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mRNA vaccine molecules are large (10 –10  Da) in size and are negatively charged. They are unable to pass

through the lipid bilayer of cell membranes. Naked mRNA would be destroyed and degraded by the nucleases

present in the bloodstream. In addition, naked mRNA is also attached and engulfed by immune cells in the tissue

and the serum. Methods to deliver mRNA molecules into the cells include techniques such as gene gun,

electroporation, and ex vivo transfection. The in vivo methods of delivering mRNA involves transfection of immune

or non-immune cells using lipids or transfecting agents.
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1. Lipid Nanoparticles (LNPs)

Although naked mRNA, liposomes, and polyplexes have shown clinical effectiveness in humans, LNPs for mRNA

vaccines are the only drug delivery system that has demonstrated clinical effectiveness and has been approved for

human use. The COVID-19 mRNA vaccines against SARS-CoV-2, developed by Moderna and Pfizer/BioNTech,

employ LNPs to deliver the mRNA payload to the body. LNPs are currently the foremost non-viral delivery vector

employed for gene therapy . The clinical effectiveness of LNPs was first demonstrated when LNP-siRNA

therapeutic Onpattro  (patisiran) was approved by the US FDA for hereditary transthyretin-mediated amyloidosis

. LNP formulations are the most successful, effective, and safe method of delivery of mRNA vaccines for human

immunizations. LNPs offer numerous advantages for mRNA delivery to the site of action, including ease of

formulation and scale-up, highly efficient transfection capacity, low toxicity profile, modularity, compactivity with

different nucleic acid types and sizes, protection of mRNA from internal degradation, and increasing the half-life of

mRNA vaccines . LNPs are typically composed of four components, an ionizable cationic lipid, a helper

phospholipid, cholesterol, and a PEGylated lipid. These lipids encapsulate the mRNA vaccine’s payload and

protect the nucleic acid core from degradation .
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2. Cationic and Ionizable Lipids

Cationic lipids were the first generation of lipids developed and utilized for mRNA vaccine delivery. These lipids

contain a quaternary nitrogen atom imparting them a permanently positive charge. The positive charge of these

lipids enables them to form ionic interactions with the negatively charged mRNA vaccines, forming a lipid complex

called a lipoplex . DOTMA and its synthetic analogue DOTAP were the first cationic lipids used to deliver

mRNA vaccines in 1989 . Cationic lipids such as DOTMA, DOPE, and DOGS have been widely used for mRNA

delivery since then, including the commercially available and successful Lipofectin . Lipofectin is a mixture of

DOPE and DOTMA, and is one of the first LNP formulations, proving successful in the in vivo translation of mRNA

.

The early cationic lipids demonstrated promising gene delivery in vitro, but they suffered from inadequate in vivo

efficacy. The positive charge of the nitrogen head group and the non-biodegradable nature of the early cationic

lipids were responsible for their ineffective delivery and efficacy in vitro . Ionizable lipids, also called pH-

dependent ionic lipids, are the second generation of cationic lipids containing a primary amine which imparts them

a positive charge at or below physiological pH. The property of these lipids to have a neutral charge in the

bloodstream at physiological pH helps in improving their safety as compared to the first-generation cationic lipids.

They also extend the circulation time of the LNPs as compared to LNPs derived from cationic lipids. These were

developed to overcome the shortcomings and safety issues such as immune activation and interaction with serum

proteins of the first-generation cationic lipids . DLin-MC3-DMA was the first US FDA-approved ionic lipid used in

the first siRNA drug, Onpattro  . The DLin-MC3-DMA ionic lipid was synthesized after a series of modifications

on the first ionic lipid DODMA. DLinDMA was formed by replacing the oleyl tails of DODMA . DLinDMA

demonstrated superior ability as compared to DODMA in protective immunity against the respiratory syncytial virus

(RSV) in vivo . DLinDMA was further optimized to DLin-KC2-DMA, and further to DLin-MC3-DMA depending on

a series of structure–activity relationship-based studies . DLin-MC3-DMA is considered the first generation of

ionizable lipids.

DLin-MC3-DMA or MC3 has a long plasma half-life of 72 h, increasing the duration of action of the siRNA . The

MC3 ionizable lipid was later shown to be effective in delivering mRNA along with siRNA . The

only shortcoming that MC has is its long half-life (72 h). This limits the chronic administration of vaccines with MC3.

Thus, the next generation of ionizable lipids employed biodegradable functional groups which can facilitate fast

clearance. The inclusion of ester moieties helped to increase the biodegradability of MC3 and increased its

systemic clearance. Ester moieties are easy to install in a lipid, biodegradable, and chemically stable, which can be

easily cleaved by the intracellular esterases. MC3 served as an important precursor and a starting point for the

development of biodegradable ester ionizable lipids . These include lipids such as Moderna’s proprietary lipids

, Acuitas’ proprietary lipids , and others, including YSK12-C4 , CL4H6 , and L319 lipids, which are

considered the second generation of ionizable lipids . Ester-based biodegradable ionizable lipids have

demonstrated higher potency in gene delivery as compared to the MC3 ionizable lipid. Moderna’s lipid 5 was found

to have three-times-higher potency, and Acuitas’ lipid, ACL-0315 (the lipid used for the Pfizer/BioNTech COVID-19
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vaccine), had six-times-higher potency as compared to MC3 lipid in delivering luciferase mRNA to animals

US10166298B2.

