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ABSTRACT 

Initially developed as a synthetic analogue of insulin, pentamidine (PTM) is an antimicrobial drug 

that has recently shown in vitro and in vivo anticancer activity. Nevertheless, systemic 

administration of PTM causes severe side effects, especially nephrotoxicity. Here we propose the 

association of PTM to different biocompatible nanosystems in order to compare the physico-

chemical characteristics of the loaded nanocarriers and their influence on the drug cytotoxicity 

towards cancer cells. In particular, PTM (as free base or with different counterions) was 

encapsulated into liposomes and poly(lactide-co-glycolide) (PLGA) nanoparticles and all the 

formulations have been deeply characterized concerning mean diameter, polydispersity index, zeta 

potential, stability, morphology, PTM loading and drug release profile. The anticancer activity was 

evaluated on a human ovarian cancer cell line over 72 h. Results showed that PTM is efficiently 

loaded into liposomes with a transmembrane citrate- or sulfate-gradient; concerning PLGA 

nanoparticles, important association occurred thanks to ionic interactions between the drug and the 

polymer. The in vitro studies confirmed the anticancer activity of PTM, which was gradually released 

with different profiles depending on the drug form and the nanocarrier structure. 
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Introduction 

 

Pentamidine (PTM), a diamide composed of two phenyl amidine groups linked by a five-carbon 

methylene linker, is an FDA-approved drug for the treatment of different parasitic infections, 

including leishmaniasis, Pneumocystis carinii pneumonia, and trypanosomiasis.1,2 While much is 

still elusive about its antiparasitic mechanism, some studies have demonstrated its efficacy in 

cancer. PTM has shown to be a DNA minor groove binder forming noncovalent complexes with 

DNA.3 Pathak et al. demonstrated for the first time the in vitro anticancer potential of PTM showing 

its growth-inhibitory activity when it links to the phosphatase regenerating liver (PRL) family, a group 

of oncogenic phosphatases overexpressed in tumor cells; these results were further confirmed in a 

study in which PTM was combined with chlorpromazine.4,5 Moreover, PTM is an inhibitor of the DNA 

endo-exonuclease whose repair processes have a main role in tumor cells. A reduced capacity in 

DNA repair processes has been reported to take part in cancer cell viability. The action of PTM with 

the endo-exonuclease may be due to the similar structure of the active site between the endo-

exonuclease and PRL family.6 Other studies proved a different anticancer mechanism of PTM, in 

particular in melanoma, for which p53 binding site on overexpressed S100B protein has been 

investigated as a target: PTM inhibits the Ca(+)-binding protein S100B and disrupts the S100B-p53 

protein-protein interaction, thus restoring wild-type p53 tumor suppressor function in melanoma.7 

Moreover, PTM was found to be active against other cancer models, such as prostate, breast, 

leukemia and renal cancers.8-10 

However, PTM has a poor oral bioavailability and pharmacokinetics studies after PTM 

administration by the intravenous route showed interindividual differences in rates of metabolism; 



 

moreover, the renal drug clearance was associated to acute kidney injury.11,12 Thus, several drug 

delivery strategies have been developed to overcome adverse PTM pharmacokinetics and toxicity, 

such as by synthesizing PTM bioconjugates13 or through the association to nanocarriers, but mainly 

in the treatment of leishmaniasis. In this field, among the different drug delivery nanosystems, 

liposomes and nanoparticles have been proposed to carry PTM14,15 and even a recent study using 

both polycaprolactone nanoparticles and phosphatidylcholine liposomes was performed to compare 

the in vitro transportation of PTM across the blood-brain barrier.16 On the contrary, only a minor 

effort has been devoted to the use of nanocarriers to deliver PTM in anticancer therapy. Concerning 

liposomes in this field, Mérian et al. tested some liposomal PTM formulations in order to enhance 

tumor drug accumulation and lower drug exposure to other tissues. Liposomes were prepared with 

saturated/unsaturated phospholipids of different chain lengths, tuning cholesterol content, and with 

or without the presence of PEG on the outer surface in order to optimize the physico-chemical 

characteristics of liposomes. In tumor-bearing mice, liposomal delivery decreased PTM kidney drug 

levels and increased tumor drug exposure compared to free drug.17 

Regarding the use of non-liposomal nanocarriers with PTM in anticancer therapy, PTM was 

associated to PEG-stabilized gold nanoparticles in order to enhance the effect of radiotherapy on 

triple negative breast cancer. The results showed that the adsorption of PTM onto the PEG-gold 

nanoparticles surface increased their cellular uptake. In addition, the combination resulted in a 

significantly greater number of residual DNA double-strand breaks compared to that of single 

agents.18 Moreover, we have recently proposed functionalized mesoporous silica nanoparticles for 

