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ABSTRACT: mRNA vaccines open promising avenues for overcoming a variety of diseases due to their high
therapeutic utilities, rapid growth capacities, and safe administration potentials. With the emergence of COVID-19, the
use of mRNA vaccines has become even more widespread and far-reaching. However, for mRNA to be delivered to
target cells and tissues, several obstacles must be overcome. For instance, naked mRNAs get easily and hastily degraded
by ribonucleases in tissues and the bloodstream, and since mRNAs are large and polyanionic molecules, they cannot
passively diffuse across cell membranes. Even though mRNAs are internalized by APCs, they must be able to reach the
cytoplasm and escape endo-lysosomal traffic. Therefore, distinctive transport systems for efficient encapsulation of
mRNAs using nanocarrier systems are required to ensure their delivery to cells’ cytoplasm. At this point, non-viral gene
delivery systems such as polymers and lipids come to the fore, in which they can overcome the biological barriers and
provide efficient delivery of mRNAs. Recently, mRNA vaccines have been used as a powerful weapon against COVID-
19 pandemic which has affected the whole world since December 2019. This was clear by the emergence of Pfizer-
BioNTech and Moderna vaccines, which offered mRNA vaccines with auspicious treatment abilities. A variety of
carrying candidates have been utilized in such vaccines as polymers, metal nanoparticles, as well as LNPs, which each
comes with its cons and pros in delivering mRNA. All of these mentioned points will be clarified and discussed in detail
in this review paper.
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1. INTRODUCTION
1.1. Overview of Vaccines

Vaccines are designed to elicit a strong immune response to an antigen and give long-term protection
against a specific disease. In 1796, the first vaccine against cowpox emerged as a first trial by Edward Jenner
[1]. Since then, vaccination has been regarded as an effective and safe technique for the protection of infectious
diseases, with more than thirty infectious diseases being conserved [2-4]. Each vaccine platform has its own
set of benefits and drawbacks. In general, speed and flexibility of manufacture, safety, and reactogenicity, the
profile of humoral and cellular immunogenicity, duration of immunity, scale and cost of manufacturing,
vaccine stability, and cold chain needs are all important considerations when developing vaccines [5].

The terms antigen (Ag), adjuvant, and carrier system are all intertwined in the term vaccine. Antigen is
a foreign molecule that activates the immune system when it binds to host cells. Due to the insufficient immune
response provided when merely using the antigen in the vaccination, the adjuvant is a chemical that improves
the body's immune reaction to that antigen in vaccines. The carrier system is a necessary component of vaccine
production for the vaccine to reach the target cells and pass through the various bio-barriers, as depicted in
Figure 1.
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Figure 1. Intracellular barriers for mRNA delivery: (I) The sensitive structure of mRNA makes it vulnerable to
disruption by the body enzymes. (II) mRNA could be perceived as a foreign substance by immune cells and
consequently promote undesired immune responses. (III) mRNA entrance into cells could not happen passively, since
the cell membrane also possesses a negative charge. (IV) mRNA endosomal escape should be facilitated to prevent its
degradation by the enzymes in the endocytosis pathway. (This figure was created using BioRender)

Viral vectors, proteinaceous NPs, and synthetic NPs such as liposomes [6, 7], gold NPs [8, 9], polymers
[10, 11], dendrimers [12], and LNPs [13, 14] have been employed as carriers in this line, as illustrated in Figure
2.
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Figure 2. The most used mRNA delivery systems. (This figure was created using BioRender)

1.1.1.  Inactivated vaccines and live-attenuated vaccines

The most widely used standard platforms have been inactivated and live-attenuated vaccines, which
are obtained by killing or lowering the virus's danger site, allowing them to lose pathogenicity while retaining
antigenicity. These vaccines do not require nanocarrier systems to achieve an effective vaccination because
they have unique structures that allow them to accumulate into desired organs. However, live-attenuated
vaccines have a distinct odor of danger due to their viral structures, whereas inactivated vaccines frequently
require at least two vaccinations with fairly large dose amounts to manifest their effects [15].

1.1.2.  Viral vector vaccines

Viral vectors refer to the employment of a full virus or bacterium to strengthen the immune system. The
viral gene of interest (GOI) is encoded into a variety of vectors, the most common of which are adenovirus
(Ad) and vesicular stomatitis virus (VSV) [5]. Both of these viral vectors are frequently used due to their
remarkable capabilities, including innate adjuvant qualities and scalability, high transduction efficiency, high
transgenic expression, and a wide range of virus tropism [5, 16]. Furthermore, professional antigen-presenting
cells (APCs), particularly dendritic cells (DCs), have been reported to be infected by these viruses [17].
However, these vectors have downsides, such as the necessity for more difficult production techniques, the
risk of genomic integration, and the possibility of pre-existing vector immunity dampening their response
[18].

