (phospho)proteomics. Western Blot analysis revealed similar trends for 
EGFR and p-p38 MAPK as obtained by (phospho)proteomics. While p-ERK1 (MAPK3) was detected by Western 
Blot, SK-ChA-1 cells did not reveal any detectable p-ERK2 (MAPK1) levels. (B) Protein bands were quantified 
using ImageJ software and normalized to total protein (COX IV for EGFR, and total ERK and total p38 MAPK for 
their corresponding phosphorylated forms).

Fig. S5. Nucleotide analysis of SK-ChA-1 cells after ZPCL-PDT. Nucleotides were quantified using HPLC and 
depicted as pmol / μg protein (n = 3 per group).
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Fig. S6. Integration of transcriptomics, proteomics, and metabolomics data of SK-ChA-1 cells after ZPCL-PDT. 
Data was integrated for (A) the glycolysis/gluconeogenesis pathway, (B) tricarboxylic acid (TCA) cycle, and (C) the 
pentose phosphate pathway. Metabolites are indicated in circles and genes (left half of the square) and proteins (right 
half of the square) are indicated in squares. The left part of each pathway corresponds to the LC50 group, whereas the 
right part of each pathway corresponds to the LC90 group. Expression is depicted as the log2 fold-change between 
the treated groups versus the control group, where green and red represent down- and upregulation, respectively.
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Fig. S7. Microarray validation by qRT-PCR. The expression levels of a panel of genes for both the LC50 (white bars) 
and LC90 group (dark grey bars bars) as assessed by microarray were validated by qRT-PCR. The corresponding 
qRT-PCR data are depicted for the LC50 group in light grey and the LC90 group in black. Gene expression is depicted 
as the log2 fold-change between PDT-treated and control cells. qRT-PCR data were normalized to the expression 
level of the reference gene RPS18.
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Control Vehicle LC50 LC90

HUVEC Buffer 10 10 50

RAW 264.7 Buffer 30 30 75

SK-ChA-1 Buffer 25 25 80

A431 Buffer 65 65 250

Table S1. The concentrations of ZPCLs that were used for the different cell types. Concentrations indicate µM 
ZPCLs (final lipid concentration) and were calculated based on previously obtained cell viability data 4 hours post-
PDT as measured by the WST-1 method. Cells in the vehicle group were incubated with ZPCLs, but were not 
irradiated.

Species Gene Forward primer Reverse primer Amplicon size (bp)
Human BECN1 ATCTGCGAGAGACACCATCC TGTCACCATCCAGGAACTCA 137
Human CASP3 TGGTTTGAGCCTGAGCAGAG TGGCAGCATCATCCACACAT 122
Human CXCL1 AGGGAATTCACCCCAAGAAC ACTATGGGGGATGCAGGATT 130
Human EDN1 GGGCTGAAGGATCGCTTTGA GCGCCTAAGACTGCTGTTTC 199
Human FOS GTGACCGTGGGAATGAAGTT CCGGGGATAGCCTCTCTTAC 127
Human HIF1A GCGCGAACGACAAGAAAAAGA CCAGAAGTTTCCTCACACGC 204
Human JUN GTCCTTCTTCTCTTGCGTGG GGAGACAAGTGGCAGAGTCC 115
Human MLKL TACGCAGGATGTTGGGAGAT AGAGCTCCAGTGGCCATAAA 124
Human NFE2L2 GCTCATACTCTTTCCGTCGC ATCATGATGGACTTGGAGCTG   145
Human RELA TCCGCGGGCAGCATCCC CCATCCCGGCAGTCCTTTCCTAC 170
Human / Mouse RPS18 TTCGGAACTGAGGCCATGAT CGAACCTCCGACTTTCGTTCT 151
Human VEGFA CCACACCATCACCATCGACA CTAATCTTCCGGGCTCGGTG 204
Mouse Becn1 CATCCTGGCGAGTTTCAATAA TCACCATCCAGGAACTCACA 117
Mouse Casp3 TGAATCCACTGAGGTTTTGTTG TGCTGGTGGGATCAAAGC 93
Mouse Cxcl2 GTGCCATCAGAGCAGTCTGT GCACCCAAACCGAAGTCATA 148
Mouse Edn1 ACTCCATTCTCAGCTCCGGT TCCCGTGATCTTCTCTCTGC 96
Mouse Fos ACGGAGGAGACCAGAGTGG ATGGGCTCTCCTGTCAACAC 137
Mouse Hif1a TGACGGCGACATGGTTTACA AATATGGCCCGTGCAGTGAA 280
Mouse Jun TGAAAGCTGTGTCCCCTGTC ATCACAGCACATGCCACTTC 220
Mouse Mlkl AGGAACCAGTGGGTCAGGAT CAAGATTCCGTCCACAGAGGG 101
Mouse Nfe2l2 TCTATGTCTTGCCTCCAAAGG CTCAGCATGATGGACTTGGA 92
Mouse Rela GAACCTGGGGATCCAGTGTG AGTTCCGGTTTACTCGGCAG 266
Mouse Vegfa GGAGATCCTTCGAGGAGCACTT GGCGATTTAGCAGCAGATATAAGAA 130

Table S3. Overview of primers that were used for qRT-PCR.

Table S2 can be accessed at https://static-content.springer.com/esm/art%3A10.1007%2Fs00018-016-2401-0/
MediaObjects/18_2016_2401_MOESM3_ESM.xlsx.
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HUVEC

LC50 vs CTRL
Pathway NGenes PropDown PropUp Direction PValue FDR PValue.Mixed FDR.Mixed

HIF1 30 0.10 0.37 Up 1.00E-04 7.50E-05 1.00E-04 7.50E-05

UPR 23 0.04 0.30 Up 1.00E-04 7.50E-05 1.00E-04 7.50E-05

NF-κB 17 0.06 0.29 Up 1.00E-04 7.50E-05 1.00E-04 7.50E-05

HSF 11 0.00 0.64 Up 1.00E-04 7.50E-05 1.00E-04 7.50E-05

AP-1 17 0.12 0.24 Up 0.0037 0.00438 4.00E-04 0.00042

NFE2L2 11 0.00 0.09 Up 0.9373 0.93725 0.718 0.71795

LC90 vs CTRL

Pathway NGenes PropDown PropUp Direction PValue FDR PValue.Mixed FDR.Mixed

UPR 23 0.26 0.30 Up 1.00E-04 1.00E-04 1.00E-04 6.00E-05

NF-κB 17 0.24 0.41 Up 1.00E-04 1.00E-04 1.00E-04 6.00E-05

HSF 11 0.09 0.82 Up 1.00E-04 1.00E-04 1.00E-04 6.00E-05

HIF1 30 0.13 0.23 Up 0.001 0.001425 1.00E-04 6.00E-05

AP-1 17 0.18 0.35 Up 0.0025 0.00294 1.00E-04 6.00E-05

NFE2L2 11 0.18 0.09 Down 0.2058 0.20575 0.0239 0.02385

LC90 vs LC50

Pathway NGenes PropDown PropUp Direction PValue FDR PValue.Mixed FDR.Mixed

HSF 11 0.09 0.64 Up 1.00E-04 3.00E-04 1.00E-04 1.00E-04

HIF1 30 0.27 0.10 Down 0.1141 0.259575 2.00E-04 0.000225

AP-1 17 0.24 0.35 Up 0.1561 0.259575 1.00E-04 1.00E-04

NFE2L2 11 0.18 0.09 Down 0.1731 0.259575 0.0269 0.02685

NF-κB 17 0.24 0.29 Up 0.6789 0.81462 3.00E-04 3.00E-04

UPR 23 0.22 0.22 Up 0.8639 0.86385 1.00E-04 1.00E-04

RAW 264.7

LC50 vs CTRL
Pathway NGenes PropDown PropUp Direction PValue FDR PValue.Mixed FDR.Mixed

UPR 21 0.29 0.43 Up 1.00E-04 1.00E-04 1.00E-04 6.00E-05

NF-κB 15 0.27 0.53 Up 1.00E-04 1.00E-04 1.00E-04 6.00E-05

HSF 8 0.00 0.63 Up 1.00E-04 1.00E-04 1.00E-04 6.00E-05

HIF1 23 0.13 0.35 Up 0.0013 0.001875 1.00E-04 6.00E-05

NFE2L2 11 0.09 0.27 Up 0.007 0.00834 0.0031 0.00305

AP-1 19 0.32 0.42 Up 0.0095 0.00945 1.00E-04 6.00E-05

LC90 vs CTRL

Pathway NGenes PropDown PropUp Direction PValue FDR PValue.Mixed FDR.Mixed

UPR 21 0.33 0.52 Up 1.00E-04 7.50E-05 1.00E-04 7.50E-05

AP-1 19 0.32 0.42 Up 1.00E-04 7.50E-05 1.00E-04 7.50E-05

NF-κB 15 0.20 0.60 Up 1.00E-04 7.50E-05 1.00E-04 7.50E-05

HSF 8 0.00 0.75 Up 1.00E-04 7.50E-05 1.00E-04 7.50E-05

HIF1 23 0.17 0.26 Up 0.0138 0.0165 2.00E-04 0.00018

NFE2L2 11 0.18 0.18 Up 0.7325 0.73245 8.00E-04 0.00075

LC90 vs LC50

Pathway NGenes PropDown PropUp Direction PValue FDR PValue.Mixed FDR.Mixed

AP-1 19 0.11 0.42 Up 0.003 0.01695 1.00E-04 3.00E-04

NF-κB 15 0.13 0.33 Up 0.0057 0.01695 0.004 0.0079

HSF 8 0.00 0.50 Up 0.0103 0.0205 0.0059 0.008775

NFE2L2 11 0.36 0.00 Down 0.0378 0.056625 0.0233 0.0279

UPR 21 0.14 0.29 Up 0.2092 0.25098 0.0025 0.00735

HIF1 23 0.13 0.09 Down 0.3754 0.37535 0.0446 0.04455
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A431

LC50 vs CTRL
Pathway NGenes PropDown PropUp Direction PValue FDR PValue.Mixed FDR.Mixed

HIF1 28 0.00 0.36 Up 1.00E-04 7.50E-05 1.00E-04 5.00E-05

NF-κB 18 0.11 0.50 Up 1.00E-04 7.50E-05 1.00E-04 5.00E-05

AP-1 16 0.25 0.38 Up 1.00E-04 7.50E-05 1.00E-04 5.00E-05

HSF 11 0.00 0.55 Up 1.00E-04 7.50E-05 1.00E-04 5.00E-05

UPR 23 0.30 0.22 Up 3.00E-04 3.00E-04 1.00E-04 5.00E-05

NFE2L2 12 0.50 0.08 Down 0.0217 0.02165 1.00E-04 5.00E-05

LC90 vs CTRL

Pathway NGenes PropDown PropUp Direction PValue FDR PValue.Mixed FDR.Mixed

NF-κB 18 0.17 0.50 Up 1.00E-04 1.00E-04 1.00E-04 5.00E-05

AP-1 16 0.38 0.44 Up 1.00E-04 1.00E-04 1.00E-04 5.00E-05

HSF 11 0.18 0.64 Up 1.00E-04 1.00E-04 1.00E-04 5.00E-05

HIF1 28 0.21 0.39 Up 0.0021 0.003075 1.00E-04 5.00E-05

NFE2L2 12 0.50 0.25 Down 0.0041 0.00486 1.00E-04 5.00E-05

UPR 23 0.48 0.30 Down 0.0098 0.00975 1.00E-04 5.00E-05

LC90 vs LC50

Pathway NGenes PropDown PropUp Direction PValue FDR PValue.Mixed FDR.Mixed

HIF1 28 0.32 0.18 Down 1.00E-04 1.00E-04 1.00E-04 6.00E-05

UPR 23 0.61 0.22 Down 1.00E-04 1.00E-04 1.00E-04 6.00E-05

HSF 11 0.55 0.27 Down 1.00E-04 1.00E-04 1.00E-04 6.00E-05

AP-1 16 0.50 0.19 Down 0.0019 0.002775 1.00E-04 6.00E-05

NF-κB 18 0.33 0.11 Down 0.0053 0.0063 1.00E-04 6.00E-05

NFE2L2 12 0.25 0.25 Down 0.02 0.01995 4.00E-04 0.00035

SK-ChA-1

LC50 vs CTRL
Pathway NGenes PropDown PropUp Direction PValue FDR PValue.Mixed FDR.Mixed

HIF1 25 0.08 0.32 Up 1.00E-04 7.50E-05 1.00E-04 6.00E-05

NF-κB 16 0.19 0.38 Up 1.00E-04 7.50E-05 1.00E-04 6.00E-05

AP-1 15 0.33 0.47 Up 1.00E-04 7.50E-05 1.00E-04 6.00E-05

HSF 10 0.10 0.80 Up 1.00E-04 7.50E-05 1.00E-04 6.00E-05

UPR 23 0.30 0.35 Up 0.1493 0.1791 1.00E-04 6.00E-05

NFE2L2 13 0.23 0.31 Up 0.3278 0.32775 3.00E-04 0.00025

LC90 vs CTRL

Pathway NGenes PropDown PropUp Direction PValue FDR PValue.Mixed FDR.Mixed

AP-1 15 0.33 0.40 Up 1.00E-04 0.00015 1.00E-04 6.00E-05

HSF 10 0.20 0.80 Up 1.00E-04 0.00015 1.00E-04 6.00E-05

NF-κB 16 0.06 0.31 Up 8.00E-04 0.0015 2.00E-04 0.00015

UPR 23 0.48 0.35 Down 0.0016 0.002325 1.00E-04 6.00E-05

HIF1 25 0.16 0.20 Down 0.5088 0.6105 1.00E-04 6.00E-05

NFE2L2 13 0.23 0.23 Down 0.9279 0.92785 1.00E-04 6.00E-05

LC90 vs LC50

Pathway NGenes PropDown PropUp Direction PValue FDR PValue.Mixed FDR.Mixed

HIF1 25 0.32 0.08 Down 1.00E-04 0.00015 1.00E-04 6.00E-05

UPR 23 0.70 0.26 Down 1.00E-04 0.00015 1.00E-04 6.00E-05

AP-1 15 0.60 0.13 Down 3.00E-04 5.00E-04 1.00E-04 6.00E-05

NF-κB 16 0.31 0.06 Down 0.0041 0.006075 0.0012 0.00115

NFE2L2 13 0.31 0.15 Down 0.077 0.09234 1.00E-04 6.00E-05

HSF 10 0.40 0.30 Down 0.219 0.21895 1.00E-04 6.00E-05
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Table S4. A ROAST gene set test was performed to determine whether a survival pathway was either up- (in red) or 
downregulated (in green). Pathways with a FDR < 0.05 are indicated in bold. Ngenes, number of genes in pathway; 
PropDown, proportion of genes in set with z-score < -sqrt(2); PropUp, proportion of genes in set with z-score 
> sqrt(2); Direction, direction of change, ‘“Up”’ or ‘“Down”’; Pvalue, two-sided directional P-value; FDR: two-
sided directional false discovery rate; PValue.Mixed, non-directional P-value; FDR.Mixed, non-directional false 
discovery rate.

     Log2 fold-change (treatment / control)
Metabolite Vehicle LC50 LC90

Amino acid metabolism Phenylalanine 0.108 1.082 1.338
Leucine 0.117 1.035 1.387
Isoleucine 0.138 1.168 1.455
Methionine 0.125 1.112 1.405
Valine 0.118 1.140 1.417
Tryptophan 0.098 1.110 1.358
Proline 0.115 0.534 0.566
Tyrosine 0.121 0.994 1.235
Threonine 0.206 1.192 1.556
Alanine 0.188 0.602 0.577
Asparagine 0.099 0.603 0.913
Glutamine 0.046 0.532 0.789
Glutamate 0.002 -0.333 -0.451
Glycine -0.005 0.243 0.248
Aspartate 0.014 0.428 0.030
Serine 0.040 0.756 1.082
Histidine 0.127 0.975 1.184
Lysine 0.207 1.893 2.167
Arginine 0.130 1.392 1.635
Creatinine 0.164 1.297 1.520
Creatine 0.151 -0.483 -0.656
N-Acetyl-glutamate 0.061 -0.860 -1.712
Citrulline 0.089 -0.363 -0.464
Ornithine 0.323 1.713 1.926
Ophtalmic acid 0.127 -1.550 -2.228
Glutathione -0.084 -0.871 -1.332
Glutathione disulfide 0.356 -0.073 -1.069
Betaine 0.093 0.324 0.560
Homocysteine 0.009 1.033 1.321
S-Adenosylhomocysteine 0.078 -1.404 -1.364
Cystine 0.224 1.767 2.143
S-Adenosylmethionine -0.072 -0.098 -0.841
Choline 0.229 0.776 1.018

Carbohydrate metabolism Lactate 0.256 0.895 0.868
Glucose 0.097 1.487 1.787
Hexose-phosphate 0.061 -1.419 -1.992
Dihydroxyacetone phosphate 0.088 -0.052 -0.667
Glyceraldehyde-3-phosphate 0.063 -1.908 -2.229
Glucose-6-phosphate 0.289 -0.699 -0.858

Table S5 can be accessed at https://static-content.springer.com/esm/art%3A10.1007%2Fs00018-016-2401-0/
MediaObjects/18_2016_2401_MOESM6_ESM.xlsx.
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Table S6. Overview of log2 fold-changes in metabolite levels after ZPCL-PDT of SK-ChA-1 cells.

2/3-Phosphoglycerate -0.070 0.961 1.467
Phosphoenolpyruvate 0.213 2.864 4.009
Acetyl-CoA 0.244 -0.260 -1.210
Citrate/Isocitrate 0.002 -0.773 -1.241
cis-Aconitate -0.128 -1.234 -2.174
2-Ketoglutarate 0.053 -1.170 -1.857
Succinate 0.026 1.335 1.784
Malate 0.023 -0.044 -0.745
Fumarate 0.030 -0.059 -0.805
Erythrose-4-phosphate 0.328 0.155 -0.875
Pentose-phosphate 0.356 1.084 0.644
Sedoheptulose-7-phospate 0.008 -0.167 0.548
6-phosphogluconate 0.267 1.795 1.766
N-Acetyl-glucosamine-6-phosphate 0.116 -0.087 -0.509
UDP-N-Acetyl-glucosamine 0.024 -0.380 -1.247

Nucleotide metabolism Adenosine 0.096 3.541 4.701
Adenine 0.161 2.483 2.145
Hypoxanthine 0.096 2.341 2.596
Inosine -0.052 2.647 3.741
Guanine 0.530 4.262 3.933
AMP 0.123 1.829 4.009
IMP 0.000 8.474 10.393
GMP -4.867 3.885 5.743
Uracil -0.057 1.006 1.299
Orotate 0.194 -3.479 -3.829
Uridine 0.000 8.386 9.368
UMP 0.101 1.484 2.973

Energy Metabolism NADH -0.052 -0.350 -0.660
NAD+ 0.016 -0.544 -1.103
NADP+ 0.121 0.659 0.647
NADPH 0.116 -0.223 -0.626

Cofactors and vitamins Nicotinamide 0.179 1.449 1.474
Methylnicotinamide 0.059 -0.811 -1.572
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Abstract

 Photodynamic therapy (PDT) induces tumor cell death by oxidative stress and 
hypoxia but also survival signaling through activation of hypoxia-inducible factor 1 
(HIF-1). Since perihilar cholangiocarcinomas are relatively recalcitrant to PDT, the 
aims were to (1) determine the expression levels of HIF-1-associated proteins in human 
perihilar cholangiocarcinomas, (2) investigate the role of HIF-1 in PDT-treated human 
perihilar cholangiocarcinoma cells, and (3) determine whether HIF-1 inhibition 
reduces survival signaling and enhances PDT efficacy.
 Increased expression of VEGF, CD105, CD31/Ki-67, and GLUT-1 was 
confirmed in human perihilar cholangiocarcinomas. PDT with liposome-delivered 
zinc phthalocyanine caused HIF-1α stabilization in SK-ChA-1 cells and increased 
transcription of HIF-1α downstream genes. Acriflavine was taken up by SK-ChA-1 cells 
and translocated to the nucleus under hypoxic conditions. Importantly, pretreatment 
of SK-ChA-1 cells with acriflavine enhanced PDT efficacy via inhibition of HIF-1 and 
topoisomerases I and II.
 The expression of VEGF, CD105, CD31/Ki-67, and GLUT-1 was determined 
by immunohistochemistry in human perihilar cholangiocarcinomas. In addition, 
the response of human perihilar cholangiocarcinoma (SK-ChA-1) cells to PDT with 
liposome-delivered zinc phthalocyanine was investigated under both normoxic 
and hypoxic conditions. Acriflavine, a HIF-1α/HIF-1β dimerization inhibitor and a 
potential dual topoisomerase I/II inhibitor, was evaluated for its adjuvant effect on 
PDT efficacy.
 HIF-1, which is activated in human hilar cholangiocarcinomas, contributes 
to tumor cell survival following PDT in vitro. Combining PDT with acriflavine 
pretreatment improves PDT efficacy in cultured cells and therefore warrants further 
preclinical validation for therapy-recalcitrant perihilar cholangiocarcinomas.

