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Abstract: A novel method to prepare cyclosporin A encapsulated liposomes was introduced 

using supercritical fluid of carbon dioxide (SCF-CO
2
) as an antisolvent. To investigate the 

strength of the newly developed SCF-CO
2
 method compared with the modified conventional 

Bangham method, particle size, zeta potential, and polydispersity index (PDI) of both liposomal 

formulations were characterized and compared. In addition, entrapment efficiency (EE) and 

drug loading (DL) characteristics were analyzed by reversed-phase high-performance liquid 

chromatography. Significantly larger particle size and PDI were revealed from the conventional 

method, while EE (%) and DL (%) did not exhibit any significant differences. The SCF-CO
2
 

liposomes were found to be relatively smaller, multilamellar, and spherical with a smoother 

surface as determined by transmission electron microscopy. SCF-CO
2
 liposomes showed no 

significant differences in their particle size and PDI after more than 3 months, whereas con-

ventional liposomes exhibited significant changes in their particle size. The initial yield (%), 

EE (%), and DL (%) of SCF-CO
2
 liposomes and conventional liposomes were 90.98 ± 2.94, 

92.20 ± 1.36, 20.99 ± 0.84 and 90.72 ± 2.83, 90.24 ± 1.37, 20.47 ± 0.94, respectively, which 

changed after 14 weeks to 86.65 ± 0.30, 87.63 ± 0.72, 18.98 ± 0.22 and 75.04 ± 8.80, 84.59 ± 5.13, 

15.94 ± 2.80, respectively. Therefore, the newly developed SCF-CO
2
 method could be a better 

alternative compared with the conventional method and may provide a promising approach for 

large-scale production of liposomes.

Keywords: supercritical carbon dioxide, liposome, chemical stability, physical stability

Introduction
Cyclosporin A (CsA) is a neutral, hydrophobic, cyclic peptide of amino acids which 

contains four intramolecular hydrogen bonds that impart high rigidity to its cyclic 

structure.1 CsA is a powerful immunosuppressive drug which is used to prevent 

rejection of transplanted organs, and it is also used for the treatment of several auto-

immune and some parasitic diseases.2,3 CsA is currently the second most commonly 

used agent in the treatment of immune-mediated ocular surface diseases, following 

corticosteroids, the side effects of which are well known.4 Presently there are various 

dosage forms – eg, capsules (oral), injectables (injection), solution (oral), and emul-

sion (ophthalmic) – of CsA reported in the market.5 The marketed CsA formulations 

Sandimmune® (Novartis International AG, Basel, Switzerland) and Neoral® (Novartis 

International AG) contain both surfactants and alcohol, which have limitations both 

in product safety for the parenteral dosage form and in shelf-life of oral products.2 
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Currently, CsA is commercially available in the form 

of oil-in-water emulsion eye drops (Restasis®; Allergan, 

Irvine, CA, USA). However, drawbacks of topical emul-

sions include poor ocular tolerance, low bioavailability, and 

instability.6 Considerable efforts have been made to improve 

the availability and the tolerance of topically applied CsA, 

but so far, none of the delivery systems have been fully 

satisfactory.7 Therefore, development of new formulations 

of CsA continues to be of great importance.

To overcome the problems associated with conventional 

delivery systems and to improve the efficiency of CsA, 

liposomes have been investigated as a delivery system for 

CsA.8 Over the past two decades, a number of studies9–15 have 

examined the potential application of liposomes as carriers 

for CsA. However, these studies are restricted to only small-

scale manufacture of liposomal CsA.

In particular, the use of organic solvents is objectionable 

in the preparation of medicinal liposomes because of the 

unacceptable effects on the human body and environment 

that might be caused by residual solvent. Although various 

methods have been reported for preparation of liposomes, 

such as thin-film hydration,16 organic solvent injection, 

reverse-phase evaporation, and freeze/thaw method, almost 

all of these methods require a large quantity of organic 

solvents. The freeze/thaw method has been proposed as the 

only method to allow for organic solvent-free preparation 

of liposomes with a large inner aqueous phase;17 however, 

this method requires repeated freezing and thawing, thus 

consuming significant energy and time. Wagner et  al18 

presented a new scalable liposome production scheme for 

the ethanol injection method that enables a several-liter 

production, but there is still the issue of residual ethanol in 

the final product.19 An improved detergent depletion method 

(crossflow filtration) is also reported by Peschka et  al for 

large-scale liposome production, but only preliminary 

studies have been carried out.20 Some other methods, eg, 

spray-drying,21 spray-freeze-drying,22 are also reported for 

liposome preparation. However, most of the currently avail-

able methods to generate liposomes are in particular suitable 

for the laboratory and less so for an industrial approach.19

Supercritical fluids (SCFs) exist as a single fluid phase 

above the critical temperature and pressure of the fluid.23 

The solvent properties of SCFs can be adjusted by alter-

ing experimental conditions (temperature and pressure). 

