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Abstract: There is no doubt that infectious diseases present global impact on the economy, society,
health, mental state, and even political aspects, causing a long-lasting dent, and the situation will
surely worsen if and when the viral spread becomes out of control, as seen during the still ongoing
coronavirus disease 2019 (COVID-19) pandemic. Despite the considerable achievements made in
viral prevention and treatment, there are still significant challenges that can be overcome through
careful understanding of the viral mechanism of action to establish common ground for innovating
new preventative and treatment strategies. Viruses can be regarded as devil nanomachines, and one
innovative approach to face and stop the spread of viral infections is the development of nanoparticles
that can act similar to them as drug/vaccine carriers. Moreover, we can use the properties that
different viruses have in designing nanoparticles that reassemble the virus conformational structures
but that do not present the detrimental threats to human health that native viruses possess. This
review discusses the current preventative strategies (i.e., vaccination) used in facing viral infections
and the associated limitations, highlighting the importance of innovating new approaches to face
viral infectious diseases and discussing the current nanoapplications in vaccine development and the
challenges that still face the nanovaccine field.
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1. Introduction

Despite the considerable achievements made in the field of infectious diseases, partic-
ularly in the context of viral infections, viruses are still responsible for a wide number of
global hospitalizations and death, with a disease burden of over 420 million infection cases
in 2019, prior to the coronavirus disease 2019 (COVID-19) pandemic period [1]. In addition,
the effectiveness of synthetic agents (anti-viral, vaccines) designed for the treatment or
prevention of the infectious diseases is still limited by many challenges [2–4], including
severe systemic side effects, drug tolerance, and drug resistance, which in light of the most
recent pandemic, presents a global health issue. Furthermore, the rapid emergence of new
viruses through evolution makes the situation even more complex [5,6]. With scientists
focusing on discovering new antiviruses and vaccines, we and others believe that more
effort should be made toward finding creative strategies that will unleash the maximum
efficacy of the currently available antivirals and vaccines [7,8]. Furthermore, these strategies
can be employed to overcome the safety concerns associated with the use of the different
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types of vaccines. Consequently, new vaccines can be developed for infectious diseases
using these strategies, which will be the focus of this review.

Vaccination is the most cost-effective strategy to control viral pathogenicity and trans-
mission, thus counteracting infectious diseases. Vaccinations have saved and are currently
saving millions of lives, having reduced the mortality rate in pediatric ages by 60% from
2000 to 2019 (from 9.92 to 5.30 million), although in 2019, vaccine-preventable deaths
represented 22% of the under-5 deaths worldwide [9]. Conventional vaccines are often
based on: (i) attenuated viruses, (ii) killed pathogens (inactivated), and/or (iii) subunits of
protein antigens, which will then elicit specific immune responses (Figure 1).
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Even though these vaccines have allowed for the prevention, or the control, of several
viruses such as rubella, yellow fever, polio, and measles, and even eradicated some viruses
such as smallpox [10,11], some vaccines still require safety and efficacy improvement mea-
sures. Thus, the vaccine formulation strategy has turned to different technologies, such
as the split-product and cell culture subunit vaccines, where the virions are disassembled
and the viral component purified, or the recombinant subunit vaccine, where the anti-
gen protein is produced through recombinant DNA technology in expression vectors as
mammalian and bacterial cell cultures [12]. Although the subunit vaccines are safe, they
present some drawbacks such as low immunogenicity and failure in generating a solid and
efficient immune response by the host. Especially in individuals in fragile periods of life,
such as younger children (below 5 years old) and in the elderly, when the vaccination fails
to generate an efficient immunization, these subjects are more susceptible to infections [13].
To overcome this issue, adjuvants can be added to the vaccine formulation, improving the
level of immunization; currently, aluminum salt-based adjuvants are the most employed
type [14].

In addition to that, we still need to overcome the antigenic drift, which may lead to the
development of “universal vaccines”, with more formulations inducing broad-spectrum
immunity being investigated. Taking this into perspective to the still ongoing pandemic,
COVID-19 has killed over 6.16 million persons thus far, it was not until very recently that
several universities/companies started working on developing a pan-coronavirus vac-
cine [15,16]. As an example, the USA army started developing a pan-coronavirus vaccine
showing efficacy against both SARS-CoV-1 and SARS-CoV-2 (and its variants of concern—
VOC) that is now in phase I human trial (ClinicalTrials.gov Identifier: NCT04784767) [17].
However, older viruses, such as the influenza virus, have been responsible for a consider-
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able number of deaths as well. Merely one century ago, it was evaluated that the Spanish
flu killed 20–40 million persons in 1918, and two less severe pandemics occurred in 1958
and 1968 [18]; actually, the World Health Organization (WHO) estimates the annual death
burden of influenza to be 250,000–500,000 deaths globally. The death rate could be higher,
especially with the influenza-associated respiratory complications and other supervened
respiratory infections related to the influenza virus [19]. Such considerable death rates
across new emerging viruses and the dreadful ones that have been there for decades re-
quires careful thinking about how we study and handle viral infections. Looking through
the literature, we can find that considerable amounts of attempts and studies focused on
developing innovative prevention and treatment strategies for different viral infections.
These attempts can be linked together to find common grounds and shared perspectives to
build a unique platform that could be used to face new viruses in the future.

2. Challenges of Vaccine Development

In spite of the recent progress in the development of conventional vaccines, further,
improvement is still required, especially to increase the immunogenicity and reduce toxicity,
instability, and side effect issues [20]. Additionally, synthesizing conventional vaccines is
quite expensive, and the yield is often meager. Vaccine development is very challenging,
with the most notorious hurdles seen during the transition from the laboratory to the
clinical trial-enabling activities. Such hurdles include (i) vaccine synthesis, (ii) determining
optimum concentration, (iii) studying pharmacokinetics/pharmacodynamics of the synthe-
sized vaccine, (iv) manufacturing process complexity, and (v) difficulty in optimizing the
analytical and clinical assays. Additionally, it is important to keep in mind that vaccines are
not simple laboratory-synthesized chemical moieties; instead, they are designed to induce
a protective immune response in healthy individuals, thus, requiring heavy synthesis and
concentration assessments followed by pre-clinical assessments in biological systems that
are close enough to the human’s body. A process that could take several years before
receiving regulatory approvals for use in clinical trials [21].

Of the different conventional-vaccine types, the live-attenuated pathogens present a
low risk of conversion to pathogenic virulence, while inactivated vaccines may be asso-
ciated with weak immune responses [21]. Current conventional techniques used in the
vaccine development field have reached their limits, which is where nanomedicine comes
in handy to improve the efficacy of the current conventional formulation. Many studies
suggest that incorporating nanoparticles in the vaccine synthesis can elicit a more vigorous
immune response [22,23]. Many nanoparticles present immunomodulatory effects and can
function as both delivery systems, and immunostimulatory adjuvant [24–26], in addition
to acting alone as immune potentiators, enabling them to overcome the current limitations
associated with the traditional adjuvants. Moreover, nanoparticles offer controlled and
sustained release, thereby extending the half-life of the loaded vaccines [27]. A new gen-
eration of nanoparticle-based vaccines that promote enhanced antigen presentation and
strong immunogenicity are being studied to overcome the limitations of the conventional
and subunit vaccines [28]. These nanoparticles are synthesized from either biological or
synthetic sources. For this purpose, different engineered nanoparticles have been devel-
oped thus far, including lipids, liposomes, emulsions, polymeric nanoparticles, inorganic
nanoparticles, immunostimulatory complexes (ISCOMs), virus-like particles (VLPs), and
metal and nonmetal organic and inorganic nanoparticles [28,29]. Despite the many physic-
ochemical properties engineered nanoparticles have, they are still associated with some
issues that need to be improved. Nanoparticles’ composition, size, morphology, charge,
hydrophobicity, and route of exposure are significant aspects that elicit the nanoparticles’
toxicity and immune responses. Therefore, physicochemical characteristics and nanotoxi-
cology need to be thoroughly investigated before considering nanoparticles to be used as
vaccine carriers [30].

Nanoparticles provide an option of different routes of administration, as some of
them can be administered subcutaneously, and others are given through intramuscular
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injections or the mucosal sites (intranasal, oral, and sublingual) [31–33]. Recent progress in
nanomedicine has paved the way for preparing nanoparticles with unique physicochemical
properties, with many parameters such as size, shape, surface chemistry, hydrophilicity, and
solubility being tuned and designed, allowing for the possibility of tailoring them for differ-
ent biological purposes [34]. Furthermore, depending on the nanoparticles’ physiochemical
properties, they could be used to incorporate single or multiple molecules, including anti-
gens and nucleic acids, making them highly interesting in vaccinology. Nanoparticles either
exist naturally in the environment or can be engineered in the laboratory [35]. Engineered
nanoparticles have more to offer, as they can be designed to either target or avoid interac-
tions with the immune system. These attractive properties have led to the development of
the nanovaccine field, where vaccines are incorporated into the nanoparticles through: (i)
conjugation (covalent functionalization), (ii) encapsulation (physical entrapment within
the nanoparticles), and (iii) adsorption (on the surface of the nanoparticles) [29], which
protect the native antigen from proteolytic degradation and/or improve antigen deliv-
ery to antigen-presenting cells (APCs) [36]. The APC system plays an important role in
innate and adaptive responses, and it consists of professional and nonprofessional cells.
Professional APCs include B-cells, macrophages, and dendritic cells (DCs), and these cells
present antigens to helper T cells. Conversely, non-professional APCs, including thymic
epithelial cells and vascular endothelial cells, function as antigen presenters only in specific
circumstances and for brief periods [37,38].

3. Toward Overcoming Challenges Facing Vaccine Development: Think like a Virus

However, why rediscover and design nanoparticles to be used as vaccine carriers to
face the natures’ devil nanoparticles (viruses)? Instead, we need to think and act like viruses
and use the various attractive properties viruses provide in designing viral-mimicking
nanoparticles. Different viruses have different affinities to different cells, tissues, organs,
age susceptibility, the environment, and other criteria that we can use to achieve selective
and targeted delivery. For these reasons, it might be ideal to use viral shells as nanocarriers
for the development of nanovaccines. The most toxic and dangerous part of the virus is the
genetic component inside the shell, but if we studied the different viral shells that have been
around us for years, while designing synthetic structures that mimic them, we can end up
having different nanocarriers with different viral mimicking properties. Viruses have many
attractive properties that can be used in designing nanodrugs and nanovaccines: immune
system evasion, physiochemical characteristics, biodistribution, tissue tropism, specific
high-affinity receptors, cell entry, and endosomal escape. A quick literature screening
shows the progress of the nanoformulation-based vaccines status during the past few
decades. A PubMed search of the keywords nanoparticles and vaccines returns 5850 results,
with only 70 articles before 2003 and 5780 after that. Furthermore, the year 2021 showed the
highest amount of publications in this area, with 1136 returns. Thus far, there are different
types of nanoparticle-based vaccines approved for human use, with SARS-CoV-2 vaccines
being the most recent ones. Therefore, later in this review, we focus on the SARS-CoV-2
nanovaccines. The huge jump in the nanovaccines scientific research and the gathered
information can be used to find common ground and shared perspectives to build a unique
platform to help face new viruses in the future.

Currently, the vaccines exploiting nanoformulations include nucleic acid vaccines
encapsulated in lipid-based nanoparticles, virus-like particle (VLP) vaccines, and viral
vector vaccines (VVV) (Figure 2).
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4. Examples of Current Nanoformulation-Based Vaccines
4.1. Nucleic Acid Vaccines Encapsulated in Lipid-Based Nanoparticles—RNA and DNA Vaccines

Among the nucleic acid vaccines, RNA vaccines are the most promising approach and
can be divided into two main categories: non-replicating mRNA and self-amplifying mRNA
(saRNA). mRNA vaccines are produced from linear DNA, resembling fully processed
mRNA (open reading frame flanked by UTR, with a 5′ cap and poly (A) tail). Some
chemical modifications to the nucleotide can be used to improve the stability of the mRNA
molecule [39]. SaRNA vaccines are genetically engineered nucleic acids derived from
self-replicating single-stranded RNA viruses lacking the capability to produce infectious
virions. Only the genetic material is able to replicate, further incrementing the yield of
intracellular RNA for protein translation. Therefore, the vaccine can be inoculated in a
single dose and at lower concentration [40]. mRNAs are usually processed within the
cytosol, where they can be directly translated into proteins [39]. Animal studies have
shown that after injection into the muscle, mRNA molecules are engulfed by APC cells,
such as DC and monocytes and are delivered to the draining lymph node [41]. Additionally,
it has been observed that mRNA vaccines can present direct passive trafficking toward
lymph nodes, where B lymphocytes are able to capture the lipidic nanoparticle, although
this route appears to be less frequent with respect to cellular transport through APCs [42].
In the lymph nodes, lymphocytes type B will interact with the antigens presented by APCs
and activate the following immunological cascade, resulting in type B differentiation and
antibodies production [43]. Moreover, foreign mRNA inside the cells is also sensed by
pattern recognition receptors such as toll-like receptors 3, 7, and 8 and by retinoic-acid-
inducible gene I (RIG-I) and melanoma differentiation-associated 5 (MDA5), which in turn
stimulate type I interferon response [44].

