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A B S T R A C T   

Background and aim: Oncological photodynamic therapy (PDT) relies on photosensitizers (PSs) to photo- 
oxidatively destroy tumor cells. Currently approved PSs yield satisfactory results in superficial and easy-to- 
access tumors but are less suited for solid cancers in internal organs such as the biliary system and the 
pancreas. For these malignancies, second-generation PSs such as metallated phthalocyanines are more appro
priate. Presently it is not known which of the commonly employed metallated phtahlocyanines, namely 
aluminum phthalocyanine (AlPC) and zinc phthalocyanine (ZnPC) as well as their tetrasulfonated derivatives 
AlPCS4 and ZnPCS4, is most cytotoxic to tumor cells. This study therefore employed an attritional approach to 
ascertain the best metallated phthalocyanine for oncological PDT in a head-to-head comparative analysis and 
standardized experimental design. 
Methods: ZnPC and AlPC were encapsulated in PEGylated liposomes. Analyses were performed in cultured A431 
cells as a template for tumor cells with a dysfunctional P53 tumor suppressor gene and EGFR overexpression. 
First, dark toxicity was assessed as a function of PS concentration using the WST-1 and sulforhodamine B assay. 
Second, time-dependent uptake and intracellular distribution were determined by flow cytometry and confocal 
microscopy, respectively, using the intrinsic fluorescence of the PSs. Third, the LC50 values were established for 
each PS at 671 nm and a radiant exposure of 15 J/cm2 following 1-h PS exposure. Finally, the mode of cell death 
as a function of post-PDT time and cell cycle arrest at 24 h after PDT were analyzed. 
Results: In the absence of illumination, AlPC and ZnPC were not toxic to cells up to a 1.5-μM PS concentration and 
exposure for up to 72 h. Dark toxicity was noted for AlPCS4 at 5 μM and ZnPCS4 at 2.5 μM. Uptake of all PSs was 
observed as early as 1 min after PS addition to cells and increased in amplitude during a 2-h incubation period. 
After 60 min, the entire non-nuclear space of the cell was photosensitized, with PS accumulation in multiple 
subcellular structures, especially in case of AlPC and AlPCS4. PDT of cells photosensitized with ZnPC, AlPC, and 
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AlPCS4 yielded LC50 values of 0.13 μM, 0.04 μM, and 0.81 μM, respectively, 24 h post-PDT (based on sulfo
rhodamine B assay). ZnPCS4 did not induce notable phototoxicity, which was echoed in the mode of cell death 
and cell cycle arrest data. At 4 h post-PDT, the mode of cell death comprised mainly apoptosis for ZnPC and AlPC, 
the extent of which was gradually exacerbated in AlPC-photosensitized cells during 8 h. ZnPC-treated cells 
seemed to recover at 8 h post-PDT compared to 4 h post-PDT, which had been observed before in another cell 
line. AlPCS4 induced considerable necrosis in addition to apoptosis, whereby most of the cell death had already 
manifested at 2 h after PDT. During the course of 8 h, necrotic cell death transitioned into mainly late apoptotic 
cell death. Cell death signaling coincided with a reduction in cells in the G0/G1 phase (ZnPC, AlPC, AlPCS4) and 
cell cycle arrest in the S-phase (ZnPC, AlPC, AlPCS4) and G2 phase (ZnPC and AlPC). Cell cycle arrest was most 
profound in cells that had been photosensitized with AlPC and subjected to PDT. 
Conclusions: Liposomal AlPC is the most potent PS for oncological PDT, whereas ZnPCS4 was photodynamically 
inert in A431 cells. AlPC did not induce dark toxicity at PS concentrations of up to 1.5 μM, i.e., > 37 times the 
LC50 value, which is favorable in terms of clinical phototoxicity issues. AlPC photosensitized multiple intracel
lular loci, which was associated with extensive, irreversible cell death signaling that is expected to benefit 
treatment efficacy and possibly immunological long-term tumor control, granted that sufficient AlPC will reach 
the tumor in vivo. Given the differential pharmacokinetics, intracellular distribution, and cell death dynamics, 
liposomal AlPC may be combined with AlPCS4 in a PS cocktail to further improve PDT efficacy.   

1. Introduction 

Photodynamic therapy (PDT) using the photosensitizers (PSs) por
fimer sodium, 5-aminolevulinic acid (ALA) and its ester derivative, and 
5,10,15,20-tetrakis(3-hydroxyphenyl)chlorin (mTHPC, Temoporfin) 
has been clinically approved for the treatment of various types of benign 
and (pre-)malignant lesions [1]. Porfimer sodium is indicated for 
esophageal cancer, lung adenocarcinoma, and endobronchial cancer 
[2]. ALA and ALA-ester are employed to treat actinic keratosis, basal cell 
carcinoma, and squamous cell carcinoma [3]. mTHPC is used to treat 
advanced head and neck squamous cell carcinoma [4]. Most PSs are 
associated with clinical drawbacks, which mainly entail skin phototox
icity [1] due to PS accumulation and retention in the skin as a result of 
the PS’s lipophilicity [5]. Consequently, patients are advised to remain 
shielded from ambient light for 4 to 12 weeks for porfimer sodium (logP 
≈ 8.5) and 2 to 6 weeks for mTHPC (logP ≈ 7.4) [6]. 

For non-terminal cancer, post-therapeutic dark periods in the order 
of weeks are not problematic. However, experimental PDT modalities 
are also being developed for incurable cancer types that are associated 
with a median life expectancy of less than 1 year, including pancreatic 
cancer [7,8] and extrahepatic cholangiocarcinoma [9–12]. Clinical 
studies on PDT of extrahepatic cholangiocarcinoma have yielded supe
rior results compared to palliative chemotherapy [13,14], underscoring 
the need for continued translational and clinical PDT research for 
cholangiocarcinomas. Nevertheless, post-therapeutic dark periods of 
several weeks are ethically objectionable for patients diagnosed with 
either of these malignancies. In fact, our treatment center (Amsterdam 
UMC) ceased PDT of extrahepatic cholangiocarcinoma on such ethical 
grounds. PDT modalities for highly lethal malignancies should therefore 
be optimized to safely reduce the post-therapeutic dark period while 
preserving PDT efficacy and allow patients to have a more dignified end 
stage of their life. 

Several research groups, including ours, have resorted to targeted 
photonanomedicines using liposomal encapsulation for intratumoral 
delivery of PSs [6]. The fundamental premise for packaging PSs into 
sterically stabilized liposomes is to increase the size of the pharmaco
logical entity, such that PS passage through endothelial fenestrations in 
the cutaneous microcirculation is limited and dermal accumulation 
deterred. Endothelial fenestrations in the cutaneous microcirculation 
are approximately 15 nm [15,16], while lipophilic PS-encapsulating li
posomes composed of dipalmitoyl phosphocholine typically have a 
mean diameter of 130–190 nm [9,17,18]. Secondary reasons are that 
liposomes can be (immuno)targeted to tumor cells [18] and tumor 
vascular endothelium [19], or designed to passively accumulate in the 
tumor stroma and disrupt the tumor microenvironment [20]. Differen
tial targeting enables the development of liposomal PS cocktails for a 
more comprehensive approach to photochemical tumor destruction [6]. 

Moreover, concentrating the drug molecules into a liposome allows for 
greater pharmacodynamic action compared to the unencapsulated drug 
[21]. The uptake of a few liposomes loads the tumor cell with ample PS 
molecules to induce photokilling upon PDT. Metaphorically, this is best 
described by a ‘Trojan Horse’ (PS-loaded liposome) being transported 
into the cell as opposed to individual ‘soldiers’ (PSs) having to pass 
across a fortified cell wall. As a result, targeted photonanomedicines 
exact lower PS dosages for tumor destruction and are therefore well- 
suited to ameliorate skin phototoxicity. Another strategy to reduce 
skin phototoxicity is to select PSs that are rapidly cleared from the cir
culation, yet abundantly accumulate in the tumor during their relatively 
short circulation time [5,22]. Hydrophilic PSs generally meet these 
pharmacokinetics and disposition criteria, as exemplified by the com
parison between the hydrophilic PS sulfonated aluminum phthalocya
nine (AlPCS) versus the fat-soluble porfimer sodium. AlPCS produced 
considerably less skin phototoxicity than porfimer sodium upon light 
exposure of photosensitized skin following equal dark periods, while 
also significantly outperforming porfimer sodium with respect to PDT 
efficacy in mouse mammary (CaD2) carcinoma [23]. A third approach to 
reduce skin phototoxicity is to employ PSs that have absorption bands 
deeper in the red spectrum [5], given the lower intensity of far-red 
wavelengths in sunlight (e.g., 670 nm for metallated phthalocyanines 
(PCs)) than shorter-red wavelengths (e.g., 630 nm for porfimer sodium) 
[6]. Finally, selecting PSs with high extinction coefficients lowers the 
dose required to induce tumor cell death [24]. 