In particular, SCF of CO
2
 (SCF-CO

2
) offers considerable 

potential as an environmentally friendly alternative solvent 

that can replace organic solvents because it has a low critical 

temperature (T
c
 = 31°C) and pressure (P

c
 = 7.38 MPa) and is 

nontoxic, noninflammable, and inexpensive.24,25 Due to the 

exceptional properties of these fluids, SCF-CO
2
 has attracted 

a great deal of attention for preparation of liposomes.24,26–28 

There are several studies reporting on the preparation of 

liposomes using SCF-CO
2
.29 Frederiksen et al30 introduced 

the liposome preparation method in 1994 by injecting the 

SCF-CO
2
 containing lipid and cholesterol dissolved in 

organic solvent, into the aqueous phase, which produced 

small unilamellar vesicles 20–50 nm in size. This method 

utilized low consumption of organic solvent (ethanol), but 

low yield and entrapment efficiency (EE) and high capital 

cost is reported with this method.29 Supercritical reverse-

phase evaporation method introduced by Otake et  al24 is 

physically simpler than Frederiksen et  al30 and requires 

less CO
2
; the mechanism of formation of liposome is more 

complicated.29 Later, Otake et al31 developed an improved 

supercritical reverse-phase evaporation technique to avoid 

the use of organic solvent in liposome formation and enhance 

the stability and drug-loading efficiency.29 The present SCF-

CO
2
 method used in this study is a novel approach and is sim-

pler compared with other methods reported.32 This method 

is based on the supercritical antisolvent (SAS) technique 

in which phospholipid is coated on the surface of lactose, 

forming a thin film, which on hydration gives multilamellar 

liposomes. Some related methods based on SAS technique 

are reported, but these methods generate fine and aggregated 

phospholipid particles, regardless of the thin film, and then 

liposomes are formed upon hydrolysis.27,33

According to the US Food and Drug Administration 

and the European Agency of the Evaluation of the Medical 

Products (EMA) guidelines for liposomal drug product, the 

physicochemical properties (eg, morphology, EE, size, size 

distribution, in-vitro release, phase transition temperature) 

of the liposome drug product are critical to ensuring drug 

product quality.19,34,35 The aim of the present study was the 

preparation of liposomal CsA using SCF-CO
2
 based on the 

SAS technique and comparison with conventionally prepared 

liposomes. Parameters of particle size, polydispersity index 

(PDI), zeta potential, morphology, EE, yield, drug load-

ing (DL), and stability were compared between liposomes 

prepared by both methods. To minimize production costs, 

we used naturally derived phosphatidylcholine (PC) from 

soybean (Lipoid S100; Lipoid GmbH, Ludwigshafen, 

Germany) and egg yolk (Lipoid E80; Lipoid GmbH), 

respectively. The overall aim was to develop a liposomal 

CsA formulation using supercritical carbon dioxide, a simple 

and innovative method of preparing liposomes to facilitate 

large-scale production.

submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

366

Karn et al

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2013:8

Materials and methods
Materials
CsA was purchased from Concord Drugs (Hyderabad, India). 

Soybean PC (Lipoid S100; PC . 96%) and egg PC (Lipoid 

E80; PC . 80%) were generously gifted from Lipoid GmbH. 

Cholesterol (USP) was obtained from Sigma-Aldrich (St 

Louis, MO, USA). Lactose anhydrous (DT NF 5X59009) was 

purchased from Quest International (Itaska, IL, USA). The CO
2
 

with high purity of 99.99% was supplied by Hanmi Gas Co, 

Ltd (Seoul, South Korea). Ethyl alcohol (purity 99.9%) and 

methyl alcohol (purity 99.5%) were purchased from Samchun 

Chemicals (Gyeonggi-do, South Korea). All other chemicals 

and reagents used were of analytical grade. Purified water of 

Milli-Q quality (Milli-Q Reference, Millipore®, Molsheim, 

France) was used throughout the study.

Preparation of liposomes
Preparation of liposomes by SCF-CO2 method
Multilamellar liposomal CsA was prepared using the method 

reported in a Korean patent.27,32,33 The experimental apparatus, as 

shown in Figure 1, was made up of the following components: 

CO
2
 syringe pump; circular and cooling lines for maintaining 

the CO
2
 pump head, and CO

2
 which flowed out of a storage tank 

(−7°C); and a reaction vessel (72 cm3) containing a magnetic 

stirrer, pressure indicator, and temperature indicator.

For all preparations, 200 mg PC (Lipoid S100 or E80), 

100  mg cholesterol, and 50  mg CsA were dissolved in 

approximately 2.5  mL of ethanol, followed by sonication 

(Ultrasonic Cleaner UC-20; Jeio Tech Co, Ltd, Seoul, South 

Korea) until a clear and homogenous solution was obtained. 

The CsA-lipid solution and 900 mg lactose were then sealed 

in the reaction vessel. The supercritical CO
2
 was pumped to 

the vessel by an ISCO syringe pump (Model 260D; ISCO Co, 

Louisville, KY, USA). The conditions of the reaction vessel 

were investigated at temperatures ranging from 35°C to 50°C 

and pressures ranging from 8 to 25 MPa. After approximately 

30 minutes of stirring at equilibrium, additional supercritical 

CO
2
 continued to flow into the vessel for about 30 minutes 

to wash out any remaining solvent (ethanol). The vessel 

was then slowly depressurized to atmospheric pressure, and 

CsA-lipid coated the surface of lactose particles, forming 

a thin film. The resulting thin film was then hydrated with 

10 mL of Milli-Q water in the reaction vessel at 50°C to form 

multilamellar liposomes. The liposomes obtained from this 

process were termed SCF-CO
2
 liposomes in this study.

