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Abstract
Lipidic carriers are composed of natural, synthetic, or physiological lipid/phospholipid materials. The flexibility of lipid-
based delivery systems for transferring a variety of molecules such as immunomodulators, antigens, and drugs play a key role 
in design of effective vaccination and therapeutic strategies against infectious and non-infectious diseases. Genetic and subunit 
vaccines are two major groups of promising vaccines that have the potential for improving the protective potency against 
different diseases. These vaccine strategies rely greatly on delivery systems with various functions, including cargo protec-
tion, targeted delivery, high bioavailability, controlled release of antigens, selective induction of antigen-specific humoral 
or cellular immune responses, and low side effects. Lipidic carriers play a key role in local tissue distribution, retention, 
trafficking, uptake and processing by antigen-presenting cells. Moreover, lipid nanoparticles have successfully achieved to 
the clinic for the delivery of mRNA. Their broad potential was shown by the recent approval of COVID-19 mRNA vaccines. 
However, size, charge, architecture, and composition need to be characterized to develop a standard lipidic carrier. Regarding 
the major roles of lipid-based delivery systems in increasing the efficiency and safety of vaccine strategies against different 
diseases, this review concentrates on their recent advancements in preclinical and clinical trials.
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Introduction

Nanomaterial-based delivery systems (e.g., lipid-based, pol-
ymer-based, inorganic nanomaterials-based vehicles) show 
desirable efficiency in the development of prophylactic and 
therapeutic vaccines such as lipid nanoparticles (LNPs) in 
the context of coronavirus disease 2019 (COVID-19) [1, 
2]. These nanoplatforms have been tested for delivery of 
vaccines in the form of protein subunits and DNA/mRNA 
sequences encoding the antigens [3–6]. The designed nano-
material-based therapeutic vaccines showed outstanding 
properties, such as encapsulation efficiency, enhancement 
of immunogenicity, biocompatibility, stability, and induction 
of specific CD8+ T-cell responses [1].

One of the potential ways for delivery of plasmid-based 
vaccines, protein-based vaccines, and conventional vac-
cines is the use of lipid-based vehicles [7]. Lipidic delivery 
systems include bilayer lipid vesicles, such as liposomes, 
nanoliposomes, archaeosomes, vesicular lipid gels, immu-
novesicles, lipospheres, solid lipid nanoparticles (SLN), 
tocosomes, and some other micro- and nanocarrier systems 
[8]. The use of lipidic structures (e.g., liposomes, virosomes, 
immune-stimulating complexes, gas-filled microbubbles, 
and emulsions) was efficient for the mucosal delivery of 
antigens, and the induction of local and systemic immune 
responses in preclinical and clinical trials [9]. Moreover, 
lipid-based bioactive delivery systems were employed for 
the encapsulation and targeted release of vaccine compo-
nents [1].

The lipid-based nano-delivery of drug/vaccine is a 
therapeutic option for the treatment of infectious diseases 
(e.g., COVID-19, MERS, SARS, and Ebola) due to some 
advantages, such as low cost, easy preparation, increased 
bioavailability, cellular permeability, and uptake and stabil-
ity of drug/vaccine [10]. Indeed, lipidation was known as 
a convenient and useful approach to improve the stability 
and transport across biological membranes. The lipid core 
peptide (LCP) system has appeared as a promising lipida-
tion tool due to its flexible features and an effective approach 
for delivery of DNA/oligonucleotides and peptide drugs by 
improving their uptake, targeting, and enzymatic stability 
[11]. On the other hand, lipid-based DNA therapeutics could 
deliver an encoding gene sequence specifically to the target 
tissue expressing therapeutic protein of interest in unhealthy 
cells [12]. For example, lipid carrier systems including 
liposomes were proven to be the most suitable vehicles for 
delivery of nucleic acid-based drugs into the target tissues 

and reduction of their toxicity [13]. Ideal nanocarriers for 
delivery of DNA and in vitro-transcribed mRNA (IVT-
mRNA) to the nasal and pulmonary mucosa in an effec-
tive vaccination against infectious diseases (e.g., COVID-
19) should be able to protect genetic materials, overcome 
physical and biological barriers at the airway mucosal 
site, facilitate transfection in targeted epithelial or antigen-
presenting cells, and incorporate adjuvants [14]. Recently, 
two mRNA-based vaccines encapsulated in lipidic delivery 
system created by BioNTech/Pfizer and Moderna/National 
Institute of Allergy and Infectious Diseases (NIAID) have 
become the first approved mRNA vaccines for human use 
against COVID-19 [15]. On the other hand, the effects of 
protein therapeutics are increasing in healthcare. Their safety 
and efficacy are often limited by instability, short half-life, 
and immunogenicity. Nanodelivery systems could overcome 
these limitations, such as covalent attachment of biocompat-
ible polymers (e.g., polyethylene glycol (PEG) and other 
synthetic or naturally derived macromolecules) and protein 
nanoencapsulation in colloidal systems (e.g., liposomes and 
other lipid or polymeric nanocarriers) [16].

