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Abstract 

Purpose: To evaluate the potential effects of PEGylated pH-sensitive liposomes on the intracellular 

activity of a new peptide recently characterized as a novel inhibitor of the human thymidylate 

synthase (hTS) over-expressed in many drug-resistant human cancer cell lines. Methods: Peptide-

loaded pH-sensitive PEGylated (PpHL) and non-PEGylated liposomes (nPpHL) were carefully 

characterized and delivered to cis-platinum resistant ovarian cancer C13* cells; the influence of the 

PpHL on the drug intracellular activity was investigated by the Western Blot analysis of proteins 

involved in the pathway affected by hTS inhibition. Results: Although PpHL and nPpHL showed 

different sizes, surface hydrophilicities and serum stabilities, both carriers entrapped the drug 

efficiently and stably demonstrating a pH dependent release; moreover, the different behavior against 

J774 macrophage cells confirmed the ability of PEGylation in protecting liposomes from the 

reticuloendothelial system. Comparable effects were instead observed against C13* cells and 

biochemical data by immunoblot analysis indicated that PEGylated pH-sensitive liposomes do not 

modify the proteomic profile of the cells, fully preserving the activity of the biomolecule. 

Conclusion: PpHL can be considered as efficient delivery systems for the new promising anti-cancer 

peptide.  
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Abbreviations 

 

hTS: human thymidylate synthase 

PpHL: PEGylated peptide-loaded pH-sensitive liposomes 

nPpHL: non-PEGylated peptide-loaded pH-sensitive liposomes 

EPR: enhanced permeation and retention 

RES: reticuloendothelial system 

PEG poly-ethylene-glycol 

PBS phosphate buffer solution 

[D-Gln4]LR: new synthesized octapeptide (amminoacid sequence: LSCQLYQR) with inverted 

chirality at position 4 (corresponding to the amino acid glutamine) (LSCqLYQR) 

TRAP1, Tumour Necrosis Factor Receptor Associated Protein 1. 

HSP 90-alpha: heat shock protein (HSP90AA1)  

DHFR dihydrofolate reductase 

 

 

Introduction 

 

Liposomes are highly biocompatible and biodegradable drug carriers that can protect entrapped 

compounds from chemical or enzymatic degradation and enhance the drug permeation across 

membranes [1]. However, adsorption of serum proteins (opsonins) onto the liposomal surface plays 

a critical role in the liposome clearance from blood [2]. The opsonized liposomes are recognized by 

the mononuclear phagocytic system, known as the reticuloendothelial system (RES), and are thus 

removed from circulation [3].  

To overcome this drawback, a change in the surface properties of the particles may be useful. Because 

a hydrophilic coating is necessary for a successful intravenous administration, binding poly-ethylene-

glycol (PEG) chains to the particle surface is the most used strategy to preserve vesicles from rapid 

clearance by the RES [4]. In fact, PEG creates a hydration envelope on the liposomal surface where 
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its hydrophilic chains attract water molecules; this prevents both the interaction of liposomes with 

serum components ("stealth" effect) and, due to steric hindrance, the fusion and aggregation with 

other liposomes, with an efficacy related to the density of the polymer on the particle surface [5,6]. 

The prolonged circulation enables a “passive” accumulation of liposomes in the tumor tissue, thus 

promoting enhanced permeation and retention (EPR) based on spontaneous penetration of circulating 

particulate drug carriers into the interstitium of solid tumors [7]. However, although characterized by 

long blood circulation, the PEGylated liposomes must feature efficient tumor penetration, cellular 

uptake and endosomal escape in order to passively target tumor tissues with good efficiency and 

specificity. A high degree of PEGylation screens the surface charge of liposomes and hence facilitates 

tumor penetration but it hinders their uptake by targeted tumor cells [8]. Indeed, the drawback of 

PEGylation is a decrease in cellular uptake and endosomal escape that results in a decrease in the 

efficiency of the delivery systems. These issues are currently referred to as the “PEG dilemma” [9]. 

An additional issue related with the delivery of an anti-cancer drug by PEGylated liposomes is the 

possible interference of the PEGylated liposome components with the intracellular mechanism of 

action of the drug: to our knowledge, this possibility remains unexplored. 

To address such issues, we have encapsulated the octapeptide [D-Gln4]LR, LSCqLYQR, into pH-

sensitive PEGylated and non-PEGylated liposomes (further on quoted as PpHL and nPpHL, 

respectively) and have delivered it to cisplatin-resistant cancer cells. (LSCqLYQR) is an analogue of 

the LR (LSCQLYQR) peptide used in previous work [10], with the same aminoacidic sequence but 

with inverted chirality at glutamine 4. The anti-proliferative activity of these peptides and their 

inhibition of human thymidylate synthase (hTS), a validated anti-cancer target, by an innovative 

mechanism of action have been recently investigated [11,12]. In order to deliver the peptide to the 

cytosol, we have designed pH-sensitive liposomes and have characterized their surface 

hydrophilicity, stability in serum, interaction with macrophages, drug encapsulation efficiency and 

drug release. Moreover, the cytotoxicities of the peptide-loaded PpHL/nPpHL have been assessed on 

a cisplatin-resistant cell line. Finally, to test the impact of the employed PEGylated liposomes on the 



 4 

drug’s intracellular mechanism of action, we performed a western blot analysis of four proteins, 

namely, thymidylate synthase itself, the TNF receptor associated protein 1 (TRAP1), the heat shock 

protein HSP 90-alpha (HSP90AA1) and dihydrofolate reductase (DHFR). These proteins are 

involved in the pathways affected by these peptidic hTS inhibitors, and their differential expression 

modulation pattern was closely associated with their intracellular mechanism of action [13]. 

