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A B S T R A C T

Nucleic acid-based therapeutics are a common approach that is increasingly popular for a wide spectrum of
diseases. Lipid nanoparticles (LNPs) are promising delivery carriers that provide RNA stability, with strong
transfection efficiency, favorable and tailorable pharmacokinetics, limited toxicity, and established trans-
latability. In this review article, we describe the lipid-based delivery systems, focusing on lipid nanoparticles, the
need of their use, provide a comprehensive analysis of each component, and highlight the advantages and dis-
advantages of the existing manufacturing processes. We further summarize the ongoing and completed clinical
trials utilizing LNPs, indicating important aspects/questions worth of investigation, and analyze the future
perspectives of this significant and promising therapeutic approach.

Abbreviations: LNPs, Lipid nanoparticles; siRNA, small interfering RNA; miRNA, micro-RNA; ASO, antisense oligonucleotides; DOTAP, [1,2-bis(oleoyloxy)-3-
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1. Introduction

Nucleic acids are a popular therapeutic approach against a plethora
of diseases, including cancer and immune therapies, with increasing
interest. As fundamental building blocks of life, nucleic acids present
unique opportunities to target diseases at their fundamental origin, such
as cancer. Nonetheless, nucleic acid-based therapeutics have presented
some challenges associated with the successful delivery of these mole-
cules. Nucleic acids are not stable in the human body if adequate pro-
tection is not provided, and they cannot penetrate cell membranes
without additional help. Not surprisingly, nanotechnology emerged
with solutions to these problems. In this review paper, we focus on one
of the most prominent delivery carriers, lipid nanoparticles (LNPs), used
in preclinical and clinical studies and translated to patient treatment for
the delivery of RNAs. We attempt to summarize some of the most
important perspectives of the LNP formulations, with potential advan-
tages or drawbacks associated with these particles.

1.1. Historical background of RNA-based therapeutics

Significant advancements in gene sequencing technology have been
made after the completion of the human genome project in 2003, which
deepened our understanding of genetic causes for different diseases
(Goodwin et al., 2016) and paved the way for the development of RNA-
based therapeutics, which target disease-related genes that could not be
targeted by conventional drugs, small molecules or protein-based drugs
(Kaczmarek et al., 2017). RNA therapy includes the targeting of different
cellular mechanisms of protein expression, including the use of mRNA
and non-coding RNA, such as small interfering RNA (siRNA), micro-RNA
(miRNA), antisense oligonucleotides (ASO), and RNA aptamers to
facilitate the expression or silencing of desired genes via RNA interfer-
ence (RNAi) (Kim, 2022). ASOs are single-stranded oligonucleotides,
having 18–30 base-pairs complementary to a target RNA, to which they
bind and impede translation through RNAse H-mediated hydrolysis of
the mRNA strand or steric hindrance. ASO-based drugs, such as nusi-
nersen, eteplirsen, and inotersen, have been approved for the treatment
of spinal muscular atrophy, Duchenne muscular dystrophy, and familial
amyloid polyneuropathy (Damase et al., 2021; Feng et al., 2021).
Pegaptanib is a chemically modified RNA aptamer that can specifically
recognize and bind the vascular endothelial growth factor (VEGF) to
impede angiogenesis. It was approved for clinical use in age–related
macular degeneration (AMD) (Zhou et al., 2012). siRNAs are double-
stranded RNA molecules of 20–25 base pair length. These molecules
present high specificity in targeting mRNA strands, inducing post-
transcriptional gene silencing, mediated by the RNA-induced silencing
complex (RISC) and the RNAi cell’s mechanism (Laganà et al., 2015).
Among different siRNA therapeutics, patisiran is the first siRNA-based
drug against hereditary amyloidogenic transthyretin amyloidosis that
received FDA approval, followed by givosiran, lumasiran and inclisiran
(Hu et al., 2020; Sparmann and Vogel, 2023).

Even though miRNA-based therapeutics have not yet received FDA-
approval, several products, such as cobomarsen and remlarsen, are in
clinical trials. In general, miRNA-based therapeutics can be promising
tools as miRNAmimics or inhibitors (Niazi, 2023). Finally, mRNA-based
vaccines were recently used against COVID-19, utilizing mRNAs to
induce the expression of the SARS-CoV-2 spike protein, which eventu-
ally is detected by the body’s immune cells for protection against the
disease (Curreri et al., 2023). The development of these mRNA-based
vaccines also opened up a new avenue for using mRNA-based thera-
peutics for non-infectious diseases.

1.2. Challenges of RNA delivery

The incorporation of RNA-based treatments against genetically pre-
disposed diseases, such as polyneuropathy of hereditary transthyretin-
mediated amyloidosis (Patisiran), acute hepatic porphyria (Givosiran),

primary hyperoxaluria type 1 (Lumasiran) and primary hyperlipidemia
(Inclisiran), seems promising (Padda et al., 2024) and can lead to po-
tential therapeutics. Nonetheless, the safe and effective delivery of RNA-
based therapeutics is challenging. For example, the large molecular size
(varying from a few to hundreds of kDa for ASOs, siRNAs, or mRNAs)
and the negative charge of the nucleic acid constructs are significant
impediments to internalizing these molecules across the negatively
charged cell membranes. Furthermore, even though unmodified nucleic
acids could be uptaken by endosomes, their release into the cytoplasm is
not feasible, eventually leading to their degradation (Dowdy, 2017;
Hossian et al., 2019; Labatut and Mattheolabakis, 2018; Lahooti et al.,
2021; Poudel et al., 2021; Shrestha et al., 2023). This can be critical, as
RNA-based molecules need to reach the cell’s cytoplasm to exert their
function. Another impediment associated with RNAs and their admin-
istration is that RNAs rapidly degrade by nucleases in body fluids
(Poudel et al., 2021; Rhym and Anderson, 2022; Shrestha et al., 2023),
while the exogenous RNA delivery should evade the innate immune
system response mediated by toll-like receptors (TLR) and retinoic acid-
inducible gene I (RIG-I), because they can be recognized by the pattern
recognition receptors and trigger immune responses, reducing their
translational capability (Chandela and Ueno, 2019; Rhym and Ander-
son, 2022; Zhu et al., 2022). In summary, considerations need to be
taken for using RNA molecules as drugs regarding their bioavailability,
elimination and degradation, biodistribution to target areas, renal
clearance, uptake into the cellular component, and endosomal escape
into the cytoplasm.

Thus, there has been significant effort in developing and character-
izing appropriate delivery systems that can protect unmodified RNA
molecules in the body for their subsequent delivery to the target area
with minimal toxicity and immunogenicity (Niazi, 2023). Furthermore,
the delivery systems should promote endosomal escape when taken up
into cells via endocytosis (Hamilton et al., 2023; Yan et al., 2022). This
poses a significant challenge, as the therapeutic cargo needs to escape
this degradative pathway to remain effective. In this review article, we
focus on lipid nanoparticles, presenting the different factors for their
formulations and how they affect the final properties of the carriers.

2. Stating the expectations: Circulation and endosomal escape of
the nucleic acids

The physiological barriers to RNA delivery can be either extracellular
or intracellular. Nucleic acid-loaded carriers must protect their load
against degradation in plasma, while the carriers themselves should
prevent detection and phagocytosis by the mononuclear phagocytic
system (MPS) prior to reaching the targeted cells (Nitika Wei and Hui,
2022; Zelepukin et al., 2024). After being uptaken into cells via endo-
cytosis (Fig. 1), the nanoparticles will experience an environment where
the pH drops during endosomal maturation, which can reach values
around pH 4–5. The nanoparticles will need to demonstrate specific
properties in order to promote their escape from the endosomes. For
example, the most commonly used nanoparticles for gene delivery rely
on positively charged molecules, such as amines, where protonation is
induced by these amine groups when pH reaches lower than their pKa.
Even nanoparticles that do not rely on amines, such as poly-(lactide-co-
glycolide) (PLGA) polymers, endosomal escape takes place during pH
change due to a selective reversal of the particle’s surface (Panyam et al.,
2002). These properties cause the accumulation of protons and coun-
terions, facilitating the movement of liquids from the cytoplasm to the
endosomes. This osmotically-driven phenomenon causes swelling of the
endosomes and destabilization of their membrane, compounded in some
cases by the electrostatic interactions between the positively charged
nanoparticles and the negatively charged membrane bilayer or fusion
with the endosomal membrane. Eventually, this leads to the rupture of
the endosomes, releasing the nanoparticles and their nucleic acid load to
the cytoplasm. In a higher cytoplasmic pH, the binding interaction be-
tween the nanoparticles and the nucleic acids weakens, eventually
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promoting the release of the encapsulated molecules (Patel et al., 2021;
Varkouhi et al., 2011; Zheng et al., 2023).

3. Delivery systems for RNA therapeutics

Different delivery vehicles based on viral and non-viral vectors have
been explored over the decades to meet the aforementioned challenges
for efficient RNA delivery. For example, viral vectors can naturally and
efficiently deliver genetic materials into a host cell. Furthermore, they
can present short-term and long-term transgene expression ability
(Lundstrom, 2023). A wide variety of viral vectors have been employed
in clinical applications, including adenovirus, adeno-associated virus,
herpes simplex virus, retrovirus, and lentivirus for either in vivo or ex
vivo gene therapies (Zhao et al., 2022), with retroviral and lentiviral
vectors being exploited for delivering RNA-based payloads (Sung and
Kim, 2019). However, potential inflammatory reactions, immunoge-
nicity, and mutagenesis of host cells are significant drawbacks associ-
ated with viral vector-mediated delivery (Butt et al., 2022).

In contrast, non-viral vectors were developed to diminish immuno-
genic side effects observed by viral vectors potentially. Nonetheless,
recognizing that viral and non-viral vectors have advantages and dis-
advantages, selecting a delivery system depends on the therapeutic
target and the host’s safety. Different types of non-viral nanocarriers for
the delivery of RNA have been explored, including polymeric nano-
particles, lipid nanoparticles, inorganic nanoparticles, hybrid vector
systems (i.e., nanoparticles with a combination of lipids, polymers and/
or inorganic materials, such as polymer-lipid hybrid or inorganic-
organic hybrid nanoparticles), and biomimetic nanoparticles (Yan
et al., 2022). Here, among the different carriers currently researched for
RNA delivery, we focus on lipid nanoparticles, a delivery system cate-
gory that is associated with products that have translated to patient care
and have attracted significant attention in recent years.

3.1. Lipid-based systems - Introduction

Initially, it is necessary to acknowledge that there are different types
of lipid-based systems for nucleic acid delivery, and these carriers can be
produced to nanosized dimensions. For example, lipid-based carriers
include liposomes, lipid nanoparticles, solid lipid nanoparticles
(including nanostructured lipid carriers), and nanoemulsions (Fig. 2),
which have been valuable tools for RNA delivery due to properties
common among lipid-based carriers. These properties include biocom-
patibility, versatility, ease of modification and scale up-production,
strong internalization due to structural similarities of the cell mem-
brane, and potentially diminished immune reactions compared to viral
vectors (Ge et al., 2020; Xue et al., 2015). In fact, lipids used in one type
of lipid-based nanocarrier could also be frequently used to formulate the
other types. For example, DSPC, a commonly used lipid for liposomes is
frequently used in formulating lipid nanoparticles as well. On the other
hand, specific formulations, physical characteristics, and lipid differ-
ences among the different groups are the reasons for the different clas-
sifications. Before focusing on the lipid nanoparticles, we briefly
describe representative lipid-based formulations.

3.2. Liposomes

Liposomes are self-assembled, sphere-shaped vesicles comprised of
lipid bilayers surrounding a single or multiple aqueous cores. Liposomes
in the submicron range, i.e., in <200 nm diameter, such as small uni-
lamellar vesicles and large unilamellar vesicles (Pattni et al., 2015), are
commonly used in drug delivery applications. In fact, there are currently
more than 15 approved liposomal-based drug formulations, though not
for nucleic acids (Tsakiri et al., 2022). A “variant” of liposomes, called
cationic liposomes, utilize positively charged lipids or molecules, which
are positively charged molecules that the negatively nucleic acids can
complex with through electrostatic interactions (Liu et al., 2020). In
their study, Albakr et al. developed a liposomal delivery system for miR-
1296 that sensitized MDA-MB-231 cells to cisplatin treatment (Albakr

Fig. 1. Cellular uptake and endosomal escape of nucleic acid carrying lipid nanoparticles into the cytosol to modulate gene expression. Image was created using BioR
ender.com

Md.A. Haque et al. International Journal of Pharmaceutics: X 8 (2024) 100283 

3 

http://BioRender.com
http://BioRender.com


et al., 2021). Despite the promising attributes of the cationic liposomes
for the delivery of nucleic acids, permanently positively charged
cationic lipids have created undesired outcomes, such as toxicity, ag-
gregation, stability, and rapid elimination from circulation, among
others (Buck et al., 2019; Nsairat et al., 2023; Yi et al., 2000).

3.3. Solid Lipid Nanoparticles (SLNs)

SLNs are colloidal carriers comprised of physiological lipids, such as
triglycerides, fatty acids, and waxes, that are dispersed in aqueous so-
lution and stabilized by a surfactant, with particle size of 50 to 1000 nm.
They may remain in a homogenous matrix structure, drug-enriched shell
structure, or drug-enriched core structure. SLNs differ from liposomes,
nano-emulsions, and polymeric nanoparticles in preparation method
and use of organic solvents (Ganesan and Narayanasamy, 2017; Xu
et al., 2022). DOTAP- and DODAP- based SLNs were explored for DNA
and RNA delivery, and DOTAP SLNs presented improved long-term
stability (Gomez-Aguado et al., 2020). As the electrostatic interaction
of RNAs and lipids primarily takes place at the surface between the
aqueous and the lipid phase of the SLNs, proper encapsulation of
negatively charged hydrophilic RNAs within the lipophilic core matrix
can be challenging and limits the uses of SLNs (Tsakiri et al., 2022).

3.4. Nanostructured Lipid Carriers (NLCs)

Nanostructured Lipid Carriers (NLCs) can be considered a variation
or evolutionary product of SLNs. Inside NLC’s core, a combination of
solid and liquid lipids creates an unorganized environment, which per-
mits better loading, less drug expulsion, and improved drug solubility
compared to SLNs (Khan et al., 2023). Similarly, NLCs have also been
explored for gene delivery. Representatively, Garbuzenko et al.
demonstrated that a Luteinizing Hormone-Releasing Hormone decap-
eptide coated (LHRH)-NLC nanoparticles system that entrapped a pool
of siRNAs against EGFR and paclitaxel enhanced the delivery and

efficacy of the active compounds, siRNAs, and paclitaxel, against the
cancer cells (Garbuzenko et al., 2019).