Recently, Janssen Pharmaceuticals developed a vaccine for coronavirus disease of 2019 (COVID-19),
which has been previously used to prevent Ebola virus infection [19]. Noticing that the Centers for Disease
Control and Prevention (CDC) and the Food and Drug Administration (FDA) have both recommended the
use of the Janssen vaccine in a short period [20]. In a similar vein, the University of Oxford created an
adenovirus vector vaccine against COVID-19 called AstraZeneca, which has also been authorized [5, 21].
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1.1.3.  Protein subunit vaccines

Protein subunit is based on the synthesis of at least one chain of peptides or recombinant antigenic
proteins that have already been made in heterologous host cells [19, 22]. When compared to other types of
vaccines, this one appears to be the safest because no infectious agent is utilized in the manufacturing process
[23]. However, because this form of vaccination has low immunogenicity relative to other varieties, it
frequently requires the addition of an adjuvant to boost its immunogenicity [24].

Regarding COVID-19, the candidate subunit NVX-CoV2373 vaccine, which includes full-length SARS-
CoV-2 spike glycoproteins and Matrix-M1 adjuvant, is both safe and capable of eliciting immune responses
that are higher than those seen in COVID-19 convalescent serum [25]. This vaccine is currently in phase III
after generating positive results in the previous phases.

1.1.4. Nucleic acids vaccines

Nucleic acid-based vaccines have been introduced as promising alternatives to elicit satisfying and
pleasing immune responses. Nucleic acid-based vaccines depend on the use of a section of the genetic material
that provides the instructions for specific proteins, instead of using the whole microbe or virus [26].

Although messenger ribonucleic acid (mRNA) was discovered in 1961, it was first used in gene-based
vaccination studies in 1990 [27]. In mRNA vaccines, the cargo (nRNA) gets translated into the infected cells,
resulting in the production of virus protein. Then, the produced protein inflows into intercellular and bloody
fluids where it gets identified as an external antigen and thereby stimulates the immune system, especially
dendrimer cells, to make antibodies against the specific protein. Although the stability of mRNA is minimum
comparing it with DNA molecules [27], mRNA- based vaccines have gained considerable attention over the
past decade, especially with the emergence of COVID-19 outbreak.

DNA-based vaccines must penetrate the cell nucleus to get the carried gene translated into a virus
protein, which is seen to be problematic since reaching the nucleus is not an easy process. While using mRNA
vaccines, entering the cell cytosol would be enough to produce the desired antigen.

When comparing these vaccines with protein subunit vaccines, their advantages become so evident. As
there are many problems with making and transmitting antigens to the body, such as the need to obtain highly
precise structures to be used in protein vaccines. During antigen production in the cell, changes occur after
the mRNA translation process that leads to producing the spatial structure required to accurately identify and
provide sufficient immunity for vaccine efficacy. In protein subunit vaccines, one of the problems faced is the
exact creation of these spatial structures in large quantities by the cells in the laboratory. While in mRNA
vaccines case, the cells of the body act as the best antigen producer (preserving the most accurate spatial
structures with sufficient quantities) [28]. Besides, many other features of mRNA vaccines made their use
preferable comparing them with the other types of vaccines, such as the possibility of scalable production
within a very short time, the rapid manufacturing for clinical-scale [29], and sensible storing temperatures.
For example, Moderna COVID-19 vaccine (mRNA-1273) can be stored at -20 C for up to 6 months. Moreover,
mRNA is considered to be non-infectious since it does not get integrated into the genome itself. It has also
been manifested that the production rate of mRNA vaccines is much faster than the other pre-mentioned
conventional vaccines. Nevertheless, mRNA vaccines show a stronger immune response when compared with
the other vaccine types [30]. Since living cells are not involved in mRNA vaccines, their ease of production
allows scientists to produce specific mRNAs for targeted areas, which made them seen as promising tools for
treating a variety of diseases besides COVID-19.

The developed mRNA vaccines against many viral pathogens have been proven to be efficacious in
preclinical studies, such as in influenza, Zika virus, Rabies virus, Ebola virus, human immunodeficiency virus
(HIV), and recently COVID-19 [31]. The studies and trials on utilizing mRNA in producing vaccines have been
started in the early 1990s. For example, Martinon et al. [32] have demonstrated that liposomes carrying mRNA
encoding influenza virus nucleoprotein produced virus-specific cytotoxic T lymphocytes and pioneered the
use of these mRNAs to deliver antigenic information enabling the synthesis of the protein of interest. In
another study [33], it was revealed that mRNA application encoding vasopressin in the hypothalamus can
create a physiological response in rats. Currently, researchers are working on developing three different
mRNA vaccines that are aimed to be used for the treatment of different diseases such as flu vaccines, malaria
vaccines, and cancer vaccines. It seems that the use of nanoparticle-based flu vaccines will be soon realized,
especially with the tremendous efforts of Moderna, wherein many influenza vaccine development programs
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are being run such as flu vaccine (mRNA-1010, mRNA-1020, mRNA-1030), HIV vaccine (mRNA-1644 &
mRNA-1574) and Nipah virus (NiV) Vaccine (nRNA-1215).

