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Bioactive molecules and their effects have been influenced by their solubility and administration route. In
many therapeutic reagents, the performance of therapeutics is dependent on physiological barriers in
the human body and delivery efficacy. Therefore, an effective and stable therapeutic delivery promotes
usage of drugs.
pharmacological industries, lipid nanoparticles (LNPs) have emerged as a potential carrier to deliver

pharmaceutical advancement and suitable biological In the biological and

therapeutics. Since studies reported doxorubicin-loaded liposomes (Doxil®), LNPs have been applied to
numerous clinical trials. Lipid-based nanoparticles, including liposomes, solid lipid nanoparticles (SLNs),
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vaccines. In this review, we present the type of LNPs used to develop vaccines with attractive

DOI: 10.1035/d2na00795a advantages. We then discuss messenger RNA (mRNA) delivery for the clinical application of mRNA
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1. Introduction

Vaccination is one of the most significant and effective strate-
gies to control the spread of infectious diseases. The first
introduced human vaccines against viruses were attenuated live
viruses to generate immunity. According to the National Center
for Immunization and Respiratory Diseases (NCIRD), many
diseases, including smallpox, polio, diphtheria, mumps,
measles, and rubella, have been eradicated or nearly eliminated
through widespread vaccination efforts. Over the last several
decades, various types of vaccines, such as subunit and conju-
gate vaccines which contain only parts of their target pathogens,
have been developed.

DNA and RNA have been widely investigated in vaccine tech-
nologies since their nucleotide sequence-independent charac-
teristics allow cost- and time-effective development of new
vaccines that target new diseases or new strains of diseases.
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therapeutic-loaded LNPs and recent research trend of LNP-based vaccine development.

However, these therapeutic methods require suitable delivery
systems because DNA requires nuclear delivery and RNA requires
cytoplasmic delivery." Nanomedicine is an emerging branch of
medicine that uses nanotechnology that can be tailored to
specific diseases and target sites depending on the diagnosis,
treatment, and prevention.>” Nanotechnology research has
gained popularity, and billions of dollars are spent on the
development of goods incorporating nanotechnology each
year.*™* Nanoparticles are advantageous because they can be
tailored according to specific diagnostic or therapeutic applica-
tions due to their physiochemical properties and nanosize."” In
diagnostic and bioimaging techniques, nanoparticles can be
engineered to target specific cells or biomarkers. In therapeutic
systems, specific biomolecules, such as antibodies, proteins, and
therapeutics, can be incorporated into nanoparticles for drug
delivery applications. Therefore, nanoparticles possess unique
advantages over traditional medicine because of drug loading
capabilities, cellular uptake, and targeting abilities®**** Nano-
particles can be used to solve key antiviral drug-related chal-
lenges, including low solubility and low bioavailability, by
enhancing their pharmacokinetic properties to reduce dose and
toxicity, improve drug bioavailability, and suppress viral spread."®

Natural and synthetic lipids are conventional materials that
can be tailored to form nanoparticles via varied conjugation
processes, such as sonication, extrusion, or the reverse-phase
evaporation method."” Lipid nanoparticles (LNPs) include
liposomes, lipoplexes, solid lipid nanoparticles, lipid-based
nanoemulsions, and nanostructured lipid carriers. The char-
acteristics of LNPs are suitable for drug and vaccine delivery
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applications because of their enhanced biodistribution,
biocompatibility, biodegradability, high cellular uptake, long
half-life, and ease of synthesis. Phospholipids enhance the
ability of LNPs in endosomal escape. Polyethylene glycol (PEG)
and cholesterols improve stability and shelf-life. Therefore,
LNPs are promising nonviral delivery carriers.

In this review, the types of LNPs, their synthesis techniques,
formulations, triggered releases, and potential in vaccine
applications are summarized (Fig. 1).**

2. Nucleic acids for therapeutics and
vaccine applications

DNA and RNA are two linear polymers responsible for carrying
all the genetic information of organisms. DNA is a double-
stranded molecule that is much larger than a single-stranded
RNA molecule. Their structures have similarities: they have
a sugar backbone, phosphates, and nucleobases. However, the
sugar in a DNA molecule is deoxyribose, whose number of
hydroxyl groups is one less than that of ribose in RNA. DNA is
more stable than RNA because of the lack of one oxygen-
containing hydroxyl group, double-stranded nature, posses-
sion of a damage response and repair mechanisms, and pres-
ence of histone proteins.'® DNA stability is necessary to
maintain all the genetic information of organisms through
evolution. Although DNA and RNA have a phosphate group and
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a sugar molecule, RNA carries the nucleobase uracil instead of
the nitrogenous base thymine in DNA.

Targeted DNA or RNA inhibition, which consequently
inhibits the expression of a protein responsible for a certain
disease, underlines the common aim of all nucleic acid-based
therapeutics except gene therapy (Fig. 2).*** The common
mechanism in nucleic acid-based therapies is mediated by the
sequence-specific recognition of endogenous nucleic acids
through Watson-Crick base pairing. Some examples of nucleic
acid-based drugs are plasmids, oligonucleotides, aptamers,
ribozymes, and small-interfering ribonucleic acids, which can
be delivered through nonviral nanocarriers, such as liposomes
and cationic polymers. Viral vectors can be used for direct
nucleic acid transfer.”

In DNA therapeutics, antisense oligonucleotides, DNA
aptamers, and gene therapy are used. In RNA therapeutics,
antisense oligonucleotides, such as microRNAs (mRNA) and
agents of RNA interference, including short-interfering RNAs
(siRNA) and short hairpin RNA (shRNA), are used to block
mRNA synthesis. In addition, ligand RNAs (such as aptamers
and decoys) and catalytic RNAs (such as ribozymes) are impor-
tant components of RNA therapeutics.

