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

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 3x4x9
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 (pl)
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 3x4x9 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

5



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

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.

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

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 pug/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).

200—concentration of OVAremaining (ug/mL)
200

% OV A clearance = x 100 (Equation 1)
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Table 2: Dialysis method optimising conditions for purification of liposomes.

FACTOR CONDITIONS

Duration of dialysis 1h,2h,3h,4h, 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 pg/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 pg/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.

amount of loaded OVA post dialysis

Loading ef ficiency (%) = x 100 (Equation 2)

intial amount of OVA in liposomes

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 uL 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
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method (29) by calculating the f2 similarity factor (Equation 4) and the fl1 difference factor
(Equation 5).

amount of released OVA (ug)

% OVA Released = initial amount of loaded OVA in liposomes (1g) %100 (Equaﬁon 3)
-0.5

, =50 X log{[l +2 V(R — Tt)z] x 100} (Equation 4)

fi = {[Xf=1lRe — T¢|] = [Xf=1 R¢] } X 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 (R?) 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.

measured size at time interval — initial size at t,

% Change in size = x 100 Equation 6
% 9 initial size at ty ( q )
. measured PDI at time interval — initial PDI at t .
% Change in PDI = — 2 x 100 (Equation 7)
initial PDI at t
. measured ZP at time interval — initial ZP att .
% Change in ZP = 0 (Equation 8)

initial ZP at t

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).

11



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

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 pug/mL OVA, and 16x
increase in size with the 1:1 formulation when loaded by either 200 or 300 pg/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

ug/mL and a maximum 6x increase to 905 nm with 300 pug/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.

12
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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 pg/mL OVA, increased significantly at 200 ug/mL,
and plateaued at 300 pg/mL, with PDI increasing only at 300 pug/mL and ZP unaffected. At 1:1
ratio, size increased significantly at 100 ug/mL but remained unchanged at higher concentrations,
while PDl increased and ZP decreased at 300 pg/mL. The 2:1 ratio showed no size increase at 100
ug/mL, but a significant rise at 200 and 300 pg/mL, with PDI increasing only from 100 to 200

ug/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 pg/mL, while for the 2:1 ratio,
the increase was significant with an increase in the OVA concentration from 100 to 200 ug/mL.
However, at each OVA concentration, the amount loaded remained similar among all ratios, with
the 2:1 ratio at 300 pg/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 pg/mL OVA concentration for both 0.5:1 and 1:1
surfactant: lipid ratios, while both 200 pg/mL and 300 pg/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 pg/mL.

13
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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 pug/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 pug/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 ug/mL OVA resulted in the highest
total OVA loading, 200 pug/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 pug/mL OVA (Fig. 5B). In contrast, the 1:1 ratio showed a reduction in
size, which was statistically significant only at 100 ug/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 pug/mL OVA (Fig. 5B). ZP values were generally higher (p < 0.05) in lyophilized formulations,
except for the 1:1 ratio at 100 pug/mL OVA and 2:1 formulations. These results suggest the effect

14
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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 pg/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 pg/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
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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 f2=52.0* f2=58.7* f2=16.0
(reference) f1=26.3 f1=19.4 f1=140.2
HTAB f2=52.0* f2=46.1 f2=13.0
(reference) f1=35.7 f1=46.9 f1=225.9
DTAC f2=58.7* f2=46.1 f2=18.1
(reference) f1=18.0 f1=31.9 f1=121.9
DHDAB f2=16.0 f2=13.0 f2=18.1
(reference) f1=58.4 f1=69.3 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 R? value for each type of liposomes.

Zero-order First-order Higuchi Hixson-Crowell Korsmeyer-Peppas
R2 Ko R2 K1 R2 KH R2 KHC R2 KKp n
(%.h1) (h) (h1/2) (h23) (%.hr
1)
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 R? 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 3x4x9 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.

CRediT authorship contribution statement

Al Zahraa Khalifa: Methodology, Investigation, Formal analysis, Data curation, Writing — original
draft. Yvonne Perrie: Supervision, Writing — review & editing, Project administration. Aliasgar

Shahiwala: Supervision, Writing — review & editing

24



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

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal
relationships that could have appeared to influence the work reported in this paper.

References
1. Tandrup Schmidt S, Foged C, Smith Korsholm K, Rades T, Christensen D. Liposome-Based Adjuvants for Subunit
Vaccines: Formulation Strategies for Subunit Antigens and Immunostimulators. Pharmaceutics. 2016 Mar

10;8(1):7.

