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Abstract 

Liposomes are well known vaccine adjuvants, that could associate with different subunit antigens 

by several mechanisms to enhance their immunogenicity. However, the adjuvant effect of 

liposomes differs with varying their physicochemical properties, necessitating the optimisation of 

formulation parameters to achieve the desired adjuvant effect and immune response. Initial 

studies focused on optimizing the production of DSPC and cholesterol liposomes using the 

solvent-free powder hydration method, followed by size reduction via sonication. A 3×4×9 

factorial design, comprising 108 different trials in triplicates, was set to study the influence of key 

factors involved in the preparation process, including the homogenizer speed, stirring time, and 

sonication time. The desired size and PDI were achieved by setting the optimized process factors. 

The model antigen, OVA was loaded into the optimised liposomes which were then purified 

through an optimized dialysis process. Additional formulation factors were adjusted to maximize 

loading efficiency, including the concentration of the cationic surfactant, antigen concentration, 

liposome-to-antigen volume ratio, and the application of lyophilization. Since cationic liposomes 

are known to be the most immunogenic, a comparative study was conducted using different 

cationic surfactants, DODAB, HTAB, DTAC, and DHDAB, across various surfactant-to-lipid ratios. 

The resulting cationic liposomes were evaluated for their physicochemical properties, loading 

efficiency, drug release profiles, kinetic models, and stability. 
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1. Introduction 

Liposomes are well known vaccine adjuvants that can be associated with different subunit 

antigens by several mechanisms to enhance their immunogenicity. They function as both 

immunopotentiators and delivery systems for subunit antigens (1). They protect antigens, 

enhance their delivery and presentation to antigen presenting cells (APCs), and offer a capability 

for a depot formation to prolong the activation of APCs (2). However, the adjuvant effect of 

liposomes differs by varying physicochemical properties, such as their size, surface charge, and 

fluidity, which could be altered by several factors, including their lipid composition and method 

of preparation (3). Accordingly, different formulation parameters need to be optimised to obtain 

the desirable adjuvant effect and immune response. 

Previous studies concluded that cationic liposomes are more immunogenic than anionic and 

neutral liposomes (4,5). This could be attributed to their better ability to form a depot at the site 

of injection due to their interaction with the negatively charged cells, which in turn prolongs the 

exposure of the delivered antigen to the immune cells (6), in addition to the ability of positively 

charged liposomes to interact with the negatively charged surface of APCs with a consequent 

higher rate of endocytosis (7). Cationic liposomes showed higher interaction and cellular 

internalisation with DCs than other types of liposomes (8). Moreover, the lipid composition of 

cationic liposomes affects their interaction with DCs and their immunostimulatory effect (9,10).  

Ovalbumin (OVA), the major protein component of egg white, is a non-toxic and inert peptide 

that has been extensively used as a model antigen for immunological studies and vaccine-related 

research since it is widely available, easy to obtain, and its pure form could be crystallised. (11). 

It can elicit cellular and humoral immune responses and thus allows the study of antigen-antibody 

interactions. It is a glycoprotein with a molecular weight of 44.5 kDa and an isoelectric point (pI) 

of 4.5 (12). This means that it will be negatively charged at a pH above 4.5 as in physiological 

conditions and thus could attach to cationic liposomes by surface adsorption due to electrostatic 

interactions. 

Surfactants are added to different delivery systems to enhance their properties. Adding cationic 

surfactants to liposomes is an easier and cheaper alternative than cationic lipids to render the 
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liposomes cationic (13). Many cationic liposome-forming surfactants with notable 

immunostimulatory properties have been discovered (10). However, the adjuvant effect of 

surfactants is influenced by their alkyl chain. Surfactants with longer alkyl chains tend to show 

more adjuvant activity than those with shorter chains (14). The cationic surfactants 

dimethyldioctadecylammonium bromide (DDA) and 1,2-Dioleoyl-3-trimethylammonium propane 

(DOTAP) have been widely employed in several studies involving the formulation of cationic 

liposomes as vaccine adjuvants. DDA  is a cationic double-chain surfactant with a Tm of 47°C (15). 

DDA has been shown to enhance the immunogenicity of several antigens as well as elicit cell-

mediated and humoral responses (16–19). DOTAP is a cationic double-chain surfactant with a Tm 

of 0°C (20), and showed promising results as a vaccine adjuvant (21–23). 

The aim of this work was to optimize a solvent-free, scalable method for producing cationic 

surfactant-modified liposomes as vaccine adjuvants through a comprehensive optimization study, 

with a focus on investigating various factors influencing the loading efficiency of the model 

antigen, OVA, into liposomes. Additionally, the study includes a comparative evaluation of 

different cationic surfactants, particularly those with limited data in the literature regarding their 

use in liposomal formulations. 

 

2. Materials and Methods 

2.1. Materials 

DSPC - 18:0 PC was purchased from Avanti Polar Lipids, USA. Cholesterol, albumin from chicken 

egg, dimethyldioctadecylammonium bromide (DODAB), hexadecyltrimethylammonium bromide 

(HTAB), dodecyltrimethylammonium chloride (DTAC), dihexadecyldimethylammonium bromide 

(DHDAB), Triton X-100, and QuantiPro BCA assay kit were purchased from Sigma-Aldrich, 

Germany. HPLC grade methanol was obtained from Fisher Scientific, UK. Trifluoroacetic acid (TFA), 

and 2-propanol (IPA) (for HPLC & spectroscopy) were obtained from SD Fine-Chem Ltd, India. 

Biotech CE Dialysis Tubing 300 kDa was obtained from Repligen, USA. 
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2.2. Production of Liposomes by Powder Hydration (PH) Method 

PH method was implemented for the solvent-free and scalable production of liposomes (24). The 

phospholipid DSPC and cholesterol were mixed in a 2:1 weight ratio, then added at a 

concentration of 2 mg/mL to phosphate buffered saline (PBS) pH 7.3, pre-heated to ≈ 70 °C which 

is a temperature above the Tm of DSPC (˃ 55 °C). The mixture was stirred using a high-speed 

homogenizer (Janke & Kunkel GmbH & Co. KG, Germany) at a speed of 8000 rpm for 1 hour with 

the high temperature of the mixture maintained throughout the mixing process. The 

homogenizer speed and stirring time were later adjusted as the process was optimised (see 2.4). 

 

2.3. Downsizing of Liposomes 

2.3.1. Liposomes Downsizing by HPH 

The obtained liposomes were passed through the high-pressure homogenizer (M110P, 

Microfluidics, Westwood, MA, USA) to reduce their size and Polydispersity index (PDI) (25). Water 

heated to 70 °C was maintained in the heat exchanger to ensure the fluidity of liposomes inside 

the homogenizer and thus allow their downsizing. The pressure was adjusted at 20,000 psi and 

the liposomes were processed for three passes, with a sample obtained after every pass. Each 

sample was characterized by measuring its size, PDI and ZP using the particle analyzer (Litesizer 

500, Anton Paar, Austria). 

