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Chapter 5

Development of tumor vascular endothelium 
targeted liposomes containing zinc phthalocyanine 
for application in photodynamic therapy

Mans Broekgaarden1,2, Ruud Weijer1, Rowan F. van Golen1, M. Adrie Maas1, Albert C.W.A. van Wijk1, 
Samuel Furse2, Thomas M. van Gulik1, and Michal Heger1,2

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

Abstract 

 Photodynamic therapy (PDT) is a modality for the removal of solid tumors, in which a 
photosensitized tumor is irradiated with intense light to activate the photosensitizer and induce 
local hyperoxidative stress. The production of reactive molecular species at the tumor site results in 
massive tumor cell death, vascular shutdown, and a prolonged antitumor immune response. Prom-
ising results have been achieved in the application of PDT to terminal perihilar cholangiocarcino-
ma patients, although it was found that the morbidity associated with non-specific association of 
photosensitizers does not weigh up to the treatment benefits. Hence, patients may benefit from a 
photosensitization strategy that selectively increases the photosensitizer concentration in the tu-
mors. The use of cationic liposomes may be a promising method to achieve this as these liposomes 
specifically home to the tumor vascular endothelium. Therefore, a polyethylene glycol (PEG)-grafted 
cationic liposomal formulation containing the photosensitizer zinc phthalocyanine was developed. 
The formulation was optimized with respect to photodynamic activity and cellular uptake, and the 
intracellular localization of the photosensitizer and the main modes of cell death induced by PDT 
were determined. Lastly, systemic toxicity profiles were established in mice. This study demonstrat-
ed that a PEGylated cationic liposomes containing zinc phthalocyanine were effective in vitro and 
was well-tolerated in vivo. Further ongoing investigations will focus on obtaining in vivo proof-of-
concept regarding drug delivery and PDT efficacy.

1. Introduction

  Photodynamic therapy (PDT) of cancer entails the minimally invasive removal of solid tu-
mors by a light-based, two-step procedure. First, the tumor is photosensitized by the administra-
tion of a photosensitizer that accumulates in the tumor tissue. Secondly, the tumor is irradiated 
with light that excites the photosensitizer to its triplet state from which energy transfer or electron 
transfer from the photosensitizer to molecular oxygen produces singlet oxygen (1O2) or superoxide 
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anion (O2
∙-), respectively 1. This procedure results in three tumoricidal mechanisms. Firstly, the photo-

chemically-derived reactive oxygen species (ROS) are responsible for the oxidation of (intra)cellular 
membranes 2, 3, proteins 4, and nucleic acids 5, 6, resulting in apoptosis and necrosis of tumor cells and 
cells that comprise the tumor stroma 7. Secondly, the destruction of the tumor vasculature results in 
thrombosis and blood flow stasis that culminates in tumor anoxia, deprivation of growth factors and 
nutrients, and ultimately contributes to the effective eradication of the tumor tissue 8. Thirdly, PDT 
induces a long-term anti-tumor immune response that results in the removal of the tumor debris 
and in reduced tumor recurrence 9.
  PDT has yielded promising results in the palliative management of patients with non-re-
sectable hilar cholangiocarcinoma 10. These tumors are generally associated with high mortality, 
and palliative chemo- and radiotherapy have only marginal effects on survival 11, 12. PDT was able to 
extend the median survival time of these patients from 168 ± 40 days to 389 ± 142 days post-diag-
nosis 10 without the morbidity that accompanies chemotherapy. However, the applied PDT strategy 
typically involves Photofrin (porfimer sodium), a photosensitizer that absorbs light at a low molar 
extinction coefficient at a wavelength (1×103 M-1 cm-1 at 633 nm) that is also absorbed and scattered 
by hemoglobin 13. Secondly, Photofrin has been associated with prolonged skin photosensitivity 14, 
raising ethical considerations regarding the quality of life of these terminal patients. Obviously, pa-
tients with non-resectable extrahepatic cholangiocarcinoma could greatly benefit from a PDT strat-
egy that involves the use of a photosensitizer with more desirable optical properties that is targeted 
specifically to the tumor tissue.
 Specific targeting of the tumor vasculature with therapeutic compounds can be achieved 
with the use of cationic liposomes that are shielded from unspecific uptake by a coating of poly-eth-
ylene glycol (PEG) (reviewed in 15 and 16). Cationic liposomes have been shown to be effectively and 
specifically taken up by tumor-associated vascular endothelium 17, 18. However, the cationic lipo-
somes used in these studies with PDT were not sterically stabilized. Cationic liposomes not shielded 
by a steric barrier are known bind serum proteins and blood cells, or are taken up in a rather un-
specific fashion by endothelial cells, resulting in limited accumulation of the liposomes in tumor tis-
sue 15, 16. Additionally, non-PEGylated cationic liposomes exhibited toxic side effects in vivo, involving 
the induction of an inflammatory response 19-21. Besides resolving the poor biodistributive specificity 
of clinically approved photosensitizers by applying liposomal drug delivery, optimization of PDT can 
also be accomplished by selecting a photosensitizer with better optical properties. Current photo-
sensitizers absorb light at relatively low molar extinction coefficients at wavelengths outside of the 
therapeutic window for PDT 22, 23. For that reason, zinc phthalocyanine (ZnPC) constitutes a more 
optimal photosensitizer, which was previously encapsulated in a neutral liposomal formulation that 
was designed to passively, but specifically accumulate in the tumor environment 24, 25. 
  The aim of this study was to develop a long circulating, cationic liposomal formulation to 
achieve selective targeting of ZnPC to the tumor vascular endothelium. In the development of these 
tumor endothelium-targeting liposomes (ETLs), the potential effects of cationic charge on the effi-
cacy of ROS production, the uptake, dark toxicity, and PDT efficacy of ZnPC-containing ETLs were as-
sayed in both tumor and non-tumor cell lines. Furthermore, prolonged toxicity related to exposure 
to ZnPC-ETLs was investigated.