Even though mRNA-based vaccines are among the most effective vaccines, certain limitations and
constraints stand in the way of their widespread use. The large size of mRNA and its high negative charge
makes the mRNA-based vaccines suffer from low penetration into cell membranes. Besides that, it should be
noted that the in vitro half-life of mRNA could reach up to 50 hours, whereas its in vivo half-life is pretty much
lesser; ranging from 7-30 hours [34, 35]. Nevertheless, mRNA-based vaccines could stimulate potent pathogen-
specific humoral and cell-mediated immune responses. For instance, retinoic acid-like receptors (RLRs) and
complication receptors cause innate immunogenicity [36].

In the next section, the main delivery systems that have been developed to overcome the mRNA-based
vaccines challenges including mRNA’s extremely large size, charge, instability and high susceptibility to
enzymatic degradation are going to be clarified.

2. mRNA DELIVERY SYSTEMS

mRNAs are single-stranded nucleic acids that are made up of a few hundred to thousands of nucleotides
(300 Da-5000 kDa) [34, 37]. Besides their variation in size, they also vary dramatically in structure with high
susceptibility to nuclease degradation [37]. Currently, mRNAs have garnered tremendous attention as
therapeutic agents and drug classes for vaccination [26], protein replacement therapy [38], cancer
immunotherapy [39], and treatment of genetic diseases [29]. However, in order to achieve these therapeutic
targets, mRNAs should be delivered into cells safely and effectively. Naked mRNAs degrade rapidly in the
circulation [40] and their large macromolecular sizes and high negative charges limit their penetration across
the cell membrane. Nevertheless, they possess a high affinity for promoting undesired immune responses [38].
For this purpose, a variety of viral-based delivery systems [41, 42] and mechanical-derived methods like
electroporation [43-45] have been designed to deliver mRNAs but suffered from a lack of safety and efficiency.
Currently, nanoparticle-based delivery systems, mostly consisting of lipid and polymer-based materials, offer
promising opportunities to address the many challenges in this field [44, 46, 47].

2.1. Lipid Nanoparticles (LNPs) Delivery Systems

LNPs are the most extensively utilized non-viral gene delivery systems clinically, due to their
advantages over other gene delivery systems, such as high gene therapeutic encapsulation capability,
transfection efficiency, improved penetration, reduced cytotoxicity, and immunogenicity [48]. Moreover, the
ease of large-scale production of lipid nanoparticles, the biocompatible and biodegradable nature of the
materials, as well as the possibility of controlled and modified drug release make them preferable [49]. All of
which, make them seen as ideal candidates for mRNA delivery.

Ionizable LNPs delivery systems; which had recently got the FDA approval of Alnylam’s Onpattro [30],
are comprised of multiple lipid components: Ionizable lipids; PEGylated lipids; helper lipids, and sterol lipids
[50, 51]. The ionizable lipid structure is very important and plays a critical role in the delivery system [51];
since it remains neutral at a physiologically pertinent pH but picks up charge in an acidic environment. This
property allows electrostatic complex formation with negatively charged mRNAs and most importantly,
promotes and facilitates endosomal escape as shown in Figure 1 [52, 53]. Due to the ionizable lipid
nanoparticle’s pH buffering capacity, the endosomal escape of them is presumably achieved by an effect called
proton sponge; in which the acidic endosomal environment leads to the nanoparticle’s protonation [54]. This
protonation induces an extensive inflow of ions (H+ and Cl-) and water into the endosomes that subsequently
leads to rupture of the endosomal membrane and the release of them.

Recently, numerous ionizable lipids are available, such as ATX-100, LP-01, OF-02, and MC3; that were
used in the first FDA-approved siRNA drug, Patisiran. In addition to the ionizable lipids, Polyethylene Glycol
(PEG) acts as a shield for the mRNA-loaded NPs to prevent them from being perceived as foreign substances
by the immune system. Which in return extends the life of the NPs in the bloodstream and increases the
nanoparticle’s probability of reaching the targeted cells. Besides, PEG affects the size of the nanoparticle and
prevents nanoparticle agglomeration possibility. Sterol lipids, like cholesterols, are responsible for the
stabilization of the lipid bilayer, providing a degree of flexibility to the overall structure and increasing mRNA
transport efficiency [55].

Recently, most of the studies focus on the use of LNPs in delivering siRNA, which makes the possibility
of utilizing LNPs in encapsulating and delivering mRNA molecules questionable and doubtful, since the
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differences between mRNA and siRNA are quite noticeable. It has been shown that due to the larger size of
mRNA comparing it with siRNA, the structures of LNPs tend to be inverted into hexagons, which does not
happen in the case of siRNA because of the multidimensional nature of the combination of RNA nucleotide
structures with LNPs lipids [55]. In a recent study, many different approaches have been offered to replace
some of the compounds in LNPs to solve such a problem and create the required size of mRNA [56]. The effect
of these changes on LNPs characteristics such as their size, encapsulation efficiency, transfection, and
internalization could be determined by placing cholesterol with [-sitosterol in the structure of LNPs. Upon
further examination of Sito LNPs with cryo-TEM microscopy, researchers found that Sito LNPs had a faceted
surface, compared to spherical curved Chol LNPs, which is possibly due to lipid phase separation and
potentially the formation of two-dimensional lipid crystals in the LNPs membrane [56].