 

2.3.2. Liposomes Downsizing by Sonication 

Liposomes were placed in a vial which was immersed in a bath sonicator maintained at a 

temperature of 70 °C (above lipids Tm). The liposomes were sonicated for 15 minutes, with 

samples obtained at intervals of 5 minutes. Particle size, PDI, and ZP of all samples were 

determined. 

 

2.4. Process Optimisation 

Liposomes were produced by the PH method and downsized by sonication. A 3×4×9 factorial 

design, involving 108 different trials in triplicates with a total of 324 runs, was set to optimise the 

process parameters and study the influence of different factors involved in the production 

process. These factors included the homogenizer speed, stirring time and sonication time (Table 
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1). The measured responses by which the method was optimised were the size and PDI. Minitab® 

19 was used for the design of experiment (DOE). 

Table 1: Process optimisation factors in a 3x4x9 factorial design. 

 

 

 

 

 

2.5. Production of Antigen Loaded Liposomes 

The cationic surfactant, HTAB was incorporated into the liposomes at a 1:10 weight ratio of the 

total lipids to study the loading of OVA onto cationic liposomes. The prepared liposomes 

dispersion was mixed with an equal volume of OVA solution, vortexed, then kept for 30 minutes 

to ensure complete loading. 

The unloaded free protein was removed from the loaded liposomes by dialysis. Dialysis tubing 

(300 kDa) was rinsed under running water for 30 minutes, then rinsed with distilled water before 

being filled with a 2 mL sample. The tubing ends were secured by sealing clips and the sample 

was then dialyzed against PBS. All dialysis conditions were initially optimised.  

The duration of the dialysis, volume of buffer used, number of buffer exchanges and temperature 

were optimised. A 2 ml sample of OVA in PBS having a concentration of 200 µg/mL was placed in 

the dialysis tubing and dialysis was performed in the different optimizing conditions (Table 2). This 

sample was then collected at the end of the dialysis, and the remaining OVA concentration was 

quantified to determine the % OVA clearance (Equation 1).  

% 𝑂𝑉𝐴 𝑐𝑙𝑒𝑎𝑟𝑎𝑛𝑐𝑒 =
200−𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑂𝑉𝐴 𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 (µ𝑔/𝑚𝐿)

200
 × 100              (Equation 1) 

 

 

 

 

 

FACTOR LEVELS VALUES 

Homogenizer Speed 3 8000, 9500, 13500 

Stirring Time 4 15, 30, 45, 60 

Sonication Time 9 0, 5, 10, 15, 20, 25, 30, 35, 40 
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Table 2: Dialysis method optimising conditions for purification of liposomes. 

FACTOR CONDITIONS 

Duration of dialysis  1 h, 2 h, 3 h, 4 h, overnight  

Volume of buffer 200 mL, 400 mL, 800 mL   

Number of buffer exchanges 0, 1, 2, 3, 4 

Temperature RT, Fridge 

 

2.6. Investigation of Different Factors Affecting Antigen Loading to Liposomes 

2.6.1. Effect of Cationic Surfactant and Antigen Concentrations 

The cationic surfactant was incorporated into the formulations in different surfactant: lipid weight 

ratios; 0.5:1, 1:1 and 2:1. Size, PDI, and ZP of the resulting formulations were measured. OVA was 

loaded into all investigated formulations at three levels to achieve final concentrations of 100, 

200, and 300 µg/mL. The liposomes were then purified by the optimised dialysis method and the 

purified liposomes were collected and characterized. The effect of both factors was studied by 

determining the size, PDI, ZP and loading efficiency. 

 

2.6.2. Effect of Lyophilization 

Lyophilization was investigated for its potential to enhance the loading efficiency (26). The 

samples were lyophilized using the freeze dryer (Biobase, China). The sample vials were placed in 

the freezing compartment at -60 °C for 2 hours. Subsequently, frozen samples were lyophilized 

under reduced pressure (< 50 Pa) for 24 hrs for complete drying. The lyophilized samples were 

then reconstituted with PBS, purified by dialysis and the loading efficiency was determined. Size, 

PDI, and ZP were also measured. This procedure was applied to all investigated formulations with 

the different surfactant and antigen concentrations.  

 

2.6.3. Effect of Liposomes to Antigen Volume Ratio 

The formulation with the cationic surfactant and antigen concentrations capable of achieving the 

highest loading efficiency was further investigated with varying loading volume ratios of 

liposomes to OVA; 1:1, 3:1 and 9:1 to study the effect of liposomes: antigen volume ratio on 
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loading efficiency. All resulting formulations were characterized for their size, PDI, ZP and loading 

efficiency. 

 

2.7. Comparative Study of Different Cationic Surfactants 

The different investigated cationic surfactants, including DODAB, HTAB, DTAC, and DHDAB, were 

added to the lipids in three different surfactant: lipid ratios: 0.5:1, 1:1, and 2:1. The liposomes 

were produced according to the optimized conditions, then were loaded with OVA in the ratio 9:1 

(v/v) to a final OVA concentration of 200 µg/mL. This was followed by the purification of 

liposomes by dialysis to remove the unloaded antigen. The loaded liposomes were then collected 

and investigated for a comparative study of their properties. 

 

2.8. Determination of Loading Efficiency 

To determine the loading efficiency of liposomes, the loaded OVA was directly quantified. The 

purified liposomes were collected at the end of the dialysis procedure and solubilized by mixing 

them in a 1:1 (v/v) ratio with 50% IPA in PBS (27). The mixture was then vortexed, and the 

concentration of OVA quantified by BCA analysis (28) and the amount was calculated by applying 

the dilution factor. The loading efficiency was then calculated using Equation 2. 

𝐿𝑜𝑎𝑑𝑖𝑛𝑔 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =
𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑙𝑜𝑎𝑑𝑒𝑑 𝑂𝑉𝐴 𝑝𝑜𝑠𝑡 𝑑𝑖𝑎𝑙𝑦𝑠𝑖𝑠

𝑖𝑛𝑡𝑖𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑂𝑉𝐴 𝑖𝑛 𝑙𝑖𝑝𝑜𝑠𝑜𝑚𝑒𝑠 
 × 100             (Equation 2) 

 

2.9. In Vitro Release Study 

A sample of 3 mL from each loaded and purified liposome formulation was placed in a test tube 

which had its open end adequately covered and sealed by a dialysis membrane (300 kDa). The 

test tube was inverted, and the membrane was immersed in a 20 mL PBS, which was set and 

maintained at 37 °C.  The release medium was continuously stirred, and 250 µL samples were 

collected and replaced with fresh PBS at predetermined time intervals of 2, 4, 8, 24, 48, 72 and 

96 hours. The concentration of OVA released at all time points was quantified by BCA analysis and 

amount was calculated by applying the dilution factor. The percentage released was determined 

by Equation 3. The release profiles were compared using the model-independent mathematical 

Solvent free production of liposomes as a vaccine adjuvant with a comparative study of different cationic surfactants



9 
 

method (29) by calculating the f2 similarity factor (Equation 4) and the f1 difference factor 

(Equation 5). 

