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A B S T R A C T 

PEGylated liposomes were successfully synthesized using the thin film hydration method to enhance the pharmacokinetic 

profile of sildenafil. The developed liposomal formulations exhibited optimal physicochemical properties, including desirable 

particle size, low polydispersity index (PDI), favorable zeta potential, and high encapsulation efficiency. Among the various 

formulations, SL-3 demonstrated superior performance, showing enhanced vasorelaxation activity and a significant reduction 

in mean systolic arterial pressure compared to conventional sildenafil and the marketed formulation Revetio®. The 

PEGylated liposomes provided sustained drug release, improved bioavailability, reduced dosing frequency, and enhanced 

stability, contributing to better patient compliance with minimal adverse effects. The nanoscale size of these liposomes 

supports their suitability for parenteral administration and prolonged therapeutic action. While the results are promising, 

further investigations are warranted to validate their efficacy under various physiological and pathological conditions. 

Keywords: PEGylated liposomes, sildenafil, thin film hydration, encapsulation efficiency, sustained release, bioavailability, 

vasorelaxation. 
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1. Introduction 

Sildenafil was the first oral medication approved by the 

U.S. Food and Drug Administration (FDA) for the 

treatment of erectile dysfunction (ED) [1,2]. Initially 

developed as a potential therapy for hypertension and 

angina pectoris, it failed to demonstrate efficacy for these 

indications during Phase I clinical trials. However, it 

produced an unexpected pharmacological effect significant 

penile erection in trial participants [1,3]. This serendipitous 

outcome led to Pfizer patenting sildenafil in 1996, followed 

by its FDA approval for ED treatment in 1998. Since then, 

various additional therapeutic applications of sildenafil 

have been identified [4]. Pharmacologically, sildenafil acts 

as a potent and selective inhibitor of phosphodiesterase type 

5 (PDE5) [5,6]. Although multiple phosphodiesterase 

isoforms exist, only PDE5, PDE6, and PDE9 show 

selectivity for cyclic guanosine monophosphate (cGMP) 

over cyclic adenosine monophosphate (cAMP) [7,8]. PDE5 

catalyzes the hydrolysis of cGMP into its inactive form, 5′-

guanosine monophosphate (GMP), thus modulating various 

physiological functions such as neuroprotection, 
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antinociception, synaptic plasticity, calcium regulation, and 

vasodilation [9,10]. cGMP exerts these effects by activating 

ion channels, cGMP-dependent protein kinases, or by 

interacting with specific phosphodiesterases [9]. Its 

production is stimulated by nitric oxide (NO), which, 

together with cGMP, forms a critical signalling pathway 

operating through autocrine, paracrine, and potentially 

endocrine mechanisms. Dysregulation of the NO/cGMP 

/PDE5 pathway has been implicated in several conditions, 

including neurological disorders, pulmonary arterial 

hypertension, cardiomyopathy, cancer, ED, and lower 

urinary tract syndrome [8,11–14]. 

 

In addition to its primary mechanism of action, sildenafil 

may exert several supplementary therapeutic effects 

through alternative biological pathways. Notably, it has 

shown potential in the treatment of neurodegenerative 

disorders by activating peroxisome proliferator-activated 

receptor-γ coactivator 1α (PGC1α), following cGMP 

accumulation. This activation promotes mitochondrial 

biogenesis [15,16], enhances the expression of antioxidant 

enzymes [17], and reduces the expression of β-site amyloid 

precursor protein-cleaving enzyme 1 (BACE1) [18]. 

 

Sildenafil also demonstrates anti-inflammatory and 

neuroprotective properties, likely mediated via the AMP-

activated protein kinase (AMPK)/inhibitor of nuclear factor 

kappa-B alpha (IκBα)/nuclear factor kappa B (NF-κB) 

signaling pathway [19]. Additionally, endothelial nitric 

oxide synthase (eNOS) plays a role in sildenafil’s 

neuroprotective effects by facilitating AMPK activation 

[19,20]. Evidence also suggests that phosphodiesterase type 

5 (PDE5) inhibitors can alleviate chronic pain by 

preventing the downregulation of angiopoietin-1 expression 

a key regulator of vascular stability and neurite outgrowth 

in cultured dorsal root ganglion neurons [21,22]. 