Metallated PCs (Fig. 1) are PSs that structurally, photochemically, 
and pharmacokinetically comply with the requirements stipulated 
above to reduce skin phototoxicity. Metallated PCs have relatively high 
extinction coefficients (Fig. 1) [6] and are chemically versatile in that 
the octanol:water partition coefficient (logP) - and hence the degree of 
hydrophilicity - can be downmodulated by the conjugation of charged/ 
polar functional groups [23,25]. Our primary focus has been on ZnPC 
encapsulated into PEGylated liposomes that collectively exhibit no dark 
(geno)toxicity in vitro and in vivo but become toxic to tumor cells upon 
illumination [9,11,26,27]. Inasmuch as sulfonation of the isoindole 
benzo moieties of ZnPC to yield tetrasulfonated ZnPC (ZnPCS4) impairs 
the photoproduction of reactive oxygen species (ROS) in an aqueous 
environment [6], ZnPCS4 is not expected to be as toxic to tumor cells as 
ZnPC upon PDT. Irrespectively, some studies reported therapeutic effi
cacy achieved with ZnPCS4 [28–30], possibly due to the formation of 
oxygen-free radicals [31]. Alternatively, the lipophilic AlPC packaged 
into nanoparticles composed of stearic acid/oleic acid [32], stearic acid/ 
glyceryl behenate [33], lecithin/poloxamer 188/soybean oil/poly(D,L- 
lactide-co-glycolide) [34], and liposomes [35,36] as well as its hydro
philic counterpart tetrasulfonated AlPC (AlPCS4) have been used for 
oncological PDT with encouraging outcomes in vitro and in vivo [23,37]. 

To date, no study has undertaken a head-to-head comparative 
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analysis of PDT efficacy between water-soluble liposomal ZnPC, 
ZnPCS4, liposomal AlPC, and AlPCS4 to ascertain the most potent PC- 
based PS for PDT of difficult-to-treat cancer types at minimal skin 
phototoxicity. In this study, we therefore encapsulated AlPC into our 
interstitially targeted liposomes (ITLs). The PS-ITLs have proven anti- 
tumor efficacy and safety in regard to ZnPC [9,11,26] and the formu
lation is known to passively accumulate in the tumor [52,53]. The ITLs 
further meet the low skin phototoxicity criteria by (1) being too large to 
extravasate through endothelial fenestrations and (2) encapsulating a PS 
with a Q-band absorption maximum that resides favorably in the ther
apeutic window and solar spectrum (i.e., greater optical penetration 
depth). The ZnPC-ITLs were compared to AlPC-ITLs and subsequently to 
their tetrasulfonated variants using an attritional approach in terms of 
dark toxicity, in vitro uptake and intracellular localization, and PDT ef
ficacy, further zooming in on mode of cell death and cell cycle arrest. 
The main conclusion of the study is that AlPC-ITLs were the most 

effective PS for PDT of cultured tumor cells. 

2. Materials and Methods 

Supplemental material is designated with prefix ‘S.’ A list of abbre
viations is provided in the supplemental material. The chemicals and 
reagents are summarized in Table S2.1. Equipment and disposables are 
listed in Table S2.2. Sample sizes are indicated per experiment in the 
results section and/or the figure legends. The concentrations listed are 
final unless specified otherwise. All procedures involving PSs were 
performed under dim light. 

2.1. Materials 

ZnPC and AlPC were dissolved in pyridine at a 178-μM and 150-μM 
stock concentration, respectively. ZnPCS4 and AlPCS4 were dissolved in 

Fig. 1. Molecular structure of zinc phthalocyanine (ZnPC), tetrasulfonated ZnPC (ZnPCS4), aluminum phthalocyanine (AlPC), and tetrasulfonated AlPC (AlPCS4). 
Photodynamic therapy-pertinent photophysical and photochemical properties as well as dark toxicity and phototoxicity are provided. Abbreviations: ε, molar 
extinction coefficient; em, fluorescence emission maximum; ex, excitation wavelength; IC50, half-maximal inhibitory concentration; LC50, median lethal concen
tration (in vitro); LD50, median lethal dose (in vivo); logP, octanol:water partition coefficient; MW, molecular weight; max, maximum; t1/2, circulation half-time. 
Values in brackets indicate range. Acronyms in parentheses refer to cell lines. Data assembled from [6,22,25,26,38–51]. 
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phosphate-buffered saline (PBS) at a 1-mM stock concentration. All PS 
stock solutions were stored under a nitrogen atmosphere at room tem
perature (RT) (ZnPC and AlPC) or at 4 ◦C (ZnPCS4 and ALPCS4) in the 
dark. Phospholipids were dissolved in chloroform and stored under a 
nitrogen atmosphere at − 20 ◦C. The phospholipid concentration of stock 
solutions was determined spectrophotometrically by an inorganic 
phosphate quantification method modified from Rouser et al. [9,54]. 
Physiological buffer was composed of 10 mM HEPES, 0.88% (w/v) NaCl, 
pH = 7.4, 0.293 osmol/kg [9]. 

2.2. Cell Culture 

Human epidermoid carcinoma (A431) cells were cultured in T75 
flasks in phenol red-containing DMEM medium supplemented with 10% 
fetal bovine serum (FBS), 100 U/mL penicillin, 100 μg/mL strepto
mycin, and 2 mM L-glutamine and grown under standard culture con
ditions (dark, 37 ◦C, humidified atmosphere composed of 5% CO2 and 
95% air). Cells were sub-cultured twice per week at a ratio of 1:14 to 
maintain a logarithmic growth phase at all stages. The cells were washed 
with PBS (RT, 10 mL/T75 flask) prior to detachment by incubation with 
Accutase (1 mL/T75 flask) for 10 min under standard culture conditions. 
Cells were harvested by the addition of fully supplemented DMEM and 
transferred to a new T75 flask. 

Cells, detached as described above, were seeded into 24-well plates 
24 h prior to an experiment unless stated otherwise. A seeding density of 
1.5 × 105 cells/well was used to achieve ~90% confluence at the time of 
the experiment. Cell counting was performed with an aliquot of 10 μL 
using a hemocytometer and a brightfield microscope. 

During the experiments, DMEM without FBS and phenol red 
(DMEM− /− ) was used when cells were incubated with PSs or reagents. 

2.3. Preparation and Characterization of ITLs 

ITLs composed of DPPC and DSPE-PEG (96:4) molar ratio were 
prepared by the lipid film hydration technique as described previously 
[9]. Briefly, the phospholipids and ZnPC or AlPC were premixed at the 
desired ratios and the organic phase was evaporated under a stream of 
nitrogen gas at 40 ◦C in a water bath. The lipid films were vacuum 
exsiccated for 30 min to remove residual organic solvent and hydrated 
with physiological buffer. The suspension was tip sonicated and the li
posomes were stored at 4 ◦C under a nitrogen atmosphere in the dark. 
The PS:phospholipid molar ratio was 0.003 [9]. The liposomes were 
characterized for size and polydispersity as well as zeta-potential by 
dynamic light scattering and electrophoretic mobility analysis, respec
tively, as described in [9]. 

2.4. Dark Toxicity 

The toxicity of each PS was assessed in A431 cells in the absence of 
illumination. Cells seeded in 24-wells plates were washed with PBS at 
RT, and PS in DMEM− /− was added at concentrations ranging from 0 to 
10 μM for AlPCS4 and ZnPCS4, or from 0 to 1.5 μM for AlPC-ITLs and 
ZnPC-ITLs (0–500 μM phospholipid concentration). Medium containing 
20% DMSO was used as positive control for complete cell death and 
DMEM− /− as negative control. After 24-, 48-, and 72-h incubation with 
the PS at standard culture conditions, WST-1 and SRB assays were per
formed as described in sections 2.8 and 2.9, respectively. Each group (PS 
concentration and incubation time) was measured in triplicate. 

2.5. Spectral Properties of Photosensitizers 

The absorption, fluorescence emission, and fluorescence excitation 
spectra of liposomal ZnPC and AlPC as well as ZnPCS4 and AlPCS4 were 
determined so that flow cytometry and confocal microscopy could be 
performed at the proper settings. ZnPC-ITLs and AlPC-ITLs were pre
pared as described in section 2.3 and diluted in physiological buffer to a 

1.5-μM PS concentration. ZnPCS4 and AlPCS4 were dissolved in physi
ological buffer at a 1.5-μM concentration. For fluorescence measure
ments, the concentration of ZnPCS4 had to be increased to 15 μM for 
optimal read-out. 

Absorption was measured and corrected for physiological buffer 
(blank sample). Based on the absorption spectrum, the fluorescence 
excitation wavelength was determined: λex = 650 ± 5 nm for ZnPC, 
ZnPCS4, and AlPC and 590 ± 5 nm for AlPCS4. Next, based on the 
fluorescence emission spectrum, the emission wavelength for the exci
tation spectrum was determined: λem = 707 ± 5 nm for ZnPC, ZnPCS4, 
and AlPC and 757 ± 5 nm for AlPCS4. Fluorescence emission and 
excitation spectra were read at a detector gain of 750 V and at a scan rate 
of 120 nm/min. Fluorescence data were corrected to 0 for the wave
length with the lowest intensity. All data were normalized to the Q band 
maximum. Normalized spectra were plotted in Origin software (Micro
Cal, Northampton, MA). 

