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mRNAvaccines have evolved frombeing amere curiosity to emerging as COVID-19 vaccine front-runners. Recent
advancements in the field of RNA technology, vaccinology, and nanotechnology have generated interest in deliv-
ering safe and effective mRNA therapeutics. In this review, we discuss design and self-assembly of mRNA vac-
cines. Self-assembly, a spontaneous organization of individual molecules, allows for design of nanoparticles
with customizable properties. We highlight the materials commonly utilized to deliver mRNA, their physico-
chemical characteristics, and other relevant considerations, such asmRNAoptimization, routes of administration,
cellular fate, and immune activation, that are important for successful mRNA vaccination. We also examine the
COVID-19mRNA vaccines currently in clinical trials. mRNA vaccines are ready for the clinic, showing tremendous
promise in the COVID-19 vaccine race, and have pushed the boundaries of gene therapy.
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1. Introduction

Recent advances in biotechnology have revolutionized the field of
medicine, offering pioneering solutions for clinically unmet needs. In
search of the “silver bullet” – a universal solution to treat an illness in
anypatient regardless of their condition – the focus of the research com-
munity has shifted towards nucleic acids. Over the last three decades,
in vitro transcription (IVT) has become a widespread technique to de-
sign and preparemessenger RNA (mRNA), a type of nucleic acid capable
of encoding virtually any protein [1]. Successful implementation of
mRNA therapeutics would prevent or treat any disease characterized
by a deficit of one or several key proteins. The range of such diseases
is expansive and includes cancers, as well as genetic and infectious dis-
eases [1–6]. Since 2019, the field's spotlight has turned towards the pre-
vention of infectious diseases with mRNA vaccines due to the
emergence of SARS-CoV-2.

mRNA vaccines have a unique feature of promoting the evanescent
expression of antigen (typically days). The expression of the exogenous
antigen is controlled by the lifetime of encoding mRNA, which is regu-
lated by innate degradation pathways. While this transient nature of
protein expression requires repeated administration for the treatment
of genetic diseases and cancers, it is extremely beneficial for vaccines,
where prime or prime-boost vaccination is sufficient to develop highly
specific adaptive immunity without any exposure to the contagion.
The triumph ofmRNAvaccines, however, is held back by several factors.
First, mRNA is a relatively fragilemacromolecule susceptible to physical,
chemical and enzymatic degradation [2]. This delicate nature of mRNA
imposes a limitation on its storage and the administration of the treat-
ment. Second, precise identification of antigen is crucial in altering the
course of the disease. Inappropriate antigen sequencesmay cause unde-
sired activation of the immune system [3]. Last, naked IVT mRNA has
limited capability to pass the physiological barriers of the body and
enter the target cells. As a result, the treatment with naked mRNA
may require frequent administration and/or high doses, necessitating
substantial investment in biopharmaceutical development and high pa-
tient compliance. However, these challenges may be circumvented by
carefully designing the target mRNA sequences and the delivery
vectors that would assist mRNA in entering the cells.

Self-assembly is an important concept in material sciences, which is
widely explored in the design and development of nanomaterials [7].
The term ‘self-assembly’ refers to a spontaneous arrangement of indi-
vidual molecules into a supramolecular assembly, driven by non-
covalent interactions [8]. This approach is extremely attractive in the
development of “smart” materials since the properties of individual
building blocks may fine-tune the properties of the constructs, and the
preparation may be done by simple mixing of the components.
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Additionally, self-assembly relies purely on the physical interactions be-
tween the building blocks and therefore can be applied to small mole-
cules and biomacromolecules alike. The vast majority of the non-viral
vectors for mRNA delivery are currently prepared through self-
assembly, which includes a large fraction of mRNA vaccines.

In this review, we highlight the recent advances in the design of
mRNA vaccines and the implementation of self-assembly in their prep-
aration. We will cover several relevant topics – (1) design and proper-
ties of mRNA; (2) immunological activity of mRNA vaccines;
(3) importance of the administration routes; (4) mechanisms of deliv-
ery to the cytoplasm; (5) design of the materials and their self-
assembly; (6) desired physicochemical properties for optimal delivery;
and (7) the clinical utility of mRNA vaccines. This interdisciplinary re-
view may provide guidance to researchers seeking to answer funda-
mental questions in the field of mRNA vaccines.
2. mRNA vaccines

mRNA vaccines can be categorized into two types: (1) non-
replicating and (2) self-amplifying (also known as self-replicating and
replicon)mRNAvaccines.While both types of vaccines share a common
structure inmRNA constructs, self-amplifying RNA vaccines contain ad-
ditional sequences in the coding region for RNA replication.
2.1. Advantages of mRNA vaccines

The term ‘mRNA vaccine’ refers to the type of vaccines that delivers
an antigen protein in the form of mRNA. Since the proof-of-concept re-
port on mRNA vaccines in the 1990s [9,10], these vaccines have been
thought to offer more advantages over the conventional ones: subunit,
recombinant, live-attenuated, and inactivated vaccines [2].

The first important advantage of mRNA vaccines is the safety profile.
In contrast to live-attenuated and inactivated vaccines, mRNA vaccines
exclude any concern associated with endotoxin and infection. Unlike
DNA vaccines and viral vector-based vaccines, mRNA vaccines do not
pose the risk of genomic integration and insertional mutagenesis be-
cause they do not require nuclear entry for their activity [1]. The tran-
sient nature of mRNA activity is advantageous to avoid an incessant
expression of the respective protein, yielding better temporal control
of their activity.

The second benefit of themRNA vaccine is efficacy. SincemRNA vac-
cines deliver essential antigens, they promote the development of adap-
tive immunitymore specific to the antigen andminimize adverse effects
compared to whole-cell vaccines. In addition, the pharmacology of
mRNA vaccines offers the development of cellular immune responses
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and antibody responses, which can be useful to treat diseases that re-
quire cell-mediated immunity, such as cancer.

The third advantage of mRNA vaccines lies in their production. The
synthesis of clinical-grade mRNA is based on well-standardized in-
vitro-transcription (IVT) processes. The manufacturing process uses a
DNA template and various enzymes in a cell-free system. This process
is relatively robust and scalable when compared with the culture-
based production of DNA- or protein-based vaccines. Additionally, less
optimization is required for synthesizing new antigen sequences of sim-
ilar size. This flexibility in mRNAmanufacturing is exceptionally benefi-
cial to produce mRNA vaccines against rapidly spreading infectious
agents. One exemplar of the rapid mRNA vaccine development is the
case in which the National Institute of Allergy and Infectious Diseases
of the United States and Moderna produced clinical-grade mRNA vac-
cines for SARS-CoV-2 within 27 days after the sequence of the virus
spike protein was released [11,12]. It enabled the human clinical trials
phase I, II, and III to be initiated at unprecedented speed: within 66
days, 140 days, and 199 days after the viral sequence was determined,
respectively (NCT04283461, NCT04405076, NCT04470427), resulting
in the emergency use authorization (EUA) of their mRNA vaccine in
the United States within a year [13].

While promising, there is still room for improvement in the realm of
mRNA vaccines. Anionic macromolecules such as mRNA struggle to
enter the cells because of the electrostatic repulsion from the cell mem-
brane, and mRNA is prone to degradation due to abundant ribonucle-
ases (RNases) in the extracellular space [2]. Additionally, extracellular
mRNA endogenously acts as a ligand to pattern recognition receptors,
such as toll-like receptors (TLRs) [14,15] and RIG-I-like receptors
(RLRs) [16,17], which can cause adverse effects. In these regards, IVT
mRNA is typically packaged in delivery vectors that can mask undesir-
able side-effects and facilitate cellular entry despite several reports of
naked mRNA being effective in vivo [18,19] and ex vivo [20]. Geall and
colleagues demonstrated that packaging mRNA in lipid-based nanopar-
ticles (LNPs) protects mRNA cargos from RNases [21]. They also showed
that vaccination of 0.1 μg mRNA encapsulated in LNPs enhanced in vivo
transfection 10-fold greater than vaccination of 1.0 μg naked mRNA, in-
dicating the benefits of using delivery vectors for mRNA delivery [21].

2.2. Structural elements of mRNA

The structural elements of IVT mRNA are similar to those of natural
mRNA, consisting of a 5′ cap, 5′ untranslated region (UTR), coding re-
gion, 3′ UTR, and a poly(A) tail (Fig. 1A). In this section, we will discuss
the structural components of IVT mRNA and recent advances in RNA
technology.

2.2.1. 5′ cap
Natural mRNA in the eukaryotic cytoplasm contains the

7-methylguanosine (m7G) moiety at the 5′ end, followed by a triphos-
phate linkage to the first nucleotide (m7GpppN). This protective struc-
ture is called a 5′ cap and it regulates pre-mRNA splicing and nuclear
export, protects RNA from exonuclease cleavage, and initiates mRNA
translation [22]. The 5′ cap is also involved in the recognition of non-
self RNA from self RNA by the innate immune system [23]. The
m7GpppN is known as a cap 0 structure, which is an essential invariant
for efficient translation ofmRNA in eukaryotes. Early IVTmethods to pro-
duce the cap 0mRNA resulted in the inclusion of the cap analog either in
the correct or reverse direction. Namely, whenm7GpppG cap analogwas
used, the RNA polymerase produced m7GpppGN or Gpppm7GN. The de-
velopment of an "anti-reverse" cap analog (ARCA, m2

7,3'-OGpppG) solved
this directional issue [24]. Additional methylation of the 3′-OH in m7G
prevents the ARCA from being incorporated in the reverse direction.
However, co-transcriptional reactions with ARCA requires an excess of
ARCA : GTP, which results in producing approximately 20% of the
uncapped mRNA post-transcription [25]. Moreover, the use of ARCA in-
troduces an additional methyl group to the mRNA, which is not present
85
in native mRNA. An alternative for synthesizing the cap 0 mRNA is via a
post-transcriptional enzymatic reaction using the Vaccinia virus capping
complex.

While IVT mRNA with the cap 0 structure is sufficient to initiate
mRNA translation, in mammalian cells, the mRNA undergoes further
post-transcriptional modifications like 2′-O-methylation at position 2’
of ribose ring of the first nucleotide (cap 1, m7GpppN1m), and some-
times of the second nucleotide (cap 2, m7GpppN1mN2m) as well. The
2′-O-methylation in mRNA not only enhances the translation efficiency
of IVT mRNA [26], but also prevents activation of endosomal and cyto-
solic sensors, such as RIG-I andMDA5,which are defensivemechanisms
against viral RNA [23]. Therefore, 2′-O-methylation is highly desirable to
improve protein production from IVT mRNA transfection and prevent
undesirable immune responses. 2′-O-methylation can be achieved by
using 2'-O-methyltransferase, an enzyme that catalyzes the transfer of
a methyl group from S-adenosyl methionine to the IVT mRNA with
cap 0 structure, yielding S-adenosyl-L-homocysteine and the IVT
mRNA with cap 1 structure.

Another way to produce the cap 1 mRNA is by using trinucleotide
cap analogs in co-transcriptional reactions. Ishikawa et al. used m-
7GpppAG analogs to cap IVT mRNA as the use of these analogs in the
IVT reaction allowed mRNA to have the m7G moiety at 5′ end with no
reverse capped products [27]. Furthermore, they produced various IVT
mRNA with the first transcribed nucleotide as A, Am, m6A, or m6Am,
and reported that m7Gpppm6AmG cap resulted in the highest luciferase
expression in in vitro transfection experiments. Recently, Sikorski et al.
further compared the effects of the first transcribed nucleotide in IVT
mRNA [28]. They varied the first nucleotide among A, m6A, G, C, and U
with or without 2′-O-methylation. They found that lipofectamine-
deliveredmRNA carrying A, Am,m6Am as the first nucleotide produced
higher luciferase expression whereas the mRNA carrying G or Gm pro-
duced lower luciferase expression. Notably, the mRNA translation in
the JAWSII cells, a murine dendritic cell (DC) line, was significantly af-
fected by various caps, showing an 8-fold difference between m6A and
m6Am. These findings may suggest the importance of the first nucleo-
tide and the 5′ cap for mRNA vaccines targeting DCs.
2.2.2. 5′ and 3′ UTRs
UTRs are not translated into protein but are involved in regulating

mRNA expression. 5′ and 3′ UTRs are located upstream and down-
stream of the coding region, respectively. They contain various regula-
tory sequences associated with the stability of mRNA, recognition of
mRNA by the ribosomes, interaction with the components in transla-
tional machinery, and mRNA secondary structures [29]. In mRNA ther-
apy, the inclusion of cis-regulatory sequences in the UTRs can improve
the translation and half-life of mRNA. Many UTR sequences that pro-
mote mRNA translation have been identified from naturally occurring
sequences. For instance, the UTR sequences derived from alpha- and
beta-globins have been widely used to design IVT mRNA constructs
[30–32].