2.1. DNA therapeutics

2.1.1. Antisense oligonucleotides. Single-stranded anti-
sense oligonucleotides (ASOs) are examples of therapies that

Type of Lipid Nanoparticles

b. Solid Lipid Nanoparticle

Fig.1 Schematic of the type of lipid nanoparticle structures. (a) Liposomes are typically composed of natural or artificial phospholipids, a major
component of most biological membranes. (b) Solid lipid nanoparticles are composed of a mixture of solids. (c) Lipoplex is a liposome that has
lipid multilayers with multilamellar structures. (d) Cubosome is a lipid crystalline particle composed of amphiphilic phospholipids with a cubic

liquid crystalline phase.
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Fig. 2 Schematic of nucleic acid-based therapeutics. Nucleic acid-based drugs can be divided into delivery through nonviral nanocarriers and
direct nucleic acid delivery using viral vectors as follows. Their purpose is to show that targeted inhibition of DNA or RNA inhibits the expression

of a protein responsible for a certain disease.

aim to target nucleic acids that are short stretches of modified
DNA made of about 13-25 building blocks or nucleotides. These
oligonucleotides block protein synthesis by preventing mRNA
translation. Two ASOs are approved by the FDA: nusinersen for
the treatment of a fatal inherited disease known as spinal
muscular atrophy and eteplirsen for the treatment used for
Duchenne muscular dystrophy.”> ASOs undergo off-target
accumulation in the liver, kidney, and spleen, thereby
limiting their therapeutic effectiveness by increasing their
toxicity in these organs. Therefore, the effective targeted
delivery of ASOs is critical not only for effective treatment but
also for the prevention of toxic side effects. Although ASOs are
generally investigated for their use in rare diseases, they have
been also explored for the treatment of viral diseases, such as
SARS-CoV-2, which has caused the COVID-19 pandemic.”
2.1.2. DNA aptamers. DNA aptamers are short single-
stranded molecules that can bind to a specific target with
a high affinity. The first single-stranded DNA aptamer was iso-
lated from the protease of human thrombin in 1992.>* Since
DNA aptamers can bind to different proteins, they have been
mostly used for the diagnosis of cardiovascular diseases,
cancer, and infections.>®*®* DNA aptamers are more stable than
RNA aptamers and can be used as small molecules in thera-
peutics. They can function as antagonists by binding to specific
proteins and inhibit protein-protein interactions; they can also
act as agonists promoting the function of a target protein. Their
small size, wide target specificity range, and nonimmunogenic
properties can be more advantageous than antibodies with the
same binding properties to certain proteins. DNA aptamers can
be utilized as tools for targeted drug delivery by conjugating
a drug to a specific DNA aptamer. For a specific delivery,
nanoparticles, especially liposome-derived delivery systems,
have been investigated because of their high potency in targeted
delivery, and an AS1411 aptamer-conjugated liposomal system
containing a bubble-generating agent for tumor-specific

© 2023 The Author(s). Published by the Royal Society of Chemistry

chemotherapy helps overcome multidrug resistance in

doxorubicin-resistant breast cancer cells.?”

2.2. RNA-based therapeutics

The exploration of the RNA moiety of ribonuclease P as the cata-
lytic subunit of this enzyme in 1983 (ref. 28) and other important
discoveries in RNA biology such as RNA interference have further
elucidated the function of RNA in gene regulation and protein
synthesis that enables the utility of RNA as a therapeutic tool or
a target. Generally, RNA-based therapies are mostly targeted
against proteins or nucleic acids; however, new approaches that
can target both proteins and nucleic acids have been developed.*

RNA-based therapeutics have different mechanisms of
activities. These mechanisms include mRNA translation
inhibitors (antisense), RNA interference (RNAi) agents, catalyt-
ically active RNA molecules (ribozymes), and RNAs that bind to
proteins and other molecular ligands (aptamers).*

2.2.1. Antisense RNAs. Molecules that can bind and inhibit
mRNA transcription have been explored since they can block
protein synthesis and may be used in the therapy of various
diseases, such as cancer and inflammation. Among this group
of molecules, antisense RNAs represent single-stranded DNA
molecules, which are 19-23 nucleotides long complementary to
their mRNA. Antisense RNAs can regulate gene expression and
related gene expression in host cells.** MicroRNAs and siRNAs
are the most commonly used forms of antisense RNAs (Fig. 3a).

2.2.2. MicroRNAs. MicroRNAs are noncoding RNAs that
regulate gene expression. The first microRNA (miRNA) was
discovered in 1993 in Caenorhabditis elegans by two groups, and
the miRNA was named lin-4.*>** miRNAs are 22-nucleotide-long
single-stranded noncoding RNAs, which are highly conserved in
different organisms. The primary role of miRNAs is to bind to
a target mRNA and alter protein synthesis by the post-
transcriptional regulation of gene expression. miRNA synthesis
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Fig. 3 (a) Examples of antisense RNA. This figure shows the formation and regulatory mechanisms of miRNA and siRNA, the most used forms of
antisense RNA. Reproduced with permission from ref. 56 (Copyright (2018) by Springer Nature). (b) Mechanism of action of ribozymes. This figure
shows the sequence of processes through which a ribozyme binds to a target mRNA to form an mRNA-ribozyme complex and cleaves the target
mMRNA to suppress gene expression. Replicated with permission from ref. 57 (Copyright (2019) by MDPI) and made by the author. (c) Selection
strategy for RNA aptamers. This figure shows the cycle of cell internalization SELEX for internalizing-RNA aptamer isolation for skeletal muscles.
Reproduced with permission from ref. 58 (Copyright (2018) by Elsevier B.V.). (d) Selective targeting ability of RNA aptamers. This figure shows the
results of evaluating the changes in the expression of p300 and H3 acetylation after the treatment of H1975 cells with 8 uM gefitinib, GNP,
aptamer, and apt-GNP. Reproduced with permission from ref. 59 (Copyright (2015) by Springer Nature). (e) Antigen expression mechanism of
mMRNA vaccines. This figure schematically shows the structures of conventional mMRNA and self-amplifying mRNA vaccines and exhibits their
overall antigen-generating process. Reproduced with permission from ref. 60 (Copyright (2019) by Elsevier Inc.).

and biogenesis involve specific types of regulations that lead to
miRNA maturation. A mature miRNA is synthesized from the
primary miRNA that cleaves into the precursor miRNA, which
finally produces a mature form that recognizes the target
sequence and alters gene expression (Fig. 3a).**

Some miRNAs, such as let-7 (the first miRNA discovered), act
as tumor suppressors by regulating the expression of Ras.** In
the analysis of the let-7 expression in normal and tumor lung