3.5. Lipid nanoemulsions

Nanoemulsions are dispersions of nanometer-sized droplets of one
liquid, commonly an oil, within another immiscible liquid, i.e., water,
stabilized by surfactants or emulsifying agents, such as lipids, also
referred to as oil-in-water (o/w) emulsions (Souto et al., 2011).
Commonly, these types of nanoemulsions have been explored for the
administration of water-insoluble compounds, where the oil nano-
droplets provide a hydrophobic environment for lipophilic drugs, while
the medium remains aqueous (Hormann and Zimmer, 2016). Cationic
nanoemulsions were developed to deliver nucleic acid products, using
lipids that have also been utilized to develop cationic liposomes. For
example, Yi et al. (Yi et al., 2000) reported on developing cationic lipid
emulsions using soybean oil and DOTAP, as the cationic lipid, DOPE and
PEG-PE, for complexation with a plasmid. The authors reported stability
against DNAse I, while the system successfully transfected cells in vitro.
In another example, Brito et al. (Brito et al., 2014) developed a nano
emulsion-based carrier to deliver a self-amplifying mRNA vaccine using
the cationic lipid DOTAP at Nitrogen to Phosphate (N/P) ratio of 7, and
found that the vaccine-induced antibody and T cell response in vivo. As
mentioned above, the oil phase of the nanoemulsions allows the incor-
poration of hydrophobic drugs. This property was utilized by Oh et al.
(Oh et al., 2013) to incorporate into an iodinated poppy seed oil phase
the hydrophobic anti-cancer compound paclitaxel. The objective was to
entrap two active compounds, paclitaxel and siRNA, in the nanocarrier
for synergistic dual treatment. Though in this case, the authors did not
utilize cationic lipids, but a cationic polymer (i.e., polyethyleneimine) to
complex with an siRNA against BCL-2, the nanoemulsion was formed
with the two active compounds and was stabilized by PEGylated phos-
pholipids and cholesterols. The authors reported a strong apoptotic ac-
tivity for the combinatorial drug treatment, higher that the individual

Fig. 2. Graphical illustration of lipid-based systems used for nucleic acid delivery. The image was created with BioRender.com
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compounds (Oh et al., 2013). Even though nanoemulsions have ad-
vantages, such as the mixing of more than one drug in the same
formulation or the use of natural oils that exhibit biocompatibility, there
are concerns regarding their stability, particle size, and the use of
permanently cationic molecules for entrapment of nucleic acids, that
may cause similar side effects described above for cationic liposomes
(Xue et al., 2015).

3.6. Lipid nanoparticles

The application of lipid nanoparticles (LNPs) for RNA delivery has
been actively and extensively explored recently. LNPs have been
instrumental in delivering groundbreaking therapeutics, such as the
approval of Patisiran (siRNA-based therapeutic) and their use in the
mRNA-based vaccinations during the COVID-19 pandemic (Suzuki and
Ishihara, 2021). LNPs generally have a lower risk of immunogenicity
compared to viral vectors, while they can carry a relatively larger
payload of nucleic acids, and as the recent COVID-19 vaccinations
indicated, their production can be scaled up. Not surprisingly, research
and development on LNP-based therapeutics for the administration of
nucleic acids have accelerated, and several clinical applications are
being evaluated (Swetha et al., 2023). In fact, LNPs have been tested in
clinical trials for different infectious diseases caused by the zika virus,
the Chikungunya virus, and influenza (Han et al., 2023). The following
sections also list clinical trials indicating which LNPs have been the
cornerstone of this approach.

The versatility of LNPs, their ability to efficiently deliver various
types of nucleic acids, and their biocompatibility make them a promising
platform for advancing therapeutic interventions in genetic diseases,
cancer, infectious diseases, and beyond (Jung et al., 2022; Pilkington
et al., 2021). Finally, significant research is being conducted on devel-
oping ionizable lipids, which are major components for the LNP-based
formulations and their potential. These molecules promote nucleic
acid complexation and endosomal escape, and the synthesis of novel
molecules with improved properties for transfection while minimizing
toxicity compared to permanently charged cationic lipids has been a
proliferative area of research (Swetha et al., 2023).

3.6.1. Fundamentals of LNPs
The therapeutic potential of LNPs relies on various key factors,

including chemical composition, transfection capacity, physicochemical
characteristics, biodegradability, and immunogenicity, which can be
designed or tailored during the initial optimization of each formulation.
Lipid components predominately have been the defining materials of
LNPs. However, formulation and manufacturing processes can signifi-
cantly impact the final products (Gyanani and Goswami, 2023).

Initially, LNP’s characteristics result from the combination of the
different lipid components, rather than being solely attributed to a single
lipid, and a synergy of lipids is necessary.(Hald Albertsen et al., 2022).
Lipids commonly used in nanoparticles are usually amphiphilic mole-
cules that have both hydrophilic and hydrophobic parts, with the
different types of lipids contributing to the formation of the core of a
nanoparticle, and the development of structures, such as multilamellar
vesicles or the development of a homogenous core-shell in the nanosize
diameter to encapsulate nucleic acids (Viger-Gravel et al., 2018).
However, it is important to note early on that LNP formulations used for
the delivery of short nucleic acids, such as siRNAs or miRNAs, may not
necessarily exhibit the same benefits, physical characteristics, or trans-
fection capacity with larger molecular weight nucleic acids, such as
mRNAs. Subsequently, structural differences, for example, mRNA is
longer than siRNA, charge density, lipid used or stability of the nucleic
acid products may necessitate optimization for each LNP formulation, as
it is generally regarded that LNP formulations developed for short RNAs
(i.e., siRNAs) would not be efficient for mRNAs or DNAs (Hald Albertsen
et al., 2022; Kauffman et al., 2015a).

A prototypical LNP formulation comprises four main structural

components: a cationic or ionizable lipid, cholesterol, a helper lipid, and
a PEGylated lipid. The molar ratio of the lipids in the final lipid mixture
can vary depending on the therapeutic targets (Cárdenas et al., 2023;
Eygeris et al., 2022; Gyanani and Goswami, 2023; Hald Albertsen et al.,
2022; Jung et al., 2022; Pilkington et al., 2021; Swetha et al., 2023;
Zhang et al., 2021b).

The rationale for the different materials and their selection impacts
stability, encapsulation and transfection capacity of the final products,
among others. Briefly, positively charged ionizable or cationic lipids aid
the entrapment of nucleic acids and help to destabilize the endosomal
membrane to release nucleic acids into the cytoplasm. Ionizable lipids
facilitate pH-dependent protonation, and they offer a neutral charge at
physiological pH that can minimize potential cytotoxic effects associ-
ated with cationic lipids (Sun and Lu, 2023). Thus, ionizable lipids’ pKa
is preferred at values that allow the lipid to be predominantly neutral at
physiological pH and protonated at endosomal pH for endosomal
escape. On the other end of these lipids, the lipid tail impacts carrier
stability and can affect the fusion of the lipid carrier with the endosomal
membrane for nucleic acid release in the cytoplasm (Gyanani and Gos-
wami, 2023). Similarly, cholesterol and a helper lipid build the lipid
layer of the LNPs, and sustain the structural integrity of the carriers,
while different helper lipids affect the transfection capacity of the LNPs.
Finally, PEGylated lipids affect the size and circulation time of the
nanoparticles in vivo (Zhang et al., 2024).

On the other hand, optimization of the molar ratio among the lipid
components, the molar ratio between lipids and nucleic acids, and the
mixing procedure are the remaining key determinants for encapsulation
efficiency, particle size, stability and transfection efficiency of LNPs.
Briefly, a sufficient amount of the cholesterol and the helper lipids is
needed to produce the lipid envelop that will protect the nucleic acid
content. Similarly, sufficient quantity of the ionizable lipid at the proper
molar ratio to the nucleic acids is needed in order to encapsulate and
sufficiently protect the nucleic acids. In the following sections, we delve
into published research to present this complex interplay of materials,
conditions, and formulation procedures for LNPs, providing the most
commonly used molar ratios, lipids, and formulation methods, while
providing examples of how these properties/materials affect the final
products.

3.6.2. Choice of cationic/ionizable lipids in LNPs
Choosing the appropriate cationic/ionizable lipid is crucial for LNP

formulation. It is important to note that the cationic/ionizable lipids
comprise the larger portion of the lipid combination for the LNP for-
mulations. Cationic lipids comprise a positively charged amine group, a
lipophilic tail, and a linker connecting the hydrophilic portion (amine
group) to the hydrophobic tail. They can be classified as monovalent
aliphatic lipids, multivalent aliphatic lipids, and cationic cholesterol
derivatives (Lechanteur et al., 2018; Rietwyk and Peer, 2017). Uses of
cationic lipids for gene delivery based on liposomal formulation gained
prominence during 1980s, contributing to improved transfection effi-
ciency, albeit with initial challenges mostly associated with the encap-
sulation of the payload (Sun and Lu, 2023). 1,2-dioleoyl-3-
trimethylammonium-propane (DOTAP) and 1,2-di-O-octadecenyl-3-tri-
methylammonium propane (DOTMA) were among the earliest cationic
lipids explored for gene delivery (Guéguen et al., 2024). Felgner et al. in
1987 prepared unilamellar liposomes with DOTMA that efficiently
encapsulated and transfected plasmid DNA in vitro (Felgner et al.,
1987). Cationic lipids were also effective in RNA delivery (Zhang et al.,
2021b). Other commonly used cationic lipids include dio-
ctadecylamidoglycylspermine (DOGS), 2,3-dioleyloxy-N-[2-(spermine-
carboxamido)ethyl]-N,N-dimethyl-1-propanaminium (DOSPA), dime
thyldioctadecylammonium bromide (DDAB), and 3β[N-(N′, N′-dime-
thylaminoethane)-carbamoyl] cholesterol (DC-Chol), among others
(Balazs and Godbey, 2011; Lechanteur et al., 2018). Even though RNA
entrapment depends on electrostatic interactions between positively
charged cationic lipid and negatively charged RNA, permanently
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positive-charged lipids associate with cytotoxicity mostly due to the
primary, secondary, tertiary, or quaternary ammonium headgroups
(Rietwyk and Peer, 2017) and rapid clearance due to phagocytosis by
the mononuclear phagocytosis system (Pilkington et al., 2021). DOTAP,
a cationic lipid-based siRNA-LNP, was found to increase liver enzyme
release, suggesting possible hepatoxicity and toll-like receptor-mediated
inflammatory response (Kedmi et al., 2010; Landesman-Milo and Peer,
2014).

Such shortcomings necessitated the development of new lipids. To
address toxicities with quaternary ammonium-based cationic lipids,
such as the DOTAP molecule, headgroups of cationic lipids were
modified using guanidinium, amidine, pyridinium, and imidazolium to
delocalize the positive charge. Such lipids include diC14-amidine, Atu-
FECT01, Atu027, DODAG-9, DiLA2, C12ANHC18, and synthetic amphi-
philes interdisciplinary (SAINT). Guanidinium functionalized lipids
provide the advantages of their protonation capability in a wide range of
pH and can be a good choice for RNA delivery (Zhang et al., 2021b).

A new group of lipids, namely ionizable lipids, were developed to
improve RNA delivery further. The positive charge on cationic lipids
remains relatively constant at various pH solutions, whereas an ioniz-
able lipid poses no charge at neutral pH but becomes positively charged
in relatively acidic conditions due to protonation (Jayaraman et al.,
2012; Kowalski et al., 2019; Patel et al., 2021; Rietwyk and Peer, 2017;
Whitehead et al., 2014). The ionizable lipids in the LNPs also assist in the
interplay during cellular uptake and endosomal escape by interacting
with the endosomal walls’ negative charge, disrupting the endosomal
membrane (Pilkington et al., 2021; Schlich et al., 2021; Sun and Lu,
2023).

The ionizable lipids have three structural segments: hydrophobic
alkyl chains, one or more hydrophilic amines as the hydrophilic head-
group, and a linker (amide, ester, or ether) (Sun and Lu, 2023; Zou et al.,
2022). The ability of the ionizable lipid to mediate efficient nucleic acid
delivery is influenced by its capacity to facilitate cellular uptake and
subsequent release of its load into the target cells, which is highly
dependent on the pH-responsive characteristics conferred by the lipid’s
pKa value. It has been proposed that the optimal pKa value for an
ionizable lipid would be at values between 6.2 and 6.5 (Jayaraman et al.,
2012). In ionizable lipids, the ester linkage can be hydrolyzed under
certain conditions, impacting the net charge and pKa of the respective
lipid. The ionization state of the amino headgroup, which is often
responsible for the pH-dependent charge of the lipid, may be modulated
by the presence or absence of the ester group (Rietwyk and Peer, 2017).
Sabnis et al. synthesized a set of ionizable lipids to prepare mRNA-LNPs.
They concluded that alterations in the structure of the lipid tails, such as
removing ester groups, can lead to a reduction in the pKa, while
replacing the alcohol functionality in the headgroup with dimethyl-
amine does not lead to a change in pKa. However, delivery efficiency
was lost (Sabnis et al., 2018). In another research paper by Ni et al. (Ni
et al., 2022), it was reported that specific modifications in the head
group positively influenced mRNA transfection efficiency in Kupffer
cells and spleen macrophages.

DODAP is regarded as the first ionizable lipid developed, which was
used for nucleic acid delivery (Rietwyk and Peer, 2017). The presence of
double bonds on the alkyl chains has been evaluated on the capacity of
ionizable lipids for gene silencing (Heyes et al., 2005). Briefly, Heyes
et al. synthesized a series of two-tailed dimethyl amino analogs of
DODMA, which contains a single, double bond per alkyl chain, lipids
with: a) no unsaturated bonds (DSDMA); b) two double bonds per chain
(DLinDMA), and; c) three double bonds per chain (DLenDMA). The
authors reported that ionizable lipids with two double bonds are more
effective in gene silencing compared to those with three double bonds,
followed by a single double bond. More importantly, ionizable lipids
with saturated alkyl chains exhibited limited to negligible silencing
ability. This was correlated to the capacity of the lipids to form a
reversed hexagonal II phase, where the degree of unsaturation favors the
shift from lamellar to reverse hexagonal II phase, facilitating

fusogenicity (DLenDMA = DLinDMA>DODMA> DSDMA) (Heyes et al.,
2005).