 

2. Materials and method 

2.1 Materials 

1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), [N-(Cabonyl-methoxypolyethylene gycol-

2000)]-1,2-distearoyl-sn-glycero-3-phospho-ethanolamine sodium salt (DSPE_PEG) and 1,2-

distearoyl-sn-glycero-3-phosphoethanolamine, sodium salt (DSPE) were purchased from Lipoid 

(Ludwigshafen, Germany), while cholesteryl hemisuccinate (CHEMS) from Sigma Aldrich (USA). 

The fluorescent 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissaminerhodamine B 

sulfonyl) (ammonium salt) used for the macrophage internalization assay was obtained from Avanti 

Lipids (Alabaster, AL, USA). The active [D-Gln4]LR peptide along with the internal standard (IS) 

LR-Ala7, used for quantitative analysis, were synthesized as previously described in [12]. HEPES 

was obtained from Alfa Aesar, (Karlsruhe, Germany), while NaCl and Phosphate Buffer Saline (PBS) 

containing KH2PO4/Na2HPO4buffers at different pH value (7.4, 6.5, 5.5, 4.0) were purchased from 

Carlo Erba Reagenti s.p.a., (Milan, Italy). Cell culture reagents were purchased from EuroClone 

(Milan, Italy), except otherwise indicated. All other reagents were of analytical grade. 

2.2 Liposome formulation 

Liposomes were prepared using the reverse phase evaporation (REV) technique followed by 

homogenization as described previously [10]. Briefly, phospholipid solutions in chloroform at fixed 

concentration, DOPE:CHEMS:DSPE (22.8: 15.2: 2mM) for nPpHL liposomes and 
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DOPE:CHEMS:DSPE_PEG (22.8: 15.2: 2 mM) for PpHL liposomes, were placed into a glass flask 

and the solvent was removed under vacuum. The phospholipid thin film was re-dissolved in diethyl 

ether and mixed with HEPES Buffer Saline (HBS) medium (20 mM HEPES, 135 mMNaCl) 

containing or not 2 mg of the [D-Gln4]LR peptide (theoretical loading) to a final diethyl ether:water 

phase ratio of 3:1, obtaining 5 mL of final suspensions. After diethyl ether evaporation, the suspension 

was homogenized by Ultraturrax (Ika-euroturrax T 25 basic, IkaLabortechnik, Staufen, Germany) for 

3 minutes at 24,000 rpm. The liposome formulation was dialyzed for 2 h (Dialysis Tubing - Visking 

MWCO-12-14000 Daltons, Medicell International Ltd, London) versus HBS buffer and stored at 4°C 

in vials. For macrophage internalization studies, the composition of liposomes included the 

fluorescent 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissaminerhodamine B sulfonyl) at 

0.2 molar % of total phospholipids, obtaining Rhod_PpHL and Rhod_nPpHL with PEGylated and 

non-PEGylated liposomes, respectively [14,15]. 

2.3 Size and morphology analysis 

The liposome size and surface charge were determined by dynamic light scattering (DLS) using a 

Zetasizer Nano ZS analyzer system (Zetasizer version 6.12; Malvern Instruments, Worcs, U.K.) 

equipped with a 4 mW He–Ne laser (633 nm) and DTS software (Version 5.0). Measurements were 

performed in triplicate and each measurement was averaged over at least 12 runs. The morphology 

of liposomes was observed by AFM (Atomic Force Microscope, Park Instruments, Sunnyvale, CA, 

USA). The experiments were performed in water at room temperature at atmospheric pressure 

operating in the non-contact mode, depositing liposomes onto a small mica disk. The final pictures 

were obtained processing the topographical AFM images with the ProScan Data Acquisition software 

and Gwyddion software. 

2.4 Surface hydrophobicity measured by the Rose Bengal test  

Liposomes surface hydrophobicity was determined by the Rose Bengal test as described in refs. 

[16,17] with some modifications. Briefly, to a sequence of PpHL and nPpHL suspensions with 
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increasing concentrations (from 0.1 to 0.7 mg/mL at steps of 0.2 mg/mL), an aliquot of dye solution 

was added obtaining a concentration of 6 μg/mL and a final volume of 1.5 mL. After 3h of incubation 

in dark conditions at room temperature, the resulting solutions were centrifuged at 20,000 g at 3°C 

for 45 minutes (Rotina 380R, Hettich, Germany) and the supernatants were spectrophotometrically 

analyzed at 548 nm (Lambda 3B Perkin-Elmer, Waltham, USA). The recorded absorbance was 

corrected by subtracting the absorbance of the supernatants of the liposome suspensions, at the same 

concentration but without dye, centrifuged in the same conditions. A partitioning quotient (PQ), 

defined as the ratio of the Rose Bengal amount bound on the surface to that in the dispersion medium, 

was calculated and plotted as a function of the liposome concentration. The slopes denoted the degree 

of surface hydrophobicity. Each measurement was performed in triplicate and two different 

preparations for each sample were used. 

2.5 Stability in serum 

In order to evaluate the stability of the liposomes in serum, their size was monitored in 100% FBS at 

37°C. Briefly, 500 μL of the nPpHL and PpHL liposomal formulations were added to 1 mL of FBS 

solution. At incubation times of 0.25, 0.5, 1, 2, 4, 8, 12, 24 and 48 h, aliquots of the suspensions were 

diluted with MilliQ water (1/10 v/v) and size, PDI and Z-Potential were measured by the DLS analysis 

(Malvern Z-Sizer, Zetasizer version 6.12, Malvern Instruments, Worcs, U.K). Each measurement was 

performed in triplicate and two different preparations for each sample were used.  

