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Abstract: Messenger RNA (mRNA) vaccines have shown great preventive potential in response to
the novel coronavirus (COVID-19) pandemic. The lipid nanoparticle (LNP), as a non-viral vector
with good safety and potency factors, is applied to mRNA delivery in the clinic. Among the recently
FDA-approved SARS-CoV-2 mRNA vaccines, lipid-based nanoparticles have been shown to be well-
suited to antigen presentation and enhanced immune stimulation to elicit potent humoral and cellular
immune responses. However, a design strategy for optimal mRNA-LNP vaccines has not been fully
elaborated. In this review, we comprehensively and systematically discuss the research strategies
for mRNA-LNP vaccines against COVID-19, including antigen and lipid carrier selection, vaccine
preparation, quality control, and stability. Meanwhile, we also discuss the potential development
directions for mRNA–LNP vaccines in the future. We also conduct an in-depth review of those
technologies and scientific insights in regard to the mRNA-LNP field.
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1. Introduction

The unprecedented impact on public health and economic development of severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2 or COVID-19) was evident in
December 2019. There were approximately 400 million confirmed cases and a mortality rate
of about 1.4% in February 2022. Vaccines have been widely recognized by the public for
their success and effectiveness in preventing disease. Moreover, various forms of therapy
and prophylactic vaccines, including peptides, RNA-, viral vector-, DNA-, and protein-
based vaccines, have been developed since the outbreak of COVID-19 [1,2]. The most
promising vaccine candidates have been transited from viral vector- and protein-based
technologies into messenger RNA (mRNA) and lipid nanoparticle (LNP) technologies. The
mRNA vaccine consists of mRNA encoding a particular antigenic protein into the human
body, directly translated to form the corresponding antigen protein, thereby eliciting a
potent immune system response to produce antibodies against diseases [3,4]. One of the
key advantages of mRNA vaccines is that they can be designed and manufactured within
a short time scale to meet human requirements, which makes them very appropriate for
responding to the pandemic. It is essential for the effective delivery of mRNA in vivo
to achieve preventive effects. However, exogenous mRNA must cross the barrier of the
host cell membrane into the cytoplasm and translate into immunogenic proteins [5]. The
mRNA vaccine is quite unstable and requires the assistance of some vectors in the cell
membrane of the host cells. Additionally, the sensitivity of mRNA vaccines to RNA enzyme-
catalyzed hydrolysis pose significant challenges to their intracellular delivery [6,7]. LNPs
are, clinically, one of the most advanced mRNA carriers that can load and deliver mRNA
to cells while avoiding mRNA degradation [8,9]. After the mRNA is delivered to a cell,
it instructs the cell to produce protein, thereby eliciting an immune response. Therefore,
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using mRNA, LNP, and delivery system technologies achieve a desired biological response.
To date, the research conducted on mRNA–LNP vaccines used to combat viral diseases,
including Ebola, Zika, HIV, influenza, and cytomegalovirus infections, has been performed
in many countries. Table 1 summarizes some of the applications of RNA-loaded LNPs
that have been reported in the literature. It is worth emphasizing that a COVID-19 vaccine
with LNPs used as a delivery vehicle developed by BioNTech/Pfizer and Moderna has
been granted emergency authorization from the U.S. Food and Drug Administration (FDA)
(Table 2) [10–12].

Table 1. LNP-based mRNA vaccines.

Indication Target LNP Composition Administration
Route

Animal
Model Company Reference

Influenza virus

Full-length
hemagglutinin

(HA) of
H10N8

DSPC: Chol: PEG-lipid:
proprietary lipid: GLA
(9.83:38.5:1.5:50:0.17)

i.m./i.d. NHP Moderna [13]

Influenza virus Full-length HA
DSPC: Chol: PEG-lipid:

proprietary lipid
(10:38.5:1.5:50)

i.m./i.d.
Mice,

rabbits,
ferrets

BioNTech [14]

Influenza virus H10 HA
DSPC: Chol: PEG-lipid:

proprietary lipid
(10:38.5:1.5:50)

i.m./i.d. NHP Moderna [15]

Zika virus
infection

ZIKV prM-E
proteins

DSPC: Chol: PEG-lipid:
proprietary lipid
(10:38.5:1.5:50)

i.m. Mice Moderna [16]

Zika virus
infection

ZIKV prM-E
proteins

DSPC: Chol: PEG-lipid:
proprietary lipid
(10:38.5:1.5:50)

i.d. Mice, NHP BioNTech [17]

H7N9 influenza
virus

SAM-encoding
influenza H1 HA
antigen obtained
from the H1N1

virus

DSPC: Chol: PEG2000-
DMG:DLinDMA

(10:48:2:40)
i.m. Mice Moderna [18]

H10N8 and
H7N9 influenza

virus

SAM-encoding HA
proteins of H10N8

or H7N9

DSPC: Chol: PEG-lipid:
proprietary lipid
(10:38.5:1.5:50)

i.m./i.d.
Mice,

ferrets,
NHP

Novartis
Vaccines

and
Diagnostics

[19]

Respiratory
syncytial virus

SAM-encoding
respiratory

syncytial virus
fusion glycoprotein

DSPC: Chol: PEG2000-
DMG:DLinDMA

(10:48:2:40)
i.m. Mice

Novartis
Vaccines

and
Diagnostics

[20]

Chikungunya
infection

Human antibody
CHKV-24

DSPC: Chol: PEG-lipid:
proprietary lipid
(10:38.5:1.5:50)

i.v. Mice, NHP Moderna [21]

Toxoplasma
gondii infection

SAM-encoding
NTPase-II antigen

DSPC: Chol:
PEG2000-DMG:

DLinDMA (10:48:2:40)
i.m. Mice

Wenzhou
Medical

University
[22]

In the current review, we briefly describe the key stages in the preclinical development
of mRNA–LNP vaccines, including a selection of immunogens and delivery vehicles, the
preparation of mRNA–LNP vaccines by a microfluidic method, quality control, and the
stability of mRNA–LNP vaccines. Simultaneously, we also discuss the existing problems
of LNPs in mRNA formulations and present the possible directions for the research in
the future.
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Table 2. Information about marketed mRNA–LNP drug products for COVID-19 [6,23,24].

Company Moderna BioNTech

Product name mRNA-1273 BNT162b2
mRNA type Nucleoside modified mRNA Nucleoside modified mRNA

Route of administration Intramuscular Intramuscular
mRNA dose 100µg 30 µg

mRNA encoding Spike protein Spike protein
Ionizable cationic lipid SM-102 ALC-0315

Helper lipids DSPC; cholesterol DSPC; cholesterol
PEGylated lipid PEG2000-DMG ALC-0159

Molar lipid ratios (%)
Ionizable cationic lipid:

neutral lipid: cholesterol:
PEGylated lipid

50:10:38.5:1.5 46.3:9.4:42.7:1.6

Clinical trials. Gov identifier NCT04470427 NCT04368728
Overall protection rate 94.1% 95.0%

2. The Design Strategies for mRNA–LNP Vaccines
2.1. Selection of Immunogens

The immunogen plays an irreplaceable role in the process of vaccine development.
The ideal immunogen can produce a persistent humoral and cellular immune response via
stimulating the host cell [25]. SARS-CoV-2 is a novel β-coronavirus with a genome size of
approximately 30 kb [26–29]. That is, no fewer than 84,000 complete genomes in SARS-CoV-
2 sequences (>29 kb) have been recorded in the Global Initiative of Sharing All Influenza
Data (GISAID) database [29,30]. The high volume of gene sequencing data provide a great
opportunity to develop vaccines and understand the trend of virus evolution.

When imaged by transmission electron microscopy (TEM), it can be observed that
SARS-CoV-2 is spherical in shape with a particle size of 70–130 nanometers (Figure 1A).
The four major structural proteins of SARS-CoV-2 are as follows (Figure 1B): spike protein
(S), envelope protein (E), membrane glycoprotein (M), and nucleocapsid protein (N). In
addition, SARS-CoV-2 contains a positive-sense, single-stranded RNA genome related to
nucleoproteins [30,31]. The S protein is a homologous trimer distributed on the surface of
COVID-19 that mediates it into cells during the infection process [32,33]. Additionally, the S
protein consists of S1 and S2 subunits [27,34]. The S1 subunit is located outside the envelope
of the virus, which is mainly combined with vascular angiotensin-converting enzyme 2
(ACE2) [25,35,36], and the latter is the transmembrane subunit that can mediate the fusion
of viral and cellular membranes [37]. The S1 region contains the receptor-binding domain
(RBD), whereas the S2 subunit contains a putative fusion peptide, transmembrane domain,
and two heptad repeat regions called heptad repeats 1 and 2 (HR1 and HR2) [38–41]. During
the early stages of virus infection, the S protein plays a major role and effectively induces
the reaction of T cells in the body [32]. Recently, substantial evidence proved that the
SARS-CoV-2 infection could stimulate the production of S-protein-specific CD4+ and CD8+
T cells [42,43]. The special structure of the S protein provides a potential therapeutic target
for the development of broad-spectrum anti-coronavirus drugs. The S protein regulates its
exposure to receptor binding sites and subsequently undergoes structural rearrangements
to drive fusion between the virus and the cell membrane [27,44]. Therefore, many vaccines
in development, at present, target the S protein as the main antigen.

The N protein, the most abundant protein in virions, plays a vital role in the en-
capsidation of viral genomic and antigenomic RNA in a ribonucleoprotein complex [45].
Moreover, N proteins have an essential role in viral genomic RNA replication and mRNA
transcription [46,47]. Furthermore, they are involved in the immune-regulation process [48].
N proteins can stimulate a strong TH2 response and induce tissue damage, for which it
may be difficult to provide effective protection [49]. The E protein is only a minor mem-
brane component, but nevertheless has an important effect on in coronavirus assembly [50].
Structural M proteins mainly mediate the assembly and release of enveloped viral particles,
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and exert an important role in the structural stability and functional expression of other
proteins [51]. Thus, the other structural proteins of SARS-CoV-2 are not deemed as an
effective vaccine immunogen for clinical study.
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2.2. Selection of Delivery Vehicle

mRNA presents great potential in the application of viral vaccines, cancer immunother-
apy, and genome editing [4,52,53]. Nucleic acid is highly susceptible to degradation by
several nucleases in vivo [3], so it is required for the development of effective and safe drug
delivery systems (DDSs) to reach specific target cells and produce potent and predictable
effects. At present, different types of delivery methods have been commonly exploited
as DDSs for nucleic acids (Figure 2) [54]. Particular attention has been paid to designing
lipid-based mRNA DDSs that protect nucleic acids and ensure their targeted delivery,
controlled release, and enhanced cellular uptake.Polymers 2022, 14, x FOR PEER REVIEW 5 of 21 
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2.2.1. Lipid Nanoparticles

Nanoparticles have a wide range of biomedical applications due to their advanced
technology [56]. In particular, LNPs are among the most commonly used mRNA delivery
vehicles in both preclinical and clinical studies [57–59]. LNPs may present a micelle-like
structure that encapsulates nucleic acids inside a non-aqueous core, rather than a lipid
bilayer enclosing an aqueous core in traditional liposomes [60–62]. Both mRNA and cell
membranes are negatively charged, so mRNA cannot cross the cell membrane alone for
protein expression. On the contrary, positively charged LNPs have a well-complexed
system with the nucleic acid content under the influence of electrostatic action [60,63,64].
Notably, LNPs were initially employed to develop siRNA delivery. Subsequently, the
LNP formulation was used to deliver mRNA for cancer immunotherapy in 2014 [65]. In
comparison to other drug carriers, LNPs present numerous advantages [12,60,66,67]. For
example, LNPs can effectively encapsulate mRNA for effective and efficient delivery into
a cell [68]. Moreover, LNPs consists of biocompatible materials suitable for human use,
which can be synthesized at a large scale under the GMP level. More importantly, LNPs
are robustly synthesized, and their components can be easily adjusted to increase cellular
uptake and reduce cellular toxicity [12].

