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Photosensitized co-generation of nitric oxide and singlet oxygen 
Enhanced toxicity against ovarian cancer cells
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Sharma3, Pablo E. Vivas2,3, Antonio E. Alegria1,*

1.Department of Chemistry, University of Puerto Rico, Humacao, PR 00791

2.Department of Biochemistry, UPR Medical Sciences Campus, San Juan, PR 00936

3.Comprehensive Cancer Center, UPR Medical Sciences Campus, San Juan, PR 00936

Abstract

Near micromolar concentrations of nitric oxide (NO) induce tumor cells death. However, an 

appropriate NO load has to be delivered selectively to the tumor site in order to avoid NO 

loss and secondary NO-induced effects. The encapsulation of millimolar concentrations of a 

NO source and an appropriate trigger of NO release within phospatidylcholine-based liposomes 

should provide an efficient tool for the selective release of the needed NO payload. In this 

work we report the photosensitized generation of singlet oxygen and NO from folate-targeted 

PEGylated liposomes, containing AlPcS4 as the sensitizer and S-nitrosoglutathione (GSNO), in 

millimolar amounts, as the NO source. Amounts of singlet oxygen detected outside the liposome 

when using PEGylated liposomes are near 200 % larger when GSNO is present inside the 

liposomes as compared to its absence. These liposomes, conjugated to folate, were found to 

enhance the photosensitized cytotoxicity to A2780CP20 ovarian cancer cells as compared to 

liposomes containing the sensitizer but no GSNO (30 % as compared to 70 % cell viability) under 

the conditions of this work. Fluorescense of AlPcS4 was observed inside cells incubated with 

folate-conjugated liposomes but not with liposomes without folate. The photosensitized activity 

enhancement by GSNO increased when light fluence or liposome concentration were increased. 

The majority of ovarian cancer patients are initially diagnosed with disseminated intra-abdominal 

disease (stages III–IV) and have a 5-year survival of less than 20%. This work suggests a novel 

ovarian cancer nodules treatment via the use of tumor-targeted liposome nanoparticles with the 

capability of generating simultaneously reactive oxygen and nitrogen species upon illumination 

with near-infrared light.

Introduction

Photodynamic therapy (PDT) is one of the noninvasive ways of treating malignant tumors 

[1] or macular degeneration [2]. It uses a combination of red laser light, a photosensitizing 
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agent and molecular oxygen to bring about a therapeutic effect [3]. Singlet oxygen (1O2) 

production, the so-called Type II pathway, is claimed as the most important mechanism of 

PDT which kills tumor cells. However, Type I pathways, i. e. those involving photoreduction 

or photooxidation of substrates, have also been proposed as photocytotoxic events in PDT, 

especially in hypoxic environments [4]. However, PDT major disadvantage is that dyes will 

stay in cells for several weeks [5]. Thus, the skin and eyes become very sensitive to light 

during this time. If exposed to sunlight or other forms of bright light, the skin can quickly 

become swollen, sunburned, and blistered. However, liposome encapsulation minimizes PS 

accumulation in the skin [6]. Several studies have demonstrated a higher accumulation of 

PSs and better PDT efficacy in tumor tissues for PS-containing liposomes compared to free 

PSs [6].

For the treatment of pathologies in complex anatomical sites, such as in the peritoneal 

cavity, where restricted illumination is difficult, improved targeting of the photosensitizer 

is necessary to prevent damage to the surrounding healthy tissue [7]. Tumor targeting is 

a modality aimed at decreasing toxic side effects of chemotherapy and at the same time 

improving tumor tissue damage [8]. Enhancement in PDT of tumor cells by FR-targeted 

liposomes as compared to non-targeted liposomes has been reported [9]. In addition, PDT 

in combination to tumor targeting involves double tumor selectivity, since light is also only 

directed to the desired tissue.

The low PS concentration that accumulates at the tumor site could also be a major limitation 

of this therapy. However, that limitation can be circumvected by the use of nano carriers 

such as liposomes. Due to the high payload, a single liposome could theoretically deliver a 

sufficient amount of PS to a cell to cause lethal oxidative stress following PDT. As a result, 

less liposomal PS can be administered to patients to achieve equal or larger intratumoral 

PS levels compared to unencapsulated PS. Polyethyleneglycol (PEG) chains in the outer 

portions of liposomes protect these particles from being recognized by the mononuclear 

phagocyte system and thus their fast clearance from the blood stream is avoided [7]. 