2. PerrieY, Crofts F, Devitt A, Griffiths HR, Kastner E, Nadella V. Designing liposomal adjuvants for the next
generation of vaccines. Adv Drug Deliv Rev. 2016 Apr 1;99(Pt A):85-96.

3. Forbes N, Hussain MT, Briuglia ML, Edwards DP, Horst JH ter, Szita N, et al. Rapid and scale-independent
microfluidic manufacture of liposomes entrapping protein incorporating in-line purification and at-line size
monitoring. International Journal of Pharmaceutics. 2019 Feb 10;556:68—81.

4. Nakanishi T, Kunisawa J, Hayashi A, Tsutsumi Y, Kubo K, Nakagawa S, et al. Positively Charged Liposome
Functions as an Efficient Immunoadjuvant in Inducing Immune Responses to Soluble Proteins. Biochemical and

Biophysical Research Communications. 1997 Nov 26;240(3):793-7.

5. Latif N, Bachhawat BK. The effect of surface charges of liposomes in immunopotentiation. Biosci Rep. 1984
Feb;4(2):99-107.

6. Kaur R, Bramwell VW, Kirby DJ, Perrie Y. Pegylation of DDA:TDB liposomal adjuvants reduces the vaccine depot
effect and alters the Th1/Th2 immune responses. Journal of Controlled Release. 2012 Feb 28;158(1):72-7.

7. Miller CR, Bondurant B, McLean SD, McGovern KA, O’Brien DF. Liposome—-Cell Interactions in Vitro: Effect of
Liposome Surface Charge on the Binding and Endocytosis of Conventional and Sterically Stabilized Liposomes.

Biochemistry. 1998 Sep 1;37(37):12875-83.

8. Foged C, Arigita C, Sundblad A, Jiskoot W, Storm G, Frokjaer S. Interaction of dendritic cells with antigen-
containing liposomes: effect of bilayer composition. Vaccine. 2004 May 7;22(15):1903-13.

9. Vangasseri DP, Cui Z, Chen W, Hokey DA, Falo LD, Huang L. Immunostimulation of dendritic cells by cationic
liposomes. Mol Membr Biol. 2006;23(5):385-95.

10. Christensen D, Korsholm KS, Rosenkrands I, Lindenstrgm T, Andersen P, Agger EM. Cationic liposomes as
vaccine adjuvants. Expert Review of Vaccines. 2007 Oct 1;6(5):785-96.

11. Hopkins FG. On the separation of a pure albumin from egg-white. J Physiol. 1900 Apr 24;25(4):306-30.
12. Phillips GO, Williams PA. Handbook of food proteins. Elsevier; 2011.

13. Huang YZ, Gao JQ, Chen JL, Liang WQ. Cationic liposomes modified with non-ionic surfactants as effective non-
viral carrier for gene transfer. Colloids and Surfaces B: Biointerfaces. 2006 May 1;49(2):158-64.

14. Gall D. The adjuvant activity of aliphatic nitrogenous bases. Immunology. 1966 Oct;11(4):369-86.

25



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

15. Taylor TM, Weiss J, Davidson PM, Bruce BD. Liposomal Nanocapsules in Food Science and Agriculture. Critical
Reviews in Food Science and Nutrition. 2005 Oct;45(7-8):587-605.

16. Henriksen-Lacey M, Bramwell VW, Christensen D, Agger EM, Andersen P, Perrie Y. Liposomes based on
dimethyldioctadecylammonium promote a depot effect and enhance immunogenicity of soluble antigen.
Journal of Controlled Release. 2010 Mar 3;142(2):180-6.

17. Klinguer-Hamour C, Libon C, Plotnicky-Gilquin H, Bussat MC, Revy L, Nguyen T, et al. DDA adjuvant induces a
mixed Th1/Th2 immune response when associated with BBG2Na, a respiratory syncytial virus potential
vaccine. Vaccine. 2002 Jun 21;20(21):2743-51.

18. Davidsen J, Rosenkrands I, Christensen D, Vangala A, Kirby D, Perrie Y, et al. Characterization of cationic
liposomes based on dimethyldioctadecylammonium and synthetic cord factor from M. tuberculosis (trehalose
6,6’-dibehenate)—A novel adjuvant inducing both strong CMI and antibody responses. Biochimica et
Biophysica Acta (BBA) - Biomembranes. 2005 Dec;1718(1-2):22-31.