Rather than searching the endogenous genes, UTR sequences can
be designed de novo. Trepotec et al. designed a 14-nt-long 5′ UTR se-
quence that produces a comparable level of expression compared to
human alpha-globin 5′ UTR [33]. Zeng et al. designed de novo 5′
UTR sequences based on the length and guanine-cytosine content
as well as predicted resistance of resulting mRNA to miRNA for the
development of mRNA vaccines [34]. Recent advances in big data
and machine learning have enabled predicting and designing regula-
tory sequences in silico [35]. For example, Seelig and colleagues used
deep learning to build a predictive model of the relationship between
human 5′ UTR sequences to mRNA translation based on 280,000 ran-
dom UTRs [36]. Their predictive model could explain 93% of the var-
iability in the mean ribosome loads observed in the held-out data.
These machine learning models may assist in the design of novel
UTR sequences for mRNA therapeutics.



Fig. 1. (A, B) Schematic diagrams of in-vitro-transcribed mRNA: (A) non-replicating mRNA and (B) self-amplifying RNA. (C) Replication of self-amplifying RNA inside cells. (1) After
translation, non-structural proteins 1-4 (nsP1-4) are produced, forming the early replication complex that synthesizes (-) strand of mRNA transcript. (2, 3) The late replication
complex produces (2) genomic (+) strand and (3) subgenomic (+) strand. Genomic transcript continues further replications and subgenomic transcript initiates antigen production.
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2.2.3. Poly(A) tail
mRNA holds a polyadenylated region at its 3′ end which is called as

poly(A) tail. It is an essential determinant of the lifespan of mRNA mol-
ecules. Poly(A) tails of the natural mRNAmolecules in mammalian cells
have a length of ~ 250 nucleotides (nt), and they gradually shorten from
86
3′ to 5′ throughout the lifespan of mRNA in the cytosol [37]. Since the
tail size affects the decay of mRNA by regulating 3′ exonucleolytic deg-
radation, the incorporation of poly(A) tails at approximately 100 nt is
desirable in the production of mRNA therapeutics. There are mainly
two methods in the polyadenylation of IVT mRNA: (1) the enzymatic
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addition to the capped mRNA using recombinant poly(A) polymerases,
and (2) poly(T) sequence embedded in the plasmid templates. Al-
though poly(A) polymerase-mediated tailing works well for small-
scale production, this method is limited by inconsistent length of poly
(A) tail and it adds an extra step in synthesis, which is disadvantageous
to large-scale production. On the other hand, embedding poly
(T) sequences in the plasmid template enables one-step synthesis of
poly(A) tails during the IVT reaction since the template for tailing is in-
cluded in the plasmid DNA. Furthermore, it generates poly(A) tails with
a definite length, which augments the reproducibility of mRNA therapy.
A difficulty associated with this method is that the circular plasmids
containing poly(A:T) regions tend to be unstable to clone and prone to
shortening during the DNA propagation in E. coli [38]. To overcome
the difficulties in cloning, Arbuthnot et al. proposed the repeated re-
striction digestion with type IIS enzymes, ligation, and propagation to
extend the homopolymeric sequence up to 100 bp in circular plasmids
[39]. Similarly, Grier et al. proposed linear plasmids as a template for
mRNA synthesis to circumvent the limitations [40].

2.2.4. Modified nucleotides
Natural RNA molecules are synthesized based on four basic

nucleotides (ATP, CTP, GTP, and UTP). During mRNA maturation, some
nucleotides in mRNA are post-transcriptionally modified. These
naturally-occurring modified nucleotides, such as pseudouridine and
5-methylcytidine, can be used in the synthesis of IVT mRNA [41]. Use
of these modified nucleotides can avoid the recognition of IVT mRNA
by the innate immune system, avoiding undesirable immune responses
[15,42]. Karikó and coworkers pioneered modified nucleotides for
producing IVT mRNA, reporting that substitution of uridine to
pseudouridine in IVT mRNA not only reduces the innate immune re-
sponses against mRNA, such as TLRs [15] and Protein kinase R [42],
but also increases protein translation [43]. 5-methylcytidine, 2-
thiouridine, andN1-methylpseudouridinewere explored as alternatives
to the basic nucleotides, and combinations of the modified nucleotides
showed superior efficacy compared to the unmodified counterparts
[44–46]. However, the counterexamples have been reported as well.
Thess et al. showed that unmodifiedmRNA showed higher protein pro-
duction andmild cytokine inductionwhen compared to pseudouridine-
substituted mRNA in mice [47]. Kauffman et al. demonstrated that
pseudouridine substitution of mRNA did not change the in vivo protein
expression and the levels of various cytokines as compared to unmodi-
fied mRNA when administered intravenously via LNPs [48]. More re-
cently, Vaidyanathan et al. reported a comparative study about the
influence of modified nucleotides on Cas9 mRNA activity, interleukins,
and TNF-α levels [49]. They did not find a correlation between the in-
corporation of modified nucleotides and Cas9 mRNA activity. Although
the modified nucleotides moderately decreased immune responses
compared to unmodified nucleotides, the levels of cytokines were
more significantly affected by HPLC purification. Taken together, the ef-
fects of modified nucleotides seem inconsistent andmay depend on the
experimental settings, such as cell type, administration route, and deliv-
ery vector. Nonetheless, considering that there are at least 143 natural
nucleotide modifications, it is hard to argue that modified nucleotides
are important determinants in regulating the RNA activity in the cells
[50]. At the same time, more evidence suggests that aberrant presence
or absence of RNA modifications could cause diseases in humans,
which underpins the need for a thorough evaluation of the benefits of
modified nucleotides [51].

2.3. Self-amplifying RNA vaccines

Self-amplifying RNA (saRNA) vaccines utilize RNA-dependent RNA
polymerases (RDRP) derived from RNA viruses, mostly alphaviruses,
to amplify the delivered RNA, thus increasing the production of antigen
proteins. In addition to the normal components of mRNA, the saRNA
contains large open reading frames (ORF) that encode the components
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for RDRP, consisting of non-structural proteins 1-4 (nsP1-4), and gene
of interest (antigen sequence) following a subgenomic promoter
(Fig. 1B). The nsP1, 2, 3, and 4 encode the proteins responsible for
mRNA capping, NTPase/Helicase/protease, macrodomain, and RDRP, re-
spectively. A recent review byAbu Bakar and Ng summarizes the details
of each component [52].

Once saRNA is delivered to the cytosol, it goes through the endoge-
nous translation machinery in ribosomes. The translation of the nsP se-
ries leads to the production of precursor polyproteins, forming the early
replication complex that synthesizes the negative strand of RNA. Fur-
ther cleavages of polyproteins yield the late replication complex that
synthesizes the positive strand of genomic and subgenomic RNA by
using the negative strand as a template. As a result, one copy of the
saRNA produces multiple copies of RNA transcripts (Fig. 1C), overcom-
ing the limited cytosolic delivery of in vivo mRNA therapeutics.

Antigen expression of saRNA increases gradually initially and lasts
for an extended period of time [53], which prolongs the stimulation of
antigen-presenting cells (APCs). In 2012, Geall and coworkers demon-
strated that LNP-delivered saRNA elicited adaptive immune responses
against the respiratory syncytial virus (RSV) after intramuscular injec-
tion to mice [21]. The administration of the non-viral saRNA vaccine
led to potent cellular and humoral responses comparable to the viral
counterpart. Further preclinical studies demonstrated the potentials of
saRNA vaccines against influenza [54], HIV [55], and Zika virus [56]. Re-
cently, Shattock and colleagues demonstrated the efficacy of saRNA-LNP
vaccines against SARS-CoV-2 [57], which is currently in phase I clinical
trial in the UK (ISRCTN17072692).

One shortcoming associated with the saRNA vaccines is the large
and complicated saRNA sequence. The length of the nsP1-4 sequence
is around 7 kilobases, which often makes the full length of saRNA vac-
cines more than 9 kilobases. Recent efforts to reduce the size of saRNA
constructs include splitting the sequences of the nsP series and
gene of interest in separate RNA molecules, referred to as a trans-
amplification or trans-replicating system [58]. This trans-replicating
system can be favorable due to its potential advantages in terms of
versatility, safety, and ease of large-scale production. Beissert et al.
compared the translation efficiencies of self-amplifying and trans-
amplifying RNA vaccines and found that mRNA translation of the
trans-amplifying RNA vaccine was as efficient as the saRNA vaccine,
warranting further exploration of trans-amplifying RNA vaccines [59].
Despite the relatively compact size of trans-amplifying RNA systems,
the mRNA length of the replicase is still longer than 7 kilobases, which
demands delivery vectors with a large loading capacity for successful
RNA delivery.

3. Mechanism of action of mRNA vaccines

mRNA vaccination leads to adaptive immunity via several possible
pathways: (1) transfection of somatic cells, such asmuscle cells and epi-
dermal cells, (2) transfection of tissue-resident immune cells at the in-
jection sites, and (3) transfection of immune cells in the secondary
lymphoid tissues, including lymph nodes (LNs) and the spleen (Fig. 2).
mRNA vaccines administered by parental routes, such as intradermal,
intramuscular, and subcutaneous injections, can transfect non-
immune cells near the injection sites [60,61]. Non-immune cell trans-
fection leads to the production of antigen that is subsequently degraded
in the proteasomes. Following degradation, epitopes derived from the
antigen can form a complex with major histocompatibility complex
(MHC) class I for the antigen presentation to cytotoxic T cells expressing
CD8, leading to the establishment of cellular immunity to the antigen.
Transfection of myocytes is also known to activate bone-marrow-
derived DCs, followed by CD8+ T cell priming [62]. Although the exact
mechanism is unknown, it is thought that the antigen is transferred
from the myocytes to DCs [62].

mRNA vaccines can also transfect tissue-resident immune cells,
mostly APCs, such as DCs and macrophages [63]. Parenteral



Fig. 2. Modes of action of intramuscularly administered mRNA vaccines. (1, 2) mRNA vaccines can transfect (1) muscle cells as well as (2) tissue-resident APCs near the injection site.
(3) mRNA vaccines can flow into proximal lymph nodes (LNs) and transfect LN-resident cells, resulting in activation of T and B cell development.

J. Kim, Y. Eygeris, M. Gupta et al. Advanced Drug Delivery Reviews 170 (2021) 83–112
administration ofmRNA vaccines can trigger local immune responses at
injection sites [2,64]. This recruits immune cells to the area, facilitating
the transfection of tissue-resident immune cells, such as DCs and mac-
rophages [63,65]. As in the first case, mRNA transfection to these cells
results in antigen presentation on MHC class I, which gives rise to the
maturation of CD8+ T cells (Fig. 3) [2,66]. Moreover, the APCs can pro-
cess the antigen through MHC class II pathway so mRNA transfection
of the APCs can lead to the activation of T helper cells expressing CD4
(Fig. 3) [2]. Otherwise, the mRNA vaccine is drained by lymph and
transported to the neighboring LNs by the lymphatic system [63,66].
LNs are the sites where various immune cells, including monocytes
and naïve T and B cells, reside, and the antigens located in these second-
ary lymphoid organs initiate adaptive immune responses. In the LNs,
mRNA vaccines transfect LN-resident cells, such as APCs and endothelial
cells [63,66,67]. Transfection of these cells can initiate the priming of not
only T cells but also B cells.

To elicit adaptive immunity against the antigen, mRNA vaccines
must be translated to antigen by the endogenous translational machin-
ery (Fig. 3). Because the translated antigen is originally located in the cy-
tosol, it is preferentially considered an endogenous antigen by the cells.
It means that endogenous antigens produced by mRNA vaccines are
readily presented on MHC class I molecules, priming CD8+ T cells [2].
However, priming CD4+ T cells is also essential to build potent and ro-
bust cellular immunity [68]. Furthermore, considering that the roles of
T helper cells in B cell priming is substantial [69], the ability of mRNA
vaccines to prime CD4+ T cells is highly desirable to develop humoral
immunity as well. As briefly mentioned earlier, mRNA vaccination
leads to the activation of both CD8+ T cells and CD4+ T cells, suggesting
that transfected APCs have alternative pathways to process endogenous
antigens to MHC class II presentation [68]. One example of presenting
endogenous antigens onMHC class II is via autophagy that is associated
with lysosomal degradation of cytosolic antigens [70]. It is also known
that the presentation of endogenous antigen on MHC class II can be
88
mediated by heat shock protein 90 and transporter associated with
antigen processing (TAP) complex as non-autophagic pathways [71].
Antigen presentation of endogenous antigen onMHC class II can be fur-
ther potentiated by engineering mRNA sequence (Fig. 3). By encoding
signal peptides that translocate proteins to the specific intracellular
compartment, antigen presentation on MHC class II can be enhanced
[72]. For example, Bonehill et al. inserted the targeting sequence of the
invariant chain before the antigen sequence to program the translated
protein to be presented on MHC class II [73,74]. Other signal peptides,
such as MHC class I [75,76] and II [77,78], and lysosome-associated
membrane protein-1 (CD107a) [68,79], can be incorporated in the
mRNA coding region to prime antigen-specific CD4+ and CD8+ T cells.
Alternatively, an mRNA sequence can be designed to express the anti-
gens extracellularly (Fig. 3), either in secreted forms [11,80,81] or trans-
membrane form [11,81,82]. For instance, Richner et al. investigated
mRNA vaccines against the Zika virus by encoding M-E proteins of the
virus which generates virus-like subviral particles in mice [80]. Tiwari
et al. engineered mRNA to encode glycosylphosphatidylinositol mem-
brane anchor sequence from the decay-accelerating factor in order to
express the protein of interest with anchored to the plasma membrane
[83]. Corbett et al. designed the mRNA sequence to encode the
prefusion-stabilized spike protein of SARS-CoV-2 as a transmembrane-
anchored protein [11]. They also compared the efficacies of two mRNA
vaccines against MERS - one encoding secreted form of the MERS
spike protein and the other encoding transmembrane-anchored MERS
spike protein - and showed that the latter elicited more potent
pseudovirus neutralizing antibody responses. Nonetheless, it is difficult
to generalize that transmembrane form is more efficacious than se-
creted form. Therefore, mRNA constructs for antigen expression - either
secreted or membrane-anchored forms – can be tailored for individual
virus strains to maximize the safety and efficacy of the vaccines. Extra-
cellularly expressed antigens can be recognized by APCs and effectively
elicit CD4+ and CD8+ T cell responses byMHC class II presentation and



Fig. 3. Mechanism of adaptive immune responses induced by mRNA vaccines. (1) Endosomal escape of mRNA to the cytosol after endocytosis-mediated internalization. (2) Antigen
protein translated from exogenous mRNA is degraded into fragments in proteasome, followed by MHC-I presentation. (3) Antigen protein can undergo lysosomal degradation via
various mechanisms, such as autophagy and signal peptide, followed by MHC-II presentation. (4) Antigen protein can be destined to extracellularly express in secreted or membrane-
anchored form. (5) Extracellularly expressed antigen can be taken up again by APCs, directed to lysosomal degradation. (6) Instead, the extracellular antigen can be recognized by B
cell receptor on B cells, leading to B cell maturation. (7) MHC-I presents the epitope to CD8+ T cells whereas (8) MHC-II presents the epitope to CD4+ T cells.
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cross-presentation, respectively. Notably, the mRNA-derived extracel-
lular antigens also help to develop antigen-specific humoral responses
[84,85].