PTM delivery. Results showed that the tuning of the nanocarrier characteristics may greatly affect 

the efficacy of PTM encapsulation.19 Nevertheless, despite the growing interest in the applications 



 

of gold and silica nanoparticles in drug delivery technologies, the long term effects of inorganic 

materials for nanoparticle preparation is still an open issue.20 

Besides to the reported studies, to the best of our knowledge, a comparative study between PTM-

loaded liposomes and polymer nanoparticles for anticancer therapy has not been performed yet. To 

this aim, here we describe the preparation and the characterization of different PTM-loaded non-

toxic, biocompatible and biodegradable nanocarriers (i.e., liposomes and poly(lactide-co-glycolide) 

(PLGA) nanoparticles). PLGA is an attractive material for biomedical uses because it is approved 

for medical application by both FDA and EMA and is already widely employed in the biomedical 

field.21,22 The cytotoxicity of PTM-loaded nanocarriers was evaluated on the A2780 human ovarian 

carcinoma cell line. Results showed that the encapsulation of different forms of PTM into lipid or 

polymer nanosystems allowed the drug release (and, thus, the cytotoxicity) to be tuned and 

controlled. 

 

Materials and Methods 

 

Materials 

All the phospholipids, cholesterol (CHOL), Sepharose CL-4B, PLGA 50:50 (Resomer® RG 502 H), 

PLGA 75:25 (Resomer® RG 752 H), PEG2000-PLGA 50:50, PTM isethionate, and solvents 

(analytical grade) were purchased from Sigma-Aldrich (Milan, Italy). 

 

Methods 

Preparation of Liposomes and Polymer Nanoparticles Containing PTM 



 

 

Preparation of Different PTM Forms 

Free base form of PTM (PTM-B) was obtained by precipitation of PTM isethionate (PTM-I) solution 

in alkaline medium and characterized as previously reported.19 PTM citrate (PTM-C) and PTM 

sulfate (PTM-S) were obtained by adding dropwise a solution of citrate buffer (150 mM, pH 4.5) or 

of ammonium sulfate (150 mM, pH 4.0), respectively, to a MilliQ® water solution of PTM-I (100 

mg/mL) until the formation of a precipitate. The solutions were then filtered and the resulting 

precipitates were washed three times with MilliQ® water and dried under vacuum. Melting points of 

PTM-C and PTM-S were determined using a BUCHI Melting Point B-450 (set point: 165 °C, heating 

rate: 2 °C/min) and were 207 °C and more than 300 °C, respectively. The conversion of PTM-I into 

the desired PTM forms was confirmed by mass spectrometry analysis using electrospray ionization 

(ESI) or by atmospheric pressure chemical ionization (APCI), in positive ion mode, on a Micromass 

ZQ spectrometer (Waters, Milan, Italy). 

 

PTM-B-Containing Liposomes 

PTM-B-containing liposomes (Lipo PTM-B) were prepared using the thin lipid film-hydration method 

mixing together 1,2-distearoil-sn-glycero-3-phosphocoline (DSPC), CHOL and 1,2-distearoyl-sn-

glycero-3-phosphoethanolamine-N-[amino(polyethylene glycol)-2000] (mPEG2000-DSPE) in 

82:12:6 molar ratio. PTM-B was added to the lipid mixture in 40% ratio (mol drug/mol lipid). Lipids 

were dissolved in chloroform and evaporated by rotary evaporator. The resulting lipid film was 

hydrated with 900 µL of HEPES buffer pH 7.4. The suspension was vortex mixed for 10 min and 

bath sonicated. The formulations were extruded (Extruder, Lipex, Vancouver, Canada) at 60 °C 



 

under nitrogen through 200 nm polycarbonate membrane (Costar, Corning Incorporated, NY) and 

then purified by gel filtration using Sepharose CL-4B columns, eluting with HEPES buffer. 

Liposomes were stored at 4 °C. 

 

PTM-C and PTM-S-Containing Liposomes 

The liposomes (Lipo PTM-C and Lipo PTM-S) were composed of DSPC, CHOL, and mPEG2000-

DSPE in 75:20:5 molar ratio. The lipid film was hydrated with 1 mL of citrate buffer for Lipo PTM-C 

or ammonium sulfate solution for Lipo PTM-S, vortex mixed and incubated for 45 min at 60 °C. 