2.6. Photosensitizer-Cell Association Analysis by Flow Cytometry 

The interaction between PSs and A431 cells was studied by flow 
cytometry. All four PS were diluted in DMEM− /− to a PS concentration 
of 375 nM, corresponding to a final phospholipid concentration of 125 
μM for AlPC-ITLs and ZnPC-ITLs. 

PSs were added to cells seeded in 12 wells-plates for 1-, 30-, 60-, and 
120-min and incubated under standard culture conditions. After har
vesting with 100 μL of Accutase for 10 min at standard culture condi
tions, cells were collected in 500 μL of DMEM− /− at RT, transferred from 
each well to a 2-mL centrifuge tube (Safe-lock), and centrifuged for 5 
min at 500 ×g and 4 ◦C. The supernatant was discarded, cells were 
resuspended in 500 μL of DMEM− /− at RT, and the samples were 
analyzed by flow cytometry. 

Viable cells were gated based on their preset forward-scatter and 
side-scatter properties. PS autofluorescence was measured at λex = 633 
nm and λem = 661 ± 20 nm and a fixed detector voltage (625 V). The 
excitation wavelength coincides with the blue Q-band absorption 
shoulder of the photosensitizers [6] and causes autofluorescence as a 
result of radiative S1 - > S0 state decay of a small fraction of the excited 
state electrons. Ten thousand events were collected in the gated region. 
Association was calculated from the difference between the mean fluo
rescence intensity of photosensitized cells relative to the mean fluores
cence intensity of non-photosensitized cells (N = 3 independent 
experiments per incubation time). Data were processed in FlowJo soft
ware (BD Biosciences, Franklin Lakes, NJ, USA). 

2.7. Analysis of Photosensitizer Uptake and Intracellular Distribution by 
Confocal Microscopy 

PS uptake and intracellular distribution were assessed by confocal 
laser scanning microscopy. Cells seeded in 6-wells plates containing a 
circular sterile 25-mm coverslip were incubated with the PS (1 mL/well) 
in DMEM− /− for 15-, 30-, and 60 min at standard culture conditions. The 
final PS concentrations were 10 μM for AlPCS4 and ZnPCS4 and 3 μM for 
AlPC-ITLs and ZnPC-ITLs (1 mM phospholipid concentration). Next, 
cells were washed with PBS (RT, 1 mL/well) prior to fixation with 2% 
paraformaldehyde (PFA, 1 mL/well) in PBS (RT) for 15 min in the dark. 
The 2% PFA in PBS was decanted, and wells were washed once with PBS 
at RT and immersed in 1 mL of ice-cold PBS for storage at 4 ◦C until 
confocal microscopy imaging (typically within 24 h). 

Directly before imaging, 10 μL of Hoechst 33342 (0.5 mg/mL in 
water) was added to each sample and incubated for 3 min at RT to stain 
nuclear DNA of fixed cells. Subsequently, the cover slip was secured in 
the steel ring of the microscope stage, 1 mL of PBS (RT) was added, and 
imaging was performed at the following settings: Hoechst (λex = 405 nm; 
λem = 479 nm), ZnPC-ITLs (λex = 660 nm; λem = 790 nm), AlPC-ITLs (λex 
= 660 nm; λem = 790 nm), ZnPCS4 (λex = 633 nm; λem = 790 nm), and 
AlPCS4 (λex = 650 nm; λem = 790 nm). A 63× oil immersion objective 
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was used. 

2.8. Mitochondrial Redox (WST-1) Assay 

The WST-1 colorimetric assay was performed to determine mito
chondrial redox state [55] as part of in vitro PS toxicovigilance. The 
ZnPC and AlPC have a logP of >8 and hence localize to cell and 
organelle membranes, including mitochondria [6]. Inasmuch as mito
chondria play a key role in cell death, particularly when the electron 
transport chain is dysregulated [56], a mitochondrial redox function 
assay was selected to gauge dark toxicity of the PSs. The WST-1 assay is 
ideal because it does not notably interfere in cell physiology, allowing 
subsequent cell viability analysis by other methods. 

Briefly, cells were washed once with PBS (37 ◦C). WST-1 reagent was 
added to DMEM− /− at a 1:25 volume ratio. A 300-μL aliquot was 
transferred to each well (for 24-wells plates) and cells were incubated 
for 20 min under standard culture conditions. After incubation, 100 μL 
of the medium containing WST-1 was transferred in duplicate to a 96- 
wells plate. The absorption was read using a plate reader at 450 nm 
and a reference wavelength of 620 nm for background subtraction. The 
background-corrected mean ± SD absorption at 450 nm was calculated 
per concentration and incubation time (N = 3) and normalized to the 
mean WST-1 absorbance of untreated cells (N = 3). Finally, the 
remainder of the WST-1-containing medium was removed by washing 
once with PBS (37 ◦C) using a squirt bottle and processed further for 
total protein content as described in the next section. 

2.9. Cell Viability (SRB) Assay 

The sulforhodamine B (SRB) colorimetric assay was used to measure 
total protein content as a more definitive parameter of cytotoxicity. This 
assay is based on the premise that dead and late-stage dying cells detach 
from the well plate bottom, leaving only viable cells that are stained and 
semi-quantified [57]. 

Following the single wash, cells were tapped dry and fixed with 300 
μL of 10% ice-cold trichloroacetic acid in Milli-Q for at least 1 h at 4 ◦C. 
Next, the cells were washed 5 × with Milli-Q (RT) using a squirt bottle 
and stained with 0.4% SRB dissolved in 1% acetic acid in Milli-Q for at 
least 15 min (300 μL/well for a 24-well plate). The SRB solution was 
decanted, and the cells were washed 4 × with 1% acetic acid in a squirt 
bottle (RT) to remove unbound SRB. The well plate was left to dry at 
37 ◦C for at least 15 min. Once dried, 500 μL of 10 mM unbuffered TRIS 
base in Milli-Q (RT) was added to each well and the plate was gently 
rocked for at least 1 min to completely dissolve the SRB. Absorption was 
measured in a microplate reader at 564 nm and 600 nm and a reference 
wavelength of 690 nm for background correction. The corrected mean 
± SD absorption at 564 nm was calculated per concentration and in
cubation time and normalized to the corrected mean SRB absorbance of 
untreated cells (N = 3/group). Absorbance data at 600 nm were used to 
determine cell viability when the optical density of the 564-nm read was 
>1.3. 

2.10. PDT of Cultured Cells 

To compare photodynamic efficacy between the PSs, mitochondrial 
redox state and total protein content were measured after PDT. Cells 
seeded in 24-wells plates were incubated for 1 h with PS in DMEM− /− as 
described in section 2.2. Next, cells were washed once with PBS (RT, 
500 μL/well) and received fresh DMEM− /− (37 ◦C, 500 μL/well). The 
cells were illuminated with a 671-nm solid state diode laser at 500 mW 
for 57 s/well (the diameter of the beam was equal to the diameter of 
each well; 15.6 mm), equating to a cumulative radiant exposure of 15 J/ 
cm2 per well. The laser output power was confirmed with a power meter 
before every illumination. A black surface was placed below the 24-wells 
plate to absorb stray light during illumination. Following illumination, 
the cells were incubated in DMEM− /− for 4 h or 24 h at standard culture 

conditions to emulate PDT-induced malnutrition due to vascular shut
down [58,59]. Lastly, the WST-1 assay followed by the SRB assay were 
performed as described in sections 2.8 and 2.9, respectively. The results 
were normalized to the mean of illuminated control cells incubated in 
only medium (N = 3/group). Graphs and LC50 values were obtained 
using the non-linear fit data analysis in Prism (GraphPad Software, San 
Diego, CA, USA). 

