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Abstract

Successful oral delivery of liposomes requires formulations designed to withstand harsh 
gastrointestinal conditions, e.g., by converting to solid-state followed by loading into gastro-
resistant delivery devices. The hypothesis was that the use of dextran-trehalose mixtures 
for spray drying would improve the rehydration kinetics of dried liposomes. The objectives 
were to determine the protective capacity of trehalose-dextran dehydration precursors and 
to increase the concentration of liposomes in the dry formulation volume. The study 
successfully demonstrated that 8.5% dextran combined with 76.5% trehalose protected 
CAF®04 liposomes during drying, with the liposome content maintained at 15% of the dry 
powder. Accordingly, the rehydration kinetics were slightly improved in formulations 
containing up to 8.5% dextran in the dry powder volume. Additionally, a 2.4-fold increase in 
lipid concentration (3mM vs 7.245 mM) was achieved for spray dried CAF®04 liposomes. 
Ultimately, this study demonstrates the significance of trehalose as a primary carrier during 
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spray drying of CAF®04 liposomes and highlights the advantage of incorporating small 
amounts of dextran to tune rehydration kinetics of spray-dried liposomes.

Keywords: Liposomes; Spray drying; Trehalose; Dextran; Solid solubility; Rehydration 
kinetics
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1. Introduction 

Oral administration of drugs and vaccines is currently a key focus with the intention to solve 
issues such as patient compliance as well as accessibility in low-income regions (Baryakova 
et al., 2023; Pollard & Bijker, 2021). Administration of drugs and vaccines orally can also be 
used to reduce the burden on the healthcare resources as this form of delivery does not 
require trained personnel for efficient administration (Taddio et al., 2012). Moreover, for 
vaccines, oral administration can be a good strategy for targeting mucosal immunity in the 
gut (Carlsen et al., 2023). 

Liposomes have been established as potential carriers for delivery of active pharmaceutical 
ingredients (APIs) (Giordani et al., 2023; Liu et al., 2022). Liposomes are small spherical 
vesicles formed when lipids rearrange into bilayer membranes in aqueous medium. 
Liposomes are versatile delivery carriers as hydrophilic compounds can be in the aqueous 
core of the vesicles, whereas hydrophobic compounds can be embedded in the lipid 
membrane (Liu et al., 2022; Marasini et al., 2017). The versatility liposomes offer is broadly 
used in the vaccine delivery field. Here, liposomes have been established as excellent 
adjuvants, as they offer a platform for incorporating immunopotentiators, as well as a 
delivery system for antigens (Tretiakova & Vodovozova, 2022). The cationic adjuvant 
formulation (CAF®) platform is an example of such a liposome-based adjuvant system, 
which was developed to meet the need for novel and safer adjuvants that could elicit strong 
Th1 immune responses (Aroffu et al., n.d.; Tretiakova & Vodovozova, 2022). The main 
component in the CAF® platform is the quaternary cationic ammonium surfactant, N,N-
dimethyl-N,N-dioctadecylammonium bromide (DDA), formulated into liposomes or 
emulsions, which are often unstable in aqueous medium (Davidsen et al., 2005). 
Consequently, compounds such as glycolipids were studied to create more stable DDA-
based formulations, such as CAF04 (Fig. 1), which contains the glycerolipid monomycoloyl 
glycerol (MMG) as a stabilizing lipid (Pedersen et al., 2018).

 

Fig.1. Theoretical schematic of CAF04 liposome structure.  

Despite being a versatile and attractive delivery system, adaptation of liposomes for oral 
delivery still faces a lot of challenges such as in vivo instability and formulation challenges 
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which result in batch-to-batch variations (Carlsen et al., 2023). One way of addressing such 
challenges is by converting the liposomes to a solid-state form. Converting liposomes to a 
dry powder has been extensively studied (Ingvarsson, Schmidt, et al., 2013; Thakur et al., 
2022; Yu et al., 2021), and found to enhance their storage stability, as the aqueous 
environment is removed, and the generated powders can be rehydrated back to liposomes 
(Barbălată et al., 2023; Chowdhary et al., 2023; Mohammadi et al., 2021). However, 
adjacent bilayers could fuse during drying, posing a risk of large aggregates forming 
(Ingvarsson et al., 2011). Therefore, it is important to maintain the structural integrity of the 
membrane and avoid fusion, which could result in leaking of liposomes (Mohammadi et al., 
2021). 

