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A B S T R A C T   

Cannabidiol (CBD) has received great scientific interest due to its numerous therapeutic applications. Degra
dation in the gastrointestinal (GI) tract, first-pass metabolism, and low water solubility restrain bioavailability of 
CBD to only 6% in current oral administration. Lipid-based nanocarriers are delivery systems that may enhance 
accessibility and solubility of hydrophobic payloads, such as CBD. Conventional lecithin-derived liposomes, 
however, have limitations regarding stability in the GI tract and long-term storage. Ether lipid-based archae
osomes may have the potential to overcome these problems due to chemical and structural uniqueness. In this 
study, we compared lecithin-derived liposomes with archaeosomes in their applicability as an oral delivery 
system of CBD. We evaluated drug load, storage stability, stability in a simulated GI tract, and in vitro particle 
uptake in Caco-2 cells. Loading capacity was 6-fold higher in archaeosomes than conventional liposomes while 
providing a stable formulation over six months after lyophilization. In a simulated GI tract, CBD recovery in 
archaeosomes was 57 ± 3% compared to only 34 ± 1% in conventional liposomes and particle uptake in Caco-2 
cells was enhanced up to 6-fold. Our results demonstrate that archaeosomes present an interesting solution to 
tackle current issues of oral CBD formulations due to improved stability and endocytosis.   

1. Introduction 

Oral delivery is the preferred drug administration route, as it is easy 
to administer, non-invasive, and is associated with high patient adher
ence (Alqahtani et al., 2021). However, the physicochemical and phar
macokinetic properties of the drug often restrict the efficiency of oral 
medication (Lin and Wong, 2017). Drugs have to surpass the gastroin
testinal (GI) tract, where exposure to the low pH environment of the 
stomach, bile salts, and digestive enzymes may lead to degradation. 
Transportation of the drug to the blood circulation is critical since 
several drugs exhibit low mucosal permeability and/or are preferen
tially absorbed via the portal vein to experience extensive first-pass 
metabolism in the liver (Ahn and Park, 2016). Considering that the 
most common drug candidates are poorly water-soluble, the dissolution 
step is challenging (Kok et al., 2022). Low water solubility triggers the 
precipitation of the drug in the stomach, thereby decreasing bioavail
ability (Millar et al., 2020). 

Cannabidiol (CBD), a major non-psychotropic component of the 
Cannabis plant, is a highly lipophilic cannabinoid with numerous 

therapeutic properties. Anti-tumor (Hinz and Ramer, 2019), anti- 
inflammatory (Atalay et al., 2019), neuroprotective (Silvestro et al., 
2019), and analgesic effects (Cristino et al., 2020) are explained by its 
interaction with the endocannabinoid system (ECS), being a low-affinity 
binding CB1 agonist/ CB2 inverse agonists (Thomas et al., 2007). 
Furthermore, recent in vivo and in vitro studies promise the application of 
CBD as a potent antibiotic against resistant bacterial strains (Abichabki 
et al., 2022; Blaskovich et al., 2021) and in treating viral infections 
(Khodadadi et al., 2020). Besides being an active component in a wide 
range of products in the cosmetic and food industry, the therapeutic 
potency of CBD caused the approval of two pharmaceuticals. In 2010, 
the first CBD-containing drug Sativex®, used for the treatment of mul
tiple sclerosis-related spasticity, was approved by the Medicines and 
Healthcare products Regulatory Agency. Even though Sativex® is clas
sified as an oromucosal spray, a substantial proportion of CBD is 
transported via the GI tract (Itin et al., 2019). Later in 2018, Epidiolex®, 
the first drug with CBD as the sole active component used in the treat
ment of rare forms of epilepsy, was approved by the Food and Drug 
Administration. Both drugs are cannabinoid oil products incorporating 
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CBD at a high concentration, compensating for the bioavailability of 
only 6% of current oral CBD oil formulations (Perucca and Bialer, 2020). 
The low absorption of CBD is ascribed to the precipitation of the drug in 
the stomach (Millar et al., 2020), degradation and conversion in gastric 
fluids (Merrick et al., 2016), and a prominent first-pass metabolism 
(Franco et al., 2020). These effects generate large intra- and inter-subject 
variability, further intensified by relevant food effects (Birnbaum et al., 
2019). 