2.11. Analysis of Mode of Cell Death 

Cell death was characterized according to phosphatidylserine 
externalization (indicative of apoptosis) and plasma membrane disrup
tion (indicative of necrosis), which were analyzed by flow cytometry. 
Cells seeded in 12-well plates were treated by PDT as described in sec
tion 2.10. Illumination was performed at 500 mW for 1 min and 54 s, 
accounting for a cumulative radiant exposure of 15 J/cm2 per well. The 
plate was kept at 37 ◦C using a plate heater during PDT. After 2 h, 4 h, 
and 8 h of incubation at standard culture conditions (N = 3 per time 
point), the medium was transferred into 15 mL sterile centrifuge tubes, 
along with the attached cells that were harvested following trypsiniza
tion (100 μL of Accutase for 10 min at standard culture conditions). Cells 
were then centrifuged at 500 ×g for 5 min and 4 ◦C. The supernatant was 
decanted, and the cell pellet was resuspended in 100 μL of 1 × annexin V 
binding buffer (RT) containing 5 μL of Alexa Fluor 488-conjugated 
annexin V. The annexin V binding buffer was diluted 5 × with Milli- 
Q. After 15-min incubation at RT, 399 μL of diluted annexin V binding 
buffer was added, and the cell suspension was transferred to 5-mL 
round-bottom flow cytometry tubes. Subsequently, 1 μL of propidium 
iodide (PI, 0.1 mg/mL diluted annexin V binding buffer) was added 5 
min prior to flow cytometry. Cells were gated based on forward scatter 
and sideways scatter properties. Cell remnants and cell-derived micro
particles were gated out. Annexin V and PI fluorescence was measured at 
λex = 488 nm, λem = 530 ± 30 nm and λex = 488 nm, λem = 670 nm long 
pass filter, respectively. Ten thousand events were collected in the gated 
region. The scatterplots were analyzed in FlowJo software, where 
quadrants were positioned based on the green and red fluorescence of 
untreated cells. Viable cells were quantified as annexin V-negative / PI- 
negative, while cells that were in early apoptosis were quantified as 
annexin V-positive / PI-negative. Cells in late apoptosis and necrosis 
were clustered and quantified as annexin V-positive / PI-positive and 
annexin V-negative / PI-positive, respectively (modified from [60]). 
Data were plotted in Prism. 

2.12. Cell Cycle Analysis 

To determine the effects of PDT on cell cycle phases (DNA content; 
G0/G1, S, and G2/M), PDT-treated cells were stained with PI and 
analyzed by flow cytometry [10,12,17]. Cells seeded in 12-well plates 
were incubated for 60 min with PS (ZnPC-ITLs and AlPC-ITLs, 31.25 μM 
PS concentration; ZnPCS4 and AlPCS4, 0.31 μM) in DMEM− /− (37 ◦C, 
1000 μL/well). After washing with PBS (37 ◦C), fresh DMEM− /− was 
added and cells were illuminated as described in section 2.11 (N = 3 per 
PS) or kept in the dark (control cells). Cells were harvested 24 h after 
PDT (or incubation in the dark) with Accutase (100 μL/well, 10 min at 
standard culture conditions) in 1 mL of PBS (RT). The cells were trans
ferred to 15-mL sterile centrifuge tubes and washed twice by centrifu
gation at 500 ×g for 5 min and 4 ◦C. Following the second centrifugation 
step, the supernatant was decanted and the pellet was resuspended in 
300 μL of PBS (RT). Cells were fixed by dropwise addition of 700 μL of 
ice-cold 96% ethanol under continuous swirling. PBS (1 mL at RT) was 
added and cells were centrifuged for 5 min at 500 ×g and 4 ◦C. The 
supernatant was discarded and cells were resuspended in 200 μL of PI 
staining solution (20 μg/mL PI and 100 μg/mL RNAse A in PBS) in 300 
μL of PBS (RT). Flow cytometry was performed as described for PI in 
section 2.11. The percentage of the cell population in the G0/G1 phase, S 
phase, and G2/M phase was calculated applying the Watson (Pragmatic) 
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univariate model [61] in FlowJo. 

3. Results and Discussion 

3.1. The Utility of Passive Tumor Targeting by Metallated 
Phthalocyanines as Part of a Comprehensive Tumor-Targeting 
Photosensitizer Platform and the Need for Systematic Photosensitizer 
Selection 

Solid tumors in internal organs essentially have three druggable 
targets for PDT: the tumor cells that make up the tumor parenchyma, the 
intratumoral vasculature that supplies the tumor with oxygen and nu
trients, and the tumor interstitial space that forms the tumor microen
vironment [6]. We have developed and tested PEGylated liposomal 
photomedicines for each of these targets, which are dubbed tumor cell- 
targeting liposomes (TTLs) [18], endothelium-targeting liposomes 
(ETLs) [10,12,17,26,62], and ITLs [9,11], respectively. These liposomal 
formulations are intended to deliver PSs to the tumor (Fig. 2) and can be 
combined into a single cocktail for intravenous administration to 
comprehensively photosensitize key anatomical sites of the tumor. 
Multi-targeted photosensitization reduces the opportunity for PDT- 
subjected tumor cells to recover from photochemically-induced hyper
oxidative stress [63] via the activation of survival pathways [64], as has 
been shown to occur following PDT [11,26]. 

This study is centered on interstitial targeting and the ITL component 
of the platform. The lipophilic PS-containing ITLs are directed into the 
tumor by passive diffusion through leaky intratumoral vasculature in 
accordance with the enhanced permeability and retention (EPR) effect 
[52,53]. Compositionally similar formulations have been clinically 
approved and are used in oncological patients to deliver chemothera
peutics such as doxorubicin [67,68], vincristine [69,70], and irinotecan 
[71] to tumors. The EPR-based passive targeting equally applies to 
water-soluble PC derivatives (ZnPCS4 and AlPCS4); an alternative to 
ITL-based tumor photosensitization and second focus of this study. 
AlPCS4 was demonstrated to abundantly accumulate in tumor xeno
grafts 2–4 h following intravenous administration [22,25]. The phar
macokinetics of hydrophilic PC derivatives depend on the degree of 
sulfonation and generally follow an inverse relationship between rate of 
intratumoral accumulation and the logP of the PC derivative [22,72,73]. 

The eventual localization of the PC-based PSs that passively diffuse 
into tumors is currently elusive. The intratumoral sites that become 
photosensitized ultimately dictate the tumoricidal efficacy [6,74]. 
Photosensitization of tumor cells is most critical insofar as hyper
oxidative stress in parenchymal cells inflicts direct damage to key 
components that leads to activation and execution of cell death mech
anisms that in turn prime a subsequent anti-tumor immune response 
[75]. Photosensitization of multiple intracellular loci is preferable for 
therapeutic outcome [6,74,76]. Oxidative damage to cellular and non- 

Fig. 2. Multi-targeted photonanomedicines platform for photodynamic therapy (PDT) of solid tumors. Photosensitizer (PS) molecules can be delivered to key tumor 
anatomical sites via 4 delivery routes, designated 1–4. For photosensitization of parenchymal cells (route 1), tumor cell-targeting liposomes (TTLs) can be used that 
are decorated with surface protein recognition domains (e.g., nanobodies) designed against proteins that are overexpressed on tumor cells. Following extravasation 
through inter-endothelial gaps in the tumor vasculature, the TTLs bind to the cognate ligand and are subsequently internalized to deliver the PS cargo. PDT of TTL- 
delivered PS results in tumor cell death. Similarly, the tumor vasculature can be photosensitized using endothelium-targeting liposomes (ETLs; route 2), which are PS- 
encapsulating PEGylated cationic liposomes. The positive charge of the liposome surface leads to preferential association with the overly negative charge of the 
tumor endothelial glycocalyx, leading to liposomal uptake [19] and PS delivery. PDT of ETL-delivered PS results in vascular occlusion and tumor cell death due to 
anoxia and nutritional deprivation. The tumor microenvironment can be photosensitized by passive diffusion of PS-encapsulating PEGylated interstitially targeted 
liposomes (ITLs) into the stroma (route 3) via the enhanced permeability and retention (EPR) effect. PDT of ITL-delivered PS leads to oxidative damage to structural 
proteins and stromal cells, including resident immune cells. It has also been reported that the PS can be extracted from non-PEGylated ITLs in the circulation by low 
density lipoprotein (LDL) and delivered to tumor cells following LDL uptake by LDL receptors [41,65,66] (route 4). PDT of LDL-delivered PS leads to endothelial 
damage (thrombosis, vascular shutdown) and parenchymal damage (tumor cell death). 
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cellular constituents of the tumor microenvironment [77–79] and 
vascular shutdown [28,80–83] is, in the broader context of PDT, 
considered a secondary phenomenon with largely an adjuvant contri
bution to PDT outcome. 

Accordingly, uptake of ZnPC-ITLs, ZnPCS4, AlPC-ITLs, and AlPCS4 
by tumor cells in addition to photosensitizing the tumor stroma and 
interstitial space would be beneficial to PDT efficacy and negates the 
necessity of co-administering TTLs. The TTLs are more difficult to mass- 
produce under GMP conditions and are also considerably more costly 
due to the use of biologicals (i.e., nanobodies). Coincidentally, despite 
PEGylation and non-association of ITLs with certain blood cells [21,84], 
ZnPC-ITLs were found to be taken up by and photosensitize tumor cells 
[9,11] and therefore inherently possess multi-targeting properties, 
which may be advantageous to therapeutic efficacy. How the dark 
toxicity, uptake kinetics, intracellular distribution, and phototoxicity of 
ZnPC-ITLs compare to those of ZnPCS4, AlPC-ITLs, and AlPCS4 is 
currently elusive yet important to understand in a PS selection trajectory 
with clinical implementation as final aim. These parameters were 
therefore investigated by stepwise attrition in human epidermoid car
cinoma (A431) cells to arrive at the most suitable PSs for PC-based PDT. 