Generally, lipid-based delivery systems could act as an 
effective vector for enhancing the potency of vaccines and 
inducing effective immune protection against severe infec-
tious and non-infectious diseases. However, the physical and 
chemical properties of lipidic carriers can influence their 
efficiency and safety in vaccine development. Characteriza-
tion of these systems is a complex process. Indeed, size, 
charge, architecture, and composition need to be character-
ized to develop a standard lipid nanoparticle. Moreover, the 
safety and toxicity profiles of each novel nanoparticle should 
be determined to avoid unpredictable adverse effects. The 
design of lipidic delivery system is more complex with add-
ing surface modification and with coatings and/or ligands. 
Thus, it is required to optimize a suitable and potent vaccine/
lipid formulation for in vivo studies. This review represents 
the efficiency of lipid-based delivery systems for develop-
ment of nucleic acid- and protein-based vaccines in preclini-
cal and clinical trials (Graphical Abstract).

Classification of Lipidic Vaccine Carriers

Generally, lipidic vaccine carriers include bilayer lipid vesi-
cles, solid lipid nanoparticles, tocosomes, and some other 
micro- and nanocarrier systems as follows. Figure 1 shows 
some properties of major lipidic delivery systems. Lipidic 
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nanocarriers are composed of natural, synthetic, or physi-
ological lipid/phospholipid materials [8].

Liposomes

Liposomes known as bilayer lipid or phospholipid vesicles 
are mainly composed of amphiphilic lipid and phospholipid 
molecules (i.e., natural components in different scales). 
However, other ingredients (e.g., sterols, polypeptides, 
antioxidants, and polymers) may be added in their struc-
tures for modulation of the bilayer structure, enhancement 
of their half-life in blood circulation, improvement of their 
tolerance against reactive oxygen species, and development 
of a targeting strategy for the lipid vesicles [8]. Liposomes 
improve the stability and efficacy of bioactive compounds 
by entrapment, release, and delivery to target cells/tissues 
[8]. Two-layered liposomes are preferred for the formula-
tions due to ease of cellular endocytosis. Cholesterol and 
polyethylene glycol are used to stabilize liposomes and to 
avoid immune cell attack, respectively [17]. The first use of 
liposomes in mRNA vaccines was demonstrated in 1978 by 
delivery of rabbit globin mRNA sequences to mouse lym-
phocyte cells [17]. Liposomes and lipid nanoparticles have 
been developed to improve subunit vaccines against infec-
tious diseases for several decades, such as tuberculosis (TB) 
subunit vaccines [18, 19]. However, several factors should be 
optimized to increase the efficacy of liposomes, such as the 
liposome size, surface charge, and composition of the lipid 
bilayers [19]. Depending on the preferred effect, ligands 
such as drug, peptide, cytokine, RNA or nucleotide, and 

antibody were conjugated onto or loaded within liposomes 
in different ways [20].

Liposomal vaccines were developed to target specific 
immune cell types for the induction of certain immune 
responses [21]. Cationic liposomes as an adjuvant or a 
delivery system could increase the potential of different 
subunit vaccines (e.g., TB) due to their enhanced interac-
tion with the negatively charged immune cells [21, 22]. 
Cationic liposomes combined with other immunostimula-
tory factors such as TDB (trehalose 6, 60-dibehenate), MPL 
(monophosphoryl lipid A), TDM (trehalose dimycolate), and 
Poly I:C showed strong electrostatic interactions with anti-
gen-presenting cells (APCs) and thus induced both humoral 
and cellular immune responses as well as a strong memory 
response [22]. Two approved liposomal vaccine formula-
tions for antigen delivery are available, including Inflexal® 
V (influenza vaccine) and Epaxal® (hepatitis A vaccine). 
Both of these formulations used virosome-based technol-
ogy in which viral proteins were bonded to the surface of 
a liposome carrier [14]. Up to now, various methods have 
been used to improve the stability of liposome formulations 
during storage including freeze-drying, spray-drying, super-
critical fluid technology, and lyophilization [14].

Nanoliposomes

Nanoliposomes or lipidic nanovesicles known as colloidal 
nanostructures are composed of lipid or phospholipid mol-
ecules and possess the physicochemical properties similar 
to liposomes. However, nanoliposomes and liposomes are 

Fig. 1   Several properties of major lipidic delivery systems
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different in their size and surface area. Nanoliposomes have 
higher potency than liposomes in enhancing solubility and 
bioavailability, improving the controlled release of cargo, 
and accurate targeting of the encapsulated vaccine com-
pounds [8].

Solid Lipid Nanoparticles (SLNs)

Solid lipid nanoparticles known as nano-sized colloidal car-
riers are composed of accurate ratios of lipid, surfactants, 
and bioactive compounds. They are efficient drug car-
riers due to their small size and lipid core (i.e., the solid 
lipids including triglycerides, acetyl alcohol, emulsifying 
wax, beeswax, carnauba wax, cholesterol, and cholesterol 
butyrate) [8].

Immunostimulatory Complexes (ISCOMs)

The immunostimulatory complexes known as ISCOMs (size: 
40–60 nm) are vaccine carriers (e.g., hydrophobic antigens) 
with potent adjuvant properties as used in clinical trials. 
These cage-like particles with a hollow center are composed 
of saponin adjuvant Quil A, a protein antigen, cholesterol, 
and phospholipid in certain ratios that are self-assembled in 
solution. ISCOM-based vaccines significantly increase both 
humoral and cellular immune responses [8]. ISCOMATRIX 
is a vaccine carrier and adjuvant which is more applicable 
than ISCOMs due to its potency to remove the limitation 
of hydrophobic antigens. Several research groups published 
the use of different antigens, such as antigens derived from 
human immunodeficiency virus (HIV), human papilloma 
virus (HPV), Newcastle disease, and influenza for forming 
ISCOMs and ISCOMATRIX vaccines [8].