Until now, the major drawback of mRNA vaccines has been related to their stability
limitations both during and after injection into the host. Nevertheless, great advancements
were made with lipid-based nanoformulations that preserve mRNA integrity and at the
same time enhance the efficiency of their delivery in host cells. Moreover, mRNA construct
optimization has also been introduced to improve nucleic acid durability [45]. The mRNA
vaccine can elicit a strong immune response, an advantage and disadvantage at the same
time. Besides immunization against the infectious agent, in a minority of the cases it
may lead to an exaggerated immune reaction and adverse effects [46]. However, in the
recent pandemic, mRNA vaccines have shown great efficacy in terms of immunogenicity,
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although multiple doses are needed to maintain that immunity, with the EMA and ECDC
recommending a fourth dose for mRNA vaccines in fragile subjects and elderly [47].

The other nucleic acid vaccine type is the DNA vaccine, which is based on a plasmid
vector where the gene of interest is inserted. Once internalized by the cells, DNA will be
transcribed to RNA and transduced to protein. However, while RNA vaccines are processed
in the cytoplasm, DNA vaccines need to be transported to the nucleus to be functional [48,49].
A major issue with DNA vaccines is the route of administration. To efficiently enter into the
nucleus, DNA vaccines need the employment of specific delivery systems to obtain a high
efficiency of transfection [45]. Physical methods include jet injectors, gene gun delivery,
electroporation, and microneedle array-based delivery; other techniques use liposomes,
virosomes, and other synthetic and natural nanoparticles, exploiting endocytosis by host
cells [50]. Immunogenicity is generally lower with respect to those of mRNA vaccines,
requiring multiple doses and the contemporaneous presence of adjuvants. An adverse
effect to be taken into consideration is the generation of anti-DNA antibodies [46]. The
great benefits of nucleic acid vaccines include non-residual infectivity, the avoidance
of anti-vector immunity and their expression of residing in the host cells not needing
microbial molecules for transcription and transduction. Moreover, they present a low cost of
production, high scalability, rapid development from the design to the manufacturing stage,
and the adaptation to serve the new emerging variants of the target microorganisms [51].

Effective and stable delivery systems are required for the safe delivery of mRNA and
DNA to ensure its in vivo function. Lipid nanoparticles were shown to protect nucleic acid
from degradation and maintain cellular uptake and nucleic acid release. The potential of
lipid-based nanoparticles as drug delivery systems was recognized almost immediately
after their discovery [52]. Lipid-based nanoparticles, particularly liposomes, were first
discovered in 1965, while mRNA was discovered in 1961, with the first mRNA-liposome
nanoformulation being prepared in 1993 to be used in the influenza vaccine [52]. Moreover,
lipid-based nanoparticle–mRNA vaccines have been thoroughly investigated and success-
fully entered into clinical trials [52]. Additionally, they recently marked a critical milestone
for mRNA therapeutics when they were used to face the COVID-19 pandemic. The progress
made since the 1960s in both mRNA technologies and lipid nanoparticle-based delivery
systems allowed for the rapid development of the current COVID-19 vaccines. During
the process of finding the optimum carrier for the COVID-19 vaccine, a variety of lipid
nanoparticles were explored and optimized until the current ones were selected, which
resulted in the generation of valuable information about different types of lipid nanoparti-
cles that could be used for future improvement and design of different lipid-mRNA based
nano-therapeutics [52].

The four different lipid components thoroughly investigated and used for the COVID-
19 vaccines were: a neutral lipid distearoylphosphatidylcholine (DSPC), cholesterol, a
polyethylene glycol (PEG)–lipid and an ionizable cationic lipid. Previous studies showed
that both the neutral lipid and cholesterol provide the lipid nanoparticle with bilayer
stability and fusogenic properties [7,8]. PEG–lipids are used to control particle size and
to prevent particle fusion and aggregation [9]. Finally, the most important component of
the mRNA–lipid vaccine is the ionizable lipids that are used to: (i) enhance the effective
and high encapsulation of the negatively charged mRNA, (ii) maintain the neutral charge
of the nanoparticle at physiological pH, and (iii) reduce the cationic charge associated
toxicity that prolongs the nanoparticle’s circulation lifetime [53]. Noteworthy, ionizable
cationic lipids are considered the most promising delivery vectors for DNA, as they form
lipid/DNA complexes. Such complex formations protect the DNA content from being
digested by nucleases in addition to their ability to cross the cellular membrane and access
the cytoplasm, which can be used for macrophage targeting as well as activating different
elements of the immune system [54]. Furthermore, lipid nanoparticles can improve the
delivery efficacy of mRNA and DNA by rationally designing and modulating lipids to
increase their cellular uptake and to enhance their endosomal escape to achieve organ-
specific and cell-specific delivery, which can be further explored and used for targeted
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drug delivery [52]. However, lipid nanoparticles are accompanied by some drawbacks
that may limit their use. Such drawbacks include side effects and toxicity concerns, scale-
up challenges for sterile production, size control challenges [55], the possibility that the
mRNA and DNA might affect the lipid structures, and the thermal sensitivity of such
complexes requiring specific storage temperature [56]. In addition, unfunctionalized or
unmodified lipid nanoparticles could have significant limitations, including short blood
half-life, lack of targeting selectivity, and instability in vivo. Such shortcomings can be
overcome by improving the lipid nanoparticle formulations and designs, in addition to
choosing the optimum lipid nanoparticle, as different lipids have varying advantages and
disadvantages [55].

4.2. Virus-like Particle (VLP)

Nanoparticles with optimized viral infection machinery often incorporate virus pep-
tides or proteins into their composition, called VLPs [57]. In 1986, Smith et.al [58] discovered
the precipitation of particles presenting antigenic sites on the surface of the sera of patients
with leukemia, Down’s syndrome, and hepatitis. However, the biological nature of these
particles remained unknown [58] until the late 1970s and early 1980s, when the concept of
VLP-based vaccines was introduced; however, it was not until 1989 that the first VLP was
approved, which was Engerix-B (HBV vaccine) [59]. VLPs are 20–200 nm self-assembled
nanostructures composed of viral proteins (capsid, envelope or core viral proteins), but they
lack the genetic materials hindering them non-infectious. VLPs can be formed of single,
double, or triple layers and can present one or multiple proteins. Moreover, they can be
enveloped or non-enveloped, thus reflecting the virion shape [60]. Their unique targeting
properties make them suitable carriers for the delivery of small drugs, proteins, peptides,
and genes [61]. Currently, recombinant viral proteins used in the synthesis of VLPs can be
expressed in the laboratory using a wide range of expression systems, including plants,
yeast, baculovirus/insect cells, prokaryotic cells, mammalian (i.e., CHO, BHK.21, HEK293,
CAP-T, Vero 9, ELL-o) and avian cell lines [62,63]. Once prepared, they are then purified
from the cellular components; however, it is hard to guarantee that the yield will be 100%
free of any cellular components. Therefore, cell-free protein synthesis techniques have been
developed to express and produce VLPs in vitro [63]. Usually, VLPs are synthesized by
assembling proteins taken from a single virus type; however, they can also be created using
the structural proteins from different types of viruses (i.e., chimeric VLPs). Different struc-
tural viral proteins from human immunodeficiency virus (HIV), adeno-associated virus,
hepatitis B virus (HBV), hepatitis C virus (HCV) and bacteriophages have been previously
employed to create VLP. Furthermore, VLPs can be incorporated with other nanomaterials
such as lipids; such incorporation enhances viral binding and uptake by the target cells,
increasing the encapsulated drug’s payload in the cytoplasm. Furthermore, VLPs are
synthesized through the conjugation of the viruses’ functional components, including the
host cell’s receptor-recognition domain of the viral protein [57].

VLPs present the advantages of eliciting a strong immune response due to their
intrinsic viral structures, while avoiding the risk of replication, as they lack the viral genome,
making them particularly safe. Therefore, many VLPs can spontaneously stimulate the
immune system, although some adjuvants and immunomodulators can be inserted into the
formulation [60]. The first VLP–based vaccine formulations were two anti-HBV vaccines;
they were composed of self-assembled HBsAg and were approved for human use more
than 30 years ago by the FDA and 20 years ago by the EMA. Then, in the 2000s, the self-
assembled HPV L1 capsid protein was approved against human papillomavirus (HPV)
infection [60]. VLPs have unique advantages that favor them from other nanoparticles.
Such advantages include: (i) their ability to morphologically resemble the structure of
the parent virus, (ii) their retention of the parent virus’s immunogenic surface structure,
(iii) their retention of the parent virus’s cell uptake and immune processing pathways,
(iv) possessing a variety of shapes and structures, and finally (v) being devoid of an
intact virus genome. Moreover, VLPs themselves are nonpathogenic and incapable of
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replication or infection, which increase their safety profile [64,65]. The ability of the VLP
to elicit the parent virus’s immune response while having a high safety profile is unique
and makes them one of the state of the art nanoparticles to be used as vaccine carriers.
However, similarly to the other nanoparticles, VLPs are accompanied with drawbacks
associated with design, formulation, purification, stability, storage, immunogenicity, and
clinical vaccine efficacy [64]. The fact that VLPs do not have the viral genome affects their
stability during the processing steps (e.g., synthesis, purification) and in vivo, which is
why VLPs are further modified by coating or enveloping them with other materials (e.g.,
proteins, polymers, lipids). Additionally, the expression levels of VLPs vary, as budding
from the cell membrane is a key step for VLP formation. This step is also associated with
many impurities from the host cell, including cell debris, proteins, DNA, and lipids that
represent a great challenge, as it can be hard to completely purify the VLP from all these
impurities [65].

4.3. Viral Vector Vaccines (VVV)

VVVs exploit non-pathogenic and harmless genetically engineered viruses. The viral
genome is modified by inserting the gene of interest for the expression (generally a struc-
tural protein from another virus), and the gene related to virulence is removed, rendering
the virus replication incompetent or less virulent [66]. A major limitation for VVVs is the
need for another serotype in the booster and the pre-existing immunity concerns [67,68].
In the early 1990s, a new generation of recombinant and DNA-based vaccines was de-
veloped; however, these vaccines were associated with many disadvantages, including
the activation of oncogenes, having low immunogenicity, and elicitation of anti-DNA
antibodies [69,70]. Different types of viral vectors are currently exploited, poxvirus and ade-
novirus being the most employed. Other vectors include adeno-associated virus, retrovirus,
lentivirus, cytomegalovirus, and sendai virus [68]. Preparing nanoparticles that contain
both synthetic and viral components led to the establishment of a novel class of delivery
materials. This class combines both the virus and functional synthetic material proper-
ties [57]. For instance, in 2011, Kostiainen et al. [71] successfully synthesized nanoparticles
consisting of temperature-switchable polymers that were fabricated with chlorotic mottle
virus (CCMV) [71]. The CCMV modified the synthetic material’s physical properties, as
the synthesized nanoparticle displayed temperature-dependent assembly/disassembly
properties [57]. The viral structure was tightly linked to their biological function, as it
protected the genome in the inner space of the virion from exogenous degradation. The
outer layer of the virions displayed unique surface proteins that helped the virus to identify
and target the host cells. Once identified, these proteins interacted with the receptors
presented on the host cell membrane, inducing the release of the inner core inside the cell,
which was followed by the successful transportation of the genome to the host’s nucleus.
This unique structural hierarchy used by viruses could be further utilized in developing a
rational strategy to be used for intracellular drug delivery. These nanoparticles (virus-like
nanoparticles) could consist of a “core-shell” structure prepared from non-viral compo-
nents, while the outer shell consists of viral components including proteins specific to the
desired host cell [57]. Viral-based nanoparticles are a highly promising field that offers a
wide range of smart delivery systems that could be activated to release their inner cargo
when subjected to stimuli such as changes in temperature, pH, as well as other physical
and chemical conditions. Bacteriophages and plant-based viruses are usually favored over
mammalian viruses, as they cannot proliferate in humans, minimizing the risk of triggering
undesired side effects. Non-human enveloped virus nanoparticles are a composite of two
parts: the first part is the empty capsid, an outer protein shell that makes the nanoparticle
resemble the native virus in morphology, and the loaded material. The unique structure
of the viral-based nanoparticles, in addition to their ability to disassemble under certain
conditions, offers a convenient yet powerful targeted drug delivery strategy [72].