A strategy to enhance the oral bioavailability of hydrophobic sub
stances, like CBD, is the utilization of the lymphatic transportation 
system rather than the uptake by the portal vein. This route surpasses 
clearance via the first pass effect in the liver and enables the drug 
transport into the blood system via the lymph. Lipid-based nanocarriers 
(LBNs) are delivery systems of poorly water-soluble substances which 
enhance the absorption of orally administered drugs by increasing sol
ubility in GI fluids and improving such lymphatic drug transport (Franco 
et al., 2020; Porter et al., 2007). Liposomes are spherically-shaped LBNs 
composed of phospholipid bilayers that enhance the solubility of hy
drophobic drugs and can be designed to target the intestinal lymphatic 
system (Singh et al., 2020). Plant- and animal-derived phosphatidyl
cholines in mixtures with cholesterol are commonly used to formulate 
liposomes to encapsulate poorly water-soluble drugs (Crommelin et al., 
2020; Fricker et al., 2010). Enzymatic degradation by GI lipases and 
hydrolysis, however, limits the stability of conventional liposomes in 
oral applications. Archaeosomes, incorporating biologic or synthetic 
ether lipids instead of conventional ester lipids, represent a liposome 
class characterized by high resistance against phospholipase activity, 
oxidation, physical conversion (e.g. fusion and aggregation), hydrolysis, 
and bile salts (Rastädter et al., 2020; Kaur et al., 2016). They expose high 
membrane rigidity due to the incorporation of bipolar tetraether lipids, 
forming lipid monolayers and not lipid bilayers (Hemetsberger et al., 
2022; Schilrreff et al., 2019). These structural characteristics of 
archaeosomes have been shown to improve the GI stability of delivery 
vehicles for proteins, peptides, and water-insoluble compounds (Uhl 
et al., 2016; Parmentier et al., 2014; Li et al., 2010) and facilitate mucosa 
permeability of drugs (Parmentier et al., 2011). Parmentier et al. found a 
substantial share of radiolabeled ether lipids after oral administration of 
archaeosomes made in mixtures with conventional phospholipids in the 
GI tract and in excretions of mice. From this, the authors hypothesized 
an uptake mechanism of drug release via adsorption of archaeosomes to 
enterocytes before drug leakage into the blood stream (Parmentier et al., 
2011). On the other hand, Morilla et al. recovered a significant amount 
of radiolabeled DTPA, a substance exhibiting very low permeability in 
the intestine, encapsulated in archaeosomes prepared from lipids from 
Halorubrum tebenquichense, in the blood of rats. The authors ascribed this 
observation to the uptake of intact archaeosomes by enterocytes, while 
drug leakage occurs during transcytosis (Morilla et al., 2011). Hence, it 
is still unclear if the drug absorption occurs via a para- or transcellular 
transportation, via an adsorption mechanism or via a combination of the 
three processes. Studies have confirmed the efficiency of oral archae
osomal administration, which can be associated with a prolonged 
retention time in the GI tract and a prominent uptake by M cells (Romero 
and Morilla, 2023; Kaur et al., 2016). LBNs consisting of ether lipids 
could therefore also enhance the bioavailability of CBD by providing 
stability in the GI tract, facilitating mucosal penetration, and enabling 
the lymphatic uptake of the drug (Jia et al., 2022; Uhl et al., 2016). 

Hence, due to their extraordinary stability, archaeosomes have the 
potential to solve the current issues associated with the oral adminis
tration of CBD. Beyond that, the limited storage stability of commercial 
CBD products (56 days for Epidiolex®/ 48 days for Sativex® after 
opening the container) has been described as another major issue (Millar 
et al., 2020). Distinct storage aspects of archaeosomes could enable a 
more robust CBD formulation (Kaur et al., 2016). 

In this study, we prepared conventional soybean lecithin-derived 
liposomes (Tiboni et al., 2021) and archaeosomes, incorporating ether 
lipids from the thermoacidophilic archaeon Sulfolobus acidocaldarius, 

using a state-of-the-art microfluidic formulation technique. The formu
lations were characterized regarding their physical properties (size, size 
distribution, encapsulation efficiency, Zeta potential, cryo-TEM anal
ysis). We furthermore investigated the stability of the LBNs in solution 
and after lyophilization during storage at room temperature and under 
light exposure over six months, as well as in an accelerated oxidation 
assay. Moreover, the applicability of archaeosomes and SPC/Chol lipo
somes as an oral CBD delivery system was assessed in a simulated GI 
tract and in an in vitro particle uptake assay using Caco-2 cells as a model 
cell line for enterocytes. 

2. Materials and methods 

2.1. Chemicals and reagents 

Archaeal lipid extract was provided by NovoArc GmbH (Austria). It 
consists of a mixture of diether- and tetraether lipids with various 
headgroups, mainly inositol phosphate and mono- and dihexoses 
(Quehenberger et al., 2020). CBD was acquired from PhytoLab (Ger
many) in solid form with a purity of > 99%, and Phospholipon® 90 G 
(SPC) was kindly supplied by Lipoid (Germany). Cholesterol and 1,2- 
dipalmitoyl-sn-glycerol-3-phosphoethanolamine-N-(lissamine rhoda
mine B sulfonyl) (ammonium salt) (16:0 Liss Rhod PE) were purchased 
from Avanti Polar Lipids, Inc (USA). RGE-15 (rabbit gastric extract) was 
obtained from LipolyTech (France). All solvents (ethanol, 2-propanol, 
dimethyl sulfoxide), pancreatin, and bile salts were obtained from 
Sigma Aldrich (USA) or Roth (Germany). Solvents for HPLC analysis 
were purchased from PanReac AppliChem ITW Reagents (Germany). 