Tocosome

Tocosome is a vesicular and colloidal bioactive carrier that 
is mainly composed of the phosphorylated form of alpha-
tocopherol (Alpha-tocopherol phosphate: TP). This compo-
nent is available naturally in human tissues, some animal 
tissues, and certain food compounds. Also, tocosomes can 
possess proteins, polymers, and sterols in their structures. 
TP molecule has an inhibitory effect against tumors. For-
mulations of tocosomes containing various phospholipid 
molecules and different combinations of cholesterol were 
successfully used for the entrapment and controlled release 
of the anticancer drugs [8].

Vaccine Formulation Based on Lipidic Carrier

Lipids and their derivatives (especially the cationic/ioniz-
able lipid materials with one or more amino groups) have 
been widely applied for in vivo delivery of vaccines due to 
encapsulation of vaccine compounds (e.g., mRNA vaccines) 
for their protection from enzymatic degradation and effective 
delivery of vaccine molecules into the cell cytosol through 
endocytosis processes [8]. However, the efficacy of vaccine 
delivery could be affected by modification of fatty acids in 
the hydrophobic tails. Moreover, the helper lipids could 
stabilize the structures of lipidic nanocarriers and facilitate 
endosomal escape. On the other hand, the PEG-lipid conju-
gates with a hydrophilic outer layer could stabilize the nano-
carriers and extend the circulation time after in vivo admin-
istration [8]. As reported, lipid nanoparticles (LNPs) could 
protect the mRNA against degradation, help in endocytosis 
and endosomal escape, and incorporate adjuvants to activate 
immune system. Moreover, LNPs were targeted to specific 
cell types by decorating their surfaces with specific ligands. 
However, it should be noted that some cationic lipids (con-
taining three domains: the polar headgroup, hydrophobic 
moiety, and linker) showed toxicity, and the repeated use of 
PEG-lipid induced an immune response against PEG [23]. 
Adjuvant activity was shown for the engineered ionizable 
lipids containing cyclic amino head groups, isocyanide 
linker, and two unsaturated alkyl tails. Covering the surface 
of lipidic nanocarriers with immune cell receptors could 
facilitate their uptake by the desired type of immune cells. 
For instance, the nanocarriers were designed to target the 
lymph node (with high concentration of APCs) based on 
their size and surface composition. Indeed, the nanoparti-
cles with diameters less than about 150 nm could enter the 
lymphatic capillaries, and were subsequently drained to the 
peripheral lymphatics [8]. Moreover, inclusion of certain 
polymers to the lipid vesicles prevented opsonization by the 
cells of the immune system mainly in the liver and spleen 
leading to the stable vesicles in intravenous injection. On 
the other hand, the lipidic nanoparticles were not actively 
targeted toward dendritic cells (DCs). Thus, DC uptake was 
enhanced by modification of the surfaces of vesicles with 
suitable molecules, such as antibodies or peptides targeting 
integrins or the c-type lectin receptor [8]. It was reported 
that while adjuvant-free antigens tend to induce humoral 
response, delivery complexes (delivery with immune stim-
ulatory complexes) form depot effect for efficient antigen 
uptake, and presentation by professional APCs. The physico-
chemical properties of the delivery systems determine both 
the efficiency and the mechanism of antigen uptake which in 
turn play critical roles in antigen-specific immune activation. 
On the other hand, immune stimulatory complexes lead to 
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activation and maturation of innate immune cells for genera-
tion of targeted acquired immunity [24].

Generally, surface engineering of nanocarriers with dif-
ferent lipids increases the target specificity, reduces cyto-
toxicity, extends circulation half-life in vivo, and improves 
transfection efficiency of the nanocarriers. However, the 
concentration and composition of different lipids should be 
exactly controlled especially in gene delivery, because these 
factors directly influence the efficiency of nanocarriers [25].

Different genetic and subunit vaccines such as mRNA-
based vaccines, DNA-based vaccines, and protein-based 
vaccines could be formulated with lipidic carriers as fol-
lows. Subunit vaccines designed as nanoparticle formula-
tions could improve antigen uptake by APCs and enhance 
immunogenicity against nanoparticles or adjuvant molecules 
co-delivered by the nanoparticles. These vaccine platforms 
are biodegradable and biocompatible with minimal toxicity 
as compared to traditional microorganism-based vaccines. 
Moreover, nanoparticle vaccines showed higher ability to 
increase cross-presentation of subunit antigens and induce 
strong cellular immunity than traditional vaccines. The 
nanoparticle vaccines can be considered as a promising 
approach in clinical trials against cancer and intracellular 
infections [e.g., HIV, TB and Hepatitis C (HCV)] [26]. Fig-
ure 2 shows vaccine delivery using lipidic carriers.