Keywords
Cancer therapy, drug delivery system, extrahepatic cholangiocarcinoma, hypoxia, 
tumor targeting
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Introduction

 Photodynamic therapy (PDT) is a non-to-minimally invasive treatment 
modality for a variety of solid cancers. This therapy is based on the accumulation of a 
light-sensitive drug (photosensitizer) in the tumor following systemic administration. 
Next, the photosensitizer-replete tumor is locally irradiated with (laser) light, resulting 
in the activation of the photosensitizer and subsequent production of reactive oxygen 
species (ROS) via type I (superoxide) and/or type II (singlet oxygen) photochemical 
reactions. Consequently, PDT locally induces a state of hyperoxidative stress, 
culminating in tumor cell death, destruction of the microvasculature that causes tumor 
hypoxia and hyponutrition, and an anti-tumor immune response [1, 2].
 PDT is effective in the curative treatment of (pre-)malignant skin lesions 
(actinic keratosis, basal/squamous cell carcinoma) [3], but is also employed as (last-line) 
treatment of head and neck cancer [4], early central stage lung tumors [5], esophageal 
cancer [6], nasopharyngeal carcinomas [7], bladder cancer [8], and non-resectable 
perihilar cholangiocarcinomas [9]. Although PDT yields complete response rates of 50–
90% in the majority of the abovementioned cancers, nasopharyngeal-, urothelial-, and 
perihilar cholangiocarcinomas are relatively refractory to PDT. This may be in part due 
to hypoxia-mediated survival signaling that is triggered by the stabilization of hypoxia 
inducible factor 1 (HIF-1) following PDT [10–12]. In nasopharyngeal and superficial 
urothelial carcinomas, the overexpression of HIF-1α has been associated with poor 
overall survival [13, 14]. HIF-1 expression levels in perihilar cholangiocarcinomas are 
currently elusive but may account for the recalcitrance of these tumors to therapy [15].
 HIF-1 is a transcription factor composed of HIF-1α and HIF-1β subunits. During 
normoxia, prolyl-hydroxylases (PHD) and factor inhibiting HIF (FIH) mediate the 
hydroxylation of Pro402, Pro564, and/or Asn803 of HIF-1α [16]. In turn, Von Hippel-
Lindau tumor suppressor protein (VHL) binds to hydroxylated HIF-1α, resulting in 
complexation with E3 ubiquitin ligase and subsequent proteasomal degradation of 
HIF-1α [17, 18]. In contrast, hypoxia inhibits the activity of both PHDs and FIH, 
leading to HIF-1α stabilization and nuclear translocation [19]. After translocation to 
the nucleus, HIF-1α dimerizes with HIF-1β and mediates the transcription of various 
genes [20] that are involved in glycolysis, angiogenesis, survival, and apoptosis [21–
23]. Alternatively, HIF-1 may be activated through ROS, which also deter the activity 
of PHDs and FIH, leading to the stabilization and nuclear translocation of HIF-1α [24, 
25].
 HIF-1 is constitutively active in most tumors since the tumor growth rate exceeds 
the rate of neoangiogenesis [21, 23]. Moreover, HIF-1 is responsible for resistance 
to chemotherapy and radiotherapy [26, 27]. PDT increases HIF-1 activity in mouse 
mammary carcinoma (EMT-6) cells [28] and human bladder cancer (UROtsa, RT112, 
and J84 but not RT4) cells [29] as well as in murine Kaposi’s sarcoma- [30], BA mouse 

5



148 | CHAPTER 5

mammary carcinoma- [31, 32], and CNE2 nasopharyngeal carcinoma xenografts [33]. 
Inhibition of HIF-1 activity and corollary survival signaling may consequently improve 
the therapeutic efficacy of PDT.
 This study therefore investigated the therapeutic potential of the HIF-1 
dimerization inhibitor acriflavine (ACF) in an in vitro PDT setting for the treatment 
of human perihilar cholangiocarcinoma (SK-ChA-1) cells [34], i.e., a cell line 
derived from a type of cancer that is recalcitrant to different types of treatment. 
The photosensitizer used in this study was zinc phthalocyanine (ZnPC), a second-
generation photosensitizer that was encapsulated in cationic liposomes designed to 
target tumor cells and tumor endothelium [35, 36]. ACF was selected due to its selective 
inhibition of HIF-1 activation [37] and due to its clinical safety [38]. In a recent study, 
it was shown that ACF downregulates the HIF-1 target gene vascular endothelial 
growth factor (VEGF) and reduces the amount of tumor microvessels in murine breast 
carcinoma (4T1)-bearing mice [39]. Moreover, Wong et al. revealed that treatment of 
human breast carcinoma (MDA-MB-231 and MDA-MB-435)-xenografted mice with 
ACF inhibited HIF-1-mediated invasion and metastasis [40]. Besides HIF-1 inhibition, 
ACF was also investigated in the context of its dual topoisomerase I and II inhibitor 
activity, as discovered by Hassan et al. [41]. Topoisomerases are involved in the cleavage 
and resealing of DNA breaks during transcription and cell replication, and inhibition 
of these topoisomerases may lead to cell cycle arrest and apoptosis in dividing cells 
(reviewed in [42]).
 The most important findings were that HIF-1 is activated by sublethal PDT 
in SK-ChA-1 cells. Immunostaining of patient-derived perihilar cholangiocarcinoma 
biopsies demonstrated extensive neovascularization in desmoplastic tissue and 
heterogeneous glucose transporter 1 (GLUT-1) overexpression, hinting towards 
the possible involvement of hypoxia- and HIF-1-mediated angiogenesis. In vitro, 
pretreatment of tumor cells with ACF improved PDT outcome and reduced the PDT-
induced expression of VEGF and PTGS2. Lastly, incubation of SK-ChA-1 cells with 
ACF resulted in induction of S-phase cell cycle arrest, DNA damage, and apoptosis, 
altogether underscoring ACF’s dual topoisomerase I/II inhibition potential and utility 
to act as a neoadjuvant chemotherapeutic in PDT.

Results

Expression of hypoxia-related proteins in human perihilar cholangiocarcinoma
 Although the incidence of tumor hypoxia and the importance of HIF-1 
expression in a large variety of tumors have been widely established, literature on this 
phenomenon in perihilar cholangiocarcinomas is scarce. Therefore, it was investigated 
whether hypoxia-related proteins (VEGF for angiogenic signaling, CD105 and CD31/
Ki-67 for neovascularization, and GLUT-1 for glycolysis) were present in perihilar 
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cholangiocarcinoma resection specimens. Of note, immunostaining for HIF-1α 
directly was not performed due to its high instability (protein half-life of 5–8 minutes) 
[43]. Representative differently stained serial images are presented in Figure 1.
 The hematoxylin and eosin staining (Fig. 1A) revealed that perihilar 
cholangiocarcinomas were characterized by clusters of tumor cells surrounded by 
relatively large areas of desmoplastic tissue (i.e., stroma). The tumor mass stained 
positively for VEGF (as did liver tissue), whereas VEGF staining was less prominent in 
the tumor stroma (Fig. 1B). Nevertheless, the tumor stroma was densely vascularized. 
The vasculature in the desmoplastic tissue was not of pre-existent nature, as the 
endothelium stained positively for CD105, a marker for angiogenic endothelium (Fig. 
1C), and Ki-67, a marker of proliferation (Fig. 1D). Of note, the tumor mass was largely 
devoid of Ki-67-positive cells, indicating that the perihilar cholangiocarcinomas in 
our patient population were slowly proliferating tumors. GLUT-1 was largely absent 
in the tumor cell mass and stroma (Fig. 1E), albeit several regions containing GLUT-
1-expressing cell clusters were observed in other sections of the tumor (Fig. 1F). 

Fig. 1. Hypoxia-related protein expression in an extrahepatic perihilar cholangiocarcinoma (Klatskin tumor)
resection specimen. Serial histological sections were used for protein profiling in the same region. A. Hematoxylin 
and eosin staining of a cholangiocarcinoma section containing tumor mass (intense purple staining, circular 
structure, bottom left, marked with an asterisk in panels A-E), tumor stroma, and native tissue (e.g., pre-existent 
arterial structures). B. VEGF staining (brown), showing intense staining of the tumor mass and vascular endothelium 
(insert) as well as pre-existent biliary structures (insert, arrow). The insert corresponds to the demarcated region 
in the low-magnification image. C. CD105 staining (brown), showing no staining in the tumor mass and positive 
staining of the vascular endothelial cells in the tumor stroma (insert, arrow, indicates neovessel formation). D. 
Angiogenesis was further confirmed with CD31 (blue) and Ki-67 (red) double staining, showing that the blood 
vessels in the tumor stroma contain proliferating endothelial cells (insert, arrows). E. GLUT-1 staining (brown) was 
largely absent in the tumor mass and stroma, indicating that these regions were not affected by hypoxia. In some 
regions of the tumor, however, positive staining was observed (insert, arrow). F. Strong GLUT-1 staining was found 
in another region of the histological specimen. Magnification: 4× (A-E, scale bar = 100 μm) and 10× (F, scale bar 
= 40 μm).
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Accordingly, these results provide compelling evidence for the presence of hypoxia and 
HIF-1 activation in perihilar cholangiocarcinomas, which likely drive angiogenesis 
and regional upregulation of glycolysis. Moreover, the perihilar cholangiocarcinomas 
are replete with vasculature that may serve as a conduit for the delivery of liposome-
encapsulated photosensitizers.

HIF-1 is activated after PDT
 To establish whether HIF-1 was activated by PDT, the optimal PDT dose 
was first determined in perihilar cholangiocarcinoma (SK-ChA-1) cells. SK-ChA-1 
cells were incubated with increasing concentrations of ZnPC-encapsulating cationic 
liposomes (ZnPC-ETLs) and subsequently treated with PDT (500 mW, 15 J/cm2). 

Fig. 2. Analysis of HIF-1α activation after PDT. A. SK-ChA-1 cells were incubated with increasing concentration of 
ZnPC-ETLs, treated with PDT, and maintained at normoxic (red bars) or hypoxic (blue bars) culture conditions. 
Cell viability was determined 24 hours post-PDT (n = 6 per group). B. SK-ChA-1 cells were treated with PDT 
(10 μM ZnPC-ETLs, final lipid concentration) or received a control (CTRL) treatment, after which the cells were 
placed in a hypoxic chamber up to 240 minutes (min) post-PDT. HIF-1α protein levels were determined using 
Western blotting. As a positive control, cells were incubated with 500 μM CoCl2 for 24 hours (top panel). Next, the 
HIF-1α protein bands and their corresponding β-actin protein bands were quantified using ImageJ software [74] 
and each HIF-1α value was divided by its corresponding β-actin value. All values were normalized to the positive 
control (CoCl2) (bottom panel). C. SK-ChA-1 cells were either left untreated (grey bars) or treated with PDT (white 
bars), and subsequently placed at hypoxic conditions for 4 hours. Thereafter, downstream targets of HIF-1 were 
analyzed with qRT-PCR (n = 3 per group). Readers are referred to the experimental section for the significance of 
the statistical symbols.
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These liposomes have been shown to selectively accumulate in tumor endothelium 
[44], which is expected to translate to vascular shutdown and exacerbated tumor 
hypoxia following PDT [15]. Moreover, the ZnPC-ETLs are taken up by tumor cells, 
including SK-ChA-1 cells (manuscript in preparation). After PDT, the cells were either 
maintained under normoxic or hypoxic culture conditions (Fig. 2A) to mimic the 
PDT-induced vascular shutdown [45, 46]. Cell viability was determined 24 hours after 
PDT using the WST-1 assay. Cells exhibited a ZnPC concentration-dependent decrease 
in cell viability following PDT, whereby the extent of cell death was exacerbated by 
hypoxia (Fig. 2A). Since the IC50 concentration in normoxic and hypoxic cells were 
approximately 10 and 5 μM ZnPC-ETLs (final lipid concentration), respectively, these 
concentrations were used in the rest of the experiments.
 Next, the stabilization of HIF-1α and induction of HIF-1α transcriptional 
targets were investigated following PDT. As shown in Figure 2B, normoxic SK-ChA-1 
cells exhibited no notable HIF-1α expression. Stimulation of cells with cobalt chloride is 
commonly used to induce hypoxic signaling [47, 48] and was therefore used as positive 
control. Indeed, cobalt chloride caused extensive HIF-1α stabilization. Accordingly, 
SK-ChA-1 cells that were placed in a hypoxic chamber stabilized HIF-1α in a time-
dependent manner, albeit less extensively than after cobalt chloride stimulation. HIF-
1α stabilization was enhanced upon PDT.
 The HIF-1α stabilization was associated with upregulated transcription of several 
HIF-1 target genes, including VEGF (angiogenesis), PTGS2 (survival), and HMOX1 
(survival) (Fig. 2C). SK-ChA-1 cells also upregulated SERPINE1 (angiogenesis) and 
baculoviral inhibitor of apoptosis repeat-containing 5 (BIRC5, survival) after PDT. It 
was therefore concluded that HIF-1α is upregulated in SK-ChA-1 cells following PDT, 
albeit to a minor extent in comparison to the cobalt chloride treatment.

ACF is translocated to the nucleus upon hypoxia and/or PDT
 Since PDT induced HIF-1 signaling in SK-ChA-1 cells, which may be responsible 
for the therapeutic recalcitrance in vivo, we investigated whether the HIF-1α/HIF-
1β dimerization inhibitor ACF would enhance PDT efficacy. First, the intracellular 
localization of ACF was determined by confocal microscopy, whereby the intrinsic 
fluorescence of ACF (λex = 453 nm and λem = 507 nm) in combination with (intra)
cellular membrane staining (Fig. 3). SK-ChA-1 cells were incubated with ACF during 
normoxia, hypoxia, and/or after PDT to study the cytosolic-to-nuclear translocation of 
ACF during these processes.
 As shown in Figure 3A, ACF was localized in both the nucleus and cytosol 
under normoxic conditions. PDT treatment was accompanied by a translocation of 
ACF towards the nucleus under normoxic conditions, which was further characterized 
by altered cell morphology that entailed cell shrinkage and blebbing (Fig. 3B). Hypoxia 
(in the absence of PDT) triggered prominent translocation of ACF from the cytosol to 
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the nucleus (Fig. 3C). Interestingly, PDT-treated SK-ChA-1 cells that were placed in a 
hypoxic environment revealed a similar ACF distribution pattern as PDT-treated cells 
under normoxic conditions. ACF was mainly found in the nucleus in PDT-treated 
hypoxic cells, albeit at relatively lower levels compared to untreated hypoxic cells (Fig. 
3D).

Fig. 3. Intracellular ACF localization. A–D. SK-ChA-1 cells were either left untreated or treated with PDT and 
subsequently incubated with ACF for 4 hours under normoxic (A, B) or hypoxic culture conditions (C, D). ACF 
localization was determined using confocal microscopy (ACF in green; Nile Red (membrane staining) in red).

ACF potentiated PDT efficacy
 For clinical application purposes, ACF should remain stable during the 
application of PDT and during conditions of oxidative stress in order to inhibit HIF-1 
activation after PDT and the subsequent microvascular shutdown. A model system 
was therefore used to study the stability of ACF during PDT. ACF was dissolved in 
buffer solution and exposed to increasing amounts of cell phantoms (i.e., artificial 
cells) loaded with ZnPC, of which it was demonstrated that ROS is produced upon 
irradiation [36]. As shown in Figure 4A, the application of PDT only marginally 
affected ACF fluorescence, confirming that ACF remained stable during illumination 
and conditions of hyperoxidative stress.
 To determine the most suitable concentration of ACF for the improvement of 
PDT efficacy, the concentration-dependent uptake and toxicity of ACF were tested in 
SK-ChA-1 cells. ACF uptake followed a concentration-dependent linear pattern up to 
5 μM ACF (Fig. 4B). The toxicity of ACF was determined during a 24-hour incubation 
period under either normoxic or hypoxic conditions (Fig. 4C). The IC50 concentration 
during normoxia and hypoxia, determined with the WST-1 assay, was 29 and 73 μM, 
respectively. Inasmuch as SK-ChA-1 cells exhibited a relative viability of ~90% at 3 μM 
ACF during normoxia, this concentration was used in the rest of the experiments.
 Next, SK-ChA-1 cells were incubated with ACF for 24 hours under normoxic 
conditions and treated with PDT (Fig. 4D) to investigate ACF’s adjuvant efficacy. As 
indicated, ACF was mildly toxic, which translated to slightly increased cytotoxicity 
when combined with PDT and normoxic incubation (Fig. 4D). A similar trend was 
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Fig. 4. Combination treatment of ACF with PDT. A. Evaluation of ACF stability using increasing concentrations of 
ZnPC-containing cell phantoms (ZnPC-CPs) with or without irradiation. ACF degradation was monitored using 
fluorescence spectroscopy (n = 4 per concentration). B. Cells were incubated with ACF for 24 hours, after which 
the uptake of ACF was determined using fluorescence spectroscopy. Data were normalized to protein content (n = 
4 per concentration). C. ACF toxicity was determined after 24-hour incubation under either normoxic (red line) or 
hypoxic (blue line) conditions using the WST-1 method (n = 4 per group). Treatment efficacy of ACF and ACF + 
PDT was tested in SK-ChA-1 cells after 4 hours at D. normoxic and E. hypoxic culture conditions (n = 6 per group). 
(F, G) Relative caspase 3/7 activity was determined 4 hours after PDT at incubation at F. normoxic or G. hypoxic 
culture conditions (n = 6 per group). H. Lactate production by SK-ChA-1 cells treated with ACF and ACF + PDT 
was evaluated after 24 hours at normoxic (red bars) or hypoxic (blue bars) culture conditions (n = 6 per group). I–P. 
Analysis of DNA damage after control (CTRL), ACF, PDT, and ACF + PDT treatment. Cells were kept for 4 hours 
under normoxic (I-L) or hypoxic conditions (M-P) post-treatment. Cells were stained with DAPI (nuclei, blue) 
and phospho-H2AX (DNA double-strand breaks, red). The arrowhead in panel P indicates apoptosis. Readers are 
referred to the experimental section for the significance of the statistical symbols.
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observed in cells that were maintained under hypoxic conditions after PDT (Fig. 
4E). In addition, the levels of caspase 3 and 7 (i.e., apoptosis markers) were assayed 
4 hours post-treatment (Fig. 4F, 4G). Under normoxic conditions, neither ACF nor 
PDT significantly affected caspase 3/7 levels, however, ACF + PDT resulted in a 8-fold 
higher caspase 3/7 activity in SK-ChA-1 cells (Fig. 4G). During hypoxia, PDT resulted 
in a 4-fold increase in caspase 3/7 activity and ACF + PDT resulted in a 10-fold higher 
caspase 3/7 activity, indicating that apoptosis constitutes an important mode of cell 
death following combination treatment of ACF + PDT. None of the conditions induced 
the formation of DNA double-strand breaks, as assessed by a phospho-H2AX staining 
4 hours after treatment (Fig. 4I–4P), indicating that neither hypoxia nor ACF or PDT 
induce direct damage to DNA in the acute phase.
 Lastly, inasmuch as HIF-1 signaling is a driving force behind glycolysis and the 
consequent production of lactate [49], the production of lactate was quantified in the 
cell culture medium 24 hours after ACF and PDT treatment (Fig. 4H). Lactate excretion 
levels were substantially increased under hypoxic conditions in all treatment groups 
compared to normoxic cells, validating our hypoxic incubation model. However, no 
further intergroup differences were observed in this cell line with respect to lactate 
production. Neither ACF nor PDT therefore induced notable metabolic catastrophe in 
cells.

ACF interferes with the regulation of HIF-1-induced target genes
 To study whether pre-treatment with ACF influences post-PDT HIF-1α 
signaling, SK-ChA-1 cells were incubated with ACF and subsequently treated with 
PDT and maintained under hypoxic conditions. HIF-1 downstream targets were 
clustered in angiogenesis-, glycolysis-, and survival-associated genes and analyzed by 
quantitative reverse transcriptase polymerase chain reaction (qRT-PCR) at different 
time points after PDT (Fig. 5). Moreover, additional HIF-1 target genes were included 
in the ACF-related transcriptomic analysis.
 PDT induced the expression of VEGF, HMOX1, and PTGS2, corroborating the 
data in Figure 2C. ACF reduced the degree of PTGS2 upregulation (only in the 0-h and 
2-h group) and VEGF transcription post-PDT. Conversely, EDN1 was downregulated by 
hypoxia and PDT but upregulated by ACF. In addition, SERPINE1 was highly induced 
upon ACF treatment - an effect that was also observed after PDT in the presence of 
ACF. Altogether, these findings indicate that ACF by itself and in combination with 
PDT modulates several important HIF-1-induced transcriptional targets. However, 
the direction of the regulation is not always consistent within one functional class.