19. Martel CJM, Agger EM, Poulsen JJ, Jensen TH, Andresen L, Christensen D, et al. CAFO1 Potentiates Immune
Responses and Efficacy of an Inactivated Influenza Vaccine in Ferrets. PLOS ONE. 2011 Aug 5;6(8):e22891.

20. Christensen D, Korsholm KS, Andersen P, Agger EM. Cationic liposomes as vaccine adjuvants. Expert Review of
Vaccines. 2011 Apr 1;10(4):513-21.

21. Khademi F, Sahebkar A, Fasihi-Ramandi M, Taheri RA. Induction of strong immune response against a
multicomponent antigen of Mycobacterium tuberculosis in BALB/c mice using PLGA and DOTAP adjuvant.
APMIS. 2018;126(6):509-14.

22. HOJATIZADE M, BADIEE A, KHAMESIPOUR A, JAAFARI MR. Evaluation of Immune Response against
Leishmaniasis in BALB/c Mice Immunized with Cationic DOTAP/DOPE/CHOL Liposomes Containing Soluble
Leishmania major Antigens. Iran J Parasitol. 2019;14(1):68-77.

23. Wei Z, Gang YU, Peng-liang H a. O, Xi-xin H a. N, Xiao-yuan H, Xiao-ming Y. Effect from cationic liposomes
DOTAP as adjuvant on H5 N1 influenza split vaccine. Journal of Biomedical Engineering. 2022 Sep 25;39(5):1-9.

24. ANDREASEN LV, WOOD GK, Christensen D. Methods for producing liposomes. Google Patents; 2013.

25. Khadke S, Roces CB, Donaghey R, Giacobbo V, Su Y, Perrie Y. Scalable solvent-free production of liposomes.
Journal of Pharmacy and Pharmacology. 2020;72(10):1328-40.

26. Swaminathan J, Ehrhardt C. Effect of Iyophilization on liposomal encapsulation of salmon calcitonin. Journal of
Liposome Research. 2014 Dec 1;24(4):297-303.

27. Fatouros DG, Antimisiaris SG. Effect of Amphiphilic Drugs on the Stability and Zeta-Potential of Their Liposome
Formulations: A Study with Prednisolone, Diazepam, and Griseofulvin. Journal of Colloid and Interface Science.

2002 Jul 15;251(2):271—7.

28. Hussain MT, Forbes N, Perrie Y. Comparative Analysis of Protein Quantification Methods for the Rapid
Determination of Protein Loading in Liposomal Formulations. Pharmaceutics. 2019 Jan 18;11(1):39.

29. Moore JW, Flanner HH. Mathematical comparison of dissolution profiles. Pharmaceutical technology.
1996;20(6):64-74.

30. Carstensen JT. Modeling and Data Treatment in the Pharmaceutical Sciences. Taylor & Francis; 1996. 270 p.

26



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

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43,

44,

45.

46.

Dash S, Murthy PN, Nath L, Chowdhury P. Kinetic modeling on drug release from controlled drug delivery
systems. Acta Pol Pharm. 2010;67(3):217-23.

Yuksel N, Kanik AE, Baykara T. Comparison of in vitro dissolution profiles by ANOVA-based, model-dependent
and -independent methods. International Journal of Pharmaceutics. 2000 Nov 19;209(1-2):57-67.

Paarakh MP, Jose PA, Setty C, Peterchristoper GV. RELEASE KINETICS — CONCEPTS AND APPLICATIONS.
International Journal of Pharmacy Research & Technology (IJPRT). 2018;8(1):12-20.

Jain S, Kumar D, Swarnakar NK, Thanki K. Polyelectrolyte stabilized multilayered liposomes for oral delivery of
paclitaxel. Biomaterials. 2012 Oct 1;33(28):6758-68.

Karn PR, Cho W, Park HJ, Park JS, Hwang SJ. Characterization and stability studies of a novel liposomal
cyclosporin A prepared using the supercritical fluid method: comparison with the modified conventional
Bangham method. International Journal of Nanomedicine. 2013 Jan 22;8:365-77.

Gillet A, Compeére P, Lecomte F, Hubert P, Ducat E, Evrard B, et al. Liposome surface charge influence on skin
penetration behaviour. International Journal of Pharmaceutics. 2011 Jun 15;411(1):223-31.

Grit M, Crommelin DJA. Chemical stability of liposomes: implications for their physical stability. Chemistry and
Physics of Lipids. 1993 Sep 1;64(1):3-18.