Liposomes were then extruded as previously reported and passed through a Sepharose CL-4B 

column equilibrated with HEPES buffer to replace the extra-liposomal solution. Subsequently, a 

solution of PTM-I in HEPES buffer (0.75 mg/50 µL for Lipo PTM-C and 0.5 mg/100 µL for Lipo PTM-

S) was added to liposome suspension and incubated for 60 min at 60 °C. Finally, liposomal 

preparations were purified by gel filtration as previously reported and stored at 4 °C. 

 

PTM-B-Containing PLGA Nanoparticles 

PTM-B-loaded PLGA nanoparticles were prepared by the nanoprecipitation technique.23 Practically, 

for each preparation, to 12 mg of PLGA 50:50 or 75:25 dissolved in acetone, an aliquot of an 

ethanolic stock solution of PTM-B (5 mg/mL) was added until a total volume of 1 mL. This organic 

solution was then poured into 2 mL of MilliQ® water under magnetic stirring. Precipitation of 

nanoparticles occurred spontaneously. After solvent evaporation under reduced pressure, an 

aqueous suspension was obtained. Further nanoparticle batches were prepared by 1:1 or 1:0.5 

(w:w) polymeric blends between PLGA (50:50 or 75:25) and PEG2000-PLGA 50:5024 or by PEG2000-



 

PLGA 50:50 alone. To purify the nanoparticles from non-incorporated drug, PTM-B-loaded 

nanoparticles were extensively dialyzed against MilliQ® water at 4 °C (Spectra/Por® 3500 MWCO 

dialysis membrane, Spectrum, Huston, TX). Unloaded PLGA nanoparticles (i.e., without adding 

PTM-B) were prepared as well. The particles were then stored at 4 °C. 

 

Characterization of PTM-Containing Liposomes and Nanoparticles 

The mean particle size and the polydispersity index of liposomes and nanoparticles were 

determined at 25 °C by quasi-elastic light scattering (QELS) using a nanosizer (Nanosizer Nano Z, 

Malvern Inst., Malvern, UK). The selected angle was 90° and the measurement was made after 

dilution of the particulate suspensions in MilliQ® water. The surface charge of liposomes and 

nanoparticles was evaluated by zeta potential measurements after dilution of the suspensions in 10 

mM KCl using the Nanosizer Nano Z. Each measurement was carried out in triplicate. 

The amount of PTM incorporated into liposomes and nanoparticles was determined 

spectrophotometrically (DU 730 UV-vis spectrophotometer, Beckman Coulter, Brea, CA) at 264 nm 

(PTM-B) or 267 nm (PTM-C and PTM-S). Each sample was analyzed in triplicate. To this aim, 100 

μL of liposomal suspensions were diluted in 400 μL of ethanol, vortexed and centrifuged for 5 min at 

6,000 rpm and the supernatants were analyzed spectrophotometrically. Phospholipid phosphorous 

was assessed in each liposome preparation by phosphate assay after destruction with perchloric 

acid.25 For PLGA nanoparticles, the formulations were lyophilized and then 4-mg samples were 

dissolved in 200 µL of dichloromethane. To the solution, methanol (2 mL) was added followed by 

centrifugation (6,000 rpm for 15 min) to completely separate the precipitated polymer.26 The 



 

supernatants were then measured at 264 nm. The concentration of the polymer in the suspension 

was based on dry weight analysis. 

To evaluate the PTM release from the suspensions, the formulations were incubated at pH 7.4 and 

37 °C in buffer (HEPES 20 mM for liposomes and PBS 10 mM for nanoparticles) for various periods 

of time; drug leakage was determined after purification of liposomes by chromatography on 

Sepharose CL-4B columns, eluting with HEPES buffer, or PLGA nanoparticles by dialysis against 

MilliQ® water. Then, the drug content was measured as previously described and compared with 

initial values. 

The physical stability of liposome and nanoparticle suspensions in the storage conditions (at 4 °C) 

was determined by evaluating at different interval times the mean diameter, the zeta potential and 

the drug leakage. 

The nanocarrier morphology was determined by cryogenic-transmission electron microscopy (cryo-

TEM) analysis. The diluted samples were dropped onto 300 Mesh holey carbon films (Quantifoil 

R2/1) and quench-frozen in liquid ethane using a cryo-plunge workstation (made at LPS Orsay). 

The specimens were then mounted on a precooled Gatan 62 specimen holder, transferred in the 

microscope (Philips CM120) and observed at an accelerating voltage of 120 kV (Centre 

Technologique des Microstructures (CTµ), platform of the Université Claude Bernard Lyon 1, 

Villeurbanne, France). 