2. Materials and methods

2.1 Chemicals and reagents

 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), cholesterol, 3β-[N-(N’,N’-dimethyl-
aminoethane)-carbamoyl]cholesterol (DC-Chol), and 1-palmitoyl-2-{6-[(7-nitro-2-1,3-benzoxadi-
azol-4-yl)amino]hexanoyl}-sn-glycero-3-phosphocholine (NBD-PC) were from Avanti Polar Lipids 
(Alabaster AL). L-α-phosphatidylethanolamine, distearoyl methoxypolyethylene glycol conjugate 
(DSPE-PEG, average PEG molecular mass of 2000 amu), ZnPC (97% purity), 4-(2-hydroxyethyl)-1-pip-
erazineethanesulfonic acid (HEPES), bovine serum albumin (BSA), and pyridine were from Sigma-Al-
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drich (St. Louis, MO). Chloroform and NaCl were from Merck KGaA (Darmstadt, Germany). 2’,7’-dichlo-
rodihydrofluorescein-diacetate (DCFH2-DA) was from Life Technologies/Molecular Probes (Eugene, 
OR).
 All lipid stocks were dissolved in chloroform at lipid concentrations of approximately 20 
mM for DPPC, 10 mM for cholesterol and DC-Chol, 5 mM for DSPE-PEG, and 10 mM for NBD-PC. 
Lipid stocks were stored at -20 °C in the dark after purging with nitrogen gas. The concentration of 
the phospholipids was determined by an inorganic phosphate assay modified from Rouser et al. 26. 
ZnPC was dissolved in pyridine to a concentration of 178 μM. 

2.2 Preparation of liposomes

 All liposomes were prepared according to the lipid film hydration technique 27 as described 
in 24. Physiological buffer (0.88 % NaCl, 10 mM HEPES, pH = 7.4, 0.293 osmol/kg) was used to hydrate 
the lipid film. ETLs were prepared from DPPC, DC-Chol, cholesterol, and DSPE-PEG at a 66:25:5:4 mo-
lar ratio, or as indicated otherwise. The ETLs were fluorescently labeled by adding 4 mol% NBD-PC at 
the expense of DPPC. For PDT, ZnPC was included at a ZnPC:lipid ratio of 0.003 as described previ-
ously 24.  Liposome size and polydispersity index (PDI) were determined by photon correlation spec-
troscopy (Zetasizer 3000, Malvern Instruments, Malvern, PA) as described previously 24. The ζ-poten-
tial, i.e., the surface charge of the liposomes, was measured using electrophoretic light scattering 
(Zetasizer 3000, Malvern Instruments) with the expected charge of the particles set to positive. The 
ζ-potential of the liposomes was corrected for the ζ-potential of the buffer. Results were averages of 
3 × 5 measurements per sample. The phospholipid concentration of the liposomal formulations was 
determined using the aformentioned inorganic phosphate assay, after which the concentrations 
were corrected for the inclusion of cholesterol. The (ZnPC-)ETL concentrations listed throughout this 
study refer to the final corrected lipid concentrations.

2.3 Oxidation assays

 The in vitro generation of ROS during irradiation of ZnPC-ETLs was measured with the ox-
idation-sensitive fluorogenic probe 2’,7’-dichlorodihydrofluorescein (DCFH2), which is oxidized to 
2’,7’-dichlorofluorescein (DCF) in the presence of ROS. DCFH2 was prepared from DCFH2-diacetate as 
described previously 24 and the final concentration of DCFH2 in DMSO was 3.6 mM. The DCFH2-oxi-
dation assay was performed as described previously 28. In short, 1186 μL of physiological buffer was 
added to a quartz cuvette with a magnetic stirrer, after which time-based acquisition of DCF emis-
sion (λex: 500 ± 5 nm, λem: 525 ± 5 nm, 20°C, constant stirring) was started in a Cary Eclipse spec-
trofluorometer (Varian, Palo Alto, CA). After the initiation of time-based acquisition, 12 μL of (ZnPC-)
ETLs (final lipid concentration in the cuvette: 50 μM), and 2 μL of DCFH2 (final concentration in the 
cuvette: 6 μM) were added to the cuvette at one minute intervals. At t = 3 min, the cuvette was irra-
diated for 2 min with a 671-nm solid-state diode laser (CNI, Changchun, China) at a light intensity of 
500 mW. Time-based acquisition of DCF fluorescence emission was stopped at t = 6 min. The average 
fluorescence intensity during the last minute was corrected for the average fluorescence intensity 
during the third minute (background fluorescence). 
 The oxidation of tryptophan-residues (Trp) in BSA was determined as a model for protein 
oxidation as described previously 24. The BSA oxidation assay solution consisted of 0.1 % BSA, 0.88 
% NaCl, and 10 mM HEPES (pH = 7.4). A volume of 1080 μL of assay solution was added to a quartz 
cuvette with a magnetic stirrer. The fluorescence intensity of Trp was monitored using time-based 
acquisition in a spectrofluorometer (Cary Eclipse, Varian) with λex: 288 ± 5 nm, λem: 340 ± 5 nm at 
20 °C under constant stirring. At t = 1 min, 60 μL of (ZnPC-)ETL solution was added to the cuvette. At 
t = 2 min, the cuvette was irradiated for two minutes with 671-nm laser light with a power output of 
500 mW. Time-based acquisition was stopped at t = 5 min. The average fluorescence intensity of t = 
5 min was corrected for the baseline fluorescence (t = 2 min).
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2.4 Nuclear magnetic resonance spectroscopy

 NMR spectra were recorded in CDCl3 on a 750 MHz spectrometer with an Avance broad-
band probe. Carbon spectra were recorded using 16384 scans with a TD of 4096. Samples were ~10 
mg for both 1H and 13C at a concentration of 20 g/mL. Deuteriated solvents and consumables for 
NMR were bought from Sigma Aldrich Ltd.

2.5 Thin layer chromatography

 Consumables for thin-layer chromatography were bought from Merck-VWR. Chromatogra-
phy was run on glass-backed, Silica gel 60 F254, HPTLC-grade plates from Merck-VWR. Plates were 
spotted (Linomat 5, Camag, Muttenz, Switzerland), dried, and then eluted (ADC2, Camag) with a 
chloroform/methanol/water/conc. ammonia (68:28:3:1, v/v/v/v) solvent system before being stained 
(Cu2+) and heated (140  C, 8 min., TLC plate heater III, Camag).

