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ABSTRACT: Archaeosomes are a new generation of stable
liposomes composed of natural ether lipids extracted from archaea,
or synthetic archaeal lipids. Archaea constitute a domain of single-
celled microorganisms that are structurally similar to but
evolutionarily distinct from bacteria. They synthesize unique
membrane lipids with isoprenoid hydrocarbon side chains attached
via an ether linkage to the glycerol-phosphate backbone.
Compared to the ester linkages found in the lipids of Eukarya
and bacteria, the ether linkages in archaeal lipids are more stable in
various environmental conditions such as high/low temperatures,
acidic or alkaline pH, bile salts, and enzymatic hydrolysis. This
feature has intrigued scientists to use archaeal lipids to prepare archaeosomes with superior physicochemical stability and utilize
them as effective carriers to deliver various cargos of biomedical importance such as drugs, proteins, peptides, genes, and antioxidants
to the target site. Archaeosomes carrying antigens and/or adjuvants are also proven to be better candidates for stimulating antigen-
specific, humoral, and cell-mediated immune responses, which broadens their scope in vaccine delivery. These properties associated
with excellent biocompatibility and a safety profile provide numerous advantages to the archaeosomes to function as a versatile
delivery system. This mini-review will provide an overview of the unique features of archaeal lipids, preparation and characterization
of archaeosomes, and emphasize the prospects related to drug delivery and other biomedical applications.

1. INTRODUCTION
Archaea are single-celled microorganisms with no nucleus or
defined organelles. They represent the third domain of life on
earth and are evolutionarily distinct from the other two domains,
namely bacteria and Eukarya. Archaea are well-known for their
ability to grow and thrive in extreme habitats ranging from hot
springs and volcanoes to hypersaline environments such as salt
lakes and oceans, highly acidic or alkaline conditions, and high
pressure that are hostile to most other organisms on earth.1,2

Such organisms, known as extremophiles have been found at
depths of 6.7 km inside the earth’s crust, more than 10 km deep
inside the ocean at pressures of up to 110 MPa, from extreme
acidic (pH 0) to extreme basic conditions (pH 12.8), and from
hydrothermal vents at 122 °C to frozen seawater at −20 °C.3
Based on their living habitats, they are classified into different
groups such as thermophiles and hyperthermophiles (able to
grow at high or very high temperatures, respectively),
psychrophiles (adapted to grow best at low temperatures),
acidophiles and alkaliphiles (survive at high acidic or basic pH
values, respectively), barophiles (able to thrive under pressure),
and halophiles (organisms that require NaCl for growth).4 For
instance, the hyperthermophilic methanogen Methanopyrus
kandleri strain 116 is reported to proliferate even at the highest
recorded temperature of 122 °C and produce methane under an
in situ high pressure (20 MPa), while the genus Picrophilus (e.g.,

Picrophilus torridus) belonging to acidophilic archaea grows
optimally at a pH of 0.06.5 Archaea exist in different shapes such
as rod, spherical, spiral, rectangular, lobed, or irregular. For
instance, scanning electron micrographs (Figure 1A,B) indicate
the coccoid-shaped archaea, called “SM1 euryarchaeon,” which
are generally found to float as biofilms on the water surface of
springs.6

Liposomes are self-assembled, spherical lipid bilayer vesicles
enclosing an aqueous core. The first-generation conventional
liposomes were composed mainly of natural or synthetic
phospholipids (neutral/charged) without modification.7

Owing to their amphiphilic nature, they can simultaneously
incorporate both hydrophobic and hydrophilic compounds in
the lipid bilayer and aqueous core. They are biocompatible,
weakly immunogenic, and biodegradable.8 In addition, easy and
economical synthesis renders the liposomes superior over the
other delivery systems. Hence, they are widely used to deliver
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various pharmaceutical compounds, including vaccines, drugs,
dyes, and diagnostic agents.7,8 However, the major disadvantage
of unmodified or conventional liposomes is their instability in
the biological environment, due to changes in the temperature,
pH, and enzymes. The unstable liposomes tend to fuse with the
nearby liposomes to reduce surface tension. Such fused
liposomes with altered morphology are rapidly captured by
the reticuloendothelial system (RES) and quickly cleared off
from the blood circulation leading to very short lifetimes.
Biological half-life refers to the time taken for half of the
administered drug dose to be metabolized and eliminated from
the bloodstream.8 The captured liposomes preferentially
accumulate in organs of the RES such as the liver and spleen,
which are later metabolized and eliminated by the target tissues.
Overall, this affects the efficiency of conventional liposomes to
deliver a drug to the target region and restricts the therapeutic
efficacy of the drug.
To overcome this problem, “second-generation liposomes”

with improved stability and desirable characteristics for
biomedical applications were prepared by altering the lipid
composition, size, and surface charge of vesicles.9 Liposomes are
usually surface modified with molecules, such as glycolipids or
sialic acid, or by the incorporation of higher proportions of
cholesterol during their preparation to improve the rigidity of
lipid membranes.10 A significant step in liposomal technology
was the development of stealth liposomes. These long-
circulating liposomes were named stealth liposomes due to
their intrinsic ability to evade the immune system and thereby
enhance their blood-circulation time.11,12 They are formed by
coating the liposomes with synthetic polyethylene glycol (PEG)
polymers or by the addition of PEG-conjugated lipids (PEG-
lipids) to the lipid composition, which is used to prepare the
liposomes. The PEG-lipids are generally formed by the covalent
bonding of PEG molecules with a lipid anchor in the form of a
phospholipid, ceramide, or cholesterol. PEGylation of the
liposome surface increases the stability of liposomes drastically
and reduces their uptake by the mononuclear phagocyte
system.12