Naeem S, Kiew LV, Chung LY, Fui KS, Misran MB. A Comparative Approach for the Preparation and
Physicochemical Characterization of Lecithin Liposomes Using Chloroform and Non-Halogenated Solvents. J
Surfact Deterg. 2015 Jul 1;18(4):579-87.

Briuglia ML, Rotella C, McFarlane A, Lamprou DA. Influence of cholesterol on liposome stability and on in vitro
drug release. Drug Deliv and Transl Res. 2015 Jun 1;5(3):231-42.

Talsma H, Ozer AY, Bloois L van, Crommelin DJA. The Size Reduction of Liposomes with a High Pressure
Homogenizer (Microfluidizer™). Characterization of Prepared Dispersions and Comparison with Conventional
Methods. Drug Development and Industrial Pharmacy. 1989 Jan 1;15(2):197-207.

Lombardo D, Kiselev MA. Methods of Liposomes Preparation: Formation and Control Factors of Versatile
Nanocarriers for Biomedical and Nanomedicine Application. Pharmaceutics. 2022 Mar;14(3):543.

Lapinski MM, Castro-Forero A, Greiner AJ, Ofoli RY, Blanchard GJ. Comparison of Liposomes Formed by
Sonication and Extrusion: Rotational and Translational Diffusion of an Embedded Chromophore. Langmuir.
2007 Nov 1;23(23):11677-83.

Silva R, Ferreira H, Little C, Cavaco-Paulo A. Effect of ultrasound parameters for unilamellar liposome
preparation. Ultrasonics Sonochemistry. 2010 Mar 1;17(3):628-32.

Putri DCA, Dwiastuti R, Marchaban AKN. Optimization of mixing temperature and sonication duration in
liposome preparation optimasi suhu pencampuran dan durasi sonikasi dalam pembuatan liposom. Jurnal
Farmasi Sains Dan Komunitas. 2017;14(2):79-85.

He Y, Luo L, Liang S, Long M, Xu H. Influence of probe-sonication process on drug entrapment efficiency of
liposomes loaded with a hydrophobic drug. International Journal of Polymeric Materials and Polymeric
Biomaterials. 2019 Mar 4;68(4):193-7.

Park JB, Noh H gon, Jung JH, Kim JM, Kang CY. Enhanced transdermal delivery and optimization of nano-
liposome preparation using hydrophilic drug. Journal of Pharmaceutical Investigation. 2012 Apr 1;42(2):57-63.

27



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

47. LiY,Guan Q, Xu J, Zhang H, Liu S, Ding Z, et al. Comparative study of cyclosporine A liposomes and emulsions
for ophthalmic drug delivery: Process optimization through response surface methodology (RSM) and
biocompatibility evaluation. Colloids and Surfaces B: Biointerfaces. 2023 May 1;225:113267.

48. Rasti B, Jinap S, Mozafari MR, Abd-Manap MY. Optimization on preparation condition of polyunsaturated fatty
acids nanoliposome prepared by Mozafari method. Journal of Liposome Research. 2014 Jun 1;24(2):99-105.

49. Yang YT, Chien HF, Chang PH, Chen YC, Jay M, Tsai T, et al. Photodynamic inactivation of chlorin e6-loaded
CTAB-liposomes against Candida albicans. Lasers in Surgery and Medicine. 2013;45(3):175-85.

50. Hamborg M, Jorgensen L, Bojsen AR, Christensen D, Foged C. Protein Antigen Adsorption to the DDA/TDB
Liposomal Adjuvant: Effect on Protein Structure, Stability, and Liposome Physicochemical Characteristics.
Pharm Res. 2013 Jan 1;30(1):140-55.

51. Mohammed AR, Weston N, Coombes AGA, Fitzgerald M, Perrie Y. Liposome formulation of poorly water
soluble drugs: optimisation of drug loading and ESEM analysis of stability. International Journal of
Pharmaceutics. 2004 Nov 5;285(1):23-34.

52. Duangjit S, Pamornpathomkul B, Opanasopit P, Rojanarata T, Obata Y, Takayama K, et al. Role of the charge,
carbon chain length, and content of surfactant on the skin penetration of meloxicam-loaded liposomes.
International Journal of Nanomedicine. 2014 Dec 31;9:2005-17.

53. Park Sl, Lee EO, Kim JW, Kim YJ, Han SH, Kim JD. Polymer-hybridized liposomes anchored with alkyl grafted
poly(asparagine). Journal of Colloid and Interface Science. 2011 Dec 1;364(1):31-8.