 

Furthermore, sildenafil may enhance the efficacy of 

chemotherapeutic agents by increasing tumor cell 

sensitivity to cytotoxic stress. This chemosensitizing effect 

involves the promotion of apoptosis through down 

regulation of B-cell lymphoma-extra large (Bcl-xL) and 

Fas-associated phosphatase-1 (FAP-1), increased 

production of reactive oxygen species (ROS), and the 

upregulation of caspase-3, -8, and -9 activities [23–25]. 

 

2. Materials and Methods 
Sildenafil was purchased from Cadila Pharmaceutical, 

Ahmedabad, India. Leciva S- 90 and Leciva DSPC was 

obtained as a gift sample from VAV life sciences Pvt Ltd 

Mumbai, Maharashtra, India. Cholesterol was purchased 

from Sigma-Aldrich Chemical, USA. Distilled water 

(HPLC grade) was purchased from Merck specialties Pvt. 

All other chemicals used were of analytical grade. 

Preparation of PEGylated Liposome 

PEGylated liposomes were prepared using thin film 

hydration method, where, a known amount of lipids such as 

leciva DSPC, leciva S-90, cholesterol and drug (sildenafil) 

were weighed in different lipid molar ratio as given in 

Table3.1. The weighed constituents were taken in 100ml of 

round bottom flask (RBF) and 5ml of chloroform was 

added to it respectively. The RBF was attached to rotary 

evaporator with a water bath maintained at temperature of 

40°C at 50rpm. Organic solvent was further evaporated 

under reduced pressure to form a thin layer of lipids on the 

wall of RBF (Maalej et al. 2011; Shavi et al. 2015)
2,8

. 

Afterwards, the RBF was placed in dessicator for 24h to 

assure the complete removal of solvent and complete drying 

of lipid film. 

 

The lipid film was hydrated with 20ml of distilled water 

along with tween by attaching the RBF to the rotary 

evaporator under maintained rotation speed of 100rpm and 

water bath temperature at 60° C until the lipid film gets 

completely hydrated to form the liposomal suspension. 

Further, to reduce the size of liposomal vesicles the mixture 

was probe sonicated for two cycles of 10mins each and kept 

in refrigerator for 2h. The liposomal suspension was further 

centrifuged at 1000 rpm to remove the un-entrapped drug 

and the supernatant was replaced by the addition of the 

phosphate buffer saline (pH 7.4). Liposomal pellets were 

separated and washed with phosphate buffer saline (pH 7.4) 

and re-suspended into the de ionized water containing 

50mg/ml trehalose (cryoprotectant) before pre-freezing 

process of lyophilisation. Afterwards, the frozen sample of 

the PEGylated liposomes was lyophilized by using 

Labconco lyophilizer at -80°C temperature and 0.018 mBar 

vacuum pressures till complete drying was achieved. The 

dried PEGylated liposomes were immediately collected and 

then stored in the dried vials till the further usage
9
. 

 

Characterization of PEGylated Liposome Particle Size, 

PDI, Zeta Potential Analysis 

Zeta potential, PDI and particle size are very crucial 

parameters for any developed formulation. Malvern zeta 

sizer ZS (Malvern Instrument UK) based on the principle of 

dynamic light scattering (DLS) was used to measure the 

particle size, zeta potential and PDI of PEGylated 

liposomes. For the determination of particle size, liposomal 

suspension was diluted 1 in 10ml with phosphate buffer 

saline. PDI was determined for evaluation of particle size 

distribution. Zeta potential is expressed as overall charge 

that the particle acquires in a particular medium. It was 

determined with help of Malvern zeta sizer based on the 

principle of laser dopler velocimetry and phase analysis 

scattering. Zeta potential above than +30mv and -30mv are 

considered as more stable 10-11. All the measurements 

were taken in triplicate and expressed in mean± SD. 