The advent and emergence of LNPs as delivery vehicles was a milestone in the development of mRNA
vaccines because LNPs can efficiently transport mRNA both in vitro and in vivo. When injected
intramuscularly, LNPs protect the mRNA intact and allow information contained in the mRNA chain to reach
the cells [57]. mRNA-LNPs can be internalized and rapidly translated by APCs both at the injection site and
in draining lymph nodes, enhancing the elicitation of adaptive immune responses [58]. Furthermore, LNPs
have proven their ability in protecting mRNA from being degraded by nucleases [57].

Many studies have been run using LNPs as efficient carriers in delivering mRNA. For instance, Yang et
al. [59] have developed nanoparticles containing ionizable lipid iBL0713 to express the desired protein in vitro
and in vivo using codon-optimized mRNAs. After preparing mRNAs encoding luciferase and erythropoietin
(EPO) by in vitro transcription, a PEG-coated ionizable LNP was formed. Considering the nanoparticles
carrying the codon-optimized mRNA, the expression efficiency was higher than that of the non-optimized
mRNA, with no toxicity observed in these constructs. At the same time, strong protein expression was
obtained in vitro and in vivo without adverse effects. Oberli et al. [53] have designed an mRNA-loaded
nanoparticle that can generate a strong cytotoxic T cell response, thus developing immune therapy against
certain viral diseases and tumors. In this study, a lipid nanocarrier library was designed to circumvent the
challenges that mRNA faces in reaching hepatocytes. These NPs have been designed in different shapes and
sizes (about 50-150 nm). Among a variety of used ionizable lipids, phospholipids, cholesterols, and PEGylated
lipids libraries, the most efficient lipid has been selected. Indeed, the selected lipid nanoparticle formulation
had the ability to induce cytotoxic T cell response which could represent a really promising candidate for
mRNA vaccines. In another study, Billingsley et al. [60] have reported a set of ionizable LNPs that are capable
of achieving ex vivo mRNA delivery to human T cells in order to induce CAR expression in them. These CAR
T cells recognize specific antigens on cells to be destroyed and are therefore considered a potent
immunotherapeutic tool. In this study, a library of 24 ionizable lipids with a specific ratio of cholesterol,
dioleoylphosphatidylethanolamine (DOPE), and lipid-anchored PEG (C14- PEG) was synthesized and then
mixed with mRNA to form different LNP formulations. Seven LNP formulations were found to enhance the
transfer of mRNA compared to lipofectamine, as well as a top LNP formulation (C14-4) characterized by
strong transfection and low cytotoxicity. C14-4 LNPs were then selected for CAR mRNA transport into
primary human T cells which induced CAR expression at levels equivalent to electroporation (EP), the current
standard for mRNA transport CAR T cells, with much less cytotoxicity. Accordingly, C14-4 has been shown
to be able to deliver CAR mRNA to primary T cells and generate functional CAR T cells.

Generally, in designing each delivery system, some points need to be considered, such as the size of the
NPs. In general, the NPs size should be around 100 nm to be able to escape from the mononuclear phagocytic
system [61]; which causes the accumulation of NPs in specific organs such as the spleen and liver [35].

Several studies have investigated the effect of varying the size of LNPs by changing the molar fraction
of PEG lipids to increase the efficiency of delivery [62, 63]. For example, Arteta et al. [63] have examined the
transfection efficiency of mRNA LNPs as a function of LNP size. This study investigated the uptake and
protein expression of LNPs in human adipocytes and hepatocytes cell lines when administered
subcutaneously and intravenously respectively. In this study, the size of the particles was controlled by
varying the lipid content of PEG with smaller LNPs being produced when the amount of PEGylated lipid was
high. DLin-MC3-DMA was used as the cationic lipid, while di-stearoyl phosphatidylcholine (DSPC) and
cholesterol were used as helper lipids for mRNA transport. The size of mRNA LNPs was varied between ~45
and 135 nm by changing the dimyristoyl phosphatidylethanolamine-n-(methoxy(polyethylene glycol)-2000)
DMPE-PEG2000 content from 3 to 0.25 mol%. It has been shown that the structural differences between the
groups have affected the transfection of both cell lines. In a recent study to explore the effect of LNPs size on
immunogenicity, LNPs sizes have been changed in a range of (60-200 nm) without altering their lipid
composition in order to eliminate the composition effect as a variable [51]. Accordingly, it has been observed
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that the small diameter LNPs were substantially less immunogenic in mice. But unfortunately, all particle sizes
tested yielded a robust immune response while applied to non-human primates (NHP) [51].