Further research on liposome technology has progressed to
the development of a new generation of liposomes with
improved features termed “archaeosomes”. As the name
indicates, they are derived from a combination of two words,
archaea and liposomes. Archaeosomes denote the liposomes
that are composed of, completely or partly, one or more natural
polar ether lipids extracted from archaea or prepared with
synthetic archaeal lipids that mimic natural archaeal lipids.13,14

These new-generation delivery vehicles exhibit significant
advantages over the conventional liposomes prepared from the
ester lipids found in Eukarya and bacteria, such as extreme
stability under various harsh environmental conditions, and

reduced membrane permeability.13 These features have aroused
great interest to develop them as potential carriers to deliver
numerous compounds of pharmacological interest and food
supplements.14 Despite the exceptional properties of archae-
osomes, limited characterization data are available, partly due to
the difficulties in the cultivation and extraction of a sufficient
quantity of pure archaeal lipids. As an alternative to pure
archaeosomes, hybrid archaeosomes composed of a mixture of
archaeal lipids and synthetic phospholipids are developed.
These hybrid structures combine the advantages of both
archaeal lipids and synthetic phospholipids such as stability,
easy availability, low cost, and large-scale production.3 A
schematic representation of a hybrid archaeosome prepared
with conventional phospholipids and archaeal bipolar lipids is
shown in Figure 2.

2. UNIQUE FEATURES OF ARCHAEAL LIPIDS AND
MEMBRANE ORGANIZATION

Numerous reports have shown that the unique polar lipid
components and their organization in archaeal membranes play
a key role in enabling their survival and growth in extreme
habitats.12−17 Unlike bacterial cell walls that contain peptido-
glycan, archaeal cell walls contain pseudomurein (or pseudo-
peptidoglycan), polysaccharide, or protein.15 Archaeal mem-
brane lipids differ from those present in bacteria and Eukarya in
two distinct ways. First, the archaeal lipid tails consist of
branched isoprenoid (phytanyl) side chains, while unbranched,
linear lipid tails are present in the other two domains. Second,
the isoprenoid side chains are ether linked to the glycerol-1-
phosphatemoiety of archaea, whereas the fatty acid tails are ester
bound to glycerol-3-phosphate moiety in bacteria and
Eukarya,15,16 as shown in Figure 3.
Bipolar tetraether lipids (BTLs) are usually abundant in

thermoacidophilic archaea (∼90−95%) and are fundamental
components in their cell membrane. They usually consist of two
different polar head groups at opposite ends of the hydrophobic
backbone, leading to asymmetrical lipid structures. These
unique structures of BTLs play a crucial role in the adaptation
of thermoacidophiles to survive in extreme habitats such as high
temperatures and low pH by optimizing membrane organization
and properties such as fluidity and transport of various
molecules through the cell membrane. The polar lipid fraction
E (PLFE) is one of the main BTLs isolated from the plasma

Figure 1. (A and B) Scanning electron micrographs showing the
homogeneous archaeal population of small coccoid-shaped and SM1
euryarchaeon cells. Reproduced with permission from ref 6. Copyright
2014, Frontiers Media S.A.

Figure 2. Schematic representation of a hybrid archaeosome composed
of a mixture of conventional phospholipids and archaeal bipolar lipids.
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membrane of thermoacidophilic archaeon Sulfolobus acid-
ocaldarius, which thrives at temperatures of 65−85 °C at a pH
of ∼2−3. PLFE is a mixture of calditolglycerocaldarchaeol (also
termed glycerol dialkylcalditol tetraether, or GDNT) and
caldarchaeol (also termed glycerol dialkylglycerol tetraether,
or GDGT). The GDNT component (∼90% of total PLFE)
contains phospho-myo-inositol on the glycerol end and β-D-
glucose on the calditol end, whereas the GDGT component
(∼10% of total PLFE) has phospho-myo-inositol attached to
one glycerol and β-D-galactosyl-D-glucose to the other glycerol
skeleton.3 Thus, in PLFE, both GDGT and GDNT components
are bisubstituted in the polar headgroup regions. The hydro-
phobic region of PLFE consists of a pair of 40-carbon biphytanyl
chains, and each chain has isoprene units and may include up to
four cyclopentane rings. Liposomes prepared with PLFE are

extremely stable and have low permeability, compared to
liposomes made of diester lipids. These properties of PLFE
liposomes are mainly caused by the tight membrane packing and
presence of tetraether linkages and cyclopentane rings in the
dibiphytanyl chains as well as an extensive hydrogen-bond
network by the sugar and phosphate groups of the lipid chains.3