2.6 Macrophage cell culture 

Cells of the murine macrophage J774 line, from IZSLER (Brescia, Italy) (number of passages 25), 

were cultured as a monolayer in Dulbecco’s modified Eagle essential medium (DMEM) High 

Glucose complemented with 2mM GlutaMAX Supplement, 100 UI/mL penicillin, 100 µg/mL 

streptomycin, 1% Non-Essential Amino Acid (NEAA) and 10% Fetal Bovine Serum (FBS) at 37 °C 

in humidified 5% CO2 atmosphere. Cells were sub-cultured when the confluence was ≥80%.  
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2.7 Cytofluorimetric analysis of internalization by macrophages 

J774 cells were seeded at 400,000 cells/well in 6-well plates and incubated in complete medium at 

37 ºC in 5% CO2 for 24 h. Cells were incubated for 0.25, 0.5, 2, 4, 8 and 24 h with nPpHL and PpHL 

labeled or not with rhodamine diluted in complete DMEM to a final concentration of 0.125 mg/mL. 

After incubation, cells were washed three times with PBS, collected by gently scraping, centrifuged 

at 188 g for 5 minutes, and the resulting pellet was re-suspend with 1mL of PBS for flow cytometric 

analysis. Flow-cytometry evaluation of intracellular uptake was performed by a COULTER® EPICS® 

XL™ (Beckman Coulter Inc.,250 S Kraemer BlvdBrea, CA, 92821United States) flow cytometer 

equipped with a 488 nm argon laser. Analyses were done after recording at least 10,000 events for 

each sample. Results were expressed as percentages of rhodamine-positive cells compared to non –

rhodamine stained cells used as basal control. Data were analyzed using EXPO 32 ADC Analysis 

(Advanced Cytometry Systems). For confocal microscopy analysis, J774 cells were seeded on BD 

Falcon™ Culture Slides (Fisher-Scientific) at a density of 50,000 cells/well. After 24 h, the cells were 

incubated for 0.25, 2, 8 and 24 h with nPpHL and PpHL labeled or not with rhodamine at 0.125 

mg/mL. Then the cells were washed three times with PBS and fixed in paraformaldehyde (3%, w/v) 

for 30 minutes at room temperature, re-washed with PBS and subjected to cell nucleus staining by 

Hoechst 33342 stain (blue) (2 g/mL) (Frankfurt, Germany) for 10 minutes at room temperature. 

After a further PBS washing, cells were observed by confocal laser scanning microscopy (DMIRE2, 

Leica Microsystems GmbH, Wetzlar, Germany). 

2.8 [D-Gln4]LR loading and encapsulation efficiency  

To evaluate the encapsulation efficiency (EE%) and the drug loading (DL), liposomes were disrupted 

and the drug quantified by liquid chromatography coupled with triple-quadrupole mass spectrometry 

(LC-MS/MS). Because of the structural similarity, the quantitative determination of the [D-Gln4]LR 

peptide was performed with the method set up previously for the LR (LSCQLYQR) peptide [10]. 
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Drug loading (DL), expressed as the amount of drug (µg) encapsulated in 1 mg of liposomes, was 

calculated by the following equation (Eq. 1) 

 

DL (w/w) =  W loaded [D-Gln4]LR peptide / W total lipids   (Eq. 1) 

 

where “W loaded [D-Gln4]LR peptide” is the weight of the peptide encapsulated while “W total 

weight of lipids” is the total amount of lipids used in the formulation. 

The encapsulation efficiency (EE%), which is a measure of the percentage of the peptide entrapped 

within the liposome as a function of the total quantity operated, was calculated by the following 

equation (Eq. 2).  

 

EE (%)= Amount of encapsulated [D-Gln4]LR peptide/total amount of [D-Gln4]LR peptide× 100  

(Eq. 2) 

 

where the “amount of encapsulated [D-Gln4]LR peptide” is the amount of [D-Gln4]LR peptide loaded 

into liposomes and the “total amount of[D-Gln4]LR peptide” is the initial amount of [D-Gln4]LR 

peptide used in the formulation. 

Briefly, 300 µL of aqueous liposome suspension were spiked with 300 µL of acetonitrile and 700 µL 

of trichloromethane (organic phase), and ultrapure water (aqueous phase) to yield a final 

organic:water phase ratio of 1:3. Then, two cycles of vortex-mixing (60 s) and centrifugation (12,000 

g for 15 minutes at 20°C) (Rotina 380R, Hettich, Germany) were carried out to perform a liquid/liquid 

extraction of the peptide from the lipid matrix. The aqueous solution was analyzed according to the 

method previously reported [10]. 
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2.9 [D-Gln4]LR release from liposomes  

The release rate of [D-Gln4]LR peptide from nPpHL and PpHL was analyzed in PBS medium (pH 

7.4). Briefly 800 µL of liposome suspension placed in a semipermeable membrane (Dialysis Tubing 

- Visking MWCO-12-14000 Daltons, Medicell International Ltd, London) was immersed in 30 mL 

of PBS. The system was maintained at 37°C under suitable magnetic stirring to maintain dialysis bag 

immersed (900 r.p.m., Heating magnetic stirrer, Velp Scientifica) and 80 µL of PBS medium were 

withdrawn at fixed time intervals (0.25, 0.5, 1, 1.5, 2, 4, 6, 8, 24 h) and kept at –20°C until further 

LC–MS/MS analysis. Two aliquots were analyzed for each time point and the study was performed 

in triplicate. 

