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Lipid Nanoparticles
LNPs is a broad term encompassing different lipid-based 
structures. Herein, we will present a brief history of the evolution 
that led to the development of LNPs for COVID-19 vaccines.

Liposomes were one of the first nanoparticles used for 
drug delivery. They can be of different lamellarity and sizes  
(~ 50–250 nm for drug delivery) and can encapsulate both 
hydrophobic and hydrophilic molecules. Liposomes provide 
high loading capacity and biocompatibility. However, they 
remain fragile (sensitive to hydrolysis and oxidation), with a 
rapid circulation time due to their interactions with high- and 
low-density lipoproteins (HDL and LDL). To overcome these 
barriers, extensive work on the physicochemical properties 
of liposomes has been conducted over the years, which has 
revealed critical parameters regarding lipid-based delivery 
systems (Hald 2022): 

•	 Cholesterol reduces the transfer of phospholipids to HDL, 
thereby increasing the residence time of liposomes in 
plasma, while also being critical to the structure of the LNP.

•	 LNPs with saturated fatty acyl chains are more stable in the 
blood than unsaturated ones; however, this stability must 
be balanced against the importance of unsaturated chains 
in fusogenicity.

•	 Particle size influences LNPs' stability, with smaller vesicles 
having longer half-life compared to larger ones.

•	 Net charge of LNPs influences their half-life, with 
negatively charged liposomes being less stable than 
neutral liposomes, whereas positively charged particles 
are more toxic and quickly removed from circulation. 

As a result, liposomes have been successfully used in clinical 
trials, albeit for small drug delivery only (i.e. daunorubicin, 
doxorubicin). However, despite improvements, liposomes 
remain unstable in vivo as they bind to other serum components. 
To limit this phenomenon, liposomes can be coated with 
inert molecules by introducing PEGylated lipid into liposome 
preparations, creating “Stealth” liposomes for drug delivery. 
Yet, these systems are only suitable for the delivery of small 
drugs (Doxorubicin, DOXIL®).

First trials of nucleic acid encapsulation were performed 
using cationic lipids and new synthetic lipids, such as DOTMA 

Lipid nanoparticles (LNPs) are one of the most prominent 
tools for nucleic acid delivery. Their versatility allows the 
encapsulation of different cargos (siRNA, miRNA, AONs, 
mRNA, DNA) to address multiple disease models (cancer, 
infections, neurodegenerative disorders, etc.). Herein, 
we summarise some of the main applications of LNPs 
and the latest developments in the encapsulation and 
delivery of different nucleic acids. 
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and DOTAP (Felgner, 1987). These are still being used in vitro 
along with DOPE (Lipofectin).

Despite their efficiency for entrapment of nucleic acids, 
these systems (and their derivatives) did not enter the market 
due to their toxicity, unspecific interactions with extracellular 
components and overall short half-time. This led to the 
development of ionisable lipids, a novel class of lipids which 
present an electrostatic charge depending on the pH (Mrksich 
2024). Ionisable lipid nanoparticles (Hald 2022) combine 
ionisable lipids with a lesser proportion of structural lipids (DOPE 
or DSPC often) and PEGylated lipid, and provide the advancements 
mentioned above, including high cholesterol content (for stability, 
structure and ApoE-mediated endocytosis).

All these advancements, along with the optimisation of 
nucleic acid sequences (see below), supported the use of 
messenger ribonucleic acid (mRNA) for vaccine purposes, 
introduced in the 1990s (Martinon 1993) and further developed 
by companies such as CureVac, BioNTech and Moderna in the 
2000s–2010s for vaccines against cancers. The COVID-19 
pandemic accelerated the introduction of mRNA-based vaccines 
into the market.

Following these successes, the field of LNP-based delivery 
of nucleic acid has grown exponentially. The design and 
screening of efficient novel ionisable lipids is a key parameter 
to further develop nucleic acid delivery technology and improve 
endocytosis, one of the main limiting factors. Recently, design of 
experiment (DoE) approaches have also emerged as important 
tools for high-throughput optimisation of LNP formulations 
(Cui 2022), allowing researchers to screen for key parameters 
such as PEGylated lipid types and ratios, constituent ratios, or 
mixing parameters.