2.6 Cell culture

 HUVECs were isolated from fresh umbilical cords obtained at the Department of Obstetrics 
and Gynecology and processed as described previously 29. The chords were stored in transport buf-
fer (NaCl 140 mM, glucose 11 mM, KCl 4 mM, Na2HPO4 0.52 mM, KH2PO4 0.15 mM) supplemented 
with 10 U/mL heparin and 10 U/ml penicillin, 10 mg/mL streptomycin, 2.5 ng/mL Amphothericin B 
(Lonza, Basel, Switzerland). The umbilical vein was flushed with Ca2+-free solution (NaCl 142 mM, KCl 
6.7 mM, HEPES 3.36 mM) while applying low pressure. The end of the vein was closed and the umbil-
ical cord was filled with Ca2+-free solution (NaCl 66 mM, KCl, 6.7 mM, CaCl2 4.8 mM, HEPES 67.1 mM) 
supplemented with 40 µg/mL liberase (Roche, Basel, Switzerland) and incubated for 15 min at 37 °C. 
After incubation with liberase, the vein was flushed with William’s medium E (Lonza) supplemented 
with 20 % fetal calf serum (Gibco/Life Technologies). The effluent containing the HUVECs was cen-
trifuged for 10 min at 180 × g. Cells were resuspended in EndoG medium (Millipore, Carrigtwohil, 
Ireland) with 10% FCS and penicillin/streptomycin (Lonza, 100 U/mL and 100 μg/mL, respectively). 
Cells were transferred into 25 cm2 Primaria culture flasks (Becton Dickinson, Franklin Lakes, NJ) and 
grown under standard culture conditions 37 °C, 5% CO2, 95% air in EndoG medium. Medium was 
refreshed after 24 h to remove erythrocytes. Cells were typically subcultured once a week to a 1:4 
ratio in 75 cm2 culture flasks. HUVECs were typically discarded after passage 5.
 A431 human epidermoid carcinoma cell line was obtained from Dr. Gerben de Koning (Eras-
mus Medical Center, Rotterdam, the Netherlands). The murine macrophage cell line RAW 264.7 was a 
kind gift of Joan Kwakkel (Department of Endocrinology and Metabolic Diseases, Academic Medical 
Center, University of Amsterdam, Amsterdam, the Netherlands). Sk-Cha1 cells were acquired from 
Dr. Alexander Knuth (University Hospital Zurich, Zurich, Switzerland).  A summary of the cells, the 
culture media, its supplements per cell line, and the passage ratios per cell line are provided in Table 
1. All culture media was supplemented with 10% fetal calf serum (Gibco, Life Technologies), penicil-
lin/streptomycin (100 U/mL and 100 µg/mL, respectively (Lonza), and 5 mM L-glutamine (Gibco).

2.7 In vitro uptake assay

 Fluorescently-labeled ETLs were prepared and characterized as described in section 2.2. 
Sk-Cha1 cells and HUVECs were seeded at 2.5 × 105 cells/mL, RAW 267.4 macrophages were seeded 
at 2.0 × 105 cells/mL and A431 cells were seeded at 1.5 × 105 cells/mL. All cell lines were seeded in 
24-wells plates (0.5 mL/well). Cells were cultured for 24 h at standard culture conditions. After 24 
h they received fresh phenol red- and serum-free medium in which the fluorescently labeled ETLs 
were diluted to a final lipid concentration of 100 μM. Control cells received medium that was equally 
diluted with a similar volume of PBS. Cells were incubated for 24 h after which the NBD emission 
intensity was measured using a BioTek multiplate reader (BioTek, Winooski, VT) at λex 460 ± 40 nm 
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and λem 520 ± 20 nm. Data was normalized to the background fluorescence (control cells). Protein 
determination (bicinchoninic acid assay, Thermo Scientific, Waltham, MA) was performed in order to 
potentially correct for deviating cell numbers in the wells, but no such differences were found and 
no correction was deemed necessary.

2.8 Confocal laser scanning microscopy

 In order to determine the intracellular localization of the ETLs taken up by HUVECs, A431 
cells, Sk-Cha1 cells, and RAW 264.7 macrophages, confocal laser scanning microscopy was performed. 
Microscope coverslips were placed in 6-wells plates and coated with 5 × 10-4 % (w/v) fibronectin (Sig-
ma Aldrich) in 1 mL of sterile 0.9% NaCl solution (Fresenius Kabi, Bad Homburg, Germany) for 2 h 
at 37°C prior to cell seeding. Cells were seeded onto the coverslips at the aforementioned densities 
(section 2.6) and grown to near-confluence overnight. Cells were washed, incubated with 100 μL 
of NBD-ETLs in serum-free medium for 1 h. Subsequently, cells were washed and incubated for 30 
min with serum-free medium supplemented with 50 nM of either Mitotracker Red CMXROS (MTR, 
Life Technologies) or Lysotracker Deep Red (LTDR, Life Technologies). After incubation, cells were 
washed twice in PBS, and the coverslips were mounted onto microscope slides using Vectashield 
mounting medium with DAPI (Vectashield, Burlingame, CA). Slides were dried for 1 h, after which 
the coverslips were sealed with nail polish. Cells were analyzed for fluorescence of DAPI (λex  405 
nm, λem  415-480 nm), NBD (λex  470 nm, λem  480-550 nm), MTR (λex = 579 nm, λex = 589-650 nm), 
and/or LTDR (λex  647 nm, λem  657-750 nm).
 
2.9 Cell viability assays

 Cell viability was determined using the water soluble tetrazolium-1 (WST-1) method as de-
scribed previously 24. For dark toxicity measurements, cells were seeded in 24-wells plates as de-
scribed in section 2.6. Cells were allowed to attach and grow for 24 h after seeding, after which they 
received fresh phenol red-free and serum-free culture medium supplemented with ZnPC-ETLs at the 
indicated concentrations. Alterations in medium dilutions by different volumes of liposomes were 
corrected with addition of PBS so that all wells contained a total of 1% PBS. Viability was determined 
after 24 h of incubation in the dark. For the PDT efficacy assays, cells were incubated for 1 h in the 
dark, washed with 0.5 mL PBS, and given fresh phenol red- and serum-free medium. Immediately 
thereafter, cells were irradiated for 60 s with 671-nm laser light (500 mW) at a final light dose of 15 
J/cm2. Cells were incubated for 2 h, 4 h, or 8h, after which the culture medium was removed and 
viability was determined

2.10 Cell death detection

 HUVECs were seeded at the aforementioned densities (section 2.6) in 6-wells plates (2 mL/
well). Cells were allowed to attach and grow for 24 h in culture medium and standard culture con-

Table 1: An overview of the cell lines, their respective culture media, and their weekly passage ratios.
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ditions. After 24 h, cells received phenol red-free and serum-free medium supplemented with Zn-
PC-ETLs at a 25 μM final lipid concentration. Cells were incubated for 1 h in the dark, after which the 
cells were washed with 2 mL PBS, received fresh phenol red-free and serum-free medium, and were 
irradiated with 15 J/cm2 671-nm laser light. Cells were harvested after 2 h, 4 h, and 8 h, after which 
they were stained with AlexaFluor488-Annexin V and propidium iodide in accordance with the Vy-
brant dead cell apoptosis kit (Molecular Probes, Life Technologies,) as described previously 24. Flow 
cytometry was performed using a FACSCanto II flow cytometer (Becton Dickinson, Waltham, MA) 
and the data was analyzed using FACSDiva software (Becton Dickinson) in which cells were catego-
rized as healthy (unstained), apoptotic (Annexin V positive) or necrotic (PI positive).