The third-generation ionizable lipids are synthesized in an optimized manner, having a limited number of chemical

synthesis steps, which increases the high-throughput production of the ionizable lipids . 98N12-5 is the first

example of a third-generation ionizable lipid . Modifications and improvements to the 98N12-5 lipidoid lead to

the invention of superior analogs, including C12-200 and C14-113 . C14-113 lipidoids can specifically target

cardiac muscles and, thus, can open new vistas to optimize and target gene therapies for enhancing cardiac

function . Li et al. reported TT3 as a potent lipidoid for delivering various mRNA molecules encoding for

CRISPR/Cas9 , Factor IX , and SARS-CoV-2 . In addition to the search for enhanced efficacy, a growing

interest in improving the specificity of gene delivery to specific target cells or organs is underway. Targeted delivery

for vaccines and immunotherapies to the immune cells and primary and secondary lymphoid organs is rapidly

underway. Some examples of targeting agents include lipids containing polycyclic tails, including 11-A-M , and

lipids containing cyclic imidazole head groups, such as 93-O17S , are specifically designed to target T cells.

Moreover, the cyclic amine head group in lipid A18-Iso5-2DC18 has been demonstrated to bind to the stimulator of

interferon genes (STING) protein. This results in dendritic cell maturation and can have antitumor efficacy by

immune stimulation . This can be a useful and desired characteristic for cancer immunotherapy using gene

therapy . Gene therapy utilizing third-generation ionizable lipids has also shown promise for multidrug-resistant

bacterial infections. Cyclic vitamin C-derived ionizable lipids delivering an anti-microbial peptide and cathepsin B

mRNA to macrophages, demonstrated that the therapy can eliminate multidrug-resistant bacteria and protect the

mice from bacteria-induced sepsis . LNPs are the most advanced and clinically approved delivery vehicles for

mRNA .

3. PEG-Lipid

Among the ingredients, polyethylene glycol (PEG) is a hydrophilic material, well known for a wide range of

applications in the cosmetic, food, and pharmaceutical industries. The PEGylated lipid component in LNPs is

usually linked to an anchoring lipid. PEG was found to be an essential chemical in the formulation of LNPs to

mitigate the uptake of nanoparticles by filter organs, also improving the colloidal stability of LNPs in biological

fluids. Hence, circulation half-life and in vivo distribution of LNPs is enhanced. Usually, PEG-lipids account for

minimal molar % among lipid constituents in LNPs (approximately 1.5%). However, they play a very pivotal role in

affecting crucial parameters such as population size, polydispersity index, aggregation reduction, particle stability

improvement, and encapsulation efficiency. The molecular weight of PEG and the carbon chain length of the

anchor lipid can be exploited to fine-tune the time of circulation and uptake by immune cells, altering the efficiency

. Additionally, the PEG-lipid coat on LNPs acts as a steric hydrophilic barrier for preventing self-assembly and

aggregation during storage. Therefore, the presence of PEG is helpful to stabilize the LNP and regulates size by

limiting the lipid fusion. The amount of PEG is inversely proportional to the size of the LNP; higher the PEG

content, the smaller the size of the LNP . Generally, the molecular weight of PEG ranges between 350 and 3000

Da and the carbon chain of the anchored lipid lies between 13 and 18 carbon. Multiple literature reports indicated
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that a higher molecular weight of PEG and longer lipid chain increases the circulation time of nanoparticles and

also reduces the uptake by immune cells. As the PEG-lipid dissociates from the LNP surface, it decreases the

circulation time of the LNP, and provides more chances for delivering the mRNA cargo into target cells by an effect

called “PEG-Dilemma”. In some instances, as the molar% of the PEG-lipid is maintained at 1.5%.The in vivo

transfection level was found to be independent of the carbon chain length of the lipid. An added advantage of PEG-

lipids relies on their capability of conjugating a specific ligand to the LNP, thus aiding in targeted drug delivery 

.

4. Helper Lipids

The main function of helper lipids in the formulation of LNPs lies in supporting their stability during storage and in

vivo circulation. Chemically, these are glycerolipids and non-cationic in nature. Among the various helper lipids,

sterols and phospholipids are the most widely used. Cholesterol is a natural component present in cell membranes.