Several drying techniques have been extensively studied and reviewed, namely: freeze 
drying (Franzé et al., 2018; Guimarães et al., 2019; Nowak & Jakubczyk, 2020) spray drying- 
including supercritical CO2-assisted spray drying (Costa et al., 2021; Ingvarsson et al., 2011; 
Ingvarsson, Yang, et al., 2013; Moura et al., 2019; Sosnik & Seremeta, 2015), and spray-
freeze drying (Adali et al., 2020; Yu et al., 2021). Spray drying is widely used as it is cheap, 
fast and easily scalable (Sosnik & Seremeta, 2015). Additionally, during spray drying, the 
powder particle can be engineered to attain different particle properties such as size and 
porosity (Ingvarsson, Yang, et al., 2013). Previously, spray drying of CAF01 has been 
studied using design of experiments, where trehalose was established to be the optimal 
spray drying excipient for protecting liposomes (Ingvarsson, Schmidt, et al., 2013; 
Ingvarsson, Yang, et al., 2013). Disaccharides such as trehalose, are widely used in 
protection of biologicals during drying (Dieplinger et al., 2023). There are many theories 
supporting the protective mechanism of such sugars. A good stabilizer has a low number of 
reducing groups, as the reducing sugars tend to interact with groups such as amine groups 
present on DDA lipids, which can destabilize the formulations (Alhajj et al., 2021). Trehalose 
having few reducing groups, protects the liposomes from collapsing by replacing the water 
molecules in the core of the vesicles. Upon rehydration, water is drawn back into the vesicles 
(Giuffrida et al., 2017; Jójárt-Laczkovich et al., 2016). This is known as the water 
replacement phenomenon. Consequently, to spray dry CAF-based liposomes at higher 
concentrations, the ratio between the reducing sugars present in trehalose and amine 
groups should be adjusted accordingly. This often results in bulky powders with higher 
carrier content and a higher amount of effective dose would therefore be required. Bulky 
powders further present a potential issue e.g., limited loading capacity of devices for oral 
delivery (Carlsen et al., 2023). Therefore, there is a need to increase the ratio of the active 
drug, i.e., the liposomes without increasing the bulk volume of the formulations.

Additionally, a good stabilizer has a low tendency for crystallization as crystal growth would 
lead to aggregation of the liposomes during storage (Jójárt-Laczkovich et al., 2016). 
Trehalose dihydrate exists in a crystal form, and upon spray drying, is thermodynamically 
modified into an amorphous form (Jójárt-Laczkovich et al., 2016). Crystallization is generally 
accepted to be a challenge when the difference between the glass transition temperature 
(Tg) and the storage temperature is less than 50°C (Newman & Zografi, 2020). Therefore, 
sugars with high Tg are preferred as stabilizing agents during drying. Additionally, in the 
presence of moisture, there is a tendency for recrystallization, which could affect the storage 
stability of spray dried products (Jójárt-Laczkovich et al., 2016). 

Another theory for protection during drying is the vitrification theory. Vitrification is the 
process where amorphous compounds form a rigid, glassy matrix, reducing molecular 



5

mobility and thus, maintain stability of the liposomes (Susa et al., 2021; Trenkenschuh & 
Friess, 2021). However, the kinetic immobilization and stabilizing properties of sugar glasses 
are lost above the Tg of the sugar (Ubbink, 2016). Consequently, oligosaccharides and 
polysaccharides such as dextran, having higher Tg’s, are stable glass formers (Mensink et 
al., 2017), but also exhibit polymeric properties (Haeuser et al., 2020; Moreno Raja et al., 
2019). Dextran has a high Tg (103°C at 23% RH) and is, thus, expected to act as a suitable 
glass former (Moreno Raja et al., 2019; Song et al., 2012), stabilizing molecules for longer 
duration of time (Imamura et al., 2003; Li et al., 2022), and show less crystallization 
tendencies during storage. 

Crowe et al. established that a desirable spray drying carrier is one which has excellent 
kosmotropic as well as vitrification abilities (Crowe et al., 1997), but it is challenging to find 
an excipient with both of these properties. One way to achieve this, is by combining a good 
glass forming carbohydrate, for example dextran 6000 (Tg: 103°C), with one that easily 
forms hydrogen bonds with the lipid head groups, e.g., trehalose. Combining the large 
polysaccharide, dextran, with the small disaccharide, trehalose, has previously been 
explored in the lyophilization of actin (Allison et al., 2000). Thus, it was hypothesized for this 
study that combining trehalose for its kosmotropic effect and dextran for its glass forming 
ability could further improve the protection of liposomes upon spray drying. Additionally, 
dextran could further protect the liposomes during storage by acting as a spacer as a result 
of steric hinderance due to its branching and high molecular weight (Penzol et al., 1998). 

The purpose of this study was therefore to investigate the interplay between trehalose and 
dextran as precursors for spray drying CAF04 liposomes. Additionally, we aimed to increase 
the active ingredient concentration by increasing the liposome concentration in the 
formulation. 

 

2. Materials and Methods 
2.1. Materials 

N,N-dimethyl-N,N-dioctadecylammonium bromide (DDA) (purity 99.9%) and glycerolipid 
monomycoloyl glycerol (MMG) (purity 99%) were obtained from Niels Clauson-Kaas A/S 
(Farum, Denmark). Trehalose dihydrate (purity 99.9%) and Dextran 6000 (purity 99%) were 
from Sigma-Aldrich (St. Louis, Missouri, USA). All reagents used were of analytical grade.

