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Abstract: Lipidic carriers employed for the entrapment, encapsulation and precise targeting the bioactive
compounds offer significant advantages to the biomedical, pharmaceutical, nutraceutical and cosmeceutical
industries. These lipid and phospholipid-based vesicles can improve the solubility, permeation,
pharmacokinetics, pharmacodynamics and bioavailability of the encapsulated material. As a matter of fact,
nano-sized phospholipid vesicles have attained the highest success rate in commercialization among the
available drug encapsulation technologies. Nevertheless, developing industrially acceptable products still
remains a challenge. Among the main disadvantages of conventional lipidic carriers are their instability in the
biological environments, and their sensitivity to changes in the pH, temperature and enzymes. To overcome
these problems, the new generation of phospho/lipid-based carrier systems was developed using ingredients
from microorganisms living in extremely harsh environments (i.e., archeaeobacteria). The present entry aims
to review unique features of archaeolipids and recent developments in their application for the encapsulation
of genetic material as well as their role and function as adjuvants and vaccine candidates.

Keywords: adjuvant; archaeal carriers; lipid-based drug delivery; vaccine delivery; gene therapy; immune
modulators; tocosome

1. Introduction

Colloidal drug carriers (also referred to as controlled release systems) are advanced dosage
forms utilized for disease diagnosis, prevention and cure. The design rationale is to supply adequate
quantity of the medicaments and/or diagnostic agents to the pathological sites (target cells) at the
right time frame to attain maximum therapeutic outcome with minimum, or ideally no adverse effect
and toxicity. These carrier systems aim to optimize drug administration, absorption, distribution,
metabolism, and elimination. Drug delivery systems can vary widely in their structure, size, charge,
mechanism of action, and applications, thereby meeting different therapeutic needs and serving
various patient populations. Lipid and phospholipid-based carriers are gaining increasing attention
as drug delivery systems in both industry and research [1,2].

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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At present, there are several FDA-approved products with verified clinical outcomes, which are
incorporating lipidic encapsulation technologies [1,2]. These carriers improve the bioavailability and
efficacy of therapeutic or preventive compounds by encapsulation and / or entrapment and
controlled release of hydrophilic, lipophilic and amphipathic molecules and compounds.
Furthermore, they can be used for targeting the bioactive formulations to particular cells or tissues in
vitro and in vivo [3]. Based on these significant characteristics, the lipidic carriers, and their related
technologies, are being used in the preclinical and clinical research for several decades [2]. Figure 1
represents some of the proven advantages of using lipidic carriers in the formulation of medicinal
products by giving examples of chemotherapeutic and other active compounds. The antineoplastic
products primarily include anthracycline drugs, as well as taxane and camptothecin derivatives (see
Figure 1).

LBenefits and advantages of using lipidic carriers for drug deliveil
[ |

{ Drug Examples ] [ Benefits / Advantages
L LN

Interleukins; Cytosi binosid| Drug molecule protection / stabilization
P er I Prolonging drug half-life; Drug stabilization;

Increasing drug exposure to the tumor

Reducing allergic reactions;

Taxane derivatives; Paclitaxel Reducing side-effects; Enhancing solubility

Prolonging drug half-life;

Anthracycline drugs; Doxorubicin Reducing cardiac toxicity

Ketoconazole Enhancing skin penetration
Amphotericin B; Minoxidil Enhancing solubility
Lidocaine; Prostaglandins Drug localization in stratum corneum

Figure 1. Some of the main benefits and advantages of employing lipid-based drug carriers in the
formulation of therapeutic products.

Some of the main lipidic carriers include: Vesosome, Phytosome, Solid Lipid Nanoparticles
(SLN), Nanostructured Lipid Carriers (NLC), Tocosome and Archaeosome [4-7]. These carriers are
being used for the entrapment or encapsulation of therapeutic, preventive and diagnostic agents as
well as polypeptides and nucleic acid molecules [8-10]. Among the lipid-based drug delivery systems
archaeolipid vesicles are of particular interest due to their significant thermostability along with long-
term stability, resistance to enzymatic degradation, and immunomodulatory characteristics [11]. This
entry provides an overview of carrier systems prepared using natural and synthetic ingredients from
archaeal microorganisms, as well as their role in the formulation of nucleic acid therapeutics as well
as adjuvants and vaccine candidates.

