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ABSTRACT 

Liposomes are formed by phospholipids that spontaneously generate vesicles as a 

consequence of their interactions with water. In this work, a new continuous 

supercritical fluid process, named Supercritical Assisted Liposome formation 

(SuperLip), is proposed to prepare liposomes of controlled submicrometric size. 

Water droplets are produced by atomization inside a high pressure vessel, filled 

with an expanded liquid mixture formed by phospholipids/ethanol/Carbon dioxide 

(CO2). These droplets are rapidly surrounded by a lipid layer and liposomes are 

formed when they fall in the water pool located at the bottom of the vessel. 

Liposomes with controlled dimensions and high encapsulation efficiency, 

containing water soluble drugs, can be generated. Experiments have been performed 

varying process operating parameters like pressure and temperature, producing 

liposomes of soybean phosphatidylcholine (PC) of different size and distribution 

ranging between 330 ± 82 nm and 250 ± 62 nm. Also phosphatidylglycerol (PG) 

had been used coupled with PC to produce liposomes. PC/PG larger liposomes have 

been produced in this case ranging between 350 ± 101 nm and 280 ± 95 nm. Drug 

encapsulation tests were also performed using fluorescein as a tracer compound  

and bovine serum albumin (BSA, used as a model therapeutic protein. 

Encapsulation tests have been performed with Fluorescein theoretical loading of 1, 

3 and 6% and BSA theoretical loading of 10, 30, 60% with respect to the lipid 

amount. High encapsulation efficiencies (90-100%) were obtained for all the 

different drug loading tested, confirming that the active compound contained in the 

water phase can be efficiently entrapped in the formed vesicles using this new 

technique.  

PC and PC/PG liposomes were very stable over time thanks to elevated and 

negative  surface charge (zeta potential ranging between -20mV and -30 mV). 
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1 INTRODUCTION 

Liposomes are vesicles in which small aqueous volume is surrounded by a 

bilayer membrane, normally composed of phospholipids [1]. Due to their 

similarities with natural cells, liposomes have been reported as ideal drug carriers 

[2]. They have been investigated for the delivery of chemotherapeutic agents for 

cancer [3], therapeutic proteins for cell signaling [4], vaccines for immunological 

protection [5], radiopharmaceuticals for diagnostic imaging [6], and nucleic acid-

based medicines for gene therapy [7]. Despite the recognized importance of 

liposomes in pharmaceutical field, these carriers are being introduced with 

difficulties in the market and this is partly due to problems related with the scale-up 

of conventional preparation methods. 

The starting point for all conventional methods of liposome production is the 

dissolution of phospholipids in an organic solvent, and the main difference between 

these methods is the way in which the lipid membrane is dispersed in aqueous 

media [8-10]. These methods have some drawbacks, such as the large number of 

steps needed to produce the vesicles, the utilization of a large amount of organic 

solvent in the beginning or during the process, the lack of diameter size uniformity 

and, moreover, the low stability of produced liposomes [11].  

In the field, of particle formation and carriers production, supercritical fluid 

technologies can be used to overcome several limitations of conventional processes, 

such as the extensive use of organic solvents, high operating temperatures and 

mechanical stresses that can degrade labile compounds [12-15]. Recently, some 

techniques based on the use of supercritical CO2 (scCO2) have been proposed also 

for liposomes preparation [16-21]; they try to take the advantage of the enhanced 

mass transfer of supercritical fluids [22] and can be divided in two categories: two 

steps processes in which the dried lipid particles need to be rehydrated [11, 20, 23-

26], and one step processes in which a liposome-water suspension is directly 

obtained at the end of the process [27]. These kind of processes have still some 

limitation related to the control of liposomes dimension and distribution and also 

shows very low encapsulation efficiencies, especially for liposomes containing 

hydrophilic drugs (efficiencies around 10-20%) [28]. Only in case of certain 

protonatable amphiphilic water soluble drugs, liposomes can be sufficiently loaded 

thanks to favorable interaction of the drug and the lipidic membrane, but no general 

methods exist to encapsulate water soluble compounds without forming a conjugate 

sufficiently on a large scale into liposomes [29]. The limitation of conventional and 

supercritical fluids based processes is low encapsulation efficiency of hydrophilic 

drugs and is substantially due to the fact that in all these processes only a part of the 

water used to hydrate the lipids is effectively entrapped in the lipid membrane.  