Moreover, viral-based delivery systems are remarkable novel carriers that can effi-
ciently encapsulate and deliver the loaded cargo. However, they usually require a host
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for the production and purification procedures, which may come at a high cost. More-
over, these nanoparticles have a higher risk of triggering immune responses. Hence, these
two challenges make it essential for developing tuning techniques that can enhance the
nanoparticle’s stability, immunomodulatory effect, targeting specificity, and thus local-
ization properties [73]. Such tuning techniques involve the incorporation of materials
in the synthesis of the viral nanoparticles. The incorporation will subsequently improve
the nanoparticle properties that stem from its size, shape, and composition to the viral
properties (e.g., targeting proteins) affecting the type of cell targeted, the mode of cellular
uptake, and intracellular trafficking. Moreover, existing nanoparticles can be coated with
viral proteins to mimic the virus. Additionally, it is crucial to study the nanoparticles’
uptake, escape, and trafficking mechanism, as these mechanisms often involve different
signaling cascades that can affect the cells/organs or tissues in the long term [73].

Currently, there are many viral vectors to choose from for VVV development; therefore,
when designing a VVV for a specific infection, the handling of viral vectors, the preferred
route of administration, and safety should all be considered [74]. Using VVV for viral infec-
tions is beneficial, as it is a well-established technology, it offers strong immune response
that involves B cells and T cells, and it does not require adjuvants. However, this technology
has some drawbacks and faces other challenges; for example, previous exposure to the
vector could reduce effectiveness, minimizing its ability to produce the required immune
response. Despite the fact that the commercial manufacturing process of viral vectors had
been developed decades ago, the synthesis of VVV requires product optimization in order
to fulfill the requirements of quality and cost-efficiency. Such requirements are due to the
complexity of viruses, which makes manufacturing the second main challenge associated
with VVV development. VVV requires living cell lines that contain the missing components
to replicate, which is achieved using adherent cell system or cells grown in suspension.
Both ways are complicated, as they are associated with the difficulty of maintaining good
balance between high recovery yield, impurity clearance and the reduction of cost [75].

Table 1 describes some examples of viral nano-based vaccines already employed in
different clinical trial stages.

Table 1. Viral nano-based vaccines in different clinical trial stages.

Vaccine Candidate Infectious Diseases Type of Nanoformulation Clinical Trials. Gov
Identifier: Phase

NanoFlu (Quad-NIV) Influenza A and B Matrix M nanoparticles NCT03658629 III

RSV F Particle Vaccine Respiratory syncytial
virus infections Protein nanoparticle NCT02624947 III

PepGNP-Dengue Dengue virus Dengue virus peptides on a
gold nanoparticle NCT04935801 I

EBV gp350-Ferritin
Vaccine Epstein–Barr Virus

Epstein–Barr virus (EBV)
gp350-Ferritin nanoparticle

vaccine adjuvanted with
Matrix-M1

NCT00106769 I

VRC-HIVDNA016-00-VP,
+ VRC-HIVADV014-00-VP

(boost)
HIV

Experimental multiclade HIV
DNA plasmid vaccine,

(VRC-HIVDNA016-00-VP),
followed by a boost dose of
adenovirus-vector vaccine
(VRC-HIVADV014-00-VP)

NCT00125970 II

ChAdOx1 MERS MERS-CoV

Replication-deficient simian
adenoviral vector expressing the

spike (S) protein of MERS
coronavirus

NCT04170829 I

rVSV-ZEBOV-GP (V920
Ebola Vaccine) Zaire Ebola virus

Recombinant vesicular stomatitis
virus with Zaire Ebola virus

envelope glycoprotein
NCT02503202

III completed
FDA and EMA

approval in 2019
(ERVEBO)
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Table 1. Cont.

Vaccine Candidate Infectious Diseases Type of Nanoformulation Clinical Trials. Gov
Identifier: Phase

Ad26.ZEBOV
MVA-BN®-Filo Zaire Ebola virus

Human adenovirus serotype 26
(Ad26) expressing the Ebola virus
Mayinga variant glycoprotein, +

recombinant, non-replicating
modified vaccinia Ankara viral

vector encoding glycoprotein from
Ebola Zaire (Mayinga), Sudan, and

Marburg viruses and
nucleoprotein from Taï Forest virus

NCT02543268

III completed EMA
approval 2020
(Zabdeno and

Mvabea)

V501 HPV
HPV L1 capsid protein,
self-assembled into a

viral-like particle
NCT00517309

III completed
Approved by EMA

and FDA 2006
(Gardasil)

HPV-16/18 VLP/AS04 HPV
HPV L1 capsid protein
self-assembled into a

viral-like particle
NCT00485732

III completed
Approved by EMA
2007 and FDA 2009

(Cervarix)

Recombivax HB HBV HBsAg self-assembled into a
viral-like particle NCT * Approved by FDA

1986 and EMA 1999

Engerix B HBV HBsAg self-assembled into a
viral-like particle NCT * Approved by FDA

1986 and EMA 2000

* These trials are old; therefore, their original trial numbers were not found.

Table 2 describes potential nanoformulations to be used as viral antigen carriers.

Table 2. Potential nanoformulations to be used as viral antigen carriers.

Nanoformulation Antigen Disease

Chitosan nanoparticles Antigenic protein Hepatitis B
Gold nanoparticles Viral protein Foot and mouth disease
Gold nanoparticles Membrane protein Influenza
Gold nanoparticles Viral plasmid DNA HIV

Poly(D,L-lactic-co-glycolic acid) nanospheres Tetanus toxoid Tetanus
Poly(D,L-lactic-co-glycolic acid) nanospheres Hepatitis B surface antigen Hepatitis B

Alginate-coated chitosan nanoparticle Hepatitis B surface antigen Hepatitis B
Chitosan nanoparticles Live virus vaccine Newcastle disease

VLPs Capsid protein Norwalk virus infection
VLPs Capsid protein Norwalk virus infection
VLPs Influenza virus structural protein Influenza
VLPs Nucleocapsid protein Hepatitis
VLPs Fusion protein Human papilloma virus
VLPs Multiple proteins Rotavirus
VLPs Virus proteins Bluetongue virus
VLPs Enveloped single protein HIV

Polypeptide nanoparticles Viral protein Coronavirus for severe acute respiratory
syndrome (SARS)

5. Immune Activation by Nanovaccines

Both humoral and cell-mediated immune responses can be evoked by the nanopar-
ticle’s physiochemical characteristics, as nanoparticles are recognized by the antigen-
presenting cell (APC) system [37,38]. Furthermore, it has been shown that nanoparticle
characteristics can affect vaccine efficacy, as they can influence the binding of the nanopar-
ticles to the cell surface and its entry into the cell (i.e., cellular uptake). Furthermore,
some NPs can maximize the immune response, as they can provide a 30-times increase in
cellular uptake compared to the vaccine alone. Many factors can affect the NPs’ cellular
uptake, with the most important ones being the nanoparticle’s size, shape, and surface
charge [76–78]. Nanoparticle size and distribution greatly influence its interaction with the
cell membrane, therefore affecting the nanoparticle’s entry through physiological barriers,
with different cell lines allowing specific nanoparticle sizes and shapes to pass through
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their membranes [79,80]. More importantly, nanoparticle size plays a decisive role in deter-
mining the type of immune response elicited (e.g., humoral or cellular immune systems).
For instance, studies showed that nanoparticles that are smaller than 500 nm stimulate the
responses of the CD4+ Type 1 and T CD8+ cells, whereas nanoparticles with sizes larger
than 500 nm often stimulate T CD4+ Type 2 cells that produce antibodies [80–82]. Moreover,
other studies showed that nanoparticles larger than 1000 nm are internalized by phago-
cytosis, while nanoparticles less than 1000 nm are often internalized by micropinocytosis
or endocytosis (clathrin dependent/independent or caveolin independent) [83]. Smaller
nanoparticles are taken up more efficiently by the DCs and are transported to the lymph
nodes, which is why they are considered better for drug delivery; however, an univer-
sal correlation between nanoparticle size and host response has yet to be achieved [84].
Nanoparticle shape also influences its cellular uptake, with some studies showing that
spherical nanoparticles are taken up more than the rod-shaped and elliptical ones [85]. This
is due to the fact that spherical nanoparticles have higher phagocytosis efficacy compared
to other shapes. As a result, it is important to take nanoparticle shape into consideration
regarding the production of nanovaccines [86,87].

NP composition also influences the nanovaccine’s efficacy, with metallic nanoparticles
(i.e., nickel, iron and gold) inducing a humoral response and promoting host cell recruitment
and the activation of APC and cytokine production [88]. The loading type used for the
nanoparticles also influences the functionality of the nanovaccine. For example, the loading
of the antigens inside the nanoparticles protects the cargo from its exposure to the external
environment and its degradation, while its incorporation within the cells may bio-mimic
the pathogens’ antigen features [89]. Moreover, it is important to consider the nanoparticle’s
aggregation level in the blood when designing nanovaccines, with the nanoparticle’s surface
charge being the determining factor of the aggregation level. In addition, nanoparticle
surface charge affects cellular uptake, as it influences the nanoparticle’s interactions with
nonspecific and undesired cells that have opposite charges. For this matter, cationic
nanoparticles are used when negatively charged cells or DNA are the target [90–92]. In
addition, cationic nanoparticles are known to be internalized more rapidly by DCs than
other types of nanoparticles [93].

The use of the viral-specific antigens in designing nanovaccines brings us to multiva-
lent antigen presentation, which is a technique where viral glycoproteins are presented to
the immune system to strengthen the response. Such a technique is known to increase the
potency of humoral immune responses, as viral glycoproteins behave similarly to pathogen-
associated molecular patterns (PAMPs). Furthermore, in this technique, viral glycoproteins,
which are specific to each virus, are used to elicit antigen-specific antibodies [94–97]. For
this reason, many vaccines contain glycoproteins that function in training the immune
system to better recognize a specific virus. In addition, surface glycoproteins are considered
“keys” to enter cells, as they recognize and unlock specific targeted cells to unleash the viral
infection. Due to their strong immune response and function, glycoproteins are used in
designing nanovaccines. In this approach, a protein scaffold that mimics the shape of the
desired virus is used, and then glycoproteins are arranged on the surface of the scaffold
to ensure that it triggers a strong immune response. The development of scaffolds that
are capable of presenting these glycoproteins has been an ongoing challenge, as it can be
difficult to assure the stability of the glycoproteins incorporated into non-protein-based
nanoparticles such as polymers, liposomes, lipids, metals [97–100]. This challenge neces-
sitates the need for developing nanomaterials that can act as scaffolds for glycoprotein
incorporation. Ueda et al. [101,102] and Antanasijevic et al. [102,103] developed methods
where they can synthesize scaffolds using artificial proteins as natural proteins that do not
always display viral glycoproteins. These scaffolds are then further functionalized using
viral glycoproteins. Thus far, this approach has been used in synthesizing vaccines for
HIV, influenza, and RSV. The results have shown that for each vaccine: (i) viral glycopro-
teins could attach themselves to the scaffold; (ii) the scaffold–glycoprotein complex then
successfully assembled into vaccine particles that mimicked the virus; (iii) the complex
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strengthened and maximized the immune response [104,105]. These results showed that
functionalizing artificial scaffolds using glycoproteins would improve vaccine development
and give us better control over vaccine design to develop attractive scaffolds for multivalent
antigen presentation [104,105].

5.1. Immune Activation of Lipid-Based Nanoparticles—RNA and DNA Vaccines

Animal studies showed that after injection into the muscle, RNA vaccines are en-
gulfed by APC cells, such as DC and monocytes, and are delivered to the draining lymph
nodes [41]. Additionally, mRNA vaccines can also present direct passive trafficking toward
lymph nodes, where B lymphocytes are able to capture the lipid nanoparticle, although this
route appears to be less frequent with respect to cellular transport through APCs [42]. The
RNA is then internally processed, transduced into protein products, and degraded by pro-
teasome in antigen peptides that are loaded and presented on the cellular surface through
the major histocompatibility complex (MHC). In the lymph nodes, APCs present antigens
to lymphocytes type B, activating an immunological cascade that results in type B cell
differentiation and antibody production, as well as lymphocyte type T induction and the
activation of the antigen specific CD8+ T cells response [43,49]. Moreover, foreign mRNA
inside the cells is sensed by pattern recognition receptors such as toll-like receptors 3, 7, and
8 and by retinoic-acid-inducible gene I (RIG-I) and melanoma differentiation-associated 5
(MDA5), which in turn stimulate type I interferon responses [44].

DNA vaccine can activate both cellular and humoral immune responses, with antigen
presentation in the DNA vaccines relying on the professional APCs that phagocytize apop-
totic bodies from somatic cells, such as keratinocytes and myocytes previously transfected
with the plasmid, leading to antigen presentation to both CD4+ and CD8+ T cells and
subsequent activation of the cytotoxic T lymphocyte (CTL) response [49]. Two other routes
have been hypothesized, but they may occur less frequently by transfected somatic cells
presenting the antigen to CD8+ T cells or to B cells (which induced antibody production) or
by the direct internalization of the plasmid by APCs [49].