Antibody responses are a crucial mechanism of vaccines to neutral-
ize foreign antigens. In the case of mRNA vaccines, proper activation of
B cells is still pivotal to induce and maintain antibody production. B
cell activation is initiated by encountering intact antigens in the extra-
cellular space with the B cell receptor (BCR) (Fig. 3). Since naïve B
cells reside in LNs, B cell activation requires the transport of antigens
to the LNs for an encounter. Soluble antigens reach the draining LNs
from the periphery; however, small proteins (less than 10 nm in size)
tend to enter the blood capillaries because blood flow rates are 100-
500 fold higher than lymph flow rates, limiting the antigen availability
in the LNs [86]. APCs such asmonocytes andmigratory DCs carry the an-
tigens to the LNs and provide them to naïve B cells; however, it is rela-
tively inefficient compared to delivering antigens directly to the LNs
[87]. Therefore, mRNA vaccines that can target the cells within LNs
could improve antibody responses by increasing the local concentration
of antigens in the LNs [87].While soluble antigens in the LNs can be rec-
ognized by B cells directly, they can be captured by other cells for B cell
activation, leading to more efficient B cell recognition of antigens [88].
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Depending on whether the antigen is opsonized or not, subcapsular
sinus macrophages or DCs can capture the antigens and present on
their membranes for B cell activation [87,89].

The BCR-bound antigen is internalized by endocytosis, digested, and
presented onMHCclass II. Afterward, B cells can differentiate into short-
lived plasma cells which rapidly secrete low-affinity antibodies or enter
germinal centers (GCs) where they undergo somatic hypermutation
and affinity-maturation. The activated B cells entering GCs present the
antigen on MHC class II to T helper cells and receive co-stimulatory sig-
nals at the T cell/B cell borders. Subsequently, they undergo somatic
hypermutation in the dark zone of the GCs, proliferating, and honing
the specificity of BCR against the antigen. Then, GC B cells leave for the
light zone where they undergo affinity maturation by interactions
with follicular DCs. Follicular DCs that received the antigens from B
cells and DCs store the antigen in their non-degradative compartments
and present the antigens for long-term periods to B cells, helping their
affinity maturation. A cyclic cascade of affinity maturation enables the
selection of B cells having high-affinity BCRs and clearance of B cells
having low-affinity BCR by apoptosis. The B cell populations with high
BCR affinity exit the GCs as long-lived plasma cells or memory B cells
[69,90]. The establishment of these two cells by vaccination is a key
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for producing antibodies with high affinity and securing long-term
memory against the antigen. Upon secondary exposure to specific anti-
gens, memory B cells reactivate the antibody production, enabling the
rapid antibody-mediated immune responses [91]. Long-lived plasma
cells mainly residing in the bone marrow provide long-lasting protec-
tive humoral immunity, for years and perhaps even decades [91–93].
Laczkó et al. recently demonstrated that a single dose of mRNA vaccines
against SARS-CoV-2 generates antigen-specific memory B cells and
long-lived plasma cells, supporting the capability of mRNA vaccines to
develop long-lasting humoral immunity [94].

Consequently, idealmRNA vaccines not only lead to the activation of
CD8+ and CD4+ T cells, but also provide the antigens to the LNs for ac-
tivating B cells and developing antibody responses against the patho-
gen. mRNA constructs can be engineered to elicit more potent T cell
priming by encoding signal peptides or extracellular forms of antigens.
Furthermore, considering the importance of GC reaction in the antibody
responses, one way to design potent mRNA vaccines could be to target
LNs with efficient delivery vectors [95].

4. Routes of administration

Administration routes for vaccination can have an impact on the ef-
ficacy of mRNA vaccines. Themodality of vaccine administration affects
the accessibility of immune cells for priming and the extent of conse-
quential effects (local or systemic immune responses) after vaccination.
Despite the evident influence of administration routes, the fundamental
understanding of the impact of the administration route on the spatio-
temporal distribution of mRNA vaccines remains limitedly understood.

4.1. Intramuscular, subcutaneous, and intradermal administration

Parenteral administration is the prevalent route for vaccination. The
majority of vaccines are administered via invasive procedures, such as
intramuscular (IM), subcutaneous (SC), and intradermal (ID) injections
[96]. These administration routes require less training to perform and
are considered safer from potential risk of infection than intravenous
(IV) routes [97]. Skin and muscle tissues are attractive sites for vaccina-
tion due to the presence of large numbers of APCs, such as Langerhans
cells andDCs, present near or in the tissues. Additionally, administration
to these tissues provides the vaccines with entry to the lymphatic ves-
sels, enhancing the vaccine delivery to the LNs. Therefore, mRNA vac-
cines administered by IM, SC, and ID injections can elicit strong
immune responses by transfecting tissue-resident and LN-resident
cells. Recently, Santangelo and colleagues visualized early trafficking
of the mRNA vaccines labeled with dual radionuclide-NIR probes after
IM injection to cynomolgus macaques using PET-CT and infrared imag-
ing [63].mRNAvaccines traveled to the LNs that drain from the injection
sites; however, they rarely reached distal LNs. This result corroborates
previous reports with protein-based vaccines [98,99]. Also, mRNA
transfection was observed primarily in monocytes and to a less extent
in DCs, B cells, and CD4+ T cells in the injected muscle tissues and the
draining LNs, which is in accord with previous findings [65]. It suggests
that mRNA vaccination may involve the monocyte transfection as a
major mechanism, although it could be due to characteristics of the
mRNA vector that was used in the study. Even though SC injection is
considered more immunogenic than IM injection due to the proximity
of the injection sites to the dermis that contains a large number of
tissue-resident immune cells [100], multiple independent studies with
protein-based vaccines showed no significant difference in antibody ti-
ters between IM and SC injections [99,101]. Nonetheless, injection
methods for vaccination were shown to affect biodistribution [99] and
GC reaction [101] of the vaccines in non-human primates. In line with
the results of protein-based vaccines, a comparative study with mRNA
vaccines in mice showed no significant difference in antibody produc-
tion between IM and SC injections [102]. ID administration has been
considered a promising route for vaccination because of the abundance
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of immune cells in the dermis; however, it is less frequently used than
SC and IM injections due to the technical difficulty in administration.
Nevertheless, it appears evident that mRNA vaccines administered by
ID injection could result in more robust humoral responses [102]. Loré
and coworkers showed that ID injection ofmRNAvaccines encapsulated
in LNPs led to the rapid and extended expression of B cell responses in
non-human primates, suggesting that ID injection of mRNA vaccines is
likely beneficial to provide rapid development of adaptive immunity
to influenza virus [65,84].

4.2. Intravenous administration

Intravenous (IV) injection of mRNA therapeutics can lead to the
highest production of the encoded protein in the body. Generally,
mRNA therapeutics that are injected intravenously target the liver, effi-
ciently transfecting hepatocytes, Kupffer cells, and endothelial cells [60].
However, in vaccination, IV injection is less favored because of the wide
biodistribution of mRNA vaccines through the circulatory system, po-
tentially leading to systemic side effects. Nonetheless, it is achievable
to develop adaptive immune responses from IV-injected mRNA vac-
cines by targeting the spleen, another secondary lymphoid organ, as a
site of transfection [103,104]. Kranz et al. demonstrated that the
lipoplexes containing cancer antigen mRNA transfected the spleen
after IV injection, leading to antitumor immunity in mice [105]. Of
note, they showed that the surface charge of mRNA-lipoplexes altered
the biodistribution and transfection, ranging from liver, spleen, to
lungs. In addition, they demonstrated that IV injection of mRNA-
lipoplex vaccines elicited more robust CD8+ T cell priming than SC in-
jection. Clinical evaluation of this systemic mRNA approach is ongoing
in the pursuit to treat melanoma and triple-negative breast cancer
(NCT02410733 and NCT02316457). In spite of the encouraging results,
further optimization is needed in IV administration ofmRNAvaccines to
enhance target-specific mRNA delivery and to minimize systemic side
effects [106].

Alternatively, IV injection of mRNA therapeutics can be utilized to
produce antibodies and proteins from the liver for neutralizing the tar-
get pathogen or cancer cells [107–109]. This strategy stems from the
concept of mRNA-based protein replacement therapies which use the
liver as a biological factory to produce immunologic proteins. Rybakova
et al. engineeredmRNA sequences to encode the heavy and light chains
of Trastuzumab, a monoclonal antibody targeting the HER2 receptor on
cancer cells and demonstrated that IV injection of the mRNA-LNP led to
the in vivo production of Trastuzumab from the mouse liver [108]. We
also reported that mRNA-LNP could be used to produce the soluble
Angiotensin-Converting Enzyme 2 (ACE2) in the liver that neutralizes
SARS-CoV-2 virus by binding to the spike proteins [109]. These results
suggest that systemic administration of mRNA therapeutics provides
an alternative method of monoclonal antibody-based immunotherapy.

4.3. Intranasal administration

Another approach for vaccination is mucosal vaccine delivery,
targeting non-gastrointestinal mucosal lymphoid tissues and lymph
nodes. mRNA vaccines administered to the mucosal layers, such as the
nasal and pulmonary mucosa, travel to the draining mucosal LNs via
lymphatic systems under the epithelium [86,110,111]. Particularly, pro-
phylacticmRNA therapeutics to prevent respiratory diseases, such as in-
fluenza [112] and RSV [83], are preferred to be delivered via intranasal
(IN) administration [113] because mucosal vaccination can offer
pathogen-specific antibodies to be secreted to themucuswhere the an-
tibodies can neutralize the pathogens at the early stage of infection
[114]. Additionally, mucosal delivery of mRNA vaccines can cause the
secretion of immunoglobulin A (IgA). IgA typically exists in its dimeric
form in themucus and acts in the front line of defense against infection
by blocking and neutralizing bacterial toxins and viruses [115]. For ex-
ample, Li et al. reported that IN-administered PEI-based polymeric
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nanoparticles delivered HIV gp120 mRNA to nasal epithelium, resulting
in the production of antigen-specific IgG and IgA in mice [113].

One aspect to consider for IN administration is the mucus penetra-
tion of delivery vectors. Mucus protects the epithelial cells by removing
foreign materials, which also serves to get rid of the nanoparticles ad-
ministered intranasally. Given that viscoelastic and adhesive mucus
can block mRNA vaccines from transfecting cells, the development of
mucus-penetrating vectors could benefit the effective mRNA vaccina-
tion after IN administration. It is known that the optimization of physi-
cochemical properties of nanoparticles improves mucus penetration
[116,117]. The strategies to make nanoparticles mucus-penetrating or
muco-inert are reviewed in detail elsewhere [116,117]. Lastly, most
evaluations of mRNA vaccines after IN administration are limited to ro-
dent models, urging a further investigation of the advantages of IN ad-
ministration in larger animals.

In summary, the selection of the administration route formRNAvac-
cination can influence the safety and efficacy of mRNA vaccines. Hence,
the appropriate route of administration for mRNA vaccination can be
determined with consideration of disease and its pathogenesis. More-
over, understanding of biological characteristics in each delivery route
will promote the rational design of delivery vectors for mRNA vaccines.

5. Intracellular delivery of mRNA

For efficacious vaccination, mRNA vaccines must reach the cytosol
where they can produce antigens, triggering adaptive immunity against
the antigens. However, as brieflymentioned before, themRNAmolecule
is a large polyanion due to the presence of phosphate groups in its back-
bone, obstructing its direct entry to the cytosol. For this reason, nano-
scale biomaterials are of a vast interest for the delivery of mRNA
vaccines due to their capability to smuggle mRNA payload into the cell
in a safe and efficient manner.