1856 | Nanoscale Adv, 2023, 5, 1853-1869

tissues, the let-7 expression of normal tissues is significantly
higher than that in tumor tissues, and let-7 regulates cellular
proliferation.*® The expression of miRNAs in certain tumors and
liquid biopsies is also correlated with survival and treatment
response in cancer. Some miRNAs are important mediators of
the development of the heart, muscle, liver, pancreas, central
nervous system, and hematopoiesis, in addition to their role in
cancer progression, diagnosis, and therapy.>”~*

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The role of miRNAs in several pathological and physiological
processes can be investigated with the gain of function and loss
of function studies, and silencing of miRNAs is maintained with
specific oligonucleotides known as antagomirs that inhibit
miRNA binding to its target.*' Antagomirs can be considered
important therapeutic agents in disease treatment and
enhanced delivery systems, which can deliver small RNAs that
help their targeted delivery to the correct cell types without
enhancing immune responses; therefore, they will be useful to
ameliorate various diseases.

2.2.3. Small-interfering RNAs. RNA interference that
targets mRNA utilizing small double-stranded RNAs, such as
small interfering RNAs or silencing RNAs (siRNAs), has been
a valuable tool to study not only gene functions but also ther-
apeutics.” The first siRNA was identified in plants and
announced as a small antisense RNA in posttranscriptional
gene silencing in 1999.” siRNAs are double-stranded non-
coding RNAs with a length of 20-30 nucleotides that can alter
gene expression. siRNA and miRNA can change gene expression
in a sequence-specific manner; however, siRNA can change
gene expression in a more specific way than miRNA. Conversely,
miRNA can simultaneously knock down the expression of
several genes.*

In recent years, siRNAs have been attractive therapeutic tools
for the treatment of genetic diseases, metabolic diseases, and
cancer. The first RNAi-based therapeutic tool is Patisiran, ALN-
TTRO2, which was approved to be used in adults in 2018 for the
treatment of hereditary amyloidogenic transthyretin amyloid-
osis with polyneuropathy.

2.2.4. Ribozymes. Ribozymes are specific RNA molecules
that can break and form covalent bonds in RNA molecules, and
their catalytic ability may be considered similar to other
enzymes (Fig. 3b). The first ribozyme was found in the early
1980s by two research groups of Altman and Cech, who won the
1989 Nobel Prize in Chemistry (http://nobelprize.org/
nobel_prizes/chemistry/laureates/1989/press.html) for their
discovery. Since these RNA enzymes were investigated for
their therapeutic potential for cancer, metabolic diseases, and
viral infections mostly because of their mRNA cleavage ability.*

2.2.5. RNA aptamers. RNA aptamers are short single-
stranded molecules that can bind to a specific high-affinity
target. In 1990, the in vitro selection of RNA molecules that
bind to specific ligands was published in Nature, and the name
aptamer was used for the first time.*® Moreover, in 1999, Mat-
thias Homann and H. Ulrich Goringer published a combinato-
rial selection method and showed that RNA aptamers can be
isolated.”” This method was then named Cell-systematic evolu-
tion of ligands by exponential enrichment (SELEX) and used to
generate RNA and DNA aptamers that can specifically bind to
a cell type of interest (Fig. 3c).*®

RNA aptamers have specific advantages over other thera-
peutic RNA molecules since aptamers not only enter cells but
also act on extracellular targets by directly binding to them to
inhibit or activate target functions (Fig. 3d).** With the ability of
RNA aptamers to bind to extracellular targets, they are consid-
ered a versatile tool to deliver RNA-based therapeutics to
combat various human diseases. In 2004, the first RNA aptamer

© 2023 The Author(s). Published by the Royal Society of Chemistry
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drug Macugen (pegaptanib sodium) that blocks the activity of
vascular endothelial growth factor was approved for the treat-
ment of neovascular age-related macular degeneration to
inhibit angiogenesis. Since then, many RNA aptamers have
been used in clinical trials. RNA aptamers have also been used
for imaging and diagnostic purposes.®

2.2.6. mRNA. mRNA is a single-stranded RNA molecule
that carries DNA information in an RNA script. mRNA was
discovered by Dr Gros and Dr Jacob in France while working on
genetic regulatory mechanisms involved in protein synthesis.
They confirmed that an RNA sequence is complementary to
a DNA sequence, verifying that the molecule is indeed an
mRNA. They published their findings in the journal Nature in
1961.°%%* In 1990, the first mRNA molecule was injected into the
muscle of mice, thereby producing proteins.”® Another in vivo
study on mRNA was published in 1996, showing that the
intrahypothalamic injection of vasopressin mRNA can reverse
the effects of diabetes in rats.** Stabilizing mRNA molecules or
ways to block an unwanted immune response that might be
provoked by mRNA introduction is unknown; consequently,
mRNA-based therapeutics are not pursued vigorously. There-
fore, most studies have focused on DNA-based therapeutics in
the scientific community.

The process of mRNA-based vaccine development is rather
simple. A target pathogen is identified, and its gene is
sequenced. Then, the mRNA is loaded into a nanoparticle and
injected into the subject. Host cells translate these mRNAs into
antigens to trigger the immune response of hosts. The mecha-
nism is similar to viral infections that activate immune
responses (Fig. 3e). Incorporating mRNA into a suitable nano-
particle is critical for its protection from extracellular degrada-
tion and enhancement of cellular uptake.> Since the procedure
is synthetic, a sequence can be designed and delivered as an
mRNA vaccine. mRNA vaccines can be rapidly produced
according to a target pathogen, which makes them suitable for
arapid response. mRNA can either be encapsulated in a delivery
vesicle or bound to a surface through electrostatic interaction.
In both cases, the vesicle must be taken up by the cell most
likely through endocytosis pathways. mRNA is unloaded in the
cytosol after particle degradation, and the translation process
begins.

Moderna, Inc. and Pfizer-BioNTech developed mRNA
vaccines with nucleoside-modified mRNA formulated in lipid
nanoparticles. After the intramuscular injection of these
vaccines, cells take up lipid nanoparticles, effectively delivering
the mRNA sequence into host cells for the expression of the
SARS-CoV-2 S antigen, which induces neutralizing antibodies
and cellular immune responses to the spike (S) antigen. These
responses in turn help protect against COVID-19.