2.2. Polymeric Delivery Systems

Although LNPs represent the foreground of mRNA delivery, they have been seen to be extremely
selective to the liver and in a lot of cases needed to be locally administrated to reach specific target tissues [65,
66]. Moreover, both large-scale production and long-term storage stability of LNP systems are somehow
questionable as the technology is still considered to be new. Thus, there is an up growing interest in designing
other types of delivery systems, while hopefully trying to administer them systemically [67, 68]. In this context,
different studies based on the use of polymeric materials have arisen as alternative systems to deliver mRNAs
[69, 70]. For example, Juanes et al. [71] recently have presented the ability of modified polyhydrazides
containing cationic and six different hydrophobic aldehydes to transport mRNA into Hek293 cells. The results
of the study confirmed the potential of these polymers in complexing and releasing mRNA with high
specificity and low cytotoxicity, even at low polyhydrazone concentrations. As a result of flow cytometric
analysis, transfection efficiency of 42% was observed. In another study, Yang et al. [37] synthesized two series
of copolymers for mRNA transport consisting of diethyl aminoethyl methacrylate (DEAEMA) or
dimethylamino ethyl methacrylate (DMAEMA). The first series of polymers consisted of a mPEG chain and
DMAEMA and a hydrophobic alkyl methacrylate monomer (AMA) with side chains of 2 to 12 carbons in
compositions ranging from 20% to 60%. The second copolymer series consisted of DMAEMA or DEAEMA
and a butyl methacrylate monomer (BMA) and was maintained at a constant composition (40%) while the
total molecular weight of the amphiphilic block was varied. In the study, a high-throughput workflow (HT
screening) was developed in a way that allows a variety of polymers and parameters to be tested rapidly,
providing insight into structure-activity relationships in the design of carriers to improve the efficacy of RNA-
based therapeutics. The HT approach of the study showed that cationic concentrations within the copolymer
architecture resulted in increased cytotoxicity. Ulkoski et al. [72] developed a library of multivalent peptide-
functionalized bioreducible polymers (MPBPs) as safe and efficient vector systems from a core polymer
backbone, drawing inspiration from the architecture of dendrimers and branched polymers to transfer various
RNA species, including mRNAs. The polymer scaffold consisted essentially of cystine and L-lysine, with
cysteine guaranteeing glutathione-triggered bioreduction and L-lysine providing the points at which the
peptide and other branches are placed. Three amino acids were used for the peptides: L-histidine, L-lysine,
and L-tryptophan. Then, another group of branches was included: tetraethylene glycol or hydrophobic stearic
acid residues to tune the hydrophilicity and hydrophobicity of the vectors. The design demonstrated high
delivery efficiency and low cytotoxicity when administering different types of RNAs in a range of cell lines.
Jarzebiniska et al. [73] have presented a study aimed to develop efficient mRNA carriers that could be utilized
in vivo for both aerosol and intravenous administration for the treatment of respiratory diseases and metabolic
disorders of the liver. In the study, polyplexes were obtained by grafting oligoalkylamines onto an 8000 Da
poly (acrylic acid) (PAAS8K) scaffold. When complexed with chemically modified mRNA at a 20
nitrogen/phosphate (N/P) ratio, all the resulted polyplexes formed uniform monodisperse particles with
hydrodynamic diameters of 65 to 236 nm and an overall positive surface charge. Polymeric carriers were then
examined on murine fibroblasts (NIH 3T3) for their ability to transfect cells using chemically modified mRNA
encoding firefly luciferase (mRNA-FLuc) as a reporter. Since the polymeric carrier has been designed for
aerosol delivery, human alveolar type Il-like cells (A549) have been transfected with polymeric particles,
resulting in the highest reporter enzyme levels in the identified PA A8k-treated cells.

3. COVID-19 and mRNA VACCINES
3.1. COVID-19

In late December 2019, a sudden outburst of COVID-19 caused by a novel coronavirus called severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) was aroused in Wuhan city (Hubei, China) [74] that
has affected tens of millions of people in a worldwide pandemic. According to the World Health Organization
(WHO) [75], until writing this paper, about 400 million people have been infected by COVID-19 and resulting
in around six million deaths globally. It is doubted that the total number of reported COVID-19 infections is
underestimated for there are about 80% of mild or asymptomatic cases go undetected [76]. It has been shown
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that only one out of six people who suffer COVID-19 undergoes serious symptoms [77] with a variable
infection fatality rate based on age and sex. Consequently, the urgent need for effective, safe, and efficient
treatments to broadly and massively control the spread of the pandemic became a must. So far, the most
effective and promising therapies that have emerged are antiviral drugs, vaccines, and monoclonal antibodies
(mAbs). As an example, Remdesivir has been considered the first antiviral drug allowed for emergency use
by the Food and Drug Administration (FDA) for the treatment of COVID-19 [78]. Nevertheless, currently, the
main focus is on developing powerful vaccines to restrict the spread of the disease and eliminate the epidemic.
Hence, various health organizations have developed a variety of vaccines including viral vector vaccines
nucleic acid vaccines, and protein-based vaccines [79]. Among these different types of vaccines, mRNA
vaccines were the first to be approved, having received "emergency approval" from the FDA and "conditional
approval" from the European Medicines Agency (EMA) [29]. Likewise, on August 23, 2021, the FDA approved
"Pfizer-BioNTech" as the first COVID -19 vaccine [80].