Methods 
2.2. Preparation and spray drying of liposomes 

The liposome dispersions were prepared using the thin film hydration method as previously 
described (Zhang, 2017). DDA and MMG lipid powders were weighed in a 5:1 wt/wt ratio 
and dissolved in 99% ethanol. Ethanol was evaporated overnight, followed by flushing with 
nitrogen to remove residuals, resulting in a lipid film. Following that, the lipid film was 
rehydrated in milliQ water containing trehalose or a blend of trehalose and dextran (Table 
1). The liposomes were prepared by high shear mixing using an Omni GLH 850 (Omni 
International, Georgia, USA) at 21,000 rpm at 60°C for 15 min.
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Table 1. Composition of spray drying precursors 

Spray drying 
carrier

% w/w  in solid feedstock 
(15%CAF04)

% w/w in solid feedstock 
(20%CAF04)

Trehalose 85% w/w trehalose 80% w/w trehalose

90% trehalose 76.5% w/w trehalose-8.5% w/w 
dextran

72% w/w trehalose-8% w/w 

dextran

50% trehalose 42.5% w/w trehalose-42.5% w/w 
dextran

40% w/w trehalose-40% w/w 
dextran

10%trehalose 8.5% w/w trehalose-76.5% w/w 
dextran

8% w/w trehalose-72% w/w

dextran

The liposome dispersions were spray dried using air as the drying gas on a Büchi B-290 
mini spray dryer (Büchi Labortechnik, Flawil, Switzerland). The spray dryer was operated in 
open-loop configuration with a B-296 dehumidifier (Büchi Labortechnik) and a pressure 
nozzle with a diameter of 0.7 mm. Centrifugal forces were used to separate the dry particles 
from the airstream using a high-performance cyclone (Büchi Labortechnik). The liposome 
concentration was maintained at 15% w/w or 20% w/w of the total formulation (4.5mg/mL or 
6mg/mL), and the carbohydrate content was fixed at 80 or 85% wt. of the total formulation 
(20mg/mL or 25.5 mg/mL). Process control parameters applied during spray drying of 
CAF04 liposomes were selected based on previous studies on spray drying of CAF01 
(Ingvarsson, Schmidt, et al., 2013) (Supplementary Table 1).  

The dry powder yield was determined as the difference in weight of the collecting vessel 
before and after spray drying. The weight difference was compared to the initial total dry 
mass included in the feed, and the yield (w/w) in % was calculated. The resulting powders 
were stored in airtight glass vials at -20°C until further use. 

2.3. Residual moisture content 
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Moisture content in the samples was analyzed by thermogravimetric analysis (TGA) as 
previously described (Ingvarsson, Schmidt, et al., 2013). Briefly, 10 mg of the dried powder 
samples were placed on platinum pans, and nitrogen purging was applied at 50mL/min. The 
samples were heated from 25°C to 110°C at a constant rate of 10°C/min in a Discovery TGA 
(TA Instruments, New Castle, USA). The % weight loss caused by water evaporation was 
determined using TRIOS software 5.1.1 (TA Instruments, New Castle, USA) and defined as 
the residual moisture content. 

2.4. Morphology characterization of dried powder particles and of liposomes 
after rehydration 

The powder particle morphology was examined by scanning electron microscopy (SEM) 
using Hitachi Tabletop SEM TM3030 (Hitachi High Technologies, Tokyo, Japan). The dried 
powder was transferred onto a flat standard stub covered with double-adhesive carbon tape 
and examination was performed at an acceleration voltage of 15kV and a working distance 
of 6.3mm.

Morphology and size of redispersed liposomes were analyzed using Cryo-Transmission 
electron microscope (cryoTEM). 3µL of the redispersed liposomes were placed onto glow 
discharged lacey carbon coated 300 mesh copper TEM grids (Ted Pella Inc., Redding, 
California, United States), blotted for 5s, and plunge frozen in liquid ethane using a Leica 
EM GP2 plunge freezer (Wetzlar, Germany). Samples were transferred to the TEM at 
−175°C using a gatan single tilt cryo holder (Gatan Pleasanton, California, United States) 
and imaged using a FEI Tecnai T20 G2 transmission electron microscope (Hillsboro, 
Oregon, United States) operated at 200 KeV in low dose mode with a TVIPS XF416 CCD 
camera (TVIPS, Gauting, Germany). Images were analyzed using ImageJ, software version 
1.53t (National Institute of Health, Bethesda, Maryland, USA).

2.5. Size, polydispersity and surface charge

The mean particle diameter (Z-average), polydispersity index (PDI) and Zeta Potential (mV) 
of the liposomes were determined by dynamic light scattering (DLS) using a Zetasizer Nano 
ZS (Malvern Instruments, Worcestershire, UK) equipped with a 633 nm laser and 173° 
detection optics. Malvern DTS v.6.20 software (Malvern Instruments) was used for data 
acquisition and analysis. The samples were rehydrated in milliQ water corresponding to the 
initial total solid weight i.e. 3% wt. (4.5 or 6 mg/mL CAF04), and then diluted 10-fold in milliQ 
water, thus the osmotic pressure was maintained. Samples for surface charge 
measurements were rehydrated in the same manner and diluted 100-fold. The 
measurements were repeated 3 times for each sample. The values of pure water were used 
for viscosity and refractive index. A Nanosphere™ Size Standard (220±6nm, Duke Scientific 
Palo Alto, CA, USA) was used to verify the performance of the instrument. 