Lipid‑Based Delivery Systems (Lipid Nanoparticles) 
and mRNA‑Based Vaccine

The mRNA vaccines possess many advantages as compared 
to other subunit vaccines. For instance, they are relatively 
safe and also induce different types of immune responses 
leading to the activation of CD4+ and CD8+ T cells [17]. 
However, the mRNA vaccines have some disadvantages 
such as degradation by nucleases in vivo. For this purpose, 
different mRNA delivery systems were designed to protect 
the mRNA molecules from degradation and to promote 
their cellular uptake into the targeted cells [27]. Nanopar-
ticles (NPs) based delivery systems such as polymers and 

liposomes are effective tools to target the mRNA molecules 
safely to the APCs. Hybrid NP delivery platforms with the 
adjuvant potency were also used to enhance various immune 
responses and subsequently the efficiency of vaccines [17]. 
Monslow et al. reported that mRNA encoding gE antigen of 
Varicella-zoster virus (VZV) formulated with lipid-based 
nanoparticles induced higher immune responses than live 
attenuated VZV in preclinical trials [28]. In addition, lipidic 
nanoparticles-formulated mRNA vaccine encoding multi-
ple conserved antigens of Influenza virus showed protec-
tion against challenge with a panel of Group 1 Influenza A 
viruses in mice [29]. Lo et al. also reported that a lipid-based 
mRNA vaccine encoding the soluble glycoprotein of Hendra 
virus provided protection against Nipah virus challenge in 
Syrian hamsters [30]. Moreover, lipidic carriers were effec-
tive in cancer vaccine development. For example, Arya 
et al. indicated that the ovalbumin (OVA) mRNA-liposome 
nanocomplex significantly inhibited B16-OVA tumor pro-
gression and increased mouse survival without clear toxicity 
[31]. Also, Zhang et al. showed that a minimalist nanovac-
cine with C1 lipid nanoparticle (LNP) effectively increased 
mRNA delivery and antigen presentation with a self-adju-
vant feature through activating TLR4 signaling. The C1 LNP 
mRNA nanovaccines showed significant in vivo efficacy in 
both tumor prevention and therapeutic vaccine trials [32].

For COVID-19 mRNA vaccines, the mRNA coding for 
spike protein was encapsulated in a solid lipid structure com-
posed of ionizable lipids (i.e., Ionizable lipid-based nanopar-
ticles (iLNPs) [17]. This lipid structure is neutral (or slightly 
charged) at physiological pH and positive at acidic pH (e.g., 
in endosomes) and contains cholesterol (for complexa-
tion), helper lipids (for stabilization of nanoparticles), and 
PEGylated lipids (for reduction of non-specific interactions) 
[27]. In addition, Moyo et al. developed a tetravalent iLNP-
mRNA vaccine “HIVconsvM” against HIV, which induced 
strong T-cell responses in mice [33]. On the other hand, the 
use of cationic lipid-based nanoparticles for mRNA vaccine 
delivery induced strong immune responses in mice similar to 
iLNPs [34]. For instance, the mRNA encoding cytokeratin 

Fig. 2   Vaccine delivery using lipidic carriers: Different vaccine 
constructs (e.g., DNA, RNA, peptide, and protein) can be loaded in 
lipidic carriers and enter the target cells. The exogenous (i.e., protein 
or peptide) or endogenous (i.e., the expressed DNA or RNA) antigens 

undergo the endosomal or proteasomal pathways in antigen-present-
ing cells, present on the MHC I or MHC II molecules, activate the 
CD8+ or CD4+ T cells, and stimulate humoral or cellular immune 
responses
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19 delivered by cationic liposome/protamine complex 
increased cellular immune responses and anti-tumor activity 
in a Lewis lung cancer model [35]. The researchers showed 
that lipid-based nanoparticles containing cholesterol analogs 
have higher potency of gene transfection [36]. For example, 
the mRNA vaccine formulation containing DOTAP/cho-
lesterol nanoparticles reduced Influenza A viral titers and 
morbidity in mice [37]. However, different approaches were 
used to enhance the immunologic activity of lipid-based 
nanoparticles such as the use of lipid and polylactic acid 
(PLA) nanoparticles in mRNA vaccine for increasing Th1 
response [38; and/or the use of hybrid PLGA-core/lipid-shell 
nanoparticles in mRNA vaccine along with a TLR7 agonist 
for stimulating immune responses in mice [39].

Lipid‑Based Delivery Systems (Lipid Nanoparticles) 
and DNA‑Based Vaccine

Several lipidic vectors were utilized for gene delivery includ-
ing cationic lipids, ionizable lipids, lipidoids (lipid-like com-
pounds containing tertiary amines), gene-lipid conjugates, 
and functional LNPs. Cationic lipids were used to deliver 
nucleic acids in gene therapy more than two decades ago. 
The size of the lipoplex (cationic lipid: nucleic acid com-
plex) is a major factor for lipofection efficiency in vitro. 
It was reported that larger liposomes are eliminated from 
the blood circulation more rapidly than smaller liposomes. 
Moreover, positively charged liposomes have a shorter half-
life than neutral or negative liposomes [40]. Ionizable lipids 
can self-assemble into nanoparticles after mixing with poly-
anionic nucleic acids. Indeed, ionizable cationic lipids (e.g., 
DLin-KC2-DMA or DLin-MC3-DMA) enhance nucleic acid 
delivery and subsequently the therapeutic efficacy of gene 
therapy. Moreover, nucleic acid conjugation with lipids 
(i.e., gene-lipid conjugates) could improve gene therapy 
in vivo [40]. Several functional LNPs have been developed 
to enhance targeted gene delivery using different strategies 
such as modification of the nanoparticles with tumor-specific 
ligands (e.g., iron-saturated transferrin, folic acid, RGD and 
anisamide) to enhance intracellular uptake and escape from 
endosomal/lysosomal vesicles using pH-sensitive func-
tional groups applied to the LNPs (e.g., pH-sensitive linkers 
including diorthoester, orthoester, vinyl ether, phosphorami-
date, hydrazine, and beta-thiopropionate) [40].