LNPs are mainly composed of a cationic/ionizable lipid and helper lipids, such as
phospholipids, cholesterol, and/or poly(ethylene glycol) (PEG) lipids [12,60,69,70]. The
structures of lipids commonly used for mRNA delivery are presented in Figure 3 [71],
including preclinical studies, clinical stages and authorized lipids. In the context of the LNP
system, the cationic/ionizable lipid is a critical component of LNPs. There is a head group
with positive charges in cationic/ionizable lipids, which serves as two functions [23,72]: (i)
increasing the cellular uptake and endosomal escape of the LNP system by disrupting the
cell membrane; and (ii) improving the mRNA stability and encapsulation efficiency of LNPs
by forming electrostatic interactions with the negatively charged mRNA. The ionizable
lipids are positively charged at a low pH level, but they remain neutral at a physiological
pH [72]. Therefore, it is beneficial for mRNA delivery to mediate passive entrapment and
ensure a more biocompatible delivery system. The utilization of ionizable cationic lipids
provides a solution for the biocompatibility issues of these systems [60]. Phospholipids and
cholesterol contribute to the promotion of the stability of LNPs and endosomal escape by
modulating membrane integrity and rigidity [23]. The research showed that cholesterol
analogs with C-24 alkyl phytosterols in LNPs can enhance the intracellular delivery of
mRNA in vivo [73]. The PEG-lipid is used to control particle size, zeta potential, and
reduce nonspecific interactions to prevent aggregation under storage [74]. In terms of
marketed RNA vaccines, the PEG-lipids used in Moderna and Biontech’s mRNA vaccines
are PEG-2000 conjugates. mRNA–LNP formulations containing PEG2000-DMG have a
higher delivery efficacy in vivo than formulations containing ALC-0159 [75]. Moreover,
the separation of PEG2000-DMG from LNPs is quicker than that of ALC-0159, thereby
facilitating the cellular uptake and endosomal escape of LNPs. Lipid molecules of different
compositions can wrap mRNA molecules inside them to form a spherical LNP, and LNPs
with different particle sizes can be prepared by adjusting the prescription, as presented in
Figure 4. Therefore, to develop an effective mRNA vaccine for COVID-19, the LNPs can be
appropriately designed and adjusted to obtain mRNA based on immunotherapies with
high immunogenicity and good therapeutic outcomes.
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Membrane lipids are essential for protein trafficking and aggregation, membrane
fusion, and signal transduction. Lipidomic studies have identified a wide variety of
lipids in membranes. Changes in lipid organization can have effects on cellular functions,
such as signal transduction and membrane trafficking [77,78]. Cholesterol is one of the
most important regulators for lipid organization. Due to its unique mechanism, the body
can maintain the level of cholesterol in the cell membrane within a suitable range [79].
The different types of lipid organization have important effects on membrane proteins.
Many membrane proteins are more likely to be associated with specific types of lipid
organization, which would lead to its physical separation in a bilayer with a lipid phase
coexistence [80,81]. When genes or the environment change, the orderly arrangement of
lipid organization becomes disordered; these membrane effects may cause discomfort in
the human body.

LNPs are nanoparticles formed by lipid components. When LNPs load genetic material
into cells, the degree of impact on the morphology and function of the lipid organization
is essential for the composition and dosage of the selection of LNPs. The development of
more efficient and safer LNPs for intracellular mRNA delivery is a long-standing challenge.
LNPs are one of the most effective means of mRNA delivery. We can select an appropriate
lipid composition or modify its structure to improve its biodegradability in vivo, so as to
improve biocompatibility, avoid the toxicity and side effects caused by lipid accumulation.
At present, a series of studies mainly focus on the linker fragments of cationic lipids
(ionizable lipids), such as esters, amides, and mercaptans [82]. Dlin-mc3-dma, ALC-0315,
and SM-102 all contain ester-bond linker fragments. Lipids linking degradable fragments
are often rapidly cleared from the body and can be used in multiple doses with fewer side
effects. Dlin-MC3-DMA is an FDA-approved excipient. In order to further improve the
therapeutic index of siRNA-LNP, its biodegradable version, L319, was develop by adding
ester bonds to the hydrophobic dialkyl chains, which enables the rapid elimination of
siRNA-LNPs in the liver [83]. ATX lipids (Arcturus) were also designed to contain an
ionizable amino head group and a biodegradable lipid backbone, which can degrade and
scavenge in the liver much faster than Dlin-MC3-DMA [84]. Embedding biodegradable
linker fragments in lipids may improve their biocompatibility and further promote their
elimination in vivo [83]. Therefore, it is important to develop new next-generation lipids
with a superior potency and biodegradable functions to further promote the development
of the LNP platform.

The main advantages of LNPs as DDSs include the tailored optimization of biophysical
and biological characteristics to achieve efficient encapsulation and controlled release. The
current review focused on the research overview of LNPs as a mRNA DDS.
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2.2.2. Other Types of Lipid-Based mRNA DDSs

In addition to the LNPs previously mentioned, other types of lipid-based mRNA DDSs
include hybrid biopolymers, lipoplexes (LPXs), lipopolyplexes (LPPs), and nanocapsules
(LNCs). Recently, lipid polymer hybrid nanoparticles (LPNs) have served as promising bio-
materials for RNA delivery that integrate the physicochemical properties of both lipids and
the polymers. The LPN can effectively protect and deliver mRNA to achieve the correct ex-
pression of the corresponding protein. A study has shown that polyβ-amino lipids (PBAEs)
were coated with phospholipid bilayers, and then the mRNA was loaded onto the surface
of the nanoparticles by an electrostatic interaction to deliver mRNA vaccines through
nasal mucosa [85]. The results indicate that the LPN/mRNA complex is readily taken
up by dendritic cells (DCS) and can deliver mRNA into the cytoplasm of DCs to reduce
toxicity [85]. In addition, Ball et al. combined mRNA and siRNA into a polymer composed
of lipids modified with ionizable lipids, cholesterol, and polyethylene glycol to investigate
the co-delivery effect of mRNA and siRNA. The results show that siRNA and mRNA in
the same LPN enhanced the drug efficacy both in vivo and in vitro [86]. Using LPXs and
LPPs to efficiently deliver nucleic acid has attracted the attention of many researchers.
LPXs and LPPs can deliver genes to dendritic cells, which can better activate the immune
response of T cells through antigen presentation, achieving the ideal immunotherapy ef-
fect. At present, many cationic LPXs are used, such as polyethylene imine, poly (β-amino
ester), PBAE, and chitosan. BNT111 is an mRNA vaccine encoding NYESO-1, tyrosinase
(Tyr), MAGE-A3, and TPTE developed by BioNTech, which are delivered intravenously to
patients via RNA-LPX. The results showed that BNT111 can induce a specific antitumor
immune response with good safety and tolerance [87]. Mockey et al. demonstrated that
mice receiving systemic injections of MART1 mRNA histidylated LPPs were specifically
and significantly protected against B16F10 melanoma tumor progression [88]. LNCs are
submicron particles composed of an oily liquid core surrounded by a solid or semisolid
shell. LNCs are biomimetic nanocarriers used for the encapsulation of a wide variety of
active ingredients. They are highly stable compared to other nanocarriers, and they have
been observed to confer highly desirable characteristics to internally delivered therapeutic
molecules [89]. The lipid-based mRNA DDSs mentioned above were not highlighted in the
current review.

2.3. Preparation of mRNA–LNP Vaccine

The workflow of mRNA–LNP is presented in Figure 5. First, the antigen gene was
combined with blank plasmid by PCR technology to form a recombinant plasmid, and then
the plasmid containing the target gene was introduced into the cells of E. coli bacterium.
In order to obtain a large quantity of cloned genes, multiplying bacteria were cultured in
LB liquid medium (37 ◦C) overnight. Generally, E. coli bacterium are lysed by an alkali
to release the plasmids. Subsequently, the extracted plasmids needed to be sequenced
to ensure that the gene sequence of the virus was not altered. Following the quality test,
enzymes could linearize circular plasmids and separate the antigen genes. The linearized
DNA was mixed with nucleoside triphosphate (NTPs: ATP, GTP, UTP, and CTP) using
enzymes (helicases) to open the DNA template and transcribe it into mRNA. In addition to
the target product, the in vitro transition of mRNA also contains many impurities, such as
enzymes, abnormal transcription products, and DNA. The lithium chloride precipitation
method is commonly used to purify mRNA, but the disadvantage of this method is that it
cannot remove abnormal transcription products. Some studies have shown that the protein
yield of mRNA purified by RP-HPLC has increased 10–1000 times [90,91]. In addition to the
methods described above, the anion exchange, ultrafiltration, magnetic bead, and dialysis
methods can also be used for mRNA purification. Following purification, the mRNA was
sequenced again to ensure the accuracy of the results. Finally, the mRNA was encapsulated
in the lipid and formed vaccine particles. The final stages of aseptic filtration and packaging
were completed after the quality test of the intermediate product was qualified.
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In the past, ethanol injection and thin-film hydration were the preparation methods
commonly used for obtaining LNP formulations. With the improvement of technology,
large-scale production, which proves difficult for obtaining a greater mRNA encapsulation
efficiency and uniform particle size, is generally no longer practiced [92,93]. Recently, the
preparation of mRNA–LNPs utilizing T-junction- and microfluidic-mixing platforms has
become a popular method. In this section, we focused on the preparation of mRNA–LNPs
using microfluidic technology. In recent years, microfluidic devices and technologies have
been used for the preparation of LNPs. This technology provides many advantages for the
production of mRNA-LNPs, including precisely controlling LNP size, high reproducibility
rate, and the provision of a continuous LNP production process. To date, a variety of
microfluidic devices have been used in the development of nano-delivery platforms, such
as RNA, DNA, and LNP. This method is relatively convenient for demand rate and easy
to achieve an increase in production. The specific process of preparation is as follows:
first, a molar ratio of 50:10:38.5:1.5 (ionizable lipid:helper lipid:cholesterol:PEG-lipid) was
dissolved in ethanol [94,95]. Then, all the nucleic acid was dissolved in 20–25 mM of buffer
(citrate or sodium acetate buffers), pH 4.0. Of note, the preparation and handling of the
nucleic acid solutions were performed under sterile and RNAse-free conditions. Finally,
the alcoholic solution of the lipids was mixed with the aqueous solution of the mRNA by
utilizing a microfluidic mixing technique.