A431 cells were used because (1) these cells have a dysfunctional P53 
tumor suppressor gene [85] – a feature shared by a plethora of cancers 
[86] – and (2) the cells overexpress epidermal growth factor receptor 
(EGFR) [87], which is a metabolically important receptor in many tu
mors [88] and is downregulated by PDT [26,89]. A431 cells therefore 
act as a generic test system that could be extended to spin-off PDT 
studies with specific cancer types. 

3.2. Liposomal Phthalocyanines Are Not Cytotoxic up to 1.5 μM, while 
Tetrasulfonated Phthalocyanines Induce Mild-to-Moderate Dark Toxicity 
at Concentrations of ≥2.5 μM 

In the absence of light, the PSs should not confer any toxicity [5]. In a 
PS attrition approach, the manifestation of dark toxicity therefore con
stitutes a first-step measure that could signal the discontinuation of a PS. 
Accordingly, PS concentration-dependent and clinically relevant incu
bation time-dependent dark toxicity were determined with the WST-1 
assay, given the preferential localization of ZnPC and AlPC to mito
chondrial membranes [90,91]. Analysis of the mitochondrial redox state 
was ensued by the SRB assay of the same cell culture as a robust method 
for general cell death [57]. DMSO (20%) was used as positive control for 
complete cell death and DMEM− /− as negative control. 

Without photoactivation, the ZnPC-ITLs (122 ± 1 nm, PDI = 0.49 ±
0.02, ζ-potential = − 10.1 ± 1.1 mV; Fig. S1) and AlPC-ITLs (173 ± 7 nm, 
PDI = 0.68 ± 0.02, ζ-potential = − 9.6 ± 1.1 mV; Fig. S1) did not induce 
notable A431 cell death up to a PS concentration of 1.5 μM, equating to 
500-μM final lipid concentration (Fig. 3). This PS and lipid concentra
tion range had been employed in previous work on ZnPC-ITLs [9,11] 
with comparable results. Dark incubation of cholangiocarcinoma (Sk- 
Cha1) cells with ZnPC-ITLs at 1.5 μM:500 μM PS:lipid concentration 
produced no dark toxicity [9,11]. In toxicogenomics investigations, 
none of >40,000 analyzed gene transcripts were dysregulated in Sk- 
Cha1 cells at these ZnPC and lipid concentrations compared to buffer 
control [11], underpinning the non-toxicity of ZnPC as well as the ITLs 
in the absence of light. The results were reproducible for AlPC-ITLs in 
A431 cells with both cell viability assays. 

ZnPCS4 and AlPCS4 exhibited moderate (up to 30% cell death) and 
mild (up to 10% cell death) dark toxicity in A431 cells, respectively, that 
was concentration-dependent but not incubation time-dependent 
(Fig. 3B). As opposed to the lipophilic PS, the tetrasulfonated species 
mainly occupy the cytoplasm and are excluded from mitochondria [92]. 
In line with this localization pattern, cytotoxicity was revealed through 
the SRB assay but not the WST-1 assay. Contrastingly, Qualls et al. [92] 
reported no dark toxicity of AlPCS4 in human nasopharyngeal carci
noma (KB) cells following 4-h loading of up to 2.5 mM AlPCS4 and 
subsequent 48-h incubation. Similarly, no dark toxicity (LC50 > 100 μM) 

was observed for ZnPCS4 in human mammary carcinoma (MCF-7) cells, 
human oral squamous cell carcinoma (HSC-2) cells, and human colo
rectal carcinoma (HCT 116) cells [39], altogether indicating that the 
sensitivity to the tetrasulfonated PCs is cancer cell line-dependent. 
Neither ZnPCS4 nor AlPCS4 exhibited toxicity at the highest tested 
concentration of ZnPC and AlPC (1.5 μM) in A431 cells. 

3.3. Liposomal and Tetrasulfonated Metallated Phthalocyanines Are 
Taken up by Cancer Cells and Rapidly Disperse to Multiple (Intra)Cellular 
Loci 

A compound can only exert cytotoxic effects if it associates with cells 
and is internalized. In the second attrition step, the association, inter
nalization, and intracellular distribution of the PSs with cells were 
assayed by flow cytometry and confocal microscopy, respectively, using 
the intrinsic fluorescence properties of the metallated PCs (Fig. S2). 
Inasmuch as the molar extinction coefficient, fluorescence quantum 
yield, molar absorptivity at 671 nm, and fluorescence lifetime differ 
among the PSs [6,93,94] the fluorescence intensity cannot be used for 
intergroup comparison, but only intragroup analysis to e.g., monitor 
changes over time. 

Flow cytometry revealed that all PSs associated with cells within 1 
min of interaction and that the PS-cell interaction became more profuse 
with incubation time (Fig. 4A). All PSs entered the tumor cells and 
gradually distributed throughout the cells over the course of 1 h without 
entering the nucleus (Fig. 4B). 

The current results regarding PC-ITLs corroborate our previous 
findings that ITLs are taken up by cultured human cholangiocarcinoma 
(Sk-Cha1) cells and therefore - at that time assumingly - deliver lipo
philic PC molecules into the cell [9]. In those prior studies we employed 
the lipophilic tracer rhodamine-PE as PC mimetic and observed its dis
tribution across the cell and organelles (mitochondria) during 4-h in
cubation by fluorescence microscopy. Corroboratively, the uptake of 
different non-targeted liposomes has also been reported for other cancer 
cell lines by other research groups [90,95]. From previous work 
[9,90,95] together with the confocal microscopy data (Fig. 4B) it can be 
concluded that the entire macromolecular complex is internalized by 
cells, after which the individual components scatter to different sub
cellular loci [17]. ITL uptake by A431 cells was not facilitated by pro
teins adsorbed to the liposome surface [96], as the ITLs were added to 
medium that was not supplemented with FBS or proteinaceous constit
uents. PEGylation did not impair cell entry, nor did it notably interfere 
with uptake dynamics (Fig. 4A), particularly when the intracellular 
ZnPC fluorescence pattern of PEGylated ZnPC-encapsulating liposomes 
(this study) is juxtaposed to that of ZnPC delivered into transformed rat 
embryo (4R) fibroblasts by non-PEGylated liposomes (ZnPC-liposomes 
from Ciba-Geigy composed of POPC and OOPS at a 9:1 w/w ratio) [90]. 

The intracellular distribution of ITL-delivered ZnPC occurred at a 
slower rate than ITL-delivered AlPC (Fig. 4B) despite an equal degree of 
PEGylation and liposomal membrane surface properties, which govern 
nanoparticle-cell interactions in our test system [95]. Apparently, the 
central coordinated metal in phthalocyanines not only dictates photo
physical and photochemical properties of phthalocyanines [94,97–99] 
but also their intracellular distribution kinetics following liposomal 
delivery. Changes in localization are well-documented for PS that have 
been covalently modified with functional groups [100], but not per se as 
a result of coordinated metal substitution. The dissimilar distribution 
kinetics between ZnPC and AlPC are reflected in the differential 
compartmentalization in the early stages of ITL-cell interactions. After 
15-min incubation, ZnPC mainly accumulated in the outer membrane 
(Fig. 4B, yellow arrows) and progressively populated intracellular sites. 
AlPC did not exhibit an initial accumulation in the cell membrane but 
rapidly dispersed throughout the cell via intracellular vesicles (Fig. 4B, 
yellow arrow). After 60-min incubation the intracellular presence and 
distribution of ZnPC and AlPC were mostly comparable. Both PCs pho
tosensitized numerous (intra)cellular loci that are known to include the 
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Fig. 3. In vitro dark toxicity. A431 cells were incubated with AlPC-ITLs and ZnPC-ITLs (0–1.5 μM final concentration) and AlPCS4 and ZnPCS4 (0–10 μM final 
concentration) in DMEM− /− and maintained under standard culture conditions for 24 h, 48 h, and 72 h. Cell were assayed by WST-1 for mitochondrial redox state (A) 
and by SRB for total protein content (B), both used as indicator of cell viability. Positive control comprised 20% DMSO in DMEM− /− while the negative control was 
DMEM− /− . Data (N = 3 per concentration per time point) were normalized to the control group mean. The tables provide the final lipid concentration of ITLs per 
photosensitizer concentration, all at a photosensitizer:lipid molar ratio of 0.003. Abbreviations: AlPC, aluminum phthalocyanine; AlPCS4, tetrasulfonated aluminum 
phthalocyanine; Eh, redox potential; ITLs, interstitially targeted liposomes; PS, photosensitizer; Rel., relative; ZnPC, zinc phthalocyanine; ZnPCS4, tetrasulfonated 
zinc phthalocyanine. 
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membranes of mitochondria, endoplasmic reticulum, Golgi apparatus, 
and lysosomes [51,90,101]. AlPC also localized to or at the nuclear 
membrane at 60-min incubation (Fig. 4B, white arrow) while ZnPC did 
not. More detailed examples of the differential intracellular localization 
of the PSs are provided in Fig. S3. 