Liposomes and some other vesicular systems were used 
as delivery systems for DNA vaccines [14]. The preven-
tive and therapeutic potential of DNA vaccines delivered 
by lipids (lipofection) was investigated in treatment of infec-
tious diseases, cancers, or autoimmune disorders. Cationic 
and neutral lipids may play the role of adjuvants, as well. 
Cationic polyprenyl derivatives along with helper lipids 
were effective for cell transfection and for immunization 
of animals [41]. Mucker et al. showed that Andes virus or 

Zika virus DNA vaccines formulated with lipid nanoparticle 
(LNP) could significantly increase neutralizing antibodies 
in rabbits and non-human primates as compared to unfor-
mulated DNA vaccine [42]. The plasmid DNA could be 
either electrostatically complexed on the surface of cationic 
liposomes or encapsulated in the aqueous core by a dehy-
dration–rehydration procedure. Cationic liposomes could 
increase transfection efficiency in vitro, while non-ionic or 
anionic liposomes could enhance antibody responses in ani-
mal models [14].

On the other hand, surface modifications with antigenic 
components or targeting ligands could significantly aug-
ment immune responses of liposome-based vaccines (e.g., 
liposomes coated with glycol chitosan) [14]. For instance, 
surface-modified cationic liposomes such as phosphatidyl-
choline, dioleoyl phosphatidylethanolamine, and cholesterol 
induced stronger humoral, cellular, and mucosal immune 
responses after intranasal administration in mice against 
hepatitis than unmodified liposomes [43]. Several studies 
indicated the use of liposomes as DNA vaccine carriers 
to induce efficient immune responses against respiratory 
pathogens. For instance, Rosada et al. demonstrated a single 
intranasal immunization with liposome-based formulations 
of plasmid DNA encoding heat shock protein 65 (HSP65) 
against M. tuberculosis led to a significant reduction of bac-
terial load in lungs of mice [44]. Furthermore, intranasal 
immunization with liposome-based DNA vaccine induced 
complete protection against challenge with influenza virus 
[45]. On the other hand, liposomes conjugated to cell pen-
etrating peptides (CPPs) and transferrin (Tf) ligand were 
developed to deliver plasmid DNA in brain cells based 
on targeting molecular recognition of transferrin recep-
tor overexpressed on the blood–brain barrier (BBB) with 
enhanced internalization ability of CPPs. CPP-Tf-conjugated 
liposomes demonstrated high potency to overcome the BBB 
and penetrate the brain of mice [46]. Vaxfectin®-adjuvanted 
plasmids were used to enhance humoral responses of DNA 
vaccines, as well. Vaxfectin is a combination of cationic 
lipid with neutral lipid. A tetravalent DNA vaccine with 
and without Vaxfectin adjuvant compound was studied in a 
Phase I clinical trial in Dengue virus-seronegative healthy 
volunteers. The tetravalent dengue DNA vaccine (TVDV) 
was safe and well tolerated and induced significantly anti-
dengue IFN-gamma responses in a dose-dependent approach 
[47].

Niosomes known as non-ionic surfactant-based vesicles 
possess some advantages, such as cost-effective manu-
facturing, large-scale production, and stability. Niosomes 
were applied as carriers for delivery of plasmid DNA, small 
interference RNAs (siRNAs), and aptamers into target cells 
due to their structural similarities to liposomes [14]. Cati-
onic niosomes showed ~ 95% DNA transfection efficiency 
in vitro [48]. Furthermore, successful transfection of human 
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tyrosinase gene was reported by cationic niosomes in vivo 
[49]. Mannolysated niosomes encapsulated with plasmid 
DNA encoding HBsAg (Hepatitis B surface antigen) were 
reported to induce protective immunity against hepatitis B 
as both DNA vaccine carrier and adjuvant for oral immu-
nization [50].

Lipid‑Based Delivery Systems (Lipid Nanoparticles) 
and Protein/Peptide‑Based Vaccine