2.10 [D-Gln4]LR  leakage from liposomes at acidic pH 

The peptide leakage from PEGylated or non-PEGylated [D-Gln4]LR-loaded liposomes was measured 

in different acidic buffers, in order to correlate the release of the peptide with the pH sensitivity of 

the liposomes. Liposomes were incubated with KH2PO4/Na2HPO4 buffer at pH 7.4, 6.5, 5.5, 4.0 (1:5 

dilution of liposome suspension with buffer) at 37°C under stirring for 15 minutes. After incubation, 

the samples were centrifuged for 90 minutes at 24,000 g at 4°C, the supernatants were collected and 

liquid/liquid extraction was performed prior to LC-MS/MS quantification. Two aliquots were 

analyzed for each pH value and the study was performed in triplicate. 

2.11 Cell culture and MTT cytotoxicity assay 

The activity of [D-Gln4]LR-loaded liposomes was evaluated on C13* cell line. C13* is the cisplatin-

resistant cell line clone of the 2008 cells, derived from a human ovary carcinoma [18]. This cell line 

was developed by monthly exposure to cisplatin, followed by chronic exposure to stepwise increased 

cisplatin concentrations [19]. The cell line (number of passages 35) was cultured as a monolayer in 

RPMI-1640 containing stable glutamine complemented with 10% heat-inactivated fetal bovine 

serum, penicillin 100 UI/mL and streptomycin 100 μg/mL at 37°C in a humidified 5% CO2 
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atmosphere. The cisplatin-resistant human ovarian carcinoma C13* cells express elevated hTS levels 

[20] which is relevant for studying the hTS inibitor [D-Gln4]LR peptide 

The cytotoxicity assay was performed by the (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 

bromide; Sigma) assay (MTT assay). Briefly, cells were seeded at a density of 30,000 cells/well in 

24-well plate in complete RPMI-1640 medium for at least 24 h. Immediately prior to cell treatment, 

the culture medium was aspirated from each well and cells were treated for 15 h (overnight) with 500 

μL of complete medium, containing [D-Gln4]LR-loaded or -unloaded PEGylated or non-PEGylated 

liposomes at concentrations of 0.05, 0.075, 0.125 and 0.250 mg/mL. Then, cells were washed with 

PBS, added with 500 μL of complete RPMI-1640 medium and incubated for additional 48 h. After 

this additional time, the MTT test was performed to assess cell viability with a multiplate reader 

(TecanGenios Pro with Magellan 6 software) at 535 nm wavelength. The results are expressed as 

percentage of cell growth with respect to the control (untreated cells) and performed in triplicate. 

2.12 Protein extraction and western blot analysis 

C13* cells were seeded at 300,000 cells/well in a 6-well plate in complete RPMI medium for 24h to 

allow complete cellular adhesion. Then cells were incubated with liposomes, the SAINT-PhD 

peptide-delivery system (Synvolux Therapeutics, NL) and 5-fluorouracyl (5-FU) (Sigma Aldrich, 

Milan), used as a reference drug, each according to its treatment protocol. SAINT-PhD is a surfactant 

molecule bearing a cationic pyridinium head and a lipid chain. The cationic surfaces of the vesicles 

formed by this surfactant have a high affinity for the negatively charged cell surface. The peptide is 

then released from the lipid chains of the molecule into the cytoplasm. This delivery system did not 

alter cell growth when used at low concentrations. In the case of liposomes, both [D-Gln4]LR-loaded 

and -unloaded liposomes (the latter used as a control) were incubated at 0.25 mg/mL concentration 

for 15 h. The medium was then withdrawn and replaced with fresh one, maintaining the cell culture 

for 48 h before cell lysis for protein extraction. In the case of the SAINT-PhD delivery system, the 

treatment was performed according to the standard transfection protocol (see supplementary 
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material). For each treatment, peptide/SAINT-PhD complexes were prepared by diluting the 

appropriate amount of peptide to reach the concentration of 5 μM in 120 μL of HBS, and then, 80 μL 

of SAINT-PhD was added; the mixture was incubated for 5 minutes at room temperature and then 

added with medium up to 500 μL. The culture medium was aspirated from the cells and the SAINT-

PhD/peptide complex was added to the wells, and incubated for 4 h. After this time, complete RPMI 

was added for maintaining the cell culture for 48 h before performing the experiments. A solution of 

the delivery system at the same concentration was used as the control treatment. A 5 mM stock 

solution was obtained by solubilizing the drug in saline solution (0.9% NaCl) and then stored at -20 

°C before use. The drug was diluted to a 5 μM final concentration in complete RPMI medium and 

was incubated for 48 h with the cells. Cells treated with saline solution were used as the control. For 

protein extraction, cells were washed twice in ice-cold PBS, lysed in RIPA, a radioimmuno 

precipitation assay, buffer (composed of 20 mM TRIS-HCl, pH 7.5; 150 mMNaCl; 1 mM Na2EDTA; 

1 mM EGTA; 1% NP-40; 1% sodium deoxycholate; 1 mM Na3VO4; 1 mM PMSF; Complete Mini 