2.6. Thermotropic phase behavior and solid solubility of trehalose and dextran 

The thermotropic phase behavior of the liposomal dispersions was determined by differential 
scanning calorimetry (DSC) using a MicroCal PEAQ-DSC (Malvern Panalytical Ltd., 
Cambridge, UK). After rehydration to a total solid concentration of 3% wt. (corresponding to 
the initial total solid weight), 250µL of the formulations were heated from 20°C to 60°C at a 
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scanning rate of 0.5°C/min. The exothermic scans of each sample were used for data 
analysis.

The melting point depression method, previously described to determine the miscibility of 
crystalline drugs and amorphous polymers (Marsac et al., 2006), was used to determine 
solubility of the precursors used for spray drying. Physical mixtures of trehalose and dextran 
were prepared by mortar and pestle in various w/w ratios (Supplementary Table 1). 2-4 mg 
of the physical mixtures were then weighed into DSC pans and hermetically sealed. To 
obtain the melting temperature of the samples, a DSC method from 25°C to 140°C was 
applied with the scanning rate of 1°C/min. The heating curves were analyzed using TRIOS 
software 5.1.1 (TA Instruments, New Castle) to determine the melting point (Tm onset) and 
the melting enthalpies (ΔHm). To investigate the solubility of trehalose and dextran, the 
experimental melting enthalpies were plotted into the Flory Huggins equation (Eq.1) and χ 
was used to extrapolate the theoretical miscibility point. 

 (Eq.1)
𝛥𝐻𝑚

𝑅 ⋅ ( 1
𝑇𝑚

―
1

𝑇𝑎) = ln (𝑣Tr 𝑒) + (1 ―
1
𝜆) ⋅ (1 ― 𝑣Tr 𝑒) + Χ ⋅ (1 ― 𝑣Tr 𝑒)2

Where ΔHm is the melting enthalpy of trehalose, Tm the melting point of trehalose, R the gas 
constant, ʎ the molar volume ratio of dextran 6000 to trehalose, χ is the Flory- Huggins 
interaction parameter, Ta the annealing temperature and VTre the volume fraction of 
trehalose in the physical mixtures.  

2.7. Statistics 

Where relevant, results are expressed as mean ± standard deviation. Origin® software 
9.9.0.225 (OriginLab, Northampton, MA, USA) was used to analyze data from the DSC, 
using the first and third scans. GraphPad Prism 10.0.2 (232) (GraphPad Software, Boston, 
MA, USA) was used to analyze particle size, PDI and particle surface charge data, as well 
as statistical analysis. Two-way ANOVA with Tukey’s multiple comparison was applied in 
statistical analysis of particle size, PDI and zeta potential before and after spray drying. One-
way ANOVA with Dunnett’s multiple comparison test was applied for analysis of process 
yield and residual moisture content of formulations.  

3. Results and Discussion
3.1. Combining trehalose and dextran as spray drying precursors

The combination of trehalose and dextran for lyophilization of proteins has previously been 
studied, where it was established that dextran increases the Tg of the formulations and 
consequently, extends the storage stability of freeze-dried actin (Allison et al., 2000). 
Though freeze-drying and spray drying rely on different mechanisms of drying, when 
dehydrating liposomes, the two techniques require the use of carriers such as disaccharides 
to preserve the structural integrity of liposomes (Yu et al., 2021). Trehalose is applied in 
freeze-drying for its kosmotropic properties, while dextran is used to reduce the freeze-
drying time by lowering the primary drying time (Christensen et al., 2007; Larsen et al., 
2019). Spray drying also relies on the water-replacement theory of protection as well as 
vitrification. It is yet to be established which protective mechanism is more significant in each 
of the drying techniques. Therefore, understanding the interplay of trehalose and dextran in 
protecting proteins or liposomes is critical in protection upon spray drying. 
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3.1.1. Determining solubility of trehalose and dextran 

To investigate the interaction between the two components, solubility studies using the 
melting point depression method and the Flory-Huggins model were performed. The model 
has been used to effectively predict drug-polymer solubility using onset melting 
temperatures of physical mixtures between the two components and extrapolating their 
solubility to ambient temperature (Marsac et al., 2006; Rask et al., 2018; Romhányi et al., 
2018). Applying this approach, the interaction parameter describes the solubility of 
trehalose-dextran  (Fig. 2). Therefore, according to the Flory-Huggins model, trehalose and 
dextran are not soluble as 1.1% of dextran is the highest amount of dextran that would allow 
the system to maintain entropy. 
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Fig. 2. A temperature-dependent equilibrium solubility curve for trehalose in dextran. All data 
points are illustrated as averages (n=3). The solubility data has been fitted using the Flory-
Huggins model (blue curve), along with the inclusion of a 95% prediction interval (dotted 
curves).