The lipid membrane of archaeosomes can be found in the
bilayer form if they are made frommonopolar archaeol (diether)
lipids, a monolayer if made completely from bipolar caldarchaeol
(tetraether) lipids, or a combination of monolayers and bilayers
if made from caldarchaeol lipids.17 The two diphytanyl chains
linked at both ends to two glycerol residues are oriented in an
antiparallel fashion in caldarchaeol and arranged in a parallel
fashion in isocaldarchaeol. The lipid structures of archaeol,
caldarchaeol, and isocaldarchaeol are shown in Figure 4.
Caldarchaeol is a membrane-spanning lipid, commonly present
in hyperthermophilic archaea.18 The hydrophobic chains in
caldarchaeol are linked together strongly, which offers additional
membrane stability and helps the hyperthermophilic archaea to
withstand high temperatures. These varied core lipid structures
and adaptions enable the archaea to maintain membrane
integrity and functions, despite the extremely destabilizing
environmental conditions.17,18

Some of the salient features of archaeal lipids that contribute
to enhanced membrane stability are summarized below:
(1) The ether linkages enhance membrane stability over a

wide range of pH.
(2) Steric hindrance caused by branched methyl groups is

helpful to reduce the crystallization of membrane lipids
and lowering the membrane permeability.

(3) The saturated alkyl chains enhance the stability and
protect the membrane against oxidative degradation.

(4) The isoprenoid side chains of archaeal lipids are ether-
linked to a glycerol-1-phosphate backbone. The high
stability of polar ether lipids is partly attributed to the
branched phytanyl chains which are usually fully saturated
and linked via stable ether bonds to the glycerol
backbone.3 The stereochemistry of these linkages in the
glycerophosphate backbone of archaea is opposite to that
of their bacterial/eukaryotic counterparts, where the
straight-chain fatty acids are linked by ester bonds to the

Figure 3. Comparison of differences in the membrane phospholipids
found in Archaea and those lipids in bacteria and Eukarya. The phytanyl
side chains of Archaea are ether linked to glycerol, whereas the linear
fatty acid tails are ester bound to glycerol in bacteria and Eukarya.

Figure 4. Core lipid structure of archaea: (a) standard archaeol, (b) caldarchaeol, and (c) isocaldarchaeol.
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glycerol-3-phosphate backbone. This unusual or opposite
stereochemistry of the glycerol backbone of archaeal
lipids helps them to resist the attack from enzymes such as
phospholipases, which are basically lipolytic enzymes that
hydrolyze phospholipid substrates at specific ester bonds.

(5) The membrane-spanning properties of the bipolar lipids
enhance membrane rigidity and reduce membrane
permeability.

(6) The presence of cyclic structures in the transmembrane
portion of the lipids contributes to a thermo-adaptive
response, leading to tight membrane packing and reduced
membrane fluidity.15,17

3. ARCHAEOSOMES: PREPARATION AND
CHARACTERIZATION

Several types of archaea such as methanogens (Methanococcus
voltae, Methanosaeta concilii, Methanospirillum hungatei, Meth-
anosarcina mazei, Methanococcus jannaschii, Methanobrevibacter
smithii, Methanosphaera stadtmanae, Methanobacterium espano-
lae), halophiles (Halobacterium cutirubrum, Natronobacterium-
magadii), and thermoacidophiles (Thermoplasma acidophilum)
are usually cultivated in optimal growth conditions in the lab
from which the total polar lipids (TPLs), polar lipid fractions,
and purified polar lipids are extracted to prepare archaeosomes
for therapeutic applications.13−18 TPL is usually obtained by
precipitation with acetone from a chloroform/methanol (2:1 v/
v) solution.17 The resulting extracts are generally analyzed by
thin-layer chromatography (TLC) or mass spectrometry and
used as such or further purified by preparative TLC to separate
pure polar lipids. When compared with TPLs, the PLFE isolated
from the thermoacidophile S. acidocaldarius (growth conditions:
75−80 °C and pH 2.5) and the polar lipid methanol fraction
extracted from the hyperthermophile Aeropyrum pernix (growth
conditions: 92 °C and pH 7) are widely employed to prepare
archaeosomes, due to their simple lipid composition and easy
data analysis.19

Similar to the preparation of liposomes, the archaeosomes can
also be prepared using various methods such as thin film, freeze/
thawing, reverse-phase evaporation, microfluidics, and poly-
carbonate membrane filter extrusion protocols, at any temper-
ature in the physiological range or lower, which helps to
encapsulate a variety of thermally stable compounds.15,16 In the
thin-film method, the organic solvent from pure archaeal lipids
or a mixture of synthetic phospholipids and archaeal lipids is

completely removed under vacuum using a rotary evaporator to
form a thin lipid film, which is then hydrated with an aqueous
buffer or water. This leads to the spontaneous swelling of lipids
to form archaeosomes.16,19 In the freeze−thaw method, the
vesicles are initially frozen in dry ice-ethanol (−80 °C) or in
liquid nitrogen, followed by a repeated three to eight times of
freeze and thaw cycle to form archaeosomes.16 In the reverse-
phase evaporation method, the lipids are dissolved in the
chloroform-methanol mixture, and the organic solvents are
evaporated to form a thin film. The lipid film is then resuspended
in chloroform, methanol, and water mixture, and again
evaporated under vacuum. The dried lipid film is then hydrated
with an aqueous buffer to form archaeosomes.2 Usually, the drug
or a biomolecule (e.g., protein) of interest can be either
encapsulated (hydrophilic) or entrapped (hydrophobic) in the
archaeosomes during their formulation or incubated with the
archaeosomes after their formation.17 A variety of microscopic
techniques such as cryo-transmission electron microscopy,
scanning electron microscopy, fluorescence microscopy, and
phase-contrast light microscopy are widely used to analyze the
morphology of archaeosomes.16 The size, polydispersity, and ζ
potential of the archaeosomes are determined using the dynamic
light scattering technique and ζ potential analyzer. High-
performance thin-layer chromatography is commonly used to
determine the lipid composition of archaeosomes.16