% 𝑂𝑉𝐴 𝑅𝑒𝑙𝑒𝑎𝑠𝑒𝑑 =
𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑 𝑂𝑉𝐴 (µ𝑔)

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑙𝑜𝑎𝑑𝑒𝑑 𝑂𝑉𝐴 𝑖𝑛 𝑙𝑖𝑝𝑜𝑠𝑜𝑚𝑒𝑠 (µ𝑔)
 × 100                            (Equation 3) 

𝑓2 = 50 × log {[1 +
1

𝑛
 ∑ (𝑅𝑡 − 𝑇𝑡)2𝑛

𝑡=1 ]
−0.5

× 100}                 (Equation 4) 

𝑓1 =  {[∑ |𝑅𝑡 − 𝑇𝑡|𝑛
𝑡=1 ] ÷ [∑ 𝑅𝑡

𝑛
𝑡=1 ] } × 100                  (Equation 5) 

 

2.10. Drug Release Kinetics Modelling 

In vitro release data were fitted into different kinetic models (30,31). The data was plotted 

according to the respective equation of each model, and the linear regression coefficient (R2) was 

determined to find the best model describing the OVA release profile (32,33). 

 

2.11. Stability Study 

The stability of liposomes was investigated at 4°C. Samples were collected at different time 

intervals over 3 months, and their stability was assessed by measuring their size, PDI and ZP (34–

37). The percentage changes in size, PDI, and ZP at each time point were calculated as per 

Equations 6, 7, and 8. The study was done on formulations incorporating low and high surfactant 

concentrations of 1:10 and 2:1 surfactant to lipid weight ratios, respectively.   

% 𝐶ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑠𝑖𝑧𝑒 =
𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑠𝑖𝑧𝑒 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 − 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑠𝑖𝑧𝑒 𝑎𝑡 𝑡0

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑠𝑖𝑧𝑒 𝑎𝑡 𝑡0
 × 100              (Equation 6) 

% 𝐶ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑃𝐷𝐼 =
𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑃𝐷𝐼 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 − 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑃𝐷𝐼 𝑎𝑡 𝑡0

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑃𝐷𝐼 𝑎𝑡 𝑡0
 × 100               (Equation 7) 

% 𝐶ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑍𝑃 =
𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑍𝑃 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 − 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑍𝑃 𝑎𝑡 𝑡0

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑍𝑃 𝑎𝑡 𝑡0
                (Equation 8) 

 

2.12. Statistical Analysis  

All experiments were performed in triplicates and results expressed as mean of three 

measurements ± SD. One-way or two-way Analysis of variance (ANOVA) with Tukey’s post hoc test 

was used to determine statistical significance of results at a significance level of 0.05. T-tests were 

occasionally applied to compare the means of two groups. 
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3. Results and Discussion 

3.1. Production and Downsizing of Liposomes 

Liposomes were prepared using a scalable, simple, and quick PH method that avoids organic 

solvents, preventing potential health risks from solvent residues (38). DSPC was chosen because 

it is reported to produce smaller vesicles than phospholipids with shorter alkyl chains or an 

equivalent chain length but lower Tm (3). 

All formulations were prepared with a total lipids’ concentration of 2 mg/mL since it was shown 

that only concentrations of lipids below 2 mg/mL had a significant effect on the resulting 

physicochemical properties of liposomes (3), with the 2:1 lipids to cholesterol w/w ratio being 

one of the most commonly used lipids and cholesterol combinations in liposomes formulations 

exhibiting superior stability and drug release profiles when compared to other ratios (39). 

Different downsizing techniques are used to obtain liposomes in the required size range. Bath 

sonication, though less powerful than probe sonication, reduces the risk of vesicle degradation 

(15). HPH is suitable for large-scale production, allowing adjustments in pressure and number of 

passages to achieve the desired vesicle size (40). However, these downsizing processes can be 

destructive to loaded peptides or sensitive biomolecules (41), making loading such compounds 

post downsizing preferable.  

Two different downsizing techniques were investigated to compare their efficiency in reducing 

the size and PDI of liposomes. There was a statistically significant reduction in size (p ˂ 0.05) after 

the first homogenization pass from an average size of 2023.9 nm to 320 nm (Fig. 1A). Subsequent 

passes further reduced the size to an average of 120.3 nm after the third pass. Similarly, sonication 

showed a significant reduction in size following the first 5 minutes of sonication from an average 

size of 2303.9 nm to 243.5 nm. A further significant reduction in size was observed with every 5 

minutes of sonication until achieving an average size of 123 nm at the end of 15 minutes of 

sonication. Sonication is known to generate small vesicles in a time dependent manner (42). Both 

downsizing techniques demonstrated comparable downsizing efficiency, as the mean liposome 

size obtained after three passes of HPH was not significantly different from that achieved after 15 

minutes of sonication. 
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PDI was also reduced with both methods, from an average of 0.659 to 0.407 with HPH and from 

an average of 0.861 to 0.297 with sonication (Fig. 1B). The mean PDI values obtained after three 

passes of HPH and 15 minutes of sonication were not significantly different, indicating a 

comparable reduction in PDI. None of the downsizing techniques had any effect on the ZP of the 

liposomes, and no significant change in the ZP was observed after any of the HPH passes or 

sonication time points (Fig. 1C). These results are in agreement with the previous studies (25,43). 

Both HPH and sonication effectively reduced particle size. While HPH is more scalable for larger 

volumes, sonication allowed tighter temperature control, leading to lower variability and higher 

statistical significance, was chosen for lab-scale production in the following sections.  

 

3.2. Process Optimisation 

To achieve small, monodisperse liposomes, the production process was optimized by varying 

homogenizer speed, stirring time, and sonication time in a factorial design, using size and PDI as 

the responses. The linear model was found to be statistically significant (p < 0.05). While all the 

three factors main effects were significant for PDI, only sonication time had significant effect on 

particle size. Though homogenizer speed and stirring time had significant interaction with 

sonication time for particle size, only stirring time had significant interaction with sonication time 

for PDI. Pareto charts and factorial plots suggested that sonication time had the highest effect on 

both particle size and PDI (Fig. 2).  