The Flory-Huggins formula predicts the interaction parameter or solubility of two 
components using molecular weights. Therefore, phase separation is plausible due to the 
differences in the molecular weight of trehalose (378.33 g/mol) and dextran (6000 D). This 
is consistent with an earlier study which describes the phase separation of trehalose-dextran 
solid solutions (Aksan & Toner, 2004). Although, a seemingly homogeneous system can be 
obtained upon preparation of trehalose-dextran mixtures, phase separation may occur due 
to moisture-induced plasticity upon storage (Aksan & Toner, 2004; Vasanthavada et al., 
2004). Furthermore, solubility describes a system that is thermodynamically stable, while 
miscibility describes a monophasic system, which is not thermodynamically stable but 
physically stable. Therefore, a solubility value close to 0 indicates that the two components 
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will eventually phase separate or crystalize, but despite that, could be physically stable for 
years.

Although the melting point depression method is a useful tool to determine polymer 
miscibility, the method could overestimate or underestimate solubility (Knopp et al., 2015). 
Tgs of mixtures can also be used to characterize miscibility, as mixtures having multiple Tgs 
are deemed immiscible and those with one Tg indicate miscibility (Ajitha A.R. & Thomas, 
2020). Despite chemical similarities and the prediction of immiscibility according to the Flory-
Huggins parameter, DSC thermograms of the physical mixtures indicated uniform Tgs 
(Supplementary Fig. S1). Moreover, both trehalose and dextran are readily soluble in water 
and did not phase separate in our application during preparation of liposomes. Ultimately, 
monophasic trehalose-dextran solutions were used to rehydrate the lipid films, followed by 
spray drying.

3.1.2. The influence of spray drying carrier composition on liposome dehydration- 
rehydration critical quality attributes 

Ingvarsson et al. highlighted the significance of a fast-drying rate during spray drying, i.e., 
slower drying rates often result to phase separation and lipid accumulation on the surface 
of the particles (Ingvarsson, Schmidt, et al., 2013). Therefore, critical quality attributes such 
as particle size, polydispersity, thermotropic behaviour and powder particle morphology 
were used to characterize the protective capacity of trehalose-dextran solutions on liposome 
colloidal stability.  

Formulations prepared with 90 and 100% trehalose in the carrier matrix maintained the 
particle size before and after spray drying (p-value=0.593 and 0.90 respectively) (Table 2, 
Supplementary Fig.S3). Additionally, the PDI value of ≤0.3 indicated that the particles were 
monodisperse after rehydration of the powders (Danaei et al., 2018). Conversely, the sizes 
of formulations prepared with excess dextran (10 and 50% trehalose) in the carrier matrix 
showed a 3-fold increase in the sizes after spray drying, and the PDIs indicated polydisperse 
particles after rehydration (Table 2). CAF04 liposomes are characteristically small liposomes 
(< 250 nm) with a low PDI (<0.3). Therefore, formulations with particle sizes greater than 
250 nm and PDI greater than 0.3 were considered unstable. 

The results indicated that liposomes prepared with 90 and 100% trehalose were protected 
sufficiently during spray drying and rehydrated back to the initial sizes. Contrary, the DLS 
results from formulations with excess dextran (10 and 50% trehalose) indicated insufficient 
protection due to particle aggregation during rehydration. Aggregation often occurs as a 
result of merging of the bilayer, as in the case for formulations spray dried with excess 
dextran.

The zeta potential of all formulations remained positive and above 20mV showing that the 
liposomes retained their cationic state (Table 2). Changes to the zeta potential of the 
particles would be expected in case of surface interactions between DDA and MMG upon 
rehydration, a phenomenon previously reported (Davidsen et al., 2005). As a result, the lipid 
ratio between MMG and DDA is more critical to the surface charge than carbohydrate 
composition.
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Table 2. Characterization of formulations with varying trehalose-dextran solutions before 
(BSD) and after (ASD) spray drying. (Mean ±SD, n=3)

Formulation 10% 
trehalose

50% 
trehalose

90% 
trehalose

100% trehalose

BSD 249±116 221±70 180±28 212 ± 56Size (d.nm)