2.11 Long term toxicity of ZnPC-containing liposomes in mice

 The animal experiments were approved by the institute’s animal ethics committee 
(BEX103077) and performed in accordance with the NIH Guide for the Care and Use of Laboratory 
Animals and as described by Weijer et al. 30. Male C57/BL6 mice were ordered from Charles River 
(Leiden, the Netherlands), were 6-8 weeks old upon arrival and were housed in macrolon type 2/3 
cages, receiving standard chow and drinking water ad libitum. At the start of the experiment, mice 
received an dose of 2.5 mM ZnPC-ETLs (final lipid concentration in blood, corresponding to an ad-
ministered lipid dosage of 200 µmol/kg and a ZnPC dose of ) via intravenous injection in the penile 
vein, whereas control mice received the same volume of physiological buffer. All mice were inspect-
ed daily and were weighed every 4 days as part of toxicological vigilance. After 28 days, mice were 
anesthetized and sacrificed by exsanguination via cardiac puncture. Blood samples were stored in 
heparin- or EDTA-anticoagulation microtainers, and were analyzed for circulating parameters for liv-
er function and damage (aspartate transaminase and alanine transaminase, (AST, ALT)) and function 
(free fatty acid concentration), pancreatic damage (amylase levels) and function (glucose concen-
tration), kidney function (creatinine), heart muscle damage (creatine kinase MB, (CK-MB)), skeletal 
muscle damage (creatine phosphokinase, (CPK)), general tissue damage (lactate dehydrogenase, 
(LDH)), hemoglobin concentration, and erythrocyte, leukocyte, and thrombocyte count by routine 
clinical chemistry (Department of Clinical Chemistry, Academic Medical Center). 

2.12 Statistical analysis

  Statistical analysis was performed in Graphpad Prism 6.0 software (GraphPad Software, San 

Table 2. Characteristics of ETLs with a ZnPC:lipid ratio of 0.003 and varying cholesterol, DC-cholesterol, and DSPE-PEG con-
tent. The table describes the composition, size, polydispersity index (PDI) and ζ-potential of these liposomal formulations.
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Diego, CA). Data were analyzed for normality using a Kolmogorov-Smirnov test. Normally distribut-
ed data sets were analyzed with either a student’s t-test or a one-way ANOVA and a Tukey’s post-hoc 
test. Non-Gaussian data was analyzed using a Mann-Whitney U test or a Kruskall-Wallis test and a 
Dunn’s post-hoc test for multiple comparisons. ZnPC-ETL dose response curves were fitted using 
the least squares fit. The different IC50 values were compared using a sum-of-squares F-test. In the 
figures, intergroup differences are indicated with (*) and differences between treated groups versus 
the untreated group are 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).

3. Results 

3.1 Photochemical characterization of ZnPC-ETLs

Figure 1. (A) The effect of increasing concentrations of DC-Chol and the presence of 4 mol% DSPE-PEG on the ζ-potential of 
ETLs as measured with electrophoretic light scattering. The basic composition of liposomes without DSPE-PEG (black squares) 
was DPPC:cholesterol (70:30) in which the indicated mol% of DC-Chol was included at the expense of cholesterol. The basic 
composition of liposomes with DSPE-PEG (gray dots) was DPPC:Chol:DSPE-PEG (66:30:4), again, in which the indicated mol% 
of DC-Chol was included at the expense of cholesterol. (B) The effect of DSPE-PEG content on the ζ-potential of ETLs with a 
basic composition of DPPC:DC-Chol (70:30) where the indicated mol% of DSPE-PEG was included at the expense of DPPC. The 
depicted results are the averages of 3 measurements in which the ζ-potential was measured 5 times for 20 s. Statistical anal-
ysis was performed using a unpaired t-test, asterisks indicate p < 0.05. (C) Traces of DCF fluorescence emission intensity are 
depicted for liposomes with increasing DC-Chol content. Liposomes were composed of DPPC:cholesterol:DSPE-PEG (66:30:4, 
black line), DPPC:cholesterol:DC-Chol:DSPE-PEG (66:20:10:4, red line), DPPC:cholesterol:DC-Chol:DSPE-PEG (66:10:20:4, blue 
line), or DPPC:DC-Chol:DSPE-PEG (66:30:4, green line). During time-based acquisition, DCFH2 was added to the cuvette at 
t = 1min (DCFH2 arrow) and the liposomes were added at t =2min (Lipo arrow). Irradiation of the cuvette with 500 mW 
671-nm laser light was performed at t = 3-5min (semi-opaque red rectangle. (D) The total percentage of DCF emission is 
given in relation to the DC-Chol content of the liposomes. (E) Traces of BSA fluorescence emission intensity are depicted for 
liposomes with increasing DC-Chol content. Liposomes were composed of DPPC:cholesterol:DSPE-PEG (66:30:4, black line), 
DPPC:cholesterol:DC-Chol:DSPE-PEG (66:20:10:4, red line), DPPC:cholesterol:DC-Chol:DSPE-PEG (66:10:20:4, blue line), or DP-
PC:DC-Chol:DSPE-PEG (66:30:4, green line). During time-based acquisition, the BSA assay solution was added at t = 0 min, 
liposomes were added at t = 1 min, and 500 mW 671-nm laser-light irradiation was performed at t = 2-4min (semi-opaque 
red rectangle). Traces were normalized using the average fluorescence intensity of t = 1 min. (F) The total percentage of Trp 
loss-of-fluorescence is given in relation to the DC-Chol content of the liposomes. In all cases, the results were obtained from a 
sample size of N = 3. (G) Over-laid 13C NMR spectra of reference components DPPC, DSPE-PEG, DC-Chol (1, yellow); irradiated 
empty ETLs (2, purple); non-irradiated ZnPC-ETLs (3, dark green), non-irradiated ETLs (4, red); and irradiated ZnPC-ETLs (5, 
light green). (H) TLC of reference components DPPC (1), Chol (2), DC-Chol (3), as well as irradiated ETLs (4), non-irradiated 
ZnPC-ETLs (5), non-irradiated ETLs (6), and irradiated ZnPC-ETLs (7). The solvent front (in which ZnPC is located), Chol, DC-
Chol and DPPC are indicated on the right-side of the chromatogram, as are component A, component B, and an unknown 
component (?).
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  The cationic liposomal formulation that is able to target ZnPC specifically to the tumor vas-
cular endothelium was based on a previously established neutral liposomal formulation that was 
intended for passive targeting to the tumor stroma, which was elaborately tested for photodynamic 
efficiency 16. Here, a similar photochemical characterization was performed on cationic liposomes to 
establish whether alterations in the membrane constituents affect the photodynamic efficiency of 
the photosensitizer. Liposomes with increasing DC-Chol content displayed an increase in ζ-potential 
(Fig. 1A, Table 2), which was reduced by the concurrent inclusion of 4 mol% DSPE-PEG in the lipid bi-
layer (Fig. 1A and B, Table 2). Increasing the DSPE-PEG content beyond 4 mol% did not further reduce 
the ζ-potential of liposomes that contained 30 mol% DC-Chol (Fig. 1B). The effect of the inclusion of 
DC-Chol on the PDT efficacy of the co-encapsulated ZnPC is illustrated in Fig. 1C, which shows that 
there was a concentration-independent increase in DCFH2 oxidation upon inclusion of DC-Chol into 
the lipid bilayer. The oxidation of Trp in BSA by ZnPC-containing liposomes, leading to a loss in Trp 
fluorescence, occurred in a DC-Chol concentration-dependent fashion (Fig. 1D). 