Long-term exposure to ACF causes cell cycle arrest and apoptosis
 Although ACF is generally considered a specific HIF-1α/HIF-1β dimerization 
inhibitor [37], Hassan et al. have reported that ACF may also act as a dual topoisomerase 
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I/II inhibitor [41]. Topoisomerase I/II inhibition is associated with cell cycle arrest 
and consequent apoptosis as a result of DNA double-strand breaks (reviewed in [42, 
50]). In the acute phase after PDT, DNA double-strand breaks were not observed 
(Fig. 4I–4P) but apoptotic signaling was pronounced, particularly in the ACF + PDT 
and hypoxia groups (Fig. 4F and 4G). To investigate the potential topoisomerase I/II 
inhibitory effects, SK-ChA-1 cells were exposed to ACF for longer time frames (24 and 
48 hours) under normoxic conditions, after which the cell cycle profile was analyzed 
using propidium iodide staining (Fig. 6A–6D).
 As shown in Figure 6B and 6D, ACF led to an increased fraction of cells in 
both the S- and G2/M-phase after 24 and 48 hours of incubation. The most significant 
effect of ACF was characterized by cell cycle arrest in the S-phase after 48 hours of 
incubation. Furthermore, ACF treatment was associated with increased apoptosis, but 
not necrosis, after 24 and 48 hours (Fig. 6E, 6F), which concurred with elevated ROS 
production in cells (Fig. 6G, 6H). Finally, incubation of SK-ChA-1 cells with ACF 
for 24 or 48 hours led to the formation of DNA double-strand breaks (Fig. 6I–6P), 
although not in a concentration-dependent manner.

Fig. 5. Gene expression analysis after control (CTRL), ACF, PDT, and ACF + PDT treatment. Gene expression 
levels were obtained by qRT-PCR from SK-ChA-1 cells as analyzed 0 hours, 2 hours, or 4 hours post-treatment 
under hypoxic conditions. The plotted heat map data represents the log2-transformed fold change of each data point 
in relation to the 0-hour normoxic CTRL. Upregulated genes are depicted in red, downregulated genes in green. 
Numeric values are provided in Table S2. 5
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Fig. 6. A–D. SK-ChA-1 cells were incubated with ACF for either (A, B) 24 hours or (C, D) 48 hours, after which 
the cell cycle profile was analyzed with flow cytrometry using propidium iodide staining (n = 3 per group). E. Flow 
cytometric analysis of SK-ChA-1 cells that were incubated with ACF for either 24 hours (in grey) or 48 hours (in 
white), after which the fraction of apoptotic (annexin V-positive) and F. necrotic (TO-PRO-3-positive) cells was 
determined (n = 3 per group). (G, H) SK-ChA-1 cells were exposed to ACF for G. 24 hours or H. 48 hours and 
intracellular DCF fluorescence was determined as a measure of ROS production. I–P. Analysis of DNA damage 
after control (CTRL) or ACF treatment. SK-ChA-1 cells received ACF or CTRL treatment for (I-L) 24 hours or 
(M-P) 48 hours, and were subsequently stained with DAPI (nuclei, blue) and phospho-H2AX (DNA double-strand 
breaks, red).
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Discussion

 Perihilar cholangiocarcinoma is a relatively rare cancer that is non-resectable in 
70–80% of patients at the time of diagnosis [51]. Although PDT is not curative in these 
patients, the treatment does prolong the median survival of 6–9 months (stenting) to 21 
months post-diagnosis (stenting + PDT) [9]. Driven by these promising results, novel 
avenues are being explored to enhance PDT efficacy in these refractory and rather 
lethal cancers. PDT is associated with microvasculature shutdown and consequent 
HIF-1 signaling that may contribute to therapeutic recalcitrance [10]. Therefore, 
this study was conducted to investigate the expression of HIF-1-induced proteins in 
perihilar cholangiocarcinomas to gauge whether inhibition of HIF-1 may be exploited 
as a therapeutic target in the context of PDT. Histological analysis revealed that human 
perihilar cholangiocarcinomas overexpress VEGF homogeneously and GLUT-1 
heterogeneously and are replete with neoangiogenic vessels in the desmoplastic tissue, 
suggesting that HIF-1 is constitutively active in these tumors. Second, PDT of SK-
ChA-1 cells with ZnPC-encapsulating liposomes caused HIF-1α stabilization and 
transcriptional upregulation of downstream targets of HIF-1. Third, ACF was taken 
up by SK-ChA-1 cells, especially during hypoxia, and translocated to the nucleus 
upon hypoxia and PDT. Lastly, ACF pretreatment was associated with S-phase cell 
cycle arrest and apoptosis and enhanced PDT efficacy, likely via inhibition of HIF-1 
inhibition and topoisomerase I/II.
 HIF-1α stabilization after PDT has been observed in various experimental 
settings. Ferrario et al. revealed that porfimer sodium-PDT resulted in HIF-1α 
stabilization in murine Kaposi’s sarcoma [30]. PDT also upregulated the HIF-1-
associated targets VEGF and COX-2 [30]. In mouse mammary carcinoma (BA) 
xenografts [31], porfimer-PDT led to an increase in HIF-1α, BIRC5, and VEGF protein 
levels. Lastly, murine mammary carcinoma (EMT-6) cells that were treated with 
porfimer sodium-PDT exhibited HIF-1α stabilization and its consequent translocation 
to the nucleus [28]. In line with these findings, our study demonstrated that HIF-1α 
was stabilized in SK-ChA-1 cells after incubation in a hypoxic chamber (to mimic 
vascular shutdown) and after PDT. PDT also led to the differential regulation of HIF-1-
regulated genes, including VEGF, PTGS2, SERPINE1, HMOX1, and BIRC5. Consistent 
with these results, it was recently demonstrated that SK-ChA-1 cells subjected to 
sublethal PDT with neutral ZnPC-encapsulating liposomes significantly upregulated 
HIF-1-associated genes 90 minutes post-PDT [52]. Altogether, these findings attest 
that HIF-1α is activated following PDT and that this transcription factor constitutes 
an important therapeutic target, particularly in light of the fact that HIF-1 regulates 
biological processes that are important in PDT, such as glycolysis, angiogenesis, and 
survival [10].
 The combinatorial use of HIF-1 inhibitors with PDT is a relatively new concept. 
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For instance, Chen et al. used HIF-1α siRNAs in combination with Photosan-PDT in 
a head-and-neck cancer mouse model, which resulted in regression of tumor volume 
by ~40% within 10 days [53]. Besides HIF-1 inhibition, its downstream target VEGF 
has been inhibited in various studies [32, 54, 55], which generally led to improved 
therapeutic efficacy. Although downstream targets of HIF-1 may be inhibited, from 
a pharmacology point of view it would be more attractive to inhibit HIF-1 itself, 
inasmuch as all the downstream targets are blocked concomitantly. As such, the HIF-
1α/HIF-1β dimerization inhibitor ACF was evaluated for its adjuvant potential in SK-
ChA-1 cells. ACF specifically binds the PER-ARNT-SIM (PAS) domain of HIF-1α and 
HIF-2α, which prevents the dimerization of HIF-1, thereby deterring its activation 
[37]. It was observed that ACF was taken up by SK-ChA-1 cells and translocated to 
the nucleus after hypoxia and/or PDT, presumably due to its binding to HIF-1α and 
HIF-2α. Moreover, ACF remained stable during the application of intense (laser) light 
exposure as well as during conditions of oxidative stress, suggesting that ACF will be 
able to inhibit HIF-1 after PDT and consequent vascular shutdown. The IC50 value 
of ACF in SK-ChA-1 cells was 29 μM during normoxia, which is in the range that 
has been observed for other cell lines [56]. Strese et al. found that human leukemic 
monocyte lymphoma (U937) was most susceptible to ACF, as demonstrated by an 
IC50 value of 4.6 μM, whereas human breast cancer (MCF-7) cells exhibited an IC50 
value of 61 μM [56]. Pretreatment of SK-ChA-1 cells with ACF significantly improved 
therapeutic efficacy, which was partially mediated by the increase in caspase 3/7 levels 
(apoptosis).
 In addition to HIF-1 inhibition, ACF has also been shown to act as a dual 
topoisomerase I/II inhibitor [41]. Of note, topoisomerase inhibitors (e.g., topotecan 
[57]) may also repress gene transcription, but to what extent ACF is able to inhibit HIF-
1-mediated signaling via this mechanism is currently elusive. Topoisomerase class I and 
II inhibitors cleave either one or both strands of DNA, respectively. Both topoisomerase 
I and II inhibitors may induce the formation of DNA double-strand breaks, inasmuch 
as the single-strand break that is induced by topoisomerase I inhibitors may turn into 
a double-strand break when the topoisomerase I cleavable complex collides with the 
replication fork [58]. This type of DNA damage may culminate in cell cycle arrest 
via tumor protein 53 (p53)-mediated p21WAF1/CIP1 induction, cellular senescence, and 
both p53-dependent and p53-independent apoptosis [42, 50, 58, 59]. To determine 
whether the observed cell death could (in part) be explained by topoisomerase I/II 
inhibition, SK-ChA-1 cells were incubated with ACF for 24 and 48 hours (i.e., a full 
cell cycle requires 48 hours [34]). It should be noted that, although SK-ChA-1 cells 
have a mutation (at codon 282) in the DNA binding domain of p53 [60], their p53 
is still functional. ACF incubation led to cell cycle arrest in both the S-phase and the 
G2/M-phase and was associated with an increased percentage of apoptotic cells. SK-
ChA-1 cells also exhibited DNA double-strand breaks as a result of ACF incubation. 
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Collectively, these findings support the notion that ACF exhibits topoisomerase I/II 
inhibition activity that may contribute to greater therapeutic efficacy.
 An interesting finding of this study is the upregulation of SERPINE1 after ACF 
treatment. SERPINE1 is a downstream target of both HIF-1 and p53 [61] and its protein 
product plasminogen activator inhibitor 1 (PAI1) is known to exhibit pleiotropic 
effects. PAI1 is involved in the inhibition of extracellular matrix remodeling, but it also 
has anti-apoptotic and pro-proliferative capacities and is involved in angiogenesis [62, 
63]. This has been exemplified by Devy et al., who demonstrated that cultured mouse 
aortic rings from PAI1-deficient mice, which were stimulated with PAI1, exhibited 
a dose-dependent angiogenic response [64]. Whereas low-dose levels of PAI1 were 
associated with increased angiogenesis, high-dose levels of PAI1 inhibited microvessel 
formation [64]. To what extent p53 is responsible for SERPINE1 induction after ACF 
treatment is currently elusive, as are the consequences of PAI1 induction in the context 
of PDT.
 As stated earlier, the use of inhibitors of specific survival pathways with 
PDT is a relatively novel strategy. Several studies have indicated that inhibition of 
survival pathways in conjunction with PDT may be an attractive means to enhance 
PDT efficacy (reviewed in [10]). Consistent with these results, the present findings 
also encourage the use of small molecule inhibitors (e.g., HIF-1 inhibitors) of survival 
pathways together with PDT. These small molecule inhibitors can be co-encapsulated 
with a photosensitizer into a single drug delivery system, such as liposomes, in order 
to improve treatment outcome.
 In conclusion, HIF-1 is overexpressed in a variety of solid cancers and is 
often associated with therapeutic recalcitrance, inasmuch as it stimulates glycolysis, 
angiogenesis, and survival. This study demonstrated that HIF-1 inhibition via ACF may 
be an attractive method to potentiate PDT efficacy in perihilar cholangiocarcinoma. 
Interestingly, not only HIF-1 inhibition, but also topoisomerase I/II inhibition by ACF 
may further contribute to increased PDT efficacy. In vivo studies as addressed in [65] 
are necessary to validate the potential of ACF in combination with PDT.

Materials and Methods

Chemicals
 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-dipalmitoyl-sn-
glycero-3-phospho-L-serine (DPPS), and 3β-[N-(N’,N’-dimethylaminoethane)-
carbimoyl]cholesterol (DC-chol) were purchased from Avanti Polar Lipids (Alabaster, 
AL). L-α-phosphatidylethanolamine, distearoyl methoxypolyethylene glycol conjugate 
(DSPE-PEG, average PEG molecular mass of 2,000 amu), ZnPC, 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES), fibronectin, sodium chloride (NaCl), 
β-mercaptoethanol, cholesterol, chloroform, Nile Red, paraformaldehyde, sucrose, 
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bovine serum albumin (BSA), Tween 20, CoCl2, ACF, and pyridine were obtained 
from Sigma-Aldrich (St. Louis, MO). Tris-HCl and dimethyl sulfoxide (DMSO) were 
purchased from Merck KgaA (Darmstadt, Germany). Ethanol was obtained from 
Biosolve (Valkenswaard, the Netherlands). Protease inhibitor cocktail and water-
soluble tetrazolium-1 (WST-1) were purchased from Roche Applied Science (Basel, 
Switzerland). 2’,7’-dichlorodihydrofluorescein diacetate (DCFH2-DA) was obtained 
from Life Technologies (Carlsbad, CA).
 All lipids were dissolved in chloroform, purged with nitrogen gas, and stored at 
−20°C. Phospholipid stock concentrations were determined by the inorganic phosphate 
assay modified from [66]. ZnPC was dissolved in pyridine at a 178-μM concentration 
and stored at room temperature (RT) in the dark, CoCl2 was dissolved in MilliQ at 
a concentration of 50 mM, and ACF and DCFH2-DA were dissolved in DMSO at a 
concentration of 50 mM.

Histology
 Histology was performed on two patient-derived, paraffin-embedded perihilar 
cholangiocarcinoma biopsies. Tissue sections were dewaxed in xylene and rehydrated 
in graded steps of ethanol. Endogenous peroxidase activity was blocked with methanol 
containing 0.3% peroxide (20 min, RT). Heat-induced epitope retrieval (HIER) was 
performed in a pretreatment module (Thermo Fisher Scientific, Fremont, CA) using 
Tris-EDTA (VEGF, Ki-67, CD31, GLUT-1) or citrate buffer (CD105) for 20 minutes at 
98°C. Throughout the staining procedure all washing steps were performed with Tris-
buffered saline. Superblock (Immunologic, Duiven, the Netherlands) was applied as a 
protein block prior to staining with primary antibodies.
 All antibodies were diluted with antibody diluent (Scytek, Logan, UT). 
Single stains for CD105 (rabbit anti-human, polyclonal, cat. # RB-9291, Thermo 
Fischer Scientific), VEGF (rabbit anti-human, polyclonal, cat. # sc-152, Santa Cruz 
Biotechnology, Santa Cruz, CA), and GLUT-1 (rabbit anti-human, polyclonal, cat. # 
RB-9052, Thermo Fischer Scientific) were performed. These primary antibodies were 
visualized with BrightVision HRP-conjugated anti-rabbit polymer (Immunologic) and 
BrightDAB. The sections were counterstained with hematoxylin.
 Sequential double staining [67] was performed for CD31 (mouse anti-human, 
clone JC70A, cat. # M0823, Dako, Glostrup, Denmark) and Ki-67 (rabbit anti-human, 
clone SP6, cat. # RM9106, Thermo Fischer Scientific). Ki-67 was visualized with 
BrightVision AP-conjugated anti-rabbit polymer (Immunologic) and Vector Red 
(Vector Labs, Burlingame, CA). Next, an intermediate HIER step using Tris-EDTA 
buffer (10 minutes at 98°C) was applied to remove all antibodies but leaving the 
chromogen intact [68]. Finally, CD31 was visualized with BrightVision AP-conjugated 
anti-mouse polymer (Immunologic) and PermaBlue plus/AP (Diagnostics Biosystems, 
Pleasanton, CA). All slides were dried on a hotplate (50°C) and permanently mounted 
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with Vectamount (Vector Labs).
 It should be noted that, as part of the clinical diagnostics protocol at the 
Department of Pathology, all antibodies had been validated for their cross-reactivity 
and immunohistological staining efficacy using tissue that overexpresses the respective 
marker. Immunostaining for HIF-1α directly was not performed due to the instability 
of the HIF-1α antigen (degrades within a few minutes after biopsy).

Liposome preparation
 ZnPC-ETLs were composed of DPPC:DC-chol:cholesterol:DSPE-PEG 
(66:25:5:4, molar ratio) and ZnPC was incorporated at a ZnPC:lipid molar ratio of 
0.003. Liposomes were prepared using the lipid film hydration technique as described 
previously [36]. ZnPC-ETLs were characterized for size and polydispersity by 
photon correlation spectroscopy (Zetasizer 3000, Malvern Instruments, Malvern, 
Worcestershire, UK). Liposomes were purged with nitrogen and stored in the dark at 
4°C until use.

Cell culture
 Human perihilar cholangiocarcinoma (SK-ChA-1) cells were grown at 
standard culture conditions (37°C, 5% CO2, and 95% air) and cultured in Roswell 
Park Memorial Institute (RPMI) 1640 culture medium supplemented with 10% fetal 
bovine serum (FBS) (v/v) (both from Gibco, Invitrogen, Carlsbad, CA), 1% penicillin/
streptomycin (v/v), 1% L-glutamine (v/v) (both from Lonza, Walkersville, MD), and 
1 × 10−5% β-mercaptoethanol (v/v) (Sigma-Aldrich). Cells were passaged weekly at a 
1:10 ratio. For all experiments, SK-ChA-1 cells were seeded in 24-wells (500 μL/well) 
or 6-wells plates (2 mL/well) (Corning, Corning, NY) at a density of 2 × 105 cells/
mL. Confluent monolayers were achieved 48 hours after cell seeding, whereas 70–80% 
confluency was reached 24 hours after cell seeding.

PDT protocol
 Cells were seeded in either 24-wells or 6-wells plates as indicated in the specific 
subsections and cultured until confluence. In case of ACF pre-treatment, cells were 
incubated with 3 μM ACF (in serum-free supplemented RPMI 1640 medium) for 24 
hours prior to PDT. Next, cells were washed with PBS and incubated with ZnPC-ETLs 
(in serum-free supplemented RPMI 1640 medium) for 1 hour at standard culture 
conditions. Cells were washed twice with PBS and fresh serum- and phenol red-free 
supplemented RPMI 1640 was added to the cells. Serum was deliberately withdrawn 
after PDT in order to emulate the hyponutritional status of PDT-treated tumor cells 
in vivo, which is caused by the vascular shutdown. PDT was performed with a 671-
nm solid state diode laser (CNI Laser, Changchun, China) at a power of 500 mW to 
achieve a cumulative radiant exposure of 15 J/cm2. After PDT, cells were either placed at 
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standard culture conditions (normoxia) or placed in a hypoxic chamber [69] (hypoxia) 
to mimic vascular shutdown.

Cell viability
 Cell viability was assessed using the WST-1 assay as described previously [36].