3.2. Biological Properties of SARS-CoV-2

The nomenclature of coronavirus came from the Latin word corona, which means "crown". Because
these viruses possess a discriminatory morphology of a crown-like structure on their surface [74]. One of the
subfamilies of coronaviruses, particularly human beta-group coronaviruses, is the severe acute respiratory
syndrome (SARS) coronavirus [81]. SARS-CoV-2 belongs to Nidovirales order, Cornidovirineae suborder and
Coronaviridae family which has been seen in subfamilies; Letovirinae (Alphaletovirus) and
Orthocoronavirinae (Alphacoronavirus [aCoV], Betacoronavirus [pCoV], Gammacoronavirus [yCoV] and
Deltacoronavirus [6CoV] [82]. Coronavirus has been firstly discovered in the 1960s among four different
groups of diseases: common cold, gastrointestinal infections symptoms, and respiratory syndromes (OC43,
229E, NL63, and HKU1) [83].

The coronavirus is made up of a single-stranded RNA that possesses a size of 26 to 30 kb in length [84].
In the RNA genome of viruses, both structured and non-structured proteins are coded. The genome of SARS-
CoV-2 consists of four main structural proteins; spike (S protein; comprised of S1 and S2 subunits.), membrane
(M), envelope (E), and nucleocapsid (N) proteins as shown mn Figure 3. [85-87]. The S protein is attached to
the viral membrane and forms a crown-like appearance. It plays an important role in mediating viral entry
into host cells by binding to the host receptor, angiotensin-converting enzyme 2 (ACE2), via its receptor-
binding domain (RBD) at the C terminus of the S1 subunit [88, 89] which subsequently leads to fusion between
the viral envelope and the host cell membrane via the S2 subunit [90]. The M protein is a transmembrane
glycoprotein type III that forms the virion's most rich structural protein. It mainly participates in the shape of
the viral envelope and has an approximate molecular weight of 25-30 kDa [91]. The E protein usually gets
expressed within infected cells during the proliferation cycle [85]. The M and E proteins act on each other to
produce and release viral particles [81, 92] while N proteins, which are the only proteins that bind to the RNA
genome [93], attach the genome to the replication transcription complex which is required for genomic
replication.
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Figure 3. Representation of the structural proteins that make up SARS-CoV-2 virus (This figure was created using
BioRender).

The interaction between SARS-CoV-2 and ACE2 is critical in determining the progression of SARS-CoV-
2 infection [94], pinpointing that SARS-CoV-2 binds to ACE2 in the amino-terminal region. Key phases of
disease progression according to the binding state between SARS-CoV-2 and ACE2 are illustrated in Figure 4.
In the upper respiratory tract, the initial infection usually results in an asymptomatic state. Whereas the
infection in the lower respiratory tract usually leads to pneumonitis (up to 90% of those who have symptomes).
Unfortunately, in some cases, a severe state of disease could be reached when a disruption of the epithelial-
endothelial barrier and multi-organ gets involved [94].

As demonstrated earlier, the S protein specifically binds to ACE2, which in turn mediates membrane
fusion and entry into the cell [95]. Hence, suppressing the activity of the S protein could result in a blockage
of the virus activity. Since then, effective strategies have emerged in the field of drug development and
treatment aimed at blocking the mechanism by which the virus binds to the ACE2 receptor or blocking viral
endocytosis. One of these strategies has been considered in the use of nanoparticles (NPs) for the delivery of
chloroquine chemotherapeutic agents as endocytosis inhibitors to cells. Poly (lactic acid) polymeric NPs are
commonly used to encapsulate chloroquine, in which the efficacy of the drug depends on how well it is
delivered and taken up by the cell [85, 96]. In general, both the RNA and S proteins are the major components
of the coronavirus that have been used in the development of various SARS-CoV-2 vaccine classes.
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3.3. mRNA in COVID-19 Vaccination

As the novel SARS-CoV-2 virus has quickly turned into a pandemic and spread over the world [97],
there is a pressing need to develop effective and safe vaccinations to combat it. Accordingly, several studies
are taking place in universities, pharmaceutical, and vaccine companies in an attempt to obtain efficient
vaccines to escape the pandemic under the continuous pressure of health care and economic crisis. The first
clinical trial for developing a vaccine against SARS-CoV-2 began in March 2020 (NCT04283461) [98]. Among
all the approaches advanced to develop an effective vaccine against SARS-CoV-2, the mRNA-based vaccine
has been considered as an efficient one. As mentioned in earlier sections, using mRNA leads up to no potential
risk of infection or genome integration, requires no entry to the nucleus, and can be developed very quickly
and easily [99]. For example, Moderna's mRNA-1273 vaccine took only 42 days to enter Phase I clinical trials
as the first mRNA vaccine against COVID -19 in the United States [58].

The working principle of the SARS-CoV-2 vaccine is the same as any vaccine. When the body encounters
the virus, the immune system can recognize, fight and eliminate the virus by producing antibodies specific to
the virus proteins [58]. While utilizing mRNA technology, SARS-CoV-2 proteins could be expressed in the
body and accordingly relevant antibodies would be produced as a response.