 

Surface morphology of vesicle 

Scanning Electron Microscopy (SEM) and Transmission 

Electron Microscopy (TEM): The surface morphology of 

the lyophilized sample was performed with the help of 

SEM (EVO 18, Zeiss, Germany). Prior to analysis, the 

sample was placed on double sided carbon adhesive tape, 

with gold uniform sputtering and was analyzed at different 

magnification power (Benoy et al. 2009). The morphology 

and size of prepared ethanolic liposome were also evaluated 

using TEM operated at 200kV and 9000x magnification. In 

brief, 1ml of the formulation taken in eppendorf tube was 

diluted 10 times by deionized water. Further, on a coated 
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copper grid small amount of sample was dried after staining 

with 2% w/v phosphotungustic acid for 30 s. Each sample 

was prepared and viewed randomly using calibrated 

microscopic magnification 12. 

Attenuated Total Reflection- Fourier Transform Infra 

Red Spectroscopy (ATR- FTIR) 

IR Spectra of pure drug, leciva- DSPC, leciva S-90, 

optimized formulation and physical mixture was performed 

with the help of ATR–FTIR spectra at room temperature 

using Bruker EQUINOX 55FTIR spectrophotometer 

equipped with liquid nitrogen cooled mercury cadmium 

telluride (MCT) detector with nominal resolution of 2 cm-1. 

Diamond an internal reflector, placed at an incidence angle 

of 45°, scans 32 times and gave 21 resolutions from a single 

internal reflection. An advanced ATR correction was 

applied to all spectra recorded in region of 4000-400 cm-1 

and peak fitting was performed with the help of Opus 

software 13. 

RAMAN Spectroscopy 

Raman spectroscopy aids to deliver the information on 

rotational, vibrational and other low- frequency modes in 

the given system. Raman was carried out using thermo-

scientific instrument (DxRxi), equipped with a software 

OMINICxi-analysis. The 532nm laser beam was used to 

collect the spectra of sildenafil loaded PEGylated liposomal 

formulation with the laser power of 5-100mW in the range 

of 125-4000cm-1. 14 

Differential Scanning Calorimetry (DSC) 

DSC was accomplished with NETEZCH DSC 204 F1 

phoenix in DSC chamber. The instrument comprised of a 

thermal analyzer, a calorimeter, a flow controller and 

operating software. In a nutshell, pure drug (sildenafil), 

leciva-DSPC, leciva S-90, cholesterol and optimized 

formulation were weighed individually in an aluminium 

pan and sealed with an aluminium lid respectively. 

Afterwards, the pan was placed in the DSC and heated from 

20-350°C at a heating rate of 50°C/min in nitrogen 

atmosphere. The scan was observed and plotted 

representing heat flow (w/g) on the Y-axis and temperature 

on the X-axis 15. 

% Entrapment Efficiency 

The entrapment efficiency of sildenafil PEGylated liposome 

was measured by the ultracentrifuge method. Entrapment 

efficiency enables to quantify the amount of drug entrapped 

within a liposome. In an outline, vesicular preparations 

containing 1% sildenafil were kept overnight at 4°C and 

centrifuged in a ultracentrifuge (Remi) equipped with TLA-

45 rotor at 4°C on 30 000 rpm for 2 h. The concentration of 

entrapped drug was determined with the help of UV/visible 

spectrophotometer 16-17. The amount of drug entrapped 

within the colloidal system was determined with the help of 

given formula: 

% EE = [Amount of entrapped drug/Total amount of drug 

added] x100 

In - vitro Drug Release 

The drug release from PEGylated liposomes was 

accomplished with the help of diffusion cell. Prior to work, 

a cellulose acetate membrane was soaked in distilled water 

for 24 h, so that it can be effortlessly attached to the donor 

compartment of the diffusion cell. Further, the diffusion cell 

was secured with the help of clamp stand a nd submerged in 

a receptor compartment containing 100ml of phosphate 

buffer (pH 6.8) maintained at 37°C. Liposomal formulation 

containing single dose equivalent to the sildenafil in donor 

compartment was covered with the help of paraffin so as to 

avoid evaporation of the solvent. The whole assembly was 

kept on magnetic stirrer with continuous stirring at 750 

rpm. 3ml of solution was withdrawn and replaced by same 

volume of phosphate buffer in the receptor compartment at 

a specific interval of 0- 24h respectively (Y Er et al. 2009). 