3.2 Oxidation of liposome components by PDT

 The common observation of oxidation of olefin bonds in lipids under ambient conditions 
and in a variety of synthetic steps has led to cautious routine handling 23 and careful synthetic strate-
gy 24, respectively. Moreover, the established reaction of saturated aliphatic compounds with oxygen 
radicals 25 led us to test whether or not olefin bonds in lipid components of the liposomes are oxi-
dized under these conditions. It was tested whether or not fatty acid residues are hydrolyzed to pro-
duce the lyso- forms of PC. Thin layer chromatography (TLC) was used to indicate whether there was 
any molecular change consistent with new oxygen functionality, and whether fatty acids had been 
released. There was no evidence for hydrolysis. However, an additional spot of unknown origin (Rf 
0•4, Fig. 1G) appeared in all lipid mixtures (irradiated and unirradiated). Proton and carbon NMR (1H 
and 13C NMR) were used to determine whether additional oxygen functionality had been installed. 
Fig. 1H shows the C-O region of the 13C NMR spectra, in which no additional signals consistent with 
oxidized carbon nuclei were observed in the spectra of the liposomal samples regardless of irradia-
ton. The absence of spots consistent with lyso-PC (TLC) and new oxygen functionality (NMR) indicat-
ed that no measurable hydrolysis of fatty acids or oxidation of the components occurred, suggesting 

Figure 2. The uptake of ETLs composed of varying molar percentages (mol%) DC-Chol and 4 mol% DSPE-PEG (upper panels), 
or varying mol% of DSPE-PEG at a fixed 25 mol% DC-Chol (bottom panels). The uptake was assayed on HUVEC (A, E), A431 (B, 
F), Sk-Cha1 (C, G) and RAW 264.7 cells (D, H). All data were obtained from N = 9, corrected for background, and normalized to 
either 0 mol% DC-Chol (upper panels) or 0 mol% DSPE-PEG (bottom panels).
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that the liposomes remained sound throughout these procedures.

3.3 Optimization of the liposomal ZnPC-ETL formulation

  Given that the ZnPC-ETLs with varying concentrations of DC-Chol were photodynamically 
active, the most optimal formulation for in vitro and in vivo drug delivery was determined. The up-
take of 100 μM fluorescently labeled liposomes with increasing mol% DC-Chol and DSPE-PEG was 
investigated on a model of pharmacologically relevant target cells, including HUVEC, A431, Sk-Cha1, 
and RAW 264.7 macrophages. HUVECs showed high uptake of ETLs with a DC-Chol content ≥20 
mol% (Fig. 2A). A431, and Sk-Cha1 cells exhibited a DC-Chol dependent increase in uptake, although 
uptake was reduced when the DC-Chol content exceeded 20 mol% (Fig. 2C and D). Contrastingly, 
RAW 264.7 macrophages showed high levels of uptake for all liposomal formulations regardless of 
DC-Chol content that resulted in minimal intergroup differences in uptake (Fig. 2D). Of interest is the 
reduction in liposomal uptake when the DC-Chol content was >20 mol% as observed in A431 and 
Sk-Cha1 cells, which was not observed in the HUVECs. 
 Since a 25 mol% of DC-Chol resulted in the highest levels of uptake in HUVECs and exhib-
ited lower but still effective uptake in the other cell lines, fluorescently labeled liposomes prepared 
with 25 mol% DC-Chol and increasing DSPE-PEG contents were prepared and tested for uptake ef-
ficiency. The results show that liposomal uptake was reduced when the DSPE-PEG content was >2 
mol% in the A431 (Fig. 2F) and Sk-Cha1 cell lines (Fig. 2G), but that RAW 264.7 macrophages were 
less successful in taking up liposomes containing DSPE-PEG at any mol% in comparison to unshield-
ed liposomes (Fig. 2H). The uptake of cationic liposomes by HUVECs did not appear to be influenced 
by the DSPE-PEG content (Fig. 2E). From these results, we determined the final liposomal compo-
sition of ETLs to 66% DPPC, 25% DC-Chol, 5% cholesterol, 4% DSPE-PEG (all further references to 
ZnPC-ETLs refer to this composition). 

3.4 Intracellular distribution of ETL-derived lipids

  In order to gain insight into the mechanism of uptake and intracellular fate of the lipo-
somes, the intracellular localization of ETLs in which the lipophilic dye NBD was encapsulated was 

Figure 3. Confocal laser scanning microscopy images of HUVECs (A and E), A431 cells (B and F), Sk-Cha1 cells (C and G), and 
RAW264.7 macrophages (D and H) after a 4h incubation with NBD-ETLs. Cells were stained with DAPI (nucleus, blue), and 
either MTR (mitochondria, red, panels A-D), or LTDR (lysosomes, red, panels E-H). NBD-ETLs were imaged in green. All panels 
show the overlay of all the individual channels. All images were obtained with a 63x oil-immersion lens and digital zoom.
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investigated. Fig. 4 summarizes the fluorescence distribution of NBD-PC in HUVECs (A and E), A431 
cells (B and F), Sk-Cha1 cells (C and G), and RAW264.7 macrophages (D and H). These images illustrate 
that colocalization of NBD does not occur with mitochondria in all cell lines (Fig. 4A-D). Lysosomal 
colocalization of NBD is observed  clearly in HUVECs and A431 cells (Fig. 4A and B), but was less ex-
tensive in Sk-Cha1 and RAW264.7 cells. Clearly visible in all images is the almost complete cytoplas-
mic positivity for NBD fluorescence, which, given the lipophilicity of NBD, indicates the fusion of ETL 
constituents with the (intra)cellular membranes. Distinct bright-green intracellular loci are observed 
predominantly in HUVECs A431, and Sk-Cha1 cells, which may indicate endocytosis of ETLs. Distinct 
vacuoles are also observed in A431 and Sk-cha1 cells (best visible in Fig. 4F and G), around which the 
NBD fluorescence is more intense than in the surrounding vicinity, which is in accordance with the 
transfer/fusion of ETLs with cell membranes.