Reverchon and co-workers have recently proposed in the literature a new 

supercritical fluid based process for liposomes production [30]. The process is 

named Supercritical Assisted Liposome formation (SuperLip). Differently from the 

previously proposed techniques, the basic principle of this w process is to produce 

first water based micro and nanodroplets and, then, the liposomes are formed 

around them. Water solution droplets produced by atomization into an expanded 

liquid mixture formed by lipid compounds + ethanol + CO2 were used. The idea is 

that lipids contained in the expanded liquid can spontaneously and rapidly organize 

in a layer around the water droplets in the high pressure vessel and a water in CO2 

emulsion is formed. At the end of this very fast process, droplets fall in the 

continuous water pool located at the bottom of the vessel and a water in water 

emulsion is formed; i.e., liposomes are obtained, that maintain a diameter similar to 

the original droplets produced during the atomization step. Since the droplets of the 



4 
 

water solution will be entrapped by the lipid layer, liposomes of controlled 

dimensions could be formed with high encapsulation efficiencies in the water pool 

located at the bottom of the precipitator.  

In this work the SuperLip process is applied to demonstrate the possibility to 

overcome the limitation of the conventional techniques regarding low encapsulation 

efficiency of hydrophilic drugs. First empty liposomes of soybean 

phosphatidylcholine (PC) and phosphatidylglycerol (PG) have been produced 

varying process operating parameters like pressure and temperature. Then, 

encapsulation tests were performed using fluorescein as tracer compound and 

bovine serum albumine (BSA) as therapeutic protein.  Different drug loading have 

been tested to evaluate their effect on liposomes encapsulation efficiency.  

 

2 MATERIALS, METHODS AND APPARATUS 

2.1 Reagents 

Soybean phosphatidylcholine (PC) and phosphatidylglycerol (PG) were 

purchased from Lipoid (Ludwigshafen, Germany). Ethanol (≥ 99.5%) was obtained 

from Sigma-Aldrich (Milan, Italy) and CO2 (>99.4% purity) was provided by SON 

(Naples, Italy). Distilled water was used throughout all the formulations. 

Trifluoroacetic acid (TFA 99%; Carlo Erba Reagents; Milan, Italy), Bovine serum 

albumin (BSA lyophilized powder ≥98%; Sigma-Aldrich; Milan, Italy) Fluorescein 

(Fluorescent tracer, Sigma-Aldrich; Milan, Italy). All the compounds were used as 

received. 

 

2.2 SuperLip apparatus layout 

Liposomes were prepared by the supercritical fluid assisted process called 

SuperLip. Briefly, at the beginning of the process, feeding pure CO2, the operative 

pressure, temperature and gas mass flow conditions are reached in the saturator and 

the precipitation vessel; then a fixed volume (50 mL) of distilled water is delivered 

to the vessel to form a water volume at the bottom of the vessel in which the water 

droplets covered by the lipid layer are received, rearranging in the typical liposomes 

double layered structure. At the end of this preparatory procedure, the ethanolic 

phospholipidic solution is fed to the saturator together with high pressure CO2. As a 

consequence, an expanded liquid mixture is formed in the saturator and then, is 

delivered to the precipitation vessel, where steady state compositions are obtained. 

A water solution (or distilled water in the experiments for empty liposomes 

formation) is atomized in the vessel using a 80 μm injector diameter and the 

droplets come in contact with the surrounding high pressure expanded liquid. 

Liposomes suspension is collected at fixed time intervals into a reservoir located 

downstream the high pressure vessel using an on-off valve.  

A schematic representation of the apparatus is depicted in Figure 1. Detailed 

description of the apparatus is reported elsewhere[31].  
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Figure 1: Schematic representation of the SuperLip process layout.  