2.2. Formulation of liposomes and archaeosomes 

Liposomes and archaeosomes were formulated using a Nano
Assemblr Ignite (Precision Nanosystems Inc., Canada). The preparation 
parameters were chosen as described earlier (Tiboni et al., 2021). LBNs 
were formulated at a total lipid concentration of 15 g/L in the organic 
phase. The organic phase for liposomes consisted of SPC:cholesterol 
(3:1, w/w) dissolved in ethanol, while archaeal lipids for archaeosomes 
were dissolved in a mixture of dimethyl-sulfoxide: 2-propanol (2:3, v/v). 
SPC liposomes without cholesterol were prepared at 15 g/L SPC in the 
organic phase. For rhodamine-labeled LBNs, a total concentration of 13 
µM of 16:0 Liss Rhod PE was added to the organic phase. All formula
tions were prepared at a total flow rate of 12 mL/min and with 10 mM 
phosphate buffer saline (PBS) at pH = 7.4 as the aqueous phase. The 
flow rate ratio (FRR) was varied between 3:1 and 2:1 (aqueous phase: 
organic phase), and CBD concentration in the organic phase was varied 
between 0.4 and 2 g/L. After formulation, samples were diluted 1:3 with 
10 mM PBS (pH = 7.4) before dialysis (dialysis membrane Spectra/Por 
1, MWCO 6–8 kDa (Repligen, USA)) was carried out overnight. For
mulations were performed in triplicates. 

2.3. Physicochemical characterization of CBD archaeosomes and 
liposomes 

Dynamic light scattering and Zeta potential 
Particle size and polydispersity index (PDI) were determined by 

dynamic light scattering with a ZetaSizer Nano ZS (Malvern Panalytical 
Ltd Instruments, United Kingdom) (cell type: ZEN0040; T: 25 ◦C; nr. of 
measurements: 3; nr. of runs: 11; run duration: 10 s; measurement angle: 
173◦ backscatter). Zeta potential measurements were conducted on the 
same device (Cell type: DTS1070; T: 25 ◦C; nr. of measurements: 3; nr of 
runs: 100). 

Encapsulation efficiency 
The concentration of CBD was determined via reversed phase HPLC 

analysis on a Vanquish Flex HPLC system (Thermo Fisher Scientific, 
USA). Separation of analytes was carried out on an Accucore C18 (150 
× 3 mm, 2.6 µm; Thermo Fisher Scientific, USA). The mobile phase was 
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composed of (A) ultrapure water + 0.1% (v/v) trifluoroacetic acid and 
(B) acetonitrile + 0.1% (v/v) trifluoroacetic acid. The flow rate was set 
to 0.8 mL/min, and the column temperature was 60 ◦C. Elution was 
achieved by a stepwise increase of buffer B: after an equilibration step at 
20% (B) for 1.5 min, analytes were eluted at 75% (B) for 3.5 min, fol
lowed by a 2 min washing step at 95% (B). The column was re- 
equilibrated for 3 min at 20% (B). Detection of CBD was carried out at 
220 nm, while a 3D field (190–500 nm) was applied to identify oxidation 
products. Encapsulation efficiency (EE%) was calculated as follows:  

EE%= concentration of CBD (after dialysis)/concentration of CBD (before 
dialysis) *100%                                                                                     

HPLC method validation was conducted to assess reliability, preci
sion, and accuracy for the quantification of CBD. Standard solutions 
were prepared by serial dilution from a single stock in the range of 
3–200 mg/L and measured in triplicates. The injection volume was set to 
1 µL. The limit of detection was determined to be 0.7 mg/L, and the limit 
of quantification was found to be 2.1 mg/L. For the evaluation of pre
cision, four different CBD standards (3, 12.5, 50, and 100 mg/L) were 
measured on six separate days, resulting in a%Precision of 2% (RSD). 
Accuracy was measured by spiking a total concentration of 40 mg/L, 
respectively 20 mg/L to the standards. Average %Accuracy was 102%. 

2.4. Cryo-transmission electron-microscopy 

Cryo-transmission electron microscopy (TEM) analysis was per
formed to determine the morphology of CBD archaeosomes. Sample 
volumes of 4 µL were applied to Cu 200 mesh R2/2 holey carbon grids 
(Quantifoil, Germany) and loaded into a Leica GP (Leica Microsystems, 
Austria) grid plunger with the climate chamber set to 20 ◦C and 75% 
relative humidity. After blotting for 1-, 2- and 4-seconds, grids were 
plunge-frozen in liquid ethane at approximately − 180 ◦C for instant 
vitrification. Cryo-samples were transferred to a Glacios cryo- 
transmission microscope (Thermo Scientific, USA) equipped with an 
X-FEG, and images were recorded in low-dose mode using the SerialEM 
software (Mastronarde, 2005) with a Falcon3 direct electron detector in 
low-dose mode at a magnification of 150,000 and a pixel size of 0.9858 
Å. Evaluation of the thickness of the monolayer was estimated by 
measuring the length of the membrane of 35 different particles using 
ImageJ 1.53 t (Schneider et al., 2012). 