5.2. Immune Activation of Virus-like Particle (VLP)

VLPs are directly recognized and taken up by dendritic cells through pathogen recog-
nition receptors (PRRs) on the membrane surface, as toll-like receptors (TLR) or C-type
lectin receptors (CLRs) that are the same receptors that naturally recognize microorganisms.
After the uptake, DCs transfer them to the lymph nodes, where they mature and process the
antigens into small peptides. DCs produces pro-inflammatory cytokines such as TNF-α and
IL-1β that in turn recruit more APCs and promote antigen proteolysis. Subsequently, DCs
present antigens with MHC to CD8+ and CD4+ T cells, leading to a cytotoxic T lymphocytes
(CTL) response and B cell activation, which produces specific antibodies [60,106].

5.3. Immune Activation of Viral Vector Vaccines (VVVs)

VVVs themselves, resembling the characteristics of viruses, promote a high immune
response. After delivery, VVVs target DCs and macrophages and are sensed by PRRs, such
as TLR9 recognizing dsDNA, inducing a type I interferon response. After being delivered
to the DCs, VVVs are then drained by the lymph nodes and are presented to the T cell,
priming both antigenic and inflammatory signals and leading to inflammatory cytokine
production. Therefore, VVVs activate both the CD4+ and CD8+ T cells, leading to the
activation of antibody-secreting B cells and CTL response. The production of interferons
and pro-inflammatory molecules further boosters the immune response, promoting the
generation of long-term immunological memory [67,107].

Figure 3 describes the immune activation induced by the different types of nanovaccines.
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6. Nanovaccines Used in Facing the Most Current Pandemic: SARS-CoV-2

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a beta coronavirus
and the etiologic agent of the respiratory coronavirus disease 2019 (COVID-19). SARS-CoV-
2 is an enveloped virus, presenting four main structural proteins, namely nucleocapsid (N),
which is localized internally; spike (S) and envelope (E) proteins, which are transmembrane
proteins, and membrane (M) protein, which is an integral membrane protein [108]. Spike
glycoprotein is a trimeric molecule protruding from the virus surface, and it is essential
for viral infection. A receptor binding domain (RBD) present in the S1 subunit is required
for the binding of the virion with the angiotensin-converting enzyme 2 (ACE2) expressed
in the host cells. After attachment, the Type II transmembrane serine protease (TMPRSS2)
cleaves S, allowing for fusion between virions and host cells and for virus entry [108].
Based on these characteristics and on the neutralizing antibodies against S induced during
COVID-19 natural disease [109], most vaccines are designed to promote immunization
against the spike protein. Figure 4 summarize the current available COVID-19 vaccines.

6.1. BNT162b2 (3 LNP-mRNAs, Comirnaty) by Pfizer/BioNTech and Fosun Pharma

BNT162b2 is an mRNA-based vaccine encapsulated in lipid nanoparticles encoding
for the membrane-anchored SARS-CoV-2 full-length spike (S) protein, modified with two
proline mutations to block S in a prefusion conformation [110]. In addition, the mRNA
also presents an N1-methyl-pseudouridine base modification for uridines to inhibit innate
the immune response and to enhance protein expression [111]. Thirty micrograms of
mRNA of BNT162b2 are initially administered in two intramuscular doses [112], but the
antibody titers decrease a few months after the last vaccination. Therefore, at the end of
2021, a booster dose was recommended by the WHO [113], as well as a vaccination in the
pediatric ages (from 5 years old) [114]. This showed great efficacy, with 91% protection
conferred against symptomatic COVID-19. Nevertheless, it has lower efficacy against the
Omicron variant (65–75%), with a significant drop after 10 weeks from the booster dose
(50%) [115]. The lipid nanoparticle consists of an ionizable lipid, ALC-0315, which presents
a pKa of 6.09 and a tertiary amine group. This lipid can switch its charge from neutral
to cationic (inside the acidic pH of endosomes). Moreover, ALC-0315 is a biodegradable
phospholipid, presenting: distearoyl phosphatidylcholine that mimics cellular membrane
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lipids; cholesterol that acts by stabilizing the lipid bilayer; ALC-0159 (a PEG2000 lipid) that
carries a dialkyl chain of 14 carbon moieties to promote the disaggregation of the lipid
nanoparticle [116].
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6.2. mRNA-1273 (Spikevax, Moderna and National Institute of Allergy and Infectious Diseases
(NIAID))

mRNA-1273 is an mRNA vaccine formulated in lipid nanoparticles encoding a
transmembrane-anchored SARS-CoV-2 spike protein with two proline modifications that
stabilizes the protein in the perfusion conformation and presents the native furin cleavage
site [117]. mRNA-1273 is administered in two intramuscular doses. Moreover, a booster
dose is recommended [113,118]. It displayed a general efficacy of 94% against any type
of COVID-19, being 98% effective in preventing severe disease and 63% effective in pre-
venting asymptomatic infection [119]. The lipid nanoparticles of mRNA-1273 showed a
similar composition to BNT162b2, an ionizable lipid presenting a tertiary amine group, the
SM-102 (pKa = 6.68), that can switch its charge from neutral to cationic (inside the acidic
pH of endosomes). Moreover, they are biodegradable; they also present the distearoylphos-
phatidylcholine phospholipid, simulating the lipids of the cellular membrane, cholesterol
to stabilize the lipid bilayer, where the PEG2000-DMG carries a dialkyl chain of 14 carbon
moieties for rapid dissociation of the lipid nanoparticle [116].

Lipid nanoparticles are an essential element of both BNT162b2 and mRNA-1273
vaccines, to protect them from RNAse degradation. After injection, the PEG–lipid is
dissociated from the lipid nanoparticles, and the nanoparticles can be taken up by the
cells; then, in endosomes, the acidic pH protonates the lipid nanoparticles, which changes
their structure, disrupting the membrane and releasing the mRNA into the cytosol [116].
Moreover, lipid nanoparticles are too big (~100 nm) to enter directly into blood circulation;
thus, they are drained to the lymph nodes, avoiding systemic effects [42]. A problematic
issue of BNT162b2 is the stability and storage at −80 ◦C, requiring strict control of the
temperature during transportation and storage until delivery, while mRNA-1273 requires a
more affordable temperature of −20 ◦C [116].

6.3. Vaxzevria (ChAdOx1-S; AZD1222), by AstraZeneca + University of Oxford

Vaxzevria is a replication-deficient simian adenoviral vector derived from the chim-
panzee adenovirus Y25 that encodes for a full-length SARS-CoV-2 S protein. Since their
size is around 80–100 nm, they can be acknowledged in the nanotechnology field [120]. The
vaccine is produced from a plasmid and a ChAdOx1 vector. The plasmid presents the S
protein sequence (2-1273 amino acids) and a tissue plasminogen activator leader sequence
localized at 5′ [121]. The plasmid is inserted into the ChAdOx1 DNA bacterial artificial
chromosome (BAC) vector through recombinant technology, and then, the adenovirus
genome is excised from the BAC, and the virus is amplified in the E1-complementing
cell culture. The virus lacks the E1 and E3 sequence, where E1 is necessary for replica-
tion, while the loss of E3 increases the length of the exogenous insert to 8 kB [121,122].
Adenoviruses are ds DNA viruses with an icosahedral protein capsid, with more than 50
different serotypes affecting the human population ubiquitously, since most individuals
have presented seropositivity for one or more types [120]. Therefore, usually, in vaccines,
monkey adenoviruses are employed [120]. The reported efficacy of Vaxzevria is 76% against
symptomatic COVID-19 with no severe illness in the vaccinated group. After 20 weeks,
there was no vaccine effect against the Omicron variant, but there was a 40% effect against
the Delta variant. Nevertheless, a booster mRNA vaccine dose increases immunization at a
level equal to three mRNA vaccine doses [115,123].

6.4. Ad26.COV2.S by Janssen Pharmaceutical

Ad26.COV2.S is a replication-incompetent viral vector vaccine encoding the prefusion
stabilized S immunogen (S.PP) SARS-CoV-2 protein. Ad26 E1-E3-deleted virus derived
from the human adenovirus type 26 is employed, while the S.PP immunogen presents a
wild-type leader sequence, the full-length membrane-bound Spike protein, furin cleav-
age site mutation, and two proline-stabilizing mutations [124]. In non-human primates,
a single dose of vaccine can induce a potent humoral and cellular response [125]. Al-
though immunization against adenovirus type 26 has been found in the human population,
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recent findings highlight that it does not suppress the immune response against Ad26
vectors [125,126]. Vaccine efficacy against severe–critical COVID-19 is 77% after 28 days
from single intramuscular immunization and 100% after two doses. A booster mRNA
vaccine dose was tested in some trials with promising results [127].

6.5. SARS-CoV-2 rS/Matrix M1-Adjuvant (Full Length Recombinant SARS CoV-2 Glycoprotein
Nanoparticle Vaccine Adjuvanted with Matrix M) NVX-CoV2373, Nuvaxoid by Novavax

Nuvaxoid is a recombinant SARS-CoV-2 spike protein nanoparticle co-formulated
with the adjuvant Matrix-M. Nuvaxoid expresses the wild-type full-length SARS–CoV-2
spike glycoprotein, with a modification at the S1/S2 furin cleavage site and two proline
substitutions to stabilize the S protein. The purification process from sf9 cells allows S
trimers to arrange in ordered protein–protein micellar 27.2 nm nanoparticles with the
protein maintained in native conformation [128]. The Matrix-M™ adjuvant consists of
thermostable 40 nm nanoparticles, consisting of two different saponin fractions extracted
from Quillaja saponins Molina bark with cholesterol and phospholipids. It promotes the
activation of innate immune cells and antigen processing, enhancing vaccine immunogenic-
ity [128,129]. The vaccine is delivered intramuscularly in two doses with a vaccine efficacy
of 90% (in the first trial). Then, in a phase 3 study, when multiple variants are circulating,
the vaccine efficacy against moderate–severe COVID-19 reaches 100% [130]. Nuvaxoid has
been recently approved by EMA for emergency use [131] but not by the FDA.

In Table 3 the information regarding approved COVID-19 vaccines is presented.

Table 3. Currently (updated to April 2022) FDA/EMA approved nano-based viral vaccinations
against SARS-CoV-2 [132].

Commercial Name Drug Name and Formulation Pharmaceutical
Company

FDA/EMA Approval
Year(s) Phase

Comirnaty

Nucleoside-modified mRNA
BNT162b2, encoding

SARS-CoV-2 spike protein
encapsulated in lipid

nanoparticle

Pfizer-BioNTech
COVID-19 Vaccine +

Fosun Pharma

EMA 2020 Emergency use
authorization
FDA approval
August 2021

IV NCT04844489

Spikevax

Synthetic mRNA-1273,
encoding stabilized prefusion

SARS-CoV-2 spike protein
encapsulated in lipid

nanoparticle

Moderna Therapeutics Inc.
and the National Institute
of Allergy and Infectious

Diseases (NIAID)

EMA 2020 Emergency use
authorization
FDA approval
January 2022

IV NCT04900467

Vaxzevria

ChAdOx1-S Chimpanzee
Adenovirus encoding the

SARS-CoV-2 Spike
glycoprotein

AstraZeneca and
University of Oxford

EMA 2021 Emergency use
authorization IV NCT04760132

COVID-19 Vaccine Janssen

Ad26.COV2.S Adenovirus
type 26 encoding the

SARS-CoV-2 spike
glycoprotein

Janssen Pharmaceuticals,
Companies of Johnson

Johnson

EMA and FDA 2021
Emergency use
authorization

IV NCT04817657

Nuvaxoid

SARS-CoV-2 recombinant
spike protein formulated in

nanoparticles with the
adjuvant Matrix-M

Novavax EMA 2021 Emergency use
authorization III NCT04583995

7. Ongoing Clinical Trials

As of July 2022, 167 vaccine candidates against SARS-CoV-2 have been tested, and
are currently at different clinical trial stages. In Table 4, the number of candidate vaccines
employing nanoformulation is reported and classified according to the clinical trial phase
and type of platform used. RNA-based vaccines are the most employed nanoformulation
with 38 candidate vaccines, highlighting the interest of the pharmaceutical and biotech-
nological companies in this new form of vaccination. Conversely, traditional vaccines
have also been investigated, being 22 vaccines based on the inactivated virus, two on the
live-attenuated virus, and 54 on protein subunits (with only 7 presenting nanoformulation,
mainly nanoparticles and adjuvated with matrix M).
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Table 4. SARS-CoV-2 and other virus vaccines employing nanoformulation in clinical trials (updated
to 1 July 2022) [132].