By introducing a branched lipid tail, Hajj et al. demonstrated a 10-
fold increase in mRNA transfection in LNPs with branched chains
compared to LNPs with unbranched ones (Hajj et al., 2019). In another
study, 7-fold higher potency was found using a multiple-tailed ionizable
lipid, C12–200, in LNP formulations for erythropoietin-mRNA delivery
(Kauffman et al., 2015b). By independently varying the linker and
headgroup of lipids based on DLinDMA, while keeping the other lipid
components constant, Semple et al. prepared a series of lipid molecules
and their respective formulations to deliver siRNA. The DLinDMA-based
modified ionizable lipids were altered either in the linker, yielding the
products DLinDAP, DLin-2-DMAP, DLin-C-DAP, Dlin-S-DMA, and DLin-
K-DMA, or the headgroup, yielding the products DLin-K-MPZ, DLin-K-
MA, DLin-K-TMA.Cl, DLin-K2-DMA, DLin-KC2-DMA, DLin-KC3-DMA
and DLin-KC4-DMA. They observed that introducing ester, carbamate,
or thioether linkages to the ionizable lipids led to a substantial reduction
in the in vivo activity compared to LNPs containing DLinDMA. In
contrast, LNPs with ketal ring linker, i.e., DLin-K-DMA, were approxi-
mately 2.5-fold more potent compared to the DLinDMA benchmark.
Addition of a single additional methylene group into the headgroup of
DLin-K-DMA, i.e., the DLin-KC2-DMA lipid, showed a significant in-
crease in potency, whereas further extension with more methylene
groups, i.e., the DLin-KC3-DMA and DLin-KC4-DMA lipids, resulted in a
substantial decrease in activity, concluding that DLin-KC2-DMA was the
best performing ionizable lipid (Semple et al., 2010). In a similar study,
Lin et al. (Lin et al., 2013) depicted that the low potency of LNPs con-
taining DLinDAP can be attributed to hydrolysis caused by endogenous
lipases after cell internalization, while DLin-KC2-DMA, DLin-K-DMA, or
DLin-DMA, which do not contain ester linkage, were less vulnerable to
lipase digestion and facilitated better gene silencing when used in a
GAPDH siRNA LNP formulation and RAW 264.7 cells. Furthermore, the
researchers reported that DLin-KC2-DMA was more effective in gene
silencing compared to the other lipids examined in the study.

DLin-MC3-DMA has been recognized as one of the most potent
ionizable lipids used in LNPs. Jayaraman et al. did a comprehensive
evaluation of 56 amino lipids for their LNP-mediated in vivo gene
silencing activity targeting the Factor VII gene in mice, through alter-
ations on their amine head group and the respective lipid’s pKa values.
The authors recognized DLin-MC3-DMA to demonstrate the most potent
gene silencing with low effective doses in rodents and nonhuman pri-
mates (Jayaraman et al., 2012). DLin-MC3-DMA stands out as a key
ionizable lipid that depicted robust hepatic gene silencing since its
advent as part of the FDA-approved siRNA-LNP drug to treat hereditary
amyloidogenic transthyretin amyloidosis (hATTR) (Adams et al., 2018;
Akinc et al., 2019). In an interesting study by Nabhan et al. (Nabhan
et al., 2016), the authors reported that the delivery of a frataxin (FXN)
mRNA using LNPs formulated with DLin-MC3-DMA demonstrated effi-
cient translation into mFXN protein in hepatocytes, maintaining
increased protein expression after sever days following the intravenous
administration of the formulation.

Although DLin-MC3-DMA has received extensive recognition for its
transfection capacity, efforts are being made to improve this by devel-
oping derivatives of this molecule or new structures. For example, in one
study, the authors attempted to improve the biodegradability of the
DLin-MC3-DMA via modification on the aliphatic tails and by intro-
ducing ester linkages into them, which will result in the breakdown of
the lipid tails to more hydrophilic components once internalized. One of
the resulting products, L319, showed biodegradability and tolerability
while maintaining in vivo potency on par with the DLin-MC3-DMA
(Maier et al., 2013). Similarly, another molecule, 3-(dimethylamino)
propyl(12Z,15Z)-3-[(9Z,12Z)-octadeca-9,12-dien-1-yl]henicosa-12,15-
dienoate (DMAP-BLP) was used to develop LNPs with GRIN1 siRNA. The
formulation efficiently silenced neuronal gene expression in vitro, while
presenting selective reduction of synaptic NMDAR currents in the brains
of mice following intracranial injection (Rungta et al., 2013). Finally, we
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need to point out two important lipids, ALC-0315, ((4-hydroxybutyl)
azanediyl)bis(hexane-6,1-diyl)bis(2-hexyldecanoate), and SM-102,
Heptadecan-9-yl 8-(2-hydroxyethyl)[6-oxo-6-(undecyloxy)hexyl]amino
octanoate, which are the ionizable lipids used in the formulation of LNPs
for mRNA delivery in the COVID-19 vaccines by Pfizer-BioNTech and
Moderna, vaccines respectively (de Alwis et al., 2021; Sun and Lu,
2023).

3.6.3. Choice of cholesterol
Cholesterol is a naturally occurring component in cell membranes

that contributes to membrane fluidity, stability, and permeability
(Ercole et al., 2015; Raffy and Teissie, 1999; Zhang et al., 2019).
Cholesterol affects the transition temperature and the phase behavior of
lipid layers, which facilitates the release of mRNA from LNPs to the
cytosol (Pilkington et al., 2021). As cholesterol helps to fill the spaces
between phospholipids and increases the rigidity of the lipid mem-
branes, it prevents leakage of the payload from LNPs, while it provides
stability and promotes membrane fusion (Cheng and Lee, 2016; Kim
et al., 2021; Kulkarni et al., 2019). The incorporation of cholesterol in
lipid-based formulations, such as liposomes, reduces surface-bound
proteins and opsonization. This effect improves circulation half-life,
allowing the formulations to remain in circulation for extended pe-
riods and increasing their chances of reaching the target cells (Semple
et al., 1996).

Cholesterol localization within the LNPs appears to depend on fac-
tors, such as the cholesterol’s molecular ratio to other lipids or the type
of ionizable lipid/other lipids. In an interesting study by Kulkarni et al.
(Kulkarni et al., 2018), the authors described how the localization of
cholesterol within the nanoparticles is affected by the solubility of the
molecule in the ionizable lipid oil phase and the interaction with the
helper lipid, in the case of the paper, DSPC. By extension, the molar ratio
of the DSPC and cholesterol, in this case, needs to be considered or
optimized for the proper formation of a complete external surface
monolayer. Excess cholesterol can result in the formation of crystalline
structures by the molecule and subsequent particle instability (Kulkarni
et al., 2018), with similar observations presented by another group
approximately at the same time (Yanez Arteta et al., 2018). Overall, the
cholesterol content in LNP formulations has been predominately at
~37–40 % of total molecular lipid content in multiple LNP formulations
with different ionizable lipids (Ball et al., 2018a; Rungta et al., 2013;
Yamamoto et al., 2015). Both Moderna and Pfizer-BioNTech used
cholesterol in their LNP-based COVID-19 vaccine formulations (Batty
et al., 2021).

Modifications in cholesterol molecules can affect their interactions
with other components of the LNPs, potentially influencing the nano-
particles’ ability to remain stable and/or target specific cells or tissues.
Patel et al. (Patel et al., 2020) explored the role of different cholesterol
analogues on LNPs and suggested that the hydroxyl group’s polarity,
sterol ring’s flexibility to undergo conformational changes, and length of
the alkyl tail in cholesterol are important factors for maintaining high
transfection efficiency. In another research conducted by Paunovska
et al. (Paunovska et al., 2018), the authors adopted six different
cholesterol variants in LNP formulations and concluded that LNPs
formulated with esterified cholesterol derivatives, such as cholesteryl
oleate, demonstrated improved nucleic acid delivery compared to reg-
ular and oxidized cholesterols. Alternatively, oxidative modifications in
the hydrocarbon tail of cholesterol were better tolerated than modifi-
cations in the B cholesterol ring during transfection in vivo, potentially
leading to improved delivery (Paunovska et al., 2019). Eygeris et al.
(Eygeris et al., 2020) studied the impact of different naturally occurring
cholesterol analogues like β-sitosterol, fucosterol, campesterol, stig-
masterol, and Vitamin D2 on mRNA-LNP delivery. They demonstrated
that substituting cholesterol with phytosterols contributed to changes in
morphology, crystallinity, lamellarity, lipid partitioning, thermal
response, and gene transfection with different degrees of variations.
LNPs formulated with β-sitosterol exhibited high lamellarity, fewer

internal defects, and high mRNA transfection capacity in vitro compared
to others. LNPs formulated with vitamin D2 were reported to have high
fragility due to fluidity in the lipid membrane, which prevented effective
crossing through the cell membrane.

3.6.4. Choice of phospholipid
Phospholipids are essential helper lipids in the formation and func-

tionality of LNPs. Phospholipids are amphiphilic molecules that have
hydrophilic and hydrophobic portions. The hydrophilic phosphate-
linked head group can be modified with choline, ethanolamine, or
serine to yield phosphatidylcholine (PC), phosphatidylethanolamine
(PE), and phosphatidylserine (PS), respectively, among others (Nsairat
et al., 2022). Their ability to spontaneously organize into lipid layers,
contribute to endosomal escape, and provide membrane stability makes
them key components in designing effective LNP-based drug or nucleic
acid delivery systems (Eygeris et al., 2022; Granot and Peer, 2017;
Zhang et al., 2021b). Commonly used helper lipids for nucleic acid de-
livery include DSPC, DPPC, HSPC, DOPC, POPC, SOPC, for phosphati-
dylcholines, and DOPE, POPE, SOPE, for phosphatidylethanolamines
(Álvarez-Benedicto et al., 2022; Ball et al., 2018b; Jung et al., 2022;
Semple et al., 2010; Zatsepin et al., 2016; Zuhorn et al., 2005).

Due to their more cylindrical molecular shapes, PCs have an inherent
tendency to adopt a bilayer phase that is beneficial for the formation of
stable lipid bilayers, while the cone shape associated with PE head-
groups and tails promotes a cone shape and inverted hexagonal (HII)
conformation (Li et al., 2015b). Adopting the inverted hexagonal (HII)
phase by lipids in LNPs promotes endosomal membrane destabilization
and fusion, facilitating the release of nucleic acids to the cytoplasm from
endosomes. Using the ionizable lipid DLin-MC3-DMA, DSPC, choles-
terol, and a PEG-lipid, Arteta et al. prepared mRNA-LNPs and evaluated
their structure for different sizes. The authors identified the inverse
hexagonal internal structure while mRNA was present and identified
that DSPC is mainly on the surface of the mRNA-LNPs, with the particle
size and surface composition affecting the protein production following
transfection (Yanez Arteta et al., 2018). The geometrical structures that
lipids assume in an aqueous environment reflects their amphiphilicity,
the conformational positioning of the lipid tails, and their respective
molar ratio in a formulation associated with their “packing parameter”
(Barenholz and Thompson, 1999; Hsu et al., 2005). A helper lipid, such
as DOPE and DSPE that present a packing parameter of >1, can
contribute to the formation of the inverted hexagonal (HII) phase and the
fusion with the endosomal membrane (Eygeris et al., 2022; Mukalel
et al., 2019; Zhang et al., 2023b; Zhang et al., 2021b). However, in
contrast to phosphatidylethanolamine (PE), which favors an inverted
hexagonal (HII) phase, phosphatidylcholines (PC), which would present
a packing parameter closer to 1, have been reported to favor lamellar
structures (Barenholz and Thompson, 1999; Zhang et al., 2021b).
Nonetheless, we need to point out that although the helper lipids,
whether PE or PC, can contribute to the membrane fusion or the form of
the lipid layer, their molar ratio in the formulation and the ionizable
lipid used have a significant impact on the formation of inverted hex-
agonal (HII) phase in LNPs, as well as remind that even though DOPE has
these benefiting properties, like fusogenicity and capacity to favor
inverted hexagonal phase, DSPC has been favored in LNPs-siRNA sys-
tems (Heyes et al., 2005; Kulkarni et al., 2019). Nonetheless, increased
fluidity of DOPE due to the unsaturated lipid tails might enhance
interaction between LNPs and cellular membranes, facilitating inter-
nalization and intracellular release of the payload (Eygeris et al., 2022).

Li et al. (Li et al., 2015a) developed LNP nanoparticles using N1,N3,
N5-tris(2-aminoethyl)benzene-1,3,5-tricarboxamide (TT) lipids. Their
study evaluated how the helper lipid affected the transfection of the
LNPs and compared DOPE, DSPC, and POPE. The researchers found
superior potency of DOPE over DSPC and POPE for mRNA delivery.
Similarly, Cheng Q et al. (Cheng et al., 2018) evaluated mRNA delivery
in vivo using DOPE and DSPC in dendrimer-based LNP formulations.
The authors concluded that DOPE was advantageous in delivering
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nucleic acids.
Interestingly, in an in vivo study comparing identical LNP formula-

tions with either DOPE or DSPC as helper lipids, LNPs formulated with
DOPE preferentially accumulated and exhibited better mRNA delivery
to the liver compared to LNPs formulated with DSPC, which presented
preferential accumulation to the spleen (Zhang et al., 2021a). In a study
utilizing the ionizable lipid DLin-KC2-DMA, the authors evaluated how
the encapsulation efficiency of a siRNA in LNPs is affected while altering
the cationic lipid and PEG-c-DMA molar ratios, but having fixed ratios
for either DSPC or DOPE. The siRNA encapsulation efficiency was
greatly affected by the change of the DSPC to DOPE, whereas DOPE
allowed a consistently high encapsulation efficiency with up to 70 % of
ionizable lipid molar ratio, while the encapsulation efficiently greatly
dropped under similar conditions while using DSPC (Leung et al., 2015).
In their study, Kulkarni et al. (Kulkarni et al., 2017a) compared DSPC to
unsaturated PCs (i.e. SOPC, DOPC) or DOPE in LNPs using the ionizable
lipid Dlin-KC2-DMA. The authors concluded that pDNA-LNPs containing
the unsaturated SOPC and DOPC demonstrated stronger transfection
than LNPs containing DSPC, or DOPE, in HeLa cells in vitro, with DSPC
mostly presenting the lowest transfection, while in vivo studies indi-
cated DOPE to be the most potent for inducing transfection.

DSPC was used in the first FDA-approved RNAi, Patisiran (siRNA-
LNP) formulations, followed by the COVID-19 vaccines mRNA-1273
(Moderna) and BNT162b2 (Pfizer-BioNTech) (Hajiaghapour Asr et al.,
2023; Kulkarni et al., 2019; Zhang et al., 2020b). Hence, the choice of
the helper lipids in the LNP formulation can significantly influence their
physicochemical properties and interactions with biological compo-
nents, affect nucleic acid encapsulation and transfection efficiency.

3.6.5. Choice of the PEGylated lipid
PEGylation involves the attachment of polyethylene glycol (PEG)

chains to molecules, such as drugs, proteins, or nanoparticles to improve
systemic circulation time and reduce immunogenicity. PEG-lipids create
a ‘stealth’ effect by shielding the surface of nanoparticles to limit the
adsorption of serum proteins onto the nanoparticle’s surface and mini-
mize their recognition by the immune system (Hossian et al., 2019;
Labatut and Mattheolabakis, 2018; Mattheolabakis et al., 2014; Suk
et al., 2016). The steric hindrance introduced by the brush-like PEG
molecules from the surface of the nanoparticles can result in prolonged
residence time in the circulation of the nanoparticles, and potential
accumulation to specific tissues, such as tumors, due to the enhanced
permeation and retention effect (EPR) (Lahooti et al., 2023). Similar to
other lipids, PEG-lipids have a hydrophobic portion that is usually made
of alkyl chains, which is integrated into the lipid layer, and a hydrophilic
part that also contains the PEG, which extends from the surface of the
LNPs. While PEGylation enhances circulation time and reduces immune
recognition of nanoparticles, excessive PEGylation might hinder the
efficient interaction of LNPs with target cells, leading to reduced ther-
apeutic effects (Kumar et al., 2014), and fusion of the LNPs with the
endosomal membrane due to steric hindrance, leading to therapeutic
inefficacy (Aldosari et al., 2021; Kulkarni et al., 2019). More impor-
tantly, the PEG-lipids significantly impact LNP formulation and size
(Kulkarni et al., 2019; Samaridou et al., 2020). In two studies by Belli-
veau et al. and Ryals et al., particle size decreases upon PEG lipid content
increase in the formulations (Belliveau et al., 2012; Ryals et al., 2020).