The microfluidic mixing technique offers several advantages relative to other meth-
ods. By using this method together with the mRNA, the components formed particles of
approximately 60–100 nm in size [92]. Meanwhile, mRNA–LNPs with a high encapsulation
efficiency (approximately 90%) facilitated the manufacturing process of commercial mRNA
drugs under GMP [63,96]. Recently, one study indicated that flow rate was negatively
associated with the particle size and PDI of mRNA–LNPs [3,97]. However, the increment of
the flow rate over 2 mL/min had no effect on the size of the nanoparticles [3]. Therefore, it
is necessary to pay attention to the effects of different instrument parameters on the particle
size and PDI during the preparation process. Specifically, in order to obtain nanoparticles
with a uniform particle size and good polydispersity index (PDI), the flow rates of the
aqueous and organic phases were 1.5 mL/min and 0.5 mL/min, respectively [98].
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2.4. Quality Control of mRNA Vaccines

Most of the methods used in the preparation of mRNA–LNP are complex. Therefore,
a perfect quality control system is crucial in determining the quality of the final product.
Safety, efficacy, and quality control elements of the vaccine production process are de-
termined by measuring the critical process parameters (CPPs) and intermediate critical
quality attributes (IQAs) [99]. The target-gene sequence design, raw material, mRNA
purity and integrity, and mRNA/lipid ratio are directly related to the quality of mRNA
vaccines. The quality control of mRNA vaccines is mainly reflected in the plasmids, lipids,
enzymes, nucleotides, semi-finished products, and final products used in the production
process [100]. mRNA molecules and lipid excipients are essential in the process of mRNA
vaccine research. Plasmid is the starting material to produce mRNA, the quality of mRNA
that determine the potency of vaccine. In the entire quality control process, the biological
characteristics of plasmids, such as purity, the proportion of the superhelical structure and
residual material extracted from plasmids, E. coli, copy number, and strain purity used in
the plasmid transformation process, should also be considered. Lipids are primarily consid-
ered in relation to their source, and physical and chemical characteristics (e.g., appearance,
type, purity, and residual solvent). Lipids should also be evaluated for their function and
compliance to applicable regulations for novel lipid excipients. In addition, the quality
of mRNA–LNP intermediates was assessed using key indicators, such as mean particle
size, particle-size distribution, mRNA content, encapsulation rate, and sterility. The mRNA
vaccine can induce a strong immune response, the global demand is high, and the mRNA
vaccine platform is a new form of technology, which encourages a greater demand for
improved production technology, production scale, production cycle, and product quality
of the mRNA vaccine [101]. Hence, it is essential to establish a set of quality management
systems suitable for mRNA vaccines and apply it to the entire production process and life
cycle of mRNA vaccines to ensure better product quality.

3. The Stability of mRNA–LNP Vaccines

The long-term stability for mRNA–LNP vaccines has always been a concern in terms
of preparation and storage. To prevent the growth of the particle size and the loss of
bioactivity, many mRNA–LNP formulations are generally stored at −20 ◦C or in even
lower temperatures for several days [102]. Hence, these factors not only increase the cost of
transportation, but are difficult to popularize in countries lacking the cold chain. At present,
for example, the Moderna mRNA-1273 vaccine is often stored at temperature ranging from
−25 ◦C to −15 ◦C, and is directly injected into the host following thawing [24,94,103,104].
The Pfizer/BioNTech BNT162b2 vaccine needs to be stored at temperatures ranging from
−80 ◦C to −60 ◦C, and then thawed and diluted with saline before injection [94,104].
Stability plays a critical role in the quality of mRNA–LNP vaccines. In this section, we
discuss the physical and chemical stability of the mRNA vaccine and proposed the strategies
to optimize mRNA vaccine stability.

3.1. Physical Stability

The physical stability of mRNA–LNP vaccines mainly includes the aggregation, fusion,
and leakage of the encapsulated ingredient (Figure 6). The vaccine has poor storage stabil-
ity, which is prone to some aggregation and fusion [105]. A size increase over time from
LNP aggregation has been commonly observed in previous formulations [106]. The main
reason for the aforementioned changes is the lipid crystalline type transition from high- to
low-energy states, and the increase in the order of lattice. Ayat et al. also reported that LNPs
aggregated and fused during storage [107]. In order to stabilize mRNA–LNP vaccines in
storage, PEGylated lipids are usually added to the prescription [98,108,109], which can pre-
vent LNPs from aggregating. However, Schöttler S et al. documented that LNPs containing
PEGylated lipids exhibit low cellular uptake and transfection rates [110]. As such, this is
a critical factor for PEGylated lipids. For example, distearoyl-phosphatidylethanolamine
(DSPE)-PEG2000 is connected to the LNP surface to prevent the leakage of the encapsulated
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ingredient [48]. Notably, a frozen format has also been a favorable method used to retain
stability, to date. Another measure is the addition of a stabilizer, such as sucrose or trehalose,
which can prevent the fusion and aggregation of LNPs due to the high viscosity of lipids.
Study from Rebecca L Ball et al. showed that LNPs accumulate in the freeze–thaw cycle,
but the stability is retained when using freezing protectants, trehalose, and sucrose [111].
In the future, we should explore more suitable stabilizers to develop more stable products.
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The stability, potential, and other properties of nanoparticles are influenced by the
number ratio of positive and negative charges when mRNA–LNPs are synthesized. The
positive charge is usually a cationic lipid with ionizable ammonium (N), while the negative
charge is a nucleic acid molecule with a high quantity of phosphate (P). These charges can
be combined by electrostatic adsorption. The incorrect proportion of both products may
lead to some defects, such as a particle size that is too large and poor stability. Therefore, it is
very important to correctly calculate the ratio of negative and positive charges (N/P ratio).

The surface charge of a LNP is also one of the reasons affecting the physical stability
of mRNA–LNP vaccines. The surface charge density of particles can affect the interaction
between nanoparticles, which controls its stability [112,113]. Uncharged particles or parti-
cles with a low charge density aggregate over time, while particles with a higher charge
density repel each other, thereby preventing aggregation.

3.2. Chemical Stability

At present, chemical stability (lipid and mRNA degradation) is one of the key factors
affecting the quality of mRNA–LNP vaccines. Compared to the DNA vaccine, the reason
why mRNA–LNP vaccines are susceptible to oxidation/hydrolysis is that they are sensi-
tive to temperature changes and contain lipids with unsaturated acyl chains. Hemolytic
phospholipids and fatty acids, as the main degradation products of LNP preparation, not
only result in certain toxicity in the body, but also increase the permeability of the drug and
lead to the instability of the lipid bilayer [71,114]. Simultaneously, lipid oxidation is a chain
reaction initiated by free radicals, preventing or slowing down the formation of hydroxyl
radicals, and hydroperoxides can effectively inhibit lipid oxidation. Storage temperature,
type of buffer, radiation, and pH are the main factors that affect lipid degradation. Nuclear
magnetic resonance (NMR), mass spectrometry (MS), gas chromatography (GC), vibration
spectroscopy, liquid chromatography, thin-layer chromatography (TLC), and other methods
are commonly used to analyze the chemical structure, molecular weight, and structural
changes of lipids [115–120].

In addition to the chemical stability of LNPs, the chemical stability of nucleic acids
plays an important role in the quality of mRNA vaccines. A review on the stability of nucleic
acids stated that the effects of chemical degradation are irreversible, which directly affects
the therapeutic effect of the vaccine [121]. Hydrolysis and oxidation are the most common
forms of degradation. Oxidation results in the cleavage of bases, strand breaks, and changes
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in the mRNA secondary structure. Hydrolysis occurs primarily at the phosphodiester bond
that forms the main chain of the mRNA molecule [6]. At present, the developed mRNA
vaccine is administered by intramuscular injection (IM). The effective delivery and stability
of mRNA vaccines in vivo are also affected by the physiological environment [64]. Studies
have demonstrated that due to the lack of carrier protection, naked mRNA is susceptible
to the destruction of various enzymes in vivo, causing it to rapidly degrade following
administration [122]. mRNA is highly sensitive to ribonuclease hydrolases [123]. Therefore,
the instability caused by mRNA hydrolysis to vaccine is also worthy of an in-depth study.
It is currently unclear how water in the LNP core interacts with mRNA and the extent to
which the degradation sites are protected by binding to ionizable cationic lipids.

The mRNA includes 5′ UTRs, 5′ cap, 3′ UTRs, an open reading frame (ORF), and
a poly(A) tail. Among them, 5′ cap consists of a negatively charged 5′, 5′-triphosphate
bridge, and a positively charged base N7-methylguanosine (Figure 7), which directly affects
the stability of mRNA. The 5′ position of the mRNA loses the free end of the phosphate
group with the addition of Cap-0, which prevents degradation by alkaline phosphatase.
Meanwhile, methyl groups of the two nucleotides following CAP-1 and Cap-2 block the 2′

OH groups, making it very stable to RNase A, RNase T1, and RNase T2 [124,125].
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second-base sugar chain 2′-O position. Cap-2: the 2′-O position of the third-base sugar chain will be
methylated in the presence of Cap-1. Reprinted with permission from [124].

The optimization of the mRNA nucleotide composition should be prioritized to amelio-
rate the stability of mRNA–LNP vaccines. RNA conjugation refers to the covalent coupling
of RNA to lipids, galactose, proteins/peptides or aptamers to prolong the circulation time
in the body and increase the accumulation and uptake in specific tissues and cells. For
example, the formation of RNA conjugates not only protects nucleic acids from degradation,
but also enhances the binding to serum proteins [126]. Simultaneously, the structural modi-
fications of the mRNA molecule are specifically designed to retain stability and increase
the translation of the target antigen in vivo [124].

Cryo-TEM, small-angle X-ray scattering (SAXS), and small-angle neutron scattering
(SANS) are usually used to measure the structure of mRNA–LNPs. Using this method,
Arteta et al. demonstrated that LNPs have a disordered vertical and horizontal hexagonal
internal structure with a characteristic distance of approximately 6 nm when mRNA is
present, whereas LNPs without mRNA do not present this structure [76]. They also ob-
served that DSPC and PEG-lipids, as well as some ionizable cationic lipids and cholesterol,
are located on the surface of LNPs. Ionizable cationic lipids, cholesterol (depending on its
concentration), water, and mRNA are mainly present in the nucleus. They demonstrated
that mRNA is located in the water column surrounded by cationic lipids [76]. This suggests
that the partial structural exposure of mRNA to water inside the LNP is one of the reasons
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why mRNA is unstable when stored in non-frozen conditions. Lyophilization is a process
by which aquatic products transform into a solid state at low temperatures, and then
remove water by sublimation in vacuum. This is a relatively mild drying method that can
improve the stability of nanoparticles [127]. The lyophilized mRNA–LNPs can increase the
stability and extend the shelf life of the product, so that it can be stored at 4 ◦C or at room
temperature for a long period of time [128]. In the form of lyophilization, the mRNA–LNP
vaccine can be easily transported to all parts of the world without cooling or freezing. How-
ever, these products have not been approved for marketing at present, and most of them
are in the laboratory research stage. Studies have shown that the mRNA–LNP platform can
also retain its stability by freeze-drying [129]. Muramatsu et al. inspected the stability of
mRNA–LNPs by lyophilization at −80 ◦C, −20 ◦C, 4 ◦C, 25 ◦C, and 42 ◦C, respectively. It
was observed that the product could be stored at room temperature for 12 weeks and stored
at 4 ◦C for 24 weeks. The physical and chemical properties of each component did not
change significantly [130]. However, with the increase in the storage temperature, mRNA
degradation was more obvious. It is worth noting that the freeze-dried mRNA vaccine for
CMV infection independently developed by Moderna has entered the phase III clinical
stage, and the therapeutic effect is remarkable. Therefore, lyophilization will be one of the
important development methods used to improve the stability of mRNA–LNP vaccines in
the future.