4. ARCHAEOSOMES: BIOMEDICAL APPLICATIONS
Archaea express a myriad of cellular and molecular adaptations
that ensures the stability of cellular contents, especially proteins
and cell membranes under different living conditions. These
adaptations to extreme environments have created a huge
interest to develop them as carriers to deliver various
pharmaceutical compounds of interest, such as drugs, vaccines,
proteins, peptides, genes, and natural antioxidant compounds
inside the biological systems.13−15 These applications are
discussed below in detail and summarized in Table 1.
4.1. Drug and Antioxidant Delivery. Studies have shown

that the archaeosomes prepared with either natural, chemically
modified, or synthetic archaeal lipids have the potential to
function as efficient drug carriers.3,14 The major benefits of
employing archaeosomes in drug delivery include protection of
the drug from acidic/enzymatic degradation, increased shelf life,
and bioavailability. For instance, Alavi et al.14 reported that
archaeosomes have the potential to function as an effective

Table 1. Biomedical Applications of Archaeosomes-Based Formulations

Drug/biomolecule Application Mechanism of action Inferences Refs

Doxorubicin (DOX) drug Cancer therapy Hyperthermia-induced cell
death

Sustained drug release and reduced side effects 3

Plasmid DNA Gene delivery Transfection Cations help to improve the transfection process 7
BMD drug Anti-

inflammatory
Absorption to the deeper layers Effective drug penetration and accumulation in the epidermis 11

A1 peptide Cancer therapy Cause rapid leakage of
cytoplasmic contents

Cytotoxic to cancer cells 12

PTX drug Cancer therapy Enhance polymerization of
tubulin

Reduce side effects and improve its therapeutic index 14

Phenol (recovered from olive
mill waste)

Antioxidant Inhibit cell damage High stability, sustained drug release 21

Insulin Diabetes
treatment

Reduce blood glucose levels Stable in simulated gastrointestinal tract conditions, poor permeability of
the intestinal epithelium

22

BSA Vaccine
therapy

Stimulated proliferation of CD8+
T cells

Modulate primary, long-term, and/or innate immunity, impacting
adjuvant choice for vaccine design

26

BSA/cholera toxin B subunits Vaccine
delivery

Increased antibody production Better humoral immune response 28

ACS Omega http://pubs.acs.org/journal/acsodf Mini-Review

https://doi.org/10.1021/acsomega.2c06034
ACS Omega 2023, 8, 1−9

4

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06034?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


carrier of paclitaxel (PTX), a widely used drug to treat breast
cancer. The archaeosomes (mean diameter: 521.4 nm) were
prepared by hydrating the lipid extract of methanogenic archi
bacteria in phosphate-buffered saline buffer containing 10 mg of
PTX dissolved in 100 μL of dimethyl sulfoxide. The prepared
archaeosomal-PTX formulation was incubated with the MCF-7
human breast cancer cells for 24 h to assess their cytotoxic effects
using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide colorimetric assay at different time intervals. The
results have shown that the cytotoxicity of the archaeosomal-
PTX formulation was significantly higher than the standard PTX
formulation. The authors have explained that this effect could be
attributed to the stability of archaeal lipids under various
conditions (pH, temperature, lipases, etc.) and the lipid
coverage enabled sustained drug release, leading to reduced
side effects and increased therapeutic index. This report
indicates that drug loading in archaeosomes represents an
effective method to achieve a better therapeutic response.
Another study evaluated the potential of archaeosomes as novel
colloidal carriers for the topical delivery of betamethasone
dipropionate (BMD), a medication with anti-inflammatory and
immunosuppressive properties, which is widely used to treat a
variety of skin problems such as eczema, dermatitis, allergies,
and rashes.11 In this study, the archaeal lipids were extracted
from Halobacterium salinarum and mixed with BMD in
chloroform (1 mg/mL) to form archaeosomes using the thin-
film method. The in vitro drug permeation studies through full-
thickness pig skin was carried out by using Franz diffusion
vertical cells. The results indicated that the archaeosomes were
able to achieve substantial drug penetration and accumulation in
the skin strata, especially in the epidermis layer. These data
suggest that the archaeosomes may hold great promise as drug
delivery vehicles for topical applications.
Napotnik et al.19 studied the uptake mechanism, stability,