Thus, choosing an appropriate PEG-lipid and PEG-lipid molar con-
tent for a formulation for proper PEG density is crucial for optimizing
the performance of LNPs. In fact, the absence of PEG-lipids may result in
larger or aggregated particles (Lokugamage et al., 2021), whereas as
little as 0.5–2.5 mol% of a PEG-lipid may yield stable and homogeneous
LNPs with around 80 nm (Kulkarni et al., 2019). Mui et al., (Mui et al.,
2013) showed that, by using varying amounts and different types of
PEG-lipids, 1.5 mol% of PEG-C16 and PEG-C18 is optimal for gene
silencing by siRNA-LNPs, while above 3.5 mol% content for any of the
PEG-lipids impaired gene silencing. In their study, Suzuki et al. (Suzuki
et al., 2020) explored the accelerated blood clearance phenomenon

associated with PEGylated lipids. They depicted that the choice of PEG-
lipid and its shedding characteristics influence the immune response.
LNPs with PEG-lipids that shedmore rapidly are associated with reduced
production of anti-PEG IgM antibodies compared to LNPs with PEG-
lipids that shed more slowly. The results indicated that PEG-lipids
with short acyl chain (DMG-PEG) used in the siFVII-DSG-LNP formula-
tion showed greater gene silencing compared to the long acyl chain DSG-
PEG (Suzuki et al., 2020). DMG-C-PEG2000 was used in onpattro siRNA-
LNP (Wahane et al., 2020), while ALC-0159 was the PEGylated lipid
component for Spikevax-and Comirnaty COVID-19 vaccines, respec-
tively (Wang et al., 2023a).

3.6.6. Selection of appropriate molar ratio of lipid components
Apart from selecting the appropriate lipid combination, finding the

proper mixing ratio, i.e., the molar ratio among the lipid components, is
necessary. Current lipid-based RNA delivery systems, such as LNPs have
drawn inspiration from conventional liposomal systems, notably the
Doxil formulation, which was the first FDA-approved nanomedicine
(Barenholz, 2012). Earlier liposomal formulations were primarily
composed of higher cholesterol and phospholipid contents, such as
HSPC: Cholesterol: PEG 2000-DSPE at 56:39:5 M ratio or without
PEGylated lipid, with EPC: Cholesterol at 55:45 M ratio (Bulbake et al.,
2017; Chang and Yeh, 2012). However, LNP formulations differ, as the
ionizable/cationic lipid is the major component, along with the phos-
pholipid, cholesterol, and the PEG-lipid. The portion of the ionizable and
cationic lipids relative to the total lipids in the formulation is approxi-
mately 30–50 %, whereas cholesterol, phospholipid and PEGylated lipid
stand at 20–50 %, 10–20 % and 0.5–5 %, respectively (Eygeris et al.,
2022; Sun and Lu, 2023). Of note, the lipid mixture is usually prepared
in ethanol. Although there is a difference in the selection of the indi-
vidual lipid components, for example, choosing different ionizable and
PEG lipid, there are commonalities in the lipid formulations of several
mRNA-based COVID-19 vaccines (specifically BNT162b2 by BioNTech/
Pfizer and mRNA-1273 by Moderna) and the first-ever approved siRNA-
LNP therapeutic, Onpattro. Both mRNA-1273 vaccine and Onpattro
used a molar ratio of 50:10:38.5:1.5 mol% for the lipid components (i.e.,
ionizable lipid: Cholesterol: helper lipid: PEG-lipid), while BNT162b2
used a 46.3:42.7:9.4:1.6 ratio (Kon et al., 2022). The lipid formulations
of these therapeutics have similarities regarding the presence of tertiary
amine groups in the ionizable lipids (Mendonça et al., 2023; Suzuki and
Ishihara, 2021; Verbeke et al., 2021; Zhang et al., 2023a). Across several
research papers, similar molar ratios of approximately 50:10:38.5:1.5
have been maintained for developing LNPs (Carrasco et al., 2021;
Chander et al., 2023; Ge et al., 2020; Gyanani and Goswami, 2023;
Jayaraman et al., 2012; Kauffman et al., 2015a; Whitehead et al., 2014).
Nonetheless, the proper ratio might need to be evaluated ad-hoc in
different settings, which necessitates optimization of these parameters
across different mRNA and siRNA-LNP formulations for efficient nucleic
acid delivery.

Certain properties, such as RNA encapsulation capacity, depend on
the LNP preparation. For example, Ball et al. (Ball et al., 2018b) pre-
pared five different formulations with varying all lipids’ content, for the
co-delivery of an siRNA and an mRNA. They found that a composition
ionizable lipid: DSPC: DOPE: Cholesterol: C14-PEG at
38.8:3.6:10.9:44.5:2.25 mol%, which was in between the two tested
extreme conditions of i) ionizable lipid: DSPC: DOPE: Cholesterol: C14-
PEG at 35:0:16:46.5:2.5 mol% and ii) ionizable lipid: DSPC: DOPE:
Cholesterol: C14-PEG 50:10:38.5:0:1.5 mol%, was the optimal for all
tested applications, such as silencing, gene expression, size and
entrapment. They observed that decreasing the ionizable lipid content,
while increasing the cholesterol, helper lipid, and PEG-lipid contents
promoted RNA encapsulation and gene delivery overall (Ball et al.,
2018b). In another study, Sago et al. (Sago et al., 2018) compared LNPs
and found the two best-performing LNPs having a molar ratio of 7C1:
cholesterol:C14-PEG2000:18:1 Lyso PC at 50:23.5:6.5:20 and 7C1:
cholesterol:C14-PEG2000:DOPE at 60:10:25:5, which is an indication
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that LNP formulations not only need to be optimized in terms of their
lipids (here, helper lipid), but also for the respective molecular ratio/
content. Similarly, Lam et al. (Lam et al., 2023) showed that altering the
PEG-lipid content, from 1.6 % to 2.8 %, increased gene expression in
vivo, while further PEG-lipid increase brought diminishing results.
Roces et al. (Roces et al., 2020) successfully prepared LNPs using
different cationic/ionizable lipids, namely DOTAP, DDAB and DLin-
MC3-DMA at various molar ratios, to identify the optimal conditions
for the preparation of the LNPs. In another study, Prakash et al. (Prakash
et al., 2013) formulated LNPs at a molar ratio of 57.5:7.5:31.5:3.5 using
DLin-KC2-DMA: DSPC: cholesterol: DMG-PEG to deliver single-stranded
siRNA to mouse livers. All these studies are representative examples of
how the optimization process for choosing lipids and their respective
molar ratios is a necessary step during LNP formulations.

3.6.7. Selection of aqueous buffer/lipids for RNA and Nitrogen to
Phosphate (N/P) ratio

The manufacturing process for LNPs involves using ethanol as a
solvent for cationic/ionizable lipids, phospholipids, cholesterol, and
PEG-lipids to form the lipid phase. This phase is subsequently mixed
with a low-pH aqueous solution of the nucleic acids (Webb et al., 2022).
As we focus on LNPs and ionizable lipids, which appear to be the most
commonly studied, we will describe procedures associated with ioniz-
able lipids. Selection of an appropriate buffer and pH is important for the
protonation of an ionizable lipid. Across the literature, three buffers
have been most commonly studied for the dissolution of nucleic acids.
Briefly, representative examples include 1–100 mM citrate buffer at pH
3–6 (Alabi et al., 2013; Álvarez-Benedicto et al., 2022; Billingsley et al.,
2020; Geall et al., 2012; Larson et al., 2022; Naderi Sohi et al., 2021;
Patel et al., 2017; Prakash et al., 2013; Zhang et al., 2021a), 20–50 mM
acetate buffer at pH 4–6 (Belliveau et al., 2012; Carrasco et al., 2021;
Hassett et al., 2019; Jürgens et al., 2023) or 20 mM malic acid buffer at
pH 3 (Tanaka et al., 2021) have been used for LNP preparation. Malic
acid buffer at pH 3 has been proposed for encapsulating DNA molecules,
while the citrate buffer at pH 4.5 is proposed for mRNA encapsulation,
as a lower pH may lead to mRNA degradation (Bailey-Hytholt et al.,
2021).

Optimizing the appropriate ratio between the ionizable lipid and
RNA is crucial. The Nitrogen to Phosphate (N/P) ratio indicates the ratio
between the positively charged lipids and the negatively charged nucleic
acid molecules during LNP formation. Simply stated, it reflects the
balance of positive and negative charges in the LNPs. Achieving an
optimal N/P ratio is critical for ensuring effective complexation, sta-
bility, and delivery of nucleic acids. For example, Hassett et al. (Hassett
et al., 2019) used for their formulation an N/P ratio of 5.67 to prepare
mRNA-LNPs, while Jürgens et al. (Jürgens et al., 2023) used N/P ratio of
3 for siRNA and N/P ratio of 6 for mRNA to formulate the respective
LNPs in their study. In an interesting study by Carrasco et al. (Carrasco
et al., 2021), the authors prepared a series of LNPs with varying N/P
ratios from 2 to 16, while fixing the molar lipid ratio at 50:10:38.5:1.5
(KC2: DSPC: Cholesterol: DMG-PEG). They found a decrease of mRNA
encapsulation efficiency from 80 to 40 % while lowering the N/P ratio
from 8 to 2. They also described that adjusting the N/P ratio affects the
size of the LNPs and, by extension, the number of mRNA copies they can
accommodate (Carrasco et al., 2021). In other study, Ball et al. (Ball
et al., 2018b) used N/P ratio 8.4 for LNP-mediated siRNA and mRNA
codelivery, while Roces et al. (Roces et al., 2020) in their study prepared
mRNA -LNP with N/P ratio 8. Philipp et al. (Philipp et al., 2023) for
mRNA-LNP preparation used N/P of 3, whereas 7.5 was optimal for
Sanghani et al. (Sanghani et al., 2021) for siRNA-LNP. In a different
study, Chen et al. (Chen et al., 2016a) concluded that increasing the N/P
ratio from 2 to 12, a progressive improvement in potency occurred up to
N/P of 6, beyond which there was little additional improvement.
Finally, the N/P ratio of BNT162B2 (Pfizer) and mRNA-1273 (Moderna)
vaccines has been estimated at 6, where for siRNA-LNP (Onpattro), the
N/P has been reported at 3 (Schoenmaker et al., 2021b).

Alternatively, many researchers focus on RNA to ionizable lipid w/w
ratio instead of N/P ratio. For single amine lipids, such as DOTAP, DLin-
MC3-DMA or SM-102 and ALC-0315, the N/P ratio changes correspond
to 1:1 proportional change to lipid:nucleic acid weight changes. Atten-
tion must only be paid for lipids with more than one amine, such as
DOGS and DOSPA, or dendrimers, such as PAMAM. The lipid formula-
tions of both Pfizer andModerna mRNA COVID-19 vaccines used RNA to
ionizable lipid w/w ratio of ~0.05 (Verbeke et al., 2021). However,
different studies show that the RNA-to-ionizable lipid w/w ratio varies
from 0.04 to 0.2, considering individual lab optimization processes
(Alabi et al., 2013; Belliveau et al., 2012; Kauffman et al., 2015a; Kumar
et al., 2014; Whitehead et al., 2014). Hence, the choice of N/P ratio or
RNA to ionizable lipid ratio (w/w) depends on various factors, including
the specific properties of the lipids used or the structure of the RNA, and
the desired characteristics of the resulting nanoparticles. Not surpris-
ingly, and as can be seen from the examples above, researchers resort to
optimizing each new formulation of LNPs and often experiment with
different ratios to optimize the performance of the respective
applications.

3.6.8. Manufacturing considerations of RNA delivery via lipid-based
formulations

3.6.8.1. Thin film hydration. The thin film hydration method is one of
the most commonly used approaches in the development of liposomes,
and has been a methodology used for the development of cationic li-
posomes, while it has been less commonly utilized for the production of
LNPs (Mattheolabakis et al., 2012; Wang et al., 2023b). The method
relies on the development of a thin lipid film during evaporation of a
volatile organic solvent, such as ethanol or chloroform, in which under
hydration, the lipids detach from the solid phase and re-assemble into a
liposomal structure, frequently multi-lamellar structures of microsized
dimensions (Pattni et al., 2015). Subsequently, the particles are reduced
in size via extrusion through membranes with specific pore sizes or
sonication to produce unilameral vesicles in the nanometer dimensions
(Vogelaar et al., 2023). Cationic lipids can substitute negatively charged
lipids for the development of cationic liposomes. In traditional lipo-
somal formulations, the drug encapsulation usually occurs during the
hydration step, using a solution of the drug, which commonly results in
lower encapsulation or post-loading or remote-loading based on pH
gradient-dependent drug loading (Nambiar et al., 2024). In cationic li-
posomes, the cationic lipids are located on the lipid bilayer, including
the surface, which allows the complexation of the cationic liposomes
with nucleic acids to occur during hydration or after their formation.
The drawback of this is that the nucleic acids may remain on the surface
of the liposomes (Haghiralsadat et al., 2018; Luiz et al., 2022; Zhang
et al., 2006), or the complexation between liposomes and nucleic acids
can lead to aggregation and size increase at certain nucleic acid-to-lipid
ratios (Pires et al., 1999), as well as present challenges in upscaling or
reproducibility (McKenzie et al., 2023; Vogelaar et al., 2023).

3.6.8.2. Ethanol injection. The ethanol injection method has also been a
commonly used technique for liposomal preparations. The original
methodology has been adapted for the preparation of lipid nano-
particles. Focusing on ionizable lipids, the approach relies on the
mixture under intensive stirring of an organic solvent that contains the
lipids and a low pH buffer solution of the nucleic acids in excess. The
miscible organic phase disperses in the aqueous phase rapidly due to
intense stirring, causing the formation of lipid nanoparticles, where the
ionized lipids complex with the nucleic acids and are entrapped inside
the nanoparticles (Wagner et al., 2002).

For example, Khare et al. (Khare et al., 2021) prepared siRNA- LNP
based on dropwise mixing of a lipid phase into a 10 mM citrate buffer
pH 4. Though this methodology can directly lead to the formulation of
nano-sized carriers and represents a simple and straightforward
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methodology, the reproducibility, scalability, and encapsulation effi-
ciency are of concern.