2. Archaeal Lipid Vesicles

Bilayered vesicles composed of archaeal lipids and phospholipids are generally known as
archaeosomes. The term archaeosome is composed of two Greek words: ‘archaea’ (i.e., ancient) and
‘some’ (or soma; i.e.,, body) and refers to a synthetic drug delivery vesicle containing one or more
phospho/lipids extracted from Archaeobacteria (an ancient microorganism from the domain
Archaea) [12,13]. Figure 2 depicts structures of some of the main lipids found in the archaea in
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comparison with a typical phospholipid found in the eucaryotic and procaryotic organisms. Around
30 years ago, archaea were officially acknowledged as a third domain of life, when a reclassification
based on phylogenetic analysis of the rRNA sequences was suggested [14]. They are a distinctive
group of living organisms, which are recognized as “extremophiles” because their species are
commonly dispersed in hostile locations.
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Figure 2. Simplified chemical structure of core lipids of the archaeal species. (A) Standard archaeol
molecule; (B) Caldarchaeol molecule; and (C) the structure of Isocaldarchaeol. (D) Representative
structure of a potent vaccine adjuvant sulfated lactosylarchaeol (SLA) glycolipid. (E) General
structure of a phospholipid molecule found in bacteria and eukaryota. Note that the side phytanyl
chains are ether linked to glycerol in the archaeal species, however, the linear fatty acids of the
procaryotic and eucaryotic phospholipids are ester bound to the glycerol moiety. The phosphate-
bearing group attached to the 3rd (terminal) carbon atom of glycerol is designated by the letter ‘P’ to
which additional head-group moieties can be attached (depicted by the letter ‘R”).

Many of the archaea species live in harsh environments and inhospitable locations characterised
by high salt concentrations, high temperatures or low pH values. Accordingly, the ingredients of
their membranes (i.e., ether lipids / phospholipids) are exceptional and enable them to live and thrive
in such harsh ecosystems. Compared to liposomes and nanoliposomes (that are made from ester
phospholipids - Figure 2E), archaeal lipid vesicles are more thermostable and more resistant to
hydrolysis and oxidation. Furthermore, they are more resilient to bile salts and low pH that would
be encountered in the gastrointestinal (GI) milieu [15]. Archaeal vesicles prepared from the total polar
lipid extract or from individually purified polar lipids are very promising as an oral carrier system
of drugs and other bioactive agents. As is the case with other drug carriers such as liposomes and
nanoliposomes, it is possible to incorporate certain moieties (e.g., polyethylene glycol - PEG or
polyhydroxyethyl-L-asparagine - PHEA) on the archaeosome surface to increase their blood
circulation time. Some scientists reported that integration of PEG or coenzyme Q10 to the archaeal
lipid vesicle formulations can amend their tissue distribution behaviour when administered
intravenously [16].

Omri and colleagues [17] have shown that oral and intravenous delivery of nanometric-sized
archaeal vesicles to an animal model was well tolerated with no detectable toxicity. Li and co-workers
[18] demonstrated that archaeal vesicles possess superior stability in the simulated GI fluids, and
enable fluorescently labelled peptides to reside for longer times in the GI tract after oral
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administration when compared to the unencapsulated peptides. In another study, archaeosomes
were prepared using polar lipid fraction E (PLFE) extracted from Sulfolobus acidocaldarius, and their
immunogenic properties as oral vaccine delivery vehicles were evaluated [19]. Results of the study
revealed that the archaeal vesicles had greater stability in the simulated gastro intestinal solutions,
and helped antigens to be retained for longer period of time in the GI tract after oral administration
[19]. More recently, archaeal vesicles, prepared using sulfated lactosylarchaeol (SLA) glycolipids
(Figure 2D), proved to be an efficient vaccine adjuvant in multiple preclinical models of cancer or
infectious disease [20].