Due to their lipidic nature and high cholesterol content, LNPs 
tend to accumulate in the liver, limiting their use for extra-hepatic 
therapies. The introduction of SORT systems (Selective Organ 
Targeting) allowed scientists to target LNPs to the lung, spleen or 
liver, depending on lipid type (typically: cationic lipid for the lung, 
anionic lipid for the spleen and ionisable lipids for the liver). The 
SORT system was further developed to target nucleic acid to the 
kidneys (siRNA). The screening strategies mentioned above were 
also used to design formulations targeting endothelial cells and 
the pancreas. Other studies have demonstrated LNPs’ ability to 
transfect cardiac cells, even with low specificity. 

Conjugation of peptides or antibodies onto LNPs appears to be 
a potent method for delivery of nucleic acid to specific tissues 
and organs, including the lungs (PECAM-1 Ab), T-cells (CD5-Ab), 
bone marrow (CD117-Ab), or the brain (T7 peptide).

Oligonucleotides 
(ASO, siRNA, miRNA-targeting oligonucleotides)
Antisense oligonucleotides (ASO) are short oligonucleotides 
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(single- or double-stranded) that can bind to RNA in a target-
specific manner and modulate protein expression. They comprise 
a large variety of molecules encompassing small interfering RNA 
(siRNA), gapmer ASOs, splice switching ASOs (ssASOs), agomirs, 
and antagomirs, to name a few (Moumné 2022). 

Depending on their structure, they can knockdown a 
particular transcript (gapmer or siRNA) either as pre-mRNA or 
mRNA, using different mechanisms (RNAseH for gapmer and 
RISC for siRNA, Moumné 2022). They can also modulate splicing 
(ssASOs) by binding to specific elements on the pre-mRNA, 
resulting in inclusion or exclusion of target exons. 

All oligonucleotides benefit from chemical modifications 
which increase stability, specificity and circulation time while 
reducing their toxicity. These modifications include: the 
phosphate linkage (i.e. phosphorothioate, peptide nucleic 
acid (PNA)), the ribose moiety (Locked nucleic acid (LNA), 
2’-O-methyl, 2’fluoro) and the addition and/or substitution 
with DNA stretches.

Alongside the traditional LNP systems described in section 
one, several lipid-based systems have been used and/or 
developed for oligonucleotide delivery:

•	 MEND system (Multifunctional envelope-type nano 
medicine): an LNP with an outer core functionalised with 
peptides.

•	 ssPalm system: ionisable lipids with a pH switch as well as 
biodegradability following reduction of S-S bonds in the 
cytoplasm (Akita 2013). A second generation of ssPALM 
used vitamin A and E as part of the hydrophobic backbone 
of the ionisable lipids.

•	 Solid lipid nanoparticles for the delivery of siRNA.

To date, only one siRNA-LNP has been approved by the FDA 
(Patisiran®, developed by Alnylam Pharmaceuticals in 2018). 
However, several oligonucleotides-based drugs using LNPs as a 
mode of delivery are in clinical trials: siRNA in neutral liposomes 
for cancer targeting, dual siRNAs for solid tumour treatment 

(ALN-VSP02, Alnylam Pharmaceuticals), siRNA directed against 
the Heat Shock protein HSP47 for treatment of liver fibrosis/
cirrhosis (BMS-986263, Bristol Myers Squibb) or idiopathic 
pulmonary fibrosis (ND-LO2-s0201, Nitto Biopharma) and 
miRNA mimic for solid tumour treatment (INT-83, InteRNA).

Few miRNA-based therapeutics enter clinical trials as, unlike 
their siRNA counterpart, they usually modulate the expression 
of different genes/proteins, increasing the risk of toxicity 
and off-target effects. This can be bypassed by improving the 
specificity of delivery using targeted LNPs. Recent studies 
show that by carefully engineering lipid particles, it is possible 
to target a miR agonist in vivo to the skeletal muscle or an 
antagomir to microglia, both in vitro and in vivo (Badr 2024).