Cellular entry of the nanosizedmRNA carriers is predominantly me-
diated by endocytosis, an interconnected network of trafficking path-
ways of the cell. Endocytosis of nanocarriers is extensively discussed
in the field of nanomedicine [118–121]. Endocytosis is initiated by dy-
namic non-covalent interactions between the plasma membrane
and the nanocarrier in proximity to the cells. It is known that the phys-
icochemical properties of nanocarriers, such as size, shape, surface
charge, and surface composition, affect the defined pathways of
endocytosis - macropinocytosis, caveolin-mediated, clathrin-mediated,
clathrin, and caveolin-independent [122,123]. After endocytosis, inter-
nalized nanocarriers are transported to the early endosomes, followed
by maturation to multi-vesicular late endosomes. The late endosomes
further progress to lysosomes, where most nanocarriers are degraded
by digestive enzymes. Otherwise, the internalized nanocarriers can be
eliminated by recycling pathways during endo-lysosomal trafficking.
Approximately 70% of the internalized LNPs encapsulating siRNA are
cleared by exocytosis via recycling pathways, limiting cytosolic delivery
of genetic cargos [124]. While recycling of mRNA-LNPs is likely similar
based on their size and composition, the endocytic recycling of mRNA-
loaded LNPs has not been reported to the date. Only a modicum of the
internalized nanocarriers is retrieved from the recycling and degrada-
tion, and ultimately reach the cytosol. Numerically, Gilleron et al. dem-
onstrated that only 2% of siRNA-loaded MC3 LNPs escape to the cytosol
within a limited time window when they reside in the early- and late-
endosomes [125]. Recently, Sabnis et al. reported that MC3- and lipid
5-based LNPs encapsulating mRNA exhibited 2.5% and 15% endosomal
escape efficiencies, respectively [126]. Despite myriads of endeavors to
decipher the mechanism of endosomal escape, mechanistic under-
standing remains limited.

The most conspicuous characteristic of endo-lysosomal pathway is
the gradient change of pH. For this reason, the primary approach to fa-
cilitate the endosomal escape of the nanocarriers has been to make
them responsive to the acidification of endosomes. Among various
strategies to induce the endosomal escape of the nanocarriers, three
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scenarios are broadly accepted: (1) destabilization of the endosomal
membrane, (2) osmotic rupture of the endosomes by the “proton-
sponge” effect, and (3) endosome rupture by particle swelling (Fig. 4).
Generally speaking, lipid-based materials are considered to have a
higher propensity for destabilizing the membrane, and polymeric
materials are thought to disrupt the endosomes by osmotic or
swelling-mediated ruptures [121]. Regardless of the material and the
mechanism, the efficiency of endosomal escape remains extremely
low, which calls for the implementation of novel methods to capture
the intricacies of endosomal escape.

One way to pinpoint the endosome rupture is by tracking β-
galactoside-binding lectins (galectins) that rapidly conglomerate
around destabilized endocytic compartments [127]. Ruptured
endosomes expose the luminal glycans to the cytosol, followed by
binding of cytosolic galectins to the glycans. Recently, this phenomenon
was exploited to indicate the occurrence of nanocarrier-mediated
endosomal escape [128,129]. Reporter cell lines expressing the
galectin-8 fused with fluorescent proteins exhibited the punctate
fluorescent spots in response to various nanocarriers, visualizing their
endosomal escape [128,130,131]. Our group also reported that
endosomal escape of mRNA-loaded LNPs can be visualized as galectin
recruitment in the reporter cells expressing galectin-8 fused with GFP
and the galectin-8 recruitment was colocalized with Rab7 late-
endosome marker, suggesting that mRNA-LNP escape from late
endosomes to the cytosol [132]. Such tools can be extremely useful for
high-throughput screening of a large number of nanocarriers, facilitat-
ing the discovery of potent vectors that are capable of triggering
endosomal escape more efficiently.
6. Materials for mRNA delivery

Self-assembly of “smart”materials is a highly sought-after approach
in many areas of materials science - simply mix the components, and
intermolecular interactions will assemble these components into
the desired structure with the desired properties. This spontaneous or-
ganization is typically governed by non-covalent intermolecular
interactions such as electrostatic, hydrophobic, van der Waals, and π-
effects (Fig. 5) [133–135]. The use of self-assembly has found applica-
tions in numerous fields of nanoscience [7], including nanomedicine.
In gene delivery, building blocks such as small molecules or polymers
interact with nucleic acids and self-assemble into ordered structures.

Self-assembly has been primarily favored in the design of mRNA de-
livery vectors due to its versatility. However, themain challenge of self-
assembly is determining the necessary properties of the building blocks
that will translate into the desired properties of the self-assembled gene
delivery vectors. These properties are (1) protection of nucleic acids
from nucleases, (2) controlled release of nucleic acid, (3) cell and tissue
selectivity, (4) high delivery yield, (5)minimal toxicity, and (6) stability,
especially in long-term storage. Despite significant efforts devoted to
the design of the gene delivery vehicles, the independent effect of build-
ing block properties on efficient cellular uptake remains mostly unclear
[136].

To date, self-assembled nanoarchitectures loaded with mRNA
yield higher delivery efficiency than naked mRNA vaccination and
allow for a much broader variety of administration routes, expanding
the therapeutic potential of mRNA nanomedicines [137]. Here, we
will focus on the discussion of lipid-based materials due to their ad-
vances towards clinical development [12,138–140], and polymer-
based materials due to their recent successes in delivering mRNA to
the lung, an important yet hard-to-reach target. A reader interested
in a more detailed discussion of polymer, peptide, and hybrid mate-
rials may direct their attention to seminal and recent reviews on the
matter [140–145].



Fig. 4. Hypothetical mechanisms of endosomal escape of nanocarriers. (A) Nanocarriers can induce destabilization of endosomal membrane for cytosolic release of genetic cargos.
(B) Nanocarriers, particularly polyplexes, can scavenge protons and become cationic in acidic lumens of endosome compartments, resulting in the inflow of more protons and counter
ions. This osmotic gradient induces influx of water to the endosomes, causing endosome rupture. (C) Nanocarriers swell in acidic pH due to the electrostatic repulsion and physically
rupture the endosome. Reproduced from [121] with permission.
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6.1. Lipid-based systems

LNPs are currently the leading non-viral delivery vector for
gene therapy [146]. As LNP-mediated siRNA therapeutic Onpattro®
(patisiran) advanced towards clinical trials and subsequent approval
[138], it was only natural that the mRNA delivery field adopted LNP
technology. However, the knowledge acquired through siRNA-LNP de-
velopment does not readily translate to mRNA-LNP delivery [147].
This observation prompted extensive research about the structure-
activity relationship (SAR) of novel lipid materials tailored for efficient
mRNA delivery [4,139,148–150]. While the question remains just
what parameters must be customized precisely to maximize the deliv-
ery of a particular nucleic acid payload, it is clear that the structure of
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LNPs is different depending on the nucleic acid payload [147,151,152]
and is determined by the initial stages of self-assembly [153,154].

The self-assembly of LNPs is driven by an ongoing competition be-
tween kinetics and thermodynamics, making them highly fluid and dy-
namic systems. Historically, lipid vesicles were commonly prepared
through rehydration of lipid thin films and subsequent extrusion to
achieve a homogenous size distribution [155–158]; the formation of
lipid vesicles, in this case, is likely driven by thermodynamics due
to the poor solubility of lipids in aqueous media. As a result, these
lipid vesicles yielded poor encapsulation of nucleic acid cargo [159].
Nowadays, LNPs are prepared through rapid mixing, often facilitated
by microfluidic devices [153,154,160,161]. A particularly popular
microfluidic preparation method is ethanol dilution, referring to the



Fig. 5. Non-covalent interactions in supramolecular chemistry. Electrostatic interactions determine the encapsulation of mRNA and endosomal escape while hydrophobic interactions
likely affect the formation and long-term stability of the delivery vector. The roles of other interactions in self-assembly of mRNA vaccines are not yet understood. Adapted with
permission from [135].
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rapid condensation of lipids into nanodroplets when their ethanol solu-
tion is added to the excess of aqueous media [159]. The resulting LNPs
may be considered a kinetic product and typically yield considerable en-
capsulation of nucleic acid.

Generally, LNPs are thought to be formed through a cascade ofmerg-
ing smaller lipid vesicles [153] similar to a classical LaMermodel (nucle-
ation - growth - ripening). The initial formation of the LNP seeds is
directed by electrostatic interactions between anionic nucleic acid and
positively charged lipids. In the case of siRNA-loaded LNPs, the seeds
are proposed to have a liposome-like structure, where siRNA is
sandwiched between the layers of charged ionizable lipids, and the
growth results in neutral ionizable lipids filling up the core of the nano-
particle [153]. Kulkarni et al. showed, in a mechanistic study using a
FRET-based fusion assay, that the LNP growth relies more on pH neu-
tralization and migration of neutral, unbound ionizable lipid towards
the LNP core regardless of the payload (mRNA, minicircular DNA, or
pDNA) [162]. Based on their study, the internal structure of resulting
LNPs, in general, may be lamellar or even “onion-like.” Indeed, the
onion-like structures have been observed for mRNA-LNPs, although
there is no indication that mRNA is captured between lipid
layers [163–165]. On the other hand, mRNA-LNPs might form an
inverted-hexagonal inner structure [166]. Yanez Arteta et al. showed
that mixtures of ionizable lipid, cholesterol, and firefly luciferase
mRNA form different structures depending on the solvent environment,
assembling into inverted lipid tubules in conditions similar to those of a
traditional ethanol dilution method [166]. This observation would indi-
cate that LNP growth might start from inverted micelle-like seed struc-
tures, and the rest of the lipids aggregates to those purely based on
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hydrophobic interactions. Regardless of the seed structure, the hydro-
phobic interactions appear to be the dominant driving force of the LNP
growth, and electrostatic interactions guide the seed formation and
the stability of the final assembly. The differences in the seed and final
structures may arise from the size of the payload (e.g., siRNA is 20-30
nucleotides vsmRNA is ca. 1000 ormore nucleotides) or their flexibility
(siRNA is a rigid duplex vs mRNA is a flexible single strand). Addition-
ally, various mRNA sequences may form local secondary structures de-
pending on the nucleotide sequence [167,168], which might interfere
with RNA-lipid complexation. To the date, the effect of the nature of
the nucleic acid payload on the self-assembly of LNPs and the factors
for consequential optimization of lipid formulations to accommodate
mRNA remain elusive and require further investigation.

Interestingly, the nucleic acid does not have to be embedded in the
core of the LNP to be protected from nuclease degradation [169]. Previ-
ously, Brito et al. reported that cationic nanoemulsions could protect
saRNA without losing functionality when saRNA was added to a
preformed nanoemulsion [55]. The cryoEM micrographs of these
nanoemulsions indicated the formation of homogenous structures of
various sizes, which may indicate either that RNA is located inside the
droplets or wrapped around the charged surface. This finding might
suggest that anymechanism of self-assembly resulting in the formation
of mRNA lipoplexes protects against RNase degradation, possibly by se-
lectively interfering with RNase recognition machinery without affect-
ing translation.

LNPs are arguably themost sophisticatedmRNA delivery to the date,
highly variable in structure and quantities of comprising lipids. The cur-
rent clinical standard of LNPs (for siRNA delivery) – the first clinically
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approved formulation containing DLin-MC3-DMA, DSPC, cholesterol,
and DMG-PEG-2000 [138] – comprises of nearly 60,000 lipid molecules
per particle (Fig. 6A). Each lipid in the formulation serves a separate
function,whichwill be discussed below. The chemical structure of lipids
defines their molecular geometry, which is crucial in lipid packing, for-
mation of nanostructures, and biological activity. As lipid-based mate-
rials for mRNA delivery have rapidly evolved in the last decades, the
complexity of their structures along with considerations of synthetic
limitations for vaccine manufacturing warrants a detailed discussion.