2.3. Gene therapy and genomic-based vaccine development

In 2001, the results of the Human Genome Project (HGP) that
aimed at sequencing the whole human DNA were published by
two research groups in Nature and Science.®>** HGP has been
considered the most important project in biology and biotech-
nology;* the data acquired from the project enabled researchers

Nanoscale Adv., 2023, 5, 1853-1869 | 1857
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to analyze genomic data at various levels and develop big-data
high-throughput technologies that uncover information at
genomic, transcriptomic, metabolomic, and epigenomic levels.
Although the mortality rate and life expectancy of many
diseases have not changed since the results of the HGP were
conveyed, they helped researchers gain information as a basis
for the development of genomic-based therapeutics.** The first
nucleic acid vaccine was formulated using naked or non-
formulated plasmid DNA obtained via bacteria and it gener-
ated a potent immune response against influenza virus.
However, since plasmid DNA is restricted to reach the nuclear
membrane after the injection, there was a weak and non-
sustaining immune response.®® Although device-mediated
delivery such as electroporation and jet injectors have been
able to improve delivery, equipment requirements and high
working volume have limited the widespread use of plasmid
DNA vaccines.®® Numerous clinical trials have therefore focused
on appropriate routes of delivery and optimization strategies for
various DNA vaccines to enhance their immunogenicity.®’
Moreover, the use of mRNA as a recent vaccine platform has
attracted considerable interest. Although, mRNA vaccines had
many limitations, such as nuclease degradation, instability, and
unwanted innate immune system stimulation, advances in
mRNA delivery and immunology over the past decade have led
to the emergence of several mRNA vaccines that are in clinical
trials today.*® In particular, the Pfizer/BioNTech (BNT162b2)*
and Moderna (mRNA1273)” vaccines developed against COVID-
19 have made the greatest contribution to the widespread
acceptance of the use of mRNA vaccines. This effectively showed
that mRNA vaccines are rapidly customizable for any disease.”™

3. Composition and characteristics of
LNPs

Lipid nanoparticles have been actively studied for decades as an
effective carrier capable of delivering various therapeutic
agents. Lipid-based nanoparticles include liposomes, solid lipid
nanoparticles (SLN), and nanostructured lipid carriers (NLCs).
Many clinical trials have shown that they can deliver both
hydrophilic and hydrophobic therapeutics.”>”® In addition,
LNPs have recently been attracting great attention as an
essential component of COVID-19 mRNA vaccines by effectively
protecting and delivering mRNA to cells. As such, since LNPs
exhibit characteristics such as high biocompatibility and tar-
geting efficiency, they are attracting great attention as nucleic
acid delivery systems such as DNA, mRNA, and siRNA.™

Most DNA vaccines using lipid-based delivery systems are in
the development and clinical stages, and only a small number
have been approved by the FDA. Mosquirix (RTS,S/AS01), which
is currently in phase 3 clinical trials, is a vaccine against malaria
caused by Plasmodium falciparum.””® It consists of RTS,S
using recombinant DNA technology and AS01, a liposome-
based adjuvant. Shingrix is an FDA-approved vaccine for the
prevention of shingles in adults over the age of 50. Shingrix is
also a vaccine using recombinant DNA technology with the
composition of AS01, a liposome-based adjuvant.”

1858 | Nanoscale Adv.,, 2023, 5, 1853-1869
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Many RNA vaccines using lipid formulations have been
approved. Representatively, BNT162b2 (Pfizer-BioNTech) and
mRNA-1273 vaccine (Moderna), which have been clinically
approved and approved for COVID-19, are mRNA vaccines using
LNP formulations. A number of LNP-formulated mRNA
vaccines are in clinical and approval stages, with Moderna's
mRNA vaccines against influenza virus mRNA-1440 (H10NS)
and mRNA-1851 (H7N9) completing phase 1 clinical trials being
another example.” More specifically, Patisiran (ONPATTRO), is
a therapeutic agent that delivers siRNA using a liposome
formulation and was approved by the FDA in 2018.” Another
lipid formulation is cationic nanoemulsion (CNE). The CNE
formulation was used as a vaccine adjuvant in studies to deliver
self-amplifying mRNA expressing H1 haemagglutinin of influ-
enza virus.**®* In this section, the characteristics and compo-
sitions of various LNPs are discussed by focusing on their
applications in vaccines (Fig. 4a).

3.1. Liposomes

Liposomes are lipid bilayer colloidal structures with a central
aqueous core and are one of the most common lipid-based
carriers, with sizes generally in the range of 100-300 nm.****
Liposomes are ideal delivery platforms for various types of
drugs, antibodies, nucleic acids, and other molecules because
hydrophobic and lipophilic substances can be loaded within
the lipid bilayer while hydrophilic components can be loaded in
the aqueous core.*** Liposomes are generally biocompatible,
and liposome-based drug delivery has several advantages to the
administration of free drugs as liposomes improve uptake by
tumors due to long circulation half-life.**** The composition of
liposomes determines the size, stability, surface charge, and
membrane fluidity. These properties are determined by the
choice of phospholipids and incorporation of cholesterol or
PEGs.*>* Liposomes are promising agents for particulates with
low aqueous solubility and poor stability (Fig. 4b).3*57,90-%

Several FDA-approved liposomal drugs are used in tumor
therapy, including DaunoXome (liposomal daunorubicin),
DepoCyt (liposomal cytarabine), and Myocet (liposomal doxo-
rubicin).***” Doxil, a PEG-liposome containing doxorubicin, is
approved for AIDS-related Kaposi's sarcoma, ovarian cancer,
and multiple myeloma. The half-life of Doxil is significantly
longer and its cardiotoxicity is reduced compared with that in
free doxorubicin, but skin toxicity that does not occur with
doxorubicin has been discovered.”®** Many studies focus on
the encapsulation of loaded multiple drugs by using liposomes.
Multi-drug loading efficiency is effectively demonstrated by
exploiting the structural properties of liposomes (Fig. 5a).
Through the development of multilayered liposomes and the
development of long-circulating liposomes, drug delivery effi-
cacy has been greatly improved (Fig. 5b).**»*%2