It is an exchangeable moiety that can be easily accumulated in the LNP. From a series of different studies, it has

been indicated that cholesterol might be present on the surface, within the lipid bilayer, or even conjugated with the

ionized lipid within its core. It is usually incorporated in LNP formulation, to maintain stability by filling gaps between

lipids. The presence of cholesterol is needed to regulate the density, uptake, and fluidity of the lipid bilayer matrix

within the LNP. Therefore, it controls the rigidity and integrity of the membrane, thereby preventing any leaks by the

“condensing effect”. The hydrophobic tail, sterol ring flexibility, and polarity of hydroxy groups in cholesterol was

reported to impact the efficacy of LNP delivery . Cholesterol also contributes to improving the circulation half-life

of LNPs by reducing the surface-bound protein. Moreover, it helps by fusing with the endosomal membrane during

the cellular uptake of LNPs. It plays a vital role in lowering the temperature needed for transitioning from the

lamellar phase to the hexagonal phase; therefore, the mRNA cargo from the LNP will be delivered to the cytosol

.

The inclusion of phospholipids in LNP formulation can help with boosting encapsulation (together with cholesterol)

and increasing cellular delivery. In general, the number of phospholipids in the LNP is considerably reduced, while

increasing the cholesterol content for longer circulation times. Additionally, the inclusion of phospholipids promotes

the entrapment efficiency and transfection potency of the LNP. It has been reported that increasing the molar

percentage of phospholipids contributes to expediting the efficacy of delivery by LNPs. These phospholipids in

Zwitter ionic form have been reported to play a pivotal role in the assembly of the LNP through the stabilization of

electrostatic interactions between the cationic lipid, mRNA cargo, and surrounding water molecules. However, the

actual role of phospholipids in the delivery of mRNA via LNPs is still ambiguous. Hence, it remains intriguing to

further explore the actual role of phospholipids in enhancing the particle stability and delivery in vivo. Figure 1

describes the components of LNPs, including ionizable lipids, cholesterol, helper lipids, and PEGylated lipids .
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Figure 1. Components of lipid nanoparticles including ionizable lipids, cholesterol, helper lipids, and PEGylated

lipids .

5. Physicochemical Properties Affecting mRNA-LNPs

LNPs possess many distinct characteristics, with a majority of being beneficial; ironically, a few characteristics

grant some unwanted toxicities. Therefore, it is very critical to understand the physicochemical properties that

affect the mRNA-loaded LNP.

Size and Surface area: Size and surface area dictates the LNP interaction process with the biological system,

along with the distribution, elimination, internalization, degradation, and response. Decreasing the size corresponds

to an increase in the surface area, thus making it more reactive towards the surrounding biological milieu. Essential
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biological activities including endocytosis and cellular uptake rely mostly on the particle size. Any size-dependent

toxicity is based on the ability of LNPs in entering the biological system and modifying the macromolecules, thereby

altering the essential biological functions. In the case of vaccines, high and efficient delivery is reported, while

maintaining a particle size of ≅50 nm, irrespective of its chemical composition.

Charge: Charge plays a primary role in deciding the fate of biodistribution and efficacy of LNPs. The charge of the

vector is very instrumental in transporting mRNA vaccines across biological membranes. Hence, negatively

charged mRNA can develop electrostatic interactions with positively charged cationic lipids, leading to efficient

encapsulation. In the end, the cationic liposome interacts with the anionic cell surface and endosomal membrane to

release the mRNA cargo. The pKa (ability to attain positive charge) of cationic lipids has a significant effect on

delivering the mRNA cargo; apparently, it is very important to understand its role. Although, there remains some

uncertainty surrounding the actual pKa needed for gene delivery. A few reports indicated that the ideal pKa range

for the delivery of LNPs via the IV route is in between 6.2 and 6.6. Charge modulation has effectively been

researched for mitigating toxic manifestations, along with improving the delivery of mRNA from LNPs.

Shape and Structure: Both shape and internal structure are essential parameters that directly influence the

cellular uptake and interaction with the biological environment. A few reports mentioned that the endocytosis of

spherical nanoparticles is relatively easier in comparison to other shapes. Alternatively, non-spherical nanoparticles

are more inclined to flow through capillaries. The exact mechanism of action underlying the shape and structure

and its role in vivo remains obscure to date. Due to the involvement of many technological challenges, the actual

mechanism of action stemming from shape and structure remains widely unexplored. Therefore, the research

needs to be accelerated towards understanding their activity in deforming membranes and therapeutic efficiency.

Surface Composition: Efficient delivery and the biodistribution of LNPs can be influenced by the surface

composition of delivering vectors. Well-known examples include the surface modification of LNPs by incorporating

the PEG-Lipids by PEGylation. This process of PEGylation is known to alter nanocarrier trafficking and extend

circulation half-life. Nevertheless, along with improving biodistribution and circulation, PEGylation can also result in

reducing the uptake of LNPs by steric hinderance and limits interactions with the plasma membrane. Hence, the

PEG-lipids detach into the serum and alleviate the steric hinderance to favor endosomal uptake .
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