3.6.8.3. T-Junction method. As an alternative approach to ethanol in-
jection, the T-junction mixing method is a frequently used method to
leverage controlled and more precise mixing of the alcoholic and buffer
solutions with the help of pumps. With two inlet channels in a T-shaped
mixer, each carrying a different liquid component, such as the ethanolic
solution of the lipids and the low pH buffer solution with the nucleic
acids, the chaotic and turbulent flow at the T-junction, where the two
flows meet, facilitates rapid and thorough mixing of the two liquids and
yielding lipid nanoparticles in the outlet (Jürgens et al., 2023; Li and Xu,
2023). Though this technique can achieve efficient encapsulation of
nucleic acids in LNPs, frequently at or above 90 % encapsulation, larger
particle size has also been reported compared to the methods described
below. Furthermore, a higher flow rate is required to achieve proper
mixing, which may not be convenient in a laboratory setup (Jürgens
et al., 2023; Leung et al., 2014), affecting the size and polydispersity
index of the produced formulations (Jürgens et al., 2023; Kulkarni et al.,
2017b). Representatively, Crawford et al. (Crawford et al., 2011) pre-
pared siRNA-LNP with an average particle size ranging from 63.3 nm to
120.1 nm, using T-junction mixing. Goswami et al. (Goswami et al.,
2019) prepared LNP with the range of ~140–155 nm and up to 88 %
encapsulation efficiency for the delivery of self-amplifying mRNA in
mannosylated LNPs. In a different study, Lazzaro et al. (Lazzaro et al.,
2015) adopted T-junction mixing to prepare mRNA-LNPs, which were
then delivered to CD8 T-cells to evaluate immune responses against the
encoded antigen. Finally, Kumar et al. and Abrams et al. used T-junction
mixing for preparing LNPs using the ionizable lipids DLin-MC3-DMA
and CLinDMA, respectively (Abrams et al., 2010; Kumar et al., 2014).

3.6.8.4. Microfluidic mixing. Microfluidic devices and technologies
have gained attention for their role in producing LNPs. Microfluidic-
based mixing provides precise control and improved mixing, resulting
in smaller particle sizes with increased homogeneity in the particle sizes
and consistent encapsulation efficiencies with reduced batch-to-batch
variability. While initially developed for small-scale production of
LNPs, microfluidic systems can be designed for scale-up, making them
suitable for both research and potential industrial applications (Bezelya
et al., 2023; Liu et al., 2019; Maeki et al., 2022; Thomas et al., 2018).
The microfluidic architectures are designed in such a way that two so-
lutions are mixed within the device under controlled conditions to
generate LNPs. Similarly to the T-junction, one inlet of the microfluidic
device is connected to a pumping system to deliver the lipid components
dissolved in ethanol, while the other inlet is connected to the low pH
buffer solution of the nucleic acids, most commonly RNA (Menon et al.,
2022). During LNP preparation, the flow rate ratio (FRR) of mixing
between the lipid and nucleic acid solutions is crucial for the final LNP
characteristics and their particle size, with different studies utilizing
FRR values that span between 1:1 and 5:1 (aqueous to lipid solution
mix), but mostly commonly utilizing the ratio of 3:1 (Belliveau et al.,
2012; Billingsley et al., 2020; Hassett et al., 2019; Jürgens et al., 2023;
Roces et al., 2020; Walsh et al., 2014; Zhang et al., 2023a).

Types of microfluidic chips that can be used for mixing and subse-
quent nanoparticle formation include T type, Y type, serpentine, toroidal
mixer, and staggered herringbone micromixer (SHM) (Belliveau et al.,
2012; Chen et al., 2016b; Mendonça et al., 2023). In T- and Y-shaped
microfluidic systems, the lipid and buffer solutions come into contact at
a liquid-liquid interface within the microfluidic device, allowing
controlled and gradual formation of LNPs at the liquid-liquid interface.
Slow ethanol dilution is a characteristic feature of this method compared
to other approaches, impacting the final size of the LNPs produced. In-
jection in both inlets is usually facilitated by pumps (Maeki et al., 2022;
Mendonça et al., 2023). In contrast, the design of a serpentine micro-
fluidic device is specifically tailored to enhance mixing. Chaotic

convection is generated within the device, contributing to increased
uniformity in the resulting nanoparticles (Niculescu et al., 2022).
Alternatively, a sheath-flow-type microfluidic device design allows for a
controlled and well-defined flow environment and strong ethanol-buffer
mixing (Hood and DeVoe, 2015; Jahn et al., 2004), which may yield
better particles than Y- or T-type devices.

On the other hand, the SHM microfluidic chip’s unique pattern of V-
shaped ridges promotes efficient mixing, enhances substance diffusion,
and facilitates rapid and uniform reactions, making them well-suited for
applications such as the production of LNPs (Hama et al., 2018). Li et al.
(Li et al., 2017) compared two methods for forming transferrin-
conjugated lipid nanoparticles (Tf-LNPs): a single-step microfluidic
process and a conventional multi-step batch mixing method. Results
suggested that microfluidic-formed LNPs were more effective than the
multi-step one in delivering siRNA to tumor sites. Belliveau et al.
(Belliveau et al., 2012) prepared siRNA-LNPs using SHM and observed
that at higher flow rates, the PDI and size of siRNA-LNP decreased.

Several studies have portrayed the advantageous role of microfluidic
mixing techniques (Fig. 3) for the development of LNPs, with several
innovative designs of microfluidic systems being evaluated to improve
the mixing and/or dilution of the lipid and nucleic acid solutions while
achieving strong encapsulation efficiency and transfection (Billingsley
et al., 2020; Chen et al., 2012; Chen et al., 2014; Fenton et al., 2017;
Kauffman et al., 2015a; Leung et al., 2012; Philipp et al., 2023; Shepherd
et al., 2021). For example, Chen at el. (Chen et al., 2012) prepared
siRNA-LNPs with 90 % gene silencing in vivo using a microfluidic device
created using PDMS and soft lithography, where the nucleic acid solu-
tion was initially mixed with the lipid solution and subsequently diluted
with a buffer solution.

While the herringbone design and similar advanced mixing geome-
tries in microfluidic systems are highly effective for controlled and
efficient mixing, there are challenges when scaling up to commercial
production with high-throughput requirements. One benefit of the
microfluidic systems is their ability to be utilized in parallel, compared
to previous methodologies, which can streamline their upscaling,
although relatively slow flow rates are still necessitated in a reliable and
reproducible manner per microfluidic chip. Significant efforts on
microfluidic designs take place with the focus on improving these as-
pects. Among them, toroidal mixers have been demonstrated to be a
promising technology to overcome these limitations. The circular flow
pattern created within the tori helps to thoroughly blend and homoge-
nize the components (Webb et al., 2020). Similarly, microfluidic plat-
forms, i.e., systems designed to utilize the microfluid chips, are
developed and are often equipped with computer-controlled pump
systems that regulate the flow and mixture rate of solutions. Such ex-
amples include the NanoAssemblr benchtop systems by precision
nanosystems, which allow precise adjustment of parameters, such as
flow rates, concentrations, and reaction times (Prakash et al., 2022).
Hence, such automated microfluidic systems are increasingly exploited
for LNP preparations (Carrasco et al., 2021; Robinson et al., 2018;
Sebastiani et al., 2021). Overall, using microfluidics in LNP preparations
offered significant advantages in particle size control, homogeneity, and
reproducibility for subsequent in vitro and in vivo evaluations.

In Table 1, we summarize the primary characteristics that are being
evaluated during the preparation of the LNP nanoparticles and include
representative examples for each category.

After the preparation of LNPs, qualitative and quantitative tests
should be conducted to ensure that LNPs meet the desired encapsulation
efficiency, stability, and integrity of RNA. In Table 2, representative
characterization methods for LNPs are presented.

3.6.9. Stability and storage of RNA-LNPs
As RNA molecules are prone to degradation, LNP preparation and

long-term storage are crucial for successful internalization and func-
tionality. Chemical modifications of siRNAs with phosphorothioate
substitution, 2′ -O-methylation and fluorination (Choung et al., 2006), as
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modification of 5′ cap and 3′poly-A tail in mRNA enhances their stability
as well as their therapeutic efficiency (Kim et al., 2022; Shrestha et al.,
2023). Encapsulation of such RNA payload inside LNPs ensures further
protection from nuclease degradation. However, it does not guarantee
long-term stability during storage and handling. Although there are
commonalities in the LNP preparations among LNPs in Onpattro and the
Moderna or Pfizer COVID-19 vaccines, there are differences in their
shelf-life and storage conditions. Onpattro is stable for 3 years at 2–8 ◦C,
whereas the Pfizer COVID-19 vaccine requires − 80 to − 60 ◦C to remain
stable for few months (Schoenmaker et al., 2021b). In a study by Ball
et al. (Ball et al., 2017), the authors prepared siRNA -LNPs using the
lipidoid 306O13, and they studied the impact of pH (3, 7.4, 9) and
temperature (− 20, 2 and 25 ◦C) on LNPs. It was determined that when
stored at the low temperature of 2 ◦C, LNPs remained stable for the
longest period, at least 150 days, while the pH did not affect the for-
mulation’s stability. It has also been reported that preserving mRNA-
LNP at − 80 ◦C without a cryoprotectant decreases gene expression

due to possible particle aggregation, while other external factors, such as
vibrations and light, may also contribute to this outcome (Kamiya et al.,
2022). Thus, to improve on LNP stability during storage without
lyophilization, proper excipient selection, including the buffering
agents, osmolytes and cryoprotectant, can minimize the degradation of
the payload (Muralidhara et al., 2016; Schoenmaker et al., 2021b).

In contrast, lyophilization of suspensions has been explored to
potentially prolong the stability of nanoparticles (Gatto and Najahi-
Missaoui, 2023). Interestingly, Zhao et al. (Zhao et al., 2020) demon-
strated that adding 20 % (w/v) sucrose or trehalose may stabilize
nanoparticles’ size and mRNA delivery efficiency in vitro, but the
lyophilized nanoparticles did not exhibit efficiency in vivo. They
concluded that adding 5 % (w/v) sucrose or trehalose may be optimal
for long-term storage of mRNA in lipid-like nanoparticles in liquid ni-
trogen. In another study, Kim et al. (Kim et al., 2023) suggested that
storing LNPs at − 20 ◦C in phosphate-buffered saline (PBS) with 10 %

Fig. 3. LNP formulation using microfluidic setups involves pump systems for regulating the flow of ethanolic and aqueous solutions for mixing in the microfluidic
chip. (a) Representative formulation setup for LNPs; (b) Representative microfluidic chips used for mixing the two solutions and producing the LNPs. The image was
created with BioRender.com

Table 1
Preparation variables and materials for LNPs.

Features of LNP
preparation

Representative Examples

1. Lipids
Cationic/ionizable lipid DOTAP, DODAB, DLin-MC3-DMA, C12–200, DLin-

KC2, DMA, ALC-0315, SM-102, L319
Cholesterol Cholesterol, β-sitosterol
Helper lipids
(Phospholipids)

DSPC, DOPE, DOPC, DSPE

PEGylated lipid DMG-PEG, DSG-PEG, DMG-C-PEG2000, ALC-0159
2. Molar ratio of lipids Typically, molar ratio of lipids (Cationic/ionizable

lipid: Cholesterol: Phospholipid: PEG lipid) ranges
from 30 to 50 %: 20–50 %:10–20 %: 0.5–5 %

3. Nitrogen to phosphate
(N/P) ratio

N/P ratio can vary from 2 to 16

4. Aqueous buffer Sodium acetate, Sodium citrate and Malic acid buffer.
pH 3–6.

5. Mixing pattern Hand mixing, T junction method, Microfluidic mixing.
6. Flow rate Total flow rate changes from 0.5 to 20 (ml/min)

whereas flow rate ratio be 1:1 to 1:5 (lipid to aqueous).

Table 2
Methods for LNP characterization.

Characterization
criteria of LNPs

Implications Assay methods

Particle size To determine size of
nanoparticles

Dynamic light scattering
(DLS)

Polydispersity index
(PDI)

To assess homogeneity and
size distribution

Zeta potential Gives idea about surface
charge of nanoparticles

Morphology &
structure

To evaluate structural
characteristics on the LNPs

Cryogenic transmission
electron microscopy (Cryo-
TEM), SAXS (small -angle x-
ray scattering)

Encapsulation% To quantify the payload
inside LNPs.

Ribogreen/Picogreen assay

Integrity of the
payload

To detect stability and
integrity of entrapped
nucleic acid, following
encapsulation

Gel electrophoresis

Gene expression
efficiency

Indicates effectiveness of
LNP to deliver payload

In vitro/in vivo transfection
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sucrose effectively maintains LNPs stability and in vivo potency for one
month. For reference, both Moderna and Pfizer COVID-19 vaccines
included sucrose in their formulations (Schoenmaker et al., 2021b).
Hence, a proper understanding of these factors helps establish optimal
storage conditions for preserving the integrity of LNPs and their loads,
ensuring that therapeutic efficacy is maintained throughout their shelf
life.

4. Clinical trials on RNA-LNP drug candidates

The number of clinical trials using LNP formulations is rapidly
increasing, with applications based on administering RNAs against a
plethora of diseases, including the respiratory syncytial virus, SARS-
CoV-2, influenza virus, Zika virus, among others, and life-threatening
genetic disorders, such as cancer. Pioneering the LNP-encapsulated
formulation of siRNA against Transthyretin-mediated amyloidosis,
Alnylam Pharmaceutics successfully developed a first-of-its-kind
Onpattro that marked the advent of RNA delivery through LNPs
(Adams et al., 2018). The LNP composition comprised of
(6Z,9Z,28Z,31Z)-hepatatriaconta-6,9,28,31-tetraen-19-yl-4(dimethyla-
minio)-butanoate (DLin-MC3-DMA) lipid, DSPC, cholesterol and PEG-
DMG (Hald Albertsen et al., 2022). This drug first entered its clinical
trial phase in 2010 and received FDA approval in 2020. This marked the
advent of the new era of nucleic acid delivery through LNPs. The sig-
nificance of LNP formulations for nucleic acid was further accentuated
during the COVID-19 pandemic when the search for appropriate drug
delivery carriers for nucleic acid therapeutics increased. Another
breakthrough for LNP-encapsulated mRNA vaccines was during the
global pandemic of SARS-CoV2, when Moderna and BioNTech/Pfizer
resorted to lipid nanoparticles as carrier to successfully deliver mRNA
against the COVID-19 virus (Polack et al., 2020a; Sahly et al., 2021).

In August 2021, the FDA approved the groundbreaking BNT162b2
COVID-19 vaccine by BioNTech/Pfizer known now as Comirnaty (Lamb,
2021). The LNP formulation was comprised of a proprietary ionizable
cationic lipid ((4-hydroxybutyl)azanediyl)bis(hexane-6,1-diyl)bis(2-
hexyl decanoate), DSPC, cholesterol and PEG-lipid (Shi et al., 2022). In
January 2022, Moderna’s Spikevax also received the FDA’s Emergency
Use Authorization (EUA) within one year during the COVID-19
pandemic. Spikevax consists of mRNA-1273 encapsulated with LNP
formulated with SM-102 (ionizable lipid), proprietary helper lipids,
cholesterol, DSPC, and PEG2000-DMG (Shi et al., 2022).