Preparation of liposomes by the modified 
conventional Bangham method
The modified Bangham method16,36 was adopted as the con-

ventional method used to prepare liposomes for comparison 

with CsA-liposomes prepared by the novel SCF-CO
2
 method. 

Briefly, 200 mg phospholipids (Lipoid S100 or E80), 100 mg 

cholesterol, and 50 mg CsA were dissolved in approximately 

2.5 mL of ethanol, followed by sonication to obtain a clear 

CO2

storage
tank

Pressure
indicator

Temperature
indicator

Pressure release valve

Syringe pump

Stirring tip

Stirrer

Reaction
vessel

H2O

��

��

Figure 1 Schematic representation of the experimental apparatus for liposome preparation by SCF-CO2 method.
Abbreviation: SCF-CO2, supercritical fluid of carbon dioxide.
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and homogenous solution. Anhydrous lactose was then 

transferred to a round-bottom flask to which the drug-lipid 

solution was slowly poured. The flask was then connected 

to an EYELA rotary evaporator (N-1110V-W; EYELA, 

Shanghai, China) and water bath (SB-1200; EYELA), with 

the temperature maintained at 45°C with proper mixing. The 

organic solvent was then removed by reduced pressure and 

temperature to obtain a film on the wall of the vessel. The 

dry lipid film was hydrated with 10 mL Milli-Q water at 

50°C to generate multilamellar liposomal suspensions. The 

obtained liposomes were referred to as conventional or film 

liposomes in this study.

Characterization of liposomes
Yield of CsA from liposomal CsA preparations
For determination of CsA in liposomes, 40  µL of lipo-

somes were ruptured by methanol and the volume made up 

to 5.0 mL. The CsA content in the resulting solution was 

analyzed by an Agilent 1200 Series System (Agilent Tech-

nologies, Santa Clara, CA, USA). The chromatographic con-

ditions were as follows: a C18 analytical column (Supelco™; 

Sigma-Aldrich), 4.6 mm × 150 mm, 3 µm, was used at 70°C. 

The mobile phase consisted of acetonitrile and distilled 

water (90%:10%, v/v) at a flow rate of 1.0 mL/min. Sample 

injection volumes were 10 µL, and CsA detection was per-

formed using an ultraviolet detector (Agilent Technologies) 

at a wavelength of 210 nm. The relative retention time was 

found to be around 2.6 min. The percentage yield of CsA 

was calculated from equation 1.

Y ld
weight of CsA in liposomes

Theoretical w
ie % 

     
 

Analysed
( ) =

eeight of CsA in liposomes    
× 100�

(1)

Determination of EE and DL
For EE, 40  µL aliquots of liposomes were diluted with 

960 µL of Milli-Q water. Resulting liposomal solutions were 

then placed in polycarbonate centrifuge tubes (Beckman 

Instruments, Inc, Fullerton, CA, USA) and centrifuged 

(Optima™ MAX-XP Ultracentrifuge; Beckman Instruments) 

at 50,000× g for 40 minutes at 4°C to separate the multila-

mellar vesicles from the aqueous solution containing free 

CsA. Free drug concentration in the aqueous solution was 

determined by high-performance liquid chromatography 

assay (Agilent 1200 Series; Agilent Technologies). Both 

the supernatant (clear solution) and residues (drug content) 

were dissolved in methanol, and analyses were performed. 

The EE and DL of CsA were calculated using equations 2 

and 3, respectively.37

Entrapment efficiency (EE %
W W

W
100total free

total

  ) =
−

×
�

(2)

Drug l ing DL
W W

W
  oad % total free

lipids

( ) =
−

× 100
�

(3)

where W
free

 is the analyzed weight of free drug in the super-

natant, W
total

 is the analyzed weight of drug in the liposomal 

dispersions, and W
lipids

 is the theoretical weight of lipids used 

in the preparation.

Determination of particle size, PDI,  
and zeta potential of CsA-liposomes
The average diameter, polydispersity, and zeta potential of 

liposomes were measured by dynamic light scattering (DLS) 

with a particle size analyzer (ELS-Z; Otsuka Electronics, 

Hirakata, Japan) at room temperature. CsA-liposomal sus-

pensions were properly diluted with Milli-Q water before 

measurements to adjust the intensity. To avoid interference 

from very large aggregates or dust particles, liposomes 

were filtered through polytetrafluoroethylene (PTFE) syringe 

filters with 1.0 µm pore size Whatman™ filters. The PDI 

was also determined as a measurement of the level of homo-

geneity of particle sizes. The PDI was calculated using the 

cumulants analysis method.38 A value of PDI less than 0.1 

represented monodispersion, while values greater than 0.1 

represented polydispersion of liposomal vesicles.

Transmission electron microscopy (TEM)
The morphology of SCF-CO

2
 liposomes was observed by 

TEM using a Philips CM200 (Koninklijke Philips Elec-

tronics NV, Amsterdam, Netherlands) at an accelerating 

voltage of 200 kV. For negative-staining, liposomes were 

suitably diluted with Milli-Q water and applied to a copper 

grid (200  mesh, hexagonal field). Further, samples were 

air-dried for 30 minutes at room temperature after remov-

ing the excessive sample with filter paper. After adhesion of 

liposomes, 10 µL of a 2% (w/v) uranyl acetate solution was 

dropped onto a grid as a staining solution. The excess staining 

solution was removed with filter paper over 30 seconds. To 

remove impurities, the uranyl acetate solution was filtered 

through 0.45  µm polycarbonate filters before deposition. 

