S

ELS

Since January 2020 Elsevier has created a COVID-19 resource centre with
free information in English and Mandarin on the novel coronavirus COVID-
19. The COVID-19 resource centre is hosted on Elsevier Connect, the

company's public news and information website.

Elsevier hereby grants permission to make all its COVID-19-related
research that is available on the COVID-19 resource centre - including this
research content - immediately available in PubMed Central and other
publicly funded repositories, such as the WHO COVID database with rights
for unrestricted research re-use and analyses in any form or by any means
with acknowledgement of the original source. These permissions are
granted for free by Elsevier for as long as the COVID-19 resource centre

remains active.



Journal of Drug Delivery Science and Technology 64 (2021) 102634

FI. SEVIER

Contents lists available at ScienceDirect
Journal of Drug Delivery Science and Technology

journal homepage: www.elsevier.com/locate/jddst

Review article

Check for

Nanotherapeutics for treating coronavirus diseases o

Thennakoon M. Sampath U. Gunathilake ®", Yern Chee Ching*"™ ", Hiroshi Uyama®,

Cheng Hock Chuah ¢

2 Centre of Advanced Materials (CAM), Faculty of Engineering, University of Malaya, 50603, Kuala Lumpur, Malaysia
Y Department of Chemical Engineering, Faculty of Engineering, University of Malaya, 50603, Kuala Lumpur, Malaysia
¢ Department of Applied Chemistry, Graduate School of Engineering, Osaka University, Osaka, Japan

4 Department of Chemistry, Faculty of Science, University of Malaya, 50603, Kuala Lumpur, Malaysia

ARTICLE INFO ABSTRACT

Keywords: Viral diseases have recently become a threat to human health and rapidly become a significant cause of mortality
COVID-19 with a continually exacerbated unfavorable socio-economic impact. Coronaviruses, including severe acute res-
Nanotechnology piratory syndrome coronavirus (SARS-CoV), Middle East respiratory syndrome (MERS-CoV), and severe acute
f;:zzz;’;;zs:j respiratory syndrome coronavirus-2 (SARS-CoV-2), have threatened human life, with immense accompanying
Virus-like particles morbidity rates; the COVID-19 (caused by SARS-CoV-2) epidemic has become a severe threat to global public
Vaccine health. In addition, the design process of antiviral medications usually takes years before the treatments can be
Nanoparticles made readily available. Hence, it is necessary to invest scientifically and financially in a technology platform that
Antiviral can then be quickly repurposed on demand to be adequately positioned for this kind of pandemic situation

through lessons learned from the previous pandemics. Nanomaterials/nanoformulations provide such platform
technologies, and a proper investigation into their basic science and biological interactions would be of great
benefit for potential vaccine and therapeutic development. In this respect, intelligent and advanced nano-based
technologies provide specific physico-chemical properties, which can help fix the key issues related to the
treatments of viral infections. This review aims to provide an overview of the latest research on the effective use
of nanomaterials in the treatment of coronaviruses. Also raised are the problems, perspectives of antiviral

nanoformulations, and the possibility of using nanomaterials effectively against current pandemic situations.

1. Introduction

Viral infections can pose a considerable threat to human health due
to their troublesome widespread distribution and their ability to adapt
through genetic mutations. The large number of fatalities caused by such
infections has also become a huge concern for healthcare systems over
the past few decades [1,2]. Despite tremendous scientific advancements,
human beings frequently find themselves helpless when faced with new
threats resulting from the emergence of new viruses. Viruses are the
cause of about one-third of infectious disease deaths. Some old patho-
gens have reappeared in the past 20 years, and several new infectious
pathogens, especially viruses, have emerged, among them, human im-
munodeficiency virus (HIV) and acute respiratory infections becoming
the world’s leading causes of mortality [3,4]. The lack of tools to tackle
virulent diseases or a slow response to a pandemic outbreak may have
significant social and economic effects.