In addition to a bright 30-year history of using mRNA-based technologies, utilizing mRNA vaccines
reached its peak of popularity when used against COVID-19 pandemic which negatively influenced the whole
world.

For instance, COVID-19 mRNA vaccine, BNT162b2, which was introduced to the market by Pfizer-
BioNTech and was used under the emergency use list by WHO in January 2021, consists of an mRNA sequence
encoding a disease-specific spike protein (antigen) [20].

Elia et al. [99] have synthesized several structurally distinct ionizable lipids and studied them for in
vivo delivery of mRNA-LNPs in the form of LNPs for vaccine applications. This study demonstrated the
development of a specific humoral and cellular response to the RBD as well as the immune system response.
The LNPs were prepared by mixing the lipids and mRNA in a microfluidic mixing device. The average size
of the LNPs was less than 100 nm in diameter. The results of the study have shown the possible use of the
lipids obtained as advantageous candidates for the synthesis and development of COVID -19 vaccines. In this
line, Zhang et al. [88] have developed a lipid nanoparticle-encapsulated mRNA (mRNA-LNP) encoding the
RBD of SARS-CoV-2, called ARCoV. The synthesized ARCoV particles possessed a homogeneous morphology
of solid spheres that lack an aqueous core, which is a major difference between RNA-loaded LNPs and
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conventional liposomes and were characterized by a size of 88.85 nm and encapsulation efficiency of more
than 95%. Two doses of ARCoV immunizations have been administrated, while the produced neutralizing
antibodies have been evaluated in BALB/C mice and cynomolgus monkeys (Macaca fascicularis). The study
data from the cynomolgus monkey model showed that 100 ng of ARCoV was sufficient to induce high
neutralizing antibodies. Simultaneously, applying 1000 ng of ARCoV to the model resulted in no apparent
adverse effects, which highlights the safety profile of the mRNA- LNPs formulation. Moreover, complete
protection against SARS-CoV-2 mouse-adapted strain has been seen in mice after ARCoV mRNA-LNPs
immunization. Hence, ARCoV is currently being evaluated in phase 1 clinical trials. Nevertheless, ARCoV has
been manufactured in liquid formulation and thus could be stored at room temperature for at least one week
(Zhang et al. 2020). This feature made ARCoV overcomes one of the most serious problems facing mRNA
vaccines; the need for ultracold storage to preserve their entity, as in the storage of mRNA vaccine BNT162b2
which requires -75 °C for up to 6 months or 2 °C to 8 °C for up to 5 days to maintain its potency [58]. However,
in this study, the experiments have been only applied to the adaptive mouse strain of SARS-CoV-2, which
may be considered a limitation. Furthermore, the duration of neutralizing antibodies induced by ARCoV has
not been determined.

Elia et al. have investigated the in vivo efficacy of an LNP-encapsulated human Fec-conjugated SARS-
CoV-2 receptor-binding domain (RBD-hFc)-based mRNA vaccine containing an ionizable lipid less than 57
nm in size (RBD-hFc mRNA LNPs) [100]. In this study, the K18-hACE2 mice models have been administered
intramuscularly with 5 ig RBD-hFc mRNA LNPs. In the vaccinated group, 70% of animals given a lethal dose
of SARS-CoV-2 survived in comparison with the control group (unvaccinated animals). Huang and co-
workers [97] have developed a new vaccine based on nucleoside-modified mRNA. The main objective of this
study was to exploit the synthesized vaccine to provide long-term protection against SARS-CoV-2 using a
single dose of mMRNA-RBD. The nucleoside-modified mRNA, after achieving endosomal escape, has been
translated into SARS-CoV-2 receptor binding domain RBD. The vaccine has been encapsulated by LNPs and
contained the modified nucleoside N1-methylpseudouridine. Based on a ribogreen fluorescence assay, the
encapsulation efficacy of mRNA-RBD was greater than 92%. In addition, the distinct response of LNPs in
different pH environments helped in making the endosomal escape process easier. The overall size of the
encapsulated vaccine was up to 78 nm. The results of the study showed that in applying a single dose of
nucleoside-modified mRNA vaccine, high levels of neutralizing antibodies were maintained for at least 6.5
months, which reflects the efficient long-term protection the vaccine offers.

Among the candidate vaccines that emerged recently, a study has been published in April 2021 that
intended to develop a vaccine that can get its efficacy in only one dose [101]. The vaccine, which has been
named LUNAR-COV19 (ARCT-021 vaccine), targeted the full-length and unmodified SARS-CoV-2 S protein
using a self-replicating mechanism. The study demonstrated the high potential of utilizing LUNAR-COV19 as
a single-dose vaccine. Indeed, at this time this vaccine is in phase II. [101, 102].

RNACctive® technology has developed a vaccine encapsulated with LNP called CVnCoV, which targets
the full-length, pre-fusion stabilized spike protein. The uniqueness of this vaccine was manifested in its
nucleotides. In which the nucleotides that made the mRNA sequences here are non-chemically modified,
which enhances the expression of the protein of interest and decreases the required dose amount [103].
Curevac is another mRNA-based SARS-CoV-2 vaccine that uses nucleotides without any chemical
modifications. This vaccine has also been developed to get translated into a full-length spike protein
encapsulated with LNP. The vaccine has been applied to various animals and the results have shown that the
vaccine elicited the neutralizing antibody titers similarly to the sera taken from patients who recovered from
COVID-19 [104].