 

 

2.3 Liposomes characterization: morphology, size distribution and protein 

quantification 

The morphology of the produced liposomes was studied using a Field Emission-

Scanning Electron Microscope (FE-SEM mod. LEO 1525; Carl Zeiss SMT AG, 

Oberkochen, Germany). Samples were prepared for microscopy analysis using the 

following procedure. A  drop of liposomes suspension was placed over an adhesive 

carbon tab previously stuck over an Aluminum stub. The drop was left dry at air 

over night. The sample was then covered with gold using a sputter coater (model 

B7341; Agar Scientific, Stansted, UK). 

Particles size distribution (PSD), mean diameters (MD), polidispersity index 

(PDI) and zeta potential of the liposome suspensions were measured using a 

Malvern Zeta Sizer laser scattering instrument (mod. Zetasizer Nano S, 

Worcestershire, UK). 1 mL of the produced suspension was used for each test, 

without any further dilution step.  

For the determination of encapsulation efficiencies, liposomes suspensions 

were centrifuged at 6500 for 45 minutes. After centrifugation the concentration of 

the drug in the supernatant (mg drug) was analyzed using UV-vis spectroscopy, using 

a wave length of 280 nm for BSA and 515 nm for Fluorescein. The encapsulation 

efficiency was calculated  with respect to the total theoretical drug content (mg 

loaded) using the following equation: 

 

𝐸𝐸 = 100 − (
 𝑚𝑔 𝑑𝑟𝑢𝑔

𝑚𝑔𝑙𝑜𝑎𝑑𝑒𝑑
) ∗ 100 
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The procedure of analyzing the supernatant concentration for the determination of 

encapsulation efficiency is discussed elsewhere [32].  

 

3 RESULTS AND DISCUSSION 

3.1 Production of empty liposomes: effect of temperature, pressure and lipid 

composition 

The first set of experiments was performed to form empty PC liposomes, 

and therefore, water only was atomized. Temperature inside the vessel and the 

mixer, was set at 40 °C and vessel and mixer pressure were set to 125, 150 or 175 

bar. The nozzle used for atomization had 80 µm internal diameter and water flow 

rate was fixed at 10.0 mL/min. The gas/liquid ratio (GLR w/w) in the saturator was 

fixed at 2.42 with the following flow rates: 6.7 g/min for the CO2, 3.5 mL/min for 

the phospholipids ethanolic solution. PC concentration in ethanol solution was fixed 

at 0.2 mg/mL. Considering the high pressure phase equilibra data for the system 

CO2-ethanol-water at 40 °C and in the 100-200 bar pressure range, (reported in the 

Figure 2), the selected process conditions ensure that the operative point, 

represented in the same figure, is located inside the miscibility hole where water 

and expanded liquid phase split in two phases and a water in the organic CO2 

solution (ethanol + PC) emulsion can be formed.  
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Figure 2. Phase equilibrium data for the CO2-ethanol-water system at 40 °C and 100÷200 

bar pressure range, adapted from [33]. The position of the operative point for the 

experiments performed at 125, 150 and 175 bar is also  reported (red colored).  

 

Table 1 reports the mean diameter of PC liposomes produced by SuperLip 

in these first experiments at different pressures. Liposomes mean diameter varied 

between 330 (±82) and 250 (±62) nm when the pressure was increased from 125 
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and 175 bar.  Increasing the pressure also a sharping of the PSD amplitude was 

observed, lower PDI were obtained in correspondence of the higher value of 

pressure. A comparison of PSDs of liposome suspensions obtained at different 

pressures is reported also in Figure 3, where the effect of pressure on liposomes 

mean diameter and suspension PDI can be better appreciated. The effect of pressure 

on liposomes mean size can be explained with an increase of CO2 density and 

consequently of expanded liquid mixture density [34] (pure CO2 density data under 

pressure are reported in Table 1, calculated using the Bender equation of state [35]) 

that favors atomization of water injected in the high pressure vessel [36]. The 

generation of smaller water droplets, consequently, leads to the decrease of 

liposomes diameter.  