2.5. Accelerated oxidation study and long-term storage of CBD 
archaeosomes and liposomes 

Stability against oxidative and basic conditions was evaluated by 
adding 100 mM KOH to a final pH = 10 (Mechoulam and Hanuš, 2002) 
and incubation of samples in a thermostated autosampler at 40 ◦C for 48 
h. A sample was analyzed via HPLC every hour to monitor the degra
dation process. The free CBD was generated by dissolving CBD in DMSO 
and performing a 1:5 dilution in 10 mM PBS (pH = 7.4) to get a final 
CBD concentration of 0.40 g/L. 

Lyophilization was conducted by performing a 1:2 dilution with a 
400 mM sucrose solution as a cryo-protectant, shock-freezing the mix
tures in liquid nitrogen, and lyophilization for 48 h on a FreeZone 2.5 
Liter Benchtop Freeze Dry System (Labconco, USA). Lyophilized samples 
and samples in solution were stored under exposure to daylight and at 
room temperature and analyzed after 1, 4, and six months. Before 
analysis, lyophilized LBNs were rehydrated using ultrapure water in the 
original sample volume. 

2.6. Stability of CBD archaeosomes and liposomes in a simulated 
digestion system 

The INFOGEST 2.0 method (Brodkorb et al., 2019) was performed to 
investigate the stability of archaeosomes and liposomes in gastric and 
intestinal fluids. Archaeosomes and liposomes were exposed to a simu
lated human digestion process over 4 h, including an oral, gastric, and 
intestinal phase. Oral (SSF, simulated salivary fluid), gastric (SGF, 
simulated gastric fluid), and intestinal (SIF, simulated intestinal fluid) 
fluids with varying salt concentrations were prepared. Pepsin and 
gastric lipase were added to the gastric phase, whereas pancreatin and 
bile salts were added to the intestinal phase. CBD LBNs were mixed with 
SSF (1:1; v/v) and incubated at 37 ◦C at 330 rpm for 2 min, followed by 
the addition of SGF in a ratio 1:1 (v/v) to the SSF-samples and incuba
tion at 37 ◦C (330 rpm) for 2 h. Enzymes were inactivated by the 
addition of 0.1 M NaOH after 2 h. In the intestinal phase, the SSF SGF 
samples were diluted 1:2 with SIF and incubated at 37 ◦C for 2 h. The 
addition of a Bowman-Birk inhibitor and 4-bromophenylboronic acid 
achieved the inactivation of the enzymes. The decay of CBD during each 
phase was determined via HPLC analysis. 

2.7. In vitro particle uptake in Caco-2 cells 

Caco-2 cells were seeded in 48 well plates at a cell density of 8*104 

cells/well in 950 µL medium (Minimum Essential Medium (MEM) + L- 
glutamine, 10% fetal bovine serum (FBS), 1% antibiotic mix). Cell 
concentration was determined on an EVE™ Automated Cell Counter 
(NanoEnTek, South Korea). After 24 h of incubation (37 ◦C, 5% CO2), 50 
µL of LBN sample after completion of the simulated digestion system 
were added to the wells at a concentration of 1 µM 16:0 Liss Rhod PE. 
PBS (pH = 7.4) was included as a blank. After incubation for 4, 8, and 24 
h, cells were washed twice with 10 mM PBS buffer to remove liposomes 
remaining in the supernatant. This was followed by adding 300 µL of 
Hoechst solution (1 µg/mL) and an incubation step of 20 min (37 ◦C, 5% 
CO2). After two washing steps with 10 mM PBS buffer, particle uptake 
was determined by measuring the fluorescence intensity of rhodamine- 
labeled archaeosomes and SPC/Chol liposomes(excitation/emission =
570 nm/590 nm) and the number of cell nuclei (excitation/emission =
460 nm/ 490 nm) by confocal microscopy (IX83, Olympus, Japan). Data 
evaluation was performed with ImageJ 1.53 t (Schneider et al., 2012). 
The in vitro particle uptake assay was performed with three individual 
formulations for archaeosomes and liposomes after formulations and 

Table 1 
Physicochemical characterization of soybean lecithin-based liposomes (SPC/Chol liposomes) and archaeosomes. Conventional liposomes (SPC/Chol) consisted of a 
mixture of Phospholipon® 90 G and cholesterol (3:1, w/w), while a pure archaeal lipid extract was used to prepare archaeosomes. Theoretical CBD concentration was 
calculated considering the dilution of CBD in the organic phase caused by the flow rate ratio (FRR). A polydispersity index (PDI) < 0.2 indicates monodisperse 
distribution of the particles (Khadke et al., 2020).   