Results of these studies have revealed the ability of the synthetic and semi-synthetic archaeal
lipid vesicles to induce strong cellular and humoral immune responses towards different types of
antigens [20,21]. Authors concluded that the ability of the archaeal vesicles to induce antigen-specific
reactions was superior to many of the adjuvants tested in their studies [19-21]. Outcomes of these
studies are very encouraging for the potential utilisation of archaeal vesicles in the encapsulation and
controlled release of various bioactive agents via different routes of drug administration. In the
following sections, the applications of archaeal lipid vesicles as adjuvants as well as for the delivery
of genetic material and vaccine candidates will be presented.

3. Gene Delivery Applications

The unique chemical and biological properties of the ingredients of archaeal lipid vesicles,
characterized by ether bonds, saturation and cyclopentane rings, provides them with high
mechanical strength as well as exceptional enzymatic, chemical and physical stability [22,23]. Certain
properties of the ether lipids, including stability towards high temperatures and acidic environments,
make them extremely useful for biomedical and pharmaceutical applications (Table 1). Their
temperature stability is a significant superiority over conventional liposomes and nanoliposomes
made from ester lipids, particularly during processing and storage. In addition, stability towards low
pH values makes archaeal lipid vesicles suitable for oral drug administration, since they can protect
their load from degradation in the GI tract [24].

Applications of archaeal lipid vesicles in gene or drug delivery has received increasing attention,
particularly due to their outstanding ability to preserve the structure and function of the sensitive
therapeutic agents [25]. Traditionally, cationic liposome-DNA multiplexes have been extensively
used for in vitro and in vivo gene transfer investigations. Anionic and zwitterionic vesicles were also
utilized for the encapsulation and delivery of polynucleotides, albeit to a less degree. However,
recently reported research outcomes have established that archaeal lipid vesicles can also be used as
efficient carrier vehicles of RNA, DNA and other nucleic acid molecules [26].

Table 1. Main advantages of archaeal lipid vesicles for biomedical and pharmaceutical applications.

Item Advantages of Archaeal Vesicles Ref.’s

The saturated alkyl chains provide protection against oxidative assault.
1 As a result, archaeal vesicles do not need to be kept under inert [12,25]
atmosphere during storage.
In the structure of the vesicles, the bipolar lipid molecules traverse the

2 22,27,2
bilayers and improve their stability. [22,27,28]
The archaeal lipid derivatives provide enhanced stability towards

3 . [15,29]
hydrolysis.
The ether links are more stable than ester bonds at wide range of pH [30,31]
values. ’

5 The distinctive stereochemistry of the glycerol backbone ensures [15,32]

resistance towards degradation by the phospholipase enzymes.
Presence of cyclic rings in the transmembrane section of the bilayers

6 appear to provide thermo-adaptive response, resulting in the improved [11,33]
bilayer packing and decreased membrane fluidity.
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The branched methyl groups decrease crystallization and reduce bilayer

7 . [12,34,35]
permeability.