54. Jaehnig F, Harlos K, Vogel H, Eibl H. Electrostatic interactions at charged lipid membranes. Electrostatically
induced tilt. Biochemistry. 1979 Apr 17;18(8):1459-68.

55. Smith Korsholm K, Agger EM, Foged C, Christensen D, Dietrich J, Andersen CS, et al. The adjuvant mechanism
of cationic dimethyldioctadecylammonium liposomes. Immunology. 2007 Jun;121(2):216-26.

56. Hussain MT. Microfluidics technology for the formulation design and production of liposomal products
[http://purl.org/coar/resource_type/c_db06]. 2019.

57. Lu XY, Hus, JinY, Qiu LY. Application of liposome encapsulation technique to improve anti-carcinoma effect of
resveratrol. Drug Development and Industrial Pharmacy. 2012 Mar 1;38(3):314-22.

58. Glavas-Dodov M, Fredro-Kumbaradzi E, Goracinova K, Simonoska M, Calis S, Trajkovic-Jolevska S, et al. The
effects of lyophilization on the stability of liposomes containing 5-FU. International Journal of Pharmaceutics.
2005 Mar 3;291(1):79-86.

59. KannanV, Balabathula P, Divi MK, Thoma LA, Wood GC. Optimization of drug loading to improve physical
stability of paclitaxel-loaded long-circulating liposomes. Journal of Liposome Research. 2015 Oct 2;25(4):308—
15.

60. Sebaaly C, Greige-Gerges H, Stainmesse S, Fessi H, Charcosset C. Effect of composition, hydrogenation of
phospholipids and lyophilization on the characteristics of eugenol-loaded liposomes prepared by ethanol

injection method. Food Bioscience. 2016 Sep 1;15:1-10.

61. AsoY, Yoshioka S. Effect of Freezing Rate on Physical Stability of Lyophilized Cationic Liposomes. Chem Pharm
Bull. 2005;53(3):301-4.

28



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

62. Perrie Y, Kastner E, Kaur R, Wilkinson A, Ingham AJ. A case-study investigating the physicochemical
characteristics that dictate the function of a liposomal adjuvant. Hum Vaccin Immunother. 2013 Jun
1;9(6):1374-81.

63. Bnyan R, Khan |, Ehtezazi T, Saleem |, Gordon S, O’Neill F, et al. Surfactant Effects on Lipid-Based Vesicles
Properties. Journal of Pharmaceutical Sciences. 2018 May 1;107(5):1237-46.

64. Aramaki K, Watanabe Y, Takahashi J, Tsuji Y, Ogata A, Konno Y. Charge boosting effect of cholesterol on cationic
liposomes. Colloids and Surfaces A: Physicochemical and Engineering Aspects. 2016 Oct 5;506:732-8.

65. Barbosa RM, Severino P, Preté PSC, Santana MHA. Influence of different surfactants on the physicochemical
properties of elastic liposomes. Pharmaceutical Development and Technology. 2017 Apr 3;22(3):360-9.

66. Marcelino J, Lima JLFC, Reis S, Matos C. Assessing the effects of surfactants on the physical properties of
liposome membranes. Chemistry and Physics of Lipids. 2007 Apr 1;146(2):94-103.

67. Barnier Quer C, Elsharkawy A, Romeijn S, Kros A, Jiskoot W. Cationic liposomes as adjuvants for influenza
hemagglutinin: More than charge alone. European Journal of Pharmaceutics and Biopharmaceutics. 2012 Jun
1;81(2):294-302.

68. Triantafyllopoulou E, Pippa ,Natassa, and Demetzos C. Protein-liposome interactions: the impact of surface
charge and fluidisation effect on protein binding. Journal of Liposome Research. 2023 Jan 2;33(1):77-88.

69. Singh S, Vardhan H, Kotla NG, Maddiboyina B, Sharma D, Webster TJ. The role of surfactants in the formulation
of elastic liposomal gels containing a synthetic opioid analgesic. IJN. 2016 Apr 8;11:1475-82.

70. Rodriguez CBR. Aerodynamic Engineering of a Pulmonary Prime-pull Vaccine Against Tuberculosis. University
of Strathclyde; 2018. book.

71. Panagi Z, Avgoustakis K, Evangelatos G, Ithakissios DS. Protein-induced CF release from liposomes in vitro and
its correlation with the BLOOD/RES biodistribution of liposomes. International Journal of Pharmaceutics. 1998
Mar 18;163(1):103-14.