Protease inhibitor cocktail (Roche) and Phosphatase Inhibitor Cocktail l and 2 (Sigma) and then 

centrifuged at 14,000 g at 4 °C for 30 minutes to remove debris. The protein concentration in each 

lysate was determined using the Bradford protein assay reagent (Sigma-Aldrich). 80 g of the cell 

extracts was subsequently loaded on a polyacrylamide gel after denaturation according to the method 

of Laemmli [21]. The membranes were blocked in non-fat dry milk (2% and 5%) in TBS-T buffer 

(Tris Buffer Saline containing 0.1% Tween-20) at room temperature for 1 h. Primary antibodies were 

incubated overnight in non-fat dry milk (2% and 5%) in TBS buffer containing 0.1% Tween-20. The 

following antibodies were used: anti-DHFR (clone A-4, Santa Cruz Biotechnology, 1:250 dilution), 

anti-TS (clone TS106,Abnova, 1:250 dilution), anti-HSP90AA1 (clone 4F10, Abnova, 1:5000 

dilution), anti-TRAP1 (clone TR-1A, Santa Cruz Biotech, 1:500 dilution), and anti-β-actin (Santa 

Cruz Biotechnology, Inc., 1:1500 dilution). After washing, membranes were incubated with a 

horseradish peroxidase-conjugated sheep anti-mouse secondary antibody (Amersham Biosciences, 

1:5000 dilution) for 1 h at room temperature in TBS-T with 5% dry milk. Antibody staining was 
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performed with a chemiluminescent detection system (ECL Plus, Amersham), and the signal was 

detected with X-ray film (Amersham). Densitometric quantification of the obtained western blot 

bands was performed using an Epson Photo Perfection 4180 scanner (Epson) and ImageJ 

densitometry software (1.48 version, NIH, USA). For each sample, we acquired densitometric values 

of three replicates; the latter are expressed in arbitrary units. 

2.13 Statistical analysis 

Statistical analysis was performed using the one-way analysis of variance (ANOVA). The data are 

represented as means ± SD. Differences were considered statistically significant at p-values less than 

0.05 (*p<0.05; **p<0.01; ***p<0.005). 

 

3. Results 

3.1 Size and morphology analysis 

Sizes, polydispersity indexes (PDI) and Z-potentials of the unloaded PpHL and nPpHL were 

measured in water by DLS and reported in Table 1.   

The PDI value of non-PEGylated liposomes was higher than 0.3 indicating a not good enough size 

uniformity probably due to the method used for the final size homogenization of liposomes 

(Ultraturrax). However, the PDI value as well as the size of the vesicles decreases from 280 to190 

nm with the use of DSPE_PEG and this occurrence may be related to a decrease in the interfacial 

tension with respect to non-PEGylated heads, as discussed more in detail below. Moreover, also a 

decrease in the surface Z potential from - 52.1 to - 14.54 mV was observed for the PpHL with respect 

to the non-PEGylated homologue formulation. 

AFM topographical images of PpHL (Fig. 1a) show overall size of the particles in good agreement 

with the DLS values (Table 1). 
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The above diameters and simple geometric considerations, combined with the approximation that the 

hydrophobic chain(s) of a lipid in the liposome has a length of 2 nm and occupy an average volume 

of 1 nm3 [22], allow us to estimate average numbers of lipid molecules per liposome of 5 x 105 and 

1.1 x 106 for PEGylated and non-PEGylated liposomes, respectively. 

3.2 Liposome surface characterization 

The use of DSPE_PEG rather than DSPE in the liposome formulation is expected to produce, among 

other changes in the surface properties, an increase in hydrophilicity that is responsible for the escape 

of these particles from the RES. In order to evaluate the surface hydrophilicity of our liposomes, we 

employed an adapted version of the Rose Bengal test [16]. According to the method, a partitioning 

quotient (PQ), defined as the ratio of the amount of Rose Bengal bound on the surface to the amount 

in the dispersion medium, was measured and plotted as a function of the liposome concentration 

(Fig.S1). The decrease in the slope obtained with PpHL relative to nPpHL (1.9 vs. 2.6) confirms the 

expected higher surface hydrophilicity of the former and indicates that the PEG chains tie at the 

external surface of the liposomes, producing a hydrophilic coating of the particle surface that is 

expected to promote elusion of adsorption of plasma protein (opsonines) in the bloodstream [23]. To 

test this, we monitored the dimensional stabilities of PpHL and nPpHL suspended in complete fetal 

bovine serum (FBS) in vitro. Size (Z-Average) and zeta potential of serum suspensions of liposomes 

were evaluated at different times, up to 72 h from suspension (Fig.1b). In the first few minutes, nPpHL 

underwent doubling of the average size, from 200 to 400 nm, a value that remained constant within 

error until the end of the experiment. In parallel, the zeta potential became less negative in the first 

minutes, denoting either a partial neutralization of the particle surface or dielectric screening of the 

surface charge. On the contrary, PpHL maintained almost the same size and zeta potential during the 

first 8 hours, and subsequently showed only slight modifications, less than 10% of the initial value, 

clearly indicating weak interactions with the serum proteins. 

 

3.3 Cytofluorimetric and confocal analysis of internalization by macrophages  
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For the macrophage uptake experiments, we employed the J774 cell line, a validated in vitro model 

for predicting the kinetics of blood clearance of colloidal drug delivery systems [15,24]. Before the 

macrophage internalization test, the two types of liposomes were assayed for their cytotoxicity against 

J774 cells by the MTT test and the results revealed no alteration of cell viability (data not shown). 