Cationic lipids are the first generation of lipids developed for mRNA
delivery. They contain either a quaternary nitrogen atom giving them a
permanently positive charge or a primary amine imparting a positive
charge at or below physiological pH. The positive charge enables these
lipids to form ionic interactions with the negatively charged mRNA
forming a lipid complex, often referred to as lipoplex [170]. Examples
of cationic lipids include DOTMA [171], DOTAP [172], and DOGS [173]
(Fig. 6B). Early attempts of gene delivery used formulations comprised
entirely of cationic lipids. While the early cationic lipids showed prom-
ising gene delivery in vitro, they suffered from limited in vivo efficacy
and cytotoxicity issues arising potentially due to their permanent
charge and non-biodegradable properties [3]. The cytotoxicity could
be reduced by the incorporation of structural lipids such as DOPE.
Lipofectin, a mixture of DOTMA and DOPE, is one of the first LNPs for-
mulation that has been proved successful in the in vivo translation of
mRNA [60]. Kranz et al. used Lipofectin RNA-lipoplex to target the DCs
for cancer immunotherapy in mice [105], and in humans for the treat-
ment of advanced melanoma (NCT02410733). Ionizable lipids (ILs),
the second generation of cationic lipids, also referred to as pH-
dependent lipids, have virtually no charge at the physiological pH but
become positively charged at acidic pH. The pH-sensitive properties of
ILs prevent their metabolism by the reticuloendothelial system (RES),
thereby improving their half-life [174]. ILs are also less likely to cause
immune activation or interactions with serum proteins, improving
their safety profile [3]. DODMA was one of the first ILs evaluated for
gene delivery (Fig. 6C and 7) [175]. Replacing the oleyl tails of
DODMA with linoleyl tails led to DLinDMA [175,176] which elicited
broad, potent, and protective immunity against the respiratory syncytial
virus (RSV) in vivo [21]. Systematic SAR on theDLinDMA structure led to
the identification of DLin-KC2-DMA, which was further optimized
leading to the discovery of DLin-MC3-DMA, a key component of
the first siRNA drug Onpattro® (Fig. 6C and 7) [177–180]. MC3 was
consequently shown to be effective in delivering mRNA as well
[166,181–188].MC3 has a long plasmahalf-life of 72 hours,which limits
its chronic administration [126,189]. Therefore, the next generation of
lipids employed biodegradable functional groups that can facilitate
clearance. Oneway to add biodegradability is the inclusion of estermoi-
eties. The ester motifs are easy to incorporate, chemically stable, bio-
cleavable, and their biodegradation kinetics can be effectively controlled
[189–191]. Some examples of ester-based biodegradable lipids include
L319 [179,189], YSK12-C4 [192], CL4H6 [193], and theModerna propri-
etary lipid series [126,194], and Acuitas proprietary lipid series [195]
(Fig. 6D). These biodegradable ester-based ILs often were found to be
more potent in gene delivery as compared to MC3. For example, L319
exhibited better gene silencing when compared to MC3 in mice [189].
Similarly, Moderna lipid 5 was found to be 3-fold more potent [126]
and Acuitas lipid, ACL-0315 (the IL used for Pfizer/BioNTech COVID-19
vaccine) was approximately 6-fold more potent than MC3 in delivering
firefly luciferase mRNA to animals [195]. An alternate way of introduc-
ing biodegradability involves the addition of disulfide bonds into the
backbone. Disulfide bonds are bio-reduced by glutathione (GSH) or
other disulfide-reductases present in the cell [196]. Examples of ILs
Fig. 6. (A) General structure of lipid nanoparticles. Ionizable or cationic lipids (yellow box) ar
delivery. These lipids may be divided into groups shown below. (B) Structures of first-genera
and DLin-MC3-DMA; (D) Structures of selected ester-based and disulfide-based biodegradable
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containing bio-reducible disulfide linkage includes BAMEA-O16B [197]
and ssPalmO-Phe lipid (Fig. 6D) [198].

Hybrid molecules derived from ionizable lipids and dendrimers are
referred to as lipidoids. These third-generation cationic lipids are usu-
ally synthesized by straightforward chemistry, involving a limited num-
ber of steps, thus enabling a high-throughput turn around [199]. Akinc
et al. reported the first example of lipidoid 98N12-5 [200], which was
further modified, leading to the discovery of superior analogs C12-200
[201] and C14-113 (showed selectivity towards the heart) [201,202].
In subsequent studies, Dong et al. discovered cKK-E12 as a potent
siRNA delivery agent [203]. cKK-E12 LNPs have been utilized for various
therapeutic purposes such as cancer immunotherapy [66,108] and ge-
nome editing [204]. Modifications around the lipid tail of cKK-E12 re-
sulted in lipids OF-02 [205] and OF-Deg-Lin. The latter was
surprisingly selective towards the spleen (about 85%) and able to trans-
fect B cells, highlighting that small structural variations can lead to tis-
sue selectivity [206]. In another study, Li et al. reported TT3 as a
potent delivery agent for various mRNA molecules encoding Factor IX
[207], CRISPR/Cas9 [208], and more recently viral antigens against
SARS-CoV-2 [34]. The structures of the lipidoids are enlisted in Fig. 6E.

LNPs typically also contain structural lipids (usually two – a phos-
pholipid and cholesterol) and a PEG-lipid (Fig. 6A). The primary pur-
pose of these lipids is to provide particle stability, control over size,
and blood compatibility [209]; however, their quantities in the formula-
tion and chemical properties may need adjustments for efficient mRNA
delivery from the standard MC3 formulation [207,210]. The adjust-
mentsmay also bewarranted depending on the route of administration.
For example, we investigatedwhether replacing the phospholipid DSPC
with naturally-occurring glycerol derivatives could changemRNAdeliv-
ery efficiency and found that introducing DGTS in place of DSPC im-
proves delivery to the liver via IV injection but diminishes the efficacy
of nebulized LNPs for IN delivery of mRNA [188]. Although it is not yet
clear how to harness the power of these changes, structural lipids are
likely located at the periphery of mRNA-LNPs [166], and it is a known
fact that lateral organization and heterogeneity of lipid membranes
play an essential role in cellular functions [211]. Specifically, the molec-
ular geometry may change rigidity, curvature strain, and deformability
of LNP lipid membranes [212–215]. For example, Patel et al. explored
the impact of varying the structure of cholesterol derivatives in
LNPs on cellular uptake and trafficking and found up to 25-fold im-
provement in delivery efficiency [216], which may have been caused
bymorphological changes inmRNA-LNP internal and external structure
[163,216]. Additionally, simulations of mRNA-LNP endosomal escape
suggest that lateral diffusion and the tail protrusion of the peripheral
lipids into the endosomal membrane may be key types of lipid dynam-
ics responsible for achieving endosomal fusion [165]. The outermost
lipid, PEG-lipid, might have other corrections to the properties of the
LNP membrane.

PEG-lipid, typically the least abundant lipid in the LNP formulation,
affects the properties of LNPs in several ways. First, the amount of incor-
porated PEG-lipid dictates the particle size [217], although excessive
PEGylation hinders transfection [218]. Second, PEG-lipids prevent de-
stabilization and aggregation [217,219]. Third, PEG-lipids prevent
rapid uptake of LNPs, and reduce opsonization by serum proteins and
reticuloendothelial clearance, improving LNP circulation lifetime [220].
Finally, the hydrophilic coating of PEG may be beneficial in navigating
viscous media such as lung mucus [116,221]. The extent of these prop-
erties depends on the chemical structure of PEG-lipid, which contains a
hydrophilic part (PEG) and a hydrophobic part (lipid anchor). Bothmay
affect the LNP size, lipidmembrane permeability, and immune response
[66,222,223]. Unlike other components of LNP, PEG-lipid is designed to
e the main component responsible for the encapsulation of nucleic acid and intracellular
tion cationic lipids DOTMA, DOTAP, and DOGS; (C) Structures of ionizable lipids DODMA
ionizable lipids; (E) Structures of selected ionizable lipidoids.
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eventually disassociate and shed the PEG, controlling the kinetics of cel-
lular uptake. The PEG-shedding is necessary to prevent the potential in-
duction of PEG-specific antibodies that cause rapid systemic clearance
of subsequent doses of PEGylated nanomaterials via accelerated blood
clearance (ABC) phenomenon [224]. The severity of ABC may also be
suppressed by adjusting the PEG-lipid structure, affecting the kinetics
of shedding and the recognition of the chains [224,225]. These findings
indicate that the structure and the amount of PEG-lipid must be ad-
justed carefully to preserve the “stealth” effect.

The long-term storage of mRNA-LNP vaccines is a significant yet
underexplored part of the LNP lifecycle. Since self-assembled constructs
are held together by weak intermolecular interactions, they may
undergo structural changes to advance towards equilibrium in
prolonged storage. Little is yet known what changes are inflicted on
self-assembled materials for mRNA delivery in storage; however, a re-
cent report by Zhao et al. dedicated to the long-term storage conditions
of mRNA-loaded lipid materials indicates that lipid-like nanoparticles
(mRNA-LLNs) stored in aqueous solution undergo size changes and
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lose their efficacy in vivo [226]. In comparison, freeze-dried mRNA-
LLNs maintained their efficacy when lyophilized with 5% cryoprotec-
tant solution, and changed the preferential organ uptake from the
liver to spleen when lyophilized with 20% cryoprotectant solution.
These findings support the hypothesis that self-assembled materials
are dynamic systems sensitive to the environment, and highlight
the need to further investigate the impact of long-term storage of
mRNA vaccines.

In conclusion, there is a virtually endless parameter space that can be
modified in order to achieve a highly efficient, nontoxic, and tissue,
organ, or cell-selective LNP formulation. Although there are some struc-
tural criteria (e.g., biodegradable groups, pKa of ionizable group etc.)
that may be used in the design of next-generation lipids for mRNA
delivery, any changes on the atomic level may require additional opti-
mization and drastically improve (or worsen) the mRNA delivery
efficiency. The field of mRNA delivery would greatly benefit from in-
depth SAR and morphological investigations to establish the guidelines
for controlled and targeted delivery of mRNA via LNPs.
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6.2. Polymer-based systems

Polyplexes, or polymer-based nucleic acid carriers, are another pop-
ular type of mRNA delivery system. Generally, the forces driving the
self-assembly of mRNA polyplexes are the same as in the case of lipid-
based carriers – mainly, electrostatic attraction (between the polymer
carrying a positive charge, and negatively charged nucleic acid), hydro-
phobic interactions between polymer chains, and van der Waals forces
between polymer, solvent, and nucleic acid cargo. However, polymeric
formulations rely on different parameters than lipid-based ones. Poly-
mers can include different functionalities in the same molecule and
have different length and arrangement of monomer units [141]. There-
fore, polyplexes typically consist of only one polymer that may attain
several functionalities simultaneously. Nonetheless, polymeric mate-
rials, just like LNPs, require optimization of polymer composition de-
pending on the payload [227], which has largely been empirical to
the date.

Polymeric gene delivery systems have initially struggled with cyto-
toxicity, partially due to their cationic charge [141,228]. Early attempts
for gene delivery have been largely based on three types of synthetic
polymers – poly(ethylene imine) (PEI), poly(L-lysine) (PLL), and poly
(amidoamine) (PAMAM) (Fig. 8); however, only PEI has been widely
used formRNA vaccine delivery [150]. Even though optimized PEI struc-
tures offer high gene transfection efficiency, its high cationic charge
density still creates toxicity issues [111]. Decorating these cationic poly-
merswith PEG-chains and targetingmoieties alleviated cytotoxicity and
greatly improved their delivery in vitro and in vivo [141,228–230]. An-
other concern with regards to polymer structure is biodegradability,
whichmade the design of polymericmRNA vectorsmove towards poly-
esters (e.g., poly(beta-amino esters) (PBAE), poly(amine-co-esters)
(PACE), poly(lactic acid) (PLA), poly(lactic-co-glycolic acid) (PLGA),
and poly(2-dimethylaminoethyl methacrylate) (PDMAEMA)), natural
polymers (e.g., chitosan and dextran) derivatives (Fig. 8), and other bio-
degradable structures [4,229,231–234]. For example, Yan et al. reported
that systemically administered polyester-based nanoparticles delivered
mRNA to the lungs preferentially [235], and Fornaguera et al. demon-
strated that oligopeptide end-modified PBAE nanocarriers transfect
the splenic APCs after IV injection, highlighting their potential as
mRNA vaccines[236].
Fig. 8. Selected structures of natural and synthe
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Polyplexes with mRNA form more rigid (compared to lipid-based)
supramolecular structures with highly entangled polymeric chains
due to higher molecular weight and slower mobility of polymer chains
[145]. The superior stability of polyplexes compared to lipid-based ma-
terialsmakes themextremely attractive in the exploration of alternative
delivery routes. mRNA polyplexes show great promise for mucosal
vaccination [237–239] because their structure recovers after aero-
solization. For example, Patel et al. reported successful delivery of
mRNA, encapsulated by hyperbranched PBAE, to the lung epithelium
via nebulized mist [240], and Li et al. explored intranasal delivery of
mRNA via cyclodextrin-PEI complexes for HIV treatment [111,113].
Additionally, the stability of polyplexes can be further enhanced by
crosslinking [145]. Various approaches for the stabilization of block co-
polymer nanostructures via crosslinking are summed up in a recent re-
view [241]. The excessive stability of polyplexes, however, can becomea
disadvantage, compromising or restricting the release of the genetic
cargo into the intracellular space [242].

Polymers can also be utilized to build scaffolds for mRNA vaccina-
tion. Bryers and colleagues demonstrated that porous templated scaf-
folds consisting of poly (2-hydroxyethyl methacrylate) [243] or
chitosan-alginate [244] can load and release mRNA nanoparticles in a
sustained manner at the site of implant/injection, resulting in the pro-
duction of antigen-specific antibody in mice. In particular, scaffold-
based mRNA delivery could be exploited to develop mRNA vaccines in
the form of microneedles for less invasive and patient-compliant vacci-
nation [114]. In spite of these promising features of polymeric mRNA
vaccines, relatively low gene transfer efficiency and innate heterogene-
ity of polymers limit their clinical translation as well as industrial-scale
production. In conclusion, mRNA delivery using polymers is an ex-
tremely promising and underexplored space thatmight provide distinc-
tive benefits that lipid-based vectors cannot offer.