drug release rate, and the in vitro cytotoxicity of archaeosomes to
analyze their potential as an effective targeted drug delivery
system. The archaeosomes were prepared from the lipid extract
of A. pernix K1, which is an obligate aerobic hyperthermophilic
organism having C25,25-archaeol membrane lipids with head
groups containing inositol. The prepared archaeosomes were
loaded with a fluorescent model drug, calcein. The interactions
and the in vitro cytotoxicity of archaeosomes were tested on five
different cell lines: rodent mouse melanoma cells (B16-F1),
Chinese hamster ovary (CHO) cells, and three human cell lines
namely epithelial colorectal adenocarcinoma cells (CACO-2),
liver hepatocellular carcinoma cell line (Hep G2), and
endothelial umbilical vein cell line (EA.hy926). Laser scanning
confocal microscope images have shown that the archaeosomes
were taken up by endocytosis. The cytotoxicity results revealed
that the archaeosomes were found to be nontoxic to human Hep
G2 and CACO-2 and mildly toxic to rodent CHO and B16-F1
cells, but showed a strong cytotoxic effect on EA.hy926 cells.
The uptake of archaeosomes and the subsequent release of
calcein were more prominent in EA.hy926 cells, which could
most probably be due to the rapid endocytosis and/or
intracellular release and action in these specific cells. This
study also demonstrated that the archaeosomes prepared from
A. pernix were extremely stable in a wide range of pH from 4 to
12 and the temperature range from 0 to 100 °C. Taken together,
the results infer that the archaeosomes are capable of
encapsulating biologically active compounds and delivering
them safely owing to their stability in various environments.
Further, they can be effectively taken up by different cell types,

and therefore they can be considered a potential drug delivery
system.
Since the archaeosomes exhibit high stability, a major obstacle

in applying them to hyperthermia cancer treatment is the lack of
an effective triggering mechanism to release the entrapped drug
in a controlled fashion at the target site. This long-standing
problem is tackled by the synthesis of hybrid archaeosomes
composed of a mixture of archaeal lipids and synthetic
phospholipids. For instance, Ayesa et al.3 prepared thermo-
sensitive “smart archaeosomes” composed of a mixture of the
PLFE isolated from the thermoacidophilic archaeon S. acid-
ocaldarius, and the synthetic phospholipid dipalmitoyl phos-
phatidylcholine (DPPC), in a specific proportion PLFE/DPPC
(3:7). They were entrapped with the anticancer drug
doxorubicin (DOX) and incubated with the MCF-7 breast
cancer cells to evaluate the drug release profile and in vitro
cytotoxicity. Due to the excellent membrane stability offered by
the archaeal lipids, the spontaneous drug leakage was restricted
at and below 37 °C.However, when the temperature is increased
to 42−44 °C (mild hyperthermia treatment), a drastic increase
in DOX release from the hybrid archaeosomes occurred, leading
to an increase of DOX entry into the nucleus of MCF-7 cancer
cells causing increased cell death. Phase transition studies using
the fluorescent probe 6-lauroyl-1,2-dimethylamino-naphthalene
(Laurdan) have made it evident that the PLFE lipids have an
ordering effect on fluid DPPC liposomal membranes, probably
due to the DPPC lipid domain melting and PLFE lipid flip-flop,
causing abrupt changes in the ζ potential values and
modulations in their surface properties. These data indicate
that the hybrid archaeosomes can be used as thermosensitive
liposomes, wherein the temperature range (from 37 to 42−44
°C) clinically used for mild hyperthermia treatment of tumors
can be used as a trigger to release the drug specifically in the
cancer cells with reduced side effects.
Reports have shown that the archaeosomes can be

successfully employed to deliver various antioxidants, which
are substances that can prevent or reduce the damage caused to
cells by free radicals produced by the body as a reaction to
environmental and other pressures.20,21 The sources of
antioxidants can be natural or artificial. Plant-based products
such as vegetables and fruits are rich in several antioxidants.20

They are also called “free-radical scavengers” and play a key role
in protection from various disorders such as heart disease, and
cancer. Hence, they have beneficial medical implications.
Pedone et al.20 reported that the hyperthermophilic archaea
are equipped with a range of antioxidant enzymes, which protect
the biomolecules from oxidative damage induced by the reactive
oxygen species (ROS). For example, the enzymes such as
catalase, superoxide dismutase, and peroxiredoxins present in
archaea are actively involved in the scavenging of the most
common ROS, such as superoxide radical and hydrogen
peroxide. Together with thioredoxin, protein disulfide oxidor-
eductase, and thioredoxin reductase, these enzymes are involved
in redox homeostasis, which represents the core of the
antioxidant system. Paredes et al.21 compared the encapsulation
efficiency and topical delivery of antioxidants using archae-
osomes and conventional liposomes prepared from phosphati-
dylcholine. For this analysis, unilamellar (size: ∼200 nm) and
multilamellar archaeosomes up to a few microns were prepared
and encapsulated with natural antioxidant compounds such as
phenols, recovered from olive mill waste. Both, the archae-
osomes and conventional liposomes showed high encapsulation
efficiency and were found to be stable even after a month,
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without notable changes in the initial characteristics of the
suspensions. The possibility of incorporating liposomal
suspensions in excipients such as Carbopol-940 and Pluronic-
127 for topical administration was also investigated. The release
behavior of antioxidants from both the archaeosomes and
liposomes was evaluated via in vitro diffusion studies using
vertical diffusion Franz cells. The results demonstrated that the
archaeosomal gels showed a sustained release of a similar
quantity of phenolic compounds for 24 h regardless of the
excipient used, whereas significant release differences were
found between Carbopol and pluronic excipients in the case of
conventional liposomal gels. This confirms the superiority of
archaeosomes over conventional liposomes as sustained delivery
systems for natural antioxidants.
4.2. Oral Delivery of Proteins and Peptides. Oral