Proteins and peptides are more desirable therapeutic mole-
cules than small molecular drugs because of their high selec-
tivity and efficacy and low side effects. Due to their poor 
stability and limited permeability through gastrointestinal 
tract and epithelia, they are usually injected through paren-
teral route. However, the development of oral formulations 
for therapeutic peptides and proteins is necessary. Recently, 
researches focused on developing novel strategies to over-
come these barriers, including enteric coating, enzyme 
inhibitors, permeation enhancers, nanoparticles, and intes-
tinal microdevices. Some of them were achieved to clinical 
trials and even marketing [51]. In general, lipid-based nano-
carriers (e.g., oil-in-water nanoemulsions, self-emulsifying 
drug delivery systems (SEDDS), solid lipid nanoparticles 
(SLN), nanostructured lipid carriers (NLC), liposomes and 
micelles) were known as the most promising formulation 
approaches [52]. Lipid-based delivery systems have been 
used to deliver active compounds through overcoming 
issues of pure active compounds, such as rapid release and 
metabolism, poor solubility, low stability, poor bioavail-
ability, poor bioaccessibility, and toxicity [53]. For exam-
ple, to increase the immunogenicity of the model subunit 
vaccine, ovalbumin (OVA) was combined with platycodin 
(PD), a saponin adjuvant and both of them were loaded into 
liposomes. Mice treated with the non-toxic OVA- and PD-
loaded liposomes (OVA-PD-Lipos) showed a significantly 
enhanced immune response [54]. Lipid nanoparticles espe-
cially nanostructured lipid carriers (NLC) are a promising 
approach for the formulation of peptides and proteins with 
poor aqueous solubility [55]. The importance of lipid-based 
colloidal carriers and their pharmaceutical implications in 
the delivery of peptides and proteins was evaluated for oral 
and parenteral administration. However, the nanoencapsu-
lation of biomacromolecules in colloidal particles protects 
them against the gastrointestinal environment, and increases 
their transmucosal transport. This ability is related to vari-
ous mechanisms depending on the nanocarrier composition, 
such as mucoadhesion, particle internalization phenomenon, 
and permeation enhancing effect [55]. For example, the size 
of particles smaller than 1 μm may pass across the intestinal 
mucosa and thus facilitate the absorption of the bioactive 
drugs from the gut lumen. Moreover, hydrophobic nano-
particles are usually transported through the gut-associated 

lymphoid tissue, whereas particles with a more hydrophilic 
nature are transported across the regular enterocytes [55]. 
Nanocarriers with a size < 200 nm and a mucoinert surface 
(e.g., PEG or zwitterionic surfaces) show high mucus per-
meating properties [52]. Lipid-based nanocarriers facilitate 
paracellular and lymphatic drug uptake, induce endocyto-
sis and transcytosis, or simply fuse with the cell membrane 
releasing their cargo into the systemic circulation. Differ-
ent studies indicated the potential of these delivery systems 
in vivo [52]. On the other hand, lipid-protein conjugation is 
a novel strategy due to having both lipids and proteins in one 
delivery system and subsequently causing better synergistic 
effects in the body. Its major results are higher stability, bet-
ter mechanical strength, controlled release, higher circula-
tion time, targeted delivery, less cytotoxicity, higher loading 
capacity, co-encapsulation, and better bioavailability [53].

Lipid‑Based Delivery of Genetic and Subunit 
Vaccines in Preclinical and Clinical Trials

Lipid-based nanoparticles are efficient candidates for vac-
cine delivery which were achieved to clinical trials espe-
cially for design of therapeutic cancer vaccines [1]. LNPs 
consist of four components, such as ionizable cationic lipids, 
PEGylated lipids, cholesterol, and helper lipids [56]. Ioniz-
able lipids function as binding reagents for nucleic acids 
and help mRNA escape from the endosome/lysosome into 
the cytoplasm (e.g., Dlin-MC3-DMA from Alnylam Phar-
maceuticals, SM-102 from Moderna, and ALC-0159 from 
Pfizer/BioNTech are all under patent protection). PEGylated 
lipids and cholesterol maintain LNP stability and influence 
the biodistribution of LNPs [39, 57]. Helper lipids [e.g., 1, 
2-distearoyl-sn-glycero-3-phosphocholine (DSPC) used in 
the mRNA-1273 and BNT162b2 COVID-19 vaccines and 
dioleoyl phosphatidylethanolamine (DOPE)] were reported 
to assist endosome escape [39]. Liposomal RNA vaccines 
also mediated durable objective responses in immune check-
point blockade-experienced patients with advanced mela-
noma when optimized to target immature DCs in lymphoid 
tissues and to drive tumor-associated antigen presentation 
on both major histocompatibility complex I or II (MHC I 
or II) [39]. Clinical trials with direct administration of syn-
thetic mRNAs encoding tumor antigens demonstrated safety 
and induction of tumor-specific immune responses. Indeed, 
as compared to the naked mRNAs, their formulations with 
chemical carriers led to more internalization of mRNA in 
dendritic cells for better immune responses and dose reduc-
tion [58].

Liposomes and liposome-derived nanovesicles (e.g., 
archaeosomes and virosomes) are known as major car-
rier systems in vaccine development [59]. For example, 
liposomes can encapsulate antigens, protect the antigen 
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from degradation, fuse with cell membranes, present anti-
gens to APCs, and induce adaptive immunity. For the first 
time, in 1974, liposomes were applied as a safe and effective 
adjuvant in human vaccination protocols. After that, various 
liposome-based vaccine systems were achieved to clinical 
trials [1]. The use of cationic lipids, neutral lipids, anionic 
lipids, and PEG-lipids in liposomes showed specific struc-
ture–functional properties. For example, the ionizable cati-
onic lipid components and neutral lipids (as helper lipids) 
were used to improve the transfection efficiency of DNA or 
mRNA vaccines [60–62]. Moreover, anionic lipids are less 
toxic compared to cationic lipids in vivo inducing a continu-
ous and potent immune response [63].