7. Physicochemical characteristics affecting mRNA vaccine delivery

The nanoscale andmolecular structures of all potential gene carriers
determine their efficiency. To date, the exact structural motifs of both
the building blocks and the self-assemblies needed for the design of a
superior mRNA-based gene delivery vehicle remain unclear. There
are, however, some delivery system guidelines that are consistent
tic polymers used for mRNA complexation.
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regardless of the cargo and encapsulating material. Here, we will at-
tempt to summarize the relevant information with regards to gene de-
livery vehicle design, discussing examples formRNA vaccineswhenever
applicable.

7.1. Size

Size of a delivery vehicle is perhaps themostwell-known parameter
that affects thedelivery efficiency. The size has a significant contribution
to many functional parameters determining both the efficiency and the
selectivity of a delivery vector – to name a few, biodistribution, immu-
nogenicity, internalization, degradation, clearance, and cellular uptake
[245]. As defined in vaccinology, subunit vaccines that are < 10 nm in
size poorly reach the LNs because they are flushed by blood flow rather
than being transported by lymph flow. In contrast, vaccines that are too
large (> 200 nm) struggle to enterfluid flow across the interstitiumdue
to diminished diffusion and convection [86]. In the context of mRNA
vaccines to be administered to the interstitial space (for example, by
IM, SC, or ID injection), the size of < 200 nm is generally desired as
the nanoparticles of this size tend to be transported to the lymphatic
system – in comparison, larger particles are retained at the injection
site [86,137]. Overall, the size requirements highly depend on the ad-
ministration route, experimental condition, and target organ. Irvine,
Aung, and Silva recently reported that antigen delivery to DCs in LNs
is strongly associated with the size of vaccines, with smaller particles
(<50 nm in diameter) showing higher delivery irrespective of the com-
position of the particles [87]. Similarly, Cabral et al. reported that en-
hanced permeation of 30 nm polymeric micelles to the BxPC3 tumors
implanted on mouse flanks [246]. Chen et al. reported that gene silenc-
ing in the liver was most potent for 45 nm siRNA-LNPs when delivered
via SC injection, and for 80 nm LNPs when delivered by IV injection to
mice [247,248]. The size preference may also vary depending on the
cells – e.g., 50 nm mRNA-carrying particles were superior to 100 nm
ones in transfection of human embryonic kidney 293 cells and human
adipocytes, but showed no significant difference in human hepatocytes
[5]. Moreover, the route of administration may impose additional size
restrictions depending on the delivery device – e.g., 1-5 μmmicroparti-
cles or microdroplets containing nanoparticles may be better suited for
delivery to the lung due to the aerodynamics of the pulmonary deposi-
tion [249].

Although the size of mRNA delivery vector is initially determined by
the composingmaterials, it is subject to change depending on their fate.
For example, nebulization ofmRNApolyplexes for lung delivery leads to
increases in both size and polydispersity of the polyplexes [240]; expo-
sure of lipid-based nanoparticles to biologicalmediumcauses formation
of a biomacromolecular corona, increasing size by ca. 20% [165]; lyoph-
ilization of lipid-based nanoparticles for long-term storage may cause
up to 4-fold increase in particle size depending on storage conditions
[226]. However, it may not be possible to extract the effect of the size
on transfection independently of other properties – formation of protein
corona on nanoparticle surface can determine the uptake pathway
[165], and lyophilization may change not only the incidence of particle
aggregation but also the reorganization of lipid components. Overall,
more studies of size-dependent mRNA delivery are needed to fully re-
veal the impact of this criterion.

7.2. Charge

Charge plays a key role in the biodistribution and efficacy of mRNA
vaccines, as the inherent dense negative charge of mRNA imposes an
additional challenge to the packaging and delivery. Negatively charged
carbohydrate barriers - such as glycocalyx and mucins in the intersti-
tium, mucus, and at the surface of the plasma membranes – influence
the trafficking of nanocarriers in the in vivo milieu. These barriers
form an anionic gel-like matrix of glycolipids, proteoglycans, oligosac-
charides, and glycoproteins [86,121,148,250]. As a result, the transport
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of positively charged vectors may be impeded – for example, cationic
nanoparticles struggle to reach LNs due to limited convection across
the interstitium despite their affinity for APCs. In contrast, anionic nano-
particles are diffusible in the interstitium and show better retention in
LNs [86]; but cannot readily enter intracellular space due to the negative
charge of the cellular membrane. Therefore, the charge of the delivery
vector plays an instrumental role in dictating the transport of mRNA
vaccines across the biological barriers.

A positively charged material like cationic liposomes can fully en-
velop anionic mRNA [251]. As a result, suchmRNA nanocarriers possess
positive surface charge – the cationic material should be abundant for
the electrostatic complexation with mRNA molecules – which can lead
to association with negatively charged cell surfaces such as cell and
endosomal membranes, thus releasing the cargo [252]. Although cat-
ionic delivery vectors have various successes with transfection, they
show cytotoxicity because of inadvertent associations with negatively
charged biomacromolecules and off-target cells (e.g., albumin and red
blood cells in the bloodstream) [228]. For these reasons, the RNA deliv-
ery vectors have evolved to have a relatively neutral surface charge.

Even though a minimal surface charge of the delivery vector is pre-
ferred to avoid off-target interactions, the positive charge is still re-
quired to breach cellular and endosomal membranes. Therefore, a
delivery system must be responsive to changes in the biological envi-
ronment. Fortunately, biological systems have variations in pH that
can be exploited for the purpose of pH-responsive release of nucleic
acids. For example, in endolysosomal pathways, lumen pH becomes
gradually acidic (in a range of 6.8 to 4.5) [253], and thus a delivery ves-
icle can be engineered in such a way that it only acquires a positive
charge upon entering the endosome. As mentioned above, a positive
charge on the delivery vehicle is crucial for cellular uptake and
endosomal escape of packaged mRNA; however, this charge should
not be persistent. Using fluorescent assays or titration systems, one
could determine the pKa, which is a measure of the material’s ability
to attain a positive charge. If the pH of the environment is more acidic
than material pKa, the material will become positively charged at that
pH. This acidification process may be the key to controlled delivery to
certain cells and subcellular compartments that may have a slightly
acidic pH (for example, tumor microenvironment and endosomes).
However, it is not entirely clearwhat pKa is needed for optimal gene de-
livery. For example, Jayaraman et al. prepared a library of ionizable
lipids for in vivo siRNA delivery and found that the ideal pKa range
was 6.2 - 6.5 for gene silencing [179]. However, even in this pKa
range, the potency of gene silencing varied from 4 to 33-fold, indicating
that pKa is not the only factor that influences activity. The desired pKa of
LNPs may also vary depending on the administration route – Hassett
et al. reported pKa of 6.6 - 6.9 as optimal for IM delivery of
mRNA-LNP, which differed from the previous report of optimal pKa of
6.2 - 6.6 for IV delivery of similar mRNA-LNP [126,254]. Moreover, pKa
determination for polymers is not trivial. Polymers carry significantly
more ionizable groups permolecule than ionizable lipids, which confers
a buffering effect and can cause swelling of polyelectrolytes [141]. The
flexibility of polyelectrolyte chains may also influence how these large
cationic molecules interact with the negatively charged mRNA cargo
[230]. Thus, different materials may exploit different routes of cellular
uptake depending on their electrostatic interactions with both the
cargo and the environment.

Interestingly, incorporation of charged moieties in the core of the
nanoparticles delivering the genetic payload may direct organ-specific
uptake. Cheng et al. reported that incorporation of permanently charged
lipids resulted in variations in organ delivery when LNPs were adminis-
tered to mice intravenously – positively charged lipids lead to the pref-
erential targeting of the mouse lungs while negatively charged lipids
targeted the spleen [255]. In the absence of these charged lipids, LNPs
preferentially targeted the liver. Notably, the LNPs possessed no sub-
stantial surface charge as determined via zeta-potential measurements,
indicating that the chargewas fully contained internally. This important
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discovery emphasizes the role of the charge in the cellular uptake path-
ways and should encourage further investigation.

7.3. Shape and structure

Shape and internal structure are both important structural parame-
ters that can affect interactions with biological environment, influenc-
ing cellular uptake [136,245,256,257]. For example, both shape and
internal structure may affect the rigidity of the surface of delivery
vectors, changing the nature of the interaction with cellular and
endosomal membranes. Although manufacturing of shape-specific ma-
terials is common in nanotechnology, this aspect of gene delivery vehi-
cle design has been underexplored due to the technological challenges –
many common X-ray and electron-based techniques are destructive to
delicate samples and may misrepresent the internal structure. Fortu-
nately, recent advances in cryogenic transmission electron microscopy
(cryo-TEM) and small-angle X-ray scattering (SAXS) have made the
probing of the “soft” nanoparticles structure more accessible, yielding
some exciting results in the field of gene delivery [258–263]. However,
characterization of mRNA delivery vehicles with cryo-TEM became
more common than SAXS. The reason for this is partly because the anal-
ysis of the nanomaterial structure can be done in both quantitative and
qualitative manner, while SAXS provides information about the nano-
structure of the bulk aggregates without direct visualization. Conse-
quentially, cryo-TEM may allow for a more comprehensive analysis of
nanomaterial shape and structure, although application of this analysis
in the field of mRNA delivery is still in its infancy. For example, Kulkarni
et al. utilized cryo-TEM to study morphological differences of LNPs de-
pending on cargo, composition, and preparation method [162]; Eygeris
et al. performed a quantitative analysis of LNPs containing cholesterol
analogs [163]; Sun et al. used both TEM and cryo-TEM to confirm the
structure of the PLGA-based lipopolyplexes [214]. Evidently, polymor-
phic particle shape, heterogeneity of the core, and multilamellar archi-
tecture may be beneficial for the cellular uptake and release of mRNA
as suggested by the in vitro studies [163] although the exact mecha-
nisms explaining these findings and their translation to in vivo environ-
ment remain obscured. The shape and the internal structure of mRNA
delivery vehicles should be further investigated as these parameters
may provide unique insights into the deformation of biological mem-
branes and, inevitably, the therapeutic efficiency [214].

7.4. Surface composition

Delivery efficiency and biodistribution of mRNA vectors are affected
by the surface composition of vectors. A prominent example of surface
modification is the incorporation of PEG-chains. PEGylation of nanopar-
ticles changes the trafficking of nanocarriers, extends half-life of deliv-
ery vectors in vivo by preventing interactions with serum proteins and
phagocytes, and enhances the solubility and stability of delivery
vectors by increasing hydrophilicity [264]. While PEG moiety plays a
key role in biodistribution and half-life of nanocarriers, it hinders effi-
cient uptake of nanoparticles by cells because of steric hindrance and
inhibited interactions with the plasma membrane [218]. Therefore,
PEG-chains are designed to detach in the serum to alleviate the steric
hindrance and allow the nanocarriers to interact with ApoE and to sub-
sequently enter the cells by ApoE-mediated endocytosis [218,265,266].

As with ApoE-mediated nanoparticle uptake, there is interest in
biomolecular surface modification that may facilitate nanoparticle-
mediated gene transfer. A recent report by Schöttler et al. suggests
that the “stealth” effect of PEG-coating may be due to the formation of
a biomolecular corona via attractive interactions [267]. Although the
formation of the protein corona is a well-known fact [268], studies con-
sidering and exploiting this aspect in the context of mRNA gene therapy
have been limited [165]. This circumstance could explain why there has
been a weak correlation between in vitro and in vivo studies of LNPs
since biomolecular corona can cause particle agglomeration, premature
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release of LNP content, or lipid dissociation depending on the content of
the corona [269,270].

Incorporation of carbohydrates (such as mannose) on the nano-
carriers can also influence the trafficking to the LNs and uptake to
immune cells [271,272]. Tokatlian et al. demonstrated that tri-
mannosylation of the HIV nanoparticle immunogens leads to strong
GC reactions because of the facilitated accumulation in LNs with a
complement-, mannose-binding lectin-mediated, immunogen glycan-
dependent manner [271]. Exploitation of innate immune recognition
of glycans can be used for mRNA vaccination as well. It was reported
that mannosylated LNPs encapsulating mRNA encoding hemagglutinin
of H3N2 influenza virus exhibited enhanced inhibition in hemagglutina-
tion assay as compared to the plain LNPs [112].

7.5. Methods of characterization

The self-assembly of the mRNA delivery vehicles has been exten-
sively studied by a large variety of physicochemical methods. Nowa-
days, almost every paper related to the field of nucleic acid delivery
utilizes three characterization methods - dynamic light scattering
(DLS; to determine size and polydispersity of a self-assembled mate-
rial), luminescence spectroscopy (e.g., fluorescent and luminescent as-
says to characterize encapsulation efficiency, transfection etc.), and
transmission electron microscopy (TEM; to visualize the morphology
and internal structure). More specialized methods include, but not lim-
ited to electron tomography (a variation of electron microscopy where
the sample is tilted at different angles to recreate a 3D structure)
[273], small-angle neutron or X-ray scattering (SANS and SAXS, respec-
tively; to characterize the internal structure) [166,274], differential
scanning calorimetry (DSC; transformation of phases in response to
heat) [275], nuclear magnetic resonance spectroscopy (NMR; a variety
of structural parameters) [276], and liquid chromatography (especially
high-performance variety, or HPLC; composition or degradation of ma-
terial)[197].