Phase RNA BASED
vaccine DNA Vaccine Viral Vector (Non

Replicating)
Viral Vector

(Replicating)
Virus Like

Particle
Protein Subunit

(Employing
Nanoformulation)

IV 3 4 1
III 3 2 2 1 2 1

II/III 4 2 2 2
II 6 2 1 1

I/II 7 5 5 1 2 3
I 15 7 7 1 1 2

total 38 16 22 6 6 7

8. Conclusions

As nature’s generated nanoparticles, viruses can inspire scientists to develop sophisti-
cated nanocarriers that will show more efficient cellular targeting, uptake, and internaliza-
tion properties for the delivery of different cargo materials, including drugs and nucleic
acids that can surpass the existing delivery system. Subsequently, their surface proteins can
be used to design nanomaterials with stimuli-responsive properties to generate a new class
of adjuvants. Nanoparticles possess the intrinsic characteristics to replace old vaccine tech-
nologies. Nanoparticles also allow for longer antigen stability, improved immunogenicity,
targeted delivery to specific sites, and prolonged release [133]. Different ongoing clinical
trials are currently investigating the delivery of nanovaccines through the mucosal surface
(oral, nasal and inhalation routes of administration) without the need for intradermal
injection, making it a promising approach in developing countries or conditions requiring
non-invasive administration routes [134].

Moreover, as current anti-SARS-CoV-2 vaccines have highlighted, nanovaccines present
the peculiarity of large-scale production at rapid speed and at relatively low cost. In less
than 1 year, different nanovaccines have passed the clinical trial phases and have been
delivered to millions of individuals worldwide with optimal safety and immunogenicity
profiles, thus being indispensable to counteract the COVID-19 pandemic. The achievement
of this goal will lead to the next objective by the Coalition for Epidemic Preparedness Inno-
vations (CEPI): the preparation and approval of a vaccine for the next infectious pandemic
agent “X” in 100 days [135]. In this view, nanotechnology should become the way for a fast
and soft transition of the nanomedicine platform to and through clinical application.

Author Contributions: Conceptualization, N.A.M., S.C. and L.Z.; data curation, N.A.M., H.A.M. and
L.Z.; writing—original draft preparation, N.A.M. and L.Z.; writing—review and editing, H.A.-S.,
M.A.A.-G. and S.C.; visualization, N.A.M., S.C. and L.Z.; supervision, H.A.-S., M.A.A.-G. and S.C.;
project administration, H.A.-S., M.A.A.-G. and S.C.; funding acquisition, H.A.-S., M.A.A.-G. and S.C.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by RC 47/2020 from IRCCS Burlo Garofolo/Italian Ministry of
Health and by the QUCG-CAS-22/23-499 Collaborative Grant from Qatar University.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The figures were created with Biorender.com.

Conflicts of Interest: The funders had no role in the design of the study; in the collection, analyses,
or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.



Viruses 2022, 14, 1553 18 of 22

References
1. Ritchie, M.R.A.H. Burden of Disease. Available online: https://ourworldindata.org/burden-of-disease (accessed on

10 April 2022).
2. Metcalf, C.J.E.; Lessler, J. Opportunities and challenges in modeling emerging infectious diseases. Science 2017, 357, 149–152.

[CrossRef] [PubMed]
3. De Rycker, M.B.B.; Duce, S.L.; Gilbert, I.H. Challenges and recent progress in drug discovery for tropical diseases. Nature 2018,

559, 498–506. [CrossRef] [PubMed]
4. Kaufmann, S.H.E.; Dorhoi, A.; Hotchkiss, R.S.; Bartenschlager, R. Host-directed therapies for bacterial and viral infections. Nat.

Rev. Drug Discov. 2018, 17, 35–56. [CrossRef] [PubMed]
5. Baker, S.T.N.; Weill, F.X.; Holt, K.E. Genomic insights into the emergence and spread of antimicrobial-resistant bacterial pathogens.

Science 2018, 360, 733–738. [CrossRef]
6. Meylan, S.A.I.; Collins, J.J. Targeting Antibiotic Tolerance, Pathogen by Pathogen. Cell 2018, 172, 1228–1238. [CrossRef]
7. Willing, B.P.; Rusell, S.; Finlay, B.B. Shifting the balance: Antibiotic effects on host-microbiota mutualism. Nat. Rev. Microbiol.

2011, 9, 233–243. [CrossRef]
8. Dickey, S.W.; Cheung, G.; Otto, M. Different drugs for bad bugs: Antivirulence strategies in the age of antibiotic resistance. Nat.

Rev. Drug Discov. 2017, 16, 457–471. [CrossRef]
9. Perin, J.M.A.; Yeung, D.; Villavicencio, F.; Lopez, G.; Strong, K.L.; Prieto-Merino, D.; Cousens, S.; Black, R.E.; Liu, L. Global,

regional, and national causes of under-5 mortality in 2000–19: An updated systematic analysis with implications for the
Sustainable Development Goals. Lancet Child Adolesc. Health 2022, 6, 106–115, Erratum in Lancet Child Adolesc. Health 2022, 6, 4.
[CrossRef]

10. Fenner, F.H.D.; Arita, I.; Jezek, Z.; Ladnyi, I.D. Smallpox and its Eradication; World Health Organization: Geneva, Switzerland, 1988.
11. Hajj Hussein, I.C.N.; Chams, S.; El Sayegh, S.; Badran, R.; Raad, M.; Gerges-Geagea, A.; Leone, A.; Jurjus, A. Vaccines through

centuries: Major cornerstones of global health. Front. Public Health 2015, 3, 269. [CrossRef]
12. Francis, M.J. Recent Advances in Vaccine Technologies. Vet. Clin. N. Am. Small Anim. Pract. 2018, 48, 231–241. [CrossRef]
13. Vartak, A.S.S. Recent Advances in Subunit Vaccine Carriers. Vaccines 2016, 4, 12. [CrossRef]
14. Shi, S.Z.H.; Xia, X.; Liang, Z.; Ma, X.; Sun, B. Vaccine adjuvants: Understanding the structure and mechanism of adjuvanticity.

Vaccine 2019, 37, 3167–3178. [CrossRef]
15. Vashishtha, V.M.; Kumar, P. Looking to the future: Is a universal coronavirus vaccine feasible? Expert Rev. Vaccines 2022, 21,

277–280. [CrossRef]
16. Dolgin, E. Pan-coronavirus vaccine pipeline takes form. Nat. Rev. Drug Discov. 2022, 21, 324–326. [CrossRef]
17. Joyce, M.G.; King, H.A.D.; Elakhal-Naouar, I.; Ahmed, A.; Peachman, K.K.; Macedo Cincotta, C.; Subra, C.; Chen, R.E.; Thomas,

P.V.; Chen, W.H.; et al. A SARS-CoV-2 ferritin nanoparticle vaccine elicits protective immune responses in nonhuman primates.
Sci. Transl. Med. 2022, 14, eabi5735. [CrossRef]

18. World Health Organization. Influenza. Available online: https://www.who.int/teams/health-product-policy-and-standards/
standards-and-specifications/vaccines-quality/influenza (accessed on 18 April 2022).

19. Paget, J.S.P.; Charu, V.; Taylor, R.J.; Iuliano, A.D.; Bresee, J.; Simonsen, L.; Viboud, C.; Global Seasonal Influenza-associated
Mortality Collaborator Network and GLaMOR Collaborating Teams. Global mortality associated with seasonal influenza
epidemics: New burden estimates and predictors from the GLaMOR Project. J. Glob. Health 2019, 9, 020421. [CrossRef]

20. Kheirollahpour, M.M.M.; Dounighi, N.M.; Mohammadi, M.; Masoudi, A. Nanoparticles and Vaccine Development. Pharm.
Nanotechnol. 2020, 8, 6–21. [CrossRef]

21. Heaton, P.M. Challenges of Developing Novel Vaccines with Particular Global Health Importance. Front. Immunol. 2020, 11,
517290. [CrossRef]

22. Mehrabi, M.D.N.; Rezayat Sorkhabadi, S.M.; Doroud, D.; Amani, A.; Khoobi, M.; Ajdary, S.; Pilehvar-Soltanahmadi, Y. Devel-
opment and physicochemical, toxicity and immunogenicity assessments of recombinant hepatitis B surface antigen (rHBsAg)
entrapped in chitosan and mannosylated chitosan nanoparticles: As a novel vaccine delivery system and adjuvant. Artif. Cells
Nanomed. Biotechnol. 2018, 46 (Suppl. S1), 230–240. [CrossRef]

23. Sekhon, B.S.; Vikrant, S. Nanovaccines—An overview. Int. J. Pharm. Front. Res. 2011, 1, 101–109.
24. Mamo, T.P.G. Nanovaccinology: The next generation of vaccines meets 21st century materials science and engineering. Vaccine

2012, 30, 6609–6611. [CrossRef]
25. Yadav, H.K.; Dibi, M.; Mohammad, A.; Srouji, A.E. Nanovaccines formulation and applications—A review. J. Drug Deliv. Sci.

Technol. 2018, 44, 380–387. [CrossRef]
26. Sulczewski, F.B.; Libszinski, R.; Romão, P.R.T.; Rodrigues Junior, L.C. Nanoparticle vaccines against viral infections. Arch. Virol.

2018, 163, 2313–2325. [CrossRef]
27. Zolnik, B.S.; Gonzalez-Fernandez, A.; Sadrieh, N.; Dobrovolskaia, M.A. Nanoparticles and the immune system. Endocrinology

2010, 151, 458–465. [CrossRef]
28. Akagi, T.B.M.; Akashi, M. Biodegradable nanoparticles as vaccine adjuvants and delivery systems: Regulation of immune

responses by nanoparticle-based vaccine. In Polymers in Nanomedicine; Springer: Amsterdam, The Netherlands, 2011; pp. 31–64.
[CrossRef]

https://ourworldindata.org/burden-of-disease
http://doi.org/10.1126/science.aam8335
http://www.ncbi.nlm.nih.gov/pubmed/28706037
http://doi.org/10.1038/s41586-018-0327-4
http://www.ncbi.nlm.nih.gov/pubmed/30046073
http://doi.org/10.1038/nrd.2017.162
http://www.ncbi.nlm.nih.gov/pubmed/28935918
http://doi.org/10.1126/science.aar3777
http://doi.org/10.1016/j.cell.2018.01.037
http://doi.org/10.1038/nrmicro2536
http://doi.org/10.1038/nrd.2017.23
http://doi.org/10.1016/S2352-4642(21)00311-4
http://doi.org/10.3389/fpubh.2015.00269
http://doi.org/10.1016/j.cvsm.2017.10.002
http://doi.org/10.3390/vaccines4020012
http://doi.org/10.1016/j.vaccine.2019.04.055
http://doi.org/10.1080/14760584.2022.2020107
http://doi.org/10.1038/d41573-022-00074-6
http://doi.org/10.1126/scitranslmed.abi5735
https://www.who.int/teams/health-product-policy-and-standards/standards-and-specifications/vaccines-quality/influenza
https://www.who.int/teams/health-product-policy-and-standards/standards-and-specifications/vaccines-quality/influenza
http://doi.org/10.7189/jogh.09.020421
http://doi.org/10.2174/2211738507666191024162042
http://doi.org/10.3389/fimmu.2020.517290
http://doi.org/10.1080/21691401.2017.1417868
http://doi.org/10.1016/j.vaccine.2012.08.023
http://doi.org/10.1016/j.jddst.2018.01.015
http://doi.org/10.1007/s00705-018-3856-0
http://doi.org/10.1210/en.2009-1082
http://doi.org/10.1007/12_2011_150


Viruses 2022, 14, 1553 19 of 22

29. Chattopadhyay, S.C.J.; Chen, H.W.; Hu, C.J. Nanoparticle vaccines adopting virus-like features for enhanced immune potentiation.
Nanotheranostics 2017, 1, 244–260. [CrossRef]

30. Almeida, J.P.; Chen, A.; Foster, A.; Drezek, R. In vivo biodistribution of nanoparticles. Nanomedicine 2011, 6, 815–835. [CrossRef]
31. Parveen, K.B.V.; Ledwani, L. Green synthesis of nanoparticles: Their advantages and disadvantages. In Proceedings of the 5th

National Conference on Thermophysical Properties: (Nctp-09), Vadodara, India, 7–9 October 2009; p. 1249.
32. Schneider, C.S.; Xu, Q.; Boylan, N.J.; Chisholm, J.; Tang, B.C.; Schuster, B.S.; Henning, A.; Ensign, L.; Hanes, J. Nanoparticles

that do not adhere to mucus provide uniform and long-lasting drug delivery to airways following inhalation. Sci. Adv. 2017, 3,
e1601556. [CrossRef]

33. Paris, A.L.; Colomb, E.; Verrier, B.; Anjuère, F.; Monge, C. Sublingual vaccination and delivery systems. J. Control. Release 2021,
332, 553–562. [CrossRef]

34. Angelotti-Uberti, S. Theory, simulations and the design of functionalized nanoparticles for biomedical applications: A soft matter
perspective. NPJ Comput. Mater. 2017, 3, 48. [CrossRef]

35. Stern, S.T.; McNeil, S. Nanotechnology safety concerns revisited. Toxicol. Sci. 2008, 101, 4–21. [CrossRef]
36. Pachioni-Vasconcelos Jde, A.L.A.; Apolinario, A.C.; Valenzuela-Oses, J.K.; Costa, J.S.; Nascimento, L.D.O.; Pessoa, A.; Souza, L.R.