To Select the optimised parameters, the effect of each factor on both particle size and PDI was 

analysed separately. The optimised homogenizer speed was 9500 rpm, while the optimised 

stirring time could be selected between 30-60 minutes, whereas the optimised sonication time 

could be selected between 15-40 minutes. Sonication time was the factor that had the greatest 

effect on the vesicles size. It was previously reported by many researchers that sonication time 

significantly affects the liposomes size (43–45), compared to homogenizer speed (46). In another 

study, increasing the homogenizer speed was only found to reduce the liposomes size with a 

certain composition ratio of the formulation (47). However, for polyunsaturated fatty acids 

nanoliposomes, both the homogenizer speed and stirring time were found to have a significant 

effect on the size of the liposomes (48). 
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For response optimisation, the target was set to the minimum size and PDI with a maximum 

accepted size and PDI of 120 nm and 25% respectively. The First 10 solutions were presented and 

only choices matching the previous statistical conclusions were considered. The optimised 

parameters were selected based on the composite desirability as well as considering the least 

possible production time and power consumption. These were a homogenizer speed of 9500 rpm, 

a stirring time of 30 minutes together with a sonication time of 35 minutes. The produced 

liposomes by those parameters had a size of ≈ 100 nm and PDI of 20% and were used for antigen 

loading.  

 

3.3. Factors Affecting Antigen Loading to Liposomes 

3.3.1. Effect of Cationic Surfactant and Antigen Concentrations  

Amongst the three investigated surfactant to lipid ratios, a general increase in size was observed 

with increasing the OVA concentration. There was a 10x increase in size from an average size of 

128 nm to 1178 nm when the 0.5:1 formulation was loaded with 300 µg/mL OVA, and 16x 

increase in size with the 1:1 formulation when loaded by either 200 or 300 µg/mL OVA from an 

average size of 149 nm to 2457 nm and 2386 nm respectively. There was only a 3x increase in the 

size of the 2:1 formulation from an average size of 143 nm to 366 nm when loaded with 200 

µg/mL and a maximum 6x increase to 905 nm with 300 µg/mL (Fig. 3). 

OVA likely binds to the liposome surface, and could cause aggregation and a corresponding size 

increase, up to saturation where no further antigen binding occurs. In a previous study, cationic 

liposomes containing the surfactant cetyl-trimethyl-ammonium bromide CTAB showed a 

reduction in size with increasing CTAB concentration (49). Mette et al. studied effects of cationic 

lipid DDA and OVA concentrations on liposome size and stability.  It was observed that at low 

protein to lipid ratios, there was a modest increase in size. However, at high ratios, the liposomes 

became unstable and aggregated, leading to a significant increase in size (50). This could explain 

why the 2:1 formulation, which has the highest cationic lipid content, showed less size increase 

upon OVA loading compared to the 0.5:1 and 1:1 formulations, which had lower surfactant levels 

and thus higher protein-to-lipid ratios. 
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As previously reported (51,52), increasing the cationic surfactant concentration significantly 

increased liposome size (p < 0.05), with no significant effect on PDI or ZP. Surfactant effects on 

liposome size are intrinsic to their structure; some promote membrane curvature and reduce 

vesicle size (53), while surfactants inducing a surface charge in the lipid bilayer lead to 

electrostatic repulsion between the charged head groups, altering the lateral packing of the lipid 

polar heads and consequently altering the size of the vesicles (51,54).  

At the 0.5:1 ratio, size remained stable at 100 µg/mL OVA, increased significantly at 200 µg/mL, 

and plateaued at 300 µg/mL, with PDI increasing only at 300 µg/mL and ZP unaffected. At 1:1 

ratio, size increased significantly at 100 µg/mL but remained unchanged at higher concentrations, 

while PDI increased and ZP decreased at 300 µg/mL. The 2:1 ratio showed no size increase at 100 

µg/mL, but a significant rise at 200 and 300 µg/mL, with PDI increasing only from 100 to 200 

µg/mL, and ZP unaffected across all concentrations. 

As shown in Fig. 4A, increasing the initial OVA concentration led to a proportional increase in the 

amount of OVA-loaded across all surfactant:lipid ratios, correlating with increased size. For both 

the 0.5:1 and 1:1 surfactant to lipid ratios, a significant increase (p < 0.05) in the amount loaded 

was observed when OVA concentration increased from 100 to 300 µg/mL, while for the 2:1 ratio, 

the increase was significant with an increase in the OVA concentration from 100 to 200 µg/mL. 

However, at each OVA concentration, the amount loaded remained similar among all ratios, with 

the 2:1 ratio at 300 µg/mL exhibiting the highest loading as represented in the contour plot (Fig. 

4C). 

When the loading efficiency was investigated by considering the amount of OVA-loaded into the 

liposomes as a percentage of the initial OVA utilized in the loading process, the highest 

percentage loaded was observed with the 200 µg/mL OVA concentration for both 0.5:1 and 1:1 

surfactant: lipid ratios, while both 200 µg/mL and 300 µg/mL concentrations showed similarly 

high loading percentages with the 2:1 ratio (Fig. 4B). The contour plot in Fig. 4D shows the highest 

loading percentage expressed by the 2:1 surfactant to lipid ratio with an OVA concentration 

starting from 200 µg/mL. 
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Mohammed et al. found that increasing the cationic lipid concentration initially improved 

liposome entrapment efficiency, but beyond a certain point, the efficiency declined (51).  

Similarly, studies on OVA-loaded neutral and cationic liposomes showed that while increasing 

OVA concentrations initially enhanced loading efficiency, saturation occurred beyond specific 

thresholds (250 µg/mL for neutral liposomes and 1 mg/mL for cationic liposomes) (55,56). Mette 

et al. also reported a saturation point for DDA liposomes above 600 µg/mL (50).  

These findings suggest that the saturation point is formulation-dependent, influenced by the type 

and concentration of surfactants used. In this study, while 300 µg/mL OVA resulted in the highest 

total OVA loading, 200 µg/mL OVA exhibited the highest loading efficiency. The preference for a 

2:1 surfactant-to-lipid ratio was further supported by the minimal size increase observed when 

using this OVA concentration. 

 

3.3.2. Effect of Lyophilization 

Lyophilization is commonly used to enhance the stability of vesicular systems, but its impact on 

liposome encapsulation efficiency remains debated. Some studies have reported enhanced 

encapsulation following lyophilization, even without cryoprotectants, while others have observed 

a reduction in encapsulation efficiency (26,57).  

Therefore, the effects of lyophilization on the particle size, PDI and ZP of liposomes and loading 

efficiency of OVA were investigated. 