Unlabeled nPpHL and PpHL liposomes, both used as negative controls, exhibited a negligible 

fluorescence emission intensity. The results of flow-cytometry experiments performed using 

rhodamine-labeled liposomes (Rhod_PpHL and Rhod_nPpHL), expressed as percentages of positive 

cell counts, are shown versus the incubation time in Fig. 2. Internalization in J774 cells occurred with 

largely differing efficiencies and in different time scales for the two types of liposomes. nPpHL were 

already significantly internalized after only 15 minutes, in accordance with reported data [25], and 

showed the highest internalization level after 8h when 45% of the cells showed rhodamine 

fluorescence. On the contrary, PpHL were poorly internalized, with only 5% of positive cells detected 

after 24h of incubation. A confocal-microscopy analysis confirmed this result (Fig. 2). Since 

unlabeled liposomes revealed a negligible fluorescence in the experimental conditions employed 

(images not reported), red spots unequivocally identify labeled liposomes. The non-PEGgylated 

liposomes approach the cell membrane already after 15 minutes and are internalized shortly 

afterwards. On the other hand, with PEGylated liposomes the fluorescence intensity within cells was 

much smaller. The maximum fluorescence was observed at 24 h of incubation while at 8 h of 

incubation a slight adsorption onto the cell membranes was visible for few cells. Overall, these 

findings prove that the amount of PEGylated phospholipid used in the liposome composition was 

suitable for avoiding a fast macrophage uptake. 

3.4 Influence of PEGylation on [DGln4]LR loading and release 

The micrograms of peptide internalized per milligram of liposome (drug loading, DL) and the 

percentage of peptide encapsulated (encapsulation efficiency, EE) obtained in loading experiments 

are reported in Table 2. Use of DSPE_PEG, instead of DSPE, in liposomes did not affect drug loading 

as this turned out to be 11.73 ± 2.98 μg/mg for PpHL and 12.06 ± 0.65 μg/mg for nPpHL, 
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corresponding to EE values of 36-38%. Drug loading caused only a minor relative increase, 4%, in 

the vesicle average diameter, corresponding to +12 and +8 nm for nPpHL and PpHL, respectively. In 

addition, drug loading did not alter the zeta potentials. From these DL values and the average numbers 

of lipid molecules per liposome deduced in paragraph 3.1, we can estimate the average number of 

peptide molecules internalized in each liposome. We calculate an average molecular mass of the lipid 

mixture employed (57% DOPE, 38% CHEMS and 5% DSPE-PEG) of 749 a.m.u., i.e., 1.25 x 10-21 

g, and obtain average liposome masses of 6.2 x 10-16 and 1.4 x 10-15 g for PpHL and nPpHL, 

respectively. From the DL values of 12 g of peptide per mg of liposome, we easily estimate that 4 

x 103 and 1 x 104 peptide molecules are encapsulated into each PEGylated and non-PEGylated 

liposome, respectively. Based on the previous numbers, we estimate that the equilibrated liposomes 

host about 1 peptide molecule per 100 lipid molecules, or per 50 tail-to-tail lipid chain pairs in the 

double layer, almost irrespective of PEGylation. Howerer, beeing the peptide extremely target-

specific, this relatively low EE should not represent a problem regarding its ability to exert a 

therapeutic action. 

To verify the stability of the encapsulated peptide, [D-Gln4]LR_PpHL and [D-Gln4]LR_nPpHL 

samples were incubated at 37°C at pH 7.4 in phosphate buffer for 24h. As reported in Fig. 3a, the 

release profiles of the two samples are similar. Both ones show a small initial release of peptide, 14% 

and 11% for the non-PEGylated and PEGylated samples, respectively, attributable to drug molecules 

weakly adsorbed at the outer surface of the liposomes. These data suggest that the remaining portion 

of the drug was stably incorporated into the liposome vesicles, in keeping with a hypothesis of 

insertion of the prevalently hydrophobic N-terminus region of the peptide into the hydrophobic-tail 

double layer, and could therefore reach the target site. 

Another serious issue of liposome PEGylation is the possible stabilization of the lipid envelope 

resulting in a decrease in its pH sensitivity and a resultant poor endosomal escape. In order to test this 

possibility, we assessed the ability of the liposomes to leak the drug when incubated at increasingly 

acidic pH values, corresponding to those of the endosome maturation, namely, pH 7.5, 6.5, 5.5 and 
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4. At the same time, we monitored the size of the liposomes to evaluate the modification of the lipid 

envelope. The results reported in Fig. 3b show that incubation of [D-Gln4]LR_PpHL at acidic pH 

values leads to a rapid and marked increase in the average diameter, from 186 (pH 7.4) to 466 nm 

(pH 5.5), a finding likely correlated with a destabilization of the liposome architecture. 

Macroscopically, a well visible increase in the turbidity of the systems indicated a collapse of the 

liposomes. Simultaneously, a considerable loss of drug was observed at pH 5.5 that further increased 

at pH 4, confirming the strong destabilization of the liposomal membrane. Because non-PEGylated 

liposomes had shown a very similar behavior (see [10]), we conclude that use of DSPE_PEG in the 

formulation does not substantially modify pH sensitivity and expect PEGylated liposomes to escape 

lysosome degradation and release the encapsulated peptide at suitably low pH values within cells. 

3.5 Cytotoxicity of liposome-delivered [DGln4]LR on C13* ovarian cancer cells 

The cytotoxicity assays were performed on C13* cells, an ovarian cancer cell line resistant to cisplatin 

against which it has activated several defense mechanisms including over-production of hTS. First, 

we checked the cytotoxicity of the naked peptide. Fig. 4A shows the survival data of C13* cells 

obtained at increasing concentrations of the naked peptide incubated with the cells under the same 

conditions used in the experiments with the liposomes. The data showed no differences in cell growth 

compared to control, confirming the inability of the peptide itself to enter the cells [11].  