Finally, samples were air-dried for about 10 minutes at room 

temperature, and TEM images were obtained.36,39

Stability studies of liposomes
Physical stability of liposomes
Liposomal size and PDI of both conventional and SCF-CO

2
 

liposomes were the parameters chosen to indicate the physical 
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stability of liposomes. Measurements were performed imme-

diately after preparation of the liposomes and at different time 

intervals thereafter over a period of 3 months. Liposomes 

were stored in glass vials at 4°C. Filtered liposomes (1 µm 

PTFE filters) were used for this study. Particle sizes and 

PDIs were measured using the ELS-Z particle size analyzer 

(Otsuka Electronics).

Chemical stability of liposomes
For chemical stability, liposomes were kept refrigerated 

at 4°C, and at predetermined times over a period of 

3 months, liposomal suspensions were subjected to analysis. 

The yield (%), EE (%), and DL (%) of CsA in liposomes were 

the parameters chosen to evaluate stability in this study.

Lyophilization of CsA-liposomes
The effect of lyophilization on the stability of liposomes was 

evaluated using a laboratory freeze-drier (FD 8508; Ilshin 

Laboratory Co, Ltd, Seoul, South Korea). Both conventional 

and SCF-CO
2
 liposomal formulations were lyophilized fol-

lowing two different strategies: with and without the use 

of an additional cryoprotectant (4% [w/v] trehalose and 

6% [w/v] mannitol). An aliquot of 1.0  mL of liposomes 

without additional cryoprotectant and 100 µL of the lipo-

somes diluted with Milli-Q water containing cryoprotectant 

as described above were kept in vials. Next, the samples 

were frozen at −70°C for 12 hours (Ultra-Low Temperature 

Chest, 700 Series; Thermo Scientific, OH, USA) followed 

by freeze-drying at −40°C for 72 hours under 10 Pa vacuum. 

Liposomes were rehydrated with normal saline water before 

measurement. Reconstituted liposomes were further charac-

terized by determining particle size, PDI, yield, and EE.

Statistical analysis
Statistical analysis was performed using SPSS (IBM Corpora-

tion, Armonk, NY, USA) software, version 18.0 for Windows. 

Paired t-tests were used to compare the mean values between 

the formulations. The level of significance was set as 

P , 0.05. All results were expressed as the mean ± standard 

deviation.

Results and discussion
Optimization of the liposomal CsA 
preparation process
The principle of liposome formation by SCF-CO

2
 is similar 

to that of the SAS process in which success depends on the 

solubility of the liquid solvent in the SAS, as well as the 

fact that the solute is not soluble in the antisolvent. In this 

method, it is necessary to find the optimum temperature and 

pressure for selective crystallization of the solute from its 

solution. Table 1 shows the mean diameter, yield, EE, and 

DL of liposomal CsA produced by the SCF-CO
2
 process 

using ethanol as an organic solvent at various conditions of 

temperature and pressure. The range of temperatures was 

between 35°C and 50°C, while the pressure was varied 

from 8 to 25  MPa. Ethanol was selected as the organic 

solvent for this study because it is considered suitable for 

contact with products for human consumption when pres-

ent in moderate concentration. In all experiments, the dried 

lactose particles coated with the drug-lipid mixture were 

hydrated at 50°C.

It was observed that pressures below 8 MPa and tem-

peratures below 35°C were not appropriate for the liposomal 

CsA preparation because of residual solvent in the reaction 

vessel. This may have been due to the subcritical state of 

the mixtures of CO
2
 and organic solvents. Diffusion coef-

ficients at subcritical temperatures were smaller than those 

at supercritical temperatures,40 resulting in insufficient 

removal of organic solvents. By increasing the tempera-

ture of the SCF-CO
2
 process, the percentage yield of CsA 

was significantly decreased. This can be explained by the 

Table 1 Effects of pressure and temperature on the SCF-CO2 process of CsA-liposomes

Temperature  
(°C)

Pressure  
(MPa)a

Mean diameter  
(nm)

Yield (%)b EE (%) DL (%)

40 10.0 1232.98 ± 76.92 87.21 ± 2.97 90.84 ± 0.89 20.01 ± 1.31
45 10.0 1137.96 ± 131.39 89.34 ± 2.73 91.74 ± 1.23 20.49 ± 0.87
50 10.0 1217.74 ± 229.14 79.73 ± 4.28 90.26 ± 0.36 17.99 ± 0.34
45 12.5 1224.15 ± 263.39 70.37 ± 5.78 88.60 ± 1.85 15.57 ± 0.99
45 15.0 1092.34 ± 120.06 69.28 ± 2.96 90.28 ± 2.76 15.37 ± 0.90
45 17.5 1267.14 ± 69.24 60.99 ± 5.55 85.86 ± 1.79 13.10 ± 1.49
45 20.0 1126.02 ± 244.96 55.14 ± 8.88 85.13 ± 1.64 11.72 ± 1.81
45 25.0 1141.84 ± 298.11 42.15 ± 4.22 84.45 ± 2.13   9.35 ± 0.92

Notes: The lipid used in all preparations was Lipoid S100. Values denote the mean ± standard deviation of four separate sets of experiments. aA pressure of 8 MPa was unable 
to generate liposomes in this study; bthe percentage yield of CsA in liposomes.
Abbreviations: SCF-CO2, supercritical fluid of carbon dioxide; CsA, cyclosporin A; EE, entrapment efficiency; DL, drug loading.

submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

369

Novel method to prepare cyclosporin A encapsulated liposomes

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2013:8

increased solubility of the drug in supercritical CO
2
 at 

higher temperatures.