 

In Vitro Cell Studies 

 

Tumor Cell Line Culture 



 

A2780 (human ovarian carcinoma) cells were cultured in RPMI 1640 medium containing 10% fetal 

bovine serum (FBS), 0.03% of L-glutamine, 2% penicillin and streptomycin, and 25 µg/mL of 

gentamicin sulfate. Cells were maintained in a humidified incubator at 37 °C in 5% CO2. 

 

Cytotoxicity 

A2780 cells were seeded at 1×104 cells/well in 96 wells microtiter plates and incubated overnight to 

allow cellular adhesion. Various dilutions of PTM-loaded liposomes and selected PLGA 

nanoparticles were added to the cells in the culture medium in triplicate, and incubated for 24, 48 

and 72 h. Empty liposomes and nanoparticles, as well as free PTM-B, PTM-C, and PTM-S, were 

also tested. Cell growth inhibition was evaluated by sulforhodamine B (SRB) colorimetric 

proliferation assay, modified by Vichai and Kirtikara.27 

 

Results and Discussion 

 

Preparation and Characterization of PTM-Containing Liposomes and Nanoparticles 

Different forms of PTM (as free base and citrate and sulfate salts) were obtained and incorporated 

into lipid or polymer nanocarriers to obtain non-toxic, biocompatible and biodegradable formulations 

of PTM with favorable characteristics if compared with previously reported nanosystems. In 

particular, the liposomal formulations described in the literature were obtained using PTM-I and 

were characterized by a quite low amount of encapsulated drug.17,28 With the aim to improve the 

amount of entrapped drug, initially in this work the lipophilic derivative PTM-B was used and nine 

different liposomal formulations were prepared changing the phospholipidic mixture composition 



 

and the amount of PTM-B added in the lipid film. A liposomal formulation (Lipo PTM-B) 

characterized by an encapsulation efficiency (EE%) value of 20%, higher than that found in the 

literature, was obtained. However, to further improve the drug loading into the liposomes, the active 

drug encapsulation technique was exploited via citrate and ammonium sulphate method to prepare 

Lipo PTM-C and Lipo PTM-S, respectively.29 PTM-C and PTM-S were also prepared to confirm their 

low water solubility (that was reported to be 0.6 and 1.4 mg/mL, respectively30) and to evaluate their 

UV spectra useful for the quantification of the drug loaded in liposomes. The EE% was around 30% 

for Lipo PTM-C and around 45% for Lipo PTM-S, confirming that this encapsulation method allows 

the amount of drug loaded into the liposomes to be increased. These two formulations were then 

used for further in vitro tests and showed similar mean diameter and zeta potential values (Tab. 1). 

PTM-B was also incorporated into PLGA nanoparticles, which were prepared in a single step by 

nanoprecipitation. Even if PTM was previously associated to poly(D,L-lactide) (PLA) nanoparticles31 

and polymethacrylate nanoparticles32 for anti-Leishmania treatment, here we obtained 

monodispersed PTM-loaded PLGA nanoparticles without adding any surface-active agent and with 

high EE% values (95% and 83% for PLGA 50:50 and 75:25, respectively, for a maximum of 30 µg 

of drug/mg of polymer). These results can be ascribed to the molecular structure of PTM and PLGA: 

indeed, at physiological pH 7.4 PTM (Fig. 1) has two positively charged amidines (pKa=12), while 

PLGA has negatively charged carboxylic groups. Thus, PTM and PLGA in the nanoparticles interact 

and stabilize each other by ionic interactions; this phenomenon probably also leads to a decrease in 

the mean diameter of loaded PLGA nanoparticles if compared with empty carriers (Tab. 1). 

Moreover, as previously demonstrated,32 in this condition PTM release is pH-dependent: at acidic 

pH values, such as in lysosomes, PTM can be released from the polymer to reach its target. 



 

As reported for PLGA nanoparticles prepared for active targeting of African trypanosomiasis,33 we 

also obtained PEGylated PLGA nanoparticles; nevertheless, we did not covalently attach PEG to 

PLGA, but we co-nanoprecipitated two PLGA-based polymers (PLGA and PEG2000-PLGA), as 

previously described.24 When PEG2000-PLGA was added to the formulations at 1:1 ratio, the mean 

diameter was lower than 100 nm, while it was higher at 1:0.5 ratio (Tab. 1). Concerning PTM 

content, while the EE% for PEG2000-PLGA alone was very low (28%), for the polymeric blends 

PLGA/PEG2000-PLGA it was only slightly lower (88% and 79% for 1:0.5 and 1:1 ratio, respectively) 

than that of non-PEGylated PLGA nanoparticles. The PLGA nanoparticle zeta potential was 

negative for all the formulations; however, the incorporation of PTM increased the values in all 

loaded nanoparticles (Tab. 1). 