Pegylated liposomes improved the PS uptake and cytotoxicity after irradiation compared 

to nonpegylated ones in vitro [8,10].

Concentrations of nitric oxide (NO) (>400–500 nM) promote tumor cell cytotoxicity and 

apoptosis [9,11]. Several papers have described that the combination of NO donors with 

classical cancer therapies (chemotherapy agents such as cisplatin and doxorubicin, and 

radiotherapy) enhances the therapeutic outcome of treatment and overcome drug resistance 

[11–13]. NO can enhance PDT efficacy in hypoxic tumors owing to the ability of NO 

in freely diffusing into deep hypoxic tumor site [14]. Although PDT in combination with 

NO is found to improve tumor cell death [15–19], the use of tumor-targeted liposomes 

encapsulating relatively large concentrations of both NO source and PS has not been 

reported.

We have examined the co-encapsulation of aluminum phthalocyanine tetrasulfonate, 

AlPcS4, a hydrophilic PS, and S-nitrosoglutathione, GSNO, a hydrophilic nitric oxide 

source, in pegylated and non-pegylated liposomes in terms of their ability to produce both 

singlet oxygen and NO. The encapsulation of both the sensitizer and the NO source within 
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a liposome should increase the probabilities of encounters between the PS excited state 

and the NO source as well as protects the GSNO from reacting with the outer media. The 

photosensitized generation of NO from GSNO has been previously reported [20]. AlPcS4 

was selected since, being a hydrophilic PS, it can be highly concentrated inside the liposome 

without the risk of dimerization and thus less possibility of excited triplet state quenching 

[21]. Furthermore, AlPcS4 (Photosens) is being used in clinical trials in Russia for the 

treatment of skin, breast, and lung malignancies and cancer of the gastrointestinal tract 

[22,23]. GSNO was selected in this work for its relatively high water solubility, i. e. 70 

mM, and thus its potential for the photosensitized production of toxic concentrations of NO 

upon light activation. GSNO has also been used in clinical trials investigating its therapeutic 

efficacy in multiple pathologies and mostly related to its roles in cardiovascular diseases 

[24]. Since relatively large concentrations of both AlPcS4 and GSNO can be encapsulated in 

liposomes, the possibilities of absorbing a large number of incident photons and generating 

micromolar concentrations of both NO as well as singlet oxygen outside the liposomes 

should occur. In a previous work, a folate-targeted photosensitizer was used in the PDT 

treatment of intraperitoneal cancer nodules [25]. In addition, a folate-targeted liposome with 

encapsulated methyl aminolevulinate PSs has been developed for the PDT treatment of 

ovarian cancer nodules [26]. In the latter work a high payload of PS is obtained at the tumor 

site, as expected, as compared to non-encapsulated sensitizers. A potential advantage of the 

formulation presented here, as compared to previous works, is the synergistic behavior in 

singlet oxygen and NO production of the tumor-targeted nanoparticles as described hereby. 

We evaluated the in vitro PDT performance of these FR-targeted liposomes in the cisplatin 

resistant human ovarian cancer cells, A2780CP20. The majority of ovarian cancer patients 

are initially diagnosed with disseminated intra-abdominal disease (stages III–IV) and have 

a 5-year survival of less than 20% [27]. Thus, it is clinically relevant to find ways of 

detecting and destroying their metastatic intraperitoneal nodules after reductive surgery. This 

work propose a potential novel ovarian cancer intraperitoneal nodules treatment via the use 

of tumor-targeted liposome nanoparticles with the capability of simultaneously generating 

reactive oxygen and nitrogen species upon illumination with near-infrared light.

Materials and methods

Materials

The PS AlPcS4 was purchased from Frontier Scientific. Phospholipids 1,2-dioleoyl-

sn-glycero-3-phosphocholine (DOPC), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-

N-[amino(polyethyleneglycol)-2000] (ammoniumsalt) (PEG), 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-[folate(polyethylene glycol)-5000] (ammonium salt) (DSPE-

PEG(5000)-Folate) were purchased from Avanti Polar Lipids (Alabaster, AL). Metal 

chelators DETAPAC and neocuproine were purchased from Alfa Aesar (Tewksbury, MA) 

and used to avoid transition metal-catalyzed decomposition of GSNO. Cholesterol (CHOL), 

glutathione (GSH) and all other reagents and solvents were purchased from Sigma-Aldrich 

Corp (St. Louis, MO). All chemicals were of the highest purity commercially available and 

were used without further purification. Stock solutions of the dye were prepared in deionized 

Chelex-treated N2-saturated water and stored at −20 °C under dark conditions. Deionized 

and Chelex-treated water was used in the preparation of all stock and sample solutions. 
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Chelex treatment of water was monitored using the ascorbate test, as described by Buettner. 

Care was always taken to minimize exposure of solutions to light.

GSNO was synthesized and purified as described by Hart [28]. Briefly, an equimolar sodium 

nitrite solution was added to a stirred acidified ice-cold glutathione aqueous solution. After 

40 minutes the red solution was treated with acetone at 5 °C and the resulting pale 

red precipitate was filtered off and washed with ice-cold water, acetone and ether. The 

concentration of GSNO was determined by its absorbance at 334 nm, using the extinction 

coefficient 767 M−1 cm−1 [29]. Absorbances were measured using a Hewlett Packard, Diode 

Array, UV-Vis spectrophotometer.

In addition to avoidance of GSNO decomposition by metal chelators, it has been reported 

that alkaline pH within the range of 8.4 and 8.8 is the best pH condition to stabilize stored 

GSNO solutions, at which more than 80 % of the GSNO was preserved after 2 days of 

storage [28]. Thus, stock solutions of GSNO were prepared in glycine buffer at pH 8.7 and 

used the same day [28].

Liposome preparation

Liposomes were prepared as reported elsewhere, i. e. by extrusion using 

an Avanti Mini Extruder (Avanti Polar Lipids) followed by Sephadex 

exclusion of unencapsulated reagents [6,30,31]. Liposome handling was 

performed under very subdued light. The following liposomes were prepared 

(numbers imply mol ratios): 60DOPC:40CHOL, 57.5DOPC:37.5CHOL:5.0PEG and 

57.44DOPC:37.44CHOL:5.0PEG:0.13DSPE-PEG(5000)-Folate. Lipid mixtures were 

dissolved in absolute ethanol and deposited on the walls of a round-bottom flask by 

evaporation of the solvent under a N2 flux followed by removal of trace solvent under 

high vacuum. The dry lipid film (typically containing 10 to 15 μmol of DOPC) was hydrated 

in 1 ml of glycine-buffered aqueous solution (pH 8.7) containing AlPcS4 and/or GSNO. 

This was followed by 5 to 10 cycles of freezing with liquid N2 and thawing followed 

by vortexing. The mixture was then extruded 20 times through two stacked polycarbonate 

membranes with 200 and 100 nm pores. Non-entrapped solutes were excluded from the 

liposomes by three Sephadex G-50 spin-column filtrations of this solution [32,33], where 

the Sephadex columns were saturated with glycine buffer before loading the liposome 

suspensions in order to avoid pH gradients. Liposomes were used the same day these were 

prepared.

Encapsulation percent

In order to determine the amounts of dye and GSNO in the liposome, Triton X100 

was added to the sample to dissolve and clarify the liposome suspension (100 μLs of 

liposome suspension in 900 μLs of 10 % Triton X100) [34]. Encapsulation percents 

were then determined from the ratio of amounts of GSNO and dye within the liposome 

per mol unit of phospholipid (PL) inside the liposome, after Sephadex extraction of 

unencapsulated molecules, to the amounts of GSNO and dye, respectively, per mol unit of 

PL before Sephadex extraction. Dye concentrations were determined spectrophotometrically 

and GSNO concentrations by HPLC analysis using an Agilent 1100 UV analytical HPLC 
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chromatograph, as reported previously [35], where the mobile phase used was 0.05% 

trifluoroacetic acid and methanol (94:6) with a flow rate of 0.75 ml/min and an analytical 

C18 reversed phase column (Partisil ODS-3, 5-mm particle size, Whatman, Hillsboro, 

OR) was used as stationary phase. Phospholipid concentrations were determined using the 

Stewart assay, where the standardbsolutions used were those made with the same lipid 

mixture of the liposome [36].

Liposome physical characterization

Size measurements were performed via dynamic light scattering using a Mobius dynamic 

light scattering instrument. Liposome dispersions were diluted with PBS to yield a lipid 

concentration of 0.25 mg/ml. Determination of zeta potential was carried out with the same 

instrument, with liposomes suspended in double-distilled water at a lipid concentration of 

0.25 mg/ml.

Liposome leakage.—The procedure described by Xie et al. was used for this purpose 

[37]. A 200 uL aliquot of the irradiated (or non-irradiated) liposome suspension was 

centrifuged at 10,000 rpm for 10 minutes at 4 °C using a Beckman ultracentrifuge (Optima 

LE-80, Beckman Instruments Inc., Palo Alto, USA) with temperature-control capability. 

Aliquots of 50 uLs of the supernatant were then analyzed for AlPcS4 content using 

absorption spectroscopy.

Liposome irradiation

After Sephadex exclusion, air-saturated liposome suspensions were irradiated at 670 nm 

using a B&W Tek BWF1-670 diode laser while magnetically stirring. The radiant dose was 

measured by chemical actinometry using AlPcS4 in phosphate buffer (pH 7.4) + 1%Triton 

X100 for which the quantum yield for the formation of 1O2 is 0.43 at 673 nm [38]. For 

this purpose, the destruction of furoic acid (Δ[furoic]) was used as 1O2 probe [39,40], 

using a sufficiently large concentration of furoic acid to trap all singlet oxygen. The latter 

was obtained from a graph of Δ[furoic] vs. furoic concentration extrapolated to a constant 

maximum value of Δ[furoic]. Furoic consumption was determined by HPLC as described 

elsewhere [41].

Nitrite and nitrate detection outside liposomes

Irradiated liposome samples were first centrifuged as described above. Nitrite + nitrate 

analyses were performed using the Griess assay, as described previously [42,43]. For this 

purpose, an aliquot of 100 μLs of the supernatant of the irradiated sample was mixed with 

100 μLs of Griess reagent, stirred with this reagent for 5 minutes, and the absorbance 

measured at 540 nm. Nitrite concentration was determined using a nitrite calibration curve. 

Nitrate was measured using the same method after reduction of nitrate to nitrite by nitrate 

reductase [43].

Sanchez-Cruz et al. Page 5

J Nanopart Res. Author manuscript; available in PMC 2023 April 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



1O2 detection outside liposomes

In order to report singlet oxygen formation outside the liposome, furoic acid (a membrane 

impermeable probe), was used [44,45]. 1O2 was detected using furoic acid consumption, 

determined by HPLC as described elsewhere [41].

Aerobic photosensitized cytotoxicity of liposomes against A2780CP20 cells

The derivation, source, and propagation of human epithelial ovarian cancer platinum-

resistant A2780CP20 cell line were described previously [46]. Cell line resistance 

was developed by sequential exposure of the A2780 cell line to increasing 

concentrations of cisplatin [47]. All experiments were done with 70% to 80% 

confluent cultures. Cell viabilities were measured after irradiation at 670 nm in 

the presence of 57.44DOPC:37.44CHOL:5DSPE(2000)PEG:0.13DSPE-PEG(5000)-Folate 

liposomes containing DETAPAC, AlPcS4, in the absence and presence of GSNO in glycine 

buffer (pH 8.7). For this purpose, cells were plated in black plastic 96-well plates with a 

transparent bottom (Fisher Scientific) at a density of ca. 5,000 cells/100 uL medium/well 

and allowed to form monolayers for 24 hours in RPMI 1640 medium. Then, cells were 

washed with folate-deficient RPMI-1640 and incubated for 3 hours. To these, liposomes 

were added and incubated for 2 hours. After this period of time, cells were washed with 

folate-deficient RPMI-1640 to remove any unbound liposome. Cells were then irradiated in 

groups of four wells, with empty wells between the treated groups to ensure that each group 

of wells was receiving the correct dose of light, as reported previously [48]. A diode laser 

system with variable power (0 to 300 mW, B&W Tek Inc) was used in these studies, with a 

wavelength of 670 nm. The beam was delivered through a 100 μm optical fiber. This beam 

expands to a circular area of approximately 2 cm of diameter at a distance of 4 cm from the 

tip of the optical fiber. The cell plate was localized at that distance from the fiber tip. This 

setup has been previously used in PDT studies with cells [48–52]. Cells were then washed 

with normal RPMI1640 and left incubating in the dark for 24 hours. After that period, cells 

were washed with Alamar Blue-containing RPMI 1640 and left incubating for 3 hours. Cell 

viability was then evaluated by measuring the absorbance of each well at 540 and 630 nm as 

reported elsewhere [53,54].

Cells and culture conditions

The human epithelial ovarian cancer cells A2780 was purchased from the European 

Collection of Cell Cultures (ECACC). A2780CP20 were kindly gifted by Dr. Anil K. Sood 

(MD Anderson Cancer Center, Houston, TX). A2780CP20 cells are the cisplatin resistant 

counterparts of A2780. These cells are human cell lines commonly used in the ovarian 

cancer research field [55,56] and since these are cisplatin resistant it is important to know 

if these will be sensitive to an alternative therapy such as the one described here. Cells 

were maintained in RPMI-1640 (HyClone, Logan, UT) supplemented with 10% FBS and 

1% antibiotics. For experiments, all cells were kept at 37°C and 5% CO2 atmosphere. 

Experiments were performed at 60–80% confluency.
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Western blot analysis for folate receptor alpha (FRα) measurements

Western blots analysis was performed as reported earlier [57]. Briefly, A2780 and 

A2780CP20 cells were collected and washed with phosphate buffer saline (PBS) and 

stored at −80°C until used. Protein extraction was performed as previously reported [57]. 

Protein samples were subjected to SDS-PAGE and transferred to polyvinylidene difluoride 

membranes in 25 mM Tris, 192 mM glycine. Membranes were blocked with 5% nonfat 

dry milk in PBS and 0.05% Tween 20 and probed with FRα primary antibody (Human 

FOLR1 Antibody; R&D cat MAB5646, Minneapolis, MN). The secondary antibody was 

an anti-mouse and anti-rabbit IgG horseradish peroxidase (HRP) (Cell Signaling, Beverly, 

MA) in a 1:1,000 dilution. Blots were developed with enhanced chemiluminescence (ECL) 

reagent (GE Healthcare, Piscataway, NJ) and autoradiography using a hemiDoc Gel Imaging 

System (BioRad).

FRα binding determination

A2780CP20 cells (5 X 104 cells/mL) were plated into Lab-Tek Chamber Slides (Thermo-

Fisher) and incubated overnight at 37°C, 5% CO2 in a humid atmosphere (normal cell 

conditions). The next day cells were washed three times with PBS and then treated with 

liposome nanoparticles and diluted in PBS buffer with a final lipid concentration of 0.4 

mM. Cells were then incubated with liposomes for 15 min. The cells were then washed 

three times with PBS to remove unbound nanoparticles. Cells were then fixed, nuclei were 

counterstained with DAPI (1:5000), and slides were mounted with Permafluor Mountant 

(Thermo Fisher). Cells were observed under a Nikon Eclipse E400 fluorescent microscope, 

and pictures were taken with the Nikon DS-Qi2 Camera at 20x magnification.

Statistical analyses—Statistical analysis was performed using paired t-tests, between 

different experiment or sample conditions, at an overall significance level of 0.05. Graph and 

statistical analysis were done using GraphPad Prism (San Diego, CA).

Results and discussion

Dye concentration optimization

In order to optimize the absorption of photons within liposomes, AlPcS4 concentration 

was increased while NO production was monitored amperometrically, i. e. initial rates 

of photosensitized NO production from GSNO were determined as a function of dye 

concentration, Fig. 1. Since NO production rates increased with PS concentration, the largest 

dye concentration, 900 μM, was used in this work. Since AlPcS4 is a tetraanionic PS, its 

aggregation is strongly diminished, as reported previously [58], and thus more dye species 

are available for light absorption and consequent reactivity, as opposed to hydrophobic dyes.

Liposome physical properties

Liposome sizes, polydispersity indexes (PDIs) and zeta potentials are shown on Table 1. 

Low PDI values were detected, indicating excellent liposome size homogeneities before 

irradiation. Diameters near 100 nm were obtained, as expected. Encapsulation efficiencies 

are also shown in Table 1. The latter were about the same in the absence or presence of 

pegylation. Encapsulation of relatively large concentrations of an anionic species is not 
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unprecedented. For example, a large concentration of calcein, an anionic compound, is 

commonly used to detect liposome membrane leakage [59].

Liposome destabilization after photoirradiation

The production of NO gas from GSNO should promote membrane destabilization and thus 

NO and 1O2 release. In order to test if destabilization of these liposomes occurs after 

photoirradiation, liposome particle size distributions were measured after incubating these 

liposomes under dark and after photoirradiation. Liposome disruption evidence is based 

on the observed differential light scattering (DLS) patterns detected of irradiated and non-

irradiated samples containing 6DOPC:4CHOL liposomes, Fig. 2. A very broad distribution 

of particle diameters with small populations are detected after 10.6 J of irradiation at 670 

nm, Fig. 2(b)), as compared to the opposite if the sample is left incubating under dark 

the same period of time, Fig. 2(a). Thus, both lipid oxidation and NO release may be 

contributing to such a large dispersion of particle sizes. However, if oxygen is excluded from 

the sample, a wide distribution of particle sizes is also observed (Fig. 2 (c)) indicating that 

NO release is disrupting liposomes, an observation not detected in the absence of GSNO 

under anoxic conditions. An increase in particle size distribution is also observed if GSNO 

is excluded under aerobic, but not under anaerobic conditions, (Fig. 2(d)) thus indicating 

that lipid oxidation by ROS also disrupts the liposome structure, as expected. Thus, in 

addition to liposome oxidation, NO release could also be contributing to liposome particle 

size heterogeneity. In fact, from the outstanding heterogeneity of particle sizes shown in Fig. 

2 (b), it seems that NO release acts synergically with 1O2 in liposome structure degradation. 

However, pegylated liposomes are not degraded as much as the non-pegylated liposomes, 

Fig. 2(f), although the distribution of pegylated liposome sizes is broader with a larger DPI 

value than that of non-pegylated liposomes, indicating that liposome openning and resizing 

has occurred. Those events should promote liposome release of NO and singlet oxygen 

from both the pegylated and the non-pegylated liposomes, especially from the non-pegylated 

liposome. The difference in behavior between non-pegylated and pegylated liposomes could 

be ascribed to an increase in membrane rigidness due to liposome pegylation [60–62].

1O2 detection outside liposomes

Both 1O2 and NO could be produced inside the liposomes and a fraction of these 

species may diffuse outside the liposome. However, if the liposome is disrupted during 

photoirradiation, the photosensitized production of both NO and 1O2 could also be occurring 

outside the liposome. In any case, only the species 1O2 and NO located outside the liposome 

have the potential to exert their toxic effect. In order to detect 1O2 outside the liposomes, an 

anionic probe, furoic acid, was used to prevent its entrance into the liposomes [39,40]. Mole 

ratios of 1O2 to PL and of NO to PL are shown in Table 2 for the different liposomes studied 

here after 10.6 J of laser irradiation. According to these data, a more restricted release of 

NO and photosensitizer is observed for the pegylated as compared to the non-pegylated 

liposome. However, this amount of NO might be sufficient to aid in the cytotoxicity of 

NO and at the tumor tissue. If GSNO is excluded from the 57.5DOPC:37.5CHOL:5.0PEG 

liposome, the amount of 1O2 detected outside the liposome is about half the value detected 

if GSNO is included, Table 2. Thus, it can be observed that singlet oxygen production 
outside the liposome is largely enhanced if GSNO is present inside the pegylated liposome 
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as compared to GSNO absence. The latter is consistent with the observation that GSNO is 

able to induce liposome particle distribution heterogeneity even in the absence of oxygen, 

as discussed above. This is a desirable characteristic, since more singlet oxygen will be 

available for its toxic activity at the tumor site if GSNO is also included. As described 

above, Figure 2(f) shows that pegylated liposome particles are not degraded as much as with 

the non-pegylated liposomes. Therefore, the distribution of liposome sizes is broader with a 

large DPI value, indicating that liposome opening and resizing has occurred, thus enabling 

an enhanced exit of singlet oxygen.

NO detection outside the liposomes

When 6DOPC:4CHOL liposomes were irradiated during increasing periods of time, at 

constant light intensity, the amount of nitrite + nitrate (an indirect measure of NO 

concentration) released outside the liposome increases with irradiation energy dose, Fig. 

3. Near 11 % of the nitrite + nitrate concentration corresponds to nitrate, as detected using 

nitrate reductase. The liposomal leakage %, expressed as AlPcS4 % leakage, also increases 

with irradiation extent, Fig. 3. In comparison, the amounts of nitrite + nitrate produced and 

the AlPcS4 release % in samples left under dark, during the same time extent used for 

irradiation, were negligible.

Photosensitized toxicity against A2780CP20 ovarian cancer cells

A2780CP20 cells express folate receptor alpha (FRα), as determined by Western Blot, 

Fig. 4A. [63]. A2780 cells were used here to confirm that acquisition of resistance did 

not alter the expression of FRα. Fig 4B shows that the used antibody is specific for the 

FRα because not bands were observed with the secondary antibody only. The Fig 4C 

confirmed also that the antibody is specific for the FRα because when the membrane was 

preincubated with recombinant FRα protein not bands were observed. These results suggest 

that our folate liposome preparations can be internalized through this receptor. Thus, we 

used the cisplatin resistant A2780CP20 cells since photodynamic therapy (PDT) is being 

tested for the treatment of a variety of solid tumors including metastatic ovarian cancer 

[64–66]. Using 57.44DOPC:37.44CHOL:5DSPE(2000)PEG:0.13DSPE-PEG(5000)-Folate 

liposomes, promising results were observed, Fig. 5. Increasing liposome concentrations, 

at constant light dose, was used in order to increase NO concentrations to be released. These 

results show that even pegylated liposomes (which are rigid) are also able to photosensitize 

the killing of these cells, as predicted from the liposome properties described above, as 

compared to control samples under dark. An enhancing role of GSNO in this therapy against 
A2780CP20, cisplatin-resistant cells, is observed, Fig. 5, i. e., at least half cell viability in 

the presence of GSNO vs its absence is detected under the conditions used. However, this 

enhancement stays approximately constant after 0.1 mM phospholipid concentration. The 

latter could be due to folate receptors being saturated even at 0.1 mM lipid concentration. 

Thus, a further increase in liposome concentration will not decrease further cell viability. 

However, increasing the irradiation dose further decreased cell viability, Fig. 6.

If cells were irradiated with increasing light fluences at the highest liposome concentration 

used, cell viability decreases with light fluence increase, Fig. 6. In addition, liposomes 
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containing GSNO show better photocytotoxic activity than liposomes without GSNO, where 

this difference in activity increases with radiation fluence extent.

Internalization of liposomes into A2780CP20 cells

Fig. 7 shows in vitro cellular uptake of liposomes containing folate, Fig. 7(a), and without 

folate, Fig. 7(b). The left panel of Fig. 7 shows cell nuclei stained by DAPI (nuclear 

fluorescent dye) while the middle panel shows the localization of the liposome dye within 

cells. Folate-containing liposomes were able to effectively internalize (colocalized) in cells 

as shown in middle and right panel of Fig. 7, respectively. On the other hand, liposomes 

without folate did not internalize the cells, which indicates that folate is needed for effective 

delivery of the liposomes inside cells.

In summary, folate-conjugated liposomes containing the PS dye AlPcS4 and GSNO 

photosensitize the normoxic killing of A2780CP20 ovarian cancer cells. This activity 

decreases if GSNO is not present in those liposomes. Evidence provided indicates that 

this type of liposome emits NO and singlet oxygen when irradiated at 670 nm. However, 

phthalocyanine dyes are known to also produce superoxide ions, O2
.−, and thus H2O2 and 

OH radicals, via a Type I photochemical pathway [67].

Furthermore, superoxide reaction with NO will generate peroxynitrite [68]. Thus, some 

of those ROS and RNS species, if not all, could have a role in the enhanced cell killing 

activity shown in this work. Since NO can enhance PDT efficacy in hypoxic tumors owing 

to the ability of NO in freely diffusing into deep hypoxic tumor site [14], the use of folate-

conjugated liposomes containing AlPcS4 + GSNO might be a convenient carrier in the 

PDT of A2780CP20 or other solid tumors. Thus, the potential advantage of the formulation 

presented here, as compared to previous works, is the synergistic behavior in singlet oxygen 

and NO production and toxicities of the tumor-targeted nanoparticles. Scheme 1 summarizes 

the results described in this work.
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Figure 1. 
Initial rates of photosensitized NO production upon irradiation of 60 mM GSNO and 

AlPcS4 at 670 nm in glycine buffer (pH 8.7) in the presence of 300 uM DTPA and 300 uM 

neocuproine. Samples were N2-saturated before starting irradiation. The radiation energy 

flux used was 70 mJ cm−2 s−1.
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Figure 2. 
Particle size distribution of liposomes after 0 (white bars: (a) and (e)) or 10.6 J (colored 

bars) of irradiation at 670 nm. The liposome used in (a) – (d) is 6DOPC:4CHOL. The 

liposome used in (e) and (f) is 57.5DOPC:38.5CHOL:5.0PEG. All liposomes with the 

exception of that in (c) are air-saturated. Bulk concentrations of reagents before extrusion 

are 900 μM AlPcS4, 60 mM GSNO, 300 μM DETAPAC and 300 μM neocuproine in 20 

mM glycine buffer at pH 8.7. (c) N2-saturated; (d) no GSNO was included. Phospholipid 

concentration was the same in all samples.
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Figure 3. 
Nitrite + nitrate production (black symbols) and % AlPcS4 release (white symbols) from 

6DOPC:4CHOL liposomes. Samples were irradiated (circles) or not irradiated (squares) 

at 670 nm. Non-irradiated samples were kept under dark during the time period used for 

irradiated samples. Bulk concentrations of reagents before liposome extrusion are 900 μM 

AlPcS4, 60 mM GSNO, 300 μM DETAPAC and 300 μM neocuproine in 20 mM glycine 

buffer at pH 8.7. Near 11 % of the nitrite + nitrate concentration corresponds to nitrate. NO 

to phospholipid (PL) mole ratios are shown in Table 2.
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Figure 4. 
Western blot analysis of the FRα protein in A2780 and A2780CP20 cells. (A) 

Representative image of a Western blot analysis to detect the FRα levels. Western blots were 

performed with 50 μg of protein extracts. (B) Membranes were incubated with the secondary 

antibody, only. (C) Membrane was first incubated with a recombinant FRα protein an then 

incubated with the primary antibody followed by incubation with the secondary antibody.
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Figure 5. 
Role of GSNO in the photosensitized cytotoxicity to A2780CP20 ovarian cancer cells 

after 1.4 J/cm2 of irradiation at 670 nm in the presence of different concentrations 

of 57.44DOPC:37.44CHOL:5DSPE(2000)PEG:0.13DSPE-PEG(5000)-Folate liposomes. 

Closed (or black) square and triangle symbols correspond to liposomes containing and 

not containing GSNO, respectively. Open (or white) symbols correspond to samples 

containing liposomes with 0.25 mM phospholipid with the same composition as those of 

the corresponding closed symbols and which were kept under dark during all the procedure. 

Bulk concentrations of reagents before liposome extrusion are 900 μM AlPcS4, 60 mM 

GSNO, 300 μM DETAPAC and 300 μM neocuproine in 20 mM glycine buffer at pH 8.7. 

Data presented are averages of 3 determinations ± SEM (P < 0.05 in two-tailed paired t-test 

comparing cell death with and without GSNO).
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Figure 6. 
Role of light fluence and of GSNO presence in the photosensitized cytotoxicity 

to A2780CP20 ovarian cancer cells upon irradiation at 670 nm in the presence 

57.44DOPC:37.44CHOL:5DSPE(2000)PEG:0.13DSPE-PEG(5000)-Folate liposomes at a 

constant PL concentration of 0.25 mM. Bulk concentrations of reagents before liposome 

extrusion are 900 μM AlPcS4, 60 mM GSNO, 300 μM DETAPAC and 300 μM neocuproine 

in 20 mM glycine buffer at pH 8.7. Data presented are averages of 3 determinations ± SEM 

(P < 0.05 in two-tailed paired t-test comparing cell death with and without GSNO).
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Figure 7. 
Representative fluorescence emission intensity images after incubation of A2780CP20 

cells with (a) 57.44DOPC:37.44CHOL:5.0PEG:0.13DSPE-PEG(5000)-Folate and (b) 

57.5DOPC:37.5CHOL:5.0PEG liposomes, both containing AlPcS4 and GSNO. Procedures 

are described in MATERIALS AND METHODS.
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Scheme 1. 
Graphical representation of the results described in this work regarding liposome light 

activation of the liposomes used and the consequent A2780CP20 ovarian cancer cells 

viabilities.
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