SPC/Chol liposomes0.4 g/L CBD 
FRR ¼ 3:1 

Archaeosomes 0.4 g/L CBD 
FRR ¼ 3:1 

Archaeosomes 
2 g/L CBD 
FRR ¼ 3:1 

Archaeosomes 
2 g/L CBDFRR ¼ 2:1 

Theoretical CBD concentration 
(g/L) 

0.10 0.10 0.50 0.67 

Encapsulation efficiency (%) 90 ± 2 93 ± 3 97 ± 2 95 ± 1 
Particle size (nm) 77 ± 2 83 ± 1 84 ± 0.0 88 ± 2 
PDI 0.107 ± 0.027 0.141 ± 0.010 0.040 ± 0.005 0.050 ± 0.017 
Z-Potential / mV − 3.6 ± 0.6   − 25.6 ± 1.4  
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with LBNs (in solution/lyophilized) after six months of storage, as 
described above. 

2.8. Statistical analysis 

Data were analyzed using Python 13.11.4 software employing an 
unpaired Student’s t-test. A P-value of ≤ 0.05 was considered statisti
cally significant and denoted with a single asterisk (*), while ** indi
cated a P-value ≤ 0.01. The results were represented as mean ± standard 
deviation. 

3. Results and discussion 

3.1. Physicochemical characterization of CBD archaeosomes and 
liposomes 

CBD liposomes were prepared using microfluidic techniques as 
described earlier (Tiboni et al., 2021). CBD was encapsulated at an 
initial concentration of 0.40 g/L in an SPC:cholesterol mixture (3:1, w/ 
w) at a flow rate ratio (FRR) of 3:1 (aqueous phase: organic phase) (SPC/ 
Chol liposomes). Archaeosomes were prepared using the same formu
lation conditions. At 100% encapsulation efficiency, these formulations 
yield a theoretical CBD concentration of 0.10 g/L. Both formulations 
delivered monodisperse LBNs with a similar encapsulation efficiency of 
around 90% (Table 1). In accordance with previous studies, archae
osomes exhibited a slightly larger particle diameter than SPC/Chol li
posomes (Li et al., 2010) below a particle diameter of 100 nm, which has 
been shown to facilitate lymphatic uptake (Jia et al., 2022). Since high 
drug loading capacity is essential for a feasible formulation (Shen et al., 
2017), two parameters were varied to increase CBD content in the final 
product: 1) enhancement of the initial CBD concentration in the organic 
phase, and 2) reduction of the dilution during the formulation by 
reducing FRR. Initial CBD concentration was increased from 0.4 g/L to 2 
g/L, while FRR was reduced from 3:1 to 2:1. In the case of SPC/Chol 
liposomes, the increase of CBD content and share of the organic phase 
caused a disturbance in the lipid self-assembly, leading to the precipi
tation of lipids and CBD. Formulation of SPC/Chol liposomes at FRR =
2:1 and 0.4 g/L CBD resulted in the same observation. The encapsulation 
efficiency of all formulations was high. Independent of the applied FRR, 
encapsulation efficiency for archaeosomes was increased up to 97% 
compared to the lower CBD load. Interestingly, the increase of CBD 
content in the organic phase caused a reduction of the PDI. The differ
ences regarding payload can be ascribed to the incorporation of 
cholesterol in conventional liposome formulations, which occupy 
similar regions in the lipid bilayer as CBD. Nevertheless, for conven
tional liposomal formulations cholesterol is an obligatory constituent 
since omitting cholesterol leads to structural instability of conventional 
liposomes and consequently precipitation of the particles (data not 
shown). For archaeosomes, both strategies could be applied successfully, 
enabling to increase CBD concentration by a factor of 6.7 to 0.67 g/L. 
Similar trends considering the influence of a decreased FRR on the 
particle size, triggering an increase of the particle diameter, were 
observed in a previous studies (Jia et al., 2022). A possible explanation 
for the higher payload is the intrinsic rigidity of archaeosomes caused by 
monolayer-spanning tetraether lipids, ensuring membrane integrity and 
packaging, eventually enabling a higher drug loading capacity (Nakhaei 
et al., 2021). Table 1 summarizes the results of the physical character
ization of the CBD archaeosomes and CBD SPC/Chol liposomes. 

Based on the results presented in Table 1, the following experiments 
were conducted with SPC/Chol liposomes, prepared at an initial CBD 
concentration of 0.40 g/L and an FRR of 3:1 and archaeosomes, 
formulated at 2.00 g/L initial CBD in the organic phase at an FRR of 2:1. 
Zeta potential of the formulations were − 3.6 ± 0.6 mV (SPC/Chol li
posomes) and − 25.6 ± 1.4 mV (archaeosomes). 

TEM analysis of CBD archaeosomes (2 g/L CBD; FRR = 2:1) revealed 
that the spherical LBNs are composed of a monolayer surface with a solid 

inner core (Fig. 1). The mean thickness of the monolayer, derived from 
the graphical evaluation of the TEM images, was 4.9 ± 0.7 nm, consis
tent with the thickness of stretched tetraether lipid membranes (Chong 
et al., 2022). Similar morphologies, as seen in Fig. 1, were observed for 
diether lipid-based formulations using microfluidic techniques in mix
tures with hollow core compartment forms (Jia et al., 2022). In that 
study, the authors ascribed the presence of solid compartments to the 
formation of solid lipid nanoparticles (SLNs) associated with anti- 
solvent precipitation during the mixing. The inner core may 
contribute to the higher drug-loading capacity of archaeosomes 
observed in this study. 