The differential uptake kinetics of ZnPC and AlPC over the course of 
1 h are rather inconsequential to clinical PDT outcomes relative to the 
employed drug-light intervals, that are generally in the order of 1–2 
days. Intracellular localization, on the other hand, is not trivial in clin
ical context insofar as nuclear membrane photosensitization may 
contribute to additional or preferential modes of cell death that could 
account for more profound phototoxicity and/or anti-tumor immune 
response, respectively [6]. 

The association profile of ZnPCS4 and AlPCS4 with A431 cells was 
comparable to that of ITL-delivered ZnPC and AlPC, respectively. 
Intracellular fluorescence of tetrasulfonated ZnPC and AlPC increased 
over time and did not reach saturation over the course of 1 h (Fig. 4A). In 
contrast to the parent compounds, AlPCS4 did not exhibit such profound 
compartmentalization initially, although fluorescent clusters were 
observed at longer incubation times (30 min and beyond) (Fig. 4B, green 
arrows). Instead, AlPCS4 distributed more homogenously throughout 

the entire cell except the nucleus and some perinuclear compartments 
(Fig. 4B, green arrowheads). Similar intracellular distribution patterns 
have been observed for AlPCS in Chinese hamster lung (V-79) fibroblasts 
(24-h incubation, 50 μM), where the extent of internalization and hence 
photosensitization was reliant on the degree of sulfonation and pro
ceeded in the order of tetrasulfonated > trisulfonated > disulfonated 
[102]. Compartmentalized AlPCS4 was also observed in KB cells 
following 4-h incubation at 12.5-μM PS concentration [92]. Intracellular 
localization of ZnPCS4 was more difficult to assess by confocal micro
scopy due to the debilitating effect of the Zn atom on PC fluorescence 
quantum yield and fluorescence lifetime [94,97–99] (Fig. 4B). Despite 
the hampered fluorescence intensity, the distribution pattern suggested 
early onset compartmentalization of ZnPCS4 (Fig. 4B, green arrows) in 
what are most likely lysosomes, given the strong negative charge of 
ZnPCS4 in combination with the near-immediate manifestation of 
clustering (Fig. 4B) [6,100,103]. 

The confocal microscopy results attest to the possibility to guide 
intracellular PC localization by the chemical composition of the PC, if 
intracellular delivery in vivo is successful. Photosensitization of specific 
intracellular loci is generally reserved for individual classes of PSs [6]. 
For example, ALA can be used to photosensitize mitochondria after 

Fig. 4. Uptake and intracellular distribution of native and tetrasulfonated zinc- and aluminum phthalocyanine in A431 cells. (A) A431 cells were incubated with 
0.375 μM of photosensitizer (PS) in DMEM− /− for 1–120 min and analyzed by flow cytometry. The mean PS autofluorescence intensity is plotted as a function of 
incubation time (N = 3 per time point). (B) A431 cells were incubated with AlPC-ITLs and ZnPC-ITLs (3 μM PS concentration, 1000 μM lipid concentration) and 
AlPCS4 and ZnPCS4 (10 μM) for 15–60 min and imaged by confocal microscopy (red fluorescence). Hoechst 33342 (blue fluorescence) was used to stain DNA. The 
yellow arrows designate photosensitizer accumulation in the cell membrane (ZnPC) and intracellular dispersion via vesicular trafficking (AlPC). The white arrow 
points to perinuclear accumulation of ITL-delivered AlPC. The green arrows point to hyperfluorescent compartmentalized ZnPCS4 and AlPCS4. The green arrowheads 
indicate perinuclear compartments devoid of AlPCS4. Additional exemplary images are provided in Fig. S3. Abbreviations: AlPC, aluminum phthalocyanine; AlPCS4, 
tetrasulfonated aluminum phthalocyanine; flu., fluorescence; ITLs, interstitially targeted liposomes; PS, photosensitizer; ZnPC, zinc phthalocyanine; ZnPCS4, tet
rasulfonated zinc phthalocyanine. 
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conversion to protoporphyrin IX [104,105]. Temoporfin (mTHPC) ex
hibits a preference for the endoplasmic reticulum and Golgi apparatus 
[106]. Porfimer sodium chiefly localizes to the cell membrane and Golgi 
apparatus [107], while anionic PSs mostly end up in lysosomes 

[100,103]. 
Damage to each subcellular structure triggers its unique cell death 

signaling cascade(s) [108]; intracellular PS localization is therefore 
important for therapeutic efficacy and outcome. Based on the confocal 

Fig. 5. PDT-induced cell death as a function of photosensitizer (PS) concentration and incubation time. A431 cells were incubated for 1 h with ZnPC-ITLs, ZnPCS4, 
AlPC-ITLs, and AlPCS4 and washed directly before PDT (cumulative radiant exposure of 15 J/cm2). Cell viability was assessed by the WST-1 assay (mitochondrial 
redox potential (Eh)) (A) and by the SRB assay (total protein content) (B) at 4 h and 24 h post-PDT (N = 3 per PS concentration per incubation time). PS incubation 
and post-PDT recovery were performed in DMEM− /− under standard culture conditions. Results were normalized to the mean value of the control group (medium 
only, cumulative radiant exposure of 15 J/cm2). Fits were generated using the non-linear fit data analysis function in GraphPad Prism, from which the median lethal 
PS concentration (LC50) was calculated. The goodness of fit (R2) value is provided for each fit. Abbreviations: AlPC, aluminum phthalocyanine; AlPCS4, tetra
sulfonated aluminum phthalocyanine; ITLs, interstitially targeted liposomes; PS, photosensitizer; SRB, sulforhodamine B; WST-1, water-soluble tetrazolium 1; ZnPC, 
zinc phthalocyanine; ZnPCS4, tetrasulfonated zinc phthalocyanine; N.D., not determined. 
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imaging, PCs can be directed to important intracellular sites by selecting 
the appropriate coordinated metal [109] and by employing tetrasulfo
nated derivatives, which are also commercially available, at least for 
ZnPC and AlPC. Accordingly, using multiple metallated PC(S4)s in a 
single PS delivery platform is expected to lead to more comprehensive 
photosensitization of tumor cells and consequently the photochemical 
activation of various critical modes of cell death (necrosis, apoptosis, 
necroptosis, and autophagy) upon PDT [6,100,103]. It should be noted 
that most cell death pathways may diverge to necrotic cell death in vivo 
[6,100,103,110] when these concur with vascular shutdown-mediated 
hypoxia [58,59,111–113] (i.e., ATP depletion [114]) and metabolic 
catastrophe (i.e., ceased nutrient supply [115] and ATP production 
[26]), which both favor necrosis [108]. In any respect, the PS delivery 
platform illustrated in Fig. 2 can be further finetuned by incorporating 
multiple metallated PCs and sulfonated derivatives for a comprehensive 
approach to photochemical cell death induction. 

3.4. Aluminum-Based Phthalocyanines Are more Phototoxic than Zinc- 
Based Phthalocyanines 

The extent to which each light-exposed PS kills cancer cells consti
tuted the next step in the attrition procedure. A431 cells were photo
sensitized at increasing PS concentration and the LC50 was calculated 
from the concentration-effect fitted curve functions as a measure of cell 
phototoxicity and PDT efficacy. Inter-PS differences between the Q-band 
absorption maximum of ZnPC, AlPC, and AlPCS4 (Figs. 1 and S2) and 
the laser wavelength (671 nm) were discounted. The decrease in molar 
extinction coefficient, and hence the extent of ROS generation, due to a 
mismatch between the Q-band maximum and laser line was deemed too 
small to produce significant differences in outcome (i.e., differences that 
would not exceed the standard deviation). For ZnPCS4, the absorption of 
671-nm light is about 40% of that at the absorption maximum, trans
lating to a molar absorptivity (ε = 118,000) that approximates the molar 
absorptivity of AlPC (ε = 126,000) and AlPCS4 (ε = 158,000) at their 
absorption maximum (Fig. 1), which is near the 671-nm laser wave
length. At published triplet state quantum yields of 0.47, 0.41, and 0.38 
of ZnPCS4, AlPC, and AlPCS4, respectively, and singlet oxygen (1O2) 
quantum yields of 0.43, 0.34, and 0.38, respectively (Fig. 1), the amount 
of ROS produced by ZnPCS4 should theoretically not veer much from the 
amount of ROS produced by the Al-based PSs. In light of the intracellular 
distribution pattern (Fig. 4B), the aforementioned photophysical and 
photochemical properties, and experimental data, it was expected that 
phototoxicity would be most eminent for the ITL-delivered lipophilic 
PCs and proceed in the order of ZnPC-ITLs > AlPC-ITLs > AlPCS4 > >

ZnPCS4. The (peri)nuclear localization of AlPC observed in this study 
(Fig. 4B) and the unexpectedly more overwhelming fluorogenic redox 
probe oxidation by AlPC versus ZnPC in physiological buffer published 
previously [6] could narrow or even tilt the phototoxicity in favor of 
AlPC. 