4. Conclusions

The landscape of treatment, diagnostics, and vaccines for COVID-19 is advancing
at an alarming rate with promising results. mRNA vaccines have obvious advantages
when dealing with virus mutations at a high efficiency, rapidly, and safely due to the short
period of time required from the performing the design sequence to the clinical trial. The
mRNA vaccine has played a pivotal role in helping humans to develop immunity against
COVID-19 and in preventing the spread of the virus. It is worth emphasizing that LNPs
have various advantages over other carriers, including the protection of mRNA against
degradation, co-delivery with adjuvants, and the ease of simple synthesis. At present,
researchers have conducted in-depth research on LNPs using lipid carriers to deliver drugs,
and have gained considerable experience in raw material control, process development,
carrier-quality standards, and safety evaluation. Effective LNP-delivery technology is
not only critical for the development of new mRNA vaccines, but also has the potential
to deliver mRNA, gene, and CRISPR gene-editing therapies. DDSs mediated by LNPs,
LPNs, lipoplexes, or LLPs is a field that is clearly progressing. It is expected that very soon
new formulations will achieve clinical trials or enter the market of transfection reagents,
especially in clinical applications.

Although mRNA–LNP vaccines are being developed at an unprecedented rate, some
problems and challenges remain. The main challenges faced by mRNA–LNP vaccines
are as follows: (i) large-scale production; (ii) ultra-low-temperature transportation and
storage of vaccines; (iii) the delivery efficacy of mRNA; and (IV) strong immunogenicity,
triggering an unnecessary immune response. The cellular uptake and endosomal escape
of mRNA were enhanced by the rational lipid design [131–133]. However, it remains
unclear how the ionizable cationic lipids in LNPs interact with mRNAs. Additionally, more
research is required to confirm the internal structure of LNPs. Due to the instability of
mRNA, the identification of impurities that may disrupt mRNA translation and negatively
impact the activity of LNP-formulated mRNA products are prevalent. Furthermore, these
impurities make it difficult to assess mRNA integrity in mRNA–LNPs using conventional
techniques, such as CE. RP-IP HPLC provides specificity and sensitivity for detecting
lipid–mRNA adducts [134]. The study of the interaction mechanism between LNPs and
mRNA, improving the detection means of lipid–mRNA adducts, will play a critical role in
improving the quality of mRNA–LNP vaccines.

mRNA is sensitive and easily degradable, requiring the use of ultra-low-temperature
cold chains to ship COVID-19 vaccines around the world. Because cold-chain transportation
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is not available in many areas affected by COVID-19, a vaccine that can be stored at room
temperature is highly desirable. Consequently, the major problem that, at present, needs
to be resolved is the low stability and easy degradation of mRNA molecules. The good
quality of mRNA vaccines relies on optimizing stability and delivery systems, which can be
approached by rational molecular designs. Certainly, suitable additives and excipients can
be selected to achieve transport stability at higher temperatures. In addition to alternative
lipids and excipients, other formulation techniques, such as lyophilization, can be utilized
to achieve better stability.

The emergence of variants of COVID-19 due to evolution and adaptation processes
may encourage greater demands for the development of mRNA–LNP vaccines. The key to
next-generation mRNA vaccine development is LNP and genome editing. In the future,
mRNA–LNP vaccines may enable the adjustment of antigen designs and even permit the
combining of sequences from several variants to respond to new mutations of the COVID-
19 genome. The research reported a circular RNA (circRNA) vaccine that elicited potent
neutralizing antibodies and T-cell responses by expressing the RBD of the spike protein,
providing effective protection against SARS-CoV-2 in both mice and rhesus macaques [135].
New delivery system discoveries should help to meet the quality requirements that demand
a balance between effectiveness, toxicity, and technology, aiming for market approval.

In summary, an excellent mRNA–LNP vaccine requires professional knowledge, a
complete production system, and related technical teams from the selection and design
of antigens, the selection of vectors, the preparation of samples, and the stable storage
of vaccines. The ameliorated delivery efficiency of LNPs and their reduced toxicity, the
optimized effective delivery of the carrier for mRNA, and the improved storage conditions
of the product will be the subjects of our research in the future.

Author Contributions: Writing—original draft preparation, T.L.; investigation, Y.T.; conceptualiza-
tion and supervision, A.Z. and C.C. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by National Natural Science Foundation of China (No. 82073793/
No. 81573357).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. van Riel, D.; de Wit, E. Next-generation vaccine platforms for COVID-19. Nat. Mater. 2020, 19, 810–812. [CrossRef] [PubMed]
2. Rauch, S.; Jasny, E.; Schmidt, K.E.; Petsch, B. New Vaccine Technologies to Combat Outbreak Situations. Front. Immunol. 2018,

9, 1963. [CrossRef] [PubMed]
3. Reichmuth, A.M.; Oberli, M.A.; Jaklenec, A.; Langer, R.; Blankschtein, D. mRNA vaccine delivery using lipid nanoparticles. Ther.

Deliv. 2016, 7, 319–334. [CrossRef]
4. Mascola, J.R.; Fauci, A.S. Novel vaccine technologies for the 21st century. Nat. Rev. Immunol. 2020, 20, 87–88. [CrossRef] [PubMed]
5. Jackson, L.A.; Anderson, E.J.; Rouphael, N.G.; Roberts, P.C.; Makhene, M.; Coler, R.N.; McCullough, M.P.; Chappell, J.D.; Denison,

M.R.; Stevens, L.J.; et al. An mRNA Vaccine against SARS-CoV-2-Preliminary Report. N. Engl. J. Med. 2020, 383, 1920–1931.
[CrossRef]

6. Schoenmaker, L.; Witzigmann, D.; Kulkarni, J.A.; Verbeke, R.; Kersten, G.; Jiskoot, W.; Crommelin, D.J.A. mRNA-lipid nanoparticle
COVID-19 vaccines: Structure and stability. Int. J. Pharm. 2021, 601, 120586. [CrossRef]

7. Ogris, M.; Brunner, S.; Schüller, S.; Kircheis, R.; Wagner, E. PEGylated DNA/transferrin-PEI complexes: Reduced interaction with
blood components, extended circulation in blood and potential for systemic gene delivery. Gene Ther. 1999, 6, 595–605. [CrossRef]
[PubMed]

8. Eygeris, Y.; Patel, S.; Jozic, A.; Sahay, G. Deconvoluting Lipid Nanoparticle Structure for Messenger RNA Delivery. Nano Lett.
2020, 20, 4543–4549. [CrossRef]

9. Chaudhary, N.; Weissman, D.; Whitehead, K.A. mRNA vaccines for infectious diseases: Principles, delivery and clinical translation.
Nat. Rev. Drug Discov. 2021, 20, 817–838. [CrossRef]

http://doi.org/10.1038/s41563-020-0746-0
http://www.ncbi.nlm.nih.gov/pubmed/32704139
http://doi.org/10.3389/fimmu.2018.01963
http://www.ncbi.nlm.nih.gov/pubmed/30283434
http://doi.org/10.4155/tde-2016-0006
http://doi.org/10.1038/s41577-019-0243-3
http://www.ncbi.nlm.nih.gov/pubmed/31712767
http://doi.org/10.1056/NEJMoa2022483
http://doi.org/10.1016/j.ijpharm.2021.120586
http://doi.org/10.1038/sj.gt.3300900
http://www.ncbi.nlm.nih.gov/pubmed/10476219
http://doi.org/10.1021/acs.nanolett.0c01386
http://doi.org/10.1038/s41573-021-00283-5


Polymers 2022, 14, 4195 15 of 19

10. Baden, L.R.; El Sahly, H.M.; Essink, B.; Kotloff, K.; Frey, S.; Novak, R.; Diemert, D.; Spector, S.A.; Rouphael, N.; Creech, C.B.; et al.
Efficacy and Safety of the mRNA-1273 SARS-CoV-2 Vaccine. N. Engl. J. Med. 2021, 384, 403–416. [CrossRef]

11. Polack, F.P.; Thomas, S.J.; Kitchin, N.; Absalon, J.; Gurtman, A.; Lockhart, S.; Perez, J.L.; Pérez Marc, G.; Moreira, E.D.; Zerbini, C.;
et al. Safety and Efficacy of the BNT162b2 mRNA Covid-19 Vaccine. N. Engl. J. Med. 2020, 383, 2603–2615. [CrossRef] [PubMed]

12. Park, K.S.; Sun, X.; Aikins, M.E.; Moon, J.J. Non-viral COVID-19 vaccine delivery systems. Adv Drug Deliv Rev 2021, 169, 137–151.
[CrossRef]

13. Lindgren, G.; Ols, S.; Liang, F.; Thompson, E.A.; Lin, A.; Hellgren, F.; Bahl, K.; John, S.; Yuzhakov, O.; Hassett, K.J.; et al. Induction
of Robust B Cell Responses after Influenza mRNA Vaccination Is Accompanied by Circulating Hemagglutinin-Specific ICOS+
PD-1+ CXCR3+ T Follicular Helper Cells. Front. Immunol. 2017, 8, 1539. [CrossRef] [PubMed]

14. Pardi, N.; Parkhouse, K.; Kirkpatrick, E.; McMahon, M.; Zost, S.J.; Mui, B.L.; Tam, Y.K.; Karikó, K.; Barbosa, C.J.; Madden, T.D.;
et al. Nucleoside-modified mRNA immunization elicits influenza virus hemagglutinin stalk-specific antibodies. Nat. Commun.
2018, 9, 3361. [CrossRef] [PubMed]

15. Liang, F.; Lindgren, G.; Lin, A.; Thompson, E.A.; Ols, S.; Röhss, J.; John, S.; Hassett, K.; Yuzhakov, O.; Bahl, K.; et al. Efficient
Targeting and Activation of Antigen-Presenting Cells In Vivo after Modified mRNA Vaccine Administration in Rhesus Macaques.
Mol. Ther. 2017, 25, 2635–2647. [CrossRef]

16. Richner, J.M.; Himansu, S.; Dowd, K.A.; Butler, S.L.; Salazar, V.; Fox, J.M.; Julander, J.G.; Tang, W.W.; Shresta, S.; Pierson, T.C.;
et al. Modified mRNA Vaccines Protect against Zika Virus Infection. Cell 2017, 168, 1114–1125.e1110. [CrossRef]

17. Pardi, N.; Hogan, M.J.; Pelc, R.S.; Muramatsu, H.; Andersen, H.; DeMaso, C.R.; Dowd, K.A.; Sutherland, L.L.; Scearce, R.M.;
Parks, R.; et al. Zika virus protection by a single low-dose nucleoside-modified mRNA vaccination. Nature 2017, 543, 248–251.
[CrossRef]

18. Hekele, A.; Bertholet, S.; Archer, J.; Gibson, D.G.; Palladino, G.; Brito, L.A.; Otten, G.R.; Brazzoli, M.; Buccato, S.; Bonci, A.;
et al. Rapidly produced SAM(®) vaccine against H7N9 influenza is immunogenic in mice. Emerg. Microbes Infect. 2013, 2, e52.
[CrossRef]

19. Bahl, K.; Senn, J.J.; Yuzhakov, O.; Bulychev, A.; Brito, L.A.; Hassett, K.J.; Laska, M.E.; Smith, M.; Almarsson, Ö.; Thompson, J.;
et al. Preclinical and Clinical Demonstration of Immunogenicity by mRNA Vaccines against H10N8 and H7N9 Influenza Viruses.
Mol. Ther. 2017, 25, 1316–1327. [CrossRef]