delivery of therapeutic proteins, peptides, and small molecules is
challenging mainly due to the harsh gastrointestinal (GI)
environments such as acidic pH, susceptibility to enzymatic
degradation, short plasma half-life, and poor penetration across
the intestinal mucosa.22,23 Stable delivery systems are required
to protect them from barriers in the GI tract and increase their
bioavailability. In this context, archaeosomes are considered an
excellent choice for oral delivery because they are stable against
acidic pH, digestive enzymes in the GI tract, and bile salts in the
intestinal lumen. Li et al.22 demonstrated the success of
employing archaeosomes in the oral delivery of insulin by
using the PLFE extracts of S. acidocaldarius. Cyanine5.5 near-
infrared fluorescent dye-labeled insulin, as a model peptide, was
embedded in archaeosomes and in conventional liposomes to
compare their potential as a vehicle for oral delivery. The insulin-
loaded archaeosomes were orally administered to diabetic mice
to evaluate the pharmacodynamics and treated with the human
colorectal adenocarcinoma Caco-2 cells in vitro to determine the
membrane permeability of insulin. The vesicle stability and
release profiles of insulin from vesicles after 4 h were evaluated
by treating them with the simulated gastric fluid. The
experimental data demonstrated that the archaeosomes were
relatively more stable in the simulated GI tract conditions and
enable prolonged insulin retention time in the GI tract. The in
vivo experiments revealed that the archaeosomes containing
insulin were superior in lowering the blood glucose levels in
diabetic mice, compared to the conventional liposomes. By
combining all these data, it becomes evident that the
archaeosomes could be a potential oral delivery platform for
peptide drugs, and further in vivo experiments are required to
ensure their efficiency and safety profile.
Bioactive peptides are low molecular weight, short protein

fragments (usually 2−20 amino acids in length) and serve as
excellent candidates for cancer therapeutic applications.23,24

They can easily traverse or disrupt the cell membrane leading to
apoptosis or necrosis. Further, with the aid of targeting ligands
that can specifically bind with the receptors on tumor cells,
peptide-mediated cancer therapy has gained importance. But the
free peptides are subjected to rapid elimination from circulation,
enzymatic degradation, and accumulation in nontargeted organs
and tissues.24 Therefore, the entrapment of peptides into
vesicles tagged with targeting ligands that enables specific
binding with cancer cells is an efficient strategy to increase the
influx and retention of the drug in cancer cells.25 In this context,
Jiblaoui et al.12 developed novel folic acid (FA)-conjugated
stealth archaeosomes based on egg-PC and a mixture of
PEGylated archaeal tetraether lipids and investigated their
potential as nanocarriers for the targeted in vitro delivery of

antitumoral peptides. The tetraether lipids extracted from a
mixture of archaeal sources were tagged with a folate ligand at
the PEG5000 terminal end (FA-PEG5000-tetraether) to bind
specifically with the folate receptors that are overexpressed on
the surface of cancer cells. The therapeutic peptide A1 (2302Da,
17 amino acids, RRKYGRDFLLRFRYIRS), which exhibits
rapid antitumoral activities on different cell lines, was
encapsulated inside the folate-PEG bound archaeosomes.
Later, they were treated with human cervical carcinoma HeLa
cells, and the in vitro biological assays were carried out to study
the importance of encapsulating the A1 peptide in the folated
archaeosomes. The biological activity of A1peptide-archae-
osome formulations was tested at 1.7 mg/mL of lipids
corresponding to 50 mM of A1 peptide. The results have
indicated that the A1 peptide exhibited a drastic and rapid
cytotoxic activity on the HeLa cells by causing rapid leakage of
cytoplasmic contents, with cell mortality close to 80% after 20
min of incubation. This study has shown the scope of developing
synthetic analogs of natural archaeal lipids to be incorporated in
archaeosomes formulations to develop efficient protein/peptide
delivery systems.
4.3. Delivery of Vaccines and Adjuvants. Archaeosomes

have been widely explored as delivery systems for vaccines and
adjuvants. An adjuvant is usually a substance that enhances the
body’s immune response to an antigen, and they are generally
added to vaccine formulations to stimulate stronger immuno-
genicity in vivo. Since the lipid carriers are easily targeted by the
phagocytic cells, liposomes and archaeosomes are ideal vehicles
to carry and deliver antigens or adjuvants.26 In this regard,
Krishnan et al.26 evaluated the ability of archaeosomes to
facilitate the different facets of immune responses against
entrapped antigens, mechanisms of adjuvant action, and
compared their efficiency with alum and conventional liposomes
prepared with a mixture of synthetic phospholipids (phospha-
tidylcholine-phosphatidylglycerol-cholesterol). For this pur-
pose, conventional liposomes and archaeosomes of similar size
(∼200 nm) were prepared with the ether glycerolipids of several
archaea and entrapped with bovine serum albumin (BSA). They
were then administered to mice of varying genetic backgrounds
via different routes, such as intramuscular, intraperitoneal, and
subcutaneous injections at the base of the tail. The results have
shown that the archaeosomes entrapped with BSA enhanced
serum anti-BSA antibody titers considerably in mice than the
alum and conventional liposomes. Moreover, antigen-specific
immunoglobulin G1 (IgG1), IgG2a, and IgG2b isotype
antibodies were also induced. Immunizations using archae-
osomes-antigen formulation also stimulated a strong cell-
mediated immune response: antigen-dependent proliferation
and substantial production of cytokines gamma interferon and
interleukin-4 by spleen cells in vitro. In contrast to alum and
Freund’s adjuvant, archaeosomes prepared from lipid extracts of
Thermoplasma acidophilum showed a prolonged antibody
memory response to the same antigen (at ∼300 days) just
after two immunizations (days 0 and 14). These results conclude
that the archaeosomes are efficient antigen carriers and
adjuvants to boost humoral and cell-mediated immune
responses to the entrapped antigen.
Tolson et al.27 have compared the uptake efficiency of