Liposomes have also shown promising results for the
delivery of mRNA-based vaccines in infectious diseases and
cancer immunotherapy.®®®>'® The intratumoral injection of
mRNA-liposomal complexes is highly effective in achieving in
situ tumor transfection.'® Zhou et al.*® evaluated neutral lipo-
somes for mRNA vaccine encoded with human melanoma

© 2023 The Author(s). Published by the Royal Society of Chemistry
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antigen glycoprotein 100 (gp100), which showed evidence of
tumor suppression and enhanced survival. Allison et al.** in
1974 first described the potential use of liposomes as a vaccine
vehicle, where the intramuscular injection of diphtheria toxoid
(DT) in negatively charged liposomes elicits significantly higher

© 2023 The Author(s). Published by the Royal Society of Chemistry

antibody levels than free DT in in vivo models. Since then,
liposomal vaccine formulations have been studied, developed,
and approved for marketing. Epaxal®, a hepatitis A vaccine, and
Inflexal V®, an influenza vaccine, are examples of liposomal
vaccines developed by Crucell (formerly Berna Biotech
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Fig.5 (a) TEM image of long-circulating liposome (LCL) co-encapsulating doxorubicin (DOX) and curcumin (CURC).*°* In the case of DOX, 55%
of the release was observed in liposome formulation after 24 h. In the case of CURC, the release from the liposome was faster than the solution,
and 20% was released after 24 h. (b) TEM images and drug release behavior graphs of multilayered liposomes co-encapsulating docetaxel (DOC)
and palmitoyl ascorbate (PA).2°2 The DOC solution showed a rapid release, but DOC liposome and DOC-PA-liposome exhibited sustained release
behavior. The results confirmed that the drug release rate can be controlled by PA addition. (c) Mechanism of ionizing cationic liposomes at
different pH levels.** In physiological pH, it is neutral; in acidic environments, an ionizing lipid becomes a cationic liposome. (d) The process by
which mRNA is encapsulated into liposomes produces a protein.** After entering the cytoplasm by endocytosis, mRNA is released to the outside

of the liposome; it undergoes transcription and translation to produce target proteins. (e) Cationic nanoemulsion (CNE) complexed with self-
amplifying mRNA (SAM).*2 Binding of SAM to CNE maintained the long loading of mRNA by cationic lipids and improved the delivery capacity.

Ltd).**”'%® Liposomes can be used for imaging applications as
well as drug delivery. Representatively, radiolabeled liposomes
are being actively studied in the preclinical and clinical fields as
well as in vitro study. Wong et al. compared the imaging effi-
ciencies of Cu-labelled liposomes, Cu-labelled albumin, and
FDG. In particular, when imaging was performed after 18-24 h,
liposomes were superior to FDG in detecting small tumors and
revealing heterogeneity within tumors.'*

3.1.1. Cationic liposomes. Liposomes are amphiphilic in
nature; they have a hydrophilic headgroup and hydrophobic

1860 | Nanoscale Adv, 2023, 5, 1853-1869

tail. The hydrophilic headgroup can be neutral, cationic, or
anionic (Fig. 5¢).***> Cationic lipids are preferred in liposome
formulations for the delivery of nucleic acids. The positive
charge on the surface develops electrostatic interaction with
negatively charged nucleic acids, improving the encapsulation
efficiency (Fig. 5c)."* Cationic lipids such as N-[1-(2,3-dio-
leyloxy) propyl]-N,N,N-trimethylammonium chloride (DOTMA)
have been used in liposome synthesis, resulting in the
increased efficacy of mRNA transfection."**'** Cationic lipo-
somes with a cationic lipid, 1,2-dioleoyl-sn-glycero-3-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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phosphoethanolamine (DOPE), efficiently achieve the internal-
ization of mRNA, resulting in successful transfection
(Fig. 5d).*** Furthermore, results that do not present cell
viability or host negative immune responses were confirmed.
These biocompatible cationic lipid formulations can also be
used for the internalization of immunogenic agents. For
instance, when the mRNA complex was encapsulated in DOTAP/
Chol/DSPE-PEG cationic liposome and administered by the
nasal route, the cellular uptake efficiency was increased and the
capacity to stimulate dendritic cell maturation was improved.
As a result, it was confirmed that a strong anti-tumor immune
response can be induced by delivering mRNA more stably and
effectively through the synthesized cationic liposome.**®

DOTAP has been proposed as an immunomodulator to
stimulate the immune response of the host in a pathogen-
independent manner."*® This characteristic of immune stimu-
lation has been linked with the type of amine headgroups.
Therefore, lipids possessing quaternary amine headgroups are
better in immune stimulation than lipids with tertiary amine
headgroups. Additionally, lipids with unsaturated acyl chains
stimulate cytokine release. Hence, the potential immune
response of cationic liposomes must be carefully evaluated
before designing a delivery system.”>*7"8

3.1.2. Ionizing cationic liposomes. The limitations associ-
ated with cationic lipids have led to the development of ionizing
cationic lipids, which can change their charge depending on the
surrounding environment and pH. Ionizing cationic lipids are
positively charged at acidic pH, and they acquire a neutral
charge at a physiological pH. Thus, they can effectively encap-
sulate RNA molecules while being positively charged. Subse-
quently, when they are injected into the body, their neutral
charge helps extend their circulation half-life, which enables
them to fuse with the endosomal membrane and release RNA
molecules.”*"**** Some research groups demonstrated the

utilization of ionizing lipids in RNA-based vaccines.'** ">

3.2. Cationic nanoemulsions (CNEs)

Oil-in-water nanoemulsions can be used as drug and vaccine
delivery systems. CNEs are proposed as a potential alternative to
nucleic acid therapeutics to overcome liposome-associated
problems, such as particle aggregation in biological fluids.
CNEs contain an oil core stabilized by either cationic lipids or
a combination of phospholipids, PEG-lipids, and/or nonionic
surfactants. The incorporation of cationic lipids is crucial for
nucleic acid complexation through electrostatic interac-
tions."**"** Brito et al.'*> developed CNEs using cationic lipid
DOTAP to deliver self-amplifying RNA-based vaccines for HIV,
RSV, and human cytomegalovirus (Fig. 5e). Nanoemulsions
offer the advantages of high-loading capacity, ease of large-scale
manufacturing, and toxicological safety.