Liposomal CsA prepared by the SCF-CO
2
 process at 

pressures above 10 MPa was studied. Table 1 shows that the 

highest CsA yield of around 90% was obtained at 10 MPa. 

The antisolvent capacity of supercritical CO
2
 increases with 

increasing pressure at constant temperature, which means 

that the mutual solubility of supercritical CO
2
 and organic 

solvents for a given drug can also be increased with increas-

ing pressure.41 If the solubility of the solute increases along 

with the pressure, then it follows that lower yields will be 

obtained from the amount of the solute dissolved in super-

critical CO
2
. Consequently, there is competition between 

the antisolvent and solvent effects of the supercritical CO
2
 

in the SAS process. Therefore, the reason that the highest 

CsA yield was found at 10 MPa might be that the solubility 

of CsA in supercritical CO
2
 was smallest among the experi-

mental pressures. EEs were significantly decreased when the 

pressure exceeded 15 MPa; however, pressure did not seem 

to have a perceivable effect on particle size. These results 

were consistent with the findings of a previous study using 

the drug amphotericin B.32 Specifically, it is well known that 

pressure is the most relevant parameter in controlling particle 

size during the gas antisolvent process, but this is not the case 

for the SAS process.42

As shown in Table 1, among the pressure and temperature 

conditions evaluated, liposomes prepared at 10  MPa and 

45°C exhibited the best results in all the parameters tested, 

with a relatively lower PDI (data not shown). Therefore, 

further experiments of liposomal CsA prepared by the SCF-

CO
2
 process utilized a temperature of 45°C and pressure of 

10 MPa.

This SCF-CO
2
 method of liposome preparations had some 

limitations. For preparing liposomes, carrier (eg, lactose) was 

required to coat, the rate of depressurization was manually 

controlled, and this method could not generate liposomes of 

much smaller size.

Particle size and zeta potential  
of CsA-liposomes
The results obtained with SCF and conventionally prepared 

liposomes are shown in Table 2. The mean diameter of the 

unfiltered liposomes prepared by the SCF-CO
2
 method was 

around 0.7–1.4 µm, whereas the unfiltered liposomes formed 

by the conventional method ranged from 1.4 to 2.5 µm as 

observed by the DLS method. The PDI of the SCF-CO
2
 

liposomes was found to be relatively lower than that of 

conventional liposomes. The large PDIs of conventional 

Table 2 Particle size, polydispersity index, and zeta potential 
of different liposomes prepared by conventional and SCF-CO2 
methods

Liposome Mean diameter  
(nm)

Polydispersity 
index

Zeta potential 
(mV)

Non-filtered
  SCF-S100 1137.96 ± 131.39 0.34 ± 0.02 -7.73 ± 3.38
  SCF-E80 747.04 ± 82.30 0.30 ± 0.03 -30.77 ± 7.00
  Film-S100 2155.90 ± 373.55 0.61 ± 0.09 -7.92 ± 5.55
  Film-E80 1543.01 ± 66.31 0.51 ± 0.10 -22.4 ± 9.33
Filtered
  SCF-S100 188.93 ± 17.00 0.22 ± 0.02 -6.82 ± 2.96
  SCF-E80 166.58 ± 9.60 0.18 ± 0.01 -30.72 ± 1.92
  Film-S100 244.30 ± 44.15 0.22 ± 0.02 -5.76 ± 0.56
  Film-E80 198.87 ± 26.24 0.20 ± 0.03 -19.25 ± 6.12

Notes: “Filtered” represents liposomes passed through a 1.0 μm pore size PTFE 
syringe filter before analysis. Values denote the mean ± standard deviation of six 
separate sets of experiments.
Abbreviations: SCF-CO2, supercritical fluid of carbon dioxide; SCF-S100, 
supercritical fluid liposomes prepared using Lipoid S100; SCF-E80, supercritical fluid 
liposomes prepared using Lipoid E80; Film-S100, conventional liposomes prepared 
using Lipoid S100; Film-E80, conventional liposomes prepared using Lipoid E80; 
PTFE, polytetrafluoroethylene.

liposomes suggested a heterogeneous vesicle population. The 

results of the particle size measurement by DLS indicated 

that liposomes prepared with SCF-CO
2
 were relatively much 

smaller (P , 0.02) and more homogenous in size. Similar 

results were also reported by Kadimi et al26 and Otake et al,31 

where liposomes obtained by SCF-CO
2
 were much smaller 

in size compared to the Bangham method.