20. Geall, A.J.; Verma, A.; Otten, G.R.; Shaw, C.A.; Hekele, A.; Banerjee, K.; Cu, Y.; Beard, C.W.; Brito, L.A.; Krucker, T.; et al. Nonviral
delivery of self-amplifying RNA vaccines. Proc. Natl. Acad. Sci. USA 2012, 109, 14604–14609. [CrossRef]

21. Kose, N.; Fox, J.M.; Sapparapu, G.; Bombardi, R.; Tennekoon, R.N.; de Silva, A.D.; Elbashir, S.M.; Theisen, M.A.; Humphris-
Narayanan, E.; Ciaramella, G.; et al. A lipid-encapsulated mRNA encoding a potently neutralizing human monoclonal antibody
protects against chikungunya infection. Sci. Immunol. 2019, 4, eaaw6647. [CrossRef]

22. Luo, F.; Zheng, L.; Hu, Y.; Liu, S.; Wang, Y.; Xiong, Z.; Hu, X.; Tan, F. Induction of Protective Immunity against Toxoplasma gondii
in Mice by Nucleoside Triphosphate Hydrolase-II (NTPase-II) Self-amplifying RNA Vaccine Encapsulated in Lipid Nanoparticle
(LNP). Front. Microbiol. 2017, 8, 605. [CrossRef]

23. Pilkington, E.H.; Suys, E.J.A.; Trevaskis, N.L.; Wheatley, A.K.; Zukancic, D.; Algarni, A.; Al-Wassiti, H.; Davis, T.P.; Pouton, C.W.;
Kent, S.J.; et al. From influenza to COVID-19: Lipid nanoparticle mRNA vaccines at the frontiers of infectious diseases. Acta
Biomater. 2021, 131, 16–40. [CrossRef]

24. Kim, J.; Eygeris, Y.; Gupta, M.; Sahay, G. Self-assembled mRNA vaccines. Adv. Drug Deliv. Rev. 2021, 170, 83–112. [CrossRef]
25. Dai, L.; Gao, G.F. Viral targets for vaccines against COVID-19. Nat. Rev. Immunol. 2021, 21, 73–82. [CrossRef]
26. Lu, R.; Zhao, X.; Li, J.; Niu, P.; Yang, B.; Wu, H.; Wang, W.; Song, H.; Huang, B.; Zhu, N.; et al. Genomic characterisation and

epidemiology of 2019 novel coronavirus: Implications for virus origins and receptor binding. Lancet 2020, 395, 565–574. [CrossRef]
27. Wrapp, D.; Wang, N.; Corbett, K.S.; Goldsmith, J.A.; Hsieh, C.L.; Abiona, O.; Graham, B.S.; McLellan, J.S. Cryo-EM structure of

the 2019-nCoV spike in the prefusion conformation. Science 2020, 367, 1260–1263. [CrossRef] [PubMed]
28. Rawat, K.; Kumari, P.; Saha, L. COVID-19 vaccine: A recent update in pipeline vaccines, their design and development strategies.

Eur. J. Pharmacol. 2021, 892, 173751. [CrossRef] [PubMed]
29. Mousavizadeh, L.; Ghasemi, S. Genotype and phenotype of COVID-19: Their roles in pathogenesis. J. Microbiol. Immunol. Infect.

2021, 54, 159–163. [CrossRef] [PubMed]
30. Kadam, S.B.; Sukhramani, G.S.; Bishnoi, P.; Pable, A.A.; Barvkar, V.T. SARS-CoV-2, the pandemic coronavirus: Molecular and

structural insights. J. Basic. Microbiol. 2021, 61, 180–202. [CrossRef]
31. de Haan, C.A.; Kuo, L.; Masters, P.S.; Vennema, H.; Rottier, P.J. Coronavirus particle assembly: Primary structure requirements of

the membrane protein. J. Virol. 1998, 72, 6838–6850. [CrossRef]
32. Xu, X.; Chen, P.; Wang, J.; Feng, J.; Zhou, H.; Li, X.; Zhong, W.; Hao, P. Evolution of the novel coronavirus from the ongoing

Wuhan outbreak and modeling of its spike protein for risk of human transmission. Sci. China Life Sci. 2020, 63, 457–460. [CrossRef]
33. Shin, M.D.; Shukla, S.; Chung, Y.H.; Beiss, V.; Chan, S.K.; Ortega-Rivera, O.A.; Wirth, D.M.; Chen, A.; Sack, M.; Pokorski, J.K.;

et al. COVID-19 vaccine development and a potential nanomaterial path forward. Nat. Nanotechnol. 2020, 15, 646–655. [CrossRef]
34. Dutta, N.K.; Mazumdar, K.; Gordy, J.T. The Nucleocapsid Protein of SARS-CoV-2: A Target for Vaccine Development. J. Virol.

2020, 94, e00647-20. [CrossRef] [PubMed]

http://doi.org/10.1056/NEJMoa2035389
http://doi.org/10.1056/NEJMoa2034577
http://www.ncbi.nlm.nih.gov/pubmed/33301246
http://doi.org/10.1016/j.addr.2020.12.008
http://doi.org/10.3389/fimmu.2017.01539
http://www.ncbi.nlm.nih.gov/pubmed/29181005
http://doi.org/10.1038/s41467-018-05482-0
http://www.ncbi.nlm.nih.gov/pubmed/30135514
http://doi.org/10.1016/j.ymthe.2017.08.006
http://doi.org/10.1016/j.cell.2017.02.017
http://doi.org/10.1038/nature21428
http://doi.org/10.1038/emi.2013.54
http://doi.org/10.1016/j.ymthe.2017.03.035
http://doi.org/10.1073/pnas.1209367109
http://doi.org/10.1126/sciimmunol.aaw6647
http://doi.org/10.3389/fmicb.2017.00605
http://doi.org/10.1016/j.actbio.2021.06.023
http://doi.org/10.1016/j.addr.2020.12.014
http://doi.org/10.1038/s41577-020-00480-0
http://doi.org/10.1016/S0140-6736(20)30251-8
http://doi.org/10.1126/science.abb2507
http://www.ncbi.nlm.nih.gov/pubmed/32075877
http://doi.org/10.1016/j.ejphar.2020.173751
http://www.ncbi.nlm.nih.gov/pubmed/33245898
http://doi.org/10.1016/j.jmii.2020.03.022
http://www.ncbi.nlm.nih.gov/pubmed/32265180
http://doi.org/10.1002/jobm.202000537
http://doi.org/10.1128/JVI.72.8.6838-6850.1998
http://doi.org/10.1007/s11427-020-1637-5
http://doi.org/10.1038/s41565-020-0737-y
http://doi.org/10.1128/JVI.00647-20
http://www.ncbi.nlm.nih.gov/pubmed/32546606


Polymers 2022, 14, 4195 16 of 19

35. Mercurio, I.; Tragni, V.; Busto, F.; De Grassi, A.; Pierri, C.L. Protein structure analysis of the interactions between SARS-CoV-2
spike protein and the human ACE2 receptor: From conformational changes to novel neutralizing antibodies. Cell Mol. Life Sci.
2021, 78, 1501–1522. [CrossRef] [PubMed]

36. Xu, H.; Zhong, L.; Deng, J.; Peng, J.; Dan, H.; Zeng, X.; Li, T.; Chen, Q. High expression of ACE2 receptor of 2019-nCoV on the
epithelial cells of oral mucosa. Int. J. Oral Sci. 2020, 12, 8. [CrossRef]

37. Xia, S.; Zhu, Y.; Liu, M.; Lan, Q.; Xu, W.; Wu, Y.; Ying, T.; Liu, S.; Shi, Z.; Jiang, S.; et al. Fusion mechanism of 2019-nCoV and
fusion inhibitors targeting HR1 domain in spike protein. Cell. Mol. Immunol. 2020, 17, 765–767. [CrossRef]

38. Benvenuto, D.; Giovanetti, M.; Ciccozzi, A.; Spoto, S.; Angeletti, S.; Ciccozzi, M. The 2019-new coronavirus epidemic: Evidence
for virus evolution. J. Med. Virol. 2020, 92, 455–459. [CrossRef] [PubMed]

39. Hoffmann, M.; Kleine-Weber, H.; Schroeder, S.; Krüger, N.; Herrler, T.; Erichsen, S.; Schiergens, T.S.; Herrler, G.; Wu, N.H.; Nitsche,
A.; et al. SARS-CoV-2 Cell Entry Depends on ACE2 and TMPRSS2 and Is Blocked by a Clinically Proven Protease Inhibitor. Cell
2020, 181, 271–280.e278. [CrossRef] [PubMed]

40. Lan, J.; Ge, J.; Yu, J.; Shan, S.; Zhou, H.; Fan, S.; Zhang, Q.; Shi, X.; Wang, Q.; Zhang, L.; et al. Structure of the SARS-CoV-2 spike
receptor-binding domain bound to the ACE2 receptor. Nature 2020, 581, 215–220. [CrossRef]

41. Shang, J.; Ye, G.; Shi, K.; Wan, Y.; Luo, C.; Aihara, H.; Geng, Q.; Auerbach, A.; Li, F. Structural basis of receptor recognition by
SARS-CoV-2. Nature 2020, 581, 221–224. [CrossRef]

42. Grifoni, A.; Weiskopf, D.; Ramirez, S.I.; Mateus, J.; Dan, J.M.; Moderbacher, C.R.; Rawlings, S.A.; Sutherland, A.; Premkumar, L.;
Jadi, R.S.; et al. Targets of T Cell Responses to SARS-CoV-2 Coronavirus in Humans with COVID-19 Disease and Unexposed
Individuals. Cell 2020, 181, 1489–1501.e1415. [CrossRef] [PubMed]

43. Mubarak, A.; Alturaiki, W.; Hemida, M.G. Middle East Respiratory Syndrome Coronavirus (MERS-CoV): Infection, Immunologi-
cal Response, and Vaccine Development. J. Immunol. Res. 2019, 2019, 6491738. [CrossRef] [PubMed]

44. Walls, A.C.; Park, Y.J.; Tortorici, M.A.; Wall, A.; McGuire, A.T.; Veesler, D. Structure, Function, and Antigenicity of the SARS-CoV-2
Spike Glycoprotein. Cell 2020, 181, 281–292.e286. [CrossRef]

45. Kim, D.; Lee, J.Y.; Yang, J.S.; Kim, J.W.; Kim, V.N.; Chang, H. The Architecture of SARS-CoV-2 Transcriptome. Cell 2020,
181, 914–921.e910. [CrossRef]

46. Mollaei, H.R.; Afshar, A.A.; Kalantar-Neyestanaki, D.; Fazlalipour, M.; Aflatoonian, B. Comparison five primer sets from
different genome region of COVID-19 for detection of virus infection by conventional RT-PCR. Iran J. Microbiol. 2020, 12, 185–193.
[CrossRef]

47. Sanders, W.; Fritch, E.J.; Madden, E.A.; Graham, R.L.; Vincent, H.A.; Heise, M.T.; Baric, R.S.; Moorman, N.J. Comparative analysis
of coronavirus genomic RNA structure reveals conservation in SARS-like coronaviruses. bioRxiv 2020. [CrossRef]

48. Yao, H.; Song, Y.; Chen, Y.; Wu, N.; Xu, J.; Sun, C.; Zhang, J.; Weng, T.; Zhang, Z.; Wu, Z.; et al. Molecular Architecture of the
SARS-CoV-2 Virus. Cell 2020, 183, 730–738.e713. [CrossRef]

49. Yasui, F.; Kai, C.; Kitabatake, M.; Inoue, S.; Yoneda, M.; Yokochi, S.; Kase, R.; Sekiguchi, S.; Morita, K.; Hishima, T.; et al. Prior
immunization with severe acute respiratory syndrome (SARS)-associated coronavirus (SARS-CoV) nucleocapsid protein causes
severe pneumonia in mice infected with SARS-CoV. J. Immunol. 2008, 181, 6337–6348. [CrossRef]

50. Chen, Y.; Liu, Q.; Guo, D. Emerging coronaviruses: Genome structure, replication, and pathogenesis. J. Med. Virol. 2020,
92, 418–423. [CrossRef] [PubMed]

51. Schoeman, D.; Fielding, B.C. Coronavirus envelope protein: Current knowledge. Virol. J. 2019, 16, 69. [CrossRef] [PubMed]
52. Li, B.; Zhang, X.; Dong, Y. Nanoscale platforms for messenger RNA delivery. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol.