3.3. Solid lipid nanoparticles (SLNs)

SLNs have emerged as an alternative to liposomes. Unlike
liposomes, SLNs have a biodegradable solid core and are
dispersed in an aqueous solution as colloidal particles with the
help of a surfactant layer."”® They provide higher drug stability

© 2023 The Author(s). Published by the Royal Society of Chemistry
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and can carry a higher payload than conventional liposomes.
They also offer the opportunity of controlled drug release
because of the solid core. Solid lipids have been used to reduce
the drug release rate in pellets.””*"** SLNs have excellent
stability and intracellular uptake efficiency as mRNA and DNA
carriers; they also have an excellent drug release control ability.
SLNs, developed as a combination of cationic and ionizing
lipids, remain stable for a long time as an mRNA delivery vector;
the binding ability of SLN to mRNA is maintained (Fig. 6a)."* In
another study using SLN as a DNA vector, confocal image
analysis confirmed the results widely observed in the nucleus
and cytoplasm of cells following SLN transfection. Furthermore,
the transfection efficiency of SLN is higher than that of Lip-
ofectin®, a commercial transfection reagent (Fig. 6b)."*

3.4. Nanostructured lipid carriers (NLCs)

NLCs are the advanced stage of SLNs, with a hybrid formulation
of SLNs and nanoemulsions. A semicrystalline matrix is formed
in NLCs with a controlled mixture of solid and liquid lipids,
improving colloidal stability, drug loading, and drug release.
NLCs have been reported for the delivery of mRNA-based
vaccines for Zika virus, providing 100% protection from death
in a small single-dose intramuscular injection in mice (Fig. 6¢).*

3.5. Role of helper lipids in the formulation of LNPs

The composition plays a critical role in the characteristics of
LNPs. The type of phospholipids and their molar ratio deter-
mine the size, spherical charge, drug loading capabilities,
cellular uptake, longevity, and stability of particles (Fig. 6d).***
The attributes of helper lipids, such as PEGylated lipids,
cholesterol, and phospholipids, have been described below.

3.5.1. PEGylated lipids. Many polymers have been reported
to improve the stability and water solubility of LNPs. PEG is
a synthetic hydrophilic polymer widely used for therapeutic
applications because of its characteristics. A PEGylated lipid has
two major components: a hydrophilic polymeric PEG chain
conjugated with a hydrophobic lipid. PEG present on the
surface of LNPs is associated with increased hydrophilicity,
reduced electrostatic interaction, and prolonged LNP circula-
tion. PEG enhances the biocompatibility of LNPs, reduces
cytotoxicity, and decreases the interaction of LNPs with blood
plasma. PEG incorporation also prevents the aggregation and
coalescence of NPs. PEG contains an ether group in the back-
bone, which utilizes hydrogen bonding and steric stabilization
to enhance water solubility over a wide pH range. PEG can also
be modified with different functional groups, such as amine,
biotin, folate, and carboxyl groups. Mattoussi et al.*** reported
the development of DHLA-PEG derivatives for PEG-based
quantum dots (QDs) via ligand exchange. Other researchers
used PEG derivatives as emulsifiers and stabilizers in LNPs."
PEGylation should be controlled appropriately as their ratio in
LNPs is critical for cellular uptake and circulation time. A pro-
longed circulation time due to a higher ratio of PEG may
promote immunogenicity and antibody response.®**3%134

Some concerns regarding anti-PEG antibodies developed in
people who received PEGylated drugs or PEG-containing

Nanoscale Adv., 2023, 5, 1853-1869 | 1861
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Fig. 6 (a) Gel electrophoresis of particles loaded with mRNA into SLN1 ¢
and the ionizing lipid DODAP*?® (Copyright (2020) by MDPI). After 3 mont
stability, and provided mRNA protection for a long period. (b) Confocal im

omposed of the cationic lipid DOTAP and SLN2 composed of DOTAP
hs of loading, SLNs maintained their ability to bind to mRNA, exhibited
age of the endocytosis of fluorescently labeled SLN into H1299 cells**®

(Copyright (2008) by Elsevier). The SLN synthesized using a fluorescence-conjugated DOPE was confirmed to enter the cytosol after 60 min of

treatment and verified in the nucleus after 24 h. (c) NLC structure image i

n which a replicating viral RNA (rvRNA) binds to its surface! (Copyright

(2018) by ASGCT). A relatively low amount of Tween 80, a surfactant, was used, i.e., 35% of the lipid mass, to prevent rvRNA degradation; the
ladder of gel electrophoresis revealed that rvRNA did not appear when RNase was used. (d) Components used in the LNP formulations®*
(Copyright (2021) by Elsevier). A helper lipid for encapsulating mRNA, an ionizing lipid for improved delivery and loading stability, and cholesterol
to improve integrity are used. In addition, PEGylated lipids for enhancing biocompatibility and reducing cytotoxicity and various types of targeting
moieties for delivering to more precise targets are used. (e) Chemical structures of phospholipids, cholesterol, and emulsifiers used in LNP

formulations.

products have been reported. Hypersensitivity reactions have
been described in some patients but their occurrence is low.
The modification of PEG molecules to reduce immunogenic
reactions may provide optimal solutions to overcome adverse
reactivity toward PEG. Moderna, Inc. and Pfizer-BioNTech's

1862 | Nanoscale Adv, 2023, 5, 1853-1869

lipid nanoparticle-encapsulated mRNA vaccines contain PEG in
their vaccine ingredients, and the Centers for Disease Control
and Prevention (CDC) stated that those with known allergies to
PEG should not receive these mRNA COVID-19 vaccines and opt
for vaccines that do not contain PEG.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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3.5.2. Cholesterol. Cholesterol is an important component
of the cell membrane and is responsible for membrane fluidity.
Adding cholesterol impacts the stability, longevity, and struc-
tural integrity of LNPs. It also helps in cellular uptake, as shown
in some studies, because it aids in higher membrane
fusion.*®***° The incorporation of a cholesterol analog enhances
the in vitro transfection of mRNA-based LNPs."** Farzaneh
et al.** reported that the addition of cholesterol into the lipid
membrane remarkably enhanced the drug loading efficiency
and provide stability to the particles. The COVID-19 LNP mRNA
vaccines developed by Moderna, Inc. and Pfizer-BioNTech
contain cholesterol as their ingredients.