8 Archaeal lipids can function as self-adjuvant vaccine candidates. [20,21,36]

9 Archaeal lipid vesicles have demonstrated acceptable safety profile. [37-39]

Zwitterionic and positively-charged archaeal tetraether analogues possessing a central
cyclopentane ring along with bilayer-forming synthetic cationic tetraether lipids mixed with DOPE
or the cationic aliphatic lipid glycine betaine derivative (MM18), were utilized for in vitro transfection
of the cultured A549 cells [40]. Archaeosomes prepared using MM18 or neutrally charged archaeal
tetraether-like lipid (at 95.5 w/w ratio), revealed activities similar to the commercial reagent
Lipofectamine (at the charge ratio of +8). In addition, the in vivo transfection efficiency of cationic
phospholipids and plasmid DNA (coding for the luciferase enzyme) complexed with a synthetic
neutrally-charged tetraether-like lipid, was found to depend on certain factors including the type of
cationic phospholipid, the lipid/co-lipid molar ratio and the route of administration (intranasal or
intravenous) [41]. Intravenously injected MM18 / neutral archaeal tetraether-like lipid at the 10:1
Molar ratio revealed high in vivo transfection efficiency, particularly to the lungs, and to the spleen
(but to a less extent). The lipidic complexes revealed plasma stability while they were able to
disassemble inside the cytoplasmic endosomes with subsequent release of the plasmid DNA.
Moreover, following the addition of PE-PEG500 to the lipid-based formulations, they were effective
after intranasal administration [40,41].

In a study aimed to target tumoral cells overexpressing the folate receptor, Laine and co-workers
synthesized diether and tetraether lipids and functionalised them with a short polyethyleneglycol
chain (i.e,, PEG-570) and a folate moiety [42]. These phospho/lipids, mixed with the conventional
bilayer-forming glycine betaine-based cationic lipid (at 5-10 w/w %) resulted in a significant
transfection efficiency when tested on the HeLa cells, which was inhibited in the presence of free folic
acid molecules. The diether derivative revealed very high transfection potency at a neutral charge
ratio, higher than that of the commercially available transfection agent Lipofectamine [42].

In a recent study, Attar and colleagues [43] investigated the potential of anionic archaeal vesicles
for the delivery of DNA molecules in some mammalian cell lines. They extracted ether lipid
molecules from the H. hispanica 2TK2 strain, which is an extremely halophilic archaeon
microorganism. This was followed by combining the archaeal lipids with plasmid molecules
encoding the -galactosidase enzyme or a green fluorescent polypeptide and incubating them on the
cultured embryonic renal cells (HEK293) for twenty-four hours at ambient temperatures. Initially,
the archaeal vesicles exhibited low efficacy in complexing with the plasmid molecules as well as low
transfection efficiency due to their negative charge repelling the similarly charged DNA molecules.
In order to overcome this problem, scientists employed positively-charged ions or cationic molecules,
including 1,2-dioleoyl-3-(trimethylammonium) propane, Mg? or Ca?* as the bridging moieties in the
lipidic carrier formulations [44-48].

The idea of using non-toxic and biocompatible divalent cations to link polynucleotides to the
negatively charged lipids is based on the studies by Zhdanov and co-workers [49]. Accordingly,
studies on the mammalian cell lines revealed that the application of ions / cationic molecules /
divalent cations resulted in a substantial improvement in the level of transfection efficiency. In
another in vitro research, Benvegnu and co-workers [50] reported that novel hybrid and cationic
archaeal vesicles, formulated using different combinations of cationic / zwitterionic bilayer-forming
phospholipids as well as synthetic tetraether-type bipolar phospholipids, revealed significantly high
levels of transfection efficiency. The phospho/lipid-DNA multiplexes were formulated by combining
optimised quantity of aqueous suspensions of cationic liposomes or archaeosomes with DNA
molecules (9.7kb - pTG11033 - containing luciferase gene) and analysed after 30 minutes of incubation
at ambient temperatures. These studies have confirmed the advantages of formulating hybrid
vesicles by mixing conventional bilayer-forming phospho/lipids with monolayer-forming
ingredients as a new approach to modulate membrane fluidity of the multiplexes formed with the
nucleic acid molecules [50,51].
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In a proprietary research Benvegnu and colleagues [52] patented a formulation of archaeal lipid
vesicles prepared employing positively-charged synthetic archaeobacterial lipid analogues (a
positively-charged synthetic diester or a cationic tetraether) by the thin-layer hydration technique.
The particle size of the vesicles was then narrowed down by extrusion using polycarbonate
membrane filters or by sonication. A plasmid vector expressing the firefly luciferase gene (i.e.,
plasmid DNA pCMV-Lluc) was encapsulated in the archaeal vesicle formulation, as well as
conventional liposomes manufactured using certain proportions of cholesterol and the synthetic
phospholipid dioleoylphosphatidylethanolamine (DOPE). The archaeosomal formulations were
subsequently tested on the cultured human pulmonary malignant epithelial cells in order to evaluate
the transfection efficiency. Study results indicated that the gene transfer efficacies were significantly
enhanced by employing vesicles formulated with synthetic tetraether cationic archaeal
phospholipids and zwitterionic tetraether co-lipids, compared to the conventional lipid vesicles.
Further studies revealed that incorporation of synthetic tetraether archaeal lipid analogues in the
lipid-based complexes significantly enhanced the stability of the vesicles, similar to those formulated
using the natural phospholipid extracts of the Thermoplasma acidophilum bacteria [52]. Thanks to these
profound discoveries, new possibilities have been emerged for the employment of synthetic archaeal
phospholipid analogues, as safe and stable ingredients, in the construction of gene transfer vectors.