2019, 11, e1530. [CrossRef] [PubMed]
53. Uchida, S.; Perche, F.; Pichon, C.; Cabral, H. Nanomedicine-Based Approaches for mRNA Delivery. Mol. Pharm. 2020, 17, 3654–

3684. [CrossRef] [PubMed]
54. Sokolova, V.; Epple, M. Inorganic nanoparticles as carriers of nucleic acids into cells. Angew Chem. Int. Ed. Engl. 2008,

47, 1382–1395. [CrossRef] [PubMed]
55. Wang, Y.; Zhang, Z.; Luo, J.; Han, X.; Wei, Y.; Wei, X. mRNA vaccine: A potential therapeutic strategy. Mol. Cancer 2021, 20, 33.

[CrossRef] [PubMed]
56. Das, S.K.; Menezes, M.E.; Bhatia, S.; Wang, X.Y.; Emdad, L.; Sarkar, D.; Fisher, P.B. Gene Therapies for Cancer: Strategies,

Challenges and Successes. J. Cell Physiol. 2015, 230, 259–271. [CrossRef]
57. Li, Z.; Rana, T.M. Therapeutic targeting of microRNAs: Current status and future challenges. Nat. Rev. Drug Discov. 2014,

13, 622–638. [CrossRef]
58. Ickenstein, L.M.; Garidel, P. Lipid-based nanoparticle formulations for small molecules and RNA drugs. Expert Opin. Drug Deliv.

2019, 16, 1205–1226. [CrossRef]
59. Bai, Z.; Wei, J.; Yu, C.; Han, X.; Qin, X.; Zhang, C.; Liao, W.; Li, L.; Huang, W. Non-viral nanocarriers for intracellular delivery of

microRNA therapeutics. J. Mater. Chem. B 2019, 7, 1209–1225. [CrossRef]
60. Samaridou, E.; Heyes, J.; Lutwyche, P. Lipid nanoparticles for nucleic acid delivery: Current perspectives. Adv. Drug Deliv. Rev.

2020, 154–155, 37–63. [CrossRef]
61. Fenton, O.S.; Kauffman, K.J.; McClellan, R.L.; Kaczmarek, J.C.; Zeng, M.D.; Andresen, J.L.; Rhym, L.H.; Heartlein, M.W.; DeRosa,

F.; Anderson, D.G. Customizable Lipid Nanoparticle Materials for the Delivery of siRNAs and mRNAs. Angew. Chem. Int. Ed.
Engl. 2018, 57, 13582–13586. [CrossRef]

http://doi.org/10.1007/s00018-020-03580-1
http://www.ncbi.nlm.nih.gov/pubmed/32623480
http://doi.org/10.1038/s41368-020-0074-x
http://doi.org/10.1038/s41423-020-0374-2
http://doi.org/10.1002/jmv.25688
http://www.ncbi.nlm.nih.gov/pubmed/31994738
http://doi.org/10.1016/j.cell.2020.02.052
http://www.ncbi.nlm.nih.gov/pubmed/32142651
http://doi.org/10.1038/s41586-020-2180-5
http://doi.org/10.1038/s41586-020-2179-y
http://doi.org/10.1016/j.cell.2020.05.015
http://www.ncbi.nlm.nih.gov/pubmed/32473127
http://doi.org/10.1155/2019/6491738
http://www.ncbi.nlm.nih.gov/pubmed/31089478
http://doi.org/10.1016/j.cell.2020.02.058
http://doi.org/10.1016/j.cell.2020.04.011
http://doi.org/10.18502/ijm.v12i3.3234
http://doi.org/10.1101/2020.06.15.153197
http://doi.org/10.1016/j.cell.2020.09.018
http://doi.org/10.4049/jimmunol.181.9.6337
http://doi.org/10.1002/jmv.25681
http://www.ncbi.nlm.nih.gov/pubmed/31967327
http://doi.org/10.1186/s12985-019-1182-0
http://www.ncbi.nlm.nih.gov/pubmed/31133031
http://doi.org/10.1002/wnan.1530
http://www.ncbi.nlm.nih.gov/pubmed/29726120
http://doi.org/10.1021/acs.molpharmaceut.0c00618
http://www.ncbi.nlm.nih.gov/pubmed/32845639
http://doi.org/10.1002/anie.200703039
http://www.ncbi.nlm.nih.gov/pubmed/18098258
http://doi.org/10.1186/s12943-021-01311-z
http://www.ncbi.nlm.nih.gov/pubmed/33593376
http://doi.org/10.1002/jcp.24791
http://doi.org/10.1038/nrd4359
http://doi.org/10.1080/17425247.2019.1669558
http://doi.org/10.1039/C8TB02946F
http://doi.org/10.1016/j.addr.2020.06.002
http://doi.org/10.1002/anie.201809056


Polymers 2022, 14, 4195 17 of 19

62. Zhang, J.; Shrivastava, S.; Cleveland, R.O.; Rabbitts, T.H. Lipid-mRNA Nanoparticle Designed to Enhance Intracellular Delivery
Mediated by Shock Waves. ACS Appl. Mater. Interfaces 2019, 11, 10481–10491. [CrossRef] [PubMed]

63. Kulkarni, J.A.; Darjuan, M.M.; Mercer, J.E.; Chen, S.; van der Meel, R.; Thewalt, J.L.; Tam, Y.Y.C.; Cullis, P.R. On the Formation and
Morphology of Lipid Nanoparticles Containing Ionizable Cationic Lipids and siRNA. ACS Nano 2018, 12, 4787–4795. [CrossRef]
[PubMed]

64. Aldosari, B.N.; Alfagih, I.M.; Almurshedi, A.S. Lipid Nanoparticles as Delivery Systems for RNA-Based Vaccines. Pharmaceutics
2021, 13. [CrossRef] [PubMed]

65. Hou, X.; Zaks, T.; Langer, R.; Dong, Y. Lipid nanoparticles for mRNA delivery. Nat. Rev. Mater. 2021, 6, 1078–1094. [CrossRef]
66. Midoux, P.; Pichon, C. Lipid-based mRNA vaccine delivery systems. Expert Rev. Vaccines 2015, 14, 221–234. [CrossRef]
67. Oberli, M.A.; Reichmuth, A.M.; Dorkin, J.R.; Mitchell, M.J.; Fenton, O.S.; Jaklenec, A.; Anderson, D.G.; Langer, R.; Blankschtein, D.

Lipid Nanoparticle Assisted mRNA Delivery for Potent Cancer Immunotherapy. Nano Lett. 2017, 17, 1326–1335. [CrossRef]
68. Guimaraes, P.P.G.; Zhang, R.; Spektor, R.; Tan, M.; Chung, A.; Billingsley, M.M.; El-Mayta, R.; Riley, R.S.; Wang, L.; Wilson, J.M.;

et al. Ionizable lipid nanoparticles encapsulating barcoded mRNA for accelerated in vivo delivery screening. J Control. Release
2019, 316, 404–417. [CrossRef]

69. Pardi, N.; Hogan, M.J.; Weissman, D. Recent advances in mRNA vaccine technology. Curr. Opin. Immunol. 2020, 65, 14–20.
[CrossRef]

70. Linares-Fernández, S.; Lacroix, C.; Exposito, J.Y.; Verrier, B. Tailoring mRNA Vaccine to Balance Innate/Adaptive Immune
Response. Trends Mol. Med. 2020, 26, 311–323. [CrossRef]

71. Fan, Y.; Marioli, M.; Zhang, K. Analytical characterization of liposomes and other lipid nanoparticles for drug delivery. J. Pharm.
Biomed. Anal. 2021, 192, 113642. [CrossRef]

72. Kowalski, P.S.; Rudra, A.; Miao, L.; Anderson, D.G. Delivering the Messenger: Advances in Technologies for Therapeutic mRNA
Delivery. Mol. Ther. 2019, 27, 710–728. [CrossRef]

73. Patel, S.; Ashwanikumar, N.; Robinson, E.; Xia, Y.; Mihai, C.; Griffith, J.P., 3rd; Hou, S.; Esposito, A.A.; Ketova, T.; Welsher, K.; et al.
Naturally-occurring cholesterol analogues in lipid nanoparticles induce polymorphic shape and enhance intracellular delivery of
mRNA. Nat. Commun. 2020, 11, 983. [CrossRef]

74. 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.;
et al. Influence of Polyethylene Glycol Lipid Desorption Rates on Pharmacokinetics and Pharmacodynamics of siRNA Lipid
Nanoparticles. Mol. Ther. Nucleic Acids 2013, 2, e139. [CrossRef] [PubMed]

75. Carreño, J.M.; Singh, G.; Tcheou, J.; Srivastava, K.; Gleason, C.; Muramatsu, H.; Desai, P.; Aberg, J.A.; Miller, R.L.; Study Group, P.;
et al. mRNA-1273 but not BNT162b2 induces antibodies against polyethylene glycol (PEG) contained in mRNA-based vaccine
formulations. Vaccine 2022, in press. [CrossRef] [PubMed]

76. Yanez Arteta, M.; Kjellman, T.; Bartesaghi, S.; Wallin, S.; Wu, X.; Kvist, A.J.; Dabkowska, A.; Székely, N.; Radulescu, A.;
Bergenholtz, J.; et al. Successful reprogramming of cellular protein production through mRNA delivered by functionalized lipid
nanoparticles. Proc. Natl. Acad. Sci. USA 2018, 115, E3351–E3360. [CrossRef]

77. Simons, K.; Vaz, W.L. Model systems, lipid rafts, and cell membranes. Annu. Rev. Biophys. Biomol. Struct. 2004, 33, 269–295.
[CrossRef]

78. Sezgin, E.; Levental, I.; Mayor, S.; Eggeling, C. The mystery of membrane organization: Composition, regulation and roles of lipid
rafts. Nat. Rev. Mol. Cell Biol. 2017, 18, 361–374. [CrossRef] [PubMed]

79. Goldstein, J.L.; Brown, M.S. Molecular medicine. The cholesterol quartet. Science 2001, 292, 1310–1312. [CrossRef]
80. Simons, K.; Ikonen, E. Functional rafts in cell membranes. Nature 1997, 387, 569–572. [CrossRef]
81. Sprong, H.; van der Sluijs, P.; van Meer, G. How proteins move lipids and lipids move proteins. Nat. Rev. Mol. Cell Biol. 2001,

2, 504–513. [CrossRef] [PubMed]
82. Zhang, Y.; Sun, C.; Wang, C.; Jankovic, K.E.; Dong, Y. Lipids and Lipid Derivatives for RNA Delivery. Chem. Rev. 2021,

121, 12181–12277. [CrossRef] [PubMed]
83. Maier, M.A.; Jayaraman, M.; Matsuda, S.; Liu, J.; Barros, S.; Querbes, W.; Tam, Y.K.; Ansell, S.M.; Kumar, V.; Qin, J.; et al.