3.5.3. Phospholipids. Phosphatidylcholines (PC) are major
components of natural membranes. They possess a cylindrical
geometry, which is favorable to bilayer structure formation.
Saturated PCs, such as distearoylphosphatidylcholine (DSPC),
have a high lipid transition temperature; therefore, they
formulate stable LNPs. However, LNPs have low cellular uptake.
Unsaturated PCs, such as dioleoylphosphatidylcholine (DOPC),
have a lower lipid transition temperature, and they result in
more fluidic structures. Therefore, a combination of saturated
and unsaturated PCs is typically used to obtain optimal parti-
cles that have high stability and possess a transition tempera-
ture that induces release at the relevant target.'*®

DOPE is a typical phosphoethanlamine and has a conical
shape. The two unsaturated tails of DOPE form this structure
and have a smaller head group than the tertiary amine group of
PC. DOPE adopts an inverted hexagonal H(u) phase that
promotes endosomal escape of lipid nanoparticles by destabi-
lizing the endosomal membrane and improves intracellular
delivery of nucleic acids. For example, when synthesizing LNP
by adding DOPE to cationic lipid, mRNA vaccine delivery was
improved by targeting splenic antigen-presenting cells.***

3.5.4. Emulsifiers/surfactants. SLN synthesis is affected by
various parameters including synthesis temperature and
surfactants. The type and concentration of lipids and surfac-
tants play an important role in improving encapsulation effi-
ciency. Higher lipophilicity and compatibility between drug and
lipid can increase the EE percentage.'** Surfactant is one of the
important factors that affect the polymorphic transition
kinetics of lipids. During particle synthesis, the concentration
ratio of lipid and surfactant can affect the overall internal
structure of lipid nanoparticles. Hallan et al. synthesized lipo-
somes with different types of surfactants and then conducted
characteristic analysis through small-angle X-ray scattering
(SAXS) analysis to confirm the change in scattering signal
depending on liposome composition."*

4. Mechanism of the cellular uptake
of LNPs and targeting strategies
4.1. Cellular uptake

LNPs undergo cellular uptake via the endocytic pathway.
Endocytosis pathways can be broadly divided into phagocytosis
and pinocytosis. Phagocytosis is a triggered process by which
cells such as monocytes/macrophages, neutrophils, and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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dendritic cells engulf large particles. Pinocytosis is a continuous
process and is associated with the internalization of body fluids
and molecules by small vesicles, such as NPs.***

Pinocytosis is further divided into four courses: clathrin-
mediated, caveolin-mediated, clathrin/caveolin-independent
endocytosis, and micropinocytosis. The particular pathway
that particles enter depends on several characteristics such as
size, shape, particle surface, and rigidity of NPs.**® Clathrin-
mediated endocytosis relies on receptor-mediated, hydro-
phobic, or electrostatic interactions between ligands and
extracellular receptors in the region of clathrin expression to
internalize specific molecules into cells. All lipid-based NPs use
this pathway. After entering cells, internalized nanoparticles are
usually trapped inside endosomal/lysosomal vesicles, where
a cargo material is degraded by lysosomal enzymes.**® Caveolin-
mediated endocytosis can occur in molecules smaller than
60 nm and is a cell entry pathway involving flask-shaped
membrane inclusions called “caveolae”. They form special
vesicles after they are swallowed using lipid rafts.**” Clathrin-
and caveolin-independent endocytosis occurs in cells deficient
in clathrin and caveolin, internalizing cargos such as growth
hormone, cellular fluid, interleukin-2, and folic acid."*® Macro-
pinocytosis is a pathway by which extracellular fluid and its
debris are absorbed by forming large heterogeneous vesicles
called “macropinosomes”. It mainly internalizes apoptotic cells,
extracellular fluid, bacteria, and viruses and can internalize
micron-sized NPs that cannot enter through other pathways.'*®

4.2. Targeting

Cellular uptake and cargo release in the cytosol are critical steps
and important areas of research. However, researchers have re-
ported that less than 2% of the genetic material is released into
the cytosol. Nucleic acid therapeutics have been -clinically
approved to treat a small number of diseases, but their potential
has been limited due to inefficient delivery. Nucleic acids can be
activated until they are delivered to specific cellular compart-
ments (cytoplasm, nucleus, and mitochondria).” Trafficking to
the appropriate site is therefore one of the challenges to be solved
and numerous strategies have been implemented to improve
cellular uptake. Among them, this aim is achieved by attaching
target ligands such as specific ligand molecules of various
receptors such as amino acids, peptide proteins, receptors,
antibodies, and growth factor receptors that are functionalized to
the nanoparticle surface.”®** Such surface-modified delivery
systems can also be applied to a variety of nucleic acid thera-
peutic delivery from short siRNAs to large plasmid DNAs.”* A
recent study investigated the cyclic peptide iRGD
(CCRGDKGPDC)-conjugated solid lipid nanoparticles for the
delivery of siRNA for the epidermal growth factor receptor (EGFR)
and programmed cell death ligand-1 (PD-L1). As a result, the
effectiveness of targeting and immunotherapy against glioblas-
toma is improved to treat gliomas by bypassing the blood-brain
barrier."* Cationic liposomes or polymers may protect mRNA
from degradation by RNAse, aid internalization by DCs, and
allow intracellular delivery. In particular, DOTAP:DOPE lipo-
somes resulted in enhanced vaccination against HIV by

Nanoscale Adv., 2023, 5, 1853-1869 | 1863
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delivering mRNA encoding the HIV gag antigen."*® In addition,
a lectin subtype with high specificity for a particular carbohydrate
residue (o-L-fucose) expressed on the cell surface bound to lipo-
somes, leading to oral vaccine delivery for intestinal immuniza-
tion." Lipid-based delivery systems can play a flexible and
important role in designing effective vaccines and therapeutic
strategies against infectious and non-infectious diseases. There-
fore, recent advances in preclinical and clinical trials of lipid-
based delivery systems that enhance the efficiency and safety of
vaccine strategies against various diseases deserve attention.'*