As shown in Fig. 5A, lyophilization had no significant effect on OVA loading. However, the average 

size of liposomes increased significantly (p < 0.05) after lyophilization for the 0.5:1 surfactant-to-

lipid ratio at 100 and 300 µg/mL OVA (Fig. 5B). In contrast, the 1:1 ratio showed a reduction in 

size, which was statistically significant only at 100 µg/mL. For the 2:1 ratio, the size remained 

nearly unchanged across all OVA concentrations, with no significant differences observed. These 

findings suggest that the impact of lyophilization on liposome size depended on surfactant 

concentration. PDI remained largely unaffected by lyophilization, except for the 1:1 formulation 

at 300 µg/mL OVA (Fig. 5B). ZP values were generally higher (p < 0.05) in lyophilized formulations, 

except for the 1:1 ratio at 100 µg/mL OVA and 2:1 formulations. These results suggest the effect 
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of lyophilization on both particle size and ZP is more pronounced at lower surfactant 

concentrations. 

Lyophilization typically leads to an increase in liposome size when no cryoprotectant is used (58–

61). However, Janani and Carsten found that the effect of lyophilization on the size and PDI of 

liposomes varied with the different formulation ratios. While most formulations composed of 

DPPC, cholesterol, and DSPE-PEG2000 showed size increases with no PDI change, one specific 

formulation exhibited a reduction in both size and PDI (26). These findings align with our 

observations, reinforcing that the effects of lyophilization on liposome properties are formulation 

dependent.  

 

3.3.3. Effect of Liposomes to Antigen Volume Ratio 

For the loading of OVA to liposomes, the liposomes dispersion is mixed with the OVA solution, 

and they are expected to interact by electrostatic interaction. The volume ratio in which they are 

mixed is one of the parameters for this loading process, which has been investigated and 

optimised. As per the previous selection, liposomes were prepared with a 2:1 surfactant to lipid 

ratio and the OVA solution was prepared to give a final concentration of 200 µg/mL after mixing 

with the liposomes. 

As the volume ratio of liposomes to antigens was raised, the size and ZP of the liposomes were 

reduced and the reduction was statistically significant (p ˂ 0.05) between the 1:1 and 9:1 ratio. 

There was also a significant reduction in PDI when the ratio was raised from 1:1 to 3:1. The effect 

of this factor was mostly significant on the loading efficiency; as the liposomes to antigen ratio 

was raised from 1:1 to 3:1 the loading efficiency increased significantly from an average of 14.6% 

to 29.6%. Furthermore, when the ratio was raised to 9:1 there was a significant increase in the 

loading efficiency to an average of 85.6% (Fig.6). 

As discussed earlier, OVA becomes negatively charged at the physiological pH and thus binds to 

the surface of cationic liposomes by electrostatic interactions. By increasing the volume of the 

liposomes while maintaining the same final OVA concentrations, a larger surface area would be 

available for more OVA to bind and thus the loading efficiency is enhanced. The more OVA 
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retained in liposomes at the higher liposomes to antigen ratio is the expected reason for the 

lowering of the ZP. Despite the significant increase in the loading, there was a reduction in the 

particle size and PDI. A hypothesized reason behind this could be less formation of liposomes 

aggregates with more OVA bound to the surface of liposomes and less free OVA remaining. 

 

3.4. Comparative Study of Cationic Surfactants 

Since the adjuvant effect of liposomes is influenced by their different physicochemical properties 

(62), this study aimed to compare the effect of employing different cationic surfactants on the 

resulting physicochemical properties of the produced liposomes. The surfactant alkyl chain 

greatly impacts several liposome properties (63) and its adjuvant effect (14). Therefore, 

surfactants with different alkyl chains (two of which had double alkyl chains (DODAB and DHDAB), 

while the other two had single alkyl chains (HTAB and DTAC)), were studied. The size of the alkyl 

chains also varied between C12 – C18. Size and surface charge were initially compared as two of 

the main factors altering the adjuvant properties of liposomes. 

The size, PDI, and ZP of the unloaded liposomes were determined, as well as for those loaded 

with OVA at a final concentration of 200 µg/mL following their purification by dialysis. Fig. 7A 

represents the size of the unloaded liposomes upon incorporating the different studied 

surfactants at the three different surfactant to lipid ratios: 0.5:1, 1:1, and 2:1, while Fig. 7B 

represents the PDI and ZP of the same liposomes.  

At a low surfactant concentration (0.5:1), all surfactants produced liposomes of statistically similar 

sizes (106–128 nm) with no significant differences in PDI, though DTAC liposomes had a 

significantly lower ZP (p < 0.05) than the others. At a higher surfactant concentration (1:1), DTAC 

liposomes were significantly smaller than those produced with HTAB, while PDI remained 

unchanged and DTAC liposomes again exhibited the significantly lowest ZP. At the highest 

surfactant concentration (2:1), HTAB liposomes were significantly larger than those of other 

surfactants, while DODAB produced liposomes with the significantly lowest PDI and DHDAB with 

the significantly highest ZP. Previous studies support these findings, with the C12 DTAC liposomes 

exhibiting the lowest ZP compared to surfactants of longer single chains (C16 and C18) and C12 

double-chains (64). The PDI of liposomes formulated with double-chain surfactants was also 
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reported to be lower than those with single chain ones (65). Variations in phospholipid-surfactant 

interactions may explain differing size trends, as electrostatic attraction or repulsion influences 

size changes depending on surfactant concentration (66). 

The effect of loading liposomes prepared with different surfactants DODAB, HTAB, DTAC and 

DHDAB with OVA on size, PDI, and ZP is shown in Fig. 8. DODAB liposomes at all concentrations 

increase significantly (p < 0.05) in size upon loading with OVA in a proportional pattern to the 

concentration of the incorporated surfactant. However, loaded liposomes with the surfactant: 

lipid ratio of 2:1 were significantly larger (p < 0.05) in size than the loaded liposomes incorporating 

the lower surfactant concentrations. The 2:1 ratio exhibited an 8.9x increase in size compared to 

1.5x and 2.5x increase with the ratios 0.5:1 and 1:1, respectively. The loaded liposomes exhibited 

higher PDI and ZP values than the unloaded ones at all concentration levels, which was significant 

with the 0.5:1 and 2:1 ratios. While the PDI and ZP were similar amongst all loaded liposomes 

with different surfactant concentrations (Fig. 8A). 

DODAB liposomes showed a significant size increase upon OVA loading in a concentration-

dependent manner, with the 2:1 surfactant-to-lipid ratio leading to the largest increase (8.9x), 

compared to 1.5x and 2.5x for the 0.5:1 and 1:1 ratios, respectively. PDI and ZP also increased, 

significantly (p < 0.05) for the 0.5:1 and 2:1 ratios (Fig. 8A). 

HTAB liposomes with 0.5:1 and 1:1 ratios exhibited a significant size increase (8.9x and 9x 

respectively), whereas the 2:1 ratio remained unchanged. Unlike DODAB, the 2:1 ratio resulted in 

the smallest liposomes. PDI remained stable, while ZP decreased significantly at the 1:1 ratio (Fig. 