While the aforementioned techniques are extremely useful in gath-
ering a large amount of information about material properties, they all
have limitations in time – setup and acquisition requires minutes, if
not hours. Therefore, these methods likely capture properties of
late-stage, stable self-assemblies, and miss entirely the very event of
formation of the delivery vector. Studying the early stages of self-
assembly requires an extremely fresh sample and a technique capable
of nanoscale acquisition both in spatial and temporal dimensions. For
this reason, computational approaches are becoming increasingly
more popular for understanding the early structural developments of
self-assembly, which may provide insights into the cellular uptake and
payload release [165,277]. Latest advances in molecular dynamics sim-
ulations of biomolecule self-assembly are highlighted in a recent per-
spective [278]. Despite the breakthroughs in the fields of computer
science and molecular dynamics, significantly improving accuracy and
processing speed of simulation, computational findings so far remain
empirical and it is yet unclear whether the simulations could ever re-
place experiments or dictate material design. One exciting approach to
supplement theoretical exploration in silico with much needed experi-
mental data is utilizing microfluidics, which have become a useful
method not only for nanomaterial synthesis but also for the in-situ
analysis of the nanomaterial formation [279]. Even though co-flow
microfluidics have been useful in studying the incorporation of DNA
into lipid vesicles [280], this approach to the date has not been imple-
mented for mRNA-loaded systems.

In conjunction with various techniques to characterize material
properties, there are new techniques for in vivo trafficking ofmRNA car-
riers, enabling more accurate evaluation of various carriers. One of the
recently emerging tools is intravital microscopy. Lymphatic trafficking
of nanovaccines labeled with fluorophores can be tracked at a subcellu-
lar level in real-time with high resolution [281]. Furthermore, it can be
performed in a non-invasive manner, allowing for the spatiotemporal
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dynamics of nanocarriers for an extended period of time [272]. Positron
emission tomography (PET) is another way to monitor nano-
carriers in vivo. PET offers quantitative and translational detection of
nanocarriers at the outstanding resolution [121]. A recent example of
PET-mediated trafficking of mRNA vaccines revealed the spatiotempo-
ral trafficking of the vaccines in non-human primates [63]. While intra-
vital microscopy and PET imaging provide real-time in vivo distribution
of nanocarriers, visualization of RNA molecules in tissues at nanoscale
can be achieved by in situ hybridization. Although single molecule fluo-
rescent in situhybridization (smFISH) enables the deliveredmRNAmol-
ecules to be detectable and quantifiable in fixed cells [126], it is difficult
to use for tissue samples in clinical settings due to the low signal-to-
noise ratio [282]. Non-specific interactions of the smFISH probes in tis-
sue samples generally result in high background fluorescence, limiting
the sensitivity and specificity necessary to detect low abundance RNA
molecules accurately [282]. RNAScope® utilizes target-specific double
Z probes, preamplifiers, and fluorophore-conjugated amplifiers in
order to increase the signal-to-noise ratio. It was recently used to visu-
alize synthetic mRNA delivered by LNPs tomouse liver at wide field-of-
view [283]. With deep, multiplexed imaging and image processing, it
can be used to reveal in-depth trafficking of administered mRNA vac-
cines in animals.

In conclusion, experimental developments in the characterization
of nanomedicines would be extremely useful to understand the
nanomaterial design criteria. Self-assembly (and disassembly) of
mRNA-nanomaterial, spatiotemporal distribution of mRNA vectors,
and pharmacokinetic and pharmacodynamic profiles of mRNA vaccines
are all critical areas that urge further investigation, and the understand-
ing of these phenomena can consequentially lead to the establishment
of superior mRNA vaccines.

8. Clinical utilities of mRNA vaccines for COVID-19

As mentioned before, mRNA vaccines have gained significant inter-
est in the last decade, with the current COVID-19 pandemic further fuel-
ing their development for mass use. The status of mRNA vaccines has
recently been reviewed [2,159,284]. In this section, we focus on the de-
velopment of clinically investigatedmRNA vaccines against Coronavirus
Disease 2019 (COVID-19) pandemic (Table 1). COVID-19 is caused by a
beta-coronavirus SARS-CoV-2, a single-stranded positive sense RNA
virus. SARS-CoV-2 consists of an RNA genome, four structural proteins
[nucleocapsid (N), membrane (M), envelope (E) proteins, and spike
(S) protein], and sixteen non-structural proteins (nsp1-16) (Fig. 9A).
The notorious “crown”-like spike (S) protein consists of S1 and S2 sub-
units. The receptor-binding domain (RBD) within the S1 subunit binds
to humanACE2 receptors, and S2 subunit subsequently catalyzes the fu-
sion between the viral envelope and the host cell membrane, allowing
the virus to ultimately enter the host cells. Following the cellular
entry, the viral genomic RNA undergoes translation, replication, and
transcription into essential viral components. In the final steps, the
virus is assembled, and packed in the host cells, and the viral particles
are released [285–287]. Due to its indispensable functions and high con-
servation, the spike protein serves as a primary target for therapeutic in-
terventions [288].

The COVID-19 pandemic, which likely began in late 2019, is respon-
sible for more than 77 million infections and 1.69 million casualties
worldwide as of December 21, 2020 [289]. Within the United States,
there are more than 18 million cases with more than 320,000 deaths
[289]. The symptoms of the disease can range from cough and mild
fever to respiratory and systemic failure [290–292]. The countermea-
sures for containment of this contagion involve wearing face masks,
proper handwashing, large-scale testing, social distancing, and avoiding
in-person interactions, especially in large groups [293]. However, these
efforts cannot be relied upon in the long term, and thus a safe and effec-
tive vaccine is urgently needed to end the misery caused by the pan-
demic. Scientific communities have come together and worked at a
100
lightning speed to decode the virus components in order to develop
vaccines against COVID-19 [294]. According to the WHO, there are 166
candidates in preclinical development and 56 vaccines are currently in
clinical trials as of December 2020 [295]. Out of the 56 clinical candi-
dates, 7 candidates are mRNA-based, which are discussed below with
special emphasis on 2 vaccines (BNT162b and mRNA-1273) that have
received EUA in the United States and other countries.

Researchers at Pfizer and BioNTech co-developed mRNA
vaccine candidates BNT162b1 (NCT04368728) and BNT162b2
(NCT04368728). BNT162b1 mRNA encodes for the trimerized RBD of
the SARS-CoV-2 spike protein held together by the T4 fibritin domain
to enhance immunogenicity [296]. On the other hand, BNT162b2
mRNA encodes the prefusion-stabilized spike proteinwith two key pro-
line substitutions (see Fig. 9B) [81]. Both candidates are formulatedwith
LNPs and nucleotide-modified with uridine being replaced with 1-
methyl-3’-pseudouridine. Phase I/II trials of the vaccines were con-
ducted in young adults (18–55 years) and older adults (65-85 years)
[81,296,297]. BNT162b1 and BNT162b2 were well-tolerated in phase I
studies when multiple doses were administered in a prime-boost regi-
men (3weeks apart). Local and systemic side effects weremild tomod-
erate, transient, and dose-dependent for both vaccines with BNT162b2
exhibiting less reactogenicity than BNT162b1 [81]. Both vaccines pro-
duced high levels of binding antibodies and 50% neutralization titers,
which were higher when compared with convalescent plasma. Anti-
body response was enhancedwithin 7 days of the booster dose, indicat-
ing a beneficial effect of the booster dose [81]. Both vaccines also
induced robust CD4+ type 1 helper T cell (TH1) and CD8+ T cell re-
sponses [81,298], alleviating the concerns associated with vaccine-
associated enhanced respiratory disease (VAERD) [299]. While both
vaccines were effective and well-tolerated, a 30 μg dose of BNT162b2
was advanced to the phase II/III trials (NCT04368728) due to its milder
systemic reactogenicity, especially in older adults [81]. Recently, Pfizer
and BioNTech announced promising results of the ongoing phase III tri-
als [300,301]. Approximately 43,000 individuals, who were 16 years or
older and who were healthy or had stable chronic medical conditions
were randomized to receive either two 30 μg doses of the vaccine or sa-
line placebo (3 weeks apart). Although the study was intended to eval-
uate the efficacy based on a two-dose regimen, BNT162b2was shown to
provide a partially protective effect of immunization as early as 12 days
after thefirst dose [300]. Between thefirst dose and the seconddose, the
vaccine efficacy was approximately 52% (39 cases in the BNT162b2
group vs. 82 cases in the placebo group, Fig. 9C). In the efficacy studies
to evaluate the protective effects of the vaccine against confirmed
COVID-19 diagnoses with onset at least seven days after the booster
dose, BNT162b2 exhibited 95.0% efficacy in the participants with no his-
tory of prior SARS-CoV-2 infection (specifically, 8 cases of infections
were noted in the vaccine group while the placebo group had 162
cases) [300], and 94.6% efficacy when the participants with prior infec-
tion of COVID-19 were included (9 cases of infection in the vaccine
group and 169 cases in the placebo group) [300]. Similar to the earlier
trial results [81], BNT162b2 was well tolerated with mild to moderate
side effects [300]. Themost common side effects were pain at the injec-
tion site, fatigue, headache, muscle pain, chills, joint pain, and fever,
which were more common after the booster injection [300]. Severe ad-
verse events occurred in only about 0.6% of the vaccine recipients, with
similar frequency noted in the placebo group (0.5%) [300]. The promis-
ing results of phase III trial suggested BNT162b2 to be a safe and
effective vaccine against COVID-19. Based on the positive interim re-
sults, Pfizer/BioNTech received EUA for BNT162b2 (also known as
Tozinameran) in several countries including the UK [302] and the US
[303].

mRNA-1273, another LNP-based mRNA vaccine, is being developed
by a joint collaboration between Moderna and Vaccine Research Center
(VRC, part of NIH). mRNA-1273 encodes for the prefusion-stabilized
SARS-CoV-2 spike protein with two key proline substitutions, which is
similar to the BNT162b2 [11]. After successful pre-clinical testing [11],



Table 1
List of mRNA vaccines against COVID-19 in clinical trials (till December 2020).

Vaccine Name Target antigen Delivery
Vehicle

Delivery
Route

Sponsor Phase Results or Comments EUA Reference

BNT162b2 Membrane-anchored
prefusion-stabilized
spike protein of
SARS-CoV-2

LNP IM BioNTech/
Pfizer

III In the phase I/II trials the vaccine
was found to be safe with transient
side effects. It was given in the
prime-booster regimen. After the
booster dose, it produced robust
level of antibodies comparable to
or better than convalescent
plasma.
In an ongoing phase III trials
consisting of more than 40,000
participants, it showed an overall
efficacy of 95% with an acceptable
safety profile.

UK, Bahrain, Canada,
US, Mexico, Kuwait,
Singapore, Jordan,
Oman, Costa Rica,
Panama, Chile, and
Saudi Arabia

[81,298,300,301]
NCT04368728

mRNA-1273 Membrane-anchored
prefusion-stabilized
spike protein of
SARS-CoV-2

LNP IM Moderna III In the phase I clinical trials, two
doses of mRNA-1273 were
administered by IM injection. It
was found to be safe and produced
good antibody responses after the
second dose.
Interim analysis of the phase III
clinical trials involving
approximately 30,000 participants
showed that the vaccine was safe
with 94.1% efficacy.

US [12,304,305]
NCT04283461
NCT04405076
NCT04649151
NCT04470427

ARCoV RBD of the
SARS-CoV-2 spike
protein

LNP IM Academy of
Military
Medical
Science/
Sushou
Abogen
Biosciences/
Walvax
Biotechnology

Ib Two doses of either 100 μg or 1000
μg (2 weeks apart) led to antibody
responses in Cynomolgus
Macaques.
ARCoV is reported to be stable at
25 °C for at least one week.

[306]
ChiCTR2000034112
ChiCTR2000039212

BNT162b1 Trimerized RBD of
the SARS-CoV-2 spike
protein

LNP IM BioNTech/
Pfizer

II In the phase I/II clinical trials, two
doses of 10 μg, 30 μg, or 100 μg (3
weeks apart) were tolerated. After
the second dose, it produced
robust antibody responses and T
cell responses.
Based on the better tolerability of
BNT162b2, particularly in older
adults, Pfizer/BioNTech advanced
BNT162b2 in the phase-II/III trials.

[81,296,297]
NCT04368728

COVAC1
(LNP-nCoVsaRNA)

Prefusion-stabilized
spike protein of
SARS-CoV-2 and an
alphavirus replicase

LNP IM Imperial
College
London/
Morning Side
Ventures

I/II COVAC1 is a self-amplifying
vaccine.
In mice two injections of 0.01 μg,
0.1 μg, 1 μg, or 10 μg of the vaccine
were given 1-month apart. Found a
strong Th1-biased cell response at
6 weeks after the initial
vaccination.

[57]
ISRCTN17072692

LUNAR® -COV19
(ARCT-021)

Prefusion-stabilized
spike protein of
SARS-CoV-2 and an
alphavirus replicase

LNP IM Arcturus
Therapeutics/
Duke NUS

I/II Uses proprietary self-transcribing
and replicating RNA (STARR™)
platform.
In mice, 60 days after the
administration of a single dose (2
μg or 10 μg) of the vaccine elicited
robust CD8+ cell and CD4+ TH1 cell
response.