Indeed, ITL-delivered AlPC was most phototoxic to A431 cells as 
evidenced by the LC50 values for both read-out parameters, which were 
in the low-nanomolar range (Fig. 5). The LC50 values for ZnPC-ITLs were 
5-fold (4 h post-PDT) and 3–10-fold higher (24 h post-PDT) compared to 
AlPC-ITLs. The LC50 could not be calculated for ZnPCS4, making the 
phototoxicity order AlPC-ITLs > ZnPC-ITLs > AlPCS4 > > ZnPCS4. The 
cellular phototoxicity of the photosensitizers mimics their ROS- 
generating capacity reported earlier [6]. The fact that the degree of 
lethality was exacerbated for all PSs except ZnPCS4 at 24 h post-PDT 
compared to 4 h post-PDT indicates that the execution of cell death 
pathways predominated over any survival signaling [11,26,64], damage 
remediation, and salvage mechanisms. We could not confirm the utility 
of ZnPCS4 in PDT of A431 cells as reported previously for other cell 
types [28,29,32]. 

The pleiotropic photosensitization pattern of lipophilic metallated 
PCs (Fig. 4B) seems to be advantageous to photokilling efficacy (Fig. 5), 
as was expected for membrane-targeting PSs and the lethality of multi- 

site-targeted PSs [74]. PCs such as ZnPC produce ROS via type I (su
peroxide anion, hydroxyl radical (•OH), and hydrogen peroxide) [116] 
and type II photochemical reactions (1O2) [117,118]. 1O2 has a very 
short half-life (< 40 ns) in a biological milieu [119] because of its 
extreme reactivity towards lipids, proteins, and nucleic acids [120,121]. 
The same applies to •OH [122,123], whose reactivity is so high that the 
reaction rate constants towards organic biomolecules [124] approxi
mate the diffusion-controlled limit in aqueous solution [125]. Accord
ingly, both ROS have a narrow action radius [119,125] and inflict 
deleterious redox modifications proximal to their production site 
[9,126]. 

Photogeneration of ROS in cellular and subcellular membranes, 
where phospholipids consequently undergo peroxidation by 1O2 [127] 
and •OH-induced radical chain-propagated oxidation [128], has lethal 
consequences on membrane function and (sub)cellular homeostasis 
[129]. Oxidation of membrane constituents results in increased barrier 
permeability and leakage of content [9,130], loss of mitochondrial 
membrane potential, and disruption of membrane-associated signaling 
systems [114,131]; i.e., precursor events to various forms of cell death 
[132,133]. ROS produced by lipophilic PCs also oxidatively modify 
(transmembrane) proteins and deregulate vital systems in cell meta
bolism, damage remediation, and proliferation [26,134]. Ergo, when 
local PDT-induced hyperoxidative stress culminates in (1) metabolic 
catastrophe (redox damage to mitochondria); (2) the cell’s inability to 
resolve the stress due to impaired protein and lipid synthesis (redox 
damage to the endoplasmic reticulum), and (3) hampered post- 
translational modifications to proteins and protein trafficking (redox 
damage to the Golgi apparatus), cell death signals are triggered that 
result in a mix of predominantly apoptosis and necrosis 
[9,10,17,62,135]. Leakage of lysosomal content (redox damage to ly
sosomes) (4) will further amplify the cell death signaling [136]. 

The results in Fig. 5 demonstrate that, at equimolar concentrations, 
photosensitization of most lipophilic subcellular compartments by ZnPC 
and AlPC translates to more cell death upon PDT than photosensitization 
of cytosolic regions and lysosomes by AlPCS4. As per attrition scheme, 
the multi-targeted photonanomedicines platform (Fig. 2) would benefit 
most from AlPC compared to the other tested metallated PCs. Theoret
ically, equal tumoricidal effects could be realized with lower AlPC-ITL 
dosages compared to ZnPC-ITLs, which aligns with the aim to 
augment therapeutic efficacy while minimizing photoallergic skin re
actions. To date we have been developing the PS delivery platform using 
ZnPC [9–12,17,18,26,62]. Future research efforts will therefore be 
directed at head-to-head analysis of liposomal AlPC versus liposomal 
ZnPC with respect to in vivo skin phototoxicity, systemic toxicity, 
intratumoral PS accumulation, and PDT efficacy. 

3.5. PDT of A431 Cells Leads to a Mixed Mode of Cell Death Dominated 
by Apoptosis and Cell Cycle Arrest 

PDT can destroy tumors by vascular shutdown [28,58,59,80–83], 
immunological cell death [137], and direct tumor cell death [74]. Direct 
photokilling practically translates to in situ tumor debulking and pre
vents tumor cells from recovering via survival signaling [64,138], the 
relevance of which has been attested in vitro [11,26,139], in vivo [140], 
and in the clinical setting [141]. PDT triggers different modes of cell 
death that include necroptosis (programmed necrosis), secondary ne
crosis (apoptosis turned into necrosis, also referred to as late apoptosis), 
paraptosis, and apoptosis (especially due to ER stress) 
[74,133,142,143]. When irreparable damage occurs in the form of 
mitochondrial dysfunction, cell membrane damage, oxidative stress, 
and release of lysosomal enzymes [144], the abovementioned cell death 
programs generally execute and converge to a phenotype where phos
phatidylserine is exposed on the outer membrane leaflet and/or the cell 
membrane becomes permeable [145,146]. Correspondingly, these 
hallmark events were measured by flow cytometry following annexin V 
and propidium iodide staining and stratified into healthy cells (annexin 
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V− /− /PI− /− ), early apoptotic (annexin V+/+/PI− /− ), late apoptotic 
(annexin V+/+/PI+/+), and necrotic cells (annexin V− /− /PI+/+) [60]. 

In the first set of experiments, cells were incubated with increasing 
PS concentration for 1 h, subjected to PDT, and assayed by flow 
cytometry 4 h after treatment (Fig. 6A). The supernatant containing 
detached cells as well as the harvested cells were pooled for analysis. In 
line with the WST-1 and SRB data (Fig. 5), cells that had been incubated 
with ZnPCS4 did not exhibit notable apoptotic or necrotic features at 
concentrations up to 5 μM. In other studies, substantially higher ZnPCS4 
concentrations (IC50 and IC75 of 216 μM and 500 μM, respectively, in 
human cervical cancer (SiHa) cells) were required to achieve mainly 
necrotic cell death [147]. However, photomedicines requiring such high 
concentrations are clinically not warranted or worth investigating 
further when superior PSs such as AlPC, ZnPC, and AlPCS4 are available. 
The liposomal PSs induced a mixed set of cell death modes where early 
apoptosis prevailed at the lower PS concentration (0.15 μM) while late 
apoptosis predominated at the higher PS concentration (1.5 μM). Ne
crosis was observed in 1–2% of the cells that had been photosensitized 

with ZnPC-ITLs and AlPC-ITLs at 0.75 and 1.5 μM PS concentration. In 
contrast, AlPCS4 at 0.75 μM induced early apoptosis, late apoptosis, and 
necrosis at an approximate ratio of 2:3:1. The fraction of early apoptotic 
cells did not change much at higher AlPCS4 concentrations, only the 
percentage of necrotic cells at the expense of late apoptotic cells. 

An obvious difference between the hydrophilic AlPCS4 and ITL- 
delivered lipophilic AlPC was the extent of necrotic cell death that 
had manifested as early as 4 h after PDT. At 2.5 μM AlPCS4, which 
equates to the 4 h post-PDT LC50 value as determined by the WST-1 
assay (Fig. 5A), there was 84% total cell death, of which 16 ± 10% 
was attributable to necrosis (Fig. 6A). This contrasts with the 25% total 
cell death and merely 1 ± 0% necrosis induced by liposomal AlPC at the 
near-LC50 concentration of 0.15 μM at the same time interval (Fig. 6A 
versus Fig. 5A). We subsequently looked into post-PDT energy meta
bolism as a possible explanation, given that necrosis is an ATP depletion- 
depend phenomenon while apoptotic programs require energy [148]. 
Ndhundhuma and Abrahamse [149] reported that human melanoma 
(A375) cells photosensitized with AlPCS4 (2.5 μM) and illuminated at a 