Biodegradable lipids enabling rapidly eliminated lipid nanoparticles for systemic delivery of RNAi therapeutics. Mol. Ther. 2013,
21, 1570–1578. [CrossRef] [PubMed]

84. Hawman, D.W.; Meade-White, K.; Archer, J.; Leventhal, S.S.; Wilson, D.; Shaia, C.; Randall, S.; Khandhar, A.P.; Krieger, K.; Hsiang,
T.Y.; et al. SARS-CoV2 variant-specific replicating RNA vaccines protect from disease following challenge with heterologous
variants of concern. Elife 2022, 11. [CrossRef]

85. Su, X.; Fricke, J.; Kavanagh, D.G.; Irvine, D.J. In vitro and in vivo mRNA delivery using lipid-enveloped pH-responsive polymer
nanoparticles. Mol. Pharm. 2011, 8, 774–787. [CrossRef]

86. Ball, R.L.; Hajj, K.A.; Vizelman, J.; Bajaj, P.; Whitehead, K.A. Lipid Nanoparticle Formulations for Enhanced Co-delivery of siRNA
and mRNA. Nano Lett. 2018, 18, 3814–3822. [CrossRef] [PubMed]

87. Sahin, U.; Oehm, P.; Derhovanessian, E.; Jabulowsky, R.A.; Vormehr, M.; Gold, M.; Maurus, D.; Schwarck-Kokarakis, D.; Kuhn,
A.N.; Omokoko, T.; et al. An RNA vaccine drives immunity in checkpoint-inhibitor-treated melanoma. Nature 2020, 585, 107–112.
[CrossRef] [PubMed]

http://doi.org/10.1021/acsami.8b21398
http://www.ncbi.nlm.nih.gov/pubmed/30788952
http://doi.org/10.1021/acsnano.8b01516
http://www.ncbi.nlm.nih.gov/pubmed/29614232
http://doi.org/10.3390/pharmaceutics13020206
http://www.ncbi.nlm.nih.gov/pubmed/33540942
http://doi.org/10.1038/s41578-021-00358-0
http://doi.org/10.1586/14760584.2015.986104
http://doi.org/10.1021/acs.nanolett.6b03329
http://doi.org/10.1016/j.jconrel.2019.10.028
http://doi.org/10.1016/j.coi.2020.01.008
http://doi.org/10.1016/j.molmed.2019.10.002
http://doi.org/10.1016/j.jpba.2020.113642
http://doi.org/10.1016/j.ymthe.2019.02.012
http://doi.org/10.1038/s41467-020-14527-2
http://doi.org/10.1038/mtna.2013.66
http://www.ncbi.nlm.nih.gov/pubmed/24345865
http://doi.org/10.1016/j.vaccine.2022.08.024
http://www.ncbi.nlm.nih.gov/pubmed/36115801
http://doi.org/10.1073/pnas.1720542115
http://doi.org/10.1146/annurev.biophys.32.110601.141803
http://doi.org/10.1038/nrm.2017.16
http://www.ncbi.nlm.nih.gov/pubmed/28356571
http://doi.org/10.1126/science.1061815
http://doi.org/10.1038/42408
http://doi.org/10.1038/35080071
http://www.ncbi.nlm.nih.gov/pubmed/11433364
http://doi.org/10.1021/acs.chemrev.1c00244
http://www.ncbi.nlm.nih.gov/pubmed/34279087
http://doi.org/10.1038/mt.2013.124
http://www.ncbi.nlm.nih.gov/pubmed/23799535
http://doi.org/10.7554/eLife.75537
http://doi.org/10.1021/mp100390w
http://doi.org/10.1021/acs.nanolett.8b01101
http://www.ncbi.nlm.nih.gov/pubmed/29694050
http://doi.org/10.1038/s41586-020-2537-9
http://www.ncbi.nlm.nih.gov/pubmed/32728218


Polymers 2022, 14, 4195 18 of 19

88. Mockey, M.; Bourseau, E.; Chandrashekhar, V.; Chaudhuri, A.; Lafosse, S.; Le Cam, E.; Quesniaux, V.F.; Ryffel, B.; Pichon, C.;
Midoux, P. mRNA-based cancer vaccine: Prevention of B16 melanoma progression and metastasis by systemic injection of MART1
mRNA histidylated lipopolyplexes. Cancer Gene Ther. 2007, 14, 802–814. [CrossRef]

89. Nasr, M.; Abdel-Hamid, S. Lipid based nanocapsules: A multitude of biomedical applications. Curr. Pharm. Biotechnol. 2015,
16, 322–332. [CrossRef]

90. Karikó, K.; Muramatsu, H.; Ludwig, J.; Weissman, D. Generating the optimal mRNA for therapy: HPLC purification eliminates
immune activation and improves translation of nucleoside-modified, protein-encoding mRNA. Nucleic Acids Res. 2011, 39, e142.
[CrossRef] [PubMed]

91. Rosa, S.S.; Prazeres, D.M.F.; Azevedo, A.M.; Marques, M.P.C. mRNA vaccines manufacturing: Challenges and bottlenecks.
Vaccine 2021, 39, 2190–2200. [CrossRef] [PubMed]

92. Evers, M.J.W.; Kulkarni, J.A.; van der Meel, R.; Cullis, P.R.; Vader, P.; Schiffelers, R.M. State-of-the-Art Design and Rapid-Mixing
Production Techniques of Lipid Nanoparticles for Nucleic Acid Delivery. Small Methods 2018, 2. [CrossRef]

93. Cullis, P.R.; Hope, M.J. Lipid Nanoparticle Systems for Enabling Gene Therapies. Mol. Ther. 2017, 25, 1467–1475. [CrossRef]
[PubMed]

94. Buschmann, M.D.; Carrasco, M.J.; Alishetty, S.; Paige, M.; Alameh, M.G.; Weissman, D. Nanomaterial Delivery Systems for
mRNA Vaccines. Vaccines 2021, 9, 65. [CrossRef]

95. Zhang, N.N.; Li, X.F.; Deng, Y.Q.; Zhao, H.; Huang, Y.J.; Yang, G.; Huang, W.J.; Gao, P.; Zhou, C.; Zhang, R.R.; et al. A Thermostable
mRNA Vaccine against COVID-19. Cell 2020, 182, 1271–1283.e1216. [CrossRef]

96. Roces, C.B.; Lou, G.; Jain, N.; Abraham, S.; Thomas, A.; Halbert, G.W.; Perrie, Y. Manufacturing Considerations for the
Development of Lipid Nanoparticles Using Microfluidics. Pharmaceutics 2020, 12, 95. [CrossRef]

97. Cui, L.; Pereira, S.; Sonzini, S.; van Pelt, S.; Romanelli, S.M.; Liang, L.; Ulkoski, D.; Krishnamurthy, V.R.; Brannigan, E.; Brankin,
C.; et al. Development of a high-throughput platform for screening lipid nanoparticles for mRNA delivery. Nanoscale 2022,
14, 1480–1491. [CrossRef]

98. Guevara, M.L.; Persano, F.; Persano, S. Advances in Lipid Nanoparticles for mRNA-Based Cancer Immunotherapy. Front. Chem.
2020, 8, 589959. [CrossRef]

99. Fang, E.; Liu, X.; Li, M.; Zhang, Z.; Song, L.; Zhu, B.; Wu, X.; Liu, J.; Zhao, D.; Li, Y. Advances in COVID-19 mRNA vaccine
development. Signal Transduct. Target. Ther. 2022, 7, 94. [CrossRef]

100. Poveda, C.; Biter, A.B.; Bottazzi, M.E.; Strych, U. Establishing Preferred Product Characterization for the Evaluation of RNA
Vaccine Antigens. Vaccines 2019, 7, 131. [CrossRef]

101. Kis, Z.; Kontoravdi, C.; Shattock, R.; Shah, N. Resources, Production Scales and Time Required for Producing RNA Vaccines for
the Global Pandemic Demand. Vaccines 2020, 9, 3. [CrossRef] [PubMed]

102. Kis, Z. Stability Modelling of mRNA Vaccine Quality Based on Temperature Monitoring throughout the Distribution Chain.
Pharmaceutics 2022, 14, 430. [CrossRef] [PubMed]

103. Meo, S.A.; Bukhari, I.A.; Akram, J.; Meo, A.S.; Klonoff, D.C. COVID-19 vaccines: Comparison of biological, pharmacological
characteristics and adverse effects of Pfizer/BioNTech and Moderna Vaccines. Eur. Rev. Med. Pharmacol. Sci. 2021, 25, 1663–1669.
[CrossRef] [PubMed]

104. Teo, S.P. Review of COVID-19 mRNA Vaccines: BNT162b2 and mRNA-1273. J. Pharm. Pract. 2021, 8971900211009650. [CrossRef]
105. Tenchov, R.; Bird, R.; Curtze, A.E.; Zhou, Q. Lipid Nanoparticles-From Liposomes to mRNA Vaccine Delivery, a Landscape of

Research Diversity and Advancement. ACS Nano 2021, 15, 16982–17015. [CrossRef] [PubMed]
106. Gindy, M.E.; Feuston, B.; Glass, A.; Arrington, L.; Haas, R.M.; Schariter, J.; Stirdivant, S.M. Stabilization of Ostwald ripening in

low molecular weight amino lipid nanoparticles for systemic delivery of siRNA therapeutics. Mol. Pharm. 2014, 11, 4143–4153.
[CrossRef]

107. Ayat, N.R.; Sun, Z.; Sun, D.; Yin, M.; Hall, R.C.; Vaidya, A.M.; Liu, X.; Schilb, A.L.; Scheidt, J.H.; Lu, Z.R. Formulation of
Biocompatible Targeted ECO/siRNA Nanoparticles with Long-Term Stability for Clinical Translation of RNAi. Nucleic Acid Ther.
2019, 29, 195–207. [CrossRef]

108. Ryals, R.C.; Patel, S.; Acosta, C.; McKinney, M.; Pennesi, M.E.; Sahay, G. The effects of PEGylation on LNP based mRNA delivery
to the eye. PLoS ONE 2020, 15, e0241006. [CrossRef]

109. Kurimoto, S.; Yoshinaga, N.; Igarashi, K.; Matsumoto, Y.; Cabral, H.; Uchida, S. PEG-OligoRNA Hybridization of mRNA for
Developing Sterically Stable Lipid Nanoparticles toward In Vivo Administration. Molecules 2019, 24, 303. [CrossRef]

110. Schöttler, S.; Becker, G.; Winzen, S.; Steinbach, T.; Mohr, K.; Landfester, K.; Mailänder, V.; Wurm, F.R. Protein adsorption is required
for stealth effect of poly(ethylene glycol)- and poly(phosphoester)-coated nanocarriers. Nat. Nanotechnol. 2016, 11, 372–377.
[CrossRef] [PubMed]

111. Ball, R.L.; Bajaj, P.; Whitehead, K.A. Achieving long-term stability of lipid nanoparticles: Examining the effect of pH, temperature,
and lyophilization. Int. J. Nanomed. 2017, 12, 305–315. [CrossRef] [PubMed]