In order to assess the cytotoxic effect of the peptide delivered by pH-sensitive liposomes, we 

compared the cytotoxicities of unloaded and loaded liposomes (Figs. 4B and 4C). Both types of 

liposomal systems, unloaded and loaded with the peptide, were incubated with the cells for 15 hours. 

Unloaded liposomes, whether non-PEGylated or PEGylated, were not cytotoxic as, in both cases, cell 

viabilities higher than 80% were found. However, careful inspection of the data shows that unloaded 

PEGylated liposomes were slightly less toxic than non-PEGylated ones, a finding already reported 

[26] and probably due to the hydration film on the PEGylated vesicle surface. So, according to this 

finding, the observable cytotoxicity for loaded liposomes is to be attributed to the activity of the 

peptide. 
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The peptide-loaded non-PEGylated liposomes (Fig. 4B) display their cytotoxic activity already at the 

lowest concentration (0.05 mg/mL). The activity of the drug at such low dosage is likely attributable 

to an efficient endosomal escape which allows the peptide to reach its target without undergoing 

degradation. On the other hand, the data obtained with the drug-loaded PEGylated samples (Figure 

4C) show a clear cytotoxic activity (i.e. a significant difference between the unloaded and loaded 

samples) only starting from the 0.075 mg/mL concentration. Although non-significant difference 

between the two types of peptide-loaded liposomes was found, the cytotoxicity of the peptide 

delivered by PpHL results only slightly smaller than that measured with nPpHL. This is probably due 

to a slight reduction of the PEGylated liposome endosomal escape ability or to a different behavior 

in intracellular uptake, in keeping with the finding reported in the literature as the “PEG dilemma” 

[27].  

However, our data clearly show that the PEGylated liposomes correctly transport the drug to its target 

and attend a cytotoxicity comparable with the cytotoxicity achieved by using a different, artificial 

peptide carrier, SAINT-PhD, a membrane barrier crossing agent, studied previously [11–13].  

3.6 Protein Extraction and Western Blot Analysis 

We finally addressed the issue of the possible interference of the PEGylated liposomes on the 

mechanism of action of the peptide. To do this, we used western blot analysis to investigate the 

modulation of four proteins in C13* cells following treatment with the [D-Gln4]LR peptide delivered 

by the PpHL. The four proteins, thymidylate synthase (hTS), TNF receptor associated protein 1 

(TRAP1), heat shock protein HSP 90-alpha (HSP90AA1) and dihydrofolate reductase (DHFR), had 

been selected from a previously investigated protein set to characterize the cellular mechanism of 

action of these peptides [13]. In parallel, cells treated with the peptide internalized by SAINT-PhD, 

which allows peptide internalization without interfering with its intracellular mechanism of action, 

and with 5-FU, a well known inhibitor of hTS that, unlike the peptide, binds at the enzyme catalytic 

site, were used as reference systems. The elaborated immunoblot results are depicted in Fig. 5. 
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While 5-FU caused an increase of about 60% in the hTS protein level, this remained unmodified with 

respect to the control (p > 0.05) following [D-Gln4]LR delivery by the PEGylated liposomes while 

slightly decrease by SAINT-PhD (p < 0.05). This finding represents evidence that the intracellular 

mechanism of action of [D-Gln4]LR, whether delivered by liposomes or by SAINT-PhD, remains 

different from that of 5-FU and does not include hTS over-expression [13,28,29]. 

Moreover, delivery of the peptide by non-PEGylated liposomes modulates the levels of the four 

proteins with a trend similar to that observed when it is delivered by the SAINT-PhD technology. 

The levels of hTS, HSP90 and DHFR were almost unmodified compared to the control while the 

level of TRAP1 underwent a slight increase. In the same way, delivery by the SAINT-PhD system 

yielded expression levels quite similar to those of the controls and of the liposome delivered peptide, 

apart from a general decrease. This finding is consistent with previous observations [11,12] and 

suggests that the encapsulation of [D-Gln4]LR in PEGylated pH sensitive liposomes did not affect 

its intracellular mechanism of action. 

 

Discussion and conclusions 

Platinum-resistant recurrences of ovarian cancer are a major target of thymidylate synthase inhibitors. 

Recently [12], the [D-Gln4]LR peptide (LSCqLYQR) demonstrated a significant enhanced biological 

effect towards the hTS target with respect to its analogue, the LR (LSCQLYQR) peptide, investigated 

in previous work [10,17]. For this reason, it has been selected for the present study. The activity of 

this peptide had been previously assessed in vitro on cisplatin-resistant cells by a delivery method 

that involved use of SAINT-PhD, an organic cation transporter of proteins mainly used in in vitro 

experiments [12]. However, the idea of using such biocompatible carriers as PEGylated pH-sensitive 

liposomes to deliver these peptides seems very tempting because, among other benefits, they carry 

drugs into the target site following parenteral administration thanks to enhanced permeability and 

retention (EPR), an effect described in the literature and exploited in the clinical practice [30]. While 
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PEGylation is essential to ensure a passive targeting, the pH sensitivity of the liposomes facilitates 

the lysosomal escape of the transported peptide [10]. On the other hand, PEGylation of pH-sensitive 

liposomes might reduce their "lysosome escape" ability and cellular uptake (the "PEG dilemma" 

[9,27]). As for the possibility that PEG interfere with the mechanism of action of a delivered drug, to 

our knowledge this remains unexplored. 