4. Archaeal Lipids as Adjuvants and Vaccine Delivery Systems

Archaea possess a multitude of molecular and cellular features which warrants the stability of
their cellular components, particularly polypeptides and bilayer membranes at different biological
circumstances. These adjustments to harsh settings resulted in a significant interest among scientists
to formulate and develop archaeal delivery systems for different pharmaceuticals and nutraceuticals
including medicaments, genes, vaccines, proteins, peptides, vitamins, minerals and natural
antioxidants. Different formulations of archaeosomes are being developed and tested in vitro as well
as in vivo, inside the biological systems [53,54]. Some examples of the biomedical applications of
archaeal lipids are summarized in Table 2.

Since liposomes, nanoliposomes and archaeosomes are naturally targeted by the cells of the
reticuloendothelial system (RES - in particular mononuclear phagocytic cells) [55-57], they are ideal
candidates for the incorporation and delivery of antigens. Furthermore, they can be employed
directly as adjuvants — or indirectly as carrier systems for adjuvants — with the ability of immune
system stimulation. Adjuvants are defined as substances that augment the immune reaction of the
body to an exogenous antigen. They are usually incorporated to vaccine candidates in order to
provoke more intense in vivo immunogenicity. Tolson and colleagues [37] have investigated the
uptake efficiency of vesicles made using the polar lipid molecules obtained from different
methanogenic archaeobacteria (e.g., M. mazei, M. smithii, and M. voltae), and combined them with the
conventional phospholipids comprised of a combination of ester lipids dipalmitoyl
phosphatidylcholine, or dimyristoyl phosphatidylcholine: dimyristoyl phosphatidyl glycerol: and
cholesterol (in the molar ratio of 1.8:0.2:1.5, respectively). Their study revealed that the vesicles made
employing the polar phospholipids of various archaeal species were endocytosed significantly more
by the RES cells when compared with the liposomal vesicles. Significant endocytosis of the archaeal
vesicles by the RES cells indicates their usefulness for drug targeting to the cells of the immune system
and for the transport of antigens to the antigen-presenting cells. These findings reveal that the
archaeal vesicles have the potential to be employed as efficient systems for targeting the phagocytic
cells of the RES [37,58].