liposomes (size ∼200 nm) prepared from the total polar lipids
extracted from various methanogenic archaea, such asM. voltae,
M. mazei, and M. smithii, and mixed with the conventional
phospholipids composed of a mixture of ester lipids
dipalmitoylphosphatidylcholine, or dimyristoylphosphatidyl-
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choline: dimyristoylphosphatidyl glycerol: and cholesterol in the
molar ratio of 1.8:0.2:1.5, respectively. The results have shown
that the archaeosomes prepared from the total polar lipids of
several archaea were taken up 3−53 times more efficiently by
phagocytic cells than the conventional liposomes. The dramatic
uptake of archaeosomes by phagocytic cells suggests their
potential for targeting drugs to the reticuloendothelial system
and for the delivery of antigens to antigen processing cells. This
indicates that the archaeosomes may be considered potential
candidates in clinical applications where phagocytic cells are a
target site.
In a similar trend, Sprott et al.28 evaluated the ability of

archaeosomes as novel antigen delivery systems, by comparing
the humoral immune response in BALB/c mice, stimulated by
the archaeosomes and conventional liposomes encapsulated
with protein antigens such as bovine serum albumin/cholera
toxin B subunits. The archaeosomes were prepared from the
total polar lipids of several archaea such as Methanospirillum
hungatei GP1 (DSM 1101), Methanococcus voltae PS (DSM
1537), Methanosarcina mazei S-6 (DSM 2053), Methanosaeta
conciliiGP6 (DSM 3671),Methanobrevibacter smithiiALI (DSM
2375), Methanobacterium espanolae GP9 (DSM 5982), and
Thermoplasma acidophilum 122-1B3 (ATCC 27658). Conven-
tional liposomes were prepared with mixtures of various
synthetic phospholipid/cholesterol formulations. It was found
that with only two immunizations, the maximum IgG+IgM
antibody titer in sera was achieved in the immunized mice using
archaeosomes prepared with the polar lipids from M. smithii,
which is an inhabitant of the human colon. Similarly, a positive
response to the cholera B subunit protein was achieved usingM.
smithii archaeosomes to trigger the antibody production in mice.
The authors have speculated that apart from the in vivo stability
of archaeosomes at the injection site, their superior uptake by
antigen processing cells, slow and sustained release effect of the
encapsulated antigens might be some of the strong reasons for a
drastic rise in the antibody production when compared to the
unstable conventional liposomes. Further experiments in this
study have also suggested that encapsulation of protein antigens
in the archaeosomes is essential for achieving a better humoral
immune response than the free antigens.
4.4. Gene Delivery Applications. Cationic lipid-DNA

complexes have been widely applied for gene transfection
applications, both in vitro and in vivo. Recent studies have found
that archaeosomes also can function as efficient carriers of
DNA.29 Recently, Attar et al.7 have evaluated the potential of
archaeosomes as carriers of plasmid DNA in mammalian cells.
The archaeosomes were formed by mixing ether lipids extracted
from H. hispanica 2TK2 strain with plasmid DNA encoding a
green fluorescent protein or β-galactosidase and incubated with
human embryonic kidney (HEK293) cells up to 24 h at room
temperature. Owing to their anionic nature, initially, the
archaeosomes showed low efficiency in complexing with
plasmid DNA and delivery to HEK293 cells. To overcome
this issue, the authors have used positively charged ions or
molecules, such as 1,2-dioleoyl-3-(trimethylammonium) pro-
pane or Ca2+ as helper molecules in the archaeosomes
formulation. As expected, cell studies have shown that the
presence of cationic molecules/ions contributed to a significant
increase in the rate of gene transfection in mammalian cells. In
another study, Rethore et al.29 reported that novel cationic
hybrid archaeosomes, prepared with the mixtures of neutral/
cationic bilayer-forming lipids and synthetic archaebacterial
tetraether-type bipolar lipids, exhibited excellent gene trans-

fection features in vitro. Cationic lipid-DNA complexes were
prepared by mixing the appropriate amount of aqueous
liposomal or archaeosomal suspensions with plasmid DNA
(pTG11033, 9.7 kb) expressing the luciferase reporter gene and
analyzed after 30 min of incubation at room temperature. These
results have demonstrated the advantage of developing hybrid
membranes by combining conventional bilayer-forming lipids
with monolayer-forming lipids as a new strategy to modulate the
membrane fluidity of the complexes they form with DNA.
Similarly, Benvegnu et al.24 prepared an archaeosomal