 

Table 1. Liposomes size distributions obtained at 40 °C for different pressures. Process 

conditions: CO2 flow rate 6.7 g/min, GLR= 2.42, water flow rate 10 mL/min, PC  and 

PC/PG concentration in ethanol solution was fixed at 0.2 mg/mL, PC/PG ratio = 1/9,  

nozzle diameter 80 µm. 

p(bar)  
CO2 density  

(Kg m-3) 

PC 

Mean size  

(nm ± SD)  

PDI  

PC/PG 

Mean size  

(nm ± SD)  

PDI  

125  730 330±82  0.50  350±101  0.58  

150  781 280±68  0.49  300±75  0.50  

175  815 250±62  0.50  280±95  0.50  
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Figure 3.  PSDs of PC liposomes suspension produced at 40 °C for different pressures.  
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A FESEM image of liposomes morphology obtained at 150 bar, 40 °C is 

reported in Figure 4. Samples for microscopy were prepared using the procedure 

described in Materials and Methods section. Liposomes arre approximatively 

spherical, with sub-micrometric dimensions and a rough surface.  
 

 

Figure 4 FESEM image of PC liposomes produced at 150 bar and 40 °C.  

 

Zeta potential is a measure of the surface electrical charge of particles. The 

magnitude of the zeta potential gives an indication of the potential stability of the 

colloidal system. As the zeta potential increases, also repulsion between particles 

increases, leading to a more stable colloidal dispersion. If all particles in suspension 

have a large negative or positive zeta potential then they will tend to repel each 

other and there will be no tendency for the particles to stay together. SuperLip 

process allows the direct production of stable liposomes with high and negative 

surface charge, with a zeta potential of about -20 mV. 

Experiments at 40 °C and at different precipitation pressures were also 

performed using a mixture of PC and PG in the weight  ratio 9/1, maintaining the 

overall lipid concentration in ethanolic solution at 0.2 mg/mL. Results are reported 

in the Table 1.  

Using a mixture of phospholipids, larger liposomes have been obtained, 

indeed PC/PG liposomes mean diameter varied between 350 (±101) and 280 (±95) 

nm when the pressure was increased from 125 and 175 bar, whereas PC liposomes 

mean diameter varied between 330 (±82) and 250 (±62) in the same process 

conditions.  

A comparison of results obtained at the same process conditions using only 

PC and PC/PG mixture is plotted in Figure 5. This figure shows more evidently 

that, when PG is used in the formulation, lipid bilayer vesicles with larger 

dimensions are systematically obtained. This effect can be explained considering 

the higher steric volume of the PG polar head. PG in the lipid bilayer also produces 

a slight increase of the surface charge of liposomes: liposomes suspensions 

prepared using PC/PG lipids were characterized by a higher negative zeta potential 

value of about -30 mV.   
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Figure 5 Liposomes mean diameters obtained at different pressure and lipids composition  

 

 

Also in these experiments the effect of larger pressures is the reduction of 

liposomes dimensions and PDI (see Table 1,). These results confirm the trend observed 

in the case of PC liposomes, see also from Figure 5.  Experiments using the PC/PG lipid 

mixture were also performed at a higher temperature (70 °C). Homogeneous PSDs were 

obtained also in this case. A comparison of PSDs obtained at 40 °C and 70 °C for 125, 150 

and 175 bar, is shown in Figure 6. Increasing temperature larger liposomes are produced as 

a consequence of a reduction of expanded liquid density. Indeed operating at 40 °C and for 

pressures between 125 and 175 bar expanded liquid densities of about 730-815 Kg·m-3 are 

obtained in the vessel, for the same set of operative pressures the fluid density decreased to 

375-600 Kg·m-3 at 70 °C. It can have a determining role in reducing the atomization 

efficiency of water, thus producing larger droplets and then larger liposomes.  
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Figure 6 PSDs of PC/PG liposomes suspensions obtained at different pressures at 40°C and 

70°C.  
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Comparing the results obtained at different pressures and at different process 

temperatures (see Figure 7) a clear trend is evident: the higher the pressure, the 

lower the temperature (i.e. the higher is the expanded liquid density) the smaller are 

mean diameters of liposomes.  
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Figure 7 Effect of pressure on PC/PG liposomes diameter at two different temperatures. 