In an interesting study, Lu et al. [105] developed three candidate mRNA vaccines (RQ3011-RBD,
RQ3012-Spike, and RQ3013-VLP) for COVID -19 that can encode different forms of antigens in vaccinated
hosts. In which, (I) RQ3011-RBD encodes the receptor-binding domain of the S-glycoprotein (residues 331-
524) of SARS-CoV-2. (II) RQ3012 spike encodes the full-length wild-type S. (III) RQ3013-VLP: a cocktail of
mRNAs encoding three structural proteins: S, M, and E, to form SARS-CoV-2 virus-like particles (VLPs). As
in many studies, LNPs have been utilized to package mRNAs. The efficiency of mRNA encapsulation of all
three LNP vaccine candidates was more than 98%, with an average size of 100 nm in diameter.
Immunogenicity evaluation in mice showed that mice receiving the RQ3013-VLP exhibited the strongest
immune response. Since the RQ3013-VLP candidate contains both M and E mRNA, M- and E-induced protein-
specific immunoglobulin G was analyzed in mice receiving the RQ3013-VLP [51]. Results have shown that
mice vaccinated with RQ3013-VLP had not induced M- or E-specific antibodies, while the mice received
RQ3011-RBD had not shown any detectable neutralizing antibodies (NAbs). However, mice receiving the
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RQ3013-VLP had prompted a 2.5-fold NADbs titer higher than mice receiving the RQ3012 spike vaccine. Yet,
RQ3011-RBD (2 pg RNA/dose) has not been able to induce efficient immunogenicity in mice. Therefore,
possible improvements could enhance the immunity of an RBD-encoding mRNA vaccine. The results
suggested that the vaccine contains S in the secreted vesicles, as VLPs induce high immunogenicity. Therefore,
these data affirmed the power of using the VLP strategy in the development of mRNA vaccines for COVID-
19.

Other approaches have been applied to develop efficient vaccines, called self-amplifying RNA (saRNA).
saRNA is a type of mRNA that is resistant to nuclease enzymes and could be translated into any GOI, whereas
conventional mRNA-based vaccines encode only the GOI with 5 and 3' untranslated regions (UTRs) [106]. In
a study done by Gustavo Lou and co-workers [107], an mRNA-based rabies virus glycoprotein (RVG) vaccine
using the self-amplifying method has been developed. The authors studied the differences between using
cationic LNPs and ionizable LNPs in vaccine delivery. They have illustrated that the cationic LNPs based on
the use of different lipids represent an efficient alternative to the ionizable LNPs in delivering self-enhancing
vaccines. While both cationic LNPs and ionizable LNPs elicited strong humoral and cellular-mediated
immune responses in mice.

Here, it is important to note that the LUNAR-COV19 vaccine trial that was previously stated likewise
relied on the utilization of self-transcribing and self-replicating mRNA technology [108]. In another study,
McKay et al. [106] presented self-amplifying RNA encoding the SARS-CoV-2 spike protein, encapsulated
within an LNP as a vaccine. In mouse sera, the authors discovered remarkably high and dose-dependent
SARS-CoV-2 specific antibody titers, as well as robust neutralization of both pseudo-virus and wild-type virus.
Additionally, the study compared the immunogenicity of the SARS-CoV-2 saRNA LNP vaccine with the
immunological response of natural infection in COVID-19 recovered patients. The findings revealed that not
only neutralization was proportional to the quantity of particular IgG but that the quantity produced is also
larger than in recovered COVID-19 patients.

4. CONCLUSION

In addition to a bright 30-year history of using mRNA-based technologies, utilizing mRNA vaccines
reached its peak of popularity when used against COVID-19 pandemic; which negatively influenced the whole
world. Nevertheless, to achieve its targets, some problems need to be seriously taken to outdo, such as mRNA's
high affinity in promoting undesired immunogenicity, its large size, high negative charge, and rapid
degradation. mRNA delivery systems are the key to overcoming the flaws of mRNA. However, due to the
limitations allied to some nanocarriers used in mRNA delivery, their mass production is still forming an
obstacle in their employment in pandemic situations. Currently, nanoparticle-based delivery systems, mostly
consisting of a lipid and polymer-based materials offer promising opportunities to address the many
challenges in this field. The advent and emergence of LNPs as delivery vehicles specifically was a milestone
in the development of mRNA vaccines in general and COVID-19 vaccines in particular. On the other hand,
although mRNA vaccine studies have had a lot of success, mRNA delivery still requires more investigation.

Overall, mRNA vaccines represent an exciting new avenue for traditional vaccination methods because
of their great potential, fast growth capacity, and their possible safe delivery. Therefore, with the current
technological advancements, mRNA vaccines have become widely used against infectious diseases headed by
COVID-19.
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