Liposomes generally undergo further treatment, eg, 

sonication, homogenization, or extrusion, just after prepa-

ration in order to reduce the particle size to the nanometer 

range.19,29 Use of nanoliposomes has been reported in a wide 

variety of applications in drug-delivery systems.43

Two types of lecithin were used in this study. Lipoid 

S100 derived from soy lecithin contained PC  .  95%, 

whereas Lipoid E80 derived from egg lecithin contained 

PC 80%–85%. These materials differed with respect to 

the content and properties of lipids, attributing to the dif-

ference in size of liposomes prepared by Lipoid S100 and 

Lipoid E80. To avoid interference by large aggregates that 

were nonrepresentative of the preparation as a whole, lipo-

somes were passed through 1-µm PTFE (Whatman) syringe 

filters, which was considered to not affect the sub-1-µm 

liposome population.44,45 After filtration, SCF-CO
2
 liposomes 

had a mean diameter of 150–200 nm, with a PDI of not more 

than 0.25, whereas conventional liposomes had diameters 

of 200–250  nm, with a PDI around 0.25. Table  2  shows 

that there was a significant difference (P , 0.05) between 

the particle sizes of SCF-S100 and Film-S100, although 
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none of the other liposome preparations exhibited similar 

differences.

The zeta potentials observed with all liposomal prepa-

rations showed that the negative surface charge ranged 

from −7 to −30 mV. This negative surface charge imparted 

by lecithin was mainly due to phosphatidic acid present in 

the phospholipid products.46

EE and DL of CsA-liposomes
The four different formulations of CsA-loaded conventional 

and SCF-CO
2
 liposomes are summarized in Table 3, together 

with their yields and DL capacities. Liposomes with high 

EEs were achieved. Specifically, the EEs for the SCF-S100, 

Film-S100, SCF-E80, and Film-E80 were 91.74 ±  1.73, 

90.66 ± 1.53, 90.38 ± 0.96, and 89.11 ± 1.68, respectively. 

Similarly, Guo et  al,14 Guan et  al,15 and Shah et  al36 have 

reported the high EE% of CsA in liposomes. Statistical analy-

sis showed that EE of a drug is independent of preparation 

method, and that the differences between SCF-CO
2
 and con-

ventional liposomes were not significant (P . 0.05). CsA is 

a highly lipophilic compound. Loading of lipophilic drugs in 

the liposome bilayer is a result of drug and phospholipid inter-

actions, and EE is dependent on the solubility of the drug in 

bilayer membranes.47 The drug to phospholipid ratio is very 

important, because DL in liposomes for lipophilic drugs is 

restricted to the hydrophobic region of the bilayer. The EE 

of CsA in liposomes was also dependent on the cholesterol 

content.10 The ratio of phospholipid, drug, and cholesterol 

selected in this study resulted in a high EE together with 

enhanced yield and DL.

Negative-staining TEM of SCF-CO2 
liposomes
The images from negative-staining TEM of SCF-CO

2
 

liposomes prepared using Lipoid S100 (Figure 2A and B) 

and Lipoid E80 (Figure 2C and D) were multilamellar and 

spherical in shape. The sizes obtained ranged from 100 to 

200 nm according to TEM analysis, which was consistent 

with the results obtained from the particle size measurement 

by DLS, shown in Table 2.

Stabilities of liposomes
Physical stability
Stability is a critical factor that must be considered during 

formulation design and development.48 Physical instability 

of liposomal formulations might become apparent after an 

increase in particle size due to the aggregation or fusion of 

unstable liposomes during formulation processing and/or 

upon long-term storage. Consequently, this instability results 

in rapid uptake by the reticuloendothelial system with subse-

quent rapid clearance, resulting in a short half-life. Therefore, 

preparing liposomes at small and uniform sizes is the most 

important aspect for developing pharmaceutical products.

All liposomal preparations were stored at 4°C and 

protected from direct light for further stability studies. 

The filtered liposomes were used for this study. The initial 

size and PDI were 198.75  ±  10.57  nm and 0.25  ±  0.02 

for SCF-S100 and 164.10 ± 8.47 nm and 0.18 ± 0.01 for 

SCF-E80, respectively. After 14 weeks of storage at 4°C, 

the particle size (Figure 3A) and PDI (Figure 3B) changed 

to 195.77  ±  9.02  nm and 0.26  ±  0.02 for SCF-S100 and 

169.25 ± 4.05 nm and 0.18 ± 0.01 for SCF-E80, respectively. 

It was interesting to note that SCF-CO
2
 liposomes did not 

show significant changes in particle size (P . 0.05) or PDI 

(P . 0.05) during 14 weeks, indicating that there was no 

aggregation. On the contrary, Figure 4 shows the irregular 

behavior of particle sizes and PDI of conventional liposomes 

during 13 weeks of storage at 4°C.

The above results, which suggest that liposomes prepared 

by the SCF-CO
2
 method would be stable for longer periods of 

time without lyophilization, are an indication that our newly 

developed liposomal formulations meet the requirements for 

an effective drug-delivery system.