Western blotting
 Cells were seeded in 6-wells plates and cultured until confluence. Cells were 
incubated with 10 μM ZnPC-ETLs (final lipid concentration) and treated with PDT 
(section “PDT protocol”). At 0, 30, 60, 120, and 240 minutes after PDT, cells were 
placed on ice and lysed in ice-cold Laemmli buffer [70] supplemented with protease 
inhibitor cocktail (1 tablet per 5 mL buffer). A 20-hour incubation with 500 μM CoCl2 
served as a positive control for HIF-1α stabilization [71]. The lysates were passed 10 
× through a 25-gauge needle (BD Biosciences, San Jose, CA) to shear DNA. Next, 
samples were placed in a heat block for 10 minutes at 95°C, after which the samples were 
centrifuged for 15 minutes at 13,000 × g (4°C). Samples (30 μg) were loaded on a 10% 
SDS-PAGE precast gel (50 μL slot volume, Bio-Rad Laboratories, Hercules, CA) and 
the electrophoresis was performed for 90 minutes at 125 V. The gels were blotted onto 
methanol-primed PVDF membranes (Millipore, Billerica, MA) for 1 hour at 330 V at 
4°C. Protein membranes were blocked for 1 hour with 5% dried milk powder (Protifar, 
Nutricia, Cuijk, the Netherlands) in 0.2% Tween 20 Tris-buffered saline (TBST, 20 mM 
Tris-HCl, 150 mM NaCl, pH = 7.5). The membranes were incubated overnight at 4°C 
on a rocker with anti-HIF-1α (1:500, clone 54/HIF-1α, BD Transduction Laboratories 
(Franklin Lakes, NJ)) and anti-β-actin (1:4,000, AC-74, Sigma-Aldrich). Next, the 
membranes were washed 4 times in TBST and incubated with HRP-conjugated goat-
anti-mouse IgG1 (1:1,000, Dako Cytomation (Glostrup, Denmark)) for 1 hour at RT. 
Subsequently, membranes were washed 3 times with TBST and 2 times with TBS. The 
enhanced chemiluminescence (ECL) kit (Thermo Scientific) was used as substrate for 
β-actin and ECL plus (Thermo Scientific) was used as substrate for HIF-1α. Protein 
bands were visualized on an ImageQuant LAS 3000 luminometer (GE Healthcare, 
Little Chalfont, UK).

qRT-PCR
 Cells were seeded in 6-wells plates and treated with PDT as described in 
the section “PDT protocol”. RNA was extracted using TRIzol according to the 
manufacturer’s protocol (Life Technologies). RNA was quantified and analyzed with a 
Nanodrop 2000 UV-VIS spectrophotometer (Thermo Scientific). cDNA synthesis and 
RT-qPCR reactions were performed according to [52]. The primers that were used in 
this study are listed in Table S1. The data was analyzed using the LinRegPCR software 
in which relative starting concentrations of each cDNA template (N0) were calculated 
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[72], after which the N0 values of the target genes were corrected for the respective N0 
of the S18 rRNA. All S18 rRNA-corrected N0 values of each gene were compared to 
the average N0 of the untreated normoxic control samples. A log2 transformation was 
performed in order to obtain absolute fold-differences in expression levels of the genes 
of interest.

Confocal microscopy
 Microscope cover slips (24 × 40 mm, VWR, Lutterworth, UK) were first 
coated with 5 × 10−4% (w/v) fibronectin in 0.9% NaCl (Fresenius Kabi, Bad Homburg, 
Germany) for 2 hours at 37°C. Next, the fibronectin-containing solution was aspirated 
and cells were seeded and allowed to grow overnight. To determine the ACF subcellular 
localization, cells were either untreated or subjected to PDT as described in the section 
“PDT protocol”, and subsequently incubated with 3 μM ACF for 4 hours under 
normoxia and hypoxia as specified. Next, cells were washed with 1 mL of PBS and fixed 
with a mixture of 4% paraformaldehyde and 0.2% sucrose for 5 min. Cells were washed 
with 1 mL of PBS and stained with 1 μM Nile Red (in PBS) for 1 min. Cells were 
washed thrice with 1 mL PBS and mounted on microscope slides using Vectashield 
mounting medium (Vector Laboratories, Burlingame, CA). After 1 h, the slides were 
sealed with nail polish.
 For the assessment of DNA damage, cells were fixed with a mixture of 4% 
paraformaldehyde and 0.2% sucrose for 5 min and permeabilized in 0.1% TX-100 (in 
PBS) for 5 min. Next, cells were washed with 1 mL of PBS and incubated for 16 hours 
with mouse anti-human phospho-H2AX-AlexaFluor647 (Cell Signaling Technology, 
Danvers, MA) at a 1:100 dilution in 0.5% BSA and 0.15% glycine (in PBS, staining 
buffer) at 4°C. Next, cells were washed thrice with staining buffer and mounted on 
microscope slides using Vectashield mounting medium with 4’,6-diamidino-2-
phenylindole (DAPI) (Vector Laboratories). After 1 h, the slides were sealed with nail 
polish.
 Cells were imaged on a Leica SP8 laser scanning confocal microscopy system 
(Leica Microsystems, Wetzlar, Germany). Fluorescence intensities were measured at 
λex = 405 nm, λem = 415–480 nm for DAPI, λex = 470 nm, λem = 480–550 nm for ACF, 
λex = 540 nm, λem = 550–650 nm for Nile Red, and λex = 660 nm, λem = 670–750 nm for 
phospho-H2AX. All experiments were performed using the same laser and microscope 
hardware settings.

ACF degradation
 To evaluate the stability of ACF during PDT, 450 μL of ACF (80 μM) in serum-
free and phenol red-free RPMI 1640 medium was added to 24-wells plates. Next, 50 
μL of increasing concentrations of ZnPC-containing cell phantoms (85% DPPC, 10% 
DPPS, 5% cholesterol, molar ratio; ZnPC:lipid ratio of 0.003) in physiological buffer 
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(10 mM HEPES, 0.88% (w/v) NaCl, pH = 7.4, 0.292 osmol/kg) was added to the wells. 
The baseline ACF fluorescence was read at λex = 460 ± 40 nm and λem = 520 ± 520 nm 
using a BioTek Synergy HT multi-well plate reader (Winooski, VT). Subsequently, the 
cells were subjected to PDT (500 mW, 15 J/cm2) and ACF fluorescence was determined 
as a measure of ACF degradation. The data was normalized to control wells (n = 4 per 
group).

ACF uptake
 Cells were cultured in 24-wells plates until confluence. Cells were washed with 
PBS and incubated with ACF in supplemented serum-free RPMI 1640 medium for 24 
hours. After incubation, cells were washed with PBS and fresh supplemented serum-
free RPMI 1640 medium was added to the wells. Next, ACF fluorescence, as a measure 
of uptake, was read at λex = 460 ± 40 nm and λem = 520 ± 520 nm using a BioTek 
Synergy HT multi-well plate reader. Data were normalized to protein content per well 
(n = 4 per group) as determined with the SRB assay [73].

Caspase 3/7 activity
 Cells were cultured in 24-wells plates and subjected to treatment as described 
above. Cells were incubated in 200 μL of serum- and phenol-red free medium and 
maintained at either normoxic or hypoxic conditions for 3.5 hours post-treatment. 
After treatment and normoxic/hypoxic incubation, 25 μL of Caspase-Glo assay reagent 
(Promega, Madison, WI) was added and cells were incubated for 30 minutes under the 
aforementioned conditions. Luminescence was read on a BioTek Synergy HT multiplate 
reader at 560 ± 20 nm and a signal integration time of 1 s. Data were obtained from n 
= 5 measurements and corrected for background luminescence.

Lactate production
 Cells were cultured in 24-wells plates until confluence and treated with ACF 
and PDT as indicated in the section “PDT protocol”. After 24 hours, extracellular lactate 
levels were determined using The Edge blood lactate analyzer (Apex Biotechnology, 
Hsinchu, Taiwan). Lactate concentrations were determined from a standard curve 
and corrected for the average protein content per group as determined with the 
bicinchoninic acid assay (Thermo Scientific).

Flow cytometry
 For cell cycle analysis, cells were seeded in 6-wells plates and cultured until 70–
80% confluence. Cells were incubated with ACF (in supplemented serum-free RPMI 
1640 medium) for 24 or 48 hours, after which cell cycle analysis was performed using 
flow cytometry according to ref. 69.
 The mode of cell death following ACF incubation was analyzed by flow 
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cytometry using APC-conjugated Annexin V (eBioscience, San Diego, CA) for 
apoptosis and TO-PRO-3 (Life Technologies) for necrosis. Cells were seeded in 6-wells 
plates and cultured until 70–80% confluence. Next, cells were incubated with ACF (in 
supplemented serum-free RPMI 1640 medium) for 24 or 48 hours. After incubation, 
the samples were prepared as described previously [36] and assayed on a FACSCanto 
II (Becton Dickinson, Franklin Lakes, NJ). Ten thousand events were recorded in the 
gated region and data was analyzed using FlowJo software (Treestar, Ashland, OR).

Intracellular ROS assay
 Cells were seeded in 24-wells plates and cultured until 70–80% confluence. 
Thereafter, cells were washed with PBS and incubated with ACF or vehicle (DMSO) in 
supplemented serum-free RPMI 1640 medium for 24 or 48 hours. After the indicated 
time points, the medium was removed, cells were washed with serum- and phenol 
red-free RPMI 1640 medium, and cells were incubated with 100 μM DCFH2-DA 
(in serum- and phenol red-free RPMI 1640 medium) for 1 hour at standard culture 
conditions. Next, cells were washed with serum- and phenol red-free RPMI 1640 
medium, and fresh serum- and phenol red-free RPMI 1640 medium was added to the 
wells. Intracellular 2’,7’-dichlorofluorescein (DCF) fluorescence, which is a measure 
of ROS production, was read on a BioTek Synergy HT multiplate reader at λex = 460 
± 40 nm and λem = 520 ± 520 nm. Data were obtained from n = 6 measurements 
and corrected for ACF fluorescence, protein content using the SRB assay, and DCF 
fluorescence (basal metabolic rate) of control cells.

Statistical analysis
 Data were analyzed in GraphPad Prism software (GraphPad Software, San 
Diego, CA). Data were analyzed for normality using a Kolmogorov-Smirnov test. 
Normally distributed data sets were analyzed with either a student’s t-test or a one-way 
ANOVA and subsequent Bonferroni post-hoc test. Non-Gaussian data were statistically 
analyzed using a Mann-Whitney U or Kruskal-Wallis test and a Dunn’s post-hoc 
test. All data are reported as mean ± standard deviation. In the figures, intergroup 
differences are indicated with (*) and differences between treated groups versus the 
untreated (CTRL) group are indicated with (#). Differences between normoxic and 
hypoxic data are, when relevant, indicated with ($). The level of significance is reflected 
by a single (p < 0.05), double (p < 0.01), triple (p < 0.005), or quadruple sign (p < 0.001).
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Supplementary information
Gene name Fw primer sequence Rv primer sequence Amplicon 

size (bp)
PCR efficiency Melting curve Electrophoresis

HIF1A GCGCGAACGACAAGAAAAAGA CCAGAAGTTTCCTCACACGC 204 high sp sb

ANGPT1 GCTCCACACGTGGAACCGGA CCAGCATGGTAGCCGTGTGGT 175 high sp, shoulder sb

ANGPT2 CCCTACGTGTCCAATGCTGT CCGCTGTTTGGTTCAACAGG 172 medium sp, wide peak sb

EDN1 GGGCTGAAGGATCGCTTTGA GCGCCTAAGACTGCTGTTTC 199 medium sp sb

SERPINE1 ATGCCCTCTACTTCAACGGC TTCCAGTGGCTGATGAGCTG 289 high sp sb, mbp

VEGF CCACACCATCACCATCGACA CTAATCTTCCGGGCTCGGTG 204 high sp sb

HK1 CGCAGCTCCTGGCCTATTAC CATGATTCACTTGCACCCGC 288 high sp sb

LDHA GACGTCAGCATAGCTGTTCCA GCAAGTTCATCTGCCAAGTCC 294 high sp sb

PDHA GGAGGCCGGCATCAACC TTAGCAGCACCATCGCCATA 288 high sp sb, mbp

PGK1 CCCTCGTTGACCGAATCACC CAGCAGCCTTAATCCTCTGGTT 178 high sp sb, mbp

PKM2 GGGTTCGGAGGTTTGATG ACGGCGGTGGCTTCTGT 415 high sp sb

BCL2 TTTGTGGAACTGTACGGCCC CAGCCTGCAGCTTTGTTTCA 230 high sp sb

BECN1 ATCTGCGAGAGACACCATCC TGTCACCATCCAGGAACTCA 137 high sp sb

BIRC5 AGGACCACCGCATCTCTACA TGTTCCTCTATGGGGTCGTCA 187 high sp sb

HMOX1 AGGGAATTCTCTTGGCTGGC GCTGCCACATTAGGGTGTCT 233 high sp sb

HSPA5  GGCATCGACCTGGGGACCAC TCATTCCACGTGCGGCCGAT 215 high sp sb

PTGS2 GGCCATGGGGTGGACTTAAA CCCCACAGCAAACCGTAGAT 192 high sp sb

S18 rRNA TTCGGAACTGAGGCCATGAT CGAACCTCCGACTTTCGTTCT 151 high sp sb

Table S1. Primer information for primer pairs used for qRT-PCR, including amplicon size, PCR efficiency, melting 
curve analysis, and electrophoretic analysis of the amplicon. PCR efficiencies were categorized as low (<1.7), medium 
(1.7 - 1.8), or high (>1.8). Melting curves were analyzed for the formation of a single product (sp). Electrophoretic 
analysis was performed to assess the formation of single bands (sb), where the occurrence of a minor byproduct 
(mbp) was deemed acceptable.

SK-ChA-1 HIF1A ANGPT1 ANGPT2 EDN1 SERPINE1 VEGF HK1 LDHA PDHA

CTRL 0 h 0.00 ± 0.21 0.00 ± 0.15 0.00 ± 0.54 0.00 ± 0.48 0.00 ± 0.33 0.00 ± 0.35 0.00 ± 0.06 0.00 ± 0.63 0.00 ± 0.63

CTRL 2 h 0.13 ± 0.67 0.43 ± 0.29 -2.61 ± 0.05 -0.52 ± 0.35 0.38 ± 0.64 -0.31 ± 0.45 -0.14 ± 0.23 -0.68 ± 0.30 0.27 ± 0.46

CTRL 4 h 0.12 ± 0.67 -0.57 ± 0.10 -1.54 ± 0.27 0.28 ± 0.13 -0.08 ± 0.09 1.58 ± 0.73 1.16 ± 0.38 -1.30 ± 0.70 -0.57 ± 0.38

ACF 0 h 0.48 ± 0.36 -1.00 ± 0.42 -2.59 ± 0.00 -0.25 ± 0.13 2.44 ± 0.33 -1.01 ± 0.24 1.72 ± 0.68 -0.96 ± 0.84 0.98 ± 0.27

ACF 2 h -0.20 ± 1.16 -0.28 ± 0.16 -0.58 ± 0.96 -0.79 ± 0.20 3.36 ± 0.37 -0.10 ± 0.71 0.47 ± 1.51 -1.12 ± 0.49 0.65 ± 0.75

ACF 4 h -0.82 ± 0.85 -0.18 ± 0.50 1.15 ± 1.35 0.83 ± 0.66 3.28 ± 0.51 0.26 ± 0.54 2.21 ± 0.17 -1.14 ± 0.33 0.10 ± 0.22

PDT 0 h 0.27 ± 0.39 -0.21 ± 0.29 -1.78 ± 0.00 -0.22 ± 0.69 1.48 ± 0.48 0.22 ± 0.56 0.39 ± 0.23 0.96 ± 0.21 0.88 ± 0.64

PDT 2 h 0.28 ± 0.21 -0.79 ± 0.40 -1.44 ± 0.53 -0.28 ± 0.42 1.16 ± 0.41 0.76 ± 0.33 -0.44 ± 0.16 0.27 ± 0.27 0.11 ± 0.04

PDT 4 h -0.50 ± 0.13 0.17 ± 0.25 -1.83 ± 0.14 -0.22 ± 1.01 0.58 ± 0.17 0.90 ± 0.60 -0.09 ± 0.14 -0.91 ± 0.70 -0.11 ± 0.77

ACF + PDT 0 h -0.26 ± 0.45 -1.03 ± 0.25 0.05 ± 0.21 0.66 ± 0.47 2.21 ± 0.59 -0.23 ± 0.53 1.42 ± 0.28 -1.13 ± 0.93 -0.25 ± 0.29

ACF + PDT 2 h 0.35 ± 0.05 -0.91 ± 0.18 -1.46 ± 0.12 0.54 ± 0.26 2.09 ± 0.48 0.27 ± 0.37 1.07 ± 0.02 -1.51 ± 0.58 -0.30 ± 0.19

ACF + PDT 4 h -0.38 ± 0.10 -0.85 ± 0.46 -2.07 ± 0.24 1.44 ± 0.60 2.79 ± 0.37 1.03 ± 0.46 1.27 ± 0.56 -0.86 ± 0.72 0.45 ± 0.31

Table S2. Overview of the mean, log2-transformed fold-changes in mRNA levels and standard deviations of selected 
target genes obtained in SK-ChA-1 cells. (continued on next page)
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SK-ChA-1 PGK1 PKM2 BCL2 BECN1 BIRC5 HMOX1 HSPA5 PTGS2

CTRL 0 h 0.00 ± 0.73 0.00 ± 0.18 0.00 ± 1.03 0.00 ± 0.21 0.00 ± 0.14 0.00 ± 0.23 0.00 ± 0.08 0.00 ± 0.00

CTRL 2 h -0.13 ± 0.65 -0.03 ± 0.35 1.36 ± 1.13 -0.38 ± 0.59 0.30 ± 0.34 0.74 ± 0.14 0.09 ± 0.60 1.93 ± 0.30

CTRL 4 h -0.07 ± 0.14 0.10 ± 0.31 0.22 ± 0.55 -0.86 ± 0.11 -1.07 ± 0.31 0.44 ± 0.40 -0.68 ± 0.40 1.53 ± 0.28

ACF 0 h -0.37 ± 0.14 -0.35 ± 0.18 -1.68 ± 0.57 0.39 ± 0.98 1.21 ± 0.13 1.30 ± 0.06 -1.78 ± 0.39 -0.16 ± 0.00

ACF 2 h 0.33 ± 0.94 -0.30 ± 0.94 -1.25 ± 1.60 1.06 ± 0.56 1.74 ± 1.01 1.68 ± 1.21 -1.76 ± 0.21 1.93 ± 0.47

ACF 4 h -0.99 ± 0.76 0.20 ± 0.44 0.37 ± 0.93 1.14 ± 0.52 0.71 ± 0.62 1.42 ± 0.40 0.63 ± 0.11 1.66 ± 1.25

PDT 0 h -0.20 ± 0.71 -0.05 ± 0.18 -0.73 ± 1.46 -1.09 ± 0.65 0.54 ± 0.50 1.25 ± 0.49 -0.44 ± 0.12 1.71 ± 0.52

PDT 2 h 0.19 ± 0.40 -0.19 ± 0.30 1.12 ± 0.73 -1.01 ± 0.32 -0.07 ± 0.46 0.93 ± 0.55 -0.73 ± 0.15 1.43 ± 0.12

PDT 4 h -0.78 ± 0.44 -0.25 ± 0.62 -0.99 ± 0.79 -0.81 ± 0.30 0.45 ± 0.20 1.12 ± 0.07 -0.49 ± 0.81 1.38 ± 0.70

ACF + PDT 0 h 0.14 ± 0.11 0.08 ± 0.14 -1.31 ± 0.68 -0.41 ± 0.18 0.54 ± 0.31 0.98 ± 0.38 -1.57 ± 0.59 -0.21 ± 0.43

ACF + PDT 2 h -0.53 ± 0.24 0.31 ± 0.92 -0.97 ± 0.47 -0.22 ± 0.28 0.05 ± 0.52 0.39 ± 0.30 -1.50 ± 0.60 0.97 ± 0.42

ACF + PDT 4 h -1.06 ± 0.55 0.34 ± 0.39 -0.49 ± 0.86 -0.13 ± 0.95 0.68 ± 0.60 2.53 ± 0.44 -0.82 ± 1.24 1.84 ± 0.88

Table S2. Overview of the mean, log2-transformed fold-changes in mRNA levels and standard deviations of selected 
target genes obtained in SK-ChA-1 cells.
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Abstract

 The efficacy of photodynamic therapy (PDT) in some solid tumors is limited 
by the poor biodistributive properties of conventional photosensitizers and a natural 
predisposition of tumor cells to survive hypoxia and oxidative stress. This study 
investigated the therapeutic potential of a third-generation photosensitizer, liposomal 
zinc phthalocyanine (ZnPC), in combination with the hypoxic cytotoxin tirapazamine 
(TPZ). TPZ induces DNA double strand breaks (DSBs) under hypoxic conditions and 
subsequent apoptosis via p53 signaling. Experiments were performed in tumor cells 
with functional p53 (Sk-Cha1) and dysfunctional p53 (A431).
 The combination therapy of TPZ and PDT induced DNA DSBs and cell cycle 
stalling and enhanced the cytotoxicity of PDT by exacerbating apopotic and non-
apoptotic tumor cell death. These phenomena occurred regardless of oxygen tension 
and the mechanism of cell death differed per cell line. Liposomes containing both 
ZnPC and TPZ exhibited no dark toxicity but were more lethal to both cell types after 
PDT compared to ZnPC-liposomes lacking TPZ − an effect that was more pronounced 
under hypoxic conditions.
 In conclusion, TPZ is a suitable pharmaceutical compound to increase PDT 
efficacy by exploiting the post-PDT tumor hypoxia. The inclusion of TPZ and ZnPC 
into a single liposomal delivery system was feasible. The PDT strategy described in this 
study may be valuable for the treatment of PDT-recalcitrant tumors.