5. Overview of mRNA loading into
LNPs for SARS-CoV-2 vaccines

Unlike DNA-based vaccines, mRNA-based vaccines have the
advantage of reducing the risk of gene mutation because they
are not integrated into the host gene. In addition, since the
encoded protein becomes translated as mRNA reaches the
cytoplasm, it has the advantage of easy delivery, unlike DNA,
which must reach the inside of the nucleus. Therefore, the
development of mRNA vaccines for various diseases that have
been difficult to treat is being actively studied. The types of
mRNA used for RNA vaccines can be divided into self-
amplifying mRNA (SAM) vaccines and conventional mRNA-
based vaccines, which are nonreplicating mRNAs. Conven-
tional mRNA-based vaccines encode only the gene of a target
antigen and cannot replicate it. Therefore, antigen expression at
this time is proportional to the number of mRNA transcripts
successfully transferred during vaccination, and a large amount
of administration and repeated administration are performed
as needed. These vaccines include Pfizer's BNT162b2 and
Moderna's mRNA-1273, which are the currently available SARS-
CoV-2 mRNA vaccines. In self-amplifying mRNA (SAM) vaccines,
a replicon developed from a positive-sense, single-stranded
alphavirus can be directly translated into host cells, similar to
mRNA. RNA called Replicon can self-replicate and amplify in
cells through RNA template amplification in host cells.
Accordingly, the expression of an antigenic gene may be
increased even at a small dose.*>**”

These nucleic acids are polyvalent anionic and hydrophilic;
they are difficult to be taken up by cells but easily degraded by
nucleases in the blood plasma. Therefore, matching with the
delivery system is important to keep an mRNA-based vaccine
intact and deliver it effectively. The most optimal mRNA
delivery systems are LNPs such as liposomes, CNEs, and NLCs
composed of cationic lipids. Cationic lipids, which are ionized
at a low pH of 4.0 and have a positive charge, form a complex
with mRNA. An anionic cell membrane neutralizes the charge of
the cationic LNP, thereby interfering with the electrostatic
interaction between cationic LNPs and mRNA, resulting in the
release of the mRNA into cells.’® In addition to mRNA vaccine
delivery, the efficiency of nucleic acid delivery for transfection is
higher when a cationic liposome is used than when a cationic
polymer is used.*>**°

The research and development of mRNA vaccines and drugs
with LNP vectors is ongoing for various diseases, such as

1864 | Nanoscale Adv., 2023, 5, 1853-1869
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tuberculosis, influenza, and cancer. For example, Patisiran
developed by ONPATTRO is a drug for the treatment of poly-
neuropathy caused by transthyretin-mediated amyloidosis
(hATTR). It expresses the effect of transthyretin-inhibiting
double-stranded siRNA encapsulated in LNPs and becomes
delivered to hepatocytes.'®'**> Also, all vaccine candidates are
related to mRNA vaccines in the prM-E gene region, which
expresses the precursor membrane (prM) protein and envelope
(E) protein among the viral proteins of Zika virus.'®® Recently,
clinical trials are underway by encapsulating nucleoside-
modified mRNA for the prM-E gene region by using LNP-
containing ionizing cationic lipids.*** When injected into mice
and rhesus monkeys, they elicit an immune response that
protects them from viral attack.'® In addition, Moderna, Inc. is
conducting phase 1 clinical trials for mRNA-1325 and mRNA-
1895, which are also Zika virus vaccine candidates.

Among LNPs that encapsulate mRNA vaccines, liposomes
have been widely explored probably because they are being used
as vectors of SARS-CoV-2 mRNA vaccines. In March 2020, the
director of the World Health Organization (WHO) declared the
coronavirus pandemic.'®® Since then, vaccines against SARS-
CoV-2 have been rapidly developed. Among these vaccines,
the LNP-encapsulated mRNA-1273 vaccine (Moderna) that
encodes the prefusion stabilized full-length spike protein of
SARS-CoV-2 shows 94.1% efficacy from a phase 3 randomized
placebo-controlled multicenter study focusing on participants
aged =18 years."” The two-dose regimen of BNT162b2 (Pfizer-
BioNTech), which is another mRNA vaccine and lipid
nanoparticle-formulated nucleoside-modified RNA vaccine that
encodes a prefusion stabilized membrane-anchored SARS-CoV-
2 full-length spike protein, shows 95% protection against
COVID-19 in people aged =16 years with a good safety profile.*

6. Conclusion

With the coronavirus disease-19 (COVID-19) pandemic, studies
have focused on lipid-based nanoparticles because of their
ability to deliver therapeutics, such as mRNA. In this review, we
reported nucleic acid-based therapeutics and lipid nanoparticle
type as a carrier of nucleic acid therapeutics. Nucleic acid
therapeutics, such as DNA and RNA, control the expression of
a specific protein related to disease and immune activity.
Generally, nucleic acid therapeutics regulate sequence-specific
recognition to inhibit mRNA translation that induces disease-
related protein expression. Thus, the activated nucleic acid
sequence, which interacted with therapeutic nucleic acids,
represents therapeutic efficacy by inhibition of translation.
Therefore, the adequate delivery of nucleic acid therapeutics
has been applied to solve problems of nucleic acid-based drugs.
Therefore, we introduced a diverse type of LNPs, such as lipo-
somes, CNEs, SLNs, and NLCs. Liposomes, representative LNPs,
could accommodate hydrophilic and hydrophobic drugs with
an enhanced delivery capacity on tumor cells. CNEs were
developed to overcome the limitation of liposomes, such as
particle aggregation. SLNs are specialized in maintaining the
stability of drugs conjugated with them and controlled drug
release.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Because of the characteristics of lipid-based nanoparticles,
LNPs have been utilized to deliver SARS-CoV-2 mRNA vaccines.
Many clinical trials have reported that LNP uptake into
mammalian cells promotes effective mRNA delivery and leads
to the expression of the SARS-CoV-2 antigen that activates
innate immune responses for the secretion of the neutralization
antibody against the SARS-CoV-2 antigen.

LNPs with varying structures and characteristics have been
constructed for stable material delivery. In this review, we
outline future possibilities for further applications of LNPs as
flexible carriers in immuno-therapeutics and anti-cancer
reagents.
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