The withdrawn sample was observed in UV/visible 

spectrophotometer to determine the drug concentration 

which was further used to determine the % cumulative drug 

release and plotted against time
18

. 

 

3. Results and Discussion 

Particle Size, PDI and Zeta Potential 

Particle size and their size distribution are important 

parameters which describe the quality of optimized 

liposomal formulation. They were determined with the help 

of Malvern zeta sizer ZS based on the principle of DLS. 

The result of particle size and PDI is shown in Table 3.3. 

All formulations i.e. from SL-1 to SL- 6 showed a mean 

particle size ranging from 91.14±1.4 to 131.09±3.7 and PDI 

ranging from 0.478±0.02 to 0.624±0.05. From the above 

study it was observed that variation in lipid concentration 

greatly affected particle size and their distribution. For 

instance, formulation SL-6 with higher concentration of 

leciva DSPC and cholesterol showed greater particle size i.e 

131.09±3.7 with the PDI of 0.624±0.05. On contrary, with 

low concentration of cholesterol and leciva DSPC along 

with the high concentration of leciva S-90 as in formulation 

SL-3 showed smaller particle size i.e 91.14±1.4 with 

narrow PDI of 0.478±0.02. Obtained results indicated that 

an increase or decrease in the lipid ratio drastically affects 

the particle size. In addition, formulation SL-3 (lipid ratio 

of 9:1:0.25) with desired particle size and PDI was 

considered optimized. The stability of the PEGylated 

liposome was determined by zeta potential using Malvern 

Zeta sizer ZS based on principle of laser dopler velocimetry 

and phase analysis scattering. The particles of the liposomal 

suspension with the value of zeta potential above than +30 

and -30mv are considered as most stable. All formulation 

exhibited the zeta potential ranging from -16.4±0.6 to -

30.9±0.7. Negative charge on the surface of the liposomes 

was due to the presence of tween-80. In view of 

abovementioned, it was concluded that in the presence of 

higher concentration of leciva DSPC as in formulation SL-6 

the value of zeta potential was towards zero i.e. -16.4±0.6. 

But zeta potential of formulation SL-3 with leciva DSPC 

and cholesterol in lower concentration along with the higher 

concentration of leciva S-90 was away from zero i.e. -

30.9±0.7mv. These findings indicated that stability of the 

liposomal formulation rely on the concentration of lipid 

used in formulation. A proper amount of lipid ratio 

produces accurate result and according to which the 

formulation SL-3 was optimized. According to Shavi et al. 

the drug: lipid ratio affect the size of particle, zeta potential 

in the liposome formulation and also the stability during 

storage. Liposome instability occurs through the 

agglomerate formation during the formulation processing 

and upon storage 
2
. 
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Fig.1 Microscopic morphology of optimized formulation SL-

3 shown by [A] SEM [B] TEM 

 

 
Fig.2 Attenuated Total Reflection- Fourier Ttransform Infra 

Red Spectroscopy (ATR- FTIR) 

 

 
Fig.3 FTIR spectra of Sildenafil 

 

 
Fig.4 FTIR spectra of Leciva S-90 

 

 
Fig.5 FTIR spectra of Cholesterol 

 
Fig.6 FTIR spectra of physical mixture 

 

 
Fig.7 Microscopic morphology of optimized formulation [A] 

SEM [B] TEM 

 

 
Fig.8 FTIR spectra of Sildenafil 

 

 
Fig.9 FTIR spectra of Phospholipon 90-G 

 

 
Fig.10 DSC thermogram of Sildenafil 
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Fig.11DSC thermogram of MPEG-DSPE2000, Phospholipon 

90-G, Cholesterol, Sildenafil citrate, & optimized 

formulation 

 

 
Fig.12 Percentage encapsulation efficiency of Sildenafil 

loaded PEGylated liposome 

 

 
Fig.13 In-vitro drug release of the optimized formulation 

SPL-3 

 