Similarly, LNP-encapsulated mRNA-1345 which encodes for pre-
fusion F glycoprotein was administered prophylactically against respi-
ratory syncytial virus infection (Wilson et al., 2023). Currently, it is
undergoing a Phase 2/3 randomized study in adults ≥60 years of age
(NCT05127434), to assess its safety and tolerability. Additionally, a
Phase 3 clinical trial for LNP-mRNA-1345 co-administered with a
quadrivalent influenza vaccine (Afluria® Quadrivalent; NCT05330975)
in adults above 50 years old is also underway. The mRNA-1010 LNP
vaccine against seasonal influenza A (H1N1/H3N2) and influenza B
(Yamagata- and Victoria lineages) was evaluated in clinical trials
(NCT04956575) and demonstrated no vaccine-related serious adverse
effects or deaths while eliciting a potent immune response
(Ananworanich et al., 2024; Lee et al., 2023a). mRNA-1647 LNP vaccine
against cytomegalovirus (CMV), known as CMVictory, is undergoing
Phase 3 study (NCT05085366) in women of childbearing age. In a
previous clinical study (Phase 2), the vaccine demonstrated safety,
tolerability, and immunogenic responses in both CMV -seropositive and
-seronegative populations (Panther et al., 2023). Similarly, some other
ongoing clinical studies on mRNA-LNP drug candidates for other in-
fectious diseases are mRNA-1893 (Phase 2, NCT04917861) against Zika
virus, mRNA-1215 (Phase 1, NCT05398796) against Nipah virus, H1ssF-
3928 (Phase 1, NCT05755620) against influenza, mRNA-1189 (Phase 1,
NCT05164094) against Epstein Virus, among others.

Additionally, LNP-encapsulated mRNAs are under clinical trials
against various cancer types. For instance, mRNA-2752 encodes OX40L

T-cell co-stimulator, IL-23, and IL36γ proinflammatory cytokines and is
undergoing Phase I clinical study against relapsed or refractory solid
tumor (NCT03739931) (Deng et al., 2022; Manish et al., 2021). Simi-
larly, mRNA-4157 (V940) in combination with Pembrolizumab
(NCT03897881) is currently in phase 2 clinical study for treatment
against melanoma (Weber et al., 2024). Some other examples of mRNA-
LNP drug candidates in clinical studies for cancer treatments are
MEDI1191 (Phase 1, NCT03946800), SAR441000 (Phase 1,
NCT03871348), mRNA-2416 (Phase 1/2, NCT03323398), mRNA-5671
(Phase 1, NCT03948763), NCI-4650 (Phase 1/2, NCT03480152),
among others. Similarly, mRNA-LNP vaccines targeting genetic disor-
ders also include the mRNA-3704 (NCT03810690) and mRNA-3705
(NCT05295433) against methylmalonic acidemia, mRNA-3927
(NCT05130437) against propionic acidemia, MRT5201
(NCT03767270) and ARCT-810 (NCT04442347) against ornothine
transcarbylase deficiency, and MRT5005 (NCT03375047) against cystic
fibrosis, among others. The LNP-encapsulated mRNA-0184 is undergo-
ing phase 1 clinical trial (NCT05659264) as a novel investigational
mRNA drug candidate to treat chronic heart failure.

In different approaches, Intellia Therapeutics has developed the very
first CRISPR/CAS9 single guide (sg)RNA encapsulated LNP, NTLA-2001
(NCT04601051) against transthyretin (hATTR)-amyloidosis (Gillmore
et al., 2021; Lee et al., 2023b). Similarly, for drug candidate develop-
ment, Verve Therapeutics’ VERVE-102 encapsulated CRISPR-Cas9 guide
RNA targeting PCSK-9 gene in LNPs for evaluation in a Phase 1 trial
(NCT06164730). siRNA-LNPs are also gaining momentum in the treat-
ment of various cancer types. Briefly, NBF-006 (NCT03819387) are
LNPs with encapsulated siRNAs against glutathione S-transferase Pi
(GSTP) and evaluated in its Phase 1 clinical study against colorectal
cancer (Xie and Wang, 2022).

In Table 3, we present past and on-going clinical trials of LNPs as a
carrier system for mRNA, siRNA, and sgRNA against various diseases. It
is evident that LNPs are a sought-after lipid-based, non-viral delivery
carrier system for effective RNA delivery that has found extensive
applicability.

5. Future perspectives

LNPs have emerged as promising tools for the delivery of RNA
products and have attracted significant attention in recent years in
preclinical and clinical studies. Not surprisingly, the intensive research
taking place focuses not only on the applications that the LNPs permit, i.
e., the use of siRNAs or mRNAs vs. different disease types, but also on the
LNPs themselves. For example, research on ionizable lipids produced the
most popular lipid, DLin-MC3-DMA. Further research will provide
additional insights on improving transfection efficiency across different
types of cells, including types of nucleic acids, i.e., plasmid vs RNA. For
example, as mentioned above, modification in the head group influ-
enced transfection efficiency in Kupffer cells and spleen macrophages,
and demonstrated how the helper lipid could influence the fate of the
LNPs (Ni et al., 2022; Zhang et al., 2021a). Thus, the type of cell tar-
geting, tissue accumulation or immune responses can potentially be
affected or regulated by the ionizable lipid and the LNP composition,
which indicates further research could potentially provide important
information. Another consideration is the safety of LNPs. Though efforts
in the evaluation of the biocompatibility and biodegradability of the
ionizable lipids and the other components take place, work remains to
ensure that there are minimal or non-existent side effects, especially if
taken into consideration that these particles are intended for the de-
livery of nucleic acids, the building blocks of life. Nonetheless, there
should be an underlying understanding that the nucleic acid delivered
with LNPs are prominently mRNAs or siRNAs, which do not associate
with genomic changes. Finally, it should be noted that long-term sta-
bility of LNPs and their ability to freeze-dry consists of another research
area that should or could be addressed in the years to come. The COVID-
19 vaccines and the concerns about their proper shipping and storage
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Table 3
Summary of ongoing or completed clinical trials utilizing LNPs. Formulation information is provided anywhere possible. Additional sources used in the construction of this table: https://clinicaltrials.gov; https://classic.
clinicaltrials.gov; https://www.cdek.liu.edu. N/A: Formulation information not found, or any information identified were not peer-reviewed and not included.

Nuclei Acid Candidate Clinical Trial
study ID (NCT)

Phase Formulation/Description Lipid Composition Disease/Conditions Route of
Administration

Ref. Sponsor Status

mRNA-LNP
Cancer

mRNA-2752/ Durvalumab NCT03739931 Phase 1
(2018–2026)

Novel mRNA-based
therapeutic

agent encoding OX40L T cell
co-stimulator, IL-23 and IL-

36γ
pro-inflammatory cytokines

DLin-MC3-DMA,
DSPC, Cholesterol,
DSPE-PEG2000

Relapsed/refractory solid
tumor malignancies or

lymphoma
Intratumoral

(Deng et al., 2022;
Manish et al.,

2021)
ModernaTX, Inc. Active, Not

Recruiting

MEDI1191/Durvalumab NCT03946800
Phase 1

(2019–2023)

LNP formulation therapy of
IL-12 mRNA to induce a
potent TH1-mediated anti-

tumor response

N/A Solid Tumors
Intratumoral/

IV
(Hamid et al.,

2021)
MediImmune LLC Completed

mRNA-4157/Pembrolizumab
NCT03313778

NCT03897881

Phase 1
(2017–2025)

Phase 2
(2019–2029)

LNP-encapsulated mRNA-
4157 that encodes 34

different patient-specific
neoantigens in combination

with Pembrolizumab

N/A

Solid tumors including
melanoma, bladder
carcinoma, HPV-neg
HNSCC, NSCLC, SCLC,
MSI-high, TMB-high

cancers

IM/IV
(Burris et al., 2019;
Julie et al., 2020;
Weber et al., 2024)

ModernaTX, Inc. Recruiting

SAR441000 NCT03871348 Phase 1
(2019–2024)

A mixture of four mRNAs
encoding IL-12sc, IFN-α-2b,
GM-CSF and IL-15sushi as

monotherapy and in
combination with

cemiplimab

N/A Advanced solid tumors Intratumoral/
IV

(Oliver et al., 2020) Sanofi Active, Not
recruiting

mRNA-2416 NCT03323398
Phase1/2

(2017-2021)

LNP-encapsulated mRNA
encoding human OX40L

alone or in combination with
Duvulamab

N/A

Relapsed/Refractory
Solid Tumor

Malignancies or
Lymphoma and Ovarian

Cancer

Intratumoral
(Jimeno et al.,

2020) ModernaTX, Inc. Terminated

mRNA-5671/V941 and
Pembrolizumab

NCT03948763 Phase 1
(2019–2022)

LNP-encapsulated mRNA-
5671 that encodes for most
common KRAS substitutions
(G12d, G12V, G13D, G12C)

either alone or in
combination with
Pembrolizumab

N/A Neoplasms IM/IV (Barbier et al.,
2022)

Merck Sharp &
Dohme LLC

Completed

NCI-4650 NCT03480152
Phase 1/2

(2018–2019)

A mRNA based personalized
cancer vaccine that targets
up to 15 tumor-associated

antigens

N/A

Melanoma, Colon Cancer,
Gastrointestinal Cancer,
Genitourinary cancer,
hepatocellular cancer

IM (Cafri et al., 2020)
National Cancer

Institute Terminated

Cardiovascular disease

mRNA-0184 NCT05659264
Phase 1

(2022–2025)

LNP-encapsulated mRNA-
0184 that encodes for relaxin

hormone
N/A Chronic Heart Failure IV

(Soroudi et al.,
2024) ModernaTX, Inc. Recruiting

Viral diseases/Influenza

mRNA-1345/
Afluria®Quadrivalent/mRNA-

1273.214
NCT05330975

Phase 3
(2022–2024)

mRNA-1345 co-administered
with seasonal influenza

vaccine (Afluria) to evaluate
the impact of co-

N/A
Respiratory Syncytial
Virus in adults over 50

and SARS-COV2
IM

(Li et al., 2023;
Wilson et al., 2023) ModernaTX, Inc.

Active, not
recruiting

(continued on next page)
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Table 3 (continued )

Nuclei Acid Candidate Clinical Trial
study ID (NCT)

Phase Formulation/Description Lipid Composition Disease/Conditions Route of
Administration

Ref. Sponsor Status

administration on immune
respose of RSV-A and severe
acute respiratory syndrome
coronavirus 2 (SARS-CoV-2)

mRNA-1345 NCT05127434
Phase 2/3
2021–2025

LNPs with encapsulated
mRNA encoding for a
stabilized prefusion F

glycoprotein

N/A
Respiratory Syncytial

Virus (RSV)
IM Moderna TX, Inc

Active, not
recruiting

mRNA-1273
mRNA-1010
mRNA-1345
mRNA − 1647

FLUAD®

NCT05397223
Phase 1

(2022–2026)

LNPs encapsulating mRNA-
1273, mRNA-1010, mRNA-
1345, and mRNA-1647 to

observe systemic
reactogenicity, adverse

effects and adverse reactions

N/A

Respiratory Syncytial
Virus in healthy adults,

SARS-CoV-2,
Cytomegalovirus

IM (Lee et al., 2023a) ModernaTX, Inc.
Active, not
recruiting

mRNA-1273
mRNA-1273.351 NCT04405076

Phase 2
(2020− 2021)

LNP-encapsulated mRNA-
1273 vaccine encoding a pre-
fusion stabilized form of the
SARS-CoV-2 spike protein

(S–2P).

N/A
SARS-COV-2
Booster dose IM (Choi et al., 2021) ModernaTX, Inc. Completed

Spikevax mRNA-1273
NCT04283461

NCT04470427

Phase 1
(2020− 2022)

Phase 3
(2020–2022)

LNP-mRNA-1273 is a lipid-
encapsulated mRNA-based
vaccine that encodes for a

full-length, prefusion
stabilized spike (S) protein of

SARS-CoV-2

SM-102, and 3
commercially
available lipids,

cholesterol, DSPC,
and PEG2000

DMG.

SARS-CoV-2 IM (Baden et al., 2021)

National Institute
of Allergy and
Infectious

Diseases (NIAID)

Completed

mRNA-1283 NCT05137236 Phase 2
(2021− 2023)

Next generation SARS-CoV2
vaccine composed of LNP
encapsulated mRNA-1283

N/A SARS-CoV-2 IM (Yassini et al.,
2023)

ModernaTX, Inc. Completed

Comirnaty (BNT162b2) NCT04368728
Phase 1/2/3
(2020− 2023)

LNP-encapsulated
nucleoside-modified mRNA
that encodes membrane-

anchored, full-length SARS-
CoV-19 S-protein

ALC-0315, ALC-
0519, DSPC
Cholesterol

SARS-CoV-2 IM
(Polack et al.,
2020b) (Lamb,

2021)
BioNTech SE Completed

CV-NCOV NCT04449276
Phase 1

(2020–2021)

LNP-formulated SARS-CoV-2
vaccine containing mRNA

encoding perfusion
conformation-stabilized full-
length SARS-CoV-2 spike

protein

DSPC, cationic
lipid, PEG-lipid

conjugate,
cholesterol

SARS-CoV-2 IM
(Kremsner et al.,

2021)
CureVac Completed

ARCoV NCT04847102
Phase 3

(2021–2023)

mRNA-LNP that encodes the
receptor binding domain of
the S-protein of SARS-CoV2

Ionizable lipid
(Lipid 9001), (1,2-
DSPC, cholesterol
and PEG-lipid

SARS-CoV-2 IM
(Zhang et al.,

2020a) (Chen et al.,
2022)

Walvax
Biotechnology

Co., Ltd.

Unknown
Status

mRNA-1010 NCT04956575
Phase 1/2

(2021− 2022)

LNP encapsulating
quadrivalent seasonal

influenza vaccine encoding
membrane-bound HA surface

glycoproteins of four
influenza strains (A/H1N1,
A/H3N2, B/Victoria, and B/
Yamagata) recommended by

the WHO for cell- or
recombinant vaccines

N/A

Seasonal influenza A:
H1N1 and H3N2

Influenza B: strains
including Victoria-

lineage and Yamagata
lineage

IM (Lee et al., 2023a) ModernaTX, Inc. Completed

(continued on next page)
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Table 3 (continued )

Nuclei Acid Candidate Clinical Trial
study ID (NCT)

Phase Formulation/Description Lipid Composition Disease/Conditions Route of
Administration

Ref. Sponsor Status

mRNA − 1647
mRNA-1443 NCT03382405 Phase 1

(2017–2020)

LNP encapsulated mRNA-
1647 comprises six mRNAs
encoding for CMV antigens

given along with LNP-
encapsulated mRNA-1443

encoding pp65 from T cells of
the CMV antibody

N/A

Cytomegalovirus (CMV)

IM (Jung et al., 2022)

ModernaTX, Inc.