Keywords
Reactive oxygen species and oxidative stress, bile duct cancer, cell cycle analysis, 
phospho-H2AX, JC-1, dichlorodihydrofluorescein diacetate
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Introduction

 Perihilar holangiocarcinomas (PHCCs) are tumors that most frequently arise 
at the bifurcation of the common bile duct. The prevalence of these tumors with 
unknown etiology is merely ~0.0015% but is increasing in the Western population 
and is associated with a very high mortality rate [1]. The only curative treatment is 
radical resection of the malignancy, which is not possible in 50-90% of the cases, 
depending on the treatment center [2]. Patients with non-resectable PHCCs have a 
median survival time of 6-9 months post-diagnosis [3]. Current palliative radiotherapy 
and/or chemotherapy regimens can only marginally improve life expectancy (~12 
months post-diagnosis) [4], contributing to the dismal prognosis associated with the 
malignancy. A relatively promising last-line intervention for non-resectable PHCCs is 
photodynamic therapy (PDT), a treatment modality that was shown to extend patients’ 
average life expectancy to 16 months post-diagnosis [5]. Despite the high cure rates of 
PDT in many types of cancer [6], PDT of non-resectable PHCCs is not curative but 
only palliative. Accordingly, there is a clear medical need to develop a more effective 
last-line and preferably curative intervention for this group of patients.
 PDT for solid tumors consists of the oral or systemic administration of a 
photosensitizer, which preferentially accumulates in endothelial cells of intratumoral 
vasculature and perivascular tumor mass [7-12], followed by illumination of the tumor 
with laser light. Illumination causes excitation of the photosensitizer to a singlet and 
subsequent triplet state and the transfer of energy or the triplet state electron to molecular 
oxygen (O2), yielding singlet oxygen (1O2) or superoxide anion (O2

•–), respectively [13]. 
These reactive oxygen species (ROS) oxidize various intracellular biomolecules and 
cause necrotic, apoptotic, and/or autophagic death of the photosensitized tumor cells 
and tumor-associated cells as a result of oxidative stress [14]. Additionally, PDT inflicts 
shutdown of the tumor microvasculature, resulting in tumor tissue hypoxia/anoxia 
and hyponutrition [7]. Finally, the destruction of tumor(-associated) cells attracts 
phagocytic and antigen-presenting cells to the tumor site that fuel a prolonged anti-
tumor immune response [15].
 With respect to PDT, one experimental approach that may lead to improved 
therapeutic efficacy is nanoparticle-mediated delivery of the photosensitizer to 
pharmacologically relevant locations in solid tumors; namely the tumor cells, 
tumor vasculature, and tumor interstitium [16]. For these purposes our group has 
developed tumor-targeted liposomes [17], tumor endothelium-targeted liposomes 
(ETLs) (manuscript in preparation), and interstitium-targeted liposomes [18] that 
encapsulate the second-generation photosensitizer zinc phthalocyanine (ZnPC), 
which can be combined in a single PDT modality. Additionally, the liposomes may co-
encapsulate pharmacological agents that detrimentally interfere with vital biological 
and biochemical processes in cancer cells before and/or after PDT so as to further 
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improve the therapeutic efficacy. Suitable pharmacological targets include the survival 
pathways that are activated in cancer cells after sublethal PDT, as addressed in [19, 20]. 
We have further investigated the hypoxia-inducible factor 1 and NF-кB transcription 
factors as potential therapeutic targets for a PDT-based combination therapy [21-
23]. Promising results were obtained with acriflavine, a specific inhibitor of hypoxia 
inducible factor-1 dimerization and activity [21, 22].
 Another important biological process that can be exploited therapeutically is 
intratumoral hypoxia insofar as a constitutive state of hypoxia is propitious to tumor 
survival and hence common in many types of cancer [6, 24]. This constitutive and 
PDT-induced state of hypoxia may be targeted by employing a cytotoxic agent that is 
activated at low oxygen tension, which can further reduce tumor viability after PDT. 
A candidate drug for this purpose is tirapazamine (TPZ), a hypoxic cytotoxin capable 
of inducing oxidative DNA damage at low intracellular oxygen tensions [25]. Several 
clinical trials in which TPZ was combined with chemotherapy or chemoradiotherapy 
yielded promising results in non-small cell lung cancer- [26, 27], head-and-neck 
cancer- [28, 29], and cervical cancer patients [30, 31]. However, clinical trials in which 
TPZ did not exhibit beneficial effects on the efficacy of chemotherapy have also been 
published [32]. TPZ has been combined with PDT in a RIF1 murine cancer model 
using Photofrin (a first-generation photosensitizer) on one occasion, in which the 
combined therapy yielded a small adjuvant effect [33].
 This study therefore explored the potential of TPZ pretreatment to increase the 
efficacy of PDT with liposomal ZnPC and also explored the feasibility of using a single 
liposomal formulation that contains both TPZ and ZnPC. Since DNA damage and 
apoptosis are mainly linked via the tumor suppressor protein p53, experiments were 
performed with p53-functional Sk-Cha1 biliary adenocarcinoma cells (derived from a 
tumor type that is recalcitrant to PDT) and with the p53-dysfunctional A431 human 
epidermoid carcinoma cell line (PDT is generally highly effective in skin cancers) [34]. 
It is demonstrated that, despite obvious differences in the cellular responses to TPZ, 
PDT efficacy was significantly improved by TPZ in both cell lines. Furthermore, both 
TPZ and ZnPC can be combined in a singular drug delivery system to enhance PDT 
efficacy.

Materials and Methods

Chemicals and reagents
 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), cholesterol, and 3β-[N-
(N’,N’-dimethylaminoethane)-carbimoyl]cholesterol (DC-cholesterol) were obtained 
from Avanti Polar Lipids (Alabaster, AL). L-α-Phosphatidylethanolamine, distearoyl 
methoxypolyethylene glycol conjugate (DSPE-PEG, average PEG molecular mass of 
2,000 amu), ZnPC (97% purity), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
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(HEPES), bovine serum albumin (BSA, fraction V), L-tryptophan, paraformaldehyde, 
sucrose, glycine, β-mercaptoethanol, fibronectin, cholesterol, TPZ, ferrous sulfate 
(Fluka), DMSO, Triton X-100, and pyridine were from Sigma-Aldrich (St. Louis, 
MO). MitoTracker Red CMX-ROS (MTR), 2’,7’-dichlorodihydrofluorescein-diacetate 
(DCFH2-DA), 5,5’,6,6’-tetrachloro-1,1’,3,3’-tetraethyl-benzimidazolylcarbocyanine 
iodide (JC-1), and propidium iodide (PI) were acquired from Life Technologies/
Molecular Probes (Eugene, OR). Ethanol and methanol were from Biosolve 
(Valkenswaard, the Netherlands). Water-soluble tetrazolium-1 (WST-1) and RNAse 
A were purchased from Roche Diagnostics (Basel, Switzerland). Anti-phospho-H2AX 
(Ser139)-AlexaFluor647 (clone 20E3) rabbit monoclonal antibody was from Cell 
Signaling Technology (Danvers, MA).
 For the oxidation and antioxidant assays, DCFH2 (40 mM stock in methanol) 
was prepared from DCFH2-DA as described in [35]. All (derivatized) lipids were 
dissolved in chloroform, purged with nitrogen gas, and stored at -20 ºC. ZnPC was 
dissolved in pyridine at a 178-μM concentration, purged with nitrogen gas, and stored 
at room temperature (RT). The following compounds (stock concentration) were 
dissolved in DMSO and stored at -20 ºC: TPZ (10 mM), JC-1 (5 mg/mL), MTR (10 
mM), DCFH2-DA (5 mM), PI (1 mg/mL).

Absorption and fluorescence spectroscopy
 Absorption and fluorescence emission and excitation spectroscopy were 
performed on a Lambda 18 spectrophotometer (Perkin Elmer, Wellesley, MA) and a 
Cary Eclipse luminescence spectrometer (Varian, Palo Alto, CA), respectively. Spectra 
were normalized to the maximum absorption or fluorescence emission intensity.

Oxidation assays in cell-free environment
 The oxidative and antioxidant properties of TPZ were assayed using an in 
vitro test system as described in [18, 35]. In a first test arm, TPZ-mediated oxidation 
of the redox-sensitive fluorogenic molecular probe, DCFH2, was assayed [35]. 
DCFH2 is nonfluorescent at λex = 500 nm but is converted to the highly fluorescent 
dichlorofluorescein (DCF) upon oxidation. Accordingly, 1,483 μL of ‘HEPES buffer’ 
(10 mM HEPES in MilliQ, pH = 7.4) was transferred to a cuvette containing a 
magnetic stirrer that was placed in a temperature-controlled (20 ºC) cuvette holder 
of the spectrofluorometer (operated in kinetics mode). At t = 60 s, 1.5 μL of 40 mM 
DCFH2 in methanol was added to the buffer. At t = 120 s, 15 μL of TPZ (10 mM in 
DMSO), DMSO (negative control for TPZ), the oxidizing agent Fe(II)SO4 (30 mM 
in MilliQ, positive control for TPZ), or MilliQ (negative control for Fe(II)SO4) was 
added. Spectral acquisition was performed at λex = 500 ± 5 nm and λem = 523 ± 5 nm 
(DCF fluorescence).
 The antioxidant properties of TPZ were assessed in two separate runs using 
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DCFH2 as a reducing agent and a similar approach as in the previous experiments. In 
the first run, Fe(II) was employed as an oxidizing agent, whereas in the second run 
laser-irradiated ZnPC-ETLs (Section Liposome Preparation and Characterization) 
were used as ROS generator. For run 1, the settings were as follows: t = 0 s, 1,468 μL 
of HEPES buffer; t = 60 s, 1.5 μL of DCFH2; t = 120 s, 15 μL of 10 mM TPZ, 5 mM of 
TPZ, 1.25 mM of TPZ, or DMSO; t = 180 s, 15 μL of Fe(II)SO4. Run 2: t = 0 s, 1,468 μL 
of HEPES buffer; t = 60 s, 1.5 μL of DCFH2; t = 120 s, 15 μL of 10 mM TPZ or DMSO; 
t = 180 s, 15 μL of ZnPC-ETLs; t = 240-360 s, laser irradiation (300 mW, applied as 
described in [18]).
 Data in all experiments were corrected for the average fluorescence intensity of 
the last 10 s of acquisition before addition of the last compound to the cuvette.

Liposome preparation and characterization
 ZnPC-containing cationic liposomes (referred to as ‘ZnPC-ETLs’) were 
prepared according to the lipid film hydration technique [36]. DPPC (66 mol%), DC-
cholesterol (25 mol%), cholesterol (5 mol%), DSPE-PEG (4 mol%), and ZnPC (at 
a 0.003 molar ratio relative to the final lipid concentration [18]) were mixed at the 
indicated ratios. Liposomes were prepared as described in [18]. ZnPC, with an octanol-
water partition coefficient (logP) value of ~8, was incorporated into the lipid bilayer of 
the liposomes [21]. The ZnPC-ETLs had a diameter of 111.6 ± 3.3 nm, a polydispersity 
index (PDI) of 0.151 ± 0.038, and a ζ-potential of +4.3 ± 1.1 mV.
 TPZ liposomes (‘TPZ-ETLs’) were prepared in a similar manner as the ZnPC-
ETLs, with the exception that TPZ was added to the lipid mixture at predefined molar 
ratios. TPZ was dissolved in methanol:DMSO:water at a 20:0.2:0.2 volume ratio at 
a stock concentration of 1 mM. The solution was heated at 60-70 °C until complete 
dissolution was achieved. Unless indicated otherwise, unencapsulated TPZ was 
removed by size exclusion chromatography in a 2.5-mL syringe (Sephadex G50 fine, 
2.5-mL column volume, centrifugation at 2,000 ×g for 3 min at 4 °C for column drying, 
250 μL loading volume, elution at 800 × g for 8 min at 4 °C). The TPZ-ETLs were stored 
under nitrogen gas at 4 °C in the dark. Size exclusion chromatography was performed 
within 24 h prior to use. TPZ has a logP of -0.342 [37], is therefore water-soluble, and 
thus localizes to the aqueous core of the liposome. Following preparation of liposomes 
by the lipid-film hydration technique using the TPZ solution, the encapsulation efficacy 
can be derived from the entrapment volume in the liposomes on the basis of the 
premise that the intraliposomal and extraliposomal TPZ concentrations are equal. We 
calculated the entrapment volume in accordance with [38] using the abovementioned 
size, a bilayer thickness of 4.5 nm [39], an average lipid molecular area of 45 Å2 [40], a 
lipid concentration of 5 mM, and a sample volume of 1 mL. In accordance with these 
parameters, the encapsulation efficiency was calculated to be 2.4%, which is consistent 
with entrapment efficiencies reported by us and others for other hydrophilic molecules 
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[21, 41, 42].

Cell culture
 Human epidermoid (A431) carcinoma cells were cultured in phenol red-
containing Dulbecco’s Modified Eagle’s Medium (Gibco), 2 mM L-glutamine, 
penicillin/streptomycin (100 U/mL and 100 μg/mL, respectively, both from Lonza, 
Basel, Switzerland). A431 cells were typically subcultured once a week at a 1:25 ratio 
and seeded at 1.5×105 cells/mL. Seeding was performed in 24-wells plates (500 μL of 
medium per well) or 6-wells plates (2 mL of medium per well) (Costar, Corning, Corning, 
NY). For all procedures not involving standard cell culture (i.e., the experimental 
steps), cells were incubated in serum- and phenol red-free, fully supplemented DMEM 
equilibrated at 37 ºC. Human PHCC (Sk-Cha1) cells were cultured in Rosswell Park 
Memorial Medium (RPMI) 1640 as described in [18].
 Cells were maintained at standard normoxic culture conditions (21% O2, 5% 
CO2, 37 ºC) or at hypoxic culture conditions (<1% O2, 5% CO2, 37°C using a gas mixture 
of 95% nitrogen, 5% CO2 (Linde Gas, Schiedam, the Netherlands)). Hypoxic culture 
conditions were achieved in a custom-built air-tight plastic incubator (11.6 × 9.1 × 5.4 
inches) comprised of a gas inlet, a gas outlet connected to a bubble trap, a temperature 
regulation system (silicone tubing, closed loop system connected to a dual temperature 
circulator (model TLC 3, Tamson Instruments, Bleiswijk, the Netherlands), a metal grid 
for the placement of the wells plate, wetted gauze in a petri dish to obtain 99% humidity, 
and a 2-inch computer fan secured to the metal grid for homogenous gas distribution. 
The O2 percentage in the chamber was measured with an OdaLog gas monitor (App-
Tek International, Brendale, Australia). The temperature inside the incubator was 
continuously monitored using a wireless thermometer (Oregon Scientific, Tualatin, 
Oregon).

Photodynamic therapy and neoadjuvant therapy with TPZ
 For PDT, the culture medium was replaced with fresh medium containing 
ZnPC-ETLs. The ZnPC-ETL final lipid concentration was 10 μM for cells in the 
normoxia group and 5 μM for cells in the hypoxia group. After 1-h incubation, cells 
were washed twice with PBS (RT) and resuspended in fresh medium. Next, the cells 
were irradiated with a 671-nm laser (CNI, Changchun, China) at 500 mW, 60-s pulse 
duration, and a spot size of 1.9 cm2, corresponding to an irradiance of 263 mW/cm2 
and a cumulative radiant exposure of 15.8 J/cm2. Following PDT, cells were incubated 
at either standard culture conditions or at hypoxic culture conditions, the duration of 
which is indicated separately per experiment.
 Cells were subjected to PDT and normoxic incubation conditions post-PDT 
as follows. On day 0, all cells were seeded as described in Section Cell Culture and 
allocated to the control group (CTRL), TPZ group (only TPZ pretreatment), PDT 
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group (only PDT), or TPZ + PDT group (TPZ pretreatment followed by PDT). On 
day 1, cells received serum-free medium (CTRL and PDT groups) or serum-free 
medium containing either 50 μM (A431 cells) or 100 μM TPZ (Sk-Cha1 cells). On 
day 2, the medium was removed and cells received fresh, serum-free culture medium 
(CTRL and TPZ groups) or serum-free medium containing 10 μM ZnPC-ETLs (final 
lipid concentration, PDT and PDT + TPZ groups). Cells were incubated with ZnPC-
ETLs for 1 h at standard culture conditions and irradiated as described in Section Cell 
Culture. Subsequently, cells were kept at standard culture conditions for 4 or 24 h.
 Alternatively, cells were subjected to PDT and hypoxic incubation conditions 
post-PDT as follows. Cells were seeded on day 0 and received TPZ on day 1 (50 μM for 
A431 cells, 100 μM for Sk-Cha1 cells) for 24 h. Following replacement of medium on 
day 2, cells were incubated with 5 μM ZnPC-ETLs for 1 h, irradiated, and subsequently 
maintained under hypoxic culture conditions for 4 or 24 h to mimic vascular shutdown 
conditions post-PDT. All PDT experiments with TPZ-ETLs were performed with 
liposomes from which the non-encapsulated TPZ was removed by size exclusion 
chromatography (Section Liposome Characterization and Preparation).

Determination of cell viability
 Cell viability was determined using the WST-1 assay as described in [18].

Measurement of intracellular reactive oxygen species formation
 Intracellular ROS formation was detected using DCFH2-DA. The cells were 
incubated with TPZ (50 μM final concentration) for 24 h, resuspended in fresh medium, 
and incubated for 4 h at either normoxic or hypoxic conditions (Section Photodynamic 
Therapy and Neoadjuvant Therapy with TPZ). The medium was then replaced by 
fresh medium containing 25 μM DCFH2-DA (final concentration) and the cells were 
incubated for 30 min at standard culture conditions. Next, the cells were washed twice 
with 0.5 mL PBS (RT) and resuspened in 0.5 mL PBS (RT). Intracellular DCF formation 
was measured at λex = 460 ± 40 nm and λem = 540 ± 15 nm in a fluorescence plate reader 
(BioTek Synergy HT). Immediately thereafter, the PBS was removed and the cells were 
lysed with lysis solution (20% methanol and 0.1% Triton X-100 in MilliQ, 300 μL/well). 
Total protein was determined with the bicinchoninic acid assay (Pierce, Rockford, IL). 
DCF fluorescence intensities were corrected for background fluorescence intensity 
(control cells not incubated with DCFH2-DA) and divided by the total protein content.

Confocal laser scanning microscopy
 For PDT/TPZ-induced DNA damage experiments, cells were seeded in 6-wells 
plates containing fibronectin-coated microscope coverslips (24 × 40 mm, VWR, 
Lutterworth, UK) at the densities described in Section Cell Culture. Two lines of 
experiments were performed in which cells were seeded, treated by PDT, and kept 
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under either normoxic or hypoxic conditions. In the normoxic test arm, the cells 
were untreated (CTRL; no TPZ or PDT) or treated with TPZ as described above, 
PDT (10 μM ZnPC-ETLs (final lipid concentration) for 1 h as described in Section 
Photodynamic Therapy and Neoadjuvant Therapy with TPZ), or TPZ + PDT. Cells 
in all groups were kept under normoxic culture conditions for 4 h after treatment. 
In the hypoxic test arm, the cells were treated as described for the normoxic groups 
except that a 5-μM ZnPC-ETL final lipid concentration was used in the PDT and TPZ 
+ PDT groups and that the cells were kept for 4 h under hypoxic culture conditions 
after treatment. When indicated, cells were stained with 50 nM MTR in fresh medium 
for 30 min at standard culture conditions. For the staining of damaged DNA, cells 
were permeabilized with 0.1% Triton X-100 in PBS for 5 min and washed with 1 mL 
of PBS. Subsequently, cells were incubated with anti-phospho-H2AX-AlexaFluor-647 
at a 1:100 dilution in 0.5% BSA and 0.15% glycine in PBS (staining buffer) for 16 h at 4 
ºC. Cells were washed thrice with staining buffer. Subsequently, cells were washed with 
1 mL of PBS (RT), fixed in 1 mL of 4% (w/v) paraformaldehyde and 2% (w/v) sucrose 
for 5 min, and washed with 1 mL of PBS (RT). The coverslips were mounted onto 
microscope slides using 10 μL of 4’,6-diamidino-2-phenylindole (DAPI)-containing 
Vectashield mounting medium (Vector Labs, Burlingame, CA). The slides were dried 
for 1 h and sealed with nail polish. Cells were imaged with a Leica TCS SP8 confocal 
laser scanning microscope (Leica Microsystems, Wetzlar, Germany). Fluorescence was 
acquired at λex = 405 nm and λem = 415-480 nm for DAPI, λex = 470 nm and λem = 480-
550 nm for TPZ, λex = 579 nm and λem = 589-650 nm for MTR, and λex = 647 nm and 
λem = 657-750 nm for phospho-H2AX-AlexaFluor647.