Chemical stability
Chemical stability is one of the major barriers that limit the 

widespread use of liposomes as a pharmaceutical product.49 

As a dry powder, CsA is very stable for at least two years 

under dark and refrigerated (2°C–8°C) conditions.50 

However, liposomes encapsulated with drugs have several 

problems associated with storage, such as phospholipid 

hydrolysis and decomposition of encapsulated drug.13 Such 

chemical degradation processes might be due to hydrolysis 

of the ester bonds linking the fatty acids to the glycerol 

Table 3 EE, yield, and DL of CsA-liposomes

Liposome Yield (%) EE (%) DL (%)

SCF-S100 89.34 ± 2.73 91.74 ± 1.73 20.49 ± 0.87
Film-S100 90.23 ± 6.88 90.66 ± 1.53 20.45 ± 1.73
SCF-E80 88.25 ± 2.69 90.38 ± 0.96 18.97 ± 1.56
Film-E80 88.16 ± 6.10 89.11 ± 1.68 19.51 ± 1.03

Note: Values denote the mean ± standard deviation of five separate sets of 
experiments.
Abbreviations: EE, entrapment efficiency; DL, drug loading; CsA, cyclosporin A;  
SCF-S100, supercritical fluid liposomes prepared using Lipoid S100; Film-S100, 
conventional liposomes prepared using Lipoid S100; SCF-E80, supercritical fluid 
liposomes prepared using Lipoid E80; Film-E80, conventional liposomes prepared 
using Lipoid E80.
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A B

C D

100 nm 50 nm

100 nm 50 nm

Figure 2 Transmission electron microscopy image of SCF-S100 liposomes (A and B) and SCF-E80 liposomes (C and D).
Abbreviations: SCF-S100, supercritical fluid liposomes prepared using Lipoid S100; SCF-E80, supercritical fluid liposomes prepared using Lipoid E80.

backbone and peroxidation of unsaturated acyl chains, if 

present.46

Figures  5 and 6  show the chemical stability of CsA-

liposomes with respect to changes in yield (%), EE (%), 

and DL (%) during 14 weeks of storage at 4°C. The ini-

tial percentages of yield, EE, and DL were 90.98 ±  2.94, 

92.20 ± 1.36, and 20.99 ± 0.84, respectively, for SCF-S100 

liposomes. Even after 14 weeks of storage at 4°C, there were 

no significant changes (P . 0.05) in any of the parameters 

tested (Figure 5A). On the contrary, Film-S100 liposomes 

had significant reductions in yield (%) from 90.72 ± 2.83 to 

75.04 ± 8.80, EE (%) from 90.24 ± 1.37 to 84.59 ± 5.13, and 

DL (%) from 20.47 ± 0.94 to 15.94 ± 2.80 after 14 weeks of 

storage at 4°C (Figure 5B). Statistically, there were signifi-

cant differences (P , 0.05) between the two formulations, 

suggesting that SCF-CO
2
 liposomes prepared by Lipoid S100 

were much more stable than the liposomes formed by the 

conventional method.

Figure 6 shows that both SCF and film liposomes pre-

pared using Lipoid E80 had relatively lower percentage 

yield, and also there was less drug decomposition with 

SCF-CO
2
 liposomes during long-term storage. Unlike 

SCF-E80 liposomes (Figure  6A), conventional Film-E80 

liposomes showed a remarkable reduction of yield (%) from 

89.92 ± 2.71 to 75.71 ± 3.61 during 14 weeks of storage at 

4°C (Figure 6B).

This study showed that, among the tested liposomes, 

SCF-S100 liposomes were suitable candidates for further 

liposomal formulation. This may have been due to the higher 

percentage of PC in the lecithin, which gave better solubility, 
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as Lipoid S100 yielded better results than the Lipoid E80. 

Similar results were also reported by Badens et  al42 and 

Karn et al,51 where Lipoid S100 produced better results than 

S20 and S75.

In summary, no significant changes in mean particle size, 

PDI, yield, EE, and DL were observed during the stability 

study of SCF-CO
2
 liposomes. These results indicated that 

liposomes prepared by the SCF-CO
2
 method were relatively 

more stable compared with those prepared by the conven-

tional method, which was in accordance with the results by 

Otake et al,31 Aburai et al,52 and Kadimi et al.26 The stability 

of liposomes prepared with SCF-CO
2
 might be explained by 

the static repulsion of the carbonic acids incorporated into 

the bilayer membrane.53 On the other hand, the chemical 

instability of conventional liposomes might be caused by the 

hydrolysis of ester bonds and/or oxidation of polyunsaturated 

acyl chains of lipids.

Effect of lyophilization
Since the structural integrity of liposomes for a long period 

of time is one of the major objectives in optimizing a 

formulation, the effect of the lyophilization process was 

analyzed. It has been reported that liposomes containing 

drug molecules can be lyophilized and reconstituted with 

significant drug retention measured as encapsulated drug and 

without significant change in the mean particle size and PDI.54 

Cryoprotection is needed to protect the liposomes during 

lyophilization, and disaccharides such as sucrose, lactose, and 

trehalose were mainly used to protect the liposomes during 

the freezing stage of the lyophilization cycle.55

Two different lyophilization strategies were evaluated 

in the present study. Since our liposomal formulations 

contained 9% (w/v) lactose, which might play an impor-

tant role as a cryoprotectant, liposomes were freeze-dried 

without any additional cryoprotectant. In the second set of 

samples, additional cryoprotectants (mannitol and trehalose) 

were used to prevent thermodynamic instability. All sam-

ples were evaluated according to changes in particle size, 

PDI, yield (%), and EE (%), and the results are listed in 

Table 4. Our data showed that the process of lyophiliza-

tion did not affect the physical or chemical stability of 

liposomes. Indeed, neither SCF-CO
2
 nor conventional 

liposomes showed any significant changes (P . 0.05) with 

respect to particle size, PDI, yield (%), and EE (%) after 

freeze-drying, which was expected. The size distribution 

of SCF-CO
2
 liposomes prior to lyophilization and after 

reconstitution of dried liposomes showed mono-modal size 

distribution (Figure  7). Both strategies, with or without 

additional cryoprotectants, displayed similar behavior, 

supporting the possibility that liposomal formulations with 

9% (w/v) lactose could be a promising strategy to provide 

a stable formulation.