Archaeal lipid vesicles formulated using different compositions of total polar lipids (TPL) have
the capacity to deliver the incorporated antigen to antigen-processing cells (APCs) for presentation
by major histocompatibility complex (MHC class I and II proteins) [59,60]. However, studies showed
that conventional liposomes were not able to present ovalbumin (OVA) to the MHC class I pathway
[61] and only caused an antibody response that was generally lower than that generated by the
archaeal vesicles [62]. Krishnan and co-workers [63] assessed the ability of archaeal vesicles to
stimulate different aspects of immune responses against the incorporated antigens. They also
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investigated the mechanisms of adjuvanticity of archaeal vesicles, and evaluated their efficacy in
comparison with conventional lipidic vesicles composed of phosphatidylglycerol,
phosphatidylcholine, and cholesterol. Towards this end, conventional lipid vesicles as well as
archaeal carriers of the same particle size (~200nm) were manufactured using the ether glycerolipids
of different archaeal species and were loaded with bovine serum albumin (BSA). The vesicles were
then injected to mice, that possessed diverse hereditary traits, via subcutaneous, intramuscular and
intraperitoneal routes. Findings of the study showed that the archaeal vesicles loaded with BSA
increased the serum anti-BSA antibody titers significantly more compared to the alum and
conventional lipid vesicles. In addition, production of antigen-specific immunoglobulin G1 (IgG1),
IgG2a, and IgG2b isotype antibodies by the animals were stimulated. Furthermore, immunizations
employing archaeosomal-antigen formulations induced a potent cell-mediated immune reaction, as
well as antigen-dependent proliferation and also increased synthesis of cytokines (e.g., interleukin-4
and gamma interferon) by the cultured lymphatic cells. Contrary to the Freund’s adjuvant and alum,
archaeal vesicles manufactured using lipids extracted from Thermoplasma acidophilum exhibited a
sustained antibody memory reaction to the same antigen (~300 days) only after two sets of
immunizations (at days zero and fourteen). Studies indicated that the archaeal vesicles are potent
adjuvants as well as efficient antigen delivery vehicles and are able to improve humoral and cell-
mediated immune reactions to various encapsulated antigens [60-63].

It has been proposed that the archaeal core lipid structures (branched and saturated isopranoid
chains joined by ether bonds to the glycerol backbone) as well as the interaction of archaeal lipid head
groups with APC receptors, contribute to the adjuvanticity of archaeal vesicles [60,64]. The enhanced
adjuvanticity of archaeal vesicles compared to the conventional liposomes is largely based on their
unique ability to function as immunomodulators, stimulating the innate immunity, and enhancing
the recruitment and activation of specialised APCs, rather than being merely due to the efficient
delivery of the antigens to these cells [65,66]. Nevertheless, the strong memory responses could be
considered to be partially due to the longer antigen persistence that would be expected to be afforded
by the depot effect of the robust archaeal vesicles [67,68].

Table 2. Some examples of pharmaceutical applications of archaeal lipid formulations.

Mechani f
Active Agent Function ec ar.usm ° Implications Ref.
Action

Causing fast leakage

Al protein Anticancer agent of the cellular Cytotoxic to cancer cells. [69]
contents.
Betamethasone .. Adsorption to the  Efficient infiltration and
) : Anti- inflammatory ) . . . [70]
dipropionate deeper skin layers. epidermis drug delivery.
Modulate primary,
Bovine serum Enhanced sustained, and/or innate
Ibumin " Vaccine production immunity, archaeal lipid [63]
A of the CD#* T cells.  vesicles function as ideal
adjuvants.
Cholera / toxin . Enhanced antibody Improved humoral immune
) Vaccine [65]
B subunits manufacture. response.
- Hyperthermia- Long-term release with
D h 71
oxorubicin Cancer therapy induced cell death. diminished adverse-effects. 711
Insulin Diabetes treatment Reducing blood Stable in the digestive 72]
glucose levels. system.
Enhanced Decreased adverse effects
Paclitaxel Cancer therapy polymerization of and improved therapeutic [53]

tubulin. efficacy.
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Phenols

(obtained from Antioxidant Inhibiting cell Enhaﬁced stability, 73]
. damage. sustained drug release.
olive)
Plasmid DNA Gene delivery / Transfection Enhanceffl stabl‘h’fy and [43]
Gene therapy transfection efficiency.