The human respiratory mucosa seems to be the most significant

conduit and the primary route for various viruses (e.g., influenza, res-
piratory syncytial, and parainfluenza viruses) to invade or infect. In the
first case, these virulent pathogens first attack the upper respiratory
tract and then enter the lower breathing airways, progressing to diseases
[5]. They usually reach the host through airborne infections and trans-
mit by direct contact or droplets/aerosols, replicate effectively in the
respiratory tract, and often show clinical symptoms, including fever,
dyspnea, cough, bronchiolitis and pneumonia [6,7]. The majority of
respiratory tract diseases are caused by one of the numerous respiratory
viruses, particularly influenza viruses, respiratory syncytial viruses,
rhinoviruses, and the severe acute respiratory syndrome that infect the
lower respiratory tract. In addition, adenovirus, parainfluenza virus,
enterovirus, human bocavirus, and human metapneumovirus are com-
mon causes of respiratory viral infection, especially in young children
[8,9]. SARS, the most recent infectious disease caused by a novel coro-
navirus, is typically an acute type of bronchopneumonia [10]. The
family Coronaviridae, commonly known as coronaviruses, consists of
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two subfamilies: Torovirinae and Coronavirinae [11]. Coronavirus and
coronavirus-like infections such as avian infectious bronchitis, trans-
missible gastroenteritis, porcine epidemic diarrhea, and feline infectious
peritonitis have been identified in various wild and livestock animals,
including swine, poultry, and cats [12]. Coronaviruses in humans
include several viruses that cause the common cold and more serious
respiratory diseases, including Middle East respiratory syndrome, severe
acute respiratory syndrome, and coronavirus disease (COVID-19) [13].
All recent coronavirus epidemics have appeared unexpectedly and
rapidly transmitted. Not only can they endanger public wellbeing, but
they can also lead to disastrous consequences [14]. The first occurrence
of “SARS coronavirus” infection resulted in a fatality rate of ~10%, with
more than 8000 reported cases [15]. Ten years later, Middle East res-
piratory syndrome appeared in a global epidemic in 2012, spread nearly
27 countries/regions with 2494 individuals infected with a 34.4%
mortality rate [16]. Many individual cases of new coronavirus infection,
COVID-19, as a potentially deadly severe acute respiratory syndrome
(SARS-CoV-2), were reported in late 2019 and early 2020. SARS-CoV-2
is notably more likely to appear in the elderly community, especially in
people with hypertension, diabetes, cardiovascular, or coronary heart
disease. On May 19, 2021, we are witnessing a worldwide spread of the
novel corona virus with 163, 869, 893 positive cases, at least more than
3,398,302 deaths, and spread across 222 countries [13]. Various types of
candidate vaccines and proposed antiviral drugs/agents are currently
being evaluated in clinical trials on their potential effects against
SARS-CoV-2 [17].

The design phase of antiviral medications generally takes years
before the treatments can be made readily available since many legis-
lative procedures are needed to evaluate vaccines and drugs’ safety and
effectiveness [18]. In particular, the repurposing of existing medications
is actually at the forefront of study from a clinical perspective against
COVID-19. The lack of time is one of the critical reasons for the current
repurposing of medications and rapid preclinical and clinical testing of
COVID-19 vaccine formulations [19-21]. The development, clinical
trials, and new drug clearance typically take years to complete. Hence, it
is necessary to invest scientifically and financially in the technology
platform that can then be quickly repurposed on demand to be
adequately positioned for this kind of pandemic situation through les-
sons learned from the previous pandemics. Nanodevices and nano-
formulations provide such platform technologies, and a proper
investigation into their basic science and biological interactions would
be of great benefit for potential vaccine and therapeutic development
[22].

For decades, nanomaterials have been used in various pharmaceu-
tical applications, such as distributing nano-therapeutic molecules by
crossing certain barriers (such as epithelial/endothelial, immune, or cell
barriers) so that drugs can be targeted and delivered to specific sites
without affecting healthy tissues or nano-vaccines targeting certain
diseased organs or cell types, and communicate through biomolecules
found in the blood or organ tissues [23-25]. In addition, the use of
engineered nanomaterials to inactivate viruses or prevent virus binding
to host cell surface receptors are some of the notable features of nano-
scale antiviral therapies [26,27]. Furthermore, nanocarriers can trans-
mit antigens effectively due to the simplicity of surface functionalization
and the ability to carry multi-adjuvanted antigens [28]. Nanomaterials
have been used in targeted therapies, namely active and passive tar-
geting. Passive targeting could occur in a targeted nanoparticulate de-
livery system due to the increased permeability (due to inflammation or
malignancy) of a vascular system of a particular site, which can result in
the accumulation of more nanotherapeutic agents in the diseased site.
Conversely, active targeting includes the incorporation of target ligands
(e.g., antibodies, sugars, peptides, proteins, etc.) to steer the nano-
therapeutics to a particular receptor, site, or epitope [29-31].

In this perspective review, we have considered the use of nano-based
formulation approaches against previously known coronaviruses (mid-
dle east respiratory coronavirus, avian infectious bronchitis virus, severe
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acute respiratory syndrome coronavirus, transmissible gastroenteritis
virus, porcine epidemic diarrhea virus and feline coronavirus) and
SARS-CoV-2 that are being developed as delivery carriers, including
novel nanovaccine transfer platforms and effective nanodrugs to treat
viral infection. Undoubtedly, these approaches used for previous epi-
demics of coronavirus would greatly benefit for potential vaccine and
therapeutic development for the current pandemic and prevention of its
explosive spread globally.

2. Application of nanomaterial in the treatment of middle east
respiratory syndrome coronavirus

Since being first reported in a Saudi Arabic patient in 2012, Middle
East respiratory syndrome coronavirus (MERS-CoV) has become a novel
cause of severe acute respiratory disease [32]. A total of 2494
laboratory-confirmed cases of MERS were reported worldwide at the
end of November 2019, including 858 related fatalities (case-fatality
rate: 34.4%), according to a study from the World Health Organisation
(WHO); most of these reported incidents from Saudi. MERS-CoV belongs
to the order Nidovirales, the Coronaviridae family. It’s among the
newest zoonotic viruses identified. The Coronaviridae genus is classified
into different genera (a, f, ¥, and ¥). Each category is broken down into
lineages within subgroups. MERS-CoV belongs to the f-coronavirus
family C. MERS-CoV is a positive-sense single-stranded RNA virus con-
sisting of a 30-base pair genome that encodes RNA polymerase and four
specific coronaviridae structural proteins. Spike (S), the virus’ only
surface glycoprotein that mediates virus attachment and fusion through
the host cognate receptor, dipeptidyl peptidase 4 (DPP