Nanostructures for protein drug delivery. Biomater. Sci. 2016, 4, 205–218. [CrossRef]
37. Moser, M.L.O. Key concepts in immunology. Vaccine 2010, 28 (Suppl. S3), C2–C13. [CrossRef]
38. Diaz-Arévalo, D.Z.M. Nanoparticle-based vaccines: Opportunities and limitations. Nanopharmaceuticals 2020, 1, 135–150. [Cross-

Ref]
39. Pardi, N.; Hogan, M.J.; Porter, F.W.; Weissman, D. mRNA vaccines—A new era in vaccinology. Nat. Rev. Drug Discov. 2018, 17,

261–279. [CrossRef]
40. Bloom, K.; van den Berg, F.; Arbuthnot, P. Self-amplifying RNA vaccines for infectious diseases. Gene Ther. 2021, 28, 117–129.

[CrossRef]
41. Lindsay, K.E.; Bhosle, S.M.; Zurla, C.; Beyersdorf, J.; Rogers, K.A.; Vanover, D.; Xiao, P.; Araínga, M.; Shirreff, L.M.; Pitard, B.; et al.

Visualization of early events in mRNA vaccine delivery in non-human primates via PET-CT and near-infrared imaging. Nat.
Biomed. Eng. 2019, 3, 371–380. [CrossRef]

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

43. Mesin, L.; Ersching, J.; Victora, G.D. Germinal Center B Cell Dynamics. Immunity 2016, 45, 471–482. [CrossRef]
44. Bourquin, C.; Schmidt, L.; Hornung, V.; Wurzenberger, C.; Anz, D.; Sandholzer, N.; Schreiber, S.; Voelkl, A.; Hartmann, G.; Endres,

S. Immunostimulatory RNA oligonucleotides trigger an antigen-specific cytotoxic T-cell and IgG2a response. Blood 2007, 109,
2953–2960. [CrossRef]

45. Suschak, J.J.; Williams, J.; Schmaljohn, C.S. Advancements in DNA vaccine vectors, non-mechanical delivery methods, and
molecular adjuvants to increase immunogenicity. Hum. Vaccine Immunother. 2017, 13, 2837–2848. [CrossRef]

46. Esmaeilzadeh, A.E.R. Immunobiology and immunotherapy of COVID-19: A clinically updated overview. J. Cell Physiol. 2021, 236,
2519–2543. [CrossRef] [PubMed]

47. EMA. E.M.A. ECDC and EMA Issue Advice on Fourth Doses of mRNA COVID-19 Vaccines. Available online: https://www.ema.
europa.eu/en/news/ecdc-ema-issue-advice-fourth-doses-mrna-COVID-19-vaccines (accessed on 7 July 2022).

48. Lee, J.; Arun Kumar, S.; Jhan, Y.Y.; Bishop, C.J. Engineering DNA vaccines against infectious diseases. Acta Biomater. 2018,
80, 31–47. [CrossRef]

49. Qin, F.; Xia, F.; Chen, H.; Cui, B.; Feng, Y.; Zhang, P.; Chen, J.; Luo, M. A Guide to Nucleic Acid Vaccines in the Prevention and
Treatment of Infectious Diseases and Cancers: From Basic Principles to Current Applications. Front. Cell Dev. Biol. 2021, 9, 633776.
[CrossRef]

50. Shafaati, M.; Saidijam, M.; Soleimani, M.; Hazrati, F.; Mirzaei, R.; Amirheidari, B.; Tanzadehpanah, H.; Karampoor, S.; Kazemi, S.;
Yavari, B.; et al. A brief review on DNA vaccines in the era of COVID-19. Future Virol. 2021, 17, 49–66. [CrossRef]

51. Jafari, A.; Danesh Pouya, F.; Niknam, Z.; Abdollahpour-Alitappeh, M.; Rezaei-Tavirani, M.; Rasmi, Y. Current advances and
challenges in COVID-19 vaccine development: From conventional vaccines to next-generation vaccine platforms. Mol. Biol. Rep.
2022, 49, 4943–4957. [CrossRef]

52. Hou, X.; Zaks, T.; Langer, R.; Dong, Y. Lipid nanoparticles for mRNA delivery. Nat. Rev. Mater. 2021, 6, 1078–1094. [CrossRef]
53. Papi, M.; Pozzi, D.; Palmieri, V.; Caracciolo, G. Principles for optimization and validation of mRNA lipid nanoparticle vaccines

against COVID-19 using 3D bioprinting. Nano Today 2022, 43, 101403. [CrossRef]
54. Tejeda-Mansir, A.; García-Rendón, A.; Guerrero-Germán, P. Plasmid-DNA lipid and polymeric nanovaccines: A new strategic in

vaccines development. Biotechnol. Genet. Eng. Rev. 2019, 35, 46–68. [CrossRef]
55. Tenchov, R.; Bird, R.; Curtze, A.E.; Zhou, Q. Lipid Nanoparticles-From Liposomes to mRNA Vaccine Delivery, a Landscape of

Research Diversity and Advancement. ACS Nano 2021, 15, 16982–17015. [CrossRef]
56. Schoenmaker, L.; Witzigmann, D.; Kulkarni, J.A.; Verbeke, R.; Kersten, G.; Jiskoot, W.; Crommelin, D.J.A. mRNA-lipid nanoparticle

COVID-19 vaccines: Structure and stability. Int. J. Pharm. 2021, 601, 120586. [CrossRef]
57. Somiya, M.L.Q.; Kuroda, S. Current Progress of Virus-mimicking Nanocarriers for Drug Delivery. Nanotheranostics 2017, 1,

415–429. [CrossRef]

http://doi.org/10.7150/ntno.19796
http://doi.org/10.2217/nnm.11.79
http://doi.org/10.1126/sciadv.1601556
http://doi.org/10.1016/j.jconrel.2021.03.017
http://doi.org/10.1038/s41524-017-0050-y
http://doi.org/10.1093/toxsci/kfm169
http://doi.org/10.1039/C5BM00360A
http://doi.org/10.1016/j.vaccine.2010.07.022
http://doi.org/10.1016/B978-0-12-817778-5.00007-5
http://doi.org/10.1016/B978-0-12-817778-5.00007-5
http://doi.org/10.1038/nrd.2017.243
http://doi.org/10.1038/s41434-020-00204-y
http://doi.org/10.1038/s41551-019-0378-3
http://doi.org/10.1016/j.ymthe.2017.08.006
http://doi.org/10.1016/j.immuni.2016.09.001
http://doi.org/10.1182/blood-2006-07-033258
http://doi.org/10.1080/21645515.2017.1330236
http://doi.org/10.1002/jcp.30076
http://www.ncbi.nlm.nih.gov/pubmed/33022076
https://www.ema.europa.eu/en/news/ecdc-ema-issue-advice-fourth-doses-mrna-COVID-19-vaccines
https://www.ema.europa.eu/en/news/ecdc-ema-issue-advice-fourth-doses-mrna-COVID-19-vaccines
http://doi.org/10.1016/j.actbio.2018.08.033
http://doi.org/10.3389/fcell.2021.633776
http://doi.org/10.2217/fvl-2021-0170
http://doi.org/10.1007/s11033-022-07132-7
http://doi.org/10.1038/s41578-021-00358-0
http://doi.org/10.1016/j.nantod.2022.101403
http://doi.org/10.1080/02648725.2018.1560552
http://doi.org/10.1021/acsnano.1c04996
http://doi.org/10.1016/j.ijpharm.2021.120586
http://doi.org/10.7150/ntno.21723


Viruses 2022, 14, 1553 20 of 22

58. Bayer, M.E.; Baruch, B.; Werner, B. Particles associated with Australia antigen in the sera of patients with leukaemia, Down’s
Syndrome and hepatitis. Nature 1968, 218, 1057–1059. [CrossRef]

59. U.S.A. Food and Drug Administration (FDA). ENGERIX-B. Available online: https://www.fda.gov/vaccines-blood-biologics/
vaccines/engerix-b (accessed on 1 July 2022).

60. Nooraei, S.; Bahrulolum, H.; Hoseini, Z.S.; Katalani, C.; Hajizade, A.; Easton, A.J.; Ahmadian, G. Virus-like particles: Preparation,
immunogenicity and their roles as nanovaccines and drug nanocarriers. J. Nanobiotechnol. 2021, 19, 59. [CrossRef]

61. Chung, Y.H.; Cai, H.; Steinmetz, N.F. Viral nanoparticles for drug delivery, imaging, immunotherapy, and theranostic applications.
Adv Drug Deliv Rev. 2021, 156, 214–235. [CrossRef]

62. Fuenmayor, J.; Gòdia, F.; Cervera, L. Production of virus-like particles for vaccines. New Biotechnol. 2017, 39, 174–180. [CrossRef]
63. Glass, P.J.; White, L.J.; Ball, J.M.; Leparc-Goffart, I.; Hardy, M.E.; Estes, M.K. Norwalk virus open reading frame 3 encodes a minor

structural protein. J. Virol. 2000, 74, 6581–6591. [CrossRef]
64. Donaldson, B.; Lateef, Z.; Walker, G.F.; Young, S.L.; Ward, V.K. Virus-like particle vaccines: Immunology and formulation for

clinical translation. Expert Rev. Vaccines 2018, 17, 833–849. [CrossRef]
65. Dai, S.; Wang, H.; Deng, F. Advances and challenges in enveloped virus-like particle (VLP)-based vaccines. J. Immunol. Sci. 2018,

2, 36–41.
66. Gebre, M.S.; Brito, L.A.; Tostanoski, L.H.; Edwards, D.K.; Carfi, A.; Barouch, D.H. Novel approaches for vaccine development.

Cell 2021, 184, 1589–1603. [CrossRef]
67. Akira, S.; Uematsu, S.; Takeuchi, O. Pathogen recognition and innate immunity. Cell 2006, 124, 783–801. [CrossRef]
68. Ura, T.; Okuda, K.; Shimada, M. Developments in Viral Vector-Based Vaccines. Vaccines 2014, 2, 624–641. [CrossRef]
69. Hasson, S.S.A.A.; Al-Busadi, J.; Sallam, T.A. The past, current and future trends in DNA vaccine immunisations. Asian Pac. J. Trop.

Biomed. 2015, 5, 344–353. [CrossRef]
70. Klimov, V.V. Vaccination from Basic to Clinical Immunology; Springer: Amsterdam, The Netherlands, 2019; pp. 291–304. [CrossRef]
71. Mauri, A.; Kostiainen, C.P.; Richard, H.R.; Nolte, J.M.; Jeroen, J.L.M. Cornelissen. Temperature-Switchable Assembly of

Supramolecular Virus–Polymer Complexes. Adv. Funct. Mater 2011, 21, 2012–2019. [CrossRef]
72. Van Kan-Davelaar, H.E.; van Hest, J.; Cornelissen, J.J.; Koay, M.S. Using viruses as nanomedicines. Br. J. Pharmacol. 2014, 71,

4001–4009. [CrossRef]
73. De la Fuente, I.F.; Sawant, S.; Tolentino, M.Q.; Corrigan, P.M.; Rouge, J.L. Viral Mimicry as a Design Template for Nucleic Acid

Nanocarriers. Front. Chem. 2021, 9, 613209. [CrossRef]
74. Lundstrom, K. Application of Viral Vectors for Vaccine Development with a Special Emphasis on COVID-19. Viruses 2020, 12, 1324.

[CrossRef]
75. Wang, J.; Peng, Y.; Xu, H.; Cui, Z.; Williams, R.O. The COVID-19 Vaccine Race: Challenges and Opportunities in Vaccine

Formulation. AAPS PharmSciTech 2020, 21, 225. [CrossRef]
76. Albanese, A.; Tang, P.S.; Chan, W.C. The effect of nanoparticle size, shape, and surface chemistry on biological systems. Annu.