Fig. 6. Mode of cell death induced by PDT. A431 cells were incubated with PS in DMEM− /− for 1 h, washed, treated by PDT (cumulative radiant exposure of 15 J/ 
cm2) or left untreated (control), and stained with PI and annexin V after incubation in DMEM− /− . The mode of cell death was analyzed by flow cytometry of both the 
supernatant fraction and harvested cells detached by trypsinization. (A) Photosensitizer concentration-dependent mode of cell death at 4 h post-PDT. Values are 
shown as mean ± SD for N = 3/group. (B) Mode of cell death evolution during the first 8 h after PDT (ZnPC and AlPC, 0.75 μM; ZnPCS4 and AlPCS4, 2.5 μM). Data 
represent mean ± SD for N = 3 per photosensitizer concentration and post-PDT incubation time. Abbreviations: AlPC, aluminum phthalocyanine; AlPCS4, tetra
sulfonated aluminum phthalocyanine; AV, annexin V; ITLs, interstitially targeted liposomes; PI, propidium iodide; ZnPC, zinc phthalocyanine; ZnPCS4, tetrasulfo
nated zinc phthalocyanine. 
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cumulative radiant exposure of 10 J/cm2 lost ~80% of their baseline 
ATP levels at 4 h post-PDT. However, only 0.9% of the cells were 
necrotic, while 9.9% were early-apoptotic and 2.2% were late-apoptotic. 
In contrast, illumination (15 J/cm2) of human biliary carcinoma (Sk- 
Cha1) cells photosensitized with ZnPC-ETLs did not lead to significant 
ATP depletion at 90 min post-PDT [26]. In fact, only a ~ 15% drop in 
ATP concentration was measured at both LC50 and LC90 despite ample 
evidence of mitochondrial dysfunction. Both studies were performed 
with cells that had been exposed to a normoxic atmosphere after PDT, 
dismissing the possibility that the drop in ATP was caused by hypoxia. 
The reasons behind the AlPCS4-induced necrosis therefore does not 
seem to be related to disrupted energy metabolism per se. In an ancillary 
example, Kessel et al. [114] observed loss of mitochondrial membrane 
potential following PDT and consequent progression of apoptosis, which 
was incongruous with the depleted intracellular ATP levels. 

In the second set of experiments, the mode of cell death was inves
tigated as a function of time after PDT to assess how fast the cell death 
pathways were executed and to what extent. As presented in Fig. 6B, 
ZnPCS4 had no effect on cells, whereas AlPCS4 induced the most 
extensive cell death signaling 2 h after PDT (74%). With time, the per
centage of dead/dying cells increased to 84% (4 h) and 89% (8 h). 
Although AlPC-ITLs inflicted roughly half of the degree of cell death at 2 
h post-PDT compared to AlPCS4, at 8 h the fraction of dead/dying cells 
was comparable (87%), indicating that the progression of cell death 
signaling occurred at a slower pace for the lipophilic PS. This trend was 
echoed by ZnPC-ITLs, albeit to a lesser extent (37%, 49%, and 38% at 2 
h, 4 h, and 8 h, respectively), which is consistent with the WST-1 and 
SRB data obtained 4 h post-PDT (Fig. 5). Moreover, the cells in the 
AlPCS4 group transitioned from a more severe form of cell death (late 
apoptosis) to a less severe form of cell death (early apoptosis). The same 
applied to cells in the ZnPC-ITL group, although a reversal in the 
magnitude of cell death signaling was found during the 4–8 h interval. 
These trends were absent in cells that had been treated with AlPC-ITLs, 
which progressed to a more severe cell death profile with time. The time 
required to count 10,000 cells in the gated region increased with post- 
PDT time in the AlPC-ITL and AlPCS4 group (Fig. S4A). Also, the 
amount of cell remnants, microparticles, and debris produced by dying 
and dead cells increased after PDT for all PSs that induced photokilling 
compared to control cells (Fig. S4B). The implications of these obser
vations are discussed further in section S3.5 and Figs. S3–5. It should be 
noted that the observed modes of cell death were most likely not 
attributable to the inherent toxicity of the PSs (Fig. 3) considering pre
vious dark toxicity results at earlier time points [9] and the fact that no 
dark toxicity was observed at the used PS concentration after 24-h in
cubation (Fig. 3). 

It is known that cell death signaling constitutes a sliding scale phe
nomenon where biochemical pro-survival stimuli [11,64] may abrogate 
the death cascades and cause cells to undergo anastasis (cell survival and 
recovery through reversal of apoptosis [150]) or other modes of re
covery [151–153]. In fact, we reported this exact trend several years ago 
for human biliary carcinoma (Sk-Cha1) cells treated with ZnPC-ITLs 
(0.75 μM; cumulative radiant exposure of 15 J/cm2) and ascribed it to 
cell survival, despite severely impaired mitochondrial redox capacity 
[9] (as was the case here too, Fig. 5A). These findings may have impli
cations in translational studies. The mode of tumor cell death influences 
the post-PDT anti-tumor immune response [154] and abscopal effects 
[155]. In juxtaposition to direct tumor cell photokilling, immunological 
cell death is additive and above all quintessential in long-term tumor 
control [137,156]. Qualified modes of cell death for immunological 
signaling are necroptosis, secondary necrosis, paraptosis, and apoptosis 
[146,157–163]. It will therefore be interesting to see whether (1) the 
reversal of cell death prevails in vivo for the AlPCS4 and ZnPC-ITLs and 
(2) whether it negatively impacts immunological tumor clearance. 

In the final test arm, cells were treated by PDT and assayed for cell 
cycle arrest by PI staining in combination with flow cytometry at 24 h 
after PDT. As alluded to above, A431 cells are monoallelic for P53 [85], 

a tumor suppressor protein that under certain stress conditions can cause 
cell cycle arrest in G1 and G2 and apoptosis [164]. An R273H missense 
mutation leads to gain of function in terms of increased propensity of 
evasion and migration but not increased cell cycle progression and cell 
survival [165]. Conversely, cells were maintained in DMEM− /−

following PDT to emulate post-PDT malnutrition and metabolic catas
trophe [26] following vascular shutdown [28,80–83]. Serum depriva
tion can cause cell cycle arrest in G0 [166,167], which we observed in 
control A431 cells (49.1 ± 0.3%; Fig. 7) when compared to values re
ported elsewhere for A431 cells cultured in fully supplemented medium 
(39–43%) [168]. Taken together, control cells had increased G0 arrest at 
baseline due to contrived culture conditions while the P53 gene status in 
itself was not expected to exacerbate cell cycle arrest and apoptosis. 

In line with previous data, PDT of cells that had been incubated with 
ZnPCS4 resulted in cell cycle profiles that were comparable to control 
cells (Fig. 7). In contrast, cells that had been photosensitized with ZnPC- 
ITLs, AlPC-ITLs, and AlPCS4 exhibited a reduction in the percentage of 
cells in G0/G1. Cells treated with AlPCS4 were arrested in the S-phase, 
suggesting perturbation of tightly controlled replication forks that 
mediate DNA replication. Cells that had been treated with AlPC-ITLs 
exhibited both S-phase and G2 arrest, which is in sync with the wide
spread apoptosis (Fig. 6). The G2 phase is only entered if the DNA 
replication in the S-phase has proceeded successfully and embodies 
rapid cell growth and protein synthesis in preparation of division. Cells 
that had been subjected to ZnPC-ITL PDT also exhibited moderate arrest 
in the S-phase and G2, but less profoundly than the AlPC-ITLs and 
therefore in accordance with the mode of cell death data (Fig. 6) and 
degree of cell death (Fig. 5). The less extensive S-phase and G2 arrest in 
cells exposed to ZnPC-ITLs compared to the cell cycle fallout at equi
molar AlPC concentration infers that AlPC is a more lethal PS capable of 
inducing downstream events that are more favorable for therapeutic 
efficacy; i.e., photokilling of tumor cells and possibly more widespread 
anti-tumor immune responses. 

4. Summary and Conclusions 

This study entailed a head-to-head comparative analysis of four 
metallated phtahlocyanines for PDT of solid tumors; a study that hith
erto had not been performed before. The study was conducted in an 
attritional sense to allow selection of the most optimal PS for further 
development of third- and fourth-generation PSs; i.e., nanoparticulate 
second-generation PSs and nanoparticulate second-generation PSs co- 
encapsulating inhibitors of tumor cell survival pathways, respectively. 
AlPC encapsulated in ITLs was concluded to be the superior PS on the 
basis of: (1) no dark toxicity up to a concentration that was 37–50 times 
greater than its LC50 value at 24 h post-PDT, (2) an LC50 value that was 3 
times lower than that of ZnPC and 20 times lower than that of AlPCS4 (at 
24 h), (3) rapid and abundant uptake by tumor cells despite an absence 
of targeting ligands, (4) heterogeneous dispersion to numerous intra
cellular loci, and (5) extensive cell death induction by apoptosis that was 
accompanied by the most profound cell cycle arrest in the S-phase and 
G2. Research on the ZnPCS4 will be discontinued because it failed the 
attrition step regarding phototoxicity. Although phototoxic, ZnPC-ITLs 
were again shown to be associated with anastasis, which will need to 
be further explored before advancing the research with this formulation 
to in vivo and clinical stages. Next, the results obtained with AlPC-ITLs 
and AlPCS4 will be validated in other cancer cell lines as well as in 
vivo with respect to systemic toxicity and toxicogenomics, skin photo
toxicity, tumor photosensitization, and anti-tumor efficacy. Also, the 
combination of liposomal AlPC and AlPCS4 will be explored as a PS 
cocktail. This approach is expected to inflict oxidative damage at 
different subcellular structures and hence produce different modes of 
cell death and immunological responses that could be beneficial to 
therapeutic efficacy and long-term tumor control. 
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