Cell cycle analysis
 For cell cycle analysis, A431 cells were seeded at 7.5×104 cells/mL and Sk-Cha1 
cells at 1.25×105 cells/mL in 6-wells plates. Cells were cultured for 24 h at standard 
culture conditions until approximately 80% confluence was reached. Afterwards, the 
cells were incubated for 24 h in medium containing either 50 μM TPZ (A431) or 100 
μM TPZ (Sk-Cha1). The cells were washed with PBS (RT) and resuspended in fresh 
medium containing either 10 μM (normoxia group) or 5 μM (hypoxia group) ZnPC-
ETLs (final lipid concentration) for 1 h. Next, the cells were washed twice with PBS 
(RT), resuspended in fresh medium, and subjected to PDT as described in Section 
Photodynamic Therapy and Neoadjuvant Therapy with TPZ. After PDT the cells were 
incubated under either normoxic conditions or hypoxic conditions for 24 h. Next, cells 
were washed with PBS (RT, 1 mL/well) and harvested by Accutase treatment (250 μL/
well, 10 min). The supernatant was removed and cells were resuspended in 0.3 mL PBS 
(RT) and kept on ice. Subsequently, cells were fixed by the dropwise addition of 0.7 mL 
of ice-cold 96% ethanol during gentle swerving. The cells were pelleted by centrifugation 
and the supernatant was aspirated, followed by resuspension of the pellet in 0.5 mL 
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PBS containing 50 μg/mL PI and 20 μg/mL RNAse A (both final concentrations) and 
incubation for 30 min at RT in the dark. Cell cycle profiles were obtained by flow 
cytometry (FACSCantoII, BD Biosciences, Franklin Lakes, NJ) at λex = 488 nm and 
λem = 585 ± 42 nm (PI fluorescence) and analyzed with FlowJo software (Treestar, 
Ashland, OR) based on 10,000 events. Cell cycle quantitative metrics (‘quantrics’) were 
determined based on the PI fluorescence intensity histograms. The G1 population (one 
copy of the genome per cell) was characterized by a PI fluorescence peak between 80 
and 120 a.u., the G2 population (two copies of the genome per cell) typically exhibited 
a peak between 180 and 220 a.u. The S-phase population was distinguishable between 
the G1 and G2 peaks (i.e., PI fluorescence intensity between 120 and 180 a.u.).

Determination of mode of cell death
 Loss of mitochondrial membrane potential (MMP) as a result of mitochondrial 
permeability transition (MPT) was measured with JC-1 as an early marker for apoptosis. 
Cells were grown in 6-wells plates as described in Section Cell Culture and treated 
by TPZ (Section Photodynamic Therapy and Neoadjuvant Therapy with TPZ), PDT 
(Section Photodynamic Therapy and Neoadjuvant Therapy with TPZ), or TPZ + PDT. 
Following irradiation, the cells were washed with 1 mL of PBS (RT) and resuspended 
in 500 μL of fresh medium containing JC-1 (10 μg/mL final concentration). The cells 
were incubated for 30 min at standard culture conditions, washed twice with 1 mL PBS 
(RT), and detached by Accutase treatment (250 μL/well, ~10 min) at standard culture 
conditions. Next, 1 mL of medium was added and the cells were centrifuged for 5 min 
at 400 ×g (4°C), followed by resuspension in 500 μL of ice-cold PBS and flow cytometric 
analysis (FACSCantoII). JC-1 aggregates in mitochondria (signifying intact MMP) 
were determined at λex = 488 and λem = 585 ± 42 nm, whereas JC-1 monomers in the 
cytosol (signifying induction of MPT and loss of MMP) were determined at λex = 488 
and λem = 530 ± 30 nm. Viable cells were gated based on forward- and side-scattering 
properties and subsequently characterized based on their fluorescence properties; 
green fluorescence indicated cells with perturbed MMP, red fluorescence indicated 
cells with intact MMP. The percentage of green fluorescent cells was calculated from the 
total (red + green) events. The data were processed in FlowJo software and presented as 
average ± SD of 1×105 events for N = 3 measurements.

Intracellular TPZ determination
 A431 and Sk-Cha1 cells were seeded into 6-wells plates as described Section 
Cell Culture and grown to confluence overnight. Cells were incubated for 1 h with 100 
μM TPZ or 100 μM TPZ-ETLs that contained 1 mM intraliposomal TPZ. It should be 
noted that the liposomes were not subjected to size exclusion chromatography. The 
concentration of free TPZ in the medium was therefore 50 μM upon incubation of cells 
with 100 μM TPZ-ETLs. After incubation, cells were lysed by the addition of 200 μL 



181

of ice-cold MilliQ and 10-min incubation on ice. The lysates were harvested and the 
residual cells on the plate were dissolved in 750 μL lysis solution (Section Measurement 
of Intracellular Reactive Oxygen Species Formation). Intracellular TPZ concentrations 
were measured by spectrophotometric analysis of the lysates (Lambda Bio, Perkin 
Elmer). The absorption was measured at 470 nm, corrected for background (lysates 
obtained from cells not incubated with TPZ), and the concentrations were calculated 
by means of a standard curve (linear regression). The intracellular TPZ concentration 
was corrected for total protein content using the bicinchoninic acid assay (Section 
Measurement of Intracellular Reactive Oxygen Species Formation).

Statistical analysis
 Statistical analysis was performed in GraphPad Prism (GraphPad Software, La 
Jolla, CA). Normal distribution of data sets was evaluated with a Kolmogorov-Smirnov 
test (N ≥ 5). Differences between normally distributed ordinal variables were tested 
with one-way ANOVA and a Bonferroni post-hoc test (N ≥ 5). Non-Gaussian data 
was analyzed using a Mann-Whitney U-test or a Kruskal-Wallis analysis and Dunn’s 
post-hoc test. In the figures, intergroup differences are indicated with an asterisk and 
differences between treated groups versus the untreated (CTRL) group are indicated 
with a pound sign. The level of significance is depicted as a single (p < 0.05), double (p 
< 0.01), triple (p < 0.005), or quadruple sign (p < 0.001). Data are presented as mean ± 
standard deviation throughout the manuscript.

Results

Oxidant and antioxidant properties of tirapazamine
 Measuring the optical properties of TPZ yielded a strong absorption peak at 
470 nm (Fig. 1A). As shown in Fig. 1B, TPZ was unable to oxidize DCFH2, whereas 
the addition of Fe(II)SO4 caused gradual oxidation of DCFH2 by various ROS 
intermediates (e.g., O2

•–, H2O2, •OH) formed as a result of reactions between Fe2+ and 
O2 [43]. For a compound to be used as adjuvant in PDT, it is also essential that the 
compound possesses minimal-to-no antioxidant properties so that the photoproduced 
ROS are not scavenged. In a test system where DCFH2 was used as ROS substrate for 
Fe(II)SO4-produced ROS, the addition of TPZ decreased the oxidation of DCFH2 in 
a concentration-independent manner by 32.2% on average (Fig. 1C). Similarly, the 
ZnPC-ETL-mediated oxidation of DCFH2 by photoproduced 1O2 [44] was reduced by 
21.9% in the presence of TPZ, altogether indicating that TPZ is an antioxidant capable 
of quenching radical- and non-radical ROS (Fig. 1D). This may potentially interfere 
with PDT efficacy if the intracellular TPZ and ZnPC localization are similar, given the 
short diffusion distance of photoproduced ROS in a biological milieu [45, 46].
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Fig. 1. (A) The chemical structure and absorption spectrum of TPZ, showing a maximum at 470 nm (in water). (B) 
The kinetics of the oxidation of non-fluorescent DCFH2 to fluorescent DCF by TPZ and ferrous sulfate (Fe(II)SO4, 
positive control) were measured by fluorescence spectroscopy. The ROS-quenching capacity of TPZ was measured 
using DCFH2 as a reducing agent and Fe(II)SO4 (C) and laser-irradiated ZnPC-ETLs (D) as oxidants. The ZnPC-
ETLs were irradiated with a 671-nm laser (the red marquee signifies the irradiation time interval) to induce ROS 
production [18].

Tirapazamine is toxic under hypoxic conditions in a cell type-dependent manner
 Before determining the adjuvant efficacy of TPZ, the inherent toxicity of 
increasing concentrations TPZ was assessed under normoxic and hypoxic conditions 
in A431 and Sk-Cha1 cells in the absence of PDT. Under normoxic conditions, TPZ 
was moderately toxic to A431 (Fig. 2A) and Sk-Cha1 cells (Fig. 2E) as evidenced 
by a relative viability of 66% and 60%, respectively, at a 100-μM TPZ concentration. 
Under hypoxic culture conditions, A431 cells experienced profound toxicity at a TPZ 
concentration of >10 μM. A similar pattern was observed for Sk-Cha1 cells, although 
hypoxic A431 cells were more susceptible to TPZ than hypoxic Sk-Cha1 cells. However, 
hypoxia sensitized both cell types to TPZ, which is potentially beneficial for an acute 
hypoxia-inducing treatment such as PDT.

Tirapazamine-induced cell death is associated with increased oxidative stress
 Since intracellular TPZ is known to form radical species under hypoxic 
conditions, such as TPZ•, O2

• –, and •OH [47], we tested whether cancer cells exhibit 
increased oxidative stress in the presence of TPZ. Accordingly, cells were incubated 
with 50 μM (A431 cells) or 100 μM TPZ (Sk-Cha1 cells) for 24 h under normoxic or 
hypoxic conditions and assayed for oxidative stress using the cell-permeant and redox-
sensitive probe DCFH2-DA. In both cell lines, hypoxia resulted in a moderate increase 
in oxidative stress (Fig. 2B and F); a phenomenon that has been reported before [48]. 
TPZ did not result in increased oxidative stress in Sk-Cha1 cells and induced very mild 
oxidative stress in A431 cells (Fig. 2B and F). On the other hand, TPZ + hypoxia was 
associated with a 316% and 162% increase in the degree of oxidative stress in A431 and 
Sk-Cha1 cells, respectively. These results suggest that the cytotoxicity of TPZ is caused 
by ROS generation, which is significantly exacerbated under hypoxic conditions.
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Tirapazamine exacerbates PDT-induced cell death in a cell type-dependent manner
 To test whether normoxic pre-incubation of cells with minimally toxic 
concentrations of TPZ could exacerbate PDT-induced cell death, cells were incubated 
for 24 h with either 50 μM TPZ (A431 cells) or 100 μM TPZ (Sk-Cha1 cells) as these 
concentrations resulted in a ~40% reduction in viability in the cell lines (Fig. 2A 
and E). Subsequently, cells were treated with PDT and cultured for 4 h under either 
normoxic or hypoxic conditions. It should be underscored that, when normoxic 
incubation was performed post-PDT, cells were photosensitized with 10 μM ZnPC-
ETLs. When incubation was performed under hypoxic conditions post-PDT, cells were 
photosensitized with 5 μM ZnPC-ETLs. These regimens induced a ~50% reduction 
in viability under the given experimental conditions, and were employed in all 
experiments unless noted otherwise. The hypoxic conditions were tested to resemble 
the post-PDT tumor microenvironment (vascular shutdown-mediated hypoxia).

Fig. 2. Effect of TPZ on cell viability, oxidative stress, and PDT efficacy in A431 (A-D) and Sk-Cha1 (E-H) cells. 
(A and E) The 24-h toxicity of TPZ (0-100 μM) in A431 (A) and Sk-Cha1 (D) cells under normoxic (black) and 
hypoxic culture conditions (gray). Cells were incubated with serum-free medium containing TPZ and a 1% (v/v) 
DMSO concentration. The viability of the TPZ-treated cells was normalized to that of untreated cells incubated 
without DMSO (N = 3/concentration). (B and F) Oxidative stress was measured in A431 cells (B) and Sk-Cha1 
cells (F) using DCFH2-DA. Cells were exposed to 50 or 100 μM TPZ and kept under normoxic (gray) or hypoxic 
conditions (white) for 24 h (N = 6/treatment group/condition). Fluorescence intensities of DCF were corrected for 
protein content. (C and G) Viability of A431 and Sk-Cha1 cells that were incubated under normoxic conditions 
with serum-free medium for 24 h and left untreated (CTRL), with serum-free medium containing TPZ (TPZ), with 
serum-free medium and treated with PDT (PDT), or with serum-free medium containing TPZ and subsequently 
treated with PDT (TPZ + PDT) (N = 6/group). Viability was assayed 4 h after incubation under normoxic (C and 
G) or hypoxic conditions (D and H). The final TPZ concentrations used were 50 μM and 100 μM in A431 and Sk-
Cha1 cells, respectively. PDT was performed with 10 μM of ZnPC-ETLs (normoxia groups) or 5 μM ZnPC-ETLs 
(hypoxia groups) (final lipid concentration). All data were normalized to control values. Readers are referred to 
section 2.13 for the significance of the statistical symbols.
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 TPZ exhibited no normoxic toxicity and mild hypoxic toxicity in A431 cells 
(Fig. 2C and D). PDT alone decreased the relative viability of A431 cells to 52-51% 
under both normoxia and hypoxia. The combination of PDT with TPZ pre-incubation 
(TPZ + PDT) did not further reduce cell viability in normoxic A431 cells (relative 
viability of 60%) compared to PDT alone, but significantly decreased the viability to 
39% when A431 cells were incubated under hypoxic conditions after PDT.
 For Sk-Cha1 cells (Fig. 2G and H), TPZ pre-incubation was mildly toxic under 
both normoxic and hypoxic conditions (relative viability of 70-75%). PDT alone 
reduced the relative cell viability to 42% under normoxic conditions (10 μM ZnPC-
ETLs) and to 70% under hypoxic conditions (5 μM ZnPC-ETLs). In contrast to A431 
cells, Sk-Cha1 cells were more sensitive to TPZ + PDT compared to PDT alone, yielding 
an additional reduction in relative cell viability of 22% and 28% under normoxic and 
hypoxic conditions, respectively. As such, these data represent a 54% and 41% increase 
in efficacy when PDT was combined with TPZ versus PDT alone under normoxic and 
hypoxic conditions, respectively.
 In sum, the findings indicate that TPZ preconditioning can be used to 
considerably increase the therapeutic efficacy of PDT in Sk-Cha1 cells and to a much 
lesser extent in A431 cells.

Tirapazamine induces DNA damage in a PDT-independent manner
 To investigate the manifestation of TPZ-induced DNA damage after PDT in 
accordance with literature [49-51], cells were either left untreated or treated by TPZ 
for 24 h, PDT (5 μM ZnPC-ETLs), or TPZ + PDT, incubated for 4 or 24 h under 
hypoxic conditions to mimic the in vivo conditions, and stained with anti-phospho-
H2AX; an epigenetic marker for DNA DSBs [52]. The DNA DSB data obtained at 4 h 
post-PDT are presented in Fig. 3. Representative cell cycle profiles of similarly treated 
cells were assayed after 24 h of hypoxic incubation post-PDT/CTRL treatment and are 
also presented in Fig. 3. The cell cycle quantrics are provided in Fig. 4.
 A431 cells in the control (Fig. 3A and B) and PDT group (Fig. 3E and F) 
exhibited only minor levels of phospho-H2AX foci, indicating that neither hypoxia 
nor PDT induced DNA DSBs. Constitutive DNA damage was more prevalent in A431 
cells compared to Sk-Cha1 cells (Fig. 3E versus F and Fig 5A/E versus B/F), which is 
consistent with the fact that A431 cells do not contain a functional p53 protein and 
thus better tolerate DNA damage [34], which is not the case for Sk-Cha1 cells [53]. 
P53 is responsible for DNA repair and initiation of DNA damage-induced apoptosis 
and regulates cell cycle progression based on the extent of DNA damage [54]. The 
cell cycle profiles confirm that the distribution of cells in G1, S, or G2/M phase was 
only minimally affected by PDT, although A431 cells did exhibit a mild proliferative 
tendency in response to PDT as evidenced by the slightly elevated S- and G2/M phase 
cell populations (Fig. 3A and Fig. 4A).
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 TPZ pretreatment and subsequent hypoxic incubation induced visibly higher 
levels of phospho-H2AX foci in both A431 and Sk-Cha1 cells (Fig. 3C and D, 
respectively). The DNA DSBs led to prominent changes in cell cycle profiles after 24 
h. The distribution of cells in the S-phase reveals that S-phase inflow was increased 

Fig. 3. Confocal laser scanning microscopy of DNA damage and cell cycle profiles of differently treated cells 
following hypoxic incubation. A431 (panels A,C,E,G) and Sk-Cha1 cells (panels B,D,F,H) were pretreated with 
non-supplemented medium (Ctrl and PDT) or medium supplemented with TPZ (A431, 50 μM; Sk-Cha1, 100 
μM) and incubated under normoxic conditions for 24 h. Afterwards, cells were either not irradiated (Ctrl, TPZ) or 
treated by PDT (PDT and TPZ + PDT, 5 μM ZnPC-ETLs). All cells were incubated under hypoxic conditions for 
4 h and assayed for DNA DSBs by confocal microscopy following phospho-H2AX (red) and DAPI (blue) staining. 
Additionally, the cell cycle profiles were determined in each group by flow cytometry after 24 h of hypoxic incubation. 
The G1, S, and G2/M populations are indicated in the histograms (representative histograms are provided from N 
= 3 experiments/group). The groups are labeled in green at the top of each panel set.
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in A431 cells (Fig. 3C and Fig. 4A) but unaltered in Sk-Cha1 cells (Fig. 3D and Fig. 
4B) compared with control cells. Accumulation of cells in late S-phase occurred in 
both cell lines, supporting the hypothesis that the stalling of DNA replication forks 
during S-phase by inhibition of topoisomerase (necessary for DNA unwinding to 
allow replication) [55] leads to an intra-S-phase arrest in the presence of TPZ [56]. The 
increase in DNA DSBs in TPZ-treated hypoxic cells may also explain the increase in 
G2/M populations, since DNA damage typically stimulates G2 arrest prior to M-phase 
entry [57].
 Similar results regarding DNA DSBs and effects on cell cycle profiles were 
observed in cells pre-incubated with TPZ and subsequently treated with PDT (Fig. 3G 
and H and Fig. 4A and B). Taken together, the reduction in cell viability following TPZ 
+ PDT seems to stem from TPZ-induced DNA damage and cell cycle stalling.

Tirapazamine induces DNA damage under normoxia in a PDT-independent manner
 As was shown in Fig. 2C and G, TPZ also affected cell viability under normoxic 
conditions. In order to determine whether TPZ exerts its DNA-damaging effects under 
normoxic conditions, A431 and Sk-Cha1 cells underwent similar treatments as in the 
previous section, with the exception that the cells were kept under normoxic conditions 
under all circumstances and were photosensitized with 10 μM ZnPC-ETLs.
 The phospho-H2AX staining in untreated cells revealed that the nuclei of A431 
cells contained multiple phospho-H2AX-positive foci, whereas these were largely 
absent in Sk-Cha1 cells (Fig. 5A and B, respectively). The DNA damage translated to 
similar cell cycle characteristics as reported for hypoxic cells in both cell lines (Fig. 
5A and B and Fig. 4C and D). The degree of DNA DSBs did not increase in Sk-Cha1 
cells after PDT (Fig. 5F), whereas the extent of DNA damage was slightly exacerbated 
after PDT in A431 cells (Fig. 5E), which was accompanied by a mild increase in cell 
populations in the S-phase and G2/M-phase (Fig. 5E and Fig. 4C). TPZ treatment 
increased the number of phospho-H2AX foci under normoxic conditions (Fig. 5C 
and D), although the effect was not as extensive as under hypoxic conditions (Fig. 3C 

Fig. 4. Cell cycle quantrics in A431 and Sk-Cha1 cells per treatment group and incubation condition as indicated at 
the top of each panel. Cells were subjected to TPZ (50 μM for A431 and 100 μM for Sk-Cha1), PDT (5 μM ZnPC-
ETLs for hypoxic cells and 10 μM ZnPC-ETLs for normoxic cells), or both (TPZ + PDT). Cells were kept under 
hypoxic or normoxic conditions for 24 h post-PDT.
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and D). As reported for the hypoxic conditions, the cell cycle profiles under normoxic 
conditions revealed an increased proliferation rate in TPZ-subjected A431 cells (Fig. 
5C and Fig. 4C) and an increase in the number of late-S-phase Sk-Cha1 cells (Fig. 5D 

Fig. 5. Confocal laser scanning microscopy of DNA damage and cell cycle profiles of differently treated cells 
following normoxic incubation. A431 (panels A,C,E,G) and Sk-Cha1 cells (panels B,D,F,H) were pretreated 
with non-supplemented medium (Ctrl and PDT) or medium supplemented with TPZ (A431, 50 μM; Sk-Cha1, 
100 μM) and incubated under normoxic conditions for 24 h. Afterwards, cells were either not irradiated (Ctrl, 
TPZ) or treated by PDT (PDT and TPZ + PDT, 10 μM ZnPC-ETLs). All cells were incubated under normoxic 
conditions for 24 h and assayed for DNA DSBs by confocal microscopy following phospho-H2AX (red) and DAPI 
(blue) staining. Additionally, the cell cycle profiles were determined in each group by flow cytometry after 24 h of 
normoxic incubation. The G1, S, and G2/M populations are indicated in the histograms (representative histograms 
are provided from N = 3 experiments/group). The groups are labeled in green at the top of each panel set.
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and Fig. 4D), which suggests that the implicated topoisomerase inhibition is hypoxia-
independent. TPZ + PDT (Fig. 5G-H) visibly increased the phosho-H2AX foci to a 
comparable level as observed under hypoxic conditions (Fig. 3G and H). Accordingly, 
the transient depletion of oxygen by PDT (O2 → ROS) may be sufficient to produce 
TPZ• capable of inducing DNA oxidation and subsequent DNA DSBs insofar as 
prolonged hypoxia did not greatly exacerbate the occurrence of these lesions (Fig. 3G 
and H). Cell cycle analysis of cells treated with TPZ + PDT and subsequent normoxic 
incubation further confirms that the resulting DNA damage culminates in S-phase 
stalling and G2-arrested cells (Fig. 5G/H and Fig. 4C/D). Thus, the adjuvant effect 
of TPZ to the efficacy of PDT is not limited by oxygen tension, as TPZ induces DNA 
damage and increases the PDT effect even under normoxic culture conditions.