It should be noted that LNPs are not necessarily the most 
potent delivery method for oligonucleotides. Indeed, of the 
12 FDA-approved ASOs, none use LNPs. Similarly, besides 
LNPs, several other platforms for siRNA delivery have been 
developed, for example, hexosamine conjugation for liver 
delivery (Gal-Nac).

mRNA
Messenger RNA (mRNA) is a transient single ribonucleic acid 
which acts as an intermediate between genes and proteins. 
With the introduction and development of in vitro translation 
(IVT), these molecules are now considered promising new 
drug candidates. Three types of mRNA are being investigated: 
non-replicating mRNA, self-amplifying RNA (saRNA) and Circular 
RNA (CircRNA). mRNA and saRNA share structural features: a 
5’-cap structure, 5’- and 3’-UTRs enclosing the open reading 
frame, and a polyA tail (Omidi 2024). CircRNA does not contain 
a 5’-cap (replaced by an IRES) nor a polyA. Extensive research 
into the structure of mRNA has explored: modifying the capping 
structure to improve protein translation (Cap1, Trinucleotide cap 
analogues for co-transcriptional capping and their variations, 
Ishikawa 2009), optimising the UTRs to improve stability and 
proper translation of the mRNA, optimising the ORF (codon 
usage, RNA secondary structure) and optimising the length and 
structure of the polyA tail to achieve higher stability.
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One of the main drawbacks of nucleic acids is that they 
activate Toll-Like Receptors (TLRs), leading to immune response. 
The introduction of modified nucleotides (pseudouridine, 
1-methylpseudouridine, or 5-methylcytidine, Kariko 2021) 
has decreased the immunogenicity of mRNA by reducing TLR 
recognition.

mRNA-based therapeutics are a growing field with expanding 
applications, including: 

•	 Viral vaccines:
•	 Herpes zoster (mRNA-1273 by GlaxoSmith-Kline, 

phase III; mRNA-1468 by Moderna, phase I/II)
•	 Cytomegalovirus (mRNA-1647 by Moderna, phase III;)
•	 Respiratory syncytial virus (mRNA-1345 by Moderna, 

approved; LNP CL-0137 by Sanofi, phase I/II)
•	 Influenza (mRNA-1010 by Moderna, phase III; mIRV by 

Pfizer, phase III)
•	 Zika virus (mRNA-1893 by Moderna, phase II) 
•	 COVID-19 (Kostaive by Arcturus), first saRNA-based 

vaccine approved by European and Japanese 
authorities.

•	 Cancer vaccines:
•	 Melanoma (mRNA-4157 by MSD and Moderna, phase 

III; BNT111 by BioNTech, phase II)
•	 Pancreatic cancer (BNT122/Autogene Cevumeran by 

BioNTech) 
•	 Non-small cell lung cancer (BNT116 by Moderna, phase II)
•	 Solid tumours (mRNA-4359 by Moderna, phase I/II).

•	 Protein replacements:
•	 OTC deficiency (ARCT-810-03 by Arcturus, phase II)
•	 Propionic acidaemia (mRNA-3927 by Moderna, phase I/II)
•	 Cystic fibrosis (MRT5005-101 by Translate Bio, phase I/II).

•	 Protein expressions:
•	 Heart failure (AZD8601 by AstraZeneca, phase II)
•	 Solid tumours (BNT142 by BioNTech, phase I/II).

•	 Immunotherapies:
•	 Solid tumours (BNT151 by BioNTech, phase I/II).

•	 Epigenetic modifiers:
•	 Cancers (OTX-2002 by Omega Therapeutics, phase I/II). 

DNA
The use of DNA as a cargo is advantageous as it is less toxic 
than whole pathogens, allows prolonged expression compared 
to mRNA, can be easily manufactured and engineered, and 
is generally more thermostable than mRNA. Due to its 
versatility, plasmid DNA (pDNA) can be used to express a 
specific protein, peptide, toxin, or other oligonucleotides  
(i.e. siRNA).