8B). DTAC liposomes showed a significant increase in size proportional to the surfactant 

concentration (4.2x for 0.5:1, 12.7x for 1:1, and 14.2x for 2:1). PDI showed no significant change, 

while ZP decreased at all concentrations (Fig. 8C). DHDAB liposomes exhibited a size increase 

(1.5x to 1.9x at 2:1) but no significant change in PDI or ZP, except for liposomes with the 1:1 ratio, 

which had a significantly higher ZP (Fig. 8D). 

Overall, all formulations except HTAB at 2:1 showed an increase in size upon OVA loading. DTAC 

liposomes exhibited the most significant size increase, while DHDAB liposomes showed the least. 

DODAB liposomes had increased ZP, whereas HTAB and DTAC liposomes showed reductions. 
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Previous studies have shown similar trends, with HTAB liposomes increasing in size but decreasing 

in ZP upon loading, particularly at higher surfactant concentrations (49). This highlights that 

surfactant concentration plays a crucial role in determining the physicochemical properties of 

liposomes after antigen loading (67). 

The observed variations in liposome size upon OVA loading can be attributed to multiple 

interrelated factors, including electrostatic interactions, surfactant molecular structure, and 

liposome aggregation behavior. OVA, possessing a net negative charge at physiological pH 

(isoelectric point ~ 4.5), binds to the positively charged cationic liposomes primarily via 

electrostatic attraction (68). This binding can lead to different effects depending on the surfactant-

to-lipid ratio. At lower surfactant concentrations, OVA adsorption may partially neutralize the 

surface charge, reducing electrostatic repulsion between liposomes and enhancing vesicle 

aggregation, thus leading to a significant size increase. In contrast, at higher surfactant 

concentrations (e.g., HTAB at a 2:1 ratio), the liposomal surface remains sufficiently cationic, 

maintaining charge repulsion and preventing aggregation, resulting in minimal size changes. The 

type and structure of the incorporated cationic surfactant could also influence how liposome 

membrane adapts to antigen binding. Single-chain surfactants (e.g., HTAB, DTAC) generally 

introduce greater flexibility in the bilayer (69), which can accommodate antigen adsorption with 

minor structural rearrangement, leading to minimal changes in vesicle size. In contrast, double-

chain surfactants (e.g., DODAB, DHDAB) form more rigid bilayers with reduced adaptability, which 

may lead to pronounced aggregation or size expansion upon OVA loading. 

 

3.5. Loading Efficiency of Cationic Liposomes 

Fig. 9 illustrates the loading efficiency of liposomes formulated with various surfactants at three 

surfactant to lipid weight ratios: 0.5:1, 1:1, and 2:1. For DODAB liposomes, loading efficiency 

remained unchanged from 0.5:1 to 1:1, but increased significantly (p < 0.05) at 2:1, nearly 

doubling from 23% to 52%. HTAB and DTAC liposomes followed a similar trend, showing 

significant (p < 0.05) increases in both the amount and percentage of antigen loaded with 

increasing the surfactant concentration from the ratio 0.5:1 to 1:1 then to 2:1. For HTAB, loading 

efficiency increased from 5% to 33%, then to 83%, while DTAC increased from 13% to 39% and 

Solvent free production of liposomes as a vaccine adjuvant with a comparative study of different cationic surfactants



19 
 

finally to 81%. DHDAB liposomes showed no significant change across all concentrations, with a 

slight increase from 29% to 33% between 0.5:1 and 1:1, followed by a drop to 24% at 2:1. 

At the 0.5:1 ratio, DHDAB liposomes had significantly higher (p < 0.05) loading efficiency than all 

other formulations, while HTAB showed the lowest. No significant differences were observed 

among formulations at the 1:1 ratio. At 2:1, HTAB and DTAC liposomes had significantly higher 

loading (p < 0.05) than DODAB and DHDAB, with DHDAB significantly lower than DODAB, showing 

the least loading of all. 

At the low surfactant concentration, liposomes incorporating the double-chain surfactants 

exhibited a higher loading efficiency than those of the single-chain ones. In contrast, all liposomes 

showed a similar loading efficiency when the surfactant concentration was raised.  Still, the 

liposomes with the single-chain surfactants showed a higher loading efficiency upon further 

increasing the concentration. The loading efficiency matched the size changes of the liposomes 

as there was a general increasing pattern of size with increased loading as the concentration of 

the surfactant increased, except for the HTAB liposomes in the 2:1 ratio as there was no increase 

in size, with a significant increase in the loading. DHDAB liposomes, which showed the minimum 

loading capacity, also showed the minimum size changes. Liposomes formulated with single-chain 

surfactants presented a better loading capacity than those of the double-chain surfactants and 

were accompanied by a significant reduction in ZP. 

In a previous study, five times increase in the cationic lipid concentration resulted in five times 

increased loading of the HA antigen to the cationic liposomes. This was not reflected in the vesicle 

size increase, as liposomes with both low and high lipid concentrations showed a similar size 

increase. The ZP, however, which lowered only with the high lipid concentration, reflected the 

interaction between the negatively charged antigen and the positively charged liposomes (67). 

The preparation method was found to be an influential factor in the size and ZP change with 

loading. In a study involving the loading of OVA to cationic liposomes, when OVA was loaded to 

liposomes prepared by microfluidics, a size change was detected, but no size change was 

observed when loaded to the same liposomes prepared by the lipid hydration method, despite 

both exhibiting a high and comparable loading efficiency above 90%. This was also accompanied 
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by no changes in ZP  (70). Therefore, the expected pattern of size and PDI increase, as well as ZP 

reduction with the higher loading of an anionic subunit antigen to cationic liposomes, is not 

always the observed scenario. This change relies on several factors, including the lipid 

composition, antigen nature, lipid and antigen concentration, and liposome preparation method. 

 

3.6. In Vitro Release Study 

Fig. 10 shows the release profiles of OVA from loaded and purified liposomes formulated with 

the different cationic surfactants studied. All formulations were prepared with a surfactant: lipid 

ratio of 2:1, primarily exhibiting the highest loading efficiency. The release study was conducted 

over 96 hours. 

DHDAB liposomes showed an immediate release pattern, releasing almost 90% of OVA within the 

first 4 hours. Both HTAB and DTAC liposomes achieved more than 50% protein release by the end 

of 96 hours. Still, HTAB liposomes showed the most sustained release pattern, unlike DTAC 

liposomes, which exhibited an initial burst release, releasing an average of 27% OVA within the 

first 8 hours, then showed a sustained pattern thereafter. HTAB liposomes, in comparison, 

released only an average of 10% OVA within the first 8 hours. DODAB liposomes showed an 

intermediate release rate compared to HTAB and DTAC liposomes and achieved an average of 

60% release by the end of 96 hours.  