Tirapazamine is a potent inducer of apoptosis in combination with PDT
 During imaging of DNA DSBs (Fig. 3 and 5) we frequently observed blebbing 
nuclei in the treated Sk-Cha1 cells, which is indicative of apoptosis. Additional confocal 
microscopy was therefore performed with Sk-Cha1 and A431 cells that had been 
treated with TPZ and TPZ + PDT and labeled with MTR, DAPI, and phospho-H2AX. 
Both treatments yielded a substantial amount of apoptotic Sk-Cha1 cells (exposed to 
100 μM TPZ) with distinct blebbing morphology (Fig. 6A-D, arrows) regardless of 

Fig. 6. (A-D) Confocal microscopy images of Sk-Cha1 cells subjected to 100 μM TPZ (A) or 100 μM TPZ + 10 
μM ZnPC-ETL-PDT (B) and normoxic post-PDT conditions or to 100 μM TPZ (C) or 100 μM TPZ + 5 μM 
ZnPC-ETL-PDT (D) and hypoxic post-PDT conditions. All images were acquired 4 h after treatment. Nuclei are 
shown in blue, phospho-H2AX is depicted in red, and MitoTracker Red CMX-ROS is depicted in green. Arrows 
indicate apoptotic cells with typical nuclear blebbing morphology. (E-H) Loss of MMP in A431 and Sk-Cha1 cells 
per treatment group and incubation condition (indicated at the top of each panel). Readers are referred to Section 
Statistical Analysis for the significance of the statistical symbols.
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oxygen tension. In addition, the apoptotic nuclei were intensely positive for phospho-
H2AX, which may be a consequence of nuclease activity inherent to apoptosis [58] 
or the result of extensive TPZ/TPZ•-mediated DNA DSB formation. The apoptosis-
associated blebbing was not observed in A431 cells incubated with 50 μM TPZ (not 
shown).
 The intrinsic pathway of apoptosis is characterized by mitochondrial 
permeability transition (MPT) and loss of MMP, which ensues e.g., p53-mediated 
pro-apoptotic BCL-2 protein activation (including BAX, PUMA, and NOXA). Loss 
of mitochondrial membrane integrity as a result of MPT can be measured with the 
fluorescent probe JC-1 [59] (Section Determination of Mode of Cell Death).
 Under normoxic conditions, the majority of control and 50 μM TPZ-treated 
A431 cells did not exhibit mitochondrial membrane perturbations (Fig. 6E), which 
is in line with the viability data (Fig. 2C). PDT with ZnPC-ETLs (10 μM) caused a 
31% increase in MPT, whereas the TPZ + PDT regime had no additional effect on 
mitochondrial integrity (Fig. 6E). These findings are in agreement with the viability 
profiles of comparably treated normoxic A431 cells (Fig. 2C). Similar trends were 
observed in hypoxic A431 cells in the control, TPZ (50 μM), and PDT (5 μM ZnPC-
ETLs) groups (Fig. 6F), although the effect of PDT on MPT was dampened under 
hypoxic conditions relative to normoxic cells, while TPZ exacerbated the loss of 
mitochondrial integrity in PDT-treated A431 cells. These findings were mirrored by 
significantly increased oxidative stress by TPZ (Fig. 2B) and relative viability data (Fig. 
2D) under hypoxia.
 With respect to Sk-Cha1 cells, normoxic cells exhibited similar levels of MMP 
loss (4% of cells) as normoxic A431 cells, whereas hypoxia considerably increased 
MMP loss to 21% of cells (Fig. 6G). TPZ (100 μM) had no significant effect on MMP 
loss under normoxic conditions (Fig. 6G), despite the fact that it was associated with 
reduced cell viability (Fig. 2G) in a ROS-independent manner (Fig. 2F). Furthermore, 
100 μM TPZ exhibited a tendency towards cytoprotection (albeit not significant) under 
hypoxia (Fig. 6G) despite the considerable TPZ-induced increase in oxidative stress 
(Fig. 2F) and reduction in cell viability (Fig. 2H). PDT (10 μM ZnPC-ETLs) caused 
MMP loss in a significantly higher percentage of normoxic cells (49%), which was 
further aggravated in cells treated with 100 μM TPZ + 5 μM ZnPC-ETL PDT (60%). 
The effect of PDT on MMP loss was slightly reduced under hypoxic conditions, where 
TPZ exhibited no additional effect on MMP loss in PDT-subjected Sk-Cha1 cells (Fig. 
6H), suggesting that other cell death pathways may cause the reduction in cell viability 
(Fig. 3H). 

Encapsulation of tirapazamine in ZnPC-ETLs increases the efficacy of PDT
 TPZ is very poorly taken up by cells [60] yet exacerbates the extent of PDT-
induced cell death in hypoxic A431 cells (Fig. 2D) and in Sk-Cha1 cells regardless of 
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oxygen tension (Fig. 2G and H). The inclusion of TPZ into ZnPC-ETLs may therefore 
increase the intracellular availability of TPZ and further increase PDT efficacy using a 
single drug delivery system. In the last set of experiments, ZnPC- and TPZ-ETLs were 
prepared with fixed ZnPC content and increasing TPZ concentrations. To investigate 
whether these liposomes remain stable in the presence of ZnPC, the size and PDI of 
TPZ-ETLs were assayed during 7 days post preparation, whereby the liposomes were 
either stored at 4 °C or 37 °C. The results (Table 1) indicate that the size and PDI 
remained stable throughout the experiment, and were not affected by the storage 
temperature or the presence of ZnPC.

Formulation: DPPC:chol:DC-chol:DSPE-PEG (66:5:25:4), 1 mM TPZ

4 °C 37 °C

Day Size [nm] PDI Size [nm] PDI

0 114.0 ± 1.8 0.189 ± 0.034 114.0 ± 1.8 0.189 ± 0.034 

1 114.4 ± 1.1 0.205 ± 0.044 113.1 ± 2.2 0.219 ± 0.032 

3 110.5 ± 0.9 0.143 ± 0.018 111.6 ± 1.4 0.178 ± 0.014 

7 112.5 ± 1.2 0.199 ± 0.037 114.6 ± 2.2 0.194 ± 0.019 

Formulation: DPPC:chol:DC-chol:DSPE-PEG (66:5:25:4), ZnPC (0.003 ZnPC:lipid), 1 mM TPZ

4 °C 37 °C

Day Size [nm] PDI Size [nm] PDI

0 108.8 ± 1.7 0.170 ± 0.013 108.8 ± 1.7 0.170 ± 0.013 

1 111.1 ± 2.2 0.202 ± 0.014 107.8 ± 2.7 0.189 ± 0.026 

3 108.0 ± 1.7 0.172 ± 0.016 107.8 ± 2.2 0.130 ± 0.019 

7 111.3 ± 1.4 0.147 ± 0.018 111.7 ± 2.8 0.182 ± 0.021 

Table 1. Stability of TPZ-ETLs in the absence and presence of ZnPC in terms of liposome size, PDI, and storage 
temperature.

 Fig. 7A and E illustrate that incubation of cells with TPZ-ETLs (1 mM 
intraliposomal TPZ concentration) versus cells incubated with free TPZ (100 μM) 
resulted in an approximately 10-fold increase in intracellular TPZ in case of the TPZ-
ETLs. This proved that liposomal encapsulation of TPZ results in increased intracellular 
availability of TPZ. All further experiments were performed with TPZ-ETL solutions 
from which the non-encapsulated TPZ had been removed. Fig. 7B and F show that there 
is no dark toxicity of TPZ-ETLs in A431 and Sk-Cha1 cells at a final lipid concentration 
of 10 μM. More importantly, the therapeutic efficacy of PDT with TPZ-ETLs was 
substantially higher compared to PDT with free TPZ preconditioning. Inclusion of 
0.1 and 1 mM of TPZ into ZnPC-ETLs decreased A431 cell viability after PDT to 
62% and 67% under normoxic conditions (Fig. 7C), respectively, and to 32% and 34% 
under hypoxic conditions (Fig. 7D), respectively, compared to PDT with TPZ-lacking 
ZnPC-ETLs (representing 100% relative viability). A similar dose effect was observed 
in Sk-Cha1 cells; incorporation of 0.1 and 1 mM of TPZ into ZnPC-ETLs decreased 
the relative viability after PDT to 73% and 63% under normoxic conditions (Fig. 7G), 
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respectively, and to 54% and 55% under hypoxic conditions (Fig. 7H), respectively, 
compared to ZnPC-ETLs not containing TPZ. The data provide compelling in vitro 
proof-of-concept for the use of fourth-generation photosensitizers (i.e., a second-
generation photosensitizer (ZnPC) encapsulated in a targeted photosensitizer delivery 
system (liposomes) with co-encapsulated adjuvant chemotherapeutics (TPZ)) for PDT.

Discussion

 This study investigated the adjuvant effect of TPZ on PDT efficacy in cells 
derived from a therapy-resistant tumor (PHCC, Sk-Cha1) and in cells (A431) derived 
from a tumor that is equally relevant for PDT but that is distinct from Sk-Cha1 cells 
with respect to p53 functionality. Although Sk-Cha1 cells carry a missense mutation 
in the TP53 gene that encodes the DNA binding domain, there is ample evidence that 
p53 is functional in these cells [61]. In contrast, A431 cells have lost a TP53 allele and 
carry a missense mutation in the region that encodes the DNA binding domain of the 
remaining protein, substantially lowering their p53 signaling capability [34, 62].
 The most important findings of this study were that, firstly, TPZ exacerbated 

Fig. 7. Intracellular TPZ concentrations, dark toxicity, and PDT efficacy of TPZ-containing ZnPC-ETLs in A431 
cells (A-D) and Sk-Cha1 cells (E-H) under normoxic- (black squares) or hypoxic conditions (grey circles). (A, E) 
Cells were exposed to either 100 μM TPZ or 100 μM of ZnPC-ETLs (final lipid concentration, medium contained 
50 μM free TPZ) containing 1 mM intraliposomal TPZ for 1 h, after which the intracellular TPZ concentration 
was determined (N = 3). (B, F) Cells were exposed to 10 μM of ZnPC-ETLs (final lipid concentration) containing 
increasing intraliposomal TPZ concentrations for 24 h under normoxic- or hypoxic culture conditions in the 
absence of PDT (N = 4). (C, G) The normoxic PDT efficacy was determined after incubation of cells for 1 h with 
10 μM of ZnPC-ETLs containing increasing intraliposomal TPZ concentrations, after which cells were subjected 
to PDT and subsequently maintained under normoxic conditions. After 4 h the relative viability was determined 
relative to cells that had been subjected to PDT with ZnPC-ETLs without TPZ (N = 4). (D, H) The same procedure 
was followed as in (B and E), only the cells were incubated under hypoxic conditions after PDT (N = 4).
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PDT-induced cell death under hypoxic conditions in both cell lines. This appeared to 
be the result of a chain of events that included TPZ• formation by nuclear reductases, 
the consequent induction of DNA DSBs, stalling of cell division, loss of MMP, and 
cell death via apoptosis. However, there were several important differences observed 
between the cell lines. Under hypoxic conditions, TPZ was more toxic to A431 cells 
compared to Sk-Cha1 cells, yet TPZ exhibited an adjuvant effect on PDT efficacy 
under normoxic conditions in Sk-Cha1 cells but not in A431 cells (albeit at a two-
fold higher TPZ concentration than was used for A431 cells). Secondly, the extent of 
TPZ’s adjuvant efficacy was not reliant on the p53 protein insofar as a decrease in post-
PDT cell viability was observed in both cells lines under hypoxic conditions. Thirdly, 
these positive results prompted the development of liposomes that included both TPZ 
and ZnPC in a single liposomal formulation so as to enable the optimal delivery of 
both compounds to tumor cells. The TPZ-ETLs exhibited no dark toxicity but were 
more lethal to either cell type after PDT compared with ZnPC-ETLs lacking TPZ − an 
effect that was more pronounced in A431 cells than in Sk-Cha1 cells, especially under 
hypoxic conditions.
 Before discussing the neoadjuvant effect of TPZ on PDT efficacy, it is imperative 
to address TPZ as a stand-alone pharmaceutical compound in the absence of PDT. 
The putative mechanism of action entails the TPZ → TPZ• conversion in the nucleus 
under hypoxic conditions, resulting in oxidative damage to DNA bases [63] through 
the formation of formamidopyrimidine and 5-hydroxy-6-hydropyrimidine [64], 
potentially leading to mismatches and single strand breaks (SSBs) [65]. This type of 
base damage is either repaired via base excision repair [66] or results in DNA DSBs 
when cells with DNA lesions progress through S phase [67, 68]. Accordingly, TPZ•-
induced DNA base damage, SSBs, and DSBs have been reported previously [50]. 
The different types of DNA damage may emanate from TPZ’s hypoxia-independent 
inhibition of topoisomerases [55] and the hypoxia-dependent formation of TPZ• and 
subsequent base oxidation.
 Although the hypoxia-driven mechanism of action was confirmed by our 
experiments, TPZ/TPZ• also exerted a pharmacological effect under normoxic 
conditions when combined with PDT. Since PDT rapidly depletes intracellular O2 
levels by the conversion into ROS [69], the transient post-PDT hypoxia appeared to 
be sufficient to form TPZ• and induce DNA DSBs and subsequent cell death, even 
under normoxic culture conditions. The reason behind TPZ being more toxic to p53-
dysfunctional A431 cells compared to p53-functional Sk-Cha1 cells is currently elusive. 
In addition, non-irradiated, TPZ-treated hypoxic Sk-Cha1 and A431 cells exhibited a 
considerable increase in intracellular oxidative stress as well as an elevated degree of 
DNA DSBs. This TPZ-mediated increase in oxidative stress translated to augmented 
MPT in PDT-subjected A431 cells but not Sk-Cha1 cells, suggesting that the mechanism 
behind the cell death exacerbation in the TPZ + PDT groups differed between Sk-Cha1 
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and A431 cells. These phenomena may be a consequence of the higher proliferation 
rate of A431 cells versus Sk-Cha1 cells, causing the DNA damage to be propagated 
more quickly in A431 cells, resulting in mitotic catastrophe and cell death.
 In contrast to the above, the other results were in agreement with the p53-status 
of the two cell types. TPZ induced oxidative stress under hypoxic conditions that led 
to DNA DSBs in both cell lines. The cell cycle of p53-dysfunctional A431 cells was 
minimally affected by adjuvant TPZ, whereas the cell cycle was affected in Sk-Cha1 
cells. In addition, while increased cell death occurred in both cell lines, the increased 
cell death was associated with more extensive MPT in Sk-Cha1 cells but not A431 cells. 
Thus, the augmented cell death signaling in TPZ + PDT-treated A431 cells appeared 
to circumvent the p53-MPT route, whereas cell death and growth arrest in Sk-Cha1 
cells may have proceeded through p53 via DNA DSB-induced MPT and activation of 
the p21 cell cycle inhibitor, respectively. Based on the above it appears that TPZ has 
prominent adjuvant potential in combination with PDT, although the mechanism of 
cell death appears to be dependent on the p53 status and proliferation rate of the tumor 
cells.
 Given TPZ’s confirmed hypoxic cytotoxin properties, we tested whether 
PDT-induced hypoxia, which was emulated by the incubation of PDT-subjected 
cells under hypoxic conditions, would be a potent activator of TPZ that would 
exacerbate cancer cell death via auxiliary pathways not induced by PDT, such as 
DNA damage. Most photosensitizers localize predominantly to the (membranes of) 
the endoplasmic reticulum, Golgi apparatus, mitochondria, and/or lysosomes. Their 
intracellular localization in combination with the fact that ROS have a short action 
radius in a biological milieu causes PDT-induced damage to be typically confined 
to the aforementioned organelles [13, 46], whereby the nucleus is left unscathed. 
Nuclear ‘protection’ from PDT was corroborated by the absence of increased phospho-
H2AX staining of DNA DSBs [52] in both cell lines. Although TPZ exhibited mild 
antioxidative properties in a cell-free environment (Fig. 1), TPZ did not reduce the 
therapeutic efficacy of PDT. This may be due to the induction of DNA damage by TPZ 
in the nucleus and not the cytoplasm, although the intracellular distribution of TPZ 
was not investigated. The damage inflicted by PDT is mainly cytoplasmic as a result of 
the non-nuclear localization of ZnPC (unpublished results). The TPZ-induced DNA 
damage and corollary induction of apoptosis were hence expected to have an additive 
impact on the extent of cell death following PDT. Furthermore, increased cell cycle 
arrest and cell death following PDT + TPZ treatment were hypothesized to mainly 
occur in hypoxic Sk-Cha1 cells, i.e., cells that are able to regulate these processes via 
p53 following DNA damage.
 There is a large range of applications for liposomal drug delivery in 
biomedicine that includes delivery of cytostatic or diagnostic drugs for cancer [18, 70-
74], leishmaniasis [75], heart disease [76, 77], port wine stains [78], and thrombosis 
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[79]. Liposomes are versatile drug carriers since the liposome surface can be modified 
to gain long circulating capacity using e.g., glucoronide or PEG [80, 81], cross the 
blood-brain barrier by adding p-aminophenyl-α-d-mannopyranoside [82], and 
target specifically to tumor cells using antibody- or nanobody conjugation [17, 83-
87]. Moreover, the lipid composition of liposomes can be modified to bestow specific 
biodistributive properties upon the liposomes. For instance, cationic liposomes have 
the ability to accumulate specifically at tumor vascular endothelium in vivo [88]. A 
distorted blood flow in angiogenic tumor vessels and the consequential shedding of 
the barrier-forming glycocalyx of endothelial cells is believed to be the underlying 
mechanism for an increased interaction of the cationic liposomes and the anionic 
endothelial cell membrane [89, 90]. Cationic liposomes are suitable carriers for in 
vitro drug delivery since they are effectively taken up by many different cell types 
in culture. For example, cationic liposomes composed of DPPC, cholesterol, and 
stearylamine (45:45:10 mol%, 120 nm) were previously used to assess the delivery of 
the radiosensitizer 5-bromo-2-deoxy-uridine (BrdU) to human HMV-II melanoma 
cells in vitro [91]. The cationic BrdU-containing liposomes were substantially more 
effective in radiosensitizing HMV-II cells compared to anionic or neutral liposomes. 
Taken together, liposomes constitute a promising carrier for target-specific delivery of 
hydrophilic and hydrophobic pharmacological agents, including ZnPC and TPZ.
 Clinically, TPZ has been employed as a stand-alone treatment or as a radio- 
and chemosensitizer in the treatment of non-squamous cell lung cancer, head and 
neck cancer, cervical cancer, and melanoma, which are hypoxic tumor types [92]. TPZ 
has shown limited clinical efficacy in non-hypoxic tumors [92], and the functionality 
of p53 has been implicated in the responsiveness of tumor cells to TPZ inasmuch as 
neuroblastoma cell lines without a functional p53 were significantly less sensitive to 
TPZ-induced apoptotis than their wild type counterparts [93]. Contrastingly, p53-
deficient cell lines have also been shown to be hypersensitive to TPZ [94]. The exact 
mechanism notwithstanding, the results presented in Fig. 2 are in favor of a combined 
treatment approach of TPZ + PDT for PHCCs, especially since merely 14-26% of 
PHCC patients carry a mutation in the TP53 gene [95]. However, there are three major 
drawbacks of TPZ in regard to clinical use, which include (1) poor cellular uptake [61], 
(2) suboptimal pharmacokinetics [96], and (3) the moderate adverse events reported 
in completed and ongoing clinical trials [26, 27]. Poor uptake enforces the use of higher 
TPZ dosing to achieve a desired clinical effect. Since TPZ has been associated with 
muscle cramping, anemia, diarrhea, skin rash, nausea, vomiting, and even (reversible) 
blindness [26, 27], the use of higher TPZ dosages is contra-indicated. Moreover, the 
plasma half-life of TPZ is extremely short, namely 36 min in mice and 47 min in 
humans at LD10 doses [96], resulting in poor drug delivery efficiency.
 In order to resolve these drawbacks for clinical use, TPZ can be co-encapsulated 
with ZnPC in ETLs to specifically deliver these compounds to pharmacologically 
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important locations in the tumor [16] and achieve an adjuvant therapeutic effect after 
PDT. Liposomal encapsulation and tumor targeting of TPZ may prevent some of the 
pharmacokinetic and toxicity hurdles mentioned above and improve pharmacodynamic 
efficacy. Indeed, it was shown that the encapsulation of TPZ into ZnPC-ETLs resulted 
in a substantial increase in intracellular TPZ concentrations and PDT efficacy, yet did 
not exert the toxic effects induced by free TPZ. This increase in efficacy was observed in 
both A431 and Sk-Cha1 cells, indicating that the adjuvant effect of liposome-delivered 
TPZ on PDT efficacy occurs in a p53-independent manner. Taken altogether, it was 
demonstrated that TPZ and ZnPC can be combined in a singular drug delivery system 
for the treatment of tumor cells. Moreover, the study provides compelling evidence for 
the use of a fourth-generation liposomal formulation (i.e., a liposome-encapsulated 
second-generation photosensitizer with co-encapsulated TPZ or pharmacological 
agents that for example inhibit survival pathways) for PDT of recalcitrant solid cancers.