Rev. Biomed. Eng. 2012, 14, 1–16. [CrossRef]
77. Jain, P.K.; Lee, K.S.; El-Sayed, I.H.; El-Sayed, M.A. Calculated absorption and scattering properties of gold nanoparticles of

different size, shape, and composition: Applications in biological imaging and biomedicine. J. Phys. Chem. B 2006, 110, 7238–7248.
[CrossRef]

78. Ma, N.; Ma, C.; Li, C.; Wang, T.; Tang, Y.; Wang, H.; Moul, X.; Chen, Z.; Hel, N. Influence of nanoparticle shape, size, and surface
functionalization on cellular uptake. J. Nanosci. Nanotechnol. 2013, 13, 6485–6498. [CrossRef]

79. Dausend, J.; Musyanovych, A.; Dass, M.; Walther, P.; Schrezenmeier, H.; Landfester, K.; Mailänder, V. Uptake mechanism of
oppositely charged fluorescent nanoparticles in HeLa cells. Macromol. Biosci. 2008, 8, 1135–1143. [CrossRef]

80. Jiang, W.K.B.; Rutka, J.T.; Chan, W.C. Nanoparticle-mediated cellular response is size-dependent. Nat. Nanotechnol. 2008, 3,
145–150. [CrossRef]

81. He, C.H.Y.; Yin, L.; Tang, C.; Yin, C. Effects of particle size and surface charge on cellular uptake and biodistribution of polymeric
nanoparticles. Biomaterials 2010, 31, 3657–3666. [CrossRef]

82. Win, K.Y.; Feng, S.S. Effects of particle size and surface coating on cellular uptake of polymeric nanoparticles for oral delivery of
anticancer drugs. Biomaterials 2005, 26, 2713–2722. [CrossRef]

83. Xiang, S.D.; Scholzen, A.; Minigo, G.; David, C.; Apostolopoulos, V.; Mottram, P.L.; Plebanski, M. Pathogen recognition and
development of particulate vaccines: Does size matter? Methods 2006, 40, 1–9. [CrossRef]

84. Reddy, S.T.; van der Viles, A.; Simeoni, E.; Angeli, V.; Randolph, G.J.; O’Neil, C.P.; Lee, L.K.; Swartz, M.A.; Hubbell, J.A. Exploiting
lymphatic transport and complement activation in nanoparticle vaccines. Nat. Biotechnol. 2007, 25, 1159–1164. [CrossRef]

85. Huang, X.; Teng, X.; Chen, D.; Tang, F.; He, J. The effect of the shape of mesoporous silica nanoparticles on cellular uptake and
cell function. Biomaterials 2010, 31, 438–448. [CrossRef]

86. Florez, L.; Herrmann, C.; Cramer, J.M.; Hauser, C.P.; Koynov, K.; Landfester, K.; Crespy, D.; Mailänder, V. How shape influences
uptake: Interactions of anisotropic polymer nanoparticles and human mesenchymal stem cells. Small 2012, 8, 2222–2230.
[CrossRef]

87. Huang, X.; Li, L.; Liu, T.; Hao, N.; Liu, H.; Chen, D.; Tang, F. The shape effect of mesoporous silica nanoparticles on biodistribution,
clearance, and biocompatibility in vivo. ACS Nano 2011, 5, 5390–5399. [CrossRef]

http://doi.org/10.1038/2181057a0
https://www.fda.gov/vaccines-blood-biologics/vaccines/engerix-b
https://www.fda.gov/vaccines-blood-biologics/vaccines/engerix-b
http://doi.org/10.1186/s12951-021-00806-7
http://doi.org/10.1016/j.addr.2020.06.024
http://doi.org/10.1016/j.nbt.2017.07.010
http://doi.org/10.1128/JVI.74.14.6581-6591.2000
http://doi.org/10.1080/14760584.2018.1516552
http://doi.org/10.1016/j.cell.2021.02.030
http://doi.org/10.1016/j.cell.2006.02.015
http://doi.org/10.3390/vaccines2030624
http://doi.org/10.1016/S2221-1691(15)30366-X
http://doi.org/10.1007/978-3-030-03323-1_8
http://doi.org/10.1002/adfm.201002597
http://doi.org/10.1111/bph.12662
http://doi.org/10.3389/fchem.2021.613209
http://doi.org/10.3390/v12111324
http://doi.org/10.1208/s12249-020-01744-7
http://doi.org/10.1146/annurev-bioeng-071811-150124
http://doi.org/10.1021/jp057170o
http://doi.org/10.1166/jnn.2013.7525
http://doi.org/10.1002/mabi.200800123
http://doi.org/10.1038/nnano.2008.30
http://doi.org/10.1016/j.biomaterials.2010.01.065
http://doi.org/10.1016/j.biomaterials.2004.07.050
http://doi.org/10.1016/j.ymeth.2006.05.016
http://doi.org/10.1038/nbt1332
http://doi.org/10.1016/j.biomaterials.2009.09.060
http://doi.org/10.1002/smll.201102002
http://doi.org/10.1021/nn200365a


Viruses 2022, 14, 1553 21 of 22

88. Niikura, K.; Matsunaga, T.; Suzuki, T.; Kobayashi, S.; Yamaguchi, H.; Orba, Y.; Kawaguchi, A.; Hasegawa, H.; Kajino, K.;
Ninomiya, T.; et al. Gold nanoparticles as a vaccine platform: Influence of size and shape on immunological responses in vitro
and in vivo. ACS Nano 2013, 7, 3926–3938. [CrossRef]

89. Pati, R.; Shevtsov, M.; Sonawane, A. Nanoparticle Vaccines Against Infectious Diseases. Front. Immunol. 2018, 9, 2224. [CrossRef]
90. Fröhlich, E. The role of surface charge in cellular uptake and cytotoxicity of medical nanoparticles. Int. J. Nanomed. 2012, 7,

5577–5591. [CrossRef]
91. Harush-Frenkel, O.; Rozentur, E.; Benita, S.; Altschuler, Y. Surface charge of nanoparticles determines their endocytic and

transcytotic pathway in polarized MDCK cells. Biomacromolecules 2008, 9, 435–443. [CrossRef]
92. Yue, Z.G.; Wei, W.; Lv, P.P.; Yue, H.; Wang, L.Y.; Su, Z.G.; Ma, G.H. Surface charge affects cellular uptake and intracellular

trafficking of chitosan-based nanoparticles. Biomacromolecules 2011, 12, 2440–2446. [CrossRef]
93. Gao, S.; Yang, D.; Fang, Y.; Lin, X.; Jin, X.; Wang, Q.; Wang, X.; Ke, L.; Shi, K. Engineering Nanoparticles for Targeted Remodeling

of the Tumor Microenvironment to Improve Cancer Immunotherapy. Theranostics 2019, 9, 126–151. [CrossRef]
94. Bennett, N.R.; Zwick, D.B.; Courtney, A.H.; Kiessling, L.L. Multivalent Antigens for Promoting B and T Cell Activation. ACS

Chem Biol 2015, 10, 1817–1824. [CrossRef]
95. Snapper, C.M. Distinct Immunologic Properties of Soluble Versus Particulate Antigens. Front. Immunol. 2018, 9, 598. [CrossRef]
96. Irvine, D.J.; Swartz, M.A.; Szeto, G.L. Engineering synthetic vaccines using cues from natural immunity. Nat. Mater. 2013, 12,

978–990. [CrossRef]
97. Tokatlian, T.; Read, B.J.; Jones, C.A.; Kulp, D.W.; Menis, S.; Chang, J.Y.H.; Steichen, J.M.; Kumari, S.; Allen, J.D.; Dane, E.L.; et al.

Innate immune recognition of glycans targets HIV nanoparticle immunogens to germinal centers. Science 2019, 363, 649–654.
[CrossRef]

98. Sanders, R.W.; Moore, J.P. Native-like Env trimers as a platform for HIV-1 vaccine design. Immunol. Rev. 2017, 275, 161–182.
[CrossRef]

99. Jardine, J.; Julien, J.P.; Menis, S.; Ota, T.; Kalyuzhniy, O.; McGuire, A.; Sok, D.; Huang, P.S.; MacPherson, S.; Jones, M.; et al.
Rational HIV immunogen design to target specific germline B cell receptors. Science 2013, 340, 711–716. [CrossRef]

100. McLellan, J.S.; Chen, M.; Joyce, M.G.; Sastry, M.; Stewart-Jones, G.B.; Yang, Y.; Zhang, B.; Chen, L.; Srivatsan, S.; Zheng, A.; et al.
Structure-based design of a fusion glycoprotein vaccine for respiratory syncytial virus. Science 2013, 342, 592–598. [CrossRef]

101. Fallas, J.A.; Ueda, G.; Sheffler, W.; Nguyen, V.; McNamara, D.E.; Sankaran, B.; Pereira, J.H.; Parmeggiani, F.; Brunette, T.J.; Cascio,
D.; et al. Computational design of self-assembling cyclic protein homo-oligomers. Nat. Chem. 2017, 9, 353–360. [CrossRef]

102. Antanasijevic, A.; Ueda, G.; Brouwer, P.J.M.; Copps, J.; Huang, D.; Allen, J.D.; Cottrell, C.A.; Yasmeen, A.; Sewall, L.M.; Bontjer,
I.; et al. Structural and functional evaluation of de novo-designed, two-component nanoparticle carriers for HIV Env trimer
immunogens. PLoS Pathog. 2020, 16, e1008665. [CrossRef]

103. Brouwer, P.J.M.; Antanasijevic, A.; Berndsen, Z.; Yasmeen, A.; Fiala, B.; Bijl, T.P.L.; Bontjer, I.; Bale, J.B.; Sheffler, W.; Allen,
J.D.; et al. Enhancing and shaping the immunogenicity of native-like HIV-1 envelope trimers with a two-component protein
nanoparticle. Nat. Commun. 2019, 10, 4272. [CrossRef]

104. Parmeggiani, F.; Huang, P.S.; Vorobiev, S.; Xiao, R.; Park, K.; Caprari, S.; Su, M.; Seetharaman, J.; Mao, L.; Janjua, H.; et al. A
general computational approach for repeat protein design. J. Mol. Biol. 2015, 427, 563–575. [CrossRef]

105. Brunette, T.J.; Parmeggiani, F.; Huang, P.S.; Bhabha, G.; Ekiert, D.C.; Tsutakawa, S.E.; Hura, G.L.; Tainer, J.A.; Baker, D. Exploring
the repeat protein universe through computational protein design. Nature 2015, 528, 580–584. [CrossRef]

106. Zepeda-Cervantes, J.; Ramírez-Jarquín, J.O.; Vaca, L. Interaction Between Virus-Like Particles (VLPs) and Pattern Recognition
Receptors (PRRs) From Dendritic Cells (DCs): Toward Better Engineering of VLPs. Front. Immunol. 2020, 11, 1100. [CrossRef]

107. Teijaro, J.R.; Farber, D.L. COVID-19 vaccines: Modes of immune activation and future challenges. Nat. Rev. Immunol. 2021, 21,
195–197. [CrossRef]

108. Satarker, S.N.M. Structural Proteins in Severe Acute Respiratory Syndrome Coronavirus-2. Arch. Med. Res. 2020, 51, 482–491.
[CrossRef]

109. Pang, N.Y.; Pang, A.S.R.; Chow, V.T.; Wang, D.Y. Understanding neutralising antibodies against SARS-CoV-2 and their implications
in clinical practice. Mil. Med. Res. 2021, 8, 47. [CrossRef]

110. Walsh, E.E.; Frenck, R.W.; Falsey, A.R.; Kitchin, N.; Absalon, J.; Gurtman, A.; Lockhart, S.; Neuzil, K.; Mulligan, M.J.; Bailey,
R.; et al. Safety and Immunogenicity of Two RNA-Based COVID-19 Vaccine Candidates. N. Engl. J. Med. 2020, 383, 2439–2450.
[CrossRef]

111. Granados-Riveron, J.T.; Aquino-Jarquin, G. Engineering of the current nucleoside-modified mRNA-LNP vaccines against
SARS-CoV-2. Biomed. Pharmacother. 2021, 142, 111953. [CrossRef]

112. World Health Organization. Interim Recommendations for Use of the Pfizer–BioNTech COVID-19 Vaccine, BNT162b2, under
Emergency Use Listing. Available online: https://www.who.int/publications/i/item/WHO-2019-nCoV-vaccines-SAGE_
recommendation-BNT162b2-2021.1 (accessed on 8 April 2022).

113. WHO. Interim Statement on Booster Doses for COVID-19 Vaccination. Available online: https://www.who.int/news/item/22-1
2-2021-interim-statement-on-booster-doses-for-COVID-19-vaccination---update-22-december-2021 (accessed on 8 April 2022).