72. Haidar ZS, Hamdy RC, Tabrizian M. Protein release kinetics for core—shell hybrid nanoparticles based on the
layer-by-layer assembly of alginate and chitosan on liposomes. Biomaterials. 2008 Mar 1;29(9):1207-15.

73. McNeil SE, Rosenkrands I, Agger EM, Andersen P, Perrie Y. Subunit Vaccines: Distearoylphosphatidylcholine-
Based Liposomes Entrapping Antigen Offer a Neutral Alternative to Dimethyldioctadecylammonium-Based
Cationic Liposomes as an Adjuvant Delivery System. Journal of Pharmaceutical Sciences. 2011 May
1;100(5):1856—65.

74. FDA U. Guidance for Industry, Waiver of in vivo bioavailability and bioequivalence studies for immediate
release solid oral dosage forms based on a biopharmaceutics classification system. Center for Drug Evaluation
and Research (CDER). 2000;

75. XieF, Ji S, Cheng Z. In vitro dissolution similarity factor (f2) and in vivo bioequivalence criteria, how and when
do they match? Using a BCS class Il drug as a simulation example. European Journal of Pharmaceutical
Sciences. 2015 Jan 23;66:163-72.

76. Anderson NH, Bauer M, Boussac N, Khan-Malek R, Munden P, Sardaro M. An evaluation of fit factors and

dissolution efficiency for the comparison of in vitro dissolution profiles. Journal of Pharmaceutical and
Biomedical Analysis. 1998 Aug 1;17(4):811-22.

29



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

77.

78.

79.

80.

81.

82.

83.

Ritger PL, Peppas NA. A simple equation for description of solute release Il. Fickian and anomalous release
from swellable devices. Journal of Controlled Release. 1987 Jun 1;5(1):37—-42.

Siepmann J, Peppas NA. Modeling of drug release from delivery systems based on hydroxypropyl
methylcellulose (HPMC). Advanced Drug Delivery Reviews. 2012 Dec 1;64:163-74.

Haidar ZS, Azari F, Hamdy RC, Tabrizian M. Modulated release of OP-1 and enhanced preosteoblast
differentiation using a core-shell nanoparticulate system. Journal of Biomedical Materials Research Part A.
2009;91A(3):919-28.

Haeri A, Sadeghian S, Rabbani S, Anvari MS, Boroumand MA, Dadashzadeh S. Use of remote film loading
methodology to entrap sirolimus into liposomes: Preparation, characterization and in vivo efficacy for
treatment of restenosis. International Journal of Pharmaceutics. 2011 Jul 29;414(1):16-27.

Winterhalter M, Lasic DD. Liposome stability and formation: Experimental parameters and theories on the size
distribution. Chemistry and Physics of Lipids. 1993 Sep;64(1-3):35—-43.

Koirala S, Roy B, Guha P, Bhattarai R, Sapkota M, Nahak P, et al. Effect of double tailed cationic surfactants on
the physicochemical behavior of hybrid vesicles. RSC Advances. 2016;6(17):13786—-96.

Liang CH, Chou TH. Effect of chain length on physicochemical properties and cytotoxicity of cationic vesicles

composed of phosphatidylcholines and dialkyldimethylammonium bromides. Chemistry and Physics of Lipids.
2009 Apr 1;158(2):81-90.

30



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

Figure 1:

A m Size ®PDI

3000 —+ * - 100

2500 + 1 0

2000 + §
= 1 60
E —
£ 1500 + % s
9 T 40 ©
& 1000 + § a

500 + T 20
0 i [ | I 0
Pass 0 Pass 1 Pass 2 Pass 3
Number of passes

B * H Size ®PDI

3000 —+ - 100

2500 + 1 80

2000 + e
_ T 60
E 1500 + § =
£ [a)
g 1000 + * * T4 =
a7 o

] I

0 - | I 0
0 min 5 min 10 min 15 min
Sonication time
c 0 min 5 min 10 min 15 min Sonication time
0.0 t t t } |

50 4 ﬁ —— —e o

-10.0 T \§ —— Sonication

ZP (mV)

-15.0 +

-20.0 t t t } |
Pass 0 Pass 1 Pass 2 Pass 3 Number of passes

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
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Figure 3:
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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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Figure 5:
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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.

36



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

Figure 6:
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Figure 7:
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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 ug/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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Figure 9:
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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.
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Figure 10:
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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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Figure 11:
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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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