SCF-CO2 liposomes versus  
conventional liposomes
In this study, we illustrated the difference between liposomes 

prepared using both SCF-CO
2
 and conventional modified 

Bangham methods. Compared with conventional liposomes, 

those produced using the SCF-CO
2
 method had promising 

features that can be summarized as follows:

1.	 Liposome preparation by conventional methods is lim-

ited only to laboratory scale; however, the SCF-CO
2
 

method might be useful for the large-scale manufacture 

Table 4 Influence of the lyophilization process on particle size, polydispersity index, yield, and EE of SCF-CO2 and conventional 
liposomes

Liposome Condition Diameter (nm) PDI Yield (%) EE (%)

SCF-CO2 With CP
Before FD 175.77 ± 3.34 0.19 ± 0.00 87.71 ± 0.96 90.89 ± 0.86
After FD 179.26 ± 8.17 0.24 ± 0.01 87.25 ± 0.32 89.91 ± 1.20
Without CP
Before FD 175.77 ± 3.34 0.19 ± 0.00 87.71 ± 0.96 90.89 ± 0.86
After FD 178.57 ± 5.24 0.25 ± 0.01 86.15 ± 1.72 89.01 ± 1.04

Conventional With CP
Before FD 235.31 ± 5.68 0.20 ± 0.01 89.03 ± 4.26 87.39 ± 2.79
After FD 237.45 ± 23.488 0.23 ± 0.02 87.23 ± 5.13 84.66 ± 3.85
Without CP
Before FD 235.31 ± 5.68 0.20 ± 0.01 89.03 ± 4.26 87.39 ± 2.79
After FD 240.18 ± 24.07 0.23 ± 0.02 86.40 ± 1.27 85.05 ± 2.15

Notes: The liposomes used in this study were SCF-S100 as SCF-CO2 liposome and Film-S100 as conventional liposome. Values represent the mean ± standard deviation of 
three separate sets of experiments.
Abbreviations: EE, entrapment efficiency; PDI, polydispersity index; CP, cryoprotectant; SCF-CO2, supercritical fluid of carbon dioxide; FD, freeze drying.
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microbial contamination that manifested as changes in 

color and smell. In contrast, SCF-CO
2
 liposomes did not 

show any changes. This result suggests that SCF-CO
2
 

preparation may have a sterilization effect.53

6.	 By varying pressure and temperature, the physiochemical 

properties of liposomes could easily be controlled using 

the SCF-CO
2
 method.

7.	 The whole operation took place under mild conditions 

(temperature, 45°C–50°C; pressure, 100–150 bar) and 

thus can avoid the phase transition of phospholipids 

and degradation of partial lipids or drug in liposomes, 

which has implications for large-scale production of 

liposomes.

8.	 A dry liposomal powder can be obtained directly, ie, 

liposomes need not undergo further processing, eg, freeze 

drying, spray-drying, or precipitation.

Conclusion
Liposomes have ample prospective uses in the pharmaceuti-

cal industry; however, the broad application of liposomes 

in drug delivery is still impeded due to scale-up issues. The 

current study revealed that the SCF-CO
2
 method provides 

a simpler and more efficient way to prepare liposomes with 

a characteristically smaller size and better morphology 

(uniform size and shape) together with improved EE and DL. 

In addition, this method was efficient in controlling the 

properties of liposomes. Most importantly, the physical and 

chemical stabilities of SCF-CO
2
 liposomes were much supe-

rior compared with conventional liposomes. Together, these 

results indicate that the SCF-CO
2
 method might serve as a 

potential alternative to the conventional Bangham method. 

Furthermore, SCF-CO
2
 CsA-liposomes may be a promising 

tool for the ophthalmic delivery of CsA. In addition, complete 

elucidation of this newly developed method, with a focus 

on the safety and in-vivo pharmacological efficacy of CsA-

liposomes, is currently under investigation.
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Figure 7 Size distribution (by intensity) of SCF-CO2 liposomes obtained by DLS 
(ELS-Z; Otsuka Electronics, Hirakata, Japan) (A) prior to lyophilization and (B) after 
reconstitution of dried liposomes.
Abbreviations: SCF-CO2, supercritical fluid of carbon dioxide; DLS, dynamic light 
scattering.

of liposomes that complies with good manufacturing 

practice restrictions.

2.	 Environmental friendliness is the best quality associ-

ated with the use of SCF-CO
2
, which is green, nontoxic, 

noninflammable, and inexpensive.

3.	 The particle size and PDI of SCF-CO
2
 liposomes were rela-

tively smaller than those of the conventional liposomes.

4.	 Liposomes formed by SCF-CO
2
 were physically and 

chemically more stable. Therefore, SCF-CO
2
 liposomes 

might be useful for possible development of liposomal 

drug formulations.

5.	 By observing with the naked eye, conventional liposomes, 

if stored for a longer period of time, seemed to have some 
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