3.5 Intracellular localization of ETL-delivered ZnPC

 The intracellular localization of the photosensitizer dictates the mode of cell death and PDT 

Figure 4. Confocal laser scanning microscopy of HUVEC (A), A431 (B), Sk-Cha1 (C), and RAW 264.7 cells. Cells were stained with 
DAPI (blue), and MTR (green). ZnPC is depicted in red. All images were taken using a 63× oil immersion lens and digital zoom.
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efficacy. In order to determine the fate of ZnPC after the uptake of ZnPC-ETLs, we performed confo-
cal laser scanning microscopy on the aforementioned cell lines incubated for 4h with ETLs contain-
ing 0.15 mol% ZnPC. Images depicted in Fig. 4 show that the intracellular localization of ZnPC did 
not differ between HUVEC (Fig. 4A), A431 (Fig. 4B), Sk-Cha1 (Fig. 4C), or RAW 264.7 cells (Fig. 4D). The 
intracellular ZnPC fluorescence was substantially lower in RAW 264.7 cells in comparison to the other 
cell types, which was consistent with the lower levels of uptake shown in Fig. 2D. ZnPC (red) dis-
played a pan-cytoplasmic localization, which, given its high hydrophobicity, indicates that it spreads 
across intracellular membranes. Nuclei show low fluorescence intensity for ZnPC, while it was inten-
sified in the perinuclear area, best observed in the HUVECs (Fig. 4A) and Sk-Cha1 cells (Fig. 4C). Peri-
nuclear ZnPC fluorescence overlapped to some extent with the perinuclear MTR fluorescence areas 
(green) indicating at least partial localization of ZnPC in the mitochondria, best observed in the A431 
cells (Fig. 4B). Moreover, the ZnPC-fluorescence clearly demarcated the cells from the background, 
indicating localization at the plasma membrane localization.

3.6 In vitro dark toxicity and PDT efficacy 

  Prior to investigating the PDT efficacy of ZnPC-ETLs, we first examined the dark toxicity 
emanating from the cellular uptake of ZnPC and the liposomal lipids. Therefore, cells were exposed 
to increasing concentrations of ZnPC-ETLs for 24 h after which viability was measured. The results, 
shown in Fig. 5A and C, reveal that ZnPC-ETLs were mildly toxic to HUVEC and Sk-Cha1 cells at lipid 
concentrations exceeding 100 μM. RAW 264.7 macrophages displayed a concentration dependent 
reduction in cell viability that did not decline further at concentrations of >50μM. In contrast, viabil-
ity increased in A431 cells as a result of ZnPC-ETL exposure (Fig 5B).

3.7 PDT efficacy of ZnPC-ETLs in vitro

 Next, the concentration dependent efficacy of PDT was measured 2 h, 4 h, and 8 h post PDT. 
All cell lines showed a significant decrease in cell viability after 4 h compared to the viability mea-
sured at 2 h post-PDT. Fig. 6A demonstrates that HUVECs were highly susceptible to PDT with an IC50 
value of 11 μM ZnPC-ETLs as measured 4 h post PDT (Fig. 6A, Table 3). In contrast, the tumor cell lines 
were more resilient to PDT with ZnPC-ETLs. In the A431 cell line, in which no total cell killing could 
be achieved with a ZnPC-ETL concentration of up to 250 μM,  exhibit the highest IC50 value (Fig. 6B, 
Table 3). Sk-Cha1 and RAW 264.7 cells showed comparable sensitivity to PDT with ZnPC-ETLS (Fig. 6C 
and D, Table 3). Although RAW 264.7 macrophages were relatively unaffected by PDT with low doses 
of ZnPC-ETLs, the cells became highly susceptible when photosensitization was carried out with 
ZnPC-ETL concentrations of >50 μM  (Fig. 6D). It is interesting to note that the viabilities of tumor 
cell lines increased from 4 h to 8 h post-PDT, as is reflected by significant increases in the IC50 values 
(Table 3). In the HUVECs, the viability decreased significantly at 8 h in comparison to the 4 h mea-
surements, whereas there was no difference in IC50 in the RAW 264.7 cells after 8 h in comparison to 
the 4 h measurements. The ZnPC-ETL PDT efficacy also differed significantly between cell types with 

Figure 5. Dark toxicity of ZnPC-ETLs in vitro. HUVECs (A), A431 (B), Sk-Cha1 (C), and RAW 264.7 cells (D) were exposed to Zn-
PC-ETLs for 48 h, after which toxicity was measured using the WST-1 assay. Data comprise means ± SD of N = 9 measurements.
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the exception of the post-PDT IC50 at 8 h between Sk-Cha1 cells and RAW 264.7 macrophages, as 
summarized in Table 3.  
 The mode of cell death was assayed following PDT with use of AV-AF488/PI dual staining 
and flow cytometry. The results displayed in Fig. 7 largely recapitulate the viability results shown 
in Fig. 6. PDT with different doses of ZnPC-ETLs (Fig. 7A-D) induced comparable levels of apoptotic 
cells, but sharp increases in the necrotic cell population. The highly PDT-sensitive HUVECs had ele-
vated levels of apoptotic cells in comparison to the other cell lines indicating that these engage in 
apoptosis in response to relatively low levels of oxidative stress, and that this may be the preferred 
mode of cell death at low intracellular photosensitizer doses. In contrast, at 4 h post-PDT, necrosis 
appeared to be the main mode of cell death in A431, Sk-Cha1, and RAW 264.7 cells. Low levels of 
apoptotic cells could also be detected in the A431 and Sk-Cha1 cell populations. The absence of 
apoptotic cells in the RAW 264.7 cultures could be a result of the phagocytosis of apoptotic cells by 
the surviving macrophages.
  To gain more insight into the main modes of cell death induced by PDT with ZnPC-ETLs, 
cells were treated at a concentration that closely approached the IC50 value, as indicated below. 
The data, shown in Fig7. E-H, clearly demonstrates that the amount of apoptotic cells in HUVECs 
increased substantially in a time-dependent fashion. Although an increase in the necrotic cell pop-
ulation could be observed at 8 h post-PDT, this was most likely a result of secondary necrosis of the 

Figure 6. Dose response curve of post-PDT viability as a function of ZnPC-ETL dose, as tested on HUVECs (A), A431 (B), RAW 
264.7 (C), and Sk-Cha1 cells (D). Viability was assayed 2 h post-PDT (black lines), 4 h post-PDT (dark gray line), and 8 h post-PDT 
(light gray lines) according to the WST-1 method. All data was corrected for background and normalized to untreated cells. 
Asterisks indicate significant differences between the 2 h versus 4 h groups and the 4 h versus the 8 h groups, pound signs 
indicate significant differences between the 8 h and 2 h post-PDT measurements.