112. Racine, L.; Guliyeva, A.; Wang, I.; Larreta-Garde, V.; Auzély-Velty, R.; Texier, I. Time-Controllable Lipophilic-Drug Release System
Designed by Loading Lipid Nanoparticles into Polysaccharide Hydrogels. Macromol. Biosci. 2017, 17. [CrossRef] [PubMed]

113. Cheng, X.; Lee, R.J. The role of helper lipids in lipid nanoparticles (LNPs) designed for oligonucleotide delivery. Adv. Drug Deliv.
Rev. 2016, 99, 129–137. [CrossRef]

http://doi.org/10.1038/sj.cgt.7701072
http://doi.org/10.2174/138920101604150218103555
http://doi.org/10.1093/nar/gkr695
http://www.ncbi.nlm.nih.gov/pubmed/21890902
http://doi.org/10.1016/j.vaccine.2021.03.038
http://www.ncbi.nlm.nih.gov/pubmed/33771389
http://doi.org/10.1002/smtd.201700375
http://doi.org/10.1016/j.ymthe.2017.03.013
http://www.ncbi.nlm.nih.gov/pubmed/28412170
http://doi.org/10.3390/vaccines9010065
http://doi.org/10.1016/j.cell.2020.07.024
http://doi.org/10.3390/pharmaceutics12111095
http://doi.org/10.1039/D1NR06858J
http://doi.org/10.3389/fchem.2020.589959
http://doi.org/10.1038/s41392-022-00950-y
http://doi.org/10.3390/vaccines7040131
http://doi.org/10.3390/vaccines9010003
http://www.ncbi.nlm.nih.gov/pubmed/33374802
http://doi.org/10.3390/pharmaceutics14020430
http://www.ncbi.nlm.nih.gov/pubmed/35214162
http://doi.org/10.26355/eurrev_202102_24877
http://www.ncbi.nlm.nih.gov/pubmed/33629336
http://doi.org/10.1177/08971900211009650
http://doi.org/10.1021/acsnano.1c04996
http://www.ncbi.nlm.nih.gov/pubmed/34181394
http://doi.org/10.1021/mp500367k
http://doi.org/10.1089/nat.2019.0784
http://doi.org/10.1371/journal.pone.0241006
http://doi.org/10.3390/molecules24071303
http://doi.org/10.1038/nnano.2015.330
http://www.ncbi.nlm.nih.gov/pubmed/26878141
http://doi.org/10.2147/IJN.S123062
http://www.ncbi.nlm.nih.gov/pubmed/28115848
http://doi.org/10.1002/mabi.201700045
http://www.ncbi.nlm.nih.gov/pubmed/28671768
http://doi.org/10.1016/j.addr.2016.01.022


Polymers 2022, 14, 4195 19 of 19

114. Carrasco, M.J.; Alishetty, S.; Alameh, M.G.; Said, H.; Wright, L.; Paige, M.; Soliman, O.; Weissman, D.; Cleveland, T.E.t.; Grishaev,
A.; et al. Ionization and structural properties of mRNA lipid nanoparticles influence expression in intramuscular and intravascular
administration. Commun. Biol. 2021, 4, 956. [CrossRef]

115. Zhang, K.; Kurita, K.L.; Venkatramani, C.; Russell, D. Seeking universal detectors for analytical characterizations. J. Pharm.
Biomed. Anal. 2019, 162, 192–204. [CrossRef]

116. Murphy, R.C.; Fiedler, J.; Hevko, J. Analysis of nonvolatile lipids by mass spectrometry. Chem. Rev. 2001, 101, 479–526. [CrossRef]
117. Cherney, D.P.; Conboy, J.C.; Harris, J.M. Optical-trapping Raman microscopy detection of single unilamellar lipid vesicles. Anal.

Chem. 2003, 75, 6621–6628. [CrossRef]
118. Cajka, T.; Fiehn, O. Comprehensive analysis of lipids in biological systems by liquid chromatography-mass spectrometry. Trends

Analyt. Chem. 2014, 61, 192–206. [CrossRef]
119. Fuchs, B.; Süss, R.; Teuber, K.; Eibisch, M.; Schiller, J. Lipid analysis by thin-layer chromatography–a review of the current state. J.

Chromatogr. A 2011, 1218, 2754–2774. [CrossRef]
120. Tripathi, C.B.; Gupta, N.; Kumar, P.; Singh, A.K.; Raj, V.; Parashar, P.; Singh, M.; Kanoujia, J.; Arya, M.; Saraf, S.A.; et al. ω-3 Fatty

Acid Synergized Novel Nanoemulsifying System for Rosuvastatin Delivery: In Vitro and In Vivo Evaluation. AAPS PharmSciTech
2018, 19, 1205–1218. [CrossRef] [PubMed]

121. Pogocki, D.; Schöneich, C. Chemical stability of nucleic acid-derived drugs. J. Pharm. Sci. 2000, 89, 443–456. [CrossRef]
122. Wayment-Steele, H.K.; Kim, D.S.; Choe, C.A.; Nicol, J.J.; Wellington-Oguri, R.; Watkins, A.M.; Parra Sperberg, R.A.; Huang, P.S.;

Participants, E.; Das, R. Theoretical basis for stabilizing messenger RNA through secondary structure design. Nucleic Acids Res.
2021, 49, 10604–10617. [CrossRef] [PubMed]

123. Sorrentino, S. Human extracellular ribonucleases: Multiplicity, molecular diversity and catalytic properties of the major RNase
types. Cell Mol. Life Sci. 1998, 54, 785–794. [CrossRef]

124. Liu, T.; Liang, Y.; Huang, L. Development and Delivery Systems of mRNA Vaccines. Front. Bioeng. Biotechnol. 2021, 9, 718753.
[CrossRef] [PubMed]

125. Peng, Z.H.; Sharma, V.; Singleton, S.F.; Gershon, P.D. Synthesis and application of a chain-terminating dinucleotide mRNA cap
analog. Org. Lett. 2002, 4, 161–164. [CrossRef]

126. Nishina, K.; Unno, T.; Uno, Y.; Kubodera, T.; Kanouchi, T.; Mizusawa, H.; Yokota, T. Efficient in vivo delivery of siRNA to the
liver by conjugation of alpha-tocopherol. Mol. Ther. 2008, 16, 734–740. [CrossRef] [PubMed]

127. Chen, C.; Han, D.; Cai, C.; Tang, X. An overview of liposome lyophilization and its future potential. J. Control. Release 2010,
142, 299–311. [CrossRef]

128. Fabre, A.L.; Colotte, M.; Luis, A.; Tuffet, S.; Bonnet, J. An efficient method for long-term room temperature storage of RNA. Eur. J.
Hum. Genet. 2014, 22, 379–385. [CrossRef]

129. Zhao, P.; Hou, X.; Yan, J.; Du, S.; Xue, Y.; Li, W.; Xiang, G.; Dong, Y. Long-term storage of lipid-like nanoparticles for mRNA
delivery. Bioact. Mater. 2020, 5, 358–363. [CrossRef]

130. Muramatsu, H.; Lam, K.; Bajusz, C.; Laczkó, D.; Karikó, K.; Schreiner, P.; Martin, A.; Lutwyche, P.; Heyes, J.; Pardi, N.
Lyophilization provides long-term stability for a lipid nanoparticle-formulated, nucleoside-modified mRNA vaccine. Mol. Ther.
2022, 30, 1941–1951. [CrossRef]

131. Hassett, K.J.; Benenato, K.E.; Jacquinet, E.; Lee, A.; Woods, A.; Yuzhakov, O.; Himansu, S.; Deterling, J.; Geilich, B.M.; Ketova, T.;
et al. Optimization of Lipid Nanoparticles for Intramuscular Administration of mRNA Vaccines. Mol. Ther. Nucleic Acids 2019,
15, 1–11. [CrossRef] [PubMed]

132. Hajj, K.A.; Ball, R.L.; Deluty, S.B.; Singh, S.R.; Strelkova, D.; Knapp, C.M.; Whitehead, K.A. Branched-Tail Lipid Nanoparticles
Potently Deliver mRNA In Vivo due to Enhanced Ionization at Endosomal pH. Small 2019, 15, e1805097. [CrossRef] [PubMed]

133. Lee, S.M.; Cheng, Q.; Yu, X.; Liu, S.; Johnson, L.T.; Siegwart, D.J. A Systematic Study of Unsaturation in Lipid Nanoparticles
Leads to Improved mRNA Transfection In Vivo. Angew. Chem. Int. Ed. Engl. 2021, 60, 5848–5853. [CrossRef]

134. Packer, M.; Gyawali, D.; Yerabolu, R.; Schariter, J.; White, P. A novel mechanism for the loss of mRNA activity in lipid nanoparticle
delivery systems. Nat. Commun. 2021, 12, 6777. [CrossRef]

135. Qu, L.; Yi, Z.; Shen, Y.; Lin, L.; Chen, F.; Xu, Y.; Wu, Z.; Tang, H.; Zhang, X.; Tian, F.; et al. Circular RNA vaccines against
SARS-CoV-2 and emerging variants. Cell 2022, 185, 1728–1744.e1716. [CrossRef] [PubMed]

http://doi.org/10.1038/s42003-021-02441-2
http://doi.org/10.1016/j.jpba.2018.09.029
http://doi.org/10.1021/cr9900883
http://doi.org/10.1021/ac034838r
http://doi.org/10.1016/j.trac.2014.04.017
http://doi.org/10.1016/j.chroma.2010.11.066
http://doi.org/10.1208/s12249-017-0933-8
http://www.ncbi.nlm.nih.gov/pubmed/29260378
http://doi.org/10.1002/(SICI)1520-6017(200004)89:4&lt;443::AID-JPS2&gt;3.0.CO;2-W
http://doi.org/10.1093/nar/gkab764
http://www.ncbi.nlm.nih.gov/pubmed/34520542
http://doi.org/10.1007/s000180050207
http://doi.org/10.3389/fbioe.2021.718753
http://www.ncbi.nlm.nih.gov/pubmed/34386486
http://doi.org/10.1021/ol0167715
http://doi.org/10.1038/mt.2008.14
http://www.ncbi.nlm.nih.gov/pubmed/28178465
http://doi.org/10.1016/j.jconrel.2009.10.024
http://doi.org/10.1038/ejhg.2013.145
http://doi.org/10.1016/j.bioactmat.2020.03.001
http://doi.org/10.1016/j.ymthe.2022.02.001
http://doi.org/10.1016/j.omtn.2019.01.013
http://www.ncbi.nlm.nih.gov/pubmed/30785039
http://doi.org/10.1002/smll.201805097
http://www.ncbi.nlm.nih.gov/pubmed/30637934
http://doi.org/10.1002/anie.202013927
http://doi.org/10.1038/s41467-021-26926-0
http://doi.org/10.1016/j.cell.2022.03.044
http://www.ncbi.nlm.nih.gov/pubmed/35460644

	Introduction 
	The Design Strategies for mRNA–LNP Vaccines 
	Selection of Immunogens 
	Selection of Delivery Vehicle 
	Lipid Nanoparticles 
	Other Types of Lipid-Based mRNA DDSs 

	Preparation of mRNA–LNP Vaccine 
	Quality Control of mRNA Vaccines 

	The Stability of mRNA–LNP Vaccines 
	Physical Stability 
	Chemical Stability 

	Conclusions 
	References