Completed

mRNA-1647

NCT04232280 Phase 2
(2020–2023)

LNP encapsulating mRNA-
1647 cytomegalovirus

vaccine in CMV-seronegative
and CMV-seropositive

healthy adults

N/A IM (Panther et al.)

Completed

NCT05085366 Phase 3
(2021–2026)

Active, not
recruiting

mRNA-1653 NCT04144348 Phase 1
(2019–2022)

LNP encapsulated bivalent
vaccine comprised of

nucleoside-modified mRNA
encoding full-length

membrane-bound fusion
proteins of hMPV and PIV3

N/A

Human
Metapneumovirus and
Human parainfluenza

virus

IM

(August et al.,
2022; Nelson et al.,
2020; Schnyder
Ghamloush et al.,

2024)

ModernaTX, Inc. Completed

mRNA-1440 (VAL-506440) NCT03076385
Phase 1

(2015–2018)

LNP-formulated modified
mRNA-based vaccine

encoding hemagglutinin
(HA)proteins of H10N8 or
H7N9 influenza strain

N/A
Influenza A (H10N8 and

H7N9) IM
(Bahl et al., 2017;
Feldman et al.,

2019)
ModernaTX, Inc. Completed

mRNA-1851 (VAL-339851) NCT03345043 Phase 1
(2016–2018)

LNP encapsulated mRNA-
1851 that encodes for the HA

protein of H7N9
N/A Influenza A virus H7N9

subtype
IM (Shi et al., 2022) ModernaTX, Inc. Completed

CV7202 NCT03713086
Phase 1

(2018–2021)

RABV-G mRNA using initial
formulation CV7201 antigen

with cationic protein
protamine encapsulated in

LNP

Ionizable amino
lipid, DSPC, PEG-

2000-DMG,
Cholesterol

Rabies virus glycoprotein
(RABV-G) IM

(Aldrich et al.,
2021; Shi et al.,

2022)
CureVac Completed

mRNA-1325 NCT03014089
Phase 1

(2016–2019)

LNP-encapsulated modified
mRNA vaccine encoding

premembrane and envelope
E structural proteins (prME)
from a Micronesia 2007 Zika

virus isolate

Proprietary
ionizable lipids,

DSPC, cholesterol,
and PEG-lipid

Zika Virus IM
(Richner et al.,
2017) (Bollman
et al., 2023)

ModernaTX, Inc. Completed

mRNA-1944 NCT03829384 Phase 1
(2019–2021)

LNP-encapsulated mRNA-
1944 that encodes for the
heavy and light chains of

CHKV-24 antibody

Proprietary high
purity PEG-2000

stearate monoester,
IAL (proprietary
ionizable amino
lipid), cholesterol,

DSPC

Chikungunya virus IV (August et al.,
2021)

ModernaTX, Inc. Completed

mRNA-1893 NCT04917861
Phase 2

(2021–2024)

LNP-encapsulated mRNA-
1893 vaccine encoding the

envelope E structural
proteins (prME) from the
RIO-U1 Zika virus isolate

Proprietary
ionizable lipid,

DSPC, cholesterol,
and PEG lipid

Zika virus IV

(Bollman et al.,
2023; Essink et al.,
2023; Li et al.,

2024)

ModernaTX, Inc.
Active, not
recruiting

mRNA-1215 NCT05398796
Phase 1

(2022–2024)

LNP encapsulated mRNA-
1215 that encodes for Nipah
perfusion F protein and G

protein

N/A
Nipah Virus (NiV)

Infection
IM

(Rodrigue et al.,
2024; Wang et al.,

2023c)
ModernaTX, Inc.

Active, not
recruiting

(continued on next page)
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Table 3 (continued )

Nuclei Acid Candidate Clinical Trial
study ID (NCT)

Phase Formulation/Description Lipid Composition Disease/Conditions Route of
Administration

Ref. Sponsor Status

H1ssF-3928
NCT03814720

NCT05755620

Phase 1
(2019–2021)

Phase 1
(2023–2025)

VRC H1ssF 3928 mRNA-LNP
vaccine encoding influenza
H1 hemagglutinin stem

N/A Influenza IM
(Andrews et al.,

2023; Widge et al.,
2023)

National Institute
of Allergy and
Infectious

Diseases (NIAID)

Completed

Recruiting

DCVC H1 HA NCT05945485
Phase 1

(2023–2024)

mRNA-LNP vaccine encoding
full length H1 HA of

influenza A/California/07/
2009 (H1N1)

N/A Influenza A/H1N1 IM

National Institute
of Allergy and
Infectious

Diseases (NIAID)

Recruiting

AVX502 NCT00440362
Phase 1/2
(2007)

Alphavirus Replicon Vaccine
Expressing Influenza HA

protein
N/A Influenza IM/SC AlphaVax, Inc. Completed

mRNA-1189 NCT05164094 Phase 1
(2021–2025)

LNP-encapsulated mRNAs
that encode Epstein-Barr
Virus (EBV) envelope

glycoproteins gp42, gp220,
gH and gL

N/A Epstein-Barr Virus (EBV) IM (Zhong et al., 2022) ModernaTX, Inc Active, Not
Recruiting

Genetic disorders

mRNA-3704 NCT03810690
Phase 1/2

(2019–2020)

LNP-encapsulated mRNA
encoding human

methylmalonyl-CoA mutase
(hMUT)

N/A Methylmalonic acidemia IV (Hou et al., 2021) ModernaTX, Inc. Withdrawn

mRNA-3705 NCT05295433 Phase 1/2
(2022–2034)

LNP-encapsulated mRNA
encoding hMUT

SM-86, DSPC,
cholesterol, and

OL-56
[polyethylene
glycol-lipid
conjugate]

Methylmalonic Acidemia IV (Baek et al., 2024;
Suzuki et al., 2023)

ModernaTX, Inc Recruiting

mRNA-3927 NCT04159103
NCT05130437

Phase1/2
(2021− 2031)

LNP-encapsulated dual
mRNA therapy that encodes
for (propionic-CoA mutase)
PCC-A and PCC-B subunit
proteins restoring PCC

enzyme in liver

SM-86, DSPC,
cholesterol, and

OL-56
[polyethylene
glycol-lipid
conjugate]

Propionic Acidemia IV
(Attarwala et al.,
2023; Baek et al.,

2024)
ModernaTX, Inc. Recruiting

MRT5201 NCT03767270 Phase 1/2
(2019–2022)

LNP-encapsulated codon-
optimized human OTC

mRNA
N/A

Ornithine
Transcarbamylase

Deficiency
IV Translate Bio, Inc. Withdrawn

MRT5005 NCT03375047 Phase 1/2
(2018–2021)

Aerosolized LNP-
encapsulated a codon-
optimized CFTR mRNA

N/A Cystic Fibrosis Nebulization

(Barbier et al.,
2018; Hou et al.,
2021; Rowe et al.,

2023)

Translate Bio, Inc. Unknown
Status

ARCT-810 NCT04442347 Phase 1
(2020–2023)

Human ornithine
transcarbamylase (hOTC)

mRNA-LNP
N/A

Ornothine
Transcarbamylase

Deficiency
IV (Yamazaki et al.,

2023)
Arcturus

Therapeutics, Inc.
Active, not
recruiting

(continued on next page)
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Table 3 (continued )

Nuclei Acid Candidate Clinical Trial
study ID (NCT)

Phase Formulation/Description Lipid Composition Disease/Conditions Route of
Administration

Ref. Sponsor Status

NCT05526066 Phase 2
(2022–2024)

Recruiting

siRNA

ALN-TTR01 NCT01148953 Phase 1
(2010− 2012)

First gen formulation of LNPs
to deliver siRNAs

DLin-MC3- DMA,
DSPC, PEG2000-C-
DMG, Cholesterol

Transthyretin (TTR)
Mediated amyloidosis

(ATTR)
IV

(Coelho et al.,
2013;

Schoenmaker et al.,
2021a; Zatsepin
et al., 2016)

Alnylam
Pharmaceuticals

Completed

ALN-TTR02

NCT01559077 Phase 1
(2012)

Second gen formulation of
LNPs to deliver siRNAs

DLin-MC3- DMA,
DSPC, PEG2000-C-
DMG, Cholesterol

Transthyretin (TTR)
Mediated amyloidosis

(ATTR)
IV

(Adams et al.,
2018; Coelho et al.,
2020; Coelho et al.,

2013; Schmidt
et al., 2022; Suhr
et al., 2015;
Zatsepin et al.,

2016)

Alnylam
Pharmaceuticals

Completed

NCT01617967
Phase 2

(2012–2014) Completed

NCT01961921
Phase 2

(2013–2016) Completed

NCT01960348
Phase 3

(2013–2017)
Completed

NCT03862807 Phase 3
(2019–2020)

Completed

NCT02510261
Phase 3

(2015–2022) Completed

DCR-MYC
NCT02110563 Phase 1

(2014–2016)
DCR-MYC is a LNP-

formulated Dicer substrate
siRNA (DsiRNA) that silences

MYC mRNA

N/A

Solid tumors, multiple
myeloma, non-Hodgkins

lymphoma IV
(Chipumuro et al.,
2016; Tolcher
et al., 2015)

Dicerna
Pharmaceuticals

Terminated

NCT02314052 Phase 1/2
(2015–2016)

Hepatocellular
carcinoma

Terminated

ND-L02-s0201

NCT01858935
Phase 1

(2013–2014) LNP-encapsulated anti-
hsp47 siRNA formulation

designed to reversibly inhibit
the expression of HSP47

Six key lipid
components

including cationic,
helper and

targeting lipids
(names of lipids not

specified)

Safety, Tolerability and
Pharmacokinetics in

Healthy Normal Subjects
IV (Liu et al., 2021)

Bristol-Myers
Squibb

Completed

NCT02227459
Phase 1/2

(2014–2016)
Moderate to Extensive

Hepatic Fibrosis
Bristol-Myers

Squibb Completed

NCT03538301 Phase 2
(2018–2022)

Idiopathic Pulmonary
Fibrosis

Nitto Denko
Corporation

Completed

TKM-080301

NCT01437007 Phase 1
(2011− 2012)

LNP containing siRNA
against PLK1 gene products

Four lipid
components

Hepatocellular
carcinoma

Intra-arterial
/IV

(Ramanathan et al.,
2013)

National Cancer
Institute (NCI)

Completed

NCT01262235 Phase 1/2
(2010–2015)

Adrenocortical
carcinoma

(Demeure et al.,
2016)

Arbutus
Biopharma
Corporation

Completed

NCT02191878
Phase 1/2

(2014–2016)
Hepatocellular
carcinoma

(El Dika et al.,
2019)

Arbutus
Biopharma
Corporation

Completed

NBF-006 NCT03819387
Phase 1

(2019–2024)

LNP encapsulating siRNA
targeting glutathione-S-

transferase Pi
N/A

NSCLC, Pancreatic,
Colorectal cancer

IV
(Hattab et al.,

2021)
Nitto BioPharma., Completed

(continued on next page)
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presented how real-life applications of these systems have room for
improvement, though the technology is still feasible. Finally, LNPs, by
definition, describe a formulation based on lipids. Nonetheless, there
have been important drug delivery approaches, some with established
FDA-approved applications, such as protein-based carriers (i.e., albu-
min), that may also be able to minimize any potential side effects.
Although mRNAs are unsuitable to be delivered without any carrier
protection, ideally, nucleic acids with limited requirements for protec-
tion or carrier for transfection should be the ultimate goal.
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Laganà, A., Veneziano, D., Russo, F., Pulvirenti, A., Giugno, R., Croce, C.M., Ferro, A.,
2015. Computational design of artificial RNA molecules for gene regulation. Meth.
Mol. Biol. (Clifton, N.J.) 1269, 393–412.

Lahooti, B., Poudel, S., Mikelis, C.M., Mattheolabakis, G., 2021. MiRNAs as anti-
angiogenic adjuvant therapy in cancer: synopsis and potential. Front. Oncol. 11,
705634.

Lahooti, B., Akwii, R.G., Zahra, F.T., Sajib, M.S., Lamprou, M., Alobaida, A., Lionakis, M.
S., Mattheolabakis, G., Mikelis, C.M., 2023. Targeting endothelial permeability in
the EPR effect. J. Control. Release 361, 212–235.

Lam, K., Schreiner, P., Leung, A., Stainton, P., Reid, S., Yaworski, E., Lutwyche, P.,
Heyes, J., 2023. Optimizing lipid nanoparticles for delivery in primates. Adv.
Materials (Deerfield Beach, Fla.) 35, e2211420.

Lamb, Y.N., 2021. BNT162b2 mRNA COVID-19 Vaccine: first Approval. Drugs 81,
495–501.

Landesman-Milo, D., Peer, D., 2014. Toxicity profiling of several common RNAi-based
nanomedicines: a comparative study. Drug Deliv. Transl. Res. 4, 96–103.

Larson, N.R., Hu, G., Wei, Y., Tuesesca, A., Forrest, M.L., Middaugh, C.R., 2022. pH-
Dependent phase behavior and stability of cationic lipid-mRNA nanoparticles.
J. Pharm. Sci. 111 (3), 690–698.

Lazzaro, S., Giovani, C., Mangiavacchi, S., Magini, D., Maione, D., Baudner, B., Geall, A.
J., De Gregorio, E., D’Oro, U., Buonsanti, C., 2015. CD8 T-cell priming upon mRNA
vaccination is restricted to bone-marrow-derived antigen-presenting cells and may
involve antigen transfer from myocytes. Immunology 146, 312–326.

Lechanteur, A., Sanna, V., Duchemin, A., Evrard, B., Mottet, D., Piel, G., 2018. Cationic
liposomes carrying siRNA: impact of lipid composition on physicochemical
properties, cytotoxicity and endosomal escape. Nanomaterials (Basel) 8.

Lee, I.T., Nachbagauer, R., Ensz, D., Schwartz, H., Carmona, L., Schaefers, K.,
Avanesov, A., Stadlbauer, D., Henry, C., Chen, R., Huang, W., Schrempp, D.R.,
Ananworanich, J., Paris, R., 2023a. Safety and immunogenicity of a phase 1/2
randomized clinical trial of a quadrivalent, mRNA-based seasonal influenza vaccine
(mRNA-1010) in healthy adults: interim analysis. Nat. Commun. 14, 3631.

Lee, R.G., Mazzola, A.M., Braun, M.C., Platt, C., Vafai, S.B., Kathiresan, S., Rohde, E.,
Bellinger, A.M., Khera, A.V., 2023b. Efficacy and safety of an investigational single-
course CRISPR Base-editing therapy targeting PCSK9 in nonhuman primate and
mouse models. Circulation 147, 242–253.

Leung, A.K., Hafez, I.M., Baoukina, S., Belliveau, N.M., Zhigaltsev, I.V.,
Afshinmanesh, E., Tieleman, D.P., Hansen, C.L., Hope, M.J., Cullis, P.R., 2012. Lipid
nanoparticles containing siRNA synthesized by microfluidic mixing exhibit an
electron-dense nanostructured core. J. Phys. Chem. C. Nanomater. Interfaces 116,
18440–18450.