3.2. Accelerated oxidation study and long-term storage of CBD liposomes 
and archaeosomes 

CBD shows low stability during storage, and degradation is acceler
ated by light exposure, auto-oxidation, and temperature. Decay of 
aqueous and oil-based CBD preparations is observable after 14 days of 
storage, with CBD degradation of up to 75% in aqueous solutions 
(Pacifici et al., 2017). The decomposition of CBD is of high relevance, as 
acidic (caused by carbon dioxide from the air) and basic conditions lead 
to a transformation to psychotropic cannabinoids, like Δ9-tetrahydro
cannabinol (Δ9-THC) and Δ8-THC respectively Δ6-CBD (Citti et al., 
2021; Golombek et al., 2020). To assess the degradation of SPC/Chol 
liposomes and CBD archaeosomes, we first performed an accelerated 
oxidation study at an elevated temperature of 40 ◦C and high pH. 
Unencapsulated CBD served as a reference. Fig. 2A shows the decay of 
CBD over 40 h. CBD content in the SPC/Chol samples dropped to 50 ±
2%, indicating a similar course of CBD decay as the unencapsulated 
sample (48 ± 1% after 40 h). In archaeosomes, 64 ± 3% of CBD was 
recovered. Hence, under basic conditions, CBD degradation in archae
osomes is reduced substantially. We further investigated the long-term 
storage stability of the LBNs with samples in aqueous solution and 
freeze-dried LBNs containing sucrose for cryoprotection. Samples were 
stored under light exposure and at room temperature to examine a 
storage scenario that exposes CBD to an environment that promotes 
degradation. Fig. 2B shows the course of CBD loss in the samples over a 
time frame of six months. 97 ± 1% of CBD could be preserved in 
lyophilized archaeosomes after six months of storage, while only 24 ±
3% of CBD could be recovered in lyophilized SPC/Chol liposomes. 

Fig. 1. TEM images of cannabidiol (CBD) archaeosomes in 150,000 × magni
fication. A clear separation between the lipid bilayer and the solid inner core 
structure can be observed. The scale bar corresponds to 100 nm. 
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Lyophilization of the LBNs provided stability to CBD compared to stor
age in solution (54 ± 1% of initial CBD content for archaeosomes in 
solution after six months, CBD concentration below limit of quantifica
tion for SPC/Chol liposomes). The size and PDI of the LBNs can be found 
in the Table S1 (Supplementary Material). 

The advantages of archaeosomes regarding storage stability can be 
ascribed to structural and chemical differences. Monolayer-spanning 
tetraether lipids found in archaeosomes provide a high membrane ri
gidity, ensuring firmness and limited diffusion of CBD. Conventional 
lipid bilayers composed of soy lecithin-derived phospholipids lack this 
intrinsic rigidity (Takechi-Haraya et al., 2016). Consequently, choles
terol is added to unsaturated phosphatidylcholine-based formulations 
(Song et al., 2022). However, cholesterol is prone to oxidation under air 
exposure, restricting the long-term stability of LBNs. Moreover, SPC is 
rich in unsaturated linoleic acid (Weber, 1981). Hence, SPC-derived li
posomes are highly susceptible to oxidation, restricting long-term stor
age. Drug leakage and fusion are potentially the main factors for the 
higher CBD degradation of SPC/Chol liposomes. 

In contrast, saturated archaeal lipids are resistant to oxidation and 
hydrolysis due to ether bonds. Archaeosomes show enhanced physical 
and chemical stability, minimizing fusion and aggregation (Adamiak 
et al., 2021; Kaur et al., 2016). As these processes are kept to a minimum 
in lyophilized samples, freeze-drying of archaeosomes enables the 
storage of LBNs for six months with minor drug loss. Besides, the dif
ferences in Zeta potential, causing a higher repulsion of LBNs, may 
further contribute to a lower aggregation rate of archaeosomes in so
lution (Patil et al., 2007). 

3.3. Stability of CBD liposomes and archaeosomes in a simulated 
digestion system 

Essential for the applicability of an oral formulation is its stability in 
the GI tract, ultimately affecting the bioavailability of the cargo. CBD 
reportedly exhibits low stability in simulated gastric and physiological 
fluids (Merrick et al., 2016), suggesting the demand for an oral delivery 
system that reasonably protects the compound in the GI environment. In 

a simulated GI tract (Brodkorb et al., 2019), we compared the stability of 
SPC/Chol liposomes and archaeosomes, investigating their tolerance 
against simulated oral (SSF), gastric (SGF), and intestinal fluids (SIF) 
under physiological conditions. In all fluids, archaeosomes provide 
enhanced protection against CBD decay (Fig. 3). Degradation in oral 

Fig. 2. Storage conditions tested in this study. (A) Accelerated oxidation study of soybean lecithin-based liposomes (SPC/Chol liposomes) archaeosomes, and 
unencapsulated cannabidiol (CBD); (B) Long-term storage over six months of lyophilized lipid-based nanocarriers (LBNs) containing sucrose as a cryoprotectant and 
LBNs in solution. CBD concentration over time was normalized to the initial concentration (t = 0) as the payload for SPC/Chol liposomes and archaeosomes differed. 
Normalized CBD concentration of SPC/Chol liposomes after six months was below the limit of quantification. All data represent the results of the HPLC measurement 
of three individual formulations for every sample. 