On the other hand, different modified cationic lipids could 
induce high CD8+ and CD4+ T-cell responses [64]. For 
instance, PEG-modified nanoparticles provided a biocom-
patible platform for gene transfer enhancing the circulation 
time and the stability of vaccines in vivo [65]. Recently, the 
use of liposome-targeted delivery with specific ligands or 
by targeting molecules to the relevant receptors on APCs 
is of interest. For example, lymph node-targeted delivery 
of vaccines (e.g., melittin-lipid nanoparticles) led to higher 
humoral and cellular immune responses especially for can-
cer immunotherapy [66]. Different LNP-complexed mRNA 
vaccines were designed to deliver mRNA, and activate a 
systemic immune response including a) heterocyclic LNPs 
to activate immunity through the mRNA-mediated STING 
pathway, b) mRNA loaded into cationic lipid-based nano-
particles to enhance transfection efficiency, and c) a nucleo-
side-modified mRNA-LNP vaccine to induce potent immune 
responses [67–69].

Preclinical and clinical studies demonstrated that 
mRNA delivered intramuscularly with LNPs produces the 
increased immune responses [57]. Most of mRNA-based 
vaccine candidates are currently being tested in clinical tri-
als [1]. For instance, lipid NP-formulated mRNA vaccines 
against influenza achieved to clinical trials (NCT03076385, 
NCT03345043) after preclinical studies in primates and 
mice. These vaccines were shown to induce humoral 
immune response against H10N8 and H7N9 influenza 
viruses in humans [17]. As known, the mRNA vaccines 
against COVID-19 infection were approved by the U.S. Food 
and Drug Administration [1].

In general, depending on the chemical properties, water-
soluble antigens (proteins, peptides, nucleic acids, carbo-
hydrates, haptens) are entrapped within the aqueous inner 
space of liposomes, whereas lipophilic compounds (lipo-
peptides, antigens, adjuvants, linker molecules) are interca-
lated into the lipid bilayer, and antigens or adjuvants can be 
attached to the liposome surface either by adsorption or sta-
ble chemical linking [59]. Effective mRNA vaccines require 
both mRNA delivery and antigen expression to enable anti-
gen-specific immunity [70]. Efforts to generate lipids with 

adjuvant effect have also provided promising results. It was 
known that cyclic dinucleotides may activate the stimulator 
of the interferon genes (STING) pathway, which activates 
IFN secretion and may enhance immune responses [67, 71].

Various functions can be achieved using strategies, such 
as molecule modification, cargo selection, and nanoparticle 
design [56]. The adjuvant and delivery property are influ-
enced by formulation parameters, including size, surface 
charge, stability, lamellarity, composition and method of 
preparation [24]. The size of the particle plays a crucial role 
in determining the distribution and antigen uptake of the 
vaccine formulation following immunization. Some studies 
explained the role of particle size on immune stimulation 
[24]. LNP particle size without altering lipid composition 
showed that while small diameter LNPs were significantly 
less immunogenic in mice, all the tested particle sizes 
induced an increased immune response in non-human pri-
mates [70]. For mRNA vaccines, LNP uptake by APCs is 
necessary for generating antigen-specific immunity. The 
mRNA particles with the size of 500–5000 nm are signifi-
cantly taken up by macrophages, whereas particles with the 
size of 20–200 nm are importantly taken up by DCs. The 
mRNA particles with the size of 80–100 nm elicit APC 
uptake and antigen expression. Subcutaneous administra-
tion (of mRNA vaccine) shows that smaller lipid particles 
leave the injection site more readily than larger particles, 
allowing them to drain more efficiently to lymph nodes [70]. 
However, an optimum size is important to facilitate both 
efficient lymph node drainage and cellular interactions in 
subcutaneous administration (e.g., too small particles are 
not efficient). It is required modulating particle size of lipid-
based systems in intramuscular injection. Particle size was 
shown to affect cell recruitment of nanoparticles. For exam-
ple, emulsion droplets with diameter 160 nm can recruit a 
greater number of immune cells to the injection site (or the 
highest number of antigen-positive immune cells within the 
draining lymph node) compared to smaller particles of iden-
tical composition (20 and 90 nm) for mRNA vaccines [70]. 
However, the kinetics of LNP entry into the cell may change 
within the size range. Moreover, it should be considered that 
the smaller-scale murine lymphatics are more sensitive to 
particle size within the range than the larger primate lym-
phatics. Thus, optimal mRNA vaccine particle size deter-
mined in rodents may not translate to primates [70]. How-
ever, the route of immunization, nature of antigens, and the 
composition of particles can influence the strength and type 
of immune responses, as well. Lipid composition determines 
the stability and immunomodulatory properties of lipid vesi-
cles. Unsaturated lipids with a low transient point are used 
to release vesicles easily, while saturated lipids are generally 
used for stable formulations. Use of helper lipids further 
adds to the stability of lipid particle [24]. On the other hand, 
LNP therapeutic agents for gene therapy are currently used 
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in clinical trials, such as ALN-TTRsc (targeting TTR for 
treatment of transthyretin-mediated amyloidosis) and ALN-
PCS02 (targeting proprotein convertase subtilisin/kexin type 
9 (PCSK9) to lower cholesterol for treatment of hypercho-
lesterolemia). SNALP technology is one of the most widely 
used lipid-based nucleic acid delivery approaches (i.e., lipid 
vesicles encapsulating nucleic acids) for systemic adminis-
tration in clinical trials [40]. Table 1 shows preclinical and 
clinical studies of genetic and subunit vaccines delivered by 
lipid-based vehicles.