Leung, A.K., Tam, Y.Y., Cullis, P.R., 2014. Lipid nanoparticles for short interfering RNA
delivery. Adv. Genet. 88, 71–110.

Leung, A.K., Tam, Y.Y., Chen, S., Hafez, I.M., Cullis, P.R., 2015. Microfluidic mixing: a
general method for encapsulating macromolecules in lipid nanoparticle systems.
J. Phys. Chem. B 119, 8698–8706.

Li, H., Xu, D., 2023. An overview of fluids mixing in T-shaped mixers. Theor. Appl. Mech.
Lett. 13, 100466.

Li, B., Luo, X., Deng, B., Wang, J., McComb, D.W., Shi, Y., Gaensler, K.M., Tan, X.,
Dunn, A.L., Kerlin, B.A., Dong, Y., 2015a. An orthogonal array optimization of lipid-
like nanoparticles for mRNA delivery in vivo. Nano Lett. 15, 8099–8107.

Li, J., Wang, X., Zhang, T., Wang, C., Huang, Z., Luo, X., Deng, Y., 2015b. A review on
phospholipids and their main applications in drug delivery systems. Asian J. Pharma.
Sci. 10, 81–98.

Li, Y., Lee, R.J., Huang, X., Li, Y., Lv, B., Wang, T., Qi, Y., Hao, F., Lu, J., Meng, Q.,
Teng, L., Zhou, Y., Xie, J., Teng, L., 2017. Single-step microfluidic synthesis of
transferrin-conjugated lipid nanoparticles for siRNA delivery. Nanomedicine 13,
371–381.

Li, D.F., Liu, Q.S., Yang, M.F., Xu, H.M., Zhu, M.Z., Zhang, Y., Xu, J., Tian, C.M., Yao, J.,
Wang, L.S., Liang, Y.J., 2023. Nanomaterials for mRNA-based therapeutics:
challenges and opportunities. Bioeng. Transl. Med. 8, e10492.

Li, X., Qi, J., Wang, J., Hu, W., Zhou, W., Wang, Y., Li, T., 2024. Nanoparticle technology
for mRNA: delivery strategy, clinical application and developmental landscape.
Theranostics 14, 738–760.

Lin, P.J., Tam, Y.Y., Hafez, I., Sandhu, A., Chen, S., Ciufolini, M.A., Nabi, I.R., Cullis, P.
R., 2013. Influence of cationic lipid composition on uptake and intracellular
processing of lipid nanoparticle formulations of siRNA. Nanomedicine 9, 233–246.

Liu, C., Feng, Q., Sun, J., 2019. Lipid nanovesicles by microfluidics: manipulation,
synthesis, and drug delivery. Adv. Materials (Deerfield Beach, Fla.) 31, e1804788.

Liu, C., Zhang, L., Zhu, W., Guo, R., Sun, H., Chen, X., Deng, N., 2020. Barriers and
strategies of cationic liposomes for cancer gene therapy. Mol. Ther. Meth. Clin Dev
18, 751–764.

Liu, Y., Liu, J., Quimbo, A., Xia, F., Yao, J., Clamme, J.P., Zabludoff, S., Zhang, J.,
Ying, W., 2021. Anti-HSP47 siRNA lipid nanoparticle ND-L02-s0201 reverses
interstitial pulmonary fibrosis in preclinical rat models. ERJ Open Res. 7.

Lokugamage, M.P., Vanover, D., Beyersdorf, J., Hatit, M.Z.C., Rotolo, L., Echeverri, E.S.,
Peck, H.E., Ni, H., Yoon, J.K., Kim, Y., Santangelo, P.J., Dahlman, J.E., 2021.
Optimization of lipid nanoparticles for the delivery of nebulized therapeutic mRNA
to the lungs. Nat. Biomed. Eng. 5, 1059–1068.

Luiz, M.T., Dutra, J.A.P., Tofani, L.B., de Araujo, J.T.C., Di Filippo, L.D., Marchetti, J.M.,
Chorilli, M., 2022. Targeted liposomes: a nonviral gene delivery system for cancer
therapy. Pharmaceutics 14.

Lundstrom, K., 2023. Viral vectors in gene therapy: where Do we stand in 2023? Viruses
15.

Maeki, M., Uno, S., Niwa, A., Okada, Y., Tokeshi, M., 2022. Microfluidic technologies and
devices for lipid nanoparticle-based RNA delivery. J. Contro. Release 344, 80–96.

Maier, M.A., Jayaraman, M., Matsuda, S., Liu, J., Barros, S., Querbes, W., Tam, Y.K.,
Ansell, S.M., Kumar, V., Qin, J., Zhang, X., Wang, Q., Panesar, S., Hutabarat, R.,
Carioto, M., Hettinger, J., Kandasamy, P., Butler, D., Rajeev, K.G., Pang, B.,
Charisse, K., Fitzgerald, K., Mui, B.L., Du, X., Cullis, P., Madden, T.D., Hope, M.J.,
Manoharan, M., Akinc, A., 2013. Biodegradable lipids enabling rapidly eliminated
lipid nanoparticles for systemic delivery of RNAi therapeutics. Mol. Ther. 21,
1570–1578.

Manish, P., Antonio, J., Ding, W., Salomon, S., Todd, B., Randy, S., Ravit, G.,
Shivaani, K., Patrick, R., Ruth, P., Patricia, L., Shilpa, G., Sima, Z., Andressa, L.,
Oleg, M., Josh, F., Sheryl, C., Stephanie, P., William, R., Praveen, A., Lisa, J.,
Khanh, D., Robert, M., Ryan, S., 2021. 539 Phase 1 study of mRNA-2752, a lipid
nanoparticle encapsulating mRNAs encoding human OX40L/IL-23/IL-36γ, for
intratumoral (ITu) injection +/- durvalumab in advanced solid tumors and
lymphoma. J. Immunother. Cancer 9, A569.

Md.A. Haque et al. International Journal of Pharmaceutics: X 8 (2024) 100283 

21 

http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0515
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0515
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0515
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0520
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0520
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0520
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0520
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0520
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0525
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0525
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0530
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0530
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0530
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0530
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0530
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0535
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0535
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0535
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0535
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0540
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0540
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0540
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0540
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0545
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0545
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0545
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0550
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0550
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0555
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0555
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0555
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0560
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0560
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0565
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0565
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0570
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0570
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0570
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0575
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0575
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0575
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0575
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0580
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0580
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0585
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0585
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0590
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0590
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0590
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0590
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0590
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0590
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0590
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0595
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0595
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0595
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0600
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0600
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0600
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0605
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0605
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0605
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0605
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0610
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0610
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0610
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0615
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0615
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0615
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0615
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0620
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0620
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0625
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0625
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0625
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0630
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0630
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0630
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0635
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0635
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0635
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0640
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0640
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0640
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0645
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0645
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0650
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0650
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0655
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0655
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0655
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0660
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0660
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0660
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0660
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0665
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0665
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0665
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0670
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0670
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0670
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0670
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0670
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0675
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0675
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0675
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0675
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0680
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0680
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0680
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0680
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0680
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0685
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0685
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0690
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0690
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0690
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0695
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0695
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0700
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0700
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0700
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0705
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0705
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0705
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0710
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0710
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0710
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0710
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0715
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0715
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0715
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0720
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0720
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0720
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0725
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0725
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0725
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0730
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0730
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0735
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0735
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0735
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0740
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0740
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0740
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0745
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0745
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0745
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0745
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0750
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0750
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0750
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0755
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0755
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0760
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0760
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0765
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0765
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0765
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0765
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0765
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0765
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0765
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0770
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0770
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0770
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0770
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0770
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0770
http://refhub.elsevier.com/S2590-1567(24)00055-0/rf0770


Mattheolabakis, G., Nie, T., Constantinides, P.P., Rigas, B., 2012. Sterically stabilized
liposomes incorporating the novel anticancer agent phospho-ibuprofen (MDC-917):
preparation, characterization, and in vitro/in vivo evaluation. Pharm. Res. 29,
1435–1443.

Mattheolabakis, G., Wong, C.C., Sun, Y., Amella, C.A., Richards, R., Constantinides, P.P.,
Rigas, B., 2014. Pegylation improves the pharmacokinetics and bioavailability of
small-molecule drugs hydrolyzable by esterases: a study of phospho-Ibuprofen.
J. Pharmacol. Exp. Ther. 351, 61–66.

McKenzie, R.E., Minnell, J.J., Ganley, M., Painter, G.F., Draper, S.L., 2023. mRNA
Synthesis and encapsulation in ionizable lipid nanoparticles. Curr. Protoc. 3, e898.

Mendonça, M.C.P., Kont, A., Kowalski, P.S., O’Driscoll, C.M., 2023. Design of lipid-based
nanoparticles for delivery of therapeutic nucleic acids. Drug Discov. Today 28,
103505.

Menon, I., Zaroudi, M., Zhang, Y., Aisenbrey, E., Hui, L., 2022. Fabrication of active
targeting lipid nanoparticles: challenges and perspectives. Mater. Today Adv. 16,
100299.

Mui, B.L., Tam, Y.K., Jayaraman, M., Ansell, S.M., Du, X., Tam, Y.Y., Lin, P.J., Chen, S.,
Narayanannair, J.K., Rajeev, K.G., Manoharan, M., Akinc, A., Maier, M.A., Cullis, P.,
Madden, T.D., Hope, M.J., 2013. Influence of polyethylene glycol lipid desorption
rates on pharmacokinetics and pharmacodynamics of siRNA lipid nanoparticles.
Molecular therapy. Nucleic acids 2, e139.

Mukalel, A.J., Riley, R.S., Zhang, R., Mitchell, M.J., 2019. Nanoparticles for nucleic acid
delivery: applications in cancer immunotherapy. Cancer Lett. 458, 102–112.

Muralidhara, B.K., Baid, R., Bishop, S.M., Huang, M., Wang, W., Nema, S., 2016. Critical
considerations for developing nucleic acid macromolecule based drug products.
Drug Discov. Today 21, 430–444.

Nabhan, J.F., Wood, K.M., Rao, V.P., Morin, J., Bhamidipaty, S., LaBranche, T.P.,
Gooch, R.L., Bozal, F., Bulawa, C.E., Guild, B.C., 2016. Intrathecal delivery of
frataxin mRNA encapsulated in lipid nanoparticles to dorsal root ganglia as a
potential therapeutic for Friedreich’s ataxia. Sci. Rep. 6, 20019.

Naderi Sohi, A., Kiani, J., Arefian, E., Khosrojerdi, A., Fekrirad, Z., Ghaemi, S., Zim, M.K.,
Jalili, A., Bostanshirin, N., Soleimani, M., 2021. Development of an mRNA-LNP
vaccine against SARS-CoV-2: evaluation of immune response in mouse and rhesus
macaque. Vaccines 9.

Nambiar, N.R., Gaur, S., Ramachandran, G., Pandey, R.S., Nath, L.R., Dutta, T.,
Sudheesh, M.S., 2024. Remote loading in liposome: a review of current strategies
and recent developments. J. Liposome Res. 1–13.

Nelson, J., Sorensen, E.W., Mintri, S., Rabideau, A.E., Zheng, W., Besin, G., Khatwani, N.,
Su, S.V., Miracco, E.J., Issa, W.J., Hoge, S., Stanton, M.G., Joyal, J.L., 2020. Impact
of mRNA chemistry and manufacturing process on innate immune activation. Sci.
Adv. 6, eaaz6893.

Ni, H., Hatit, M.Z.C., Zhao, K., Loughrey, D., Lokugamage, M.P., Peck, H.E., Cid, A.D.,
Muralidharan, A., Kim, Y., Santangelo, P.J., Dahlman, J.E., 2022. Piperazine-derived
lipid nanoparticles deliver mRNA to immune cells in vivo. Nat. Commun. 13, 4766.

Niazi, S.K., 2023. RNA Therapeutics: a healthcare paradigm shift. Biomedicines 11.
Niculescu, A.G., Mihaiescu, D.E., Grumezescu, A.M., 2022. A review of microfluidic

experimental designs for nanoparticle synthesis. Int. J. Mol. Sci. 23.
Nitika Wei, J., Hui, A.M., 2022. The delivery of mRNA vaccines for therapeutics. Life

(Basel, Switzerland) 12.
Nsairat, H., Khater, D., Sayed, U., Odeh, F., Al Bawab, A., Alshaer, W., 2022. Liposomes:

structure, composition, types, and clinical applications. Heliyon 8, e09394.
Nsairat, H., Alshaer, W., Odeh, F., Esawi, E., Khater, D., Bawab, A.A., El-Tanani, M.,

Awidi, A., Mubarak, M.S., 2023. Recent advances in using liposomes for delivery of
nucleic acid-based therapeutics. OpenNano 11, 100132.

Oh, M.H., Kim, J.S., Lee, J.Y., Park, T.G., Nam, Y.S., 2013. Radio-opaque theranostic
nanoemulsions with synergistic anti-cancer activity of paclitaxel and Bcl-2 siRNA.
RSC Adv. 3, 14642–14651.

Oliver, B., Jochen, U., Jean-Francois, B., Christophe, M., Ugur, S., Evelyna, D., Marie-
Laure, O., Rahul, M., Esteban-Rodrigo, I., Nicolas, A., Carmen, L., 2020. 391 A first-
in-human study of intratumoral SAR441000, an mRNA mixture encoding IL-12sc,
interferon alpha2b, GM-CSF and IL-15sushi as monotherapy and in combination
with cemiplimab in advanced solid tumors. J. Immunother. Cancer 8, A237.

Padda, I.S., Mahtani, A.U., Patel, P., Parmar, M., 2024. Small Interfering RNA (siRNA)
Therapy, StatPearls, Treasure Island (FL) ineligible companies. Disclosure: Arun
Mahtani declares no relevant financial relationships with ineligible companies.
Disclosure: Preeti Patel declares no relevant financial relationships with ineligible
companies. Disclosure. In: Mayur Parmar declares no relevant financial relationships
with ineligible companies.

Panther, L., Basnet, S., Fierro, C., Brune, D., Leggett, R., Peterson, J., Pickrell, P., Lin, J.,
Wu, K., Lee, H., Hasselbeck, R., Natenshon, A., Miller, J., 2023. 2892. Safety and
immunogenicity of mRNA-1647, an mRNA-based cytomegalovirus vaccine in
healthy adults: results of a phase 2, randomized, observer-blind, placebo-controlled,
dose-finding trial. Open Forum Infect. Dis. 10 (Suppl. 2) https://doi.org/10.1093/
ofid/ofad500.2475 ofad500.2475. eCollection 2023 Dec.

Panyam, J., Zhou, W.Z., Prabha, S., Sahoo, S.K., Labhasetwar, V., 2002. Rapid endo-
lysosomal escape of poly(DL-lactide-co-glycolide) nanoparticles: implications for
drug and gene delivery. FASEB J. 16, 1217–1226.

Patel, S., Ashwanikumar, N., Robinson, E., DuRoss, A., Sun, C., Murphy-Benenato, K.E.,
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