In an in vivo study, Sprott and co-workers [65] assessed the capability of archaeal vesicles, as
promising antigen carrier vehicles, by comparing the humoral immune reaction in BALB/c mice,
induced by different antigens including cholera toxin B subunits and bovine serum albumin. The
vesicles were manufactured using the polar phospholipids of different archaeal species including
Methanosaeta concilii GP6 (DSM 3671), Methanobacterium espanolae GP9 (DSM 5982), Thermoplasma
acidophilum 122-1B3 (ATCC 27658), Methanobrevibacter smithii ALI (DSM 2375), and Methanococcus
voltae PS (DSM 1537). They observed that after just two vaccinations, maximum IgG + IgM antibody
titers in the sera were induced in the mice employing archaeal vesicles formulated using the
phospholipids of Methanobrevibacter smithii that is an inhabitant of the human colon. In a similar
manner, a positive reaction to the cholera B subunit peptide was attained using M. smithii vesicles to
activate antibody manufacture in the rodents. Researchers concluded that in addition to the in vivo
stability of the archaeal vesicles at the injection site, their enhanced incorporation by the antigen
presenting cells, as well as steady and long-term release of their load, could be some of the main
reasons for a significant increase in the antibody manufacture. The study has also revealed that
entrapment or encapsulation of protein antigens by the archaeal vesicles is a crucial step for achieving
an enhanced humoral immune response compared to the free (unencapsulated) antigens [65,74].

In more recent studies, researchers employed a semi-synthetic archaeal phospholipid (i.e.,
sulfated lactosyl archaeol) to encapsulate different antigens and to assess the potential of SLA
glycolipid as an adjuvant system [75,76]. Their studies revealed that immunizing mice with variants
of concern (VOC)-based vaccines, specifically Beta and Delta-based spike trimer antigens, resulted in
improved neutralizing responses to spike proteins from the corresponding variant. They also found
out that SmT1-O antigen, stimulated stronger neutralizing responses to Omicron-based spike
compared to a reference strain-based vaccine candidate, as revealed by two independent
neutralization assays. These researchers concluded that cell-mediated responses, which play
important roles in the neutralization of intracellular infections, were stimulated to a significantly
higher level with the SLA adjuvant when compared with the Adda S03-adjuvanted preparations.
Consequently, further developed vaccines, which are better capable of targeting the SARS-CoV-2
variants, could be formulated via an optimized combination of adjuvant and antigen components
[75,76].

5. Conclusions and Future Perspectives

Drug delivery techniques encompass a wide range of formulations designed to optimize drug
efficacy, safety, and patient adherence across various routes of administration and therapeutic
indications. Different ingredients, including polymers, surfactants and a variety of lipid molecules,
can be used for the construction of drug carriers. The distinctive attributes of the archaeal
phospholipids were discussed in this review along with the potential of the archaeolipid vesicles as
novel drug carriers, which possess the ability of carrying hydrophilic, hydrophobic and amphiphilic
compounds. Their potential as a carrier system for genetic material and vaccine candidates were
discussed. The exceptional stability of archaeal lipid vesicles under harsh and extreme conditions
allows them to overcome challenges encountered by conventional liposomes and nanoliposomes in
the delivery of vaccines and bioactive compounds. The profound potential of archaeal vesicles to
safely deliver various adjuvants and antigens offers new prospects in vaccine therapy for different
infections and cancers. Archaeal lipid-based carriers are self-adjuvanting and non-replicating antigen
delivery systems that can promote efficient and long-lasting antigen-specific humoral and cell-
mediated immunities, and induce strong memory responses. The potential of archaeal lipid
adjuvants has been confirmed in vivo, in different animal models. Research thus far revealed that the
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immune profiles promoted by the archaeal adjuvanted protein and peptide vaccines nearly matches
those currently achieved only with live, replicating vaccines. Archaeal lipid vesicles have progressed
to the phase where they are now suitable for commercial utilisations. Studies in the future should
focus on formulating cost-effective and robust carriers with optimised properties to achieve timely
and precise diagnosis as well as site-specific, targeted drug delivery. Significant research prospects
remain to be unveiled in order to enhance the efficacy of these carriers with respect to their
preventive, therapeutic and theragnostic applications. Chemical alterations of the available natural
archaeal lipid and phospholipid molecules, as well as design and synthesis of the phospholipid
analogues, are among the best approaches to attain optimum clinical outcomes in the future.
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