Generally, DSPC liposomes are known to be stable and exhibit slow-release rates. This was 

observed in similar studies involving liposomes incorporating different antigens and drugs 

(51,71). Therefore, incorporating the cationic surfactants DODAB, HTAB, and DTAC did not appear 

to alter the protein release characteristics of liposomes, apart from DHDAB, which resulted in an 

enhanced and almost complete release within 4 hours. In a previous study, cationic liposomes 

containing the cationic surfactant dimethyl dioctadecyl ammonium bromide (DDAB) with DPPC 

and cholesterol exhibited almost 60% release of bovine serum albumin (BSA) by 72 hours, with a 

continued sustained release for more than 15 days (72). McNeil et al. compared the release of 

the protein Ag85B-ESAT-6 from neutral liposomes (composed of DSPC and cholesterol) and DDA-

based cationic liposomes. The cationic liposomes showed an almost 1.5 times slower release rate 

in the first 168 hours. However, by the end of 336 hours, both types of liposomes released 
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equivalent amounts of protein (73). The slower and more sustained pattern of protein release 

from cationic liposomes over a prolonged time is likely due to the strong electrostatic interactions 

between the anionic protein and the cationic liposomes.  

Both the f2 similarity factor and the f1 difference factor were calculated from the mean results of 

each time point to assess the similarity of the in vitro release profiles exhibited by the investigated 

liposomal formulations incorporating the different cationic surfactants. The FDA supports the f1 

and f2 factors for comparing in vitro dissolution profiles (74). According to the FDA guidance for 

industry, the f1 factor determines the percentage difference between the two release profiles at 

each time point. In contrast, the f2 factor measures the similarity in the dissolution percentage. 

The more similar the dissolution curves, the closer the f1 values are to 0, and the closer the f2 

values are to 100. The equivalence of two curves is ensured when f1 values are not more than 15 

(0-15) and f2 values are greater than 50 (50-100). An f2 value of 100 indicates identical release 

profiles, while a value of 50 indicates an average variation of 10% at all time points (75). Similarly, 

an f1 value of 0 represents identical profiles, with the value increasing proportionally as the 

dissimilarity increases (76). 

Table 3: Calculated f1 and f2 values comparing the different release profiles of DODAB, HTAB, DTAC, and DHDAB 
liposomes. (*) indicates similarity between release profiles. 

 DODAB HTAB DTAC DHDAB 

DODAB 

(reference) 

 f2= 52.0* 

f1= 26.3 

  f2= 58.7* 

f1=19.4 

f2= 16.0 

f1= 140.2 

HTAB 

(reference) 

f2= 52.0* 

f1= 35.7 

 f2= 46.1 

f1= 46.9 

f2= 13.0 

f1= 225.9 

DTAC 

(reference) 

f2= 58.7* 

f1= 18.0 

f2= 46.1 

f1= 31.9 

 f2= 18.1 

f1= 121.9 

DHDAB 

(reference) 

f2= 16.0 

f1= 58.4 

f2= 13.0 

f1= 69.3 

f2= 18.1 

f1= 54.9 

 

 

As seen in Table 3, both HTAB and DTAC liposomes show similar protein release profiles to DODAB 

liposomes with f2 values ˃ 50. However, HTAB and DTAC liposomes themselves are not considered 

to have similar release profiles with an f2 value of ˂50. The release profile of DTAC liposomes is 
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closer than that of HTAB liposomes when compared to DODAB liposomes. This is observed with 

the slightly higher f2 value and more clearly with the lower f1 value of 19.4 compared to 26.3. 

Although DODAB and DTAC liposomes have the most similar release profiles, there is still a 

considerable difference as the f1 value remains ˃ 15. DHDAB liposomes do not show any similarity 

in their release profile with any of the compared liposomes, as all calculated f2 values are below 

20 and f1 values exceed 100. 

 

3.7. Drug Release Kinetics Modelling 

To empirically characterize the release profiles of OVA from the different cationic liposomes, the 

in vitro release data were fitted to various commonly used kinetic models: zero-order, first-order, 

Higuchi, Hixson-Crowell, and Korsmeyer-Peppas. Table 4 summarizes the correlation coefficients 

and rate constants obtained for each model. For DHDAB liposomes, first eight hours of data were 

considered, as no further release was observed. 

Table 4: Correlation coefficient and rate constant of different kinetics models applied to in vitro release data. (*) 
indicates the highest R2 value for each type of liposomes. 

 
  

Zero-order First-order Higuchi Hixson-Crowell Korsmeyer-Peppas 

R2 K0 
(%.h-1) 

R2 K1 

(h-1) 

R2 KH 

(h-1/2) 

R2 KHC 

(h-1/3) 
R2 KKP 

(%.h-

1) 

n 

DODAB 0.9411 0.559 0.9754 0.009 0.9878* 5.860 0.9673 0.012 0.9842 2.339 0.453 

HTAB 0.9719 0.505 0.9790 0.007 0.9723 5.166 0.9792 0.010 0.9920* 1.464 0.664 

DTAC 0.8199 0.428 0.8990 0.007 0.9347 4.678 0.8758 0.009 0.9667* 3.201 0.270 

DHDAB 0.6989 10.1 0.7689 0.264 0.9164* 33.23 0.7559 0.285 0.7500 5.391 0.322 

 

Among the models applied, the Higuchi and Korsmeyer-Peppas equations provided the best fits 

(highest R² values) for most formulations. These models are widely used in literature to 

empirically describe drug release profiles from various delivery systems, including liposomes. 

However, it is important to note that these models were originally developed for simplified 

geometries and do not account for the structural complexity of liposomes (77,78). Therefore, 

while the fitted models offer useful descriptive parameters, they are not intended to infer the 
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underlying release mechanisms or geometry-specific diffusion behavior in this study. Previous 

studies have also applied these models empirically to liposome release profiles (79,80). These 

reports, including ours, demonstrate the utility of such models for comparative and empirical 

purposes. 

 

3.8. Stability Study 

Size distribution and surface properties are the most important characteristics of liposomes, and 

different theories state the influence of liposome stability on their size distribution (81). Average 

particle size changes may result from vesicle aggregation and fusion (37). Moreover, an increase 

in PDI values with time could indicate aggregation of vesicles, which results in a more 

heterogenous dispersion (82). Therefore, size, PDI and ZP are the parameters measured to 

determine the physical stability of liposomes. The storage stability of liposomes formulated with 

the different cationic surfactants DODAB, HTAB, DTAC, and DHDAB was assessed by the 

percentage change in size, PDI and ZP of liposomes stored in the refrigerator at 4°C over a period 

of 3 months.  