Table 3. The IC50 values of ZnPC-ETL PDT for each individual cell lines and time intervals are shown and statistically com-
pared.
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apoptotic cells. In contrast, the A431, Sk-Cha1, and RAW 264.7 cells display sharp and fast reduction 
in viable cells accompanied by a relatively large necrotic cell fraction. These observations confirm 
that necrosis is the main mode of cell death in these cell lines as it was quickly induced and did not 
greatly change over time.

3.9 In vivo toxicity

  The promising in vitro findings warranted further investigations in vivo. Prior to investigat-
ing the drug delivery efficacy of the ZnPC-ETLs, it was first determined whether the liposomal for-
mulation was associated with long term toxicity. Mice were injected with ZnPC-ETLs in a volume 
that corresponded to a total dose of 8 μmol ZnPC/kg at a fixed ZnPC:lipid ratio of 0.003. Control 
mice received an equivalent volume of PBS. ZnPC-ETLs were well tolerated and did not affect weight 
progression curves in comparison to mice receiving PBS (Fig. 8A). The absence of severe toxicity was 
confirmed by the biochemical and hematological parameters determined after the exposure period 
(day 28) (Fig. 8B). There was a significant difference in the circulating creatinine levels between the 
control group and the ZnPC-ETL group. Although the origin of these deviations is elusive, creatinine 
is biochemical marker that increases upon kidney damage and dysfunction. As such, a decrease in 
creatinine levels concurs with an absence of ZnPC-ETL toxicity. Although a histological assessment 
of liver, spleen and lung morphology is currently not included, the presented results are in favor of 
further in vivo investigations.

4. Discussion

  The goal of this study was to develop a liposomal formulation for the delivery of ZnPC to the 
tumor vascular endothelium. Using cell free systems, it was shown that imposing a cationic charge 
onto the liposomal membrane did not exert detrimental effects on the oxidation capability of the li-
posomal photosensitizer. Next, it was shown that liposomes composed of DPPC:DC-Chol:Chol: DSPE-
PEG at 66:25:5:4 mol% demonstrated the most optimal uptake characteristics. Confocal microscopy 
confirmed that ZnPC was intracellularly released from the liposomes and distributed throughout 

Figure 7. (A-D) The effect of ZnPC-ETL dose on the mode of cell death induced by PDT on HUVECs (A), A431 cells (B), Sk-Cha1 
cells (C) and RAW 264.7 macrophages (D). Cells were treated with 0, 5, 10, or 25 μM of ZnPC-ETL PDT, and were analyzed 4 h 
after irradiation using Annexin-V and PI staining. (E-H) The mode of cell death after 0 h, 2 h, 4 h, and 8 h post-PDT with Zn-
PC-ETLs was analyzed in HUVECs (E), A431 cells (F), Sk-Cha1 cells (G), and RAW 264.7 macrophages (H).  The data represents 
the mean ± SD of N = 3 measurements.
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the intracellular membranes, although differences were observed in varying cell types. As a result, 
the ZnPC-ETLs displayed highly efficacious photosensitizing properties, with IC50 values ranging 
between a final lipid concentration of 11 and 68 μM, which translate to ZnPC concentrations of 33 
and 204 nM ZnPC. There was a ZnPC-ETL concentration- and cell-type dependent dark toxicity in 
vitro, but the liposomal formulation was well tolerated in vivo. Further in vivo drug delivery and PDT 
efficacy studies are currently in progress.
  The rationale to develop these cationic liposomes was provide an effective means to de-
liver the photosensitizer ZnPC towards to tumor vasculature so as to effectively mediate vascular 
shutdown, tumor tissue hypoxia and nutrient deprivation. Although the mechanism remains some-
what elusive, it is believed that several factors lie at the basis of specific accumulation of cationic 
liposomes in tumor vascular endothelial cells. First of all, angiogenic endothelium actively prolif-
erates whereas normal endothelium is rather quiescent, resulting in the overproduction of nega-
tively charged proteoglycans, glycoproteins, phospholipids, and glycosaminoglycans expressed at 
the luminal side of the cell membrane 15, 35-41. Blood flow through the tumor vasculature is slow and 
distorted 42, which increases the interaction time of cationic liposomes with relatively anionic en-
dothelial cell membranes 15. Moreover, the pro-inflammatory tumor microenvironment is mediated 
and characterized by the release of cytokines, of which TNF-α is known to degrade the endothelial 
glycocalyx 43. Degradation of the glycocalyx exposes cell surface receptors such as intracellular ad-
hesion molecules 44 but possibly also Toll-like receptor 4 and CD14 that have been implicated in the 
binding and endocytosis of cationic liposomes 45. The reduced barrier function of the glycocalyx also 