Fig. 3. Simulated GI tract of soybean lecithin-based liposomes (SPC/Chol li
posomes) and archaeosomes. Three steps and simulated fluids are considered: 
oral (orange), gastric (yellow), and intestinal (green) phases. Lower decay of 
cannabidiol (CBD) shows the enzymatic and chemical stability of archaeosomes 
over SPC/Chol Liposomes. CBD concentration over time was normalized to the 
initial concentration (t = 0) as the payload for SPC/Chol liposomes and 
archaeosomes differed. All data represent the results of the HPLC measurement 
of three individual formulations for every sample. Statistical significance was 
calculated by unpaired Student’s t-test (*P < 0.05; ** P < 0.01). 
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fluids was similar for both LBNs, causing the loss of 15 ± 1% (SPC/Chol 
liposomes) and 11 ± 4% (archaeosomes) of CBD. Transfer of the samples 
to SGF again caused a similar decrease for both LBNs (~15%). The rapid 
decline can be explained by the acidic degradation of CBD encapsulated 
close to the surface of the LBNs. Lipolysis through gastric lipases and 
acidic hydrolysis of phosphatidylcholine probably cause the degradation 
of liposomes and explain the further CBD loss over the remaining 90 min 
in the gastric phase in SPC/Chol liposomes (68 ± 1% to 61 ± 1%). 
Resistance against esterases results in the stability of archaeosomes in 
the SGF environment without any further decay of CBD. 

Interestingly, the transfer to SIF had the most significant effect on 
SPC/Chol liposomes. Bile salts disrupt lipid bilayers, while pancreatic 
enzymes further degrade liposomal structure (He et al., 2018). Archae
osomes were resistant to such conditions. While there is sufficient evi
dence in the literature to support that bile salts-lecithin mixed micelles 
are good solvents for lipophilic drugs (Müller et al., 2019; Dongowski 
et al., 2005), the stability of CBD in such systems was limited (Fig. 3). 
Archaeosomes, conversely, are believed to surpass the GI tract as intact 

colloidal structures (Morilla et al., 2011; Romero and Morilla, 2023). 
Hence, protection against harsh conditions in the GI tract is granted. At 
the end of the simulated GI tract, 57 ± 3% of CBD could be recovered in 
archaeosomal formulations, while only 34 ± 1% could be retrieved for 
SPC/Chol liposomal samples. Hence, archaeosomes grant higher pro
tection against the milieu found in the observed fluids, while the loss of 
membrane integrity leads to extensive degradation in the case of SPC/ 
Chol liposomes. 

3.4. In vitro uptake of CBD liposomes and archaeosomes in Caco-2 cells 

The intestinal epithelium is the primary physiological barrier that 
regulates the absorption of orally administered drugs (Zhang et al., 
2014). Therapeutics can be transported via two pathways: 1.) trans
cellular transport via endocytosis/transcytosis in M cells or conventional 
enterocytes, and 2.) paracellular transport via tight junctions. In this 
study, we aimed to evaluate the degree of transcellular transport by 
assessing particle uptake of fluorescence-labeled LBNs via endocytosis. 

Fig. 4. In vitro particle uptake of soybean-based liposomes (SPC/Chol) and archaeosomes (Arch) after simulated digestion system. (A) Quantification of particle 
uptake in Caco-2 cells. The measurement of fluorescence intensity of rhodamine corresponds to the uptake of particles; the number of cells was assessed via Hoechst 
staining. (B) Kinetics of in vitro particle uptake of SPC/Chol liposomes (upper images) and archaeosomes (lower images). Microscopic images in 40x magnification of 
particle uptake after 4 h (left), 8 h (middle), and 24 h (right). Hoechst stain of cell nuclei is depicted in blue, and Rhodamine-labeled particles are displayed in red. 
The scale bar corresponds to 100 µm. Statistical significance was calculated by unpaired Student’s t-test (* P ≤ 0.05; ** P ≤ 0.01). 

V. Sedlmayr et al.                                                                                                                                                                                                                               



International Journal of Pharmaceutics 645 (2023) 123434

7

Physiologically, liposomal phospholipids are digested to form lysoder
ivates and fatty acids in the GI tract. The degradation causes liposomes 
to lose their colloidal structure, and endocytosis occurs as mixed mi
celles. Lysoderivates activate chylomicrons, triggering exocytosis 
(Porter et al., 2007). In the case of archaeosomes, the transport mech
anism is yet not understood, but a paracellular transportation has been 
considered as a potential uptake route (Romero and Morilla, 2023) be
sides a drug leakage involving adsorption of the LBNs to enterocytes 
(Parmentier et al., 2011). 