 
Fig.14 In vitro drug release of the optimized formulation 

SL-3 

 
Fig.15: FTIR Spectra of [A]Optimized Formulation[B]Drug[C]MPEG-DSPE 2000[D]Physical Mixture[E]Cholestrol 

 

Table.1 Composition of the PEGylated liposome loaded with Sildenafil 

Material SL-1 SL-2 SL-3 SL-4 SL-5 SL-6 

Lipid molar ratio (9:1) (9:2) (9:1:0.25) (9:2:0.25) (9:1:0.50) (9:2:0.50) 

Sildenafil (mg) 10 10 10 10 10 10 

Leciva S-90(mg) 180 140 180 140 180 140 

Cholesterol (mg) 10 20 10 20 10 20 

Leciva DSPC(mg) - - 25 25 50 50 

Chloroform (ml) 5 5 5 5 5 5 

Tween80(%w/w) 6 6 6 6 6 6 

Distilled water (ml) 20 20 20 20 20 20 

 

Table.2 Characterization of PEGylated liposome of Sildenafil 

Characterization SPL-1 SPL-2 SPL-3 SPL-4 SPL-5 SPL-6 

Vesicle size 162±1.4 168±2.7 155±3.2 177±4.6 181±3.4 211±2.5 

PDI 0.256±0.02 0.281±0.04 0.186±0.05 0.232±0.03 0.252±0.05 0.309±0.06 

Zeta potential -19.4±0.8 -21.1±0.5 -32.2±0.3 -26.4±0.2 -24.2±0.8 -21.9±0.6 

%EE 57.13±0.4 50.02±1.6 75.89±0.5 60.45±2.4 63.39±0.8 65.74±0.9 

%cumulative drug release 68.23±0.02 56.18±1.8 95.09±0.5 87.56±0.9 66.85±1.4 65.74±0.08 
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Table.3 Composition of PEGylated liposome containing SL/DPPC 

Material SL/DPPC-1 SL/DPPC-2 SL/DPPC-3 SL/DPPC-4 SL/DPPC-5 SL/DPPC-6 

Lipid molar ratio (9:1) (9:2) (9:1:0.25) (9:2:0.25) (9:1:0.50) (9:2:0.50) 

Drug (mg) 10 10 10 10 10 10 

Leciva S-90 (mg) 180 140 180 140 180 140 

Cholesterol (mg) 10 20 10 20 10 20 

Leciva DPPC(mg) - - 25 25 50 50 

Chloroform (ml) 5 5 5 5 5 5 

Tween 80 (%w/w) 6 6 6 6 6 6 

Distilled water (ml) 20 20 20 20 20 20 

Table.4 Characterization of PEGylated liposomes 

Characterization SL-1 SL-2 SL-3 SL-4 SL-5 SL-6 

Vesicle size 116.40±2.8 104.38±3.4 91.14±1.4 109.63±1.6 124.52±2.9 131.09±3.7 

PDI 0.486±0.07 0.541±0.04 0.478±0.02 0.524±0.03 0.618±0.06 0.624±0.05 

Zeta potential -24.3±0.4 -28.7±0.3 -30.9±0.7 -19.4±0.4 -17.8±0.2 -16.4±0.6 

%EE 49.06±1.5 47.32±0.8 78.65±2.6 53.65±2.4 63.87±1.4 59.51±0.9 

% cumulative drug 

release 

59.08±0.16 54.94±3.05 95.96±0.95 63.09±0.75 76.09±0.64 70.09±0.76 

  

4. Conclusion 

PEGylated liposomes synthesized via the thin film 

hydration method demonstrated optimal particle size, PDI, 

zeta potential, and high encapsulation efficiency, making 

them ideal for enhancing the plasma half-life of sildenafil. 

The optimized formulation (SL-3) exhibited superior 

vasorelaxation effects and greater efficacy in reducing 

mean systolic arterial pressure compared to sildenafil and 

Revetio®. These PEGylated liposomes offer benefits such 

as sustained drug release, improved bioavailability, reduced 

dosage frequency, enhanced stability, and better patient 

compliance with minimal side effects. Their nanosized 

nature allows for parenteral administration and prolonged  
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