formulation using synthetic cationic archaeal lipid analogs
(either a cationic tetraether or a synthetic cationic diester) via
lipid film hydration method followed by size reduction using
sonication or extrusion through polycarbonate membranes. The
plasmid DNA (pCMV-Lluc), which is an expression vector
encoding the firefly luciferase gene, was incorporated into the
archaeosomal formulation, and conventional liposomes pre-
pared with specific proportions of the synthetic phospholipid
dioleoylphosphatidylethanolamine and cholesterol. The pre-
pared archaeosomes were then treated with A549 lung
carcinoma epithelial cells in vitro to measure the transfection
rate. Results have shown that the transfection efficiencies were
tremendously improved with archaeosomes composed of
cationic synthetic tetraether archaeal lipids and with neutral
tetraether colipid, rather than the conventional liposomes. The
data further indicated that the presence of synthetic tetraether
archaeal lipid analogs in the lipid vehicle formulations has
significantly improved the stability level, similar to those vesicles
prepared with the natural lipid extracts of the archaean
Thermoplasma acidophilum. These findings pave a new path in
the application of synthetic archaeal lipid analogs as stable
systems for gene delivery.
4.5. Stealth Archaeosomes. Similar to “stealth liposomes”,

archaeosomes stabilized with PEG, known as “stealth archae-
osomes”, were developed recently, which have several beneficial
features such as long blood circulation time, reduced protein
binding, and uptake by phagocytic cells such as macrophages.8

These stealth archaeosomes provide the added advantages of
encapsulation and safe in vivo delivery of various biomolecules
like proteins/peptides which are highly sensitive to enzymatic
degradations and drugs that are prone to immune reactions.10

Further, by synthetic modification of the terminal PEG
molecule, stealth archaeosomes can be actively targeted with
monoclonal antibodies or ligands. Such vesicles provide added
advantages of high targeting and delivery efficacy, which favors
the production of a variety of lipid-based formulations with
active drug compounds.11

Laine et al.23 demonstrated the synthesis and the superior in
vitro transfection efficiency of PEGylated archaeal lipid
derivatives. A series of novel di- and tetraether-type archaeal
derivatives were incorporated as colipids into glycine betaine-
based cationic lipid formulations for gene transfection. These
lipid formulations were encapsulated with plasmid DNA
(pCMV-Luc). They were then coated with the PEG570 chain
to enhance their stability and further conjugated with folic acid,
in order to achieve targeted gene transfection. The archaeal
derivatives equipped with FA-PEG moieties were then treated
with HeLa cells that express high levels of affinity for folate
receptors. The transfection efficiency was measured after 48 h by
using a chemiluminescent assay. The cell studies have indicated
that all the novel colipids used in this study have afforded
efficient in vitro gene transfection. Moreover, the FA-equipped
derivatives permitted receptor-based targeted transfection, and
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their activity was inhibited when free FA was added to the
transfection medium. These data suggest that the novel archaeal
derivatives equipped with FA-PEG moieties may thus be of
significant interest for targeted in vivo gene transfection.
Some studies have shown that the inclusion of archaeal lipids

in conventional liposomes greatly enhances their stability and
help to achieve sustained drug release.10,12,30 To assess this
feature, Barbeau et al.30 prepared stealth archaeosomes with 90
wt % of a classical lipid, egg-phosphatidylcholine (egg-PC), and
10 wt % of a PEGylated tetraether archaeal lipid (PEG(45)-
tetraether), and conventional liposomes with 1,2-distearoyl-sn-
glycero-3-phosphorylethanolamine (DSPE) phospholipid.
Both, the archaeosomes (egg-PC/PEG(45)-tetraether) and
conventional liposomes (egg-PC/PEG(45)-DSPE) were encap-
sulated with a fluorescent dye, carboxyfluorescein as a marker to
assess their drug encapsulation efficiency and release profile. The
experimental data have shown that the stability of PEGylated
archaeosomes is significantly higher than PEGylated conven-
tional liposomes, as indicated by the slower and sustained release
of the encapsulated dye at 37 °C. This enhanced stability could
be attributed to the membrane-spanning properties of the
archaeal bipolar lipids. The data ensure that the addition of even
smaller proportions of PEGylated archaeal lipids to the standard
liposomal formulations tremendously improves the vesicle
stability and they can be formulated as superior in vivo gene/
drug carriers.

5. CONCLUSION AND FUTURE PERSPECTIVES
In this review, we have discussed the unique features of archaeal
membrane lipids and explored the potential of archaeosomes as
a new generation delivery system, capable of carrying both
hydrophilic and hydrophobic materials of pharmacological
importance. The extreme stability of archaeosomes in various
harsh conditions enables them to overcome the current
biomedical challenges faced by conventional lipid-based
formulations in the delivery of drugs, genes, and therapeutically
significant peptides. Furthermore, the ability of archaeosomes to
safely deliver the antigens and adjuvants opens up new avenues
in vaccine therapy. Finally, we conclude that these promising
carrier systems have an enormous potential to be surface
modified to bind with specific targeting ligands to deliver various
biomolecules and drugs precisely to the target cells. Since the
archaeosomes are biocompatible, biodegradable, and proven to
be safe via various in vitro and in vivo studies, there is a great
interest to widen their scope and commercialize them. It is
encouraging to note the increasing amount of ongoing clinical
trials on archaeosomes toward their approval in biological
applications. Designing long-circulating stealth archaeosomes
bound with PEG and smart hybrid archaeosomes bound with
targeting moieties, anticancer drugs, and fluorescent dyes that
can bind specifically with the cancer cells and release the drug in
a sustained manner will have a huge impact on cancer diagnosis
and therapeutics. Future research and development should focus
on designing cost-effective, safe, novel archaeosomes with
multifunctional abilities and improved characteristics for early
diagnosis and targeted delivery with controlled drug release
features to treat several diseases.
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