ASD 699±114 582±56 211±35 204±20

BSD 0.3 0.2 0.3 0.3PDI

ASD 0.7 0.5 0.2 0.2

BSD 47±3 48±0 51±2 49±2Zeta 
potential 

(mV)
ASD 38±3 37±4 44±2 49±3

% Process yield 44±14 39±13 45±11 41±13

% Moisture content 5.0±1.4 3.8±1.5 3.6±1.4 3.2±1.2

SEM was used to further characterize the formulations after spray drying, and the images 
showed powder particles with different characteristics (Fig. 3). Formulations prepared with 
90 and100% trehalose displayed spherical particles (Fig. 3a and b). In contrast, formulations 
prepared with 10 and 50% trehalose showed wrinkled particles (Fig. 3c and d). The wrinkled 
particles was hypothesized to be an indication of varying drying kinetics which is specific to 
the composition of the spray drying precursors. Both et al. linked the dried powder particle 
morphology to the rheological properties of the feedstock concentration and the drying rate 
of the particles. It was found that during drying, if particle shell formation occurred faster 
than phase separation, there would be regions rich in one of the components resulting in 
wrinkled particles due to slower drying rates (Both et al., 2019). Ekdahl et al. further 
determined that the Peclet number had an influence in the drying mechanics of particles. 
Briefly, atomized particles having a low Peclet number have a lower internal solvent partial 
pressure causing the particle to collapse (Ekdahl et al., 2019). The Peclet number is 
influenced by the viscosity of the solutions and how fast droplets form upon atomization. The 
morphology of the powder particles could affect the ease of powder dissolution, as the shape 
affects the surface area of contact between the particles and the solution. 
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Fig.3. SEM micrographs of CAF04 (15% w/w) dried powder particles with varying ratios of 
trehalose-and dextran as spray drying precursors. a)-100% trehalose, b)-90% trehalose, c)-
50% trehalose, d)-10% trehalose. Scale bar - 3µm.

We aimed to investigate the effect of particle shape on powder rehydration. It was expected 
that spherical particles having even and large surface area would have more contact with 
the medium and therefore achieve rapid lipid rehydration. Therefore, the thermotropic phase 
behavior of the liposomes was used to further determine the ease of redispersibility after 
spray drying. DSC uses the phase transition temperature (Tp) to determine the extent of lipid 
redispersion in the bilayer. Tp is a characteristic temperature at which change in the lipid 
physical state occurs from the ordered gel phase, where the hydrocarbon chains are fully 
extended and tightly packed, to the disordered liquid crystalline phase, where the 
hydrocarbon chains are randomly oriented and fluid (Kim, 2016). 

The main phase transition temperature was found at 42°C across the formulations before 
spray drying (Fig. 4), as reported elsewhere in literature (Davidsen et al., 2005). This peak 
remained dominant also after spray drying for formulations with 90 and100% trehalose. 
Additionally, formulations with 90 and100% trehalose showed one small post transition peak 
at 46°C (Fig. 4). In contrast, formulations containing 10-50% trehalose showed multiple 
peaks after spray drying, one small peak at 42°C, a large peak at 45°C and another at 50°C 
(Fig. 4). 
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Fig. 4. Normalized thermograms of CAF04 formulations prepared with varying trehalose-
dextran solutions before (BSD) and after spray drying (ASD). The scans have been 
displaced on the heat capacity axis for clarity. The results are representative of n=3 
individual measurements. 

A single peak in a DSC thermogram of liposomes indicates homogeneous lipid dispersion 
within the bilayer, or phase equilibrium with complete lipid dispersion. Tp may be applied as 
a vesicle fingerprint and used for identification of liposome quality (Blandamer et al., 1992; 
Fan et al., 2021; Feitosa et al., 2000). The main phase transition temperature of neat DDA 
is 47°C (Feitosa et al., 2000). Stabilizing lipids and molecules reduce the Tp of CAF® 

liposomes such as CAF04 to 42.62±0.02°C (Davidsen et al., 2005). Therefore, the 
occurrence of the main peak at 42°C in formulations with 90 and 100% trehalose confirms 
the presence of vesicles before spray drying, which were maintained during spray drying, 
i.e., successful redispersion of the lipids after spray drying. For formulations with 10 and 
50% trehalose, it is possible that liposomes are not fully rehydrated after spray drying, 
possibly due to the powder particle morphology, which reiterates the importance of the 
particle shape on the rehydration of the particles. Furthermore, the main peak for 
formulations with 10 and 50% trehalose is closer to the main phase transition temperature 
of neat DDA vesicles (47°C) (Christensen et al., 2007; Davidsen et al., 2005).Therefore, the 
presence of large multiple peaks post the Tp is indicative of highly ordered DDA-rich domains 
which are difficult to rehydrate, or incomplete redispersion of excess DDA into the bilayer.

Interestingly, the carbohydrate composition seemed affect the moisture content, since the 
formulations with a high ratio of dextran appeared to retain more moisture compared to 
samples with less dextran, though not statistically significant (p-value >0.05 – 
Supplementary Fig. S3). This phenomenon is hypothesized to be due to the drying kinetics 
of dextran solutions. During isothermal drying of dextran solutions, the evaporation rate is 
lowered by the formation of a rubbery thin shell on the droplet surface, followed by a 
homogeneous gel phase, where the shell increases in thickness due to changes (Fig. 3). 
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Trehalose solutions have an additional step, during which the moisture in the core dries 
rapidly (Aksan & Toner, 2004). Likewise, trehalose-dextran solutions alter the particle drying 
technique due to the increased viscosity of the solutions, leading to reduced particle 
diffusivity. Accordingly, slower drying rates in formulations with excess dextran causes 
particles to retain more moisture, resulting in aggregation of liposomes when rehydrated. 
Furthermore, the retention of moisture in samples with excess of dextran is indicative of the 
varying degrees of moisture sorption by the carbohydrates, with trehalose having a lower 
moisture sorption capacity than dextran (Fakes et al., 2000). 