As represented in Fig. 11, HTAB liposomes showed the most stability as their size remained within 

± 20% of their original size. DTAC liposomes showed good stability within the first 4 weeks but 

then showed a large increase in size up to an average of 147%, while DHDHAB liposomes were 

only stable for 2 weeks then showed a high and variable increase in size within the triplicate 

batches up to a 10x increase. DODAB liposomes exhibited poor size stability starting from the first 

time point, showing an average increase of 145%. Both HTAB and DTAC liposomes had good PDI 

stability as their PDI values remained within ± 10% and ± 20%, respectively, throughout the study 

period. In contrast, DODAB and DHDAB liposomes had an increase in PDI exceeding 30%. As for 

ZP, DODAB liposomes had the most constant values, followed by HTAB liposomes, while DTAC and 

DHDAB liposomes had bigger fluctuations in their ZP. 

Previous study compared the stability of DODAB and DHDAB liposomes formulated with HSPC. 

The DHDAB liposomes had better stability in terms of changes in size and PDI than DODAB 

liposomes over 14 days of storage at RT, but the changes in ZP were greater with DHADAB 

liposomes than with DODAB liposomes (83). This is comparable with our findings in which DHDAB 
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liposomes showed better stability than DODAB liposomes for 3 months with the low surfactant 

concentration and for the first 2 weeks with the high surfactant concentration. However, DODAB 

liposomes only showed fewer ZP changes than DHDAB liposomes at the high concentration, while 

the reverse was seen at the low surfactant concentration. 

 

4. Conclusion 

In this study, a solvent-free powder hydration (PH) method was optimized to produce cationic 

liposomes, aiming to enhance scalability and eliminate the use of organic solvents. A 

comprehensive 3×4×9 factorial design was employed to systematically optimize process 

parameters, ensuring precise control over liposome size and stability. Additionally, a comparative 

evaluation of four cationic surfactants (DODAB, HTAB, DTAC, and DHDAB) at varying 

concentrations provided new insights into their effects on liposome physicochemical properties, 

antigen loading efficiency, and release kinetics. 

Among the tested formulations, HTAB liposomes at a 2:1 surfactant-to-lipid ratio demonstrated 

the highest antigen loading efficiency (~83%), minimal size changes after antigen incorporation, 

sustained antigen release, and superior three-month stability, suggesting its strong potential for 

further development as a vaccine adjuvant system. Additionally, the detailed stability 

assessments and kinetic modeling of antigen release contribute valuable data to the field of 

liposomal vaccine design. 

Overall, while building on existing methods, this study offers a systematic and scalable approach 

for the tailored development of cationic liposomes, providing a comparative analysis of 

surfactants in the context of antigen delivery and supporting future preclinical and industrial 

advancement of liposomal vaccine adjuvants. 
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Fig. 1: Effect of different liposomes downsizing techniques (A) HPH and (B) Sonication, on size and PDI of liposomes. 
(C) The effect of both techniques on ZP of liposomes. Results represent the mean ± SD from 3 independent batches 

0

20

40

60

80

100

0

500

1000

1500

2000

2500

3000

Pass 0 Pass 1 Pass 2 Pass 3

P
D

I 
(%

)

Si
ze

 (
n

m
)

Number of passes

Size PDIA

*

0

20

40

60

80

100

0

500

1000

1500

2000

2500

3000

0 min 5 min 10 min 15 min
P

D
I 

(%
)

Si
ze

 (
n

m
)

Sonication time

Size PDIB
*

* *

0 min 5 min 10 min 15 min

-20.0

-15.0

-10.0

-5.0

0.0

Pass 0 Pass 1 Pass 2 Pass 3 Number of passes

ZP
 (

m
V

)

Sonication time

HPH

Sonication

C

Figure 1: 

Solvent free production of liposomes as a vaccine adjuvant with a comparative study of different cationic surfactants

■ • 

■ • 

• 



32 
 

 

 

Fig. 2: Pareto chart for (A) size and (B) PDI. Factorial plot (main effects plot) for (C) size and (D) PDI. Both Types of 
plots reflecting the effect of homogenizer speed, stirring time and sonication time on the liposomes size and PDI. 
Results represent the mean from 3 triplicate runs. 
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Fig. 3: Effect of loading different antigen concentrations on the size, PDI, and ZP for the HTAB surfactant: lipid ratios 
of (A) 0.5:1; (B) 1:1; (C) 2:1. Results represent the mean ± SD from 3 independent batches. 
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Fig. 4: Effect of surfactant: lipid ratio and antigen concentration on (A) Loaded amount of OVA and (B) Percentage 
loading efficiency. Contour plots represent the influence of both factors on (C) Loaded amount of OVA and (D) Loading 
efficiency. Results represent the mean ± SD from 3 independent batches. 
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Fig. 5: A Comparison between non-lyophilized and lyophilized formulations representing the effect of lyophilization 
on (A) Antigen loading into liposomes; and (B) Size, PDI and ZP of liposomes. Results represent the mean ± SD from 3 
independent batches. 
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Fig. 6: The effect of liposomes to antigen ratio on (A) Size, PDI, ZP of liposomes, and (B) The loading efficiency. Results 
represent the mean ± SD from 3 independent batches. 
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Fig. 7: Effect of incorporating different surfactants in the surfactant: lipid ratios of 0.5:1, 1:1, and 2:1 on (A) Size of 
liposomes; (B) PDI and ZP of liposomes. Results represent the mean ± SD from 3 independent batches. 
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Fig. 8: Size, PDI, and ZP of the unloaded and loaded liposomes with 200 µg/mL OVA incorporating the cationic 
surfactants (A) DODAB, (B) HTAB, (C) DTAC, and (D) DHDAB. Results represent the mean ± SD from 3 independent 
batches. 
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Fig. 9: The effect of the different cationic surfactants DODAB, HTAB, DTAC, and DHDAB in the three different 
surfactant: lipid ratios of 0.5:1, 1:1, and 2:1 on the loading efficiency of the produced liposomes. Results represent 
the mean ± SD from 3 independent batches. 
  

0

10

20

30

40

50

60

70

80

90

DODAB HTAB DTAC DHDAB

%
 L

o
ad

in
g 

Ef
fi

ci
e

n
cy

0.5:1 1:1 2:1

*

*

*

*

*

Figure 9: 

Solvent free production of liposomes as a vaccine adjuvant with a comparative study of different cationic surfactants

■ ■ ■ 

[l 



42 
 

 

 
Fig. 10: The release profile of OVA from liposomes incorporating the different cationic surfactants DODAB, HTAB, 
DTAC, and DHDAB is represented as % OVA released. Results represent the mean ± SD from 3 independent batches. 
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Fig. 11: Physical stability of liposomes incorporating high surfactant concentration (surfactant: total lipid ratio 2:1) 
upon storage at 4 °C over a period of 3 months represented as (A) Size, (B) PDI, (C) ZP, (D) % change in size, (E) % 
change in PDI, and (F) % change in ZP. Results represent the mean ± SD from 3 independent batches. 
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