Figure 8. Determination of the in vivo dark toxicity of ZnPC-ETLs. (A) The weights of mice that received a single injection 
of ZnPC-ETLs corresponding to 8 μmol/kg ZnPC was followed for four weeks (gray dotted line) and was plotted against the 
weight progression curve of mice that were injected with an equivalent dose of saline (gray dashed line). The data of the Zn-
PC-ETL group represents the means ± SD of N = 7 mice. (B) An analysis of biochemical and hematological toxicity parameters 
was performed on ZnPC-ETL exposed mice. Data represents the mean ± SD of N = 8 mice, with exception of the ZnPC-ETL 
group (N = 7 mice).
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increases the interaction between liposomes and endothelial cell membranes.
 Cationic liposomes exhibited 15- to 33-fold higher accumulation in angiogenic (tumor-as-
sociated) endothelial cells compared to normal endothelial cells in RIP-Tag2 and K14-HPV16 mouse 
models for cancer 17. Moreover, Takeuchi et al. have shown that cationic liposomes with polyeth-
yleneimine and benzoporphyrin derivative monoacid ring A (BPD-MA) were efficiently taken up by 
ECV304 endothelial cells in vitro 46, and were significantly more effective in reducing tumor volume 
and inhibiting tumor regrowth in vivo following PDT in comparison with BPD-MA incorporated in 
non-cationic liposomes 18.
  In this study, we first set out to determine whether the alteration of lipid constituents of 
a previously developed liposomal ZnPC formulation 36 affected the photodynamic properties of 
the photosensitizer. It was interesting to note higher extents of DCFH2 and BSA oxidation with Zn-
PC-ETLs in comparison to ZnPC-ITLs. Although these results may indicate enhanced photodynamic 
efficacy, it may also be a result of the cationic zeta potential of the ETLs. In solution, DCFH2 is an 
anionic molecule and the anionic properties of BSA at physiological pH has been established 47, 48. As 
such, an increased interaction or closer proximity between the oxidation sensors and the ZnPC-ETLs 
may cause enhanced reaction efficiencies. Although these measurements can be considered arti-
facts associated with the experimental setups, such effects may hold therapeutic relevance. As cell 
membranes are generally considered to carry anionic surface molecules 36, 49, 50 and proteins often 
contain anionic residues such as Asp and Glu, an enhanced interaction between ZnPC-ETLs and 
these cell structures may result in improved PDT efficacy.
  With respect to the final liposomal formulation of the ZnPC-ETLs, absence of DSPE-PEG re-
sulted in a substantially higher zeta potential that was related to increased levels of uptake. Howev-
er, as reviewed by Abu-Lila et al., and Campbell et al., non-PEGylated cationic liposomes are associat-
ed with high levels of non-specific uptake 15, 16, which was corroborated by the high levels of uptake 
observed for the different cell lines in our study. In vivo, non-PEGylated cationic liposomes are rap-
idly cleared from the circulation due to adhesion to serum proteins and elimination by the liver 51-53. 
Moreover, non-PEGylated cationic liposomes have been shown to cause precarious in vivo adverse 
events such as lung embolism 51 and lung inflammation 19. Therefore, DSPE-PEG was included into 
the liposomal formulation, as this has been shown to shield the cationic ζ-potential and bestow 
long-circulating properties upon the liposomes 16 and reduce their immunogenicity (reviewed in 
16). Despite this, PEGylation does not result in reduced targeting efficiency (reviewed in 15). In this 
respect, we chose to include a similar DSPE-PEG content as described for the ZnPC-ITLs 24 and Zn-
PC-containing immunotargeted liposomes (tumor cell targeted liposomes, TTLs 54) so as to keep 
the formulations comparable. Moreover, we did not observe prominent differences in the uptake 
of liposomes containing 2%, 4% or higher levels of DSPE-PEG. The inclusion of 4% still resulted in a 
measurable difference in ζ-potential, and that observation supported the decision to enforce this 
molar percentage of DSPE-PEG content.
  Confocal microscopy images reveal a differential localization pattern between the fluo-
rescent lipids within the ETLs and the encapsulated ZnPC. Whereas the fluorescent lipids (NBD-PC) 
localized predominantly into large intracellular vesicles that were believed to be lysosomes, ZnPC 
seemed to localize throughout the intracellular membranes. This indicates that the ZnPC is some-
how extracted from the liposome in the intracellular environment, which has also been observed 
for ZnPC-TTLs, but which has not been investigated for ZnPC-ITLs. The pan-cytoplasmic fluores-
cence of ZnPC and the knowledge that ZnPC is highly insoluble in water indicates that ZnPC spreads 
throughout the intracellular membranes of the Golgi apparatus, endoplasmic reticulum, lysosomes, 
and the outer plasma membrane. Intracellular loci of intense ZnPC fluorescence were also observed, 
and some of these overlapped with high fluorescence intensity loci of MTR, that the photosensitizer 
also localizates at the mitochondrial membranes. 
 With respect to PDT efficacy, it is interesting to note the significant changes in IC50 values 
of ZnPC-ETLS for the different cell lines. The non-malignant HUVECs were highly susceptible to PDT, 
whereas the slowly proliferating Sk-Cha1 cells and the murine leukemic RAW 264.7 macrophages 
were slightly less sensitive. The highly malignant A431 cells were substantially less susceptible to 
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PDT in comparison to the other cell lines, and appear to be inherently resistant to PDT. It is also inter-
esting to note that both Sk-Cha1 cells and A431 cells exhibited a significant increase in IC50 values 
after 8 h in comparison to the IC50 value determined after 4 h. This may potentially indicate recovery 
of cells following PDT, which may be regulated by survival signaling induced by PDT 55. A similar ob-
servation was observed in Sk-Cha1 cells after PDT with ZnPC-ITLs 24 and in A431 cells after PDT with 
ZnPC- TTLs 54.
 As mentioned previously, the use of cationic liposomes in vivo has raised concerns with 
respect to toxicologic events, possibly caused by the activation of the TLR4 and CD14 receptors 45. 
Thus, it was encouraging to see that the ZnPC-ETLs and ZnPC-ITLs were well tolerated in mice and 
did not lead to detectable levels of circulating biochemical biomarkers of organ damage. Although 
the organs at which liposomes are prone to accumulate and exert toxicity (liver, lungs, spleen) need 
to be histologically examined, the hematological and biochemical parameters are an important in-
dication that ZnPC-ETLs exert no dark toxicity in vivo.
 Although the results obtained thus far are promising and are in favor of further in vivo in-
vestigations. It is hypothesized that, given the compositional overlap of the currently developed 
ETL formulation with previously tested and validated liposomal formulations, the ZnPC-ETLs will 
accumulate with high affinity to the tumor vasculature. Given the high sensitivity of endothelial 
cells to PDT, photosensitization strategies with ZnPC-ETLs may facilitate effective destruction of tu-
mor-associated blood vessels upon laser light irradiation to promote the effective removal of tumor 
tissue in vivo. In case these experiments are successfully completed and the results are in line with 
this assumption, this drug delivery system presents and attractive modality for site-specific drug 
delivery and the improvement of PDT efficacy in comparison to conventional photosensitization 
strategies. It may also be a valuable addition to the ZnPC-ITLs and ZnPC-TTLs that have been devel-
oped previously. As such, published results on the in vivo application of cationic liposomes 56-58 and 
the results discussed in this chapter are in favor of a combinatorial drug delivery that targets encap-
sulated drugs (such as ZnPC) to the tumor interstitial spaces, tumor cells, and tumor vasculature as 
described by Weijer et al 22.

5. Conclusion

  With the aim to target the tumor vasculature for photodynamic therapy, a cationic liposo-
mal formulation that contained the photosensitizer ZnPC was developed. The ZnPC-ETLs were pho-
tochemically active, were effectively taken up in vitro, and demonstrated therapeutic potential in 
vitro. Moreover, the formulation was well tolerated in vivo and further studies towards drug delivery 
and PDT efficacy are currently underway. Thus, the ZnPC-ETLs show great potential as a drug deliv-
ery system that delivers the photosensitizer ZnPC specifically to the tumor vascular endothelium.
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