Fig. 5. Schematic of dehydration of dextran and trehalose droplets

To summarize, formulations with minimal dextran enrichment (90 and100% trehalose) 
maintained the size and PDI, the thermotropic behaviour and spherical and smooth powder 
particles after spray drying. Conversely,  formulations with excess dextran (10 and 50% 
trehalose) changed drastically after spray drying, as evident in the increase in size and PDI 
and the shift in the phase transition temperature as well as the wrinkled powder particles. 
These changes indicate an occurrence of regions of unincorporated lipids, which can be 
attributed to inadequate protection during drying, i.e. slower drying rates. Therefore, it can 
be deduced that drying using trehalose-dextran precursors relies on abundance of trehalose 
for successful protection of liposomes.

3.2. Increasing lipid concentration in CAF04 formulations

Previous studies have demonstrated that the highest lipid concentration of CAF01 that can 
be spray dried was at 10% w/w of the total solid feedstock concentration (Ingvarsson, 
Schmidt, et al., 2013). One aim of this project was to increase the liposome concentration in 
the formulation, while maintaining stability after spray drying. To investigate the influence of 
the lipid content on the protective capacity of trehalose-dextran spray drying precursors, 
formulations with lipid solid content ranging from 15% w/w to 20% w/w CAF04 were 
prepared and spray dried. 
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To determine whether the particles became unstable after spray drying, the particles’ light 
scattering was measured before and after spray drying and the measurement was correlated 
to their sizes. Monodisperse formulations for CAF04 liposomes with particle size of 
200±50nm and PDI below 0.3 were deemed to be acceptable. It was found that formulations 
prepared with 15% w/w CAF04 in the formulation did not have a significant change in their 
sizes after spray drying (p-value=0.743 for 100%-trehalose, and p-value=0.446 for 90%-
trehalose) (Table 3, Supplementary Fig. S4). Conversely, formulations with 20% w/w CAF04 
had significant changes in the sizes after spray drying (p-value=0.04 for 100%-trehalose, 
and p-value=0.0001 for 90%-trehalose). Additionally, PDI values of formulations with up to 
15% CAF04 content were less than or equal to 0.3, while those of formulations with 20% 
CAF04 content increased to 0.4 and 0.5, respectively (Table 3). 

Comparing the sizes of formulations with 15% w/w CAF04, there was no significant 
difference in formulations with 100% trehalose and 90% trehalose before and after spray 
drying (p-value=0.99 and 0.86 respectively - Supplementary Fig. S4). It can be deduced that 
the formulations with 15% w/w CAF04 were adequately protected during drying, as the 
particle sizes were comparable after drying and rehydration, and the formulations were 
monodisperse. In contrast, for the formulations prepared with 20% w/w CAF04, the increase 
in size as well as the high PDI could be an indication of insufficient or unsuccessful protection 
during drying. Insufficient protection during drying in the formulations with 20% w/w CAF04 
could be attributed to excess or unbound DDA amine groups. As stated earlier, one 
mechanism of protection is by forming hydrogen bonds between the trehalose head groups 
and the amine groups in the DDA (Christensen et al., 2007). This implies that the amount of 
trehalose should provide enough hydroxyl groups to engage with the lipid head groups. In 
the absence of sufficient hydroxyl groups, the liposomes are not fully protected which leads 
to merging of liposomes as water is drawn out during drying or collapsed liposomes. This 
will lead to aggregation which is reflected in the high PDI. 

Table 3. Characterization of formulations with increased lipid content before (BSD) and 
after (ASD) spray drying. (Mean ±SD, n=3)

Formulation 15% w/w 
CAF04 – 
100% 
trehalose

15% w/w 
CAF04 – 90% 
trehalose

20% w/w 
CAF04 – 
100% 
trehalose

20% w/w 
CAF04 – 90% 
trehalose

BSD 177 ± 26 192±17 178±22 181±18Size (d.nm)

ASD 192±21 228±6 335±30 710±150

PDI BSD 0.2 0.3 0.3 0.3
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ASD 0.2 0.2 0.4 0.7

BSD 48±3 52±4 51±2 52±2Zeta potential 
(mV)

ASD 48±3 43±0 40±5 41±2

% Process yield 58±3 61±3 58±4 52±5

% Moisture content 2.7±1.5 3.4±1.4 3.5±1.4 3.4±0.7

The zeta potential of liposomes reflects the vesicles surface net charge, which can influence 
the liposome colloidal stability and can also be used to evaluate the extent of charged lipid 
incorporation and head–group interaction (Davidsen et al., 2005). The zeta potential of the 
particles before and after spray drying was not significantly different for formulations 
prepared with 15% w/w CAF04-100%trehalose (p-value=0.81). Conversely, the zeta 
potential for 15% w/w CAF04-90%trehalose, 20% w/w CAF04-100%trehalose and 20% w/w 
CAF04-90% trehalose decreased significantly (p-value=0.02, p-value 0.0004 and p-value 
0.002 respectively – Supplementary Fig. S4). Nevertheless, all formulations had zeta 
potential above 20mV indicating cationic particles. The residual moisture content was not 
significantly different in all formulations. 