[307]

CVnCoV Prefusion-stabilized
spike protein of
SARS-CoV-2

LNP IM CureVac IIa In the phase I clinical trials, two
doses were given in 4 weeks
interval by IM injection. The
vaccine was found to be safe with
dose-dependent mild to moderate
side effects. The antibody response
after the second dose was similar
to the convalescent sera.

[308]
NCT04515147,
NCT04449276

ChulaCoV19 mRNA
vaccine

Virus-specific antigen LNP IM Chulalongkorn
University

I NCT04566276
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Fig. 9. (A) Structure of SARS-CoV-2 virus depicting a RNA genome and structural proteins [nucleocapsid (N), membrane (M), envelope (E) proteins, and spike (S) protein], (non-structural
proteins are not shown). (B) Pfizer/BioNTech (BNT162b2) and Moderna (mRNA-1273) COVID-19 vaccines both utilize LNP platform and carry mRNA encoding the prefusion-stabilized,
membrane-anchored, full-length spike protein of SARS-CoV-2. BNT162b1, another vaccine fromPfizer/BioNTech, is a LNP-formulatedmRNA vaccine encoding the secreted trimerizedRBD
of the SARS-CoV-2 spike protein. (C) Cumulative incidence curves for the first COVID-19 occurrence after dose 1 of BNT162b2 vaccine. Reprinted from [301]. (D) Cumulative incidence
curves for the first COVID-19 occurrence after randomization (same as date of dose 1) of mRNA-1273 vaccine. Reprinted from [305].
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themRNA-1273 vaccinewent through two phase I clinical trials - one in
younger healthy adults (age of 18-55) [12] and the other in older adults
(age 55+) (NCT04283461) [304]. In young adults, 45 healthy individ-
uals were divided into three groups (15 participants each) and were
given 25, 100, and 250 μg doses of mRNA-1273 via IM injections in a
prime-boost regimen (4 weeks apart) [12]. Akin to BNT162b2, mRNA-
1273waswell-toleratedwith dose-dependent and transient side effects
102
(pain, fever, fatigue, chills, headache, and myalgia) which were more
prevalent after the booster dose [12]. In participants who received 25
μg and 100 μg does ofmRNA-1273, levels of binding antibodies and neu-
tralization titers were lesser than the convalescent sera, 15 days after
the first dose. However, after the booster dose, the levels of binding an-
tibodies and neutralization titer became similar or higher than the con-
valescent sera, clearly indicating the benefits of the prime-booster
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regimen. mRNA-1273 elicited robust CD4+ type 1 T helper cell (TH1)
responses at both 25 μg and 100 μg doses although a lower CD8+ T
cell response was noted [12]. The safety and efficacy profiles in older
adults (age 55+) were fairly similar to those in younger adults [304].
Recently, the US FDA released the interim results from the ongoing
phase III trial (NCT04470427) of mRNA-1273 involving approximately
30,400 individuals. mRNA-1273 was administered by IM injection in
two doses at 100 μg each, 4 weeks apart [305]. mRNA-1273 exhibited
94.1% of vaccine efficacy (Fig. 9D): 11 cases of COVID-19 were noted
in the vaccine group and 185 cases of COVID-19 in the placebo group
[305]. Of note, none of the mRNA-1273 recipient developed severe
COVID-19 (0 in the vaccine group vs 30 in the placebo group) [305].
The data also suggest that mRNA-1273 reduced asymptomatic infection
by 63% after the first dose [305]. The reported side effects were mild to
moderate and included pain, fatigue, headache, muscle pain, joint pain,
and chills that typically occurred after the second dose [305]. These en-
couraging results led tomRNA-1273 being the second vaccinewith EUA
in the US [13].

BNT162b2 and mRNA-1273 share many similarities. Both utilize
LNPs to deliver mRNA encoding the prefusion-stabilized spike protein
of the SARS-CoV-2 (see Fig. 9B) with uridine substitution and showed
similar efficacy (ca. 95%) in ongoing phase III trials with the two-dose
regimen (prime-booster) [301,305]. However, their mRNA doses, dos-
ing intervals, formulation characteristics, and storage conditions are dif-
ferent as highlighted in Table 2 [301,305].While the BNT162b2 requires
a 30 μg dose, mRNA-1273 requires a 100 μg dose for each vaccination.
BNT162b2 requires thawing followed by dilution with saline before ad-
ministration whereas mRNA-1273 could be injected as is after thawing
[301,305]. Their formulations also use different ILs, PEG-lipids, and
buffers [301,305]. In terms of storage, BNT162b2 requires ultra-cold
storage (-60 °C to -80 °C)whilemRNA-1273 requires less stringent con-
ditions (-15 °C to -25 °C) [301,305]. This difference in the storage condi-
tions may make mRNA-1273 a potentially better option for hospitals,
clinics, and pharmacies without an ultra-cold freezer. The exact reason
for the disparity in storage conditions remains largely unknown and it
may be due to the differences in the secondary structure of mRNA or
lipids used in the formulations. Nevertheless, the optimization of the
mRNA vaccine composition for less strict storage conditions represents
a pharmaceutical challenge that requires further investigation.

The following fivemRNA vaccines are also in the clinical trials; how-
ever, due to the lack of clinical data, we discuss them briefly. ARCoV is in
development by a collaboration between Academy of Military Medical
Sciences, Suzhou Abogen Biosciences, and Walvax Biotechnology
[306]. It encodes the RBD of SARS-CoV-2 in mRNA and is formulated
in LNPs [306]. In the preclinical studies with cynomolgus monkeys,
ARCoV was administered twice by IM injection at 100 μg or 1000 μg, 2
weeks apart [306]. The vaccinated monkeys developed strong binding
antibody responses and neutralization titers at 100 μg administration,
which were comparable to the convalescent sera. In the high dose
(1000 μg), ARCoV produced stronger humoral responses. It also elicited
CD4+ TH1 cell responses in Cynomolgus Macaques [306]. ARCoV is sup-
plied as a thermostable liquid formulation that can be stored at room
temperature for at least 1 week and is currently being evaluated in
phase I clinical trials in China (ChiCTR2000034112).

COVAC1, a saRNAvaccine, is beingdevelopedby the Imperial College
of London [57]. The saRNA vaccine encodes the prefusion stabilized
SARS-CoV-2 spike protein and an alphavirus replicase responsible for
replicating RNA in the cytoplasm [57]. In mice, the vaccine was admin-
istered twice, onemonth apart, at doses of 0.01, 0.1, 1, or 10 μg. 6 weeks
after the initial vaccination, there was a dose-dependent increase in the
binding antibody titer with values ranging from 105 - 106 ng/mL, ap-
proximately 100-1000 fold more than in the convalescent sera [57].
Similar results were obtained in the pseudovirus neutralization assay
with ID50 value ranging from 103 - 105, which is up to 100-fold higher
as compared to the levels of convalescent sera. COVAC1 induced TH1-
biased responses that lessen the risks of VAERD [299]. The vaccine is
103
currently undergoing phase I clinical trials in the UK
(ISRCTN17072692).

ARCT-021 (LUNAR-COV19) is being developed by Arcturus Thera-
peutics and Duke-NUS Medical Center [307]. LUNAR-COV19 is a single
dose, LNP-based vaccine that utilizes the proprietary self-transcribing
and replicating RNA (STARR™) platform. This saRNA vaccine encodes
alphavirus replicase and the full length, unmodified, prefusion spike
protein. 60 days after the IM injection of either 2 μg or 10 μg doses to
the humanACE2 transgenicmice, LUNAR-COV19 produced significantly
higher titers of binding antibody compared to the non-replicating coun-
terpart. A similar trendwas found in the neutralization titer assaywhere
LUNAR-COV19 outperformed the non-replicating mRNA vaccine. Fur-
thermore, LUNAR-COV19 produced strong CD4+, CD8+, and TH1-
responses and protected the mice when challenged with a lethal dose
of SARS-CoV-2. LUNAR-COV19 is currently in phase I clinical trials
(NCT04480957).

CVnCoV is being developed by CureVac. CVnCoV is anmRNA vaccine
encoding the prefusion full-length spike protein and formulated with
LNPs by their proprietary formulation (RNActive®). In the phase-I clin-
ical trials (NCT04515147, NCT04449276), two doses of 2 μg to 12 μg
each, were administered by an IM injection, 4 weeks apart [308]. In
healthy adults (age of 18-60)with no history of prior SARS-CoV-2 infec-
tion, CVnCoV was well tolerated with mild to moderate side effects
[308]. Local reactions and systemic adverse events displayed dose-
dependent increases in frequency and severity, and no vaccine-related
serious adverse events were observed [308]. CVnCoV elicited dose-
dependent antibody responses, and the neutralizing antibody titers
after the second 12 μg dosewere similar to those observed in the conva-
lescent sera [308].

Lastly, a mRNA vaccine being developed by the Chulalongkorn Uni-
versity in Thailand is in the phase I clinical trial (NCT04566276); how-
ever, no preliminary data is reported yet.

9. Conclusions and Future aspects

The current COVID-19 crisis has led to unprecedented investments
in the manufacturing of mRNA-LNPs. Billions of doses are being made
to be administered to the human population. This is a seismic shift
that was hard to imagine just a year ago. If in the future an LNP platform
is found to traverse thickmucus of respiratory challengedpatients (such
as with cystic fibrosis) or can target extrahepatic tissues, the steps to
manufacture billions of doses are in place to supply a multitude of pa-
tients suffering from rare genetic disorders (>100,000 patients). The
modularity of LNPs for delivering genome editing components means
that a successful technology could be quickly scaled and effectively
wipe out a rare disease with a one-time treatment.

Certainly, these multicomponent systems are not perfect. Synthesis
of ionizable lipids alone is a multi-step process that requires several
building blocks, and the complexity of lipids formulations discussed
above makes these supramolecular assemblies rather intricate. Addi-
tionally, LNPs currently require strict storage conditions, limiting their
distribution to locations where cold storage is scarce or unavailable. In
the nearest future, lyophilization or other pharmaceutical processing
methods may help to resolve this problem and even enable nasal, oral,
or respiratory administration. In comparison, the synthesis of polymers
is often a one-step process requiring one or several monomers; how-
ever, polymer products have inherent variability in the molecular
weight and arrangement of monomers in the chain that increases
batch-to-batch variability. Therefore, even though polymer-based sys-
tems have lagged as compared to LNPs, these technologies must not
be discounted, especially for extrahepatic or localized delivery. More-
over, polymeric materials may be another solution to the distribution
challenge of mRNA vaccines. Lastly, the self-assembly of mRNA and
the encapsulating materials may require extensive optimization de-
pending on the payload. The mixing of the components must be done
in a highly controlled and reproducible manner, most often achieved



Table 2
Dosing profile, storage requirements, directions, and formulation composition of BNT162b2 and mRNA-1273.

Vaccine
(Company)

Dose 
(dosage 
volume)

Storage 
Requirements Directions for use Other Compositions of LNP formulation

BNT162b2
(Pfizer/BioNTech)

30 µg
(0.3 mL)

1. 
-60°C to -80°C 
(6 months) 
protected from 
light.

2.
2°C to 8°C
(5 days)
protected from 
light.

3.
RT 
(2 hours)

Supplied as a frozen 
suspension. 

Must be thawed and 
diluted with 1.8 mL 
of sterile 
preservative free 
saline solution 
(0.9%). 

After dilution, the 
vaccine needs to be 
kept at 2°C to 25°C 
and used within 6 
hours.

The vaccine 
is supplied 
as a 5-dose 
vial.

Other ingredients: potassium chloride, monobasic potassium phosphate, sodium chloride, dibasic sodium phosphate 
dihydrate, and sucrose.

mRNA-1273
(Moderna)

100 µg
(0.5 mL)

1. 
-15°C to -25°C (6 
months)
protected from 
light

2. 
2°C to 8°C 
(30 days) 
protected from 
light

3. 
8°C to 25°C 
(12 hours)

Supplied as a frozen 
suspension. 

Must be thawed 
before use. 

Post-thawing, the 
vaccine must be kept 
at 2°C to 25°C and 
used within 6 hours

The vaccine 
is supplied 
as a 10-dose 
vial.

Other ingredients: tromethamine (Tris), tromethamine HCl, acetic acid, sodium acetate, and sucrose.
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with microfluidic mixers. Recent advances in the microfluidic technol-
ogy allow for scale-up with the precision that is required for GMP
facilities.

In conclusion, the COVID-19 pandemic led to the rapid deployment
of mRNA vaccines. These technologies have been developed through
years of painstaking work by scientists in academia and industry. Al-
thoughnot enough timehas yet passed to evaluate the long-termeffects
of mRNA vaccines, the phase III clinical studies of Pfizer/BioNTech and
Moderna vaccines revealed ca. 95% efficacy and favorable safety profiles.
The COVID-19 pandemic has paved the way to scale up and resolved
distribution barriers which otherwise would have taken decades. RNA
therapeutics and nanomedicine as a field will never remain the same
and are ready for their time to shine. The Age of Enlightenment of
RNA nanotherapeutics is nearing its end, and the field is ready for the
transition to a full-scale industrial revolution.
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