Conclusions

 TPZ is a hypoxic cytotoxin that confers an adjuvant effect on PDT outcome, 
despite the varying responses of cells to TPZ treatment. The adjuvant effect stems 
from TPZ-mediated radical formation, DNA damage, loss of MMP, and consequent 
induction of cell death. These phenomena occurred under both normoxic and hypoxic 
conditions and independently of p53 functionality. The poor uptake of TPZ by tumor 
cells as well as unfavorable pharmacokinetics was circumvented by liposomal co-
encapsulation, which nearly doubled the PDT efficacy. These in vitro results provide 
proof-of-concept for the use of fourth-generation photosensitizers and furnish 
mechanistic insight into the adjuvant potential of TPZ in PDT.
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1. Summarizing discussion

 Photodynamic therapy (PDT) is a treatment strategy that is employed for a 
variety of medical conditions, including antibiotic-resistant bacterial infections [1], 
atherosclerosis [2], wet age-related macular degeneration [3], and (palliative) treatment 
of solid cancers [4]. In case of solid cancer treatment, PDT requires the accumulation 
of a light-sensitive molecule (photosensitizer) in the tumor environment, which can 
be either administered systemically or locally depending on the location of tumor. 
Thereafter, the tumor site is locally irradiated with light to excite the photosensitizer. 
The activated photosensitizer then undergoes a photochemical reaction with oxygen 
that is present in the tumor tissue, thereby producing highly toxic singlet oxygen and 
other forms of reactive oxygen species (e.g., superoxide). As a result of the oxidation of 
biomolecules in tumor cells and its vasculature, the therapeutic insult induces tumor 
cell death, shutdown of the tumor (micro)vasculature, and may initiate an anti-tumor 
immune response as a result of the damaged tumor cells [5].
 Currently, PDT is employed as a treatment strategy for cancer patients 
with either curative or palliative intentions. In this thesis, we have focused on the 
optimization of PDT strategies for the treatment of perihilar cholangiocarcinoma. This 
cancer type is typically diagnosed at a late tumor stage due to its asymptomatic course, 
after which the tumor is no longer resectable. Interestingly, PDT has been shown to 
improve the median survival from 7 months in case of biliary stenting to 21 months 
where stenting was combined with PDT [6]. A recent meta-analysis also demonstrated 
that PDT is able to significantly improve the median survival time of non-resectable 
cholangiocarcinoma patients, as evidenced by a median survival of 3 - 7.4 months for 
stenting alone versus 9.8 - 21 months for PDT plus stenting [7]. Despite these promising 
results, PDT is still a palliative treatment strategy. Hence, novel ways were explored to 
enhance therapeutic efficacy.
 As described in Chapter 2, PDT may be improved by selecting photosensitizers 
that are amongst others efficient singlet oxygen generators, are able to strongly absorb 
light in the red spectrum, and are safe for clinical use. As such, the photosensitizer zinc 
phthalocyanine (ZnPC) was selected. To ensure bioavailability (i.e., ZnPC is highly 
lipophilic) and to selectively target ZnPC towards to the pharmacologically important 
sites within a tumor, ZnPC was encapsulated in three distinct liposomal formulations. 
These formulations are designed to either target to tumor cells (tumor cell-targeting 
liposomes), tumor endothelium (endothelial cell-targeting liposomes, ETLs), and 
tumor interstitial spaces (interstitially targeted liposomes, ITLs). With this approach, 
we aim to augment therapeutic efficacy and reduce potential photosensitivity (i.e., 
due to non-specific accumulation of photosensitizer in the skin) as a result of specific 
targeting.
 In response to PDT, tumor cells may initiate various protection mechanisms that 
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are programmed to stimulate survival which has been extensively described by [8]. To 
evaluate the safety of ZnPC-encapsulating ITLs and to assess the response of perihilar 
cholangiocarcinoma (SK-ChA-1) cells to PDT, SK-ChA-1 cells were treated with 
ZnPC-ITL-PDT and analyzed by microarray analysis (Chapter 3). Furthermore, in vivo 
toxicity was also assessed in chicken embryos and C57BL/6 mice. These experiments 
indicated that ZnPC-ITLs were non-toxic in vitro as well as in vivo. Importantly, 
PDT-treated SK-ChA-1 cells that were treated with a suboptimal treatment regimen 
revealed extensive HIF-1- and NF-κB-mediated survival signaling. These results 
also constituted the basis for Chapter 4. Here, we also evaluated the transcriptomic 
response of tumor-comprising cells, namely endothelial cells, macrophages, and 
perihilar cholangiocarcinoma and epidermoid carcinoma cells, following PDT with 
cationic ZnPC-encapsulating liposomes at a low (lethal concentration, 50% (LC50)) 
and high (LC90) photosensitizer concentration. In accordance with previous findings, 
PDT-treated tumor cells exhibited survival signaling via HIF-1- and NF-κB, which was 
most prominent in the LC50 groups. Additionally, SK-ChA-1 cells were also subjected to 
(phospho)proteomics and metabolomics to further decipher the post-PDT response. 
SK-ChA-1 cells that were treated with high-dose PDT exhibited a downregulation 
of proteins involved in cytoskeletal organization as well as metabolites that are 
responsible for the redox status and energy production by mitochondria. Interestingly, 
the frequently exploited tumor target epidermal growth factor receptor (EGFR) was 
downregulated at both the proteomic and mRNA level after high-dose PDT, which 
may be partly responsible for the PDT-induced cell death.
 The latter studies were performed to gain understanding of the behavior of 
tumor cells to PDT, but also to exploit potential vulnerabilities of tumor cells to make 
them more susceptible to PDT. In the in vivo situation, PDT may damage the tumor 
vasculature leading to vascular occlusion, thereby depleting tumor cells from hypoxia. 
Furthermore, PDT relies on the conversion of oxygen to reactive oxygen species, 
whereby the oxygen concentration in the tumor environment may drop. In response to 
both processes, the survival factor HIF-1 may be activated that enhances the survival 
of tumor cells under low oxygen conditions. Therefore, in Chapter 5 it was examined 
whether the HIF-1 inhibitor acriflavine could sensitize tumor cells to PDT. This study 
revealed that the PDT efficacy using cationic ZnPC-encapsulating liposomes was 
enhanced in perihilar cholangiocarcinoma in combination with acriflavine under 
hypoxic conditions. The enhanced PDT efficacy not only stemmed from HIF-1 
inhibition, as acriflavine is also known as a dual topoisomerase I/II inhibitor [9] that 
may lead to cell cycle arrest and lethal DNA damage during transcription and cell 
replication [10].
 The hypoxic state of tumor cells following PDT was further exploited in 
Chapter 6. Here, the hypoxic cytotoxin tirapazamine (TPZ) was used as a strategy 
to augment therapeutic efficacy. TPZ is a molecule that is converted into a radical by 
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nuclear reductases when the concentration drops below a certain threshold (i.e., < 
10% O2 [11]), which causes the formation of DNA double-strand breaks leading to cell 
death. In this study, TPZ and ZnPC were both encapsulated in one cationic liposomal 
formulation which showed an enhanced PDT efficacy in hypoxic conditions compared 
to their TPZ-lacking counterparts. These findings underscore the safety and feasibility 
of this approach as a way to improve PDT efficacy.

2. Future perspectives

 The work in this thesis forms the basis for the development of second-
generation photosensitizers (i.e., metallated phthalocyanines) in combination with 
a multi- targeting liposomal delivery platform as introduced in Chapter 2. Future 
research shall be focused on the development of an in vivo proof-of-concept and 
exploit the tumor survival mechanisms that may induced by PDT to make tumor cells 
more vulnerable to the therapeutic insult. Potential drugs that may be tested in such 
a platform include acriflavine (Chapter 5) and TPZ (Chapter 6). In addition to the 
optimization of this PDT strategy, future work should also include the development 
of an orthotopic perhilar cholangiocarcinoma in vivo model, since these models are 
currently lacking. Hence, novel treatment strategies for perihilar cholangiocarcinoma 
may be tested in a setting that better mimics the clinical situation that should lead to 
more clinically translatable results.
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Summary

 Photodynamic therapy (PDT) is a minimally-to-non-invasive therapy in which 
a light-sensitive molecule is activated by light to locally produce highly destructive 
reactive oxygen species (ROS). When employed for cancer treatment, PDT is able to 
induce tumor cell death, microvascular damage, and an anti-tumor immune response. 
All these factors contribute to tumor destruction. Although PDT is successfully 
applied for a variety of tumor types, PDT yields promising yet unsatisfactory results in 
non-resectable perihilar cholangiocarcinoma patients. This is partly due to the use of 
suboptimal photosensitizers and the activation of survival signaling in PDT-subjected 
but sublethally afflicted tumor cells. Consequently, novel PDT strategies are needed 
to treat these patients in a selective and effective manner. For this purpose, we (1) 
incorporated a photosensitizer with superior photochemical properties into a multi-
targeting liposomal delivery system, (2) analyzed survival signaling in PDT-treated 
tumor cells, and (3) pharmacologically intervened in survival programs to improve 
therapeutic efficacy. 
 The first part of this thesis describes the rationale for the proposed PDT 
modality and the response of (tumor) cells to this therapy. The PDT modality is 
based on the photosensitizer zinc phthalocyanine (ZnPC) that is incorporated into 
three distinct liposomal formulations that are targeted to the pharmacologically most 
important regions in a tumor, namely tumor cells, tumor vascular endothelium, and 
tumor interstitial spaces (Chapter 2). Chapter 3 revealed that ZnPC-encapsulating 
interstitially targeted liposomes are non-toxic in various in vitro and in vivo models. 
Moreover, suboptimally treated perihilar cholangiocarcinoma cells showed extensive 
survival signaling that may account for a suboptimal therapeutic response. This study 
was followed up by investigating the molecular responses of tumor-associated cell 
types (i.e., vascular endothelial cells, macrophages, perihilar cholangiocarcinoma cells, 
epidermal growth factor receptor (EGFR)-overexpressing epidermoid cancer cells) to 
PDT with ZnPC-encapsulating endothelial cell-targeting liposomes (Chapter 4). The 
study revealed that sublethal PDT activates multiple pathways in tumor-associated cell 
types that transcriptionally regulate cell survival, proliferation, energy metabolism, 
detoxification, inflammation/angiogenesis, and metastasis. Interestingly, optimal PDT 
resulted in downregulation of proteins involved in EGFR signaling, which is a well-
known therapeutic target in various cancer therapies.
 The second part of this thesis exploited the knowledge obtained in the previous 
chapters to develop so-called fourth generation photosensitizers. These are second-
generation photosensitizers (ZnPC) encapsulated in a photosensitizer delivery system 
(i.e., liposomes) with co-encapsulated small-molecular inhibitors of PDT-activated 
survival pathways. Hypoxia-inducible factor 1 (HIF-1) is a survival factor that is 
overexpressed in a variety of tumor types. However, PDT may also activate HIF-1 
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as PDT depletes oxygen during the production of ROS. In addition, tumor cells may 
experience hypoxia due to the obstructed influx of oxygen into the tumor as a result 
of PDT-induced vascular damage. In Chapter 5 it was found that HIF-1 is expressed 
in human hilar cholangiocarcinoma and that HIF-1 contributes to tumor cell 
survival following PDT in vitro. We found that pretreatment with the HIF-1 inhibitor 
acriflavine improved PDT efficacy in cultured cells, which warrants further in vivo 
validation for therapy-recalcitrant perihilar cholangiocarcinomas. Lastly, in Chapter 6 
it was evaluated whether tirapazamine (TPZ) is a suitable compound to increase PDT 
efficacy by exploiting the post-PDT tumor hypoxia. Under low oxygen conditions, TPZ 
is converted into a TPZ radical that causes DNA damage and consequent cell death. 
We found that it was feasible to incorporate TPZ into ZnPC-encapsulating endothelial 
cell-targeting liposomes. Moreover, the combination treatment of TPZ with PDT 
improved PDT efficacy under hypoxic conditions by inducing an additional mode of 
cell death via TPZ radical-induced DNA double strand breaks.
 In conclusion, this thesis describes a novel PDT strategy that may be used 
for the treatment of refractory solid cancers. The modality appeared safe in a variety 
of models and it was feasible to incorporate pharmacological agents into our multi-
targeted delivery platform. We believe that PDT-induced survival signaling may 
contribute to a suboptimal therapeutic response as well as potential tumor recurrence. 
Therefore, future research should be focused on targeted PDT strategies that exploit 
the post-PDT survival response and evaluate its clinical potential in animal models.

 

A
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Nederlandse samenvatting

 Fotodynamische therapie (PDT) is een minimaal- tot niet-invasieve 
therapie waarbij een lichtgevoelig molecuul door licht wordt geactiveerd licht om 
lokaal destructieve reactieve zuurstofverbindingen te produceren. In het geval van 
kankerbehandeling heeft PDT de mogelijkheid om tumorceldood te induceren, evenals 
microvasculaire schade en de opwekking van een anti-tumor immuunrespons. Al deze 
factoren dragen bij aan de verwijdering van de tumor. PDT wordt succesvol toegepast 
in verschillende tumortypes, maar leidt tot veelbelovende, maar nog onbevredigde 
resultaten bij patiënten met niet-resectabel perihilair cholangiocarcinoom. Dit wordt 
deels veroorzaakt door suboptimale fotosensitizers en de activatie van signaalroutes 
die de overleving stimuleren in tumorcellen die suboptimaal behandeld zijn met 
PDT. Daarom zijn nieuwe PDT strategieën nodig om deze patiënten te behandelen 
op een selectieve en effectieve wijze. Voor dit doel hebben wij (1) een fotosensitizer 
met superieure fotochemische eigenschappen geïncorporeerd in een liposomaal 
transportsysteem met multi-targeting eigenschappen, (2) de signaalroutes die overleving 
stimuleren geanalyseerd in PDT-behandelde tumorcellen en (3) farmacologisch 
ingegrepen om de overlevingsroutes te blokkeren om de therapeutische effectiviteit te 
verhogen.
 Het eerste deel van de thesis beschrijft de rationaal voor de voorgestelde PDT 
modaliteit en de respons van (tumor)cellen op deze therapie. De PDT modaliteit 
is gebaseerd op de fotosensitizer zink ftalocyanine (ZnPC) dat is verpakt in drie 
verschillende liposomale formuleringen die worden gestuurd naar de belangrijkste 
farmacologische gebieden in het tumorgebied, namelijk de tumorcellen, de bloedvaten 
van de tumor en de interstitiële ruimte van de tumor (Hoofdstuk 2). Hoofdstuk 3 
toont aan dat ZnPC-bevattende interstitieel-gestuurde liposomen niet toxisch zijn in 
verschillende in vitro en in vivo modellen. Bovendien laten suboptimaal behandelde 
cellen van het perihilair cholangiocarcinoom zien dat zij de overlevingsroutes sterk 
stimuleren wat voor een suboptimale therapeutische respons kan zorgen. Deze studie is 
opgevolgd door de moleculaire respons van tumor-geassocieerde cellen te onderzoeken 
(vasculaire endotheelcellen, macrophagen, perihilaire cholangiocarcinoomcellen, 
epidermaalcellen die epidermale groeifactor receptor (EGFR) tot overexpressie brengen) 
na de PDT behandeling met ZnPC-bevattende endotheel-gestuurde liposomen 
(Hoofdstuk 4). Deze studie liet zien dat sublethale schade na PDT verschillende 
signaalroutes activeert in tumor-geassocieerde celtypen die transcriptioneel de 
celoverleving, proliferatie, energiemetabolisme, detoxificatie, inflammatie/angiogenese 
en metastase reguleren. Een interessante vinding was dat optimale PDT leidt tot een 
vermindering van eiwitten die betrokken zijn bij de signaalroutes van EGFR, een 
welbekend therapeutisch doel in verschillende kankerbehandelingen.
 Het tweede deel van de thesis heeft gebruik gemaakt van de kennis die is 
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opgedaan in de vorige hoofdstukken om zogenoemde vierde generatie fotosensitizers 
te ontwikkelen. Dit zijn tweede generatie fotosensitizers (ZnPC) die worden verpakt in 
een fotosensitizer afleveringssysteem (liposomen) waarin ook moleculaire inhibitors 
van overlevingsroutes worden verpakt. Hypoxie-induceerbare factor 1 (HIF-1) is een 
overlevingsfactor dat abundant aanwezig is in verschillende tumortypen. PDT kan ook 
HIF-1 activeren aangezien PDT zuurstof gebruikt bij de vorming van ROS. Hierbij 
komt dat tumorcellen hypoxie kunnen ervaren door de obstructie van zuurstof naar 
de tumor als gevolg van vaatschade. In Hoofdstuk 5 is gevonden dat HIF-1 aanwezig 
is in het humaan cholangiocarcinoom en dat HIF-1 bijdraagt aan de overleving van 
tumorcellen na PDT in vitro. Ook hebben wij gevonden dat voorbehandeling met de 
HIF-1 inhibitor acriflavine de effectiviteit van PDT verhoogt in vitro wat aanleiding 
geeft tot in vivo validatie van deze behandeling voor therapieresistente perihilaire 
cholangiocarcinomen. Tot slot, in Hoofdstuk 6 is onderzocht of tirapazamine (TPZ) 
een geschikt middel is om de effectiviteit van PDT te verhogen door gebruik te maken 
van de hypoxie die ontstaat na PDT. Tijdens lage zuurstofcondities wordt TPZ omgezet 
in een TPZ radicaal dat DNA schade kan induceren, en als gevolg daarvan celdood. 
We hebben gevonden dat het mogelijk is om TPZ te verpakken in ZnPC-bevattende 
endotheel-gestuurde liposomen. Bovendien verhoogde een combinatiebehandeling 
van TPZ met PDT de effectiviteit van PDT onder hypoxische condities door een 
additionele manier van celdood te induceren, namelijk door TPZ radicaal-geïnduceerde 
dubbelstrengse beschadigingen aan het DNA.
 In conclusie, deze thesis beschrijft een nieuwe PDT strategie dat mogelijk zou 
kunnen worden gebruikt voor de behandeling van refractoire solide kankertypen. 
De modaliteit is veilig gebleken in verschillende modellen en het was mogelijk om 
farmacologische agentia te incorporeren in het multi-targeting afleveringssysteem. 
Wij geloven dat PDT-geïnduceerde signaalroutes die overleving stimuleren kunnen 
bijdragen aan een suboptimale therapeutische respons evenals tumor recidief. Daarom 
zal toekomstig onderzoek gefocust moeten zijn op getargete PDT strategieën die 
de overlevingsrespons na PDT exploiteren en het klinische potentiaal evalueren in 
diermodellen.

A
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