 

3.2 Production of loaded liposomes 

To demonstrate the potential improvement of encapsulation efficiency of 

hydrosoluble drugs using SuperLip process, first experiments were performed 

loading fluorescein in the water phase to be atomized and the encapsulation 

efficiency (EE) of the formed PC liposomes was measured. Fluorescein was used as 

a model hydrophilic compound. Loaded liposomes were produced at 150 bar, 40°C 

precipitation conditions. GLR and CO2 flow rate, ethanol flow rate and 

phospholipids concentration were maintained constant as in the previous 

experiments. Liposomes with different fluorescein theoretical loading have been 

produced, as shown in Table 2. The theoretical loading is expressed as the 

percentage amount of fluorescein in the water solution with respect to the amount of 

phospholipids in the ethanol solution. Liposomes with an average diameters of 

about 220±72 nm have been obtained loaded with 1, 3 and 6% of fluorescein. 

Loaded and not loaded liposomes showed approximatively the same average 

diameter and particles size distribution. Elevated encapsulation efficiency was 

obtained for all the fluorescein loading tested,  around 92-100%. Each experiment 

reported in Table 2 was repeated in triplicates; from the comparison of the results 

obtained from the encapsulation efficiency it appeared that the process is 

characterized by high reproducibility of the results. 

The same experiments were performed using BSA as a model protein. 

Liposomes with the theoretical loading of 10, 30 and 60% have been produced in 

this case. PC liposomes encapsulating BSA have been successfully produced, with 

average diameters of 266±71 nm. Encapsulation efficiencies were elevated also for 

BSA between 93-98%.  
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Table 1. Encapsulation efficiency Fluorescein and BSA loaded liposomes obtained at 150 

bar and 40 °C. Process conditions: CO2 flow rate 6.7 g/min, GLR= 2.42, water flow rate 10 

mL/min, PC  and PC/PG concentration in ethanol solution was fixed at 0.2 mg/mL, 
nozzle diameter 80 µm.  

 

 
Theoretical 

loading % 
EE 

Real 

Loading 

Fluorescein 

1 95.71 0.96 

3 99.65 2.98 

6 92.57 5.55 

BSA 

10 98.13 9.81 

30 92.74 27.8 

60 98.50 59.10 

 

 

 

Also PG/PC liposomes encapsulating BSA at 10% have been produced.  

Liposomes with an average diameter of 350±90 nm were obtained. The 

encapsulation efficiency obtained during these tests ranged between 90 and 95% 

confirming the hypothesis of a very high efficiency of the entrapment of hydrophilic 

compounds, thanks to the direct formation of liposomes around the water solution 

containing the solute.  
 

 

CONCLUSIONS 

In conclusion in this work the SuperLip process has been applied efficiently 

to the production of loaded submicrometric liposomes obtaining high encapsulation 

efficiency (90-100%), with a good control of PSDs and reproducibility of results. 

These results are important, because confirm that the SuperLip process can 

overcome the common limitations of liposomes preparation techniques. To obtain 

this result it was necessary to change the principal steps involved in liposomes 

preparation processes. Usually all the techniques started with lipid layer or dry 

particles production and subsequently they are rehydrated with water; in this way 

encapsulation efficiency cannot be high even from a theoretical point of view. The 
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SuperLip process was developed focusing the attention of the water internal phase 

of liposomes; for this reason in this process the basic part is the atomization of 

water+solute solution in a high pressure vessel in which phospholipids are dissolved 

in an expanded liquid. Results obtained in this work, give a confirmation of the 

postulated mechanism of liposomes formation during the process. In particular, the 

efficiency of water atomization determines liposomes dimension because liposomes 

are formed around atomized water droplets maintaining the dimension of the 

generating droplet, thus ensuring a high encapsulation efficiency.  
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