114. WHO. Interim Statement on COVID-19 Vaccination for Children and Adolescents. Available online: https://www.who.int/
news/item/24-11-2021-interim-statement-on-COVID-19-vaccination-for-children-and-adolescents (accessed on 8 April 2022).

http://doi.org/10.1021/nn3057005
http://doi.org/10.3389/fimmu.2018.02224
http://doi.org/10.2147/IJN.S36111
http://doi.org/10.1021/bm700535p
http://doi.org/10.1021/bm101482r
http://doi.org/10.7150/thno.29431
http://doi.org/10.1021/acschembio.5b00239
http://doi.org/10.3389/fimmu.2018.00598
http://doi.org/10.1038/nmat3775
http://doi.org/10.1126/science.aat9120
http://doi.org/10.1111/imr.12481
http://doi.org/10.1126/science.1234150
http://doi.org/10.1126/science.1243283
http://doi.org/10.1038/nchem.2673
http://doi.org/10.1371/journal.ppat.1008665
http://doi.org/10.1038/s41467-019-12080-1
http://doi.org/10.1016/j.jmb.2014.11.005
http://doi.org/10.1038/nature16162
http://doi.org/10.3389/fimmu.2020.01100
http://doi.org/10.1038/s41577-021-00526-x
http://doi.org/10.1016/j.arcmed.2020.05.012
http://doi.org/10.1186/s40779-021-00342-3
http://doi.org/10.1056/NEJMoa2027906
http://doi.org/10.1016/j.biopha.2021.111953
https://www.who.int/publications/i/item/WHO-2019-nCoV-vaccines-SAGE_recommendation-BNT162b2-2021.1
https://www.who.int/publications/i/item/WHO-2019-nCoV-vaccines-SAGE_recommendation-BNT162b2-2021.1
https://www.who.int/news/item/22-12-2021-interim-statement-on-booster-doses-for-COVID-19-vaccination---update-22-december-2021
https://www.who.int/news/item/22-12-2021-interim-statement-on-booster-doses-for-COVID-19-vaccination---update-22-december-2021
https://www.who.int/news/item/24-11-2021-interim-statement-on-COVID-19-vaccination-for-children-and-adolescents
https://www.who.int/news/item/24-11-2021-interim-statement-on-COVID-19-vaccination-for-children-and-adolescents


Viruses 2022, 14, 1553 22 of 22

115. UHSA. SARS-CoV-2 Variants of Concern and Variants under Investigation in England. Available online: https://assets.
publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1045619/Technical-Briefing-31-Dec-
2021-Omicron_severity_update.pdf (accessed on 8 April 2022).

116. Suzuki, Y.I.H. Difference in the lipid nanoparticle technology employed in three approved siRNA (Patisiran) and mRNA
(COVID-19 vaccine) drugs. Drug. Metab. Pharmacokinet. 2021, 41, 100424. [CrossRef]

117. Corbett, K.S.; Edwards, D.K.; Leist, S.R.; Abiona, O.M.; Boyoglu-Barnum, S.; Gillespie, R.A.; Himansu, S.; Schäfer, A.; Ziwawo,
C.T.; DiPiazza, A.T.; et al. SARS-CoV-2 mRNA vaccine design enabled by prototype pathogen preparedness. Nature 2020, 586,
567–571. [CrossRef]

118. WHO. Interim Recommendations for Use of the Moderna mRNA-1273 Vaccine against COVID-19: Interim Guidance, First
Issued 25 January 2021, Updated 15 June 2021, Updated 19 November 2021, Updated 23 February 2022. Available online:
https://apps.who.int/iris/handle/10665/352124 (accessed on 8 April 2022).

119. El Sahly, H.M.; Baden, L.R.; Essink, B.; Doblecki-Lewis, S.; Martin, J.M.; Anderson, E.J.; Campbell, T.B.; Clark, J.; Jackson, L.A.;
Fichtenbaum, C.J.; et al. Efficacy of the mRNA-1273 SARS-CoV-2 Vaccine at Completion of Blinded Phase. N. Engl. J. Med. 2021,
385, 1774–1785. [CrossRef]

120. Wold, W.S.; Toth, K. Adenovirus vectors for gene therapy, vaccination and cancer gene therapy. Curr. Gene. Ther. 2013, 13, 421–433.
[CrossRef]

121. Van Doremalen, N.; Lambe, T.; Spencer, A.; Belij-Rammerstorfer, S.; Purushotham, J.N.; Port, J.R.; Avanzato, V.A.; Bushmaker, T.;
Flaxman, A.; Ulaszewska, M.; et al. ChAdOx1 nCoV-19 vaccine prevents SARS-CoV-2 pneumonia in rhesus macaques. Nature
2020, 586, 578–582. [CrossRef]

122. Dicks, M.D.; Spencer, A.J.; Edwards, N.J.; Wadell, G.; Bojang, K.; Gilbert, S.C.; Hill, A.V.; Cottingham, M.G. A novel chimpanzee
adenovirus vector with low human seroprevalence: Improved systems for vector derivation and comparative immunogenicity.
PLoS ONE 2012, 7, e40385. [CrossRef]

123. WHO. Interim Recommendations for Use of the ChAdOx1-S [Recombinant] Vaccine against COVID-19 (AstraZeneca COVID-19
Vaccine AZD1222 Vaxzevria™, SII COVISHIELD™). Available online: https://www.who.int/publications/i/item/WHO-2019
-nCoV-vaccines-SAGE_recommendation-AZD1222-2021.1 (accessed on 8 April 2022).

124. Bos, R.; Rutten, L.; van der Lubbe, J.E.M.; Bakkers, M.J.G.; Hardenberg, G.; Wegmann, F.; Zuijdgeest, D.; de Wilde, A.H.;
Koornneef, A.; Verwilligen, A.; et al. Ad26 vector-based COVID-19 vaccine encoding a prefusion-stabilized SARS-CoV-2 Spike
immunogen induces potent humoral and cellular immune responses. NPJ Vaccines 2020, 5, 91. [CrossRef]

125. Mercado, N.B.; Zahn, R.; Wegmann, F.; Loos, C.; Chandrashekar, A.; Yu, J.; Liu, J.; Peter, L.; McMahan, K.; Tostanoski, L.H.; et al.
Single-shot Ad26 vaccine protects against SARS-CoV-2 in rhesus macaques. Nature 2020, 586, 583–588. [CrossRef]

126. Barouch, D.H.; Kik, S.V.; Weverling, G.J.; Dilan, R.; King, S.L.; Maxfield, L.F.; Clark, S.; Ng’ang’a, D.; Brandariz, K.L.; Abbink, P.;
et al. International seroepidemiology of adenovirus serotypes 5, 26, 35, and 48 in pediatric and adult populations. Vaccine 2011,
29, 5203–5209. [CrossRef]

127. WHO. Interim Recommendations For the Use of the Janssen Ad26.COV2.S (COVID-19) Vaccine. Available online: https:
//www.who.int/publications/i/item/WHO-2019-nCoV-vaccines-SAGE-recommendation-Ad26.COV2.S-2021.1 (accessed on
8 April 2022).

128. Coleman, C.M.; Liu, Y.V.; Mu, H.; Taylor, J.K.; Massare, M.; Flyer, D.C.; Smith, G.E.; Frieman, M.B. Purified coronavirus spike
protein nanoparticles induce coronavirus neutralizing antibodies in mice. Vaccine 2014, 32, 3169–3174. [CrossRef]

129. Tian, J.H.; Patel, N.; Haupt, R.; Zhou, H.; Weston, S.; Hammond, H.; Logue, J.; Portnoff, A.D.; Norton, J.; Guebre-Xabier, M.;
et al. SARS-CoV-2 spike glycoprotein vaccine candidate NVX-CoV2373 immunogenicity in baboons and protection in mice. Nat.
Commun. 2021, 12, 372. [CrossRef]

130. WHO. Interim Recommendations for Use of the Novavax NVX-CoV2373 Vaccine against COVID-19. Available online: https:
//www.who.int/publications/i/item/WHO-2019-nCoV-vaccines-SAGE-recommendation-novavax-nvx-cov2373 (accessed on
8 April 2022).

131. EMA. EMA Recommends Nuvaxovid for Authorisation in the EU. Available online: https://www.ema.europa.eu/en/news/
ema-recommends-nuvaxovid-authorisation-eu (accessed on 8 April 2022).

132. WHO. COVID-19 Vaccine Tracker and Landscape. Available online: https://www.who.int/publications/m/item/draft-
landscape-of-COVID-19-candidate-vaccines (accessed on 8 April 2022).

133. Azharuddin, M.; Zhu, G.H.; Sengupta, A.; Hinkula, J.; Slater, N.K.H.; Patra, H.K. Nano toolbox in immune modulation and
nanovaccines. Trends Biotechnol. 2022, in press. [CrossRef]

134. Feng, C.; Li, Y.; Ferdows, B.E.; Patel, D.N.; Ouyang, J.; Tang, Z.; Kong, N.; Chen, E.; Tao, W. Emerging vaccine nanotechnology:
From defense against infection to sniping cancer. Acta Pharm. Sin. B 2022, 12, 2206–2223. [CrossRef]

135. Saville, M.; Cramer, J.P.; Downham, M.; Hacker, A.; Lurie, N.; Van der Veken, L.; Whelan, M.; Hatchett, R. Delivering Pandemic
Vaccines in 100 Days—What Will It Take? N. Engl. J. Med. 2022, 387, e3. [CrossRef]

https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1045619/Technical-Briefing-31-Dec-2021-Omicron_severity_update.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1045619/Technical-Briefing-31-Dec-2021-Omicron_severity_update.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1045619/Technical-Briefing-31-Dec-2021-Omicron_severity_update.pdf
http://doi.org/10.1016/j.dmpk.2021.100424
http://doi.org/10.1038/s41586-020-2622-0
https://apps.who.int/iris/handle/10665/352124
http://doi.org/10.1056/NEJMoa2113017
http://doi.org/10.2174/1566523213666131125095046
http://doi.org/10.1038/s41586-020-2608-y
http://doi.org/10.1371/journal.pone.0040385
https://www.who.int/publications/i/item/WHO-2019-nCoV-vaccines-SAGE_recommendation-AZD1222-2021.1
https://www.who.int/publications/i/item/WHO-2019-nCoV-vaccines-SAGE_recommendation-AZD1222-2021.1
http://doi.org/10.1038/s41541-020-00243-x
http://doi.org/10.1038/s41586-020-2607-z
http://doi.org/10.1016/j.vaccine.2011.05.025
https://www.who.int/publications/i/item/WHO-2019-nCoV-vaccines-SAGE-recommendation-Ad26.COV2.S-2021.1
https://www.who.int/publications/i/item/WHO-2019-nCoV-vaccines-SAGE-recommendation-Ad26.COV2.S-2021.1
http://doi.org/10.1016/j.vaccine.2014.04.016
http://doi.org/10.1038/s41467-020-20653-8
https://www.who.int/publications/i/item/WHO-2019-nCoV-vaccines-SAGE-recommendation-novavax-nvx-cov2373
https://www.who.int/publications/i/item/WHO-2019-nCoV-vaccines-SAGE-recommendation-novavax-nvx-cov2373
https://www.ema.europa.eu/en/news/ema-recommends-nuvaxovid-authorisation-eu
https://www.ema.europa.eu/en/news/ema-recommends-nuvaxovid-authorisation-eu
https://www.who.int/publications/m/item/draft-landscape-of-COVID-19-candidate-vaccines
https://www.who.int/publications/m/item/draft-landscape-of-COVID-19-candidate-vaccines
http://doi.org/10.1016/j.tibtech.2022.03.011
http://doi.org/10.1016/j.apsb.2021.12.021
http://doi.org/10.1056/NEJMp2202669

	Introduction 
	Challenges of Vaccine Development 
	Toward Overcoming Challenges Facing Vaccine Development: Think like a Virus 
	Examples of Current Nanoformulation-Based Vaccines 
	Nucleic Acid Vaccines Encapsulated in Lipid-Based Nanoparticles—RNA and DNA Vaccines 
	Virus-like Particle (VLP) 
	Viral Vector Vaccines (VVV) 

	Immune Activation by Nanovaccines 
	Immune Activation of Lipid-Based Nanoparticles—RNA and DNA Vaccines 
	Immune Activation of Virus-like Particle (VLP) 
	Immune Activation of Viral Vector Vaccines (VVVs) 

	Nanovaccines Used in Facing the Most Current Pandemic: SARS-CoV-2 
	BNT162b2 (3 LNP-mRNAs, Comirnaty) by Pfizer/BioNTech and Fosun Pharma 
	mRNA-1273 (Spikevax, Moderna and National Institute of Allergy and Infectious Diseases (NIAID)) 
	Vaxzevria (ChAdOx1-S; AZD1222), by AstraZeneca + University of Oxford 
	Ad26.COV2.S by Janssen Pharmaceutical 
	SARS-CoV-2 rS/Matrix M1-Adjuvant (Full Length Recombinant SARS CoV-2 Glycoprotein Nanoparticle Vaccine Adjuvanted with Matrix M) NVX-CoV2373, Nuvaxoid by Novavax 

	Ongoing Clinical Trials 
	Conclusions 
	References