Conclusion

This study shows the importance of Lipid-based delivery 
systems especially LNPs for protection of vaccine constructs 
against nucleases and proteases, continuous release of anti-
gens, and enhancement of immunogenicity. These systems 
need to be optimized for increasing the potency of cargo 
delivery, cell targeting, safety, and immune stimulation. At 
present, the success of LNPs in development of COVID-19 
mRNA vaccines has attracted a special interest for research-
ers working on other infectious or non-infectious diseases. 
Also, lipidic carriers are effectively used to deliver drugs 
as well as vaccines with high bioavailability and low side 
effects in clinical studies. Thus, lipidic delivery systems 
possess suitable and vital properties for the development of 
novel drug and vaccine formulations.

Future Perspective

Recently, a large range of compounds and technologies are 
available to design and develop formulations that can induce 
potent immune responses against different pathogens. Lipid-
based nanoparticles (LNPs) play an important role due to 
natural adjuvant properties. LNPs can be easily decorated 
with small molecules or glycans targeting the vaccine to spe-
cific type of immune cells and finally enhancing the potency 
of the immune response. In addition, adjuvants or antigens 
can be encapsulated into lipid nanoparticles. Some processes 
were developed to control the size of LNPs independent of 
lipid composition. It is interesting that mice require an aver-
age particles size (~ 100 nm) for generating high antibody 
levels. In contrast, all particle sizes (~ 60–150 nm) gener-
ate strong immune responses in non-human primates. The 
impact of LNP biophysical parameters on immunogenicity is 
an important step for enabling rapid development of potent 
vaccines against novel growing diseases. Recent advances in 
lipid gene delivery systems have significantly improved the 
efficacy and the level of expression of targeted genes. The 
improved structure–activity design has increased the poten-
tial of LNPs in gene therapy in tumors, and other disorders.

Although, effective vaccine encapsulation and delivery 
systems with simple formulations play an important role 
in vaccine development; but however, optimization of the 
safety profile and enhancement of the vaccination efficacy 
are still required for various preclinical and clinical trials. 
Some studies demonstrate that hybrid delivery platforms 
increase the efficiency of vaccines for boosting a variety 
of immune responses. Among the all-available delivery 
systems, lipidic carriers show one of the most advanced 
platforms for vaccine delivery and targeting in vivo. Lipidic 
delivery systems include bilayer lipid vesicles such as 
liposomes, nanoliposomes, archaeosomes, vesicular lipid 
gels, immunovesicles, lipospheres, solid lipid nanoparticles 
(SLN), tocosomes, and some other micro- and nanocarrier 
systems. The lipid-based nano-delivery of drug/vaccine is 
a therapeutic option for the treatment of infectious diseases 
(e.g., COVID-19, MERS, SARS, and Ebola) due to some 
advantages, such as low cost, easy preparation, increased 
bioavailability, cellular permeability, and uptake and stabil-
ity of drug/vaccine. Moreover, lipid-based nanoparticles are 
a major platform for the design of multicomponent adjuvant 
systems. Immunotherapy with lipid adjuvants can add to the 
effective disease management strategies alone and in com-
bination. Although, the loaded antigen or adjuvant with the 
nanoparticle and other adjuvants could be more useful than a 
simple mixture, but its manufacturing is commonly complex 
and difficult. The design of lipidic delivery system is more 
complex with adding surface modification and with coatings 
and/or ligands. The use of synthetic coatings and ligands can 
influence the biocompatibility, biodistribution, and toxicity 
of lipid-based formulations and thus it needs an exact assay 
of the interaction of nanoparticles with tissues or cells.

A balance between efficiency, production cost, and simple 
manufacturing is required to use lipidic delivery systems 
for development of effective multicomponent subunit vac-
cines. Furthermore, for using LNPs in a clinical trial, a bet-
ter understanding of certain mechanisms and techniques is 
required including the interaction of lipid vectors and gene 
expression and the safety and immunogenicity profile of 
vectors. By overcoming these barriers, efficient delivery 
of genes will be performed by LNPs for clinical use. For 
instance, lipid-based delivery systems are potent vehicles to 
target the mRNA molecules safely to the antigen-presenting 
cells (APCs). Based on the studies, incorporation of the plas-
mids into the lipid carriers leads to their delivery through 
the mucosal surfaces or the transdermal route. The efficiency 
of the transdermal route as an effective administration is 
dependent on the composition of the lipid vehicles. However, 
characterization of these systems is a complex process. Size, 
charge, architecture, and composition need to be character-
ized to develop a standard lipid nanoparticle. In addition, 
the safety and toxicity profiles of each novel nanoparticle 
should be determined to avoid unpredictable adverse effects. 
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Generally, the lipid carriers possess the ability to improve 
antigen stability and presentation to immunocompetent cells 
(depending on their specific properties, such as composition, 
size, and surface properties), to overcome biological barriers 
(e.g., skin or mucosa), to provide controlled and slow release 
of antigens, and finally to induce strong immune responses 
provided by coformulated adjuvants.
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