After 4-weeks storage at 4 °C, all the formulations still conserved at least 90-95% of the initial PTM 

content and over this period no appreciable size and/or zeta potential change and no precipitation 

or aggregation were observed, except for non-PEGylated PLGA nanoparticles, whose diameter 

showed a tendency to increase after 4 weeks until 200-230 nm. 

The drug release profile of liposomes in HEPES buffer at 37 °C showed the good stability of the 

formulations: it was observed that after 24 h only 7% of the less water soluble PTM-C and 10% of 

PTM-S were released; after 72 h these values reached 14% for PTM-C and 30% for PTM-S. These 

results confirm that the precipitation of the drug in the aqueous core of liposomes allows to obtain 

an important controlled drug release, as previously observed for Doxil®, the commercial liposomal 

formulation of doxorubicin, in which the drug release was around 5% in buffer at 37 °C after 24 h.34 

For PLGA nanoparticles, the PTM-B release was faster, as a consequence of the higher water 

solubility of PTM-B compared to that of PTM-C and PTM-S: after 24 h the 70% and 63% of the 



 

initial amount of PTM-B was released from PLGA 50:50 and PLGA 75:25 nanoparticles, 

respectively, until about 90% after 72 h. PEGylated PLGA nanoparticles showed a similar release 

profile, with about 75% after 24 h and 100% after 72 h. 

For PLGA nanoparticles, the cryo-TEM microscopy analysis confirmed the diameter found with 

QELS (Fig. 2); moreover, the observed rounded shape was similar for both empty and PTM-loaded 

nanoparticles (PEGylated or uncoated). For liposomes, the analysis was applied to assess the 

physical state of PTM inside the vesicles; to this aim, empty and drug-loaded liposomes were 

analyzed and the resulting images have been summarized in Figure 3. PTM precipitation was 

observed inside the liposomes prepared either via citrate buffer method or sulfate gradient. 

 

Cytotoxicity 

The cytotoxic activity of the different forms of PTM and the loaded nanocarriers was tested on 

A2780 (human ovarian carcinoma) cells at different incubation times (24, 48, and 72 h). 

Interestingly, to the best of our knowledge, this study reports for the first time an in vitro anticancer 

activity evaluation of PTM encapsulated in liposomes and polymer nanoparticles. Results reported 

in Table 2 show that the different forms of PTM (i.e., PTM-B, PTM-C, and PTM-S) have similar 

cytotoxicity profiles. Once encapsulated into the nanocarriers (both liposomes and nanoparticles), 

PTM maintains its anticancer activity, even if it is delayed due to the gradual release from the 

nanosystems, which show different cytotoxicity profiles. In particular, loaded PLGA nanoparticle 

cytotoxicity is higher than that of liposomes; this can be due to the kinetics of matrix degradation 

that influences the drug release, but also to the higher water solubility of PTM-B (29.2 mg/L at 25 

°C) than that of PTM-C and PTM-S (49-fold and 21-fold higher, respectively). Moreover, in PLGA 



 

nanoparticles PTM is dispersed within the polymer matrix, while in liposomes it is located in the 

central aqueous core. 

Unloaded liposomes and nanoparticles did not show any cytotoxic activity at the considered 

concentration range. 

 

Conclusions 

In conclusion, this study highlights the possibility to formulate PTM in liposomes and polymer 

nanoparticles for anticancer therapy. Moreover, it has been shown that the cytotoxic activity of PTM 

can be tuned depending on the type of nanocarriers considered and the form of PTM encapsulated. 

Thus, the nanocarriers here proposed could be considered as a platform for PTM delivery. 

Moreover, the encapsulation of PTM in lipid and polymer nanocarriers is also a proof of concept that 

could enlarge the field of application of these PTM drug delivery systems to other pathologies for 

which PTM has been shown to be active (other than Leishmania), such as myotonic dystrophy type 

1, with different administration routes. 
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Figure captions 

 

Figure 1. Chemical structure of PTM. 

 

Figure 2. Representative cryo-TEM images of: (a) unloaded PLGA nanoparticles; (b) PTM-B-

loaded PLGA nanoparticles; (c) PTM-B-loaded PLGA/PEG2000-PLGA nanoparticles. Bar, 200 nm. 

 

Figure 3. Representative cryo-TEM images of: (a) unloaded liposomes; (b) Lipo PTM-C; (c) Lipo 

PTM-S. Bar, 200 nm. 