Unlike the nucleic acid cargos mentioned above, pDNA does 
not require extensive chemical modifications. Toxicity can result 
from the presence of certain backbone elements (antibiotic 
resistance gene, or bacteria-derived sequences) or the encoded 
gene itself (CpG islets).

Vector design optimisation has led to the emergence of 
minicircle DNA, MIDGE DNA, doggybone DNA and linear DNA. 
Similarly, promoter optimisation and enhancers are required for 
optimal expression in a specific tissue or cell type.

Despite these advantages, there are several limitations 
inherent to the pDNA system: the inability to transfect 
DNA directly into the nucleus (it must target dividing cells), 
transfection efficiency, low risk of genome integration and 
cytotoxicity.
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mRNA formulation in lipid nanoparticles in a nutshell. mRNA and a lipid mixture are rapidly mixed together which leads to, upon pH switch, formation of lipid nanoparticles.
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Two different transfection methods have proven successful 
for pDNA: physical methods (i.e. electroporation) and chemical 
methods (i.e. nanoparticles).

Of the two, electroporation is most commonly used and 
remains the most efficient method for DNA transfection as it 
bypasses the whole endocytic process. However, cytotoxicity 
can become an issue, especially in vivo, where it can be 
difficult to scale the method to larger species. 

The development of new transfection strategies is 
therefore essential. Although research into COVID-19 vaccines 
prompted breakthroughs in LNPs, they mostly concerned 
RNA technologies (see above), and DNA encapsulation was 
overlooked. 

However, strategies similar to those developed for RNA 
have been successfully applied for pDNA transfection in vitro 
and in vivo, including optimisation of ionisable lipids, lipid 
proportions and the use of ssPALM.

Recent studies have also confirmed the potential of 
pDNA-LNP as a vaccine and anti-cancer treatment (Chai 2025).

Several studies have also identified different parameters 
that could potentially be translated to RNA delivery. 
Co-delivery of pDNA with siRNA has facilitated the prolonged 
expression of the target in vivo by silencing transcription 
factors involved in the regulation of inflammatory response 
pathways. Similarly, incorporation of anti-inflammatory 
lipids (nitro-oleic acid) has reduced inflammation following 
pDNA-LNP administration, increasing the duration of 
expression. Combining cationic polymers and lipids allows 
researchers to efficiently encapsulate larger DNA molecules 
while maintaining prolonged expression. The recent 
development of dedicated platforms for pDNA-LNP designs 
enables the optimisation of both the liposome composition 
and pDNA properties (promoters/enhancers sequences).

Despite these advancements, pDNA-LNP-based delivery 
studies lag behind research into RNA-LNP. Further research 
will help expand the field of applications for pDNA-based 
therapeutics.

Perspectives
Although the studies mentioned above have increased the 
development of targeted LNPs to specific organs and tissues 
and improved endocytic properties, additional research is 
required for more precise targeting and better endosomal 
escape. 

With the advent of targeted delivery, the field of therapeutic 
applications is broadening. Advances in molecular biology, for 
example, the development of new base- and prime-editing 
tools, are fuelling further progress in this field. 

Several studies have already applied LNP to CRISPR/cas 
systems and base editors (i.e. Adenine and cytosine base 
editors), allowing the modification of genomic DNA in vitro 
and in vivo (from point mutations to insertions/deletions of 
different sizes). The applications are extensive (reviewed in 
Yuan 2025) and LNPs can be used to transfect: Cas9/sgRNA 
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using pDNA-LNP in tumours; Cas9/prime editors proteins 
carrying a sgRNA inside a LNP; and Cas9 mRNA and sgRNA in 
different LNPs or in a single LNP. The therapeutic potential 
of LNP-based drugs is great and, with ongoing research 
into increased tissue specificity and improvement in LNP 
formulations overall, the field is set to grow dramatically over 
the next couple of years. 
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