The incorporation of 16:0 Liss Rhod PE did not affect the particle size 
of SPC/Chol liposomes (size = 79 ± 6; PDI = 0.108 ± 0.006) and 
archaeosomes (size = 87 ± 3 nm; PDI = 0.059 ± 0.015) and allowed the 
obtainment of a fluorescence signal inside the cells upon successful 
uptake. To evaluate the endocytosis of the LBNs quantitatively, we 
observed LBNs directly after preparation and after storage for six 
months. Fig. 4A shows the course of the fluorescence intensity normal
ized by the number of cells per image at the three sampling time points 
of LBNs after a completed simulated digestion system. After 4 h, a 6-fold 
enhanced signal was recognized, while we obtained a 1.7-fold respec
tively, 1.4-fold increased signal after 8 h and 24 h. Archaeosomes are 
endocytosed faster and to a greater extent. The differences between 
SPC/Chol liposomes and archaeosomes flatten throughout the study, 
which can be associated with a saturation effect caused by Caco-2 cells 
reaching a state close to confluency and high particle uptake in all cells 
(Fig. 4B). 

To evaluate the particle uptake upon storage, we performed the assay 
of lyophilized LBNs and LBNs in solution after six months of storage. 
Fig. 5 shows images of lyophilized LBNs in 10x magnification. For SPC/ 
Chol liposomes, we noticed a high degree of fluorescence signal on the 
outer layer of cells, suggesting non-successful endocytosis of LBNs. For 
archaeosomal samples, the fluorescence signal was located near the 
nuclei of Caco-2 cells, indicating the uptake of the particles by cells. 
Thus, no quantitative comparison, as done in Fig. 4, could be performed. 
The results underline the findings regarding stability discussed above, 

where archaeosomes were found to maintain their integrity over six 
months. Moreover, archaeosomes stored in an aqueous or lyophilized 
solution achieved successful endocytosis after storage at room temper
ature for six months. 

Particle transport is a highly complex process involving multiple 
factors, including particle size and surface charge (Patil et al., 2007). 
While the particle size of the different LBNs in this study did not differ 
significantly, Zeta potential may be one factor that contributes to the 
higher uptake. Conventional liposomes have been described to follow 
caveolin-mediated endocytosis. In the case of archaeosomes, a detailed 
description of their interaction with enterocytes is missing, causing a 
hand full of speculations considering the mechanism behind cellular 
uptake. It is claimed that cellular transport occurs via one of the known 
endocytosis routes, namely caveolin, clathrin, or pinocytic pathways 
(Romero and Morilla, 2023). The in vitro uptake assay in this study 
suggests an accelerated and greater degree of endocytosis of archae
osomes. The success of lyophilized archaeosomes enables archaeosomal 
formulations to compete with current oral CBD oil formulations with the 
potential benefit of lowering the necessary dose due to stability reasons 
in the GI tract. 

4. Conclusion 

Besides two approved oil formulations, CBD’s high potency and 
versatility promise its therapeutic use for various clinical conditions. 
However, oral administration of CBD, the most common route of drug 
delivery, comes with several hindrances. High clearance rates and low 
stability in the GI tract lead to a current bioavailability of only 6%. LBNs 
have shown that they can improve the bioavailability of lipophilic drugs 
due to higher dissolution, stability reasons, and uptake via the lymphatic 
system. Liposomal CBD is already found in commerce for food supple
mentation purposes. 

We showed the enhanced chemical, physical and physiological sta
bility of CBD-loaded archaeosomes compared to conventionally used 
phosphatidylcholine-based liposomes. Archaeosomes exposed signifi
cant advantages considering payload concentration, storage stability, 
and protection against cargo oxidation. Moreover, they showed high 
stability in a simulated GI tract and enabled an increased uptake by up to 
6-fold of archaeosomes compared to SPC/Chol liposomes using Caco-2 
as an enterocyte model cell line. Approved CBD oil products Epi
diolex® (100 mg/mL CBD) and Sativex® (27 mg/mL Δ9-THC; 25 mg/ 
mL CBD) contain high concentrations of cannabinoids. Our results 
encourage that archaeosomal formulations could lower such high dosing 
due to a higher GI stability while granting a high particle uptake. 
Lyophilization of CBD archaeosomes ensures long-term storage and 
enables LBNs to compete with high-dose CBD products. The mechanism 
of archaeosome transportation is yet not understood, but the absence of 
hydrolysis products, as is the case for conventional liposomes, suggests 
relatively poor chylomicron-mediated exocytosis. This implies a lower 
dependency on food effects than commercial CBD oil products and 
conventional liposomes, further enhancing patient adherence. 
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