DSC was applied to further characterize the redispersibility of the formulations. After spray 
drying, the post transition peaks appeared to be inflated in formulations with CAF04 
concentration higher than 15% w/w (Fig. 6). Christensen et al. also demonstrated that in 
formulations with high lipid content, exothermic peaks usually occur after the main Tp due to 
DDA domains that are not easily redispersed into the vesicles, but often disappeared after 
dilution (Christensen et al., 2007). 

The main Tp occurred at 42°C for all formulations before spray drying (Fig. 6a). Additionally, 
formulations with 15% w/w CAF04 had a main Tp at 42°C after spray drying, as well as small 
peaks after the main Tp (Fig. 6b). The small exothermic peaks after the main Tp in 
formulations with 15% w/w CAF04 were consistent with the formulations before spray drying 
(Fig. 6b). Therefore, based on the particle size characterization and the thermotropic phase 
behavior, we deduced that the liposomes were completely rehydrated and thus, adequately 
protected upon spray drying. After spray drying, formulations with 20% w/w CAF04 had a 
small Tp at 42 °C, a main Tp at 46 °C and a peak after 50°C (Fig. 6b). The occurrence of the 
main Tp at 46°C, close to the main Tp of neat DDA liposomes is consistent with the 
observation in the earlier section.
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Fig. 6. Normalized DSC thermograms of CAF04 liposomes in increased lipid content before 
and after spray drying. a)15% w/w CAF04, b) 20% w/w CAF04.The scans have been 
displaced on the heat capacity axis for clarity. 

This reiterates the phenomenon of incomplete redispersion of lipids into the bilayer after 
spray drying due to inadequate protection. To achieve sufficient protection, there has to be 
a realistic ratio between the hydroxyl groups on trehalose and the lipid head groups. 
Previously, it was shown that 211mM trehalose was required for successful protection of 
3mg/mL CAF01 upon freeze-drying (Christensen et al., 2007). Our studies showed that 60.7 
- 67.4mM (90-100% trehalose) could successfully protect up to 4.5 mg/mL (15% w/w) of 
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CAF04 liposomes upon spray drying. Since more trehalose is required during freeze-drying, 
this discrepancy in trehalose threshold may be due to the drying method.

To further confirm whether the liposomes were rehydrated sufficiently after spray drying, 
cryoTEM imaging was performed. Evidently, lipid redispersion was attained for all samples, 
with samples containing 100% trehalose occasionally exhibiting multilamellar vesicles. (Fig. 
7, Supplementary Fig S2.) and those enriched with dextran showing uni-lamellar vesicles. 
The sizes of the liposomes were estimated from the cryoTEM micrographs of 15 different 
particles and the sizes appeared significantly lower than sizes from the DLS measurements 
(Table 3 and Supplementary Table 2). This difference can be explained by the two different 
techniques. In DLS, Brownian motion is applied to determine the particle size, while in 
cryoTEM the samples are analyzed in 2D. Also, the DLS is a scattering method, using laser 
diffraction to estimate the size. Therefore, larger particles tend to scatter more, and presence 
of aggregates often results in larger hydrodynamic sizes and the particle sizes could be 
exaggerated.  

Fig.7. CryoTEM images of 15% w/w CAF04 formulations after spray drying, with varying 
ratios of trehalose and dextran. a) 10% trehalose, b) 50% trehalose, c) 90% trehalose, d) 
100% trehalose. Scale bar – 200 nm.

4. Conclusion

The combination of cryoTEM and thermotropic methods were complimentary in 
characterizing the liposomes rehydration because thermotropic methods gave an insight 
into the behavior of the liposomes in relation to lipid equilibrium, while the cryoTEM method 
confirmed the presence and appearance of liposomes after spray drying. Although, it was 
predicted that trehalose and dextran are not soluble on the molecular scale, it was deduced 
that the solubility of the two carbohydrates did not hinder protection of liposomes upon 
drying, as evident in the cryoTEM images showing presence of liposomes across all 
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formulations. Conclusively, it was demonstrated that trehalose fortified with small amounts 
of dextran adequately protects CAF04 liposomes during spray drying. 

Additionally, a 2.4-fold increase in lipid concentration (3mM vs 7.245 mM) for spray dried 
CAF04 liposomes was achieved. This can influence the dosing of CAF04-based 
formulations, as the amount of active ingredient could be higher. Further studies such as 
formulation with antigens or drugs will be insightful in the future in understanding the quality 
of liposomes after spray drying with the trehalose-dextran matrix. Ultimately, it is clear that 
trehalose is essential as the main component during drying of CAF04 liposomes, and a small 
amount of dextran can be incorporated to act as a vitrifier, and to control the particles' drying 
rate. 
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