For these reasons, in this paper we have prepared and characterized PEGylated pH sensitive 

liposomes loaded with the [D-Gln4]LR peptide and have evaluated their action on ovarian cancer 

cells resistant to cisplatin (C13* cell line) on which the mechanism of action of the drug delivered by 

SAINT-PhD had already been characterized [11–13]. In a previous work, a pH sensitive 

DOPE:CHEMS:DSPE liposome formulation was optimized [10]. Here, we employ the same 

standardized method (REV technique) to obtain 5% PEGylated liposomes using DSPE_PEG [31]. 

PEGylated liposomes were smaller than the non-PEGylated ones (Table 1). The decrease in the 

average diameter of the vesicles obtained with the PEGylated DSPE surfactant is consistent with the 

expected increase in curvature of the liposome associated with the increased average area of the 

hydrophilic heads [32]. This is likely due to both a decrease in the interfacial tension with respect to 

non-PEGylated heads [33] and the hydration of the nearby PEG chains, at least partly in the brush 

regime [22] that increases the lateral steric repulsion. On the other hand, the marked decrease in the 

Z potential measured for PpHL relative to nPpHL is attributable to dielectric screening of the surface 

negative charge of DOPE by the PEG shield and represents evidence of its extensive hydration. This 

phenomenon and the conformational flexibility of the PEG chains [34] are likely responsible for the 

decrease in the extent of particle-protein interactions in biological fluids. Such interactions lead to 

formation in serum of a “protein corona” around non-PEGylated liposomes, hence to an increase in 

their size [35,36], and are responsible for their rapid phagocytosis in the bloodstream [23]. 

Concerning liposome size, this is also affected by an osmotic shrinkage due to the ionic strength 

difference between the interior and the exterior of the liposome. In our case, during the time interval 

in which interaction of liposomes, both nPpHL and PpHL, with serum protein was observed (Fig. 
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1b), we noticed a marked increase in both the size and the surface charge for nPpHL, but not for 

PpHL. Probably, the formulated pH sensitive liposomes have a rather rigid structure that is little 

affected by ionic strength gradients. Thus, enlargement due to formation of a protein corona prevails 

for the non-PEGylated liposomes [37]. On the other hand, the dimensional stability of PpHL in serum 

is attributable to the poor deposition of opsonins on the surface, mainly due to the lower electrostatic 

interaction with the positively charged serum proteins. This is expected to make these nanocarrieres 

"invisible" to macrophages. Indeed, in the experiments performed to show the interactions of 

liposomes with the murine J774cell line, previously validated as an in vitro model to predict the 

kinetics of blood clearance of colloidal drug delivery systems [25], the nPpHL entered the 

macrophage cells in much greater amounts than the PpHL. From a mechanistic point of view, the 

process of liposome uptake mediated by endocytosis is a sequence of two steps, i.e., binding of 

liposomes to the cell surface and effective internalization. The images obtained allow these two 

phases to be distinguished well for the non PEGylated liposomes. They rapidly accumulate around 

the macrophage membrane and are then internalized (Fig. 2). On the other hand, for the PEGylated 

liposomes, the uptake was very slow and the selected observation times did not allow to appreciate 

the intermediate step of crowding at the cell surface.  

As for the peptide loading and release ability, PEGylation of the liposomes proved essentially 

irrelevant. Based on the presence of three hydrophobic aminoacids, L, C and L within the first five 

positions counting from the N terminus, we speculate that the [D-Gln4]LR peptide might be hosted 

with the N-terminus within the hydrophobic region of the liposome double layer and the hydrophilic 

C-terminus region protruding into the inner aqueous region. PEGylation does not seem to 

significantly affect the thermodynamics of this molecular arrangement, that is likely controlled by 

hydrophobic interactions involving the mentioned N-terminus residues of the peptide and the 

hydrophobic double layer of the liposome.  

Similarly, the two kinds of liposomes loaded with the peptide exhibited only small differences in 

cytotoxicity towards C13* cisplatin-resistant cells. The empty nPpHLwere slightly more toxic than 
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the PpHL, probably due to the lower biocompatibility of the carrier itself [26]. Regarding [D-

Gln4]LR-loaded liposomes, the non-PEGylated ones proved only slightly more cytotoxic than the 

PEGylated ones, especially at the lowest concentration. This behavior is in agreement with the 

observation of a destabilization of the liposomal membrane of the PEGylated liposomes and a release 

of the drug at decreasing pH values quite parallel to the behavior shown by nPpHL. 

In conclusion, the PEGylated liposomes have proved capable of promoting the efficacy of the peptide 

on ovarian cancer cells in an extent slight lower that of the non-PEGylated liposomes. Thus, we can 

conclude that, like the non-PEGylated ones, the PEGylated liposomes modify their lipid membrane 

once internalized in ovarian cancer cells and release the peptide avoiding its degradation in the 

lysosome. Finally, analysis of the expression of four mechanistically relevant proteins has made clear 

that the intracellular mechanism of action of the peptide, compared with the protein carrier SAINT-

PhD, is not affected by the PEGylated liposomes. We thus believe these liposomes to be very 

encouraging molecular devices for escaping clearance by macrophages and safely delivering this drug 

to ovarian cancer cells. Further in vivo studies on rat xenograft models bearing multiresistant ovarian 

cancer would be extremely useful to understand in depth the potentialities of this therapeutic system. 

also in comparison with other drugs that inhibit hTS with a different mechanism of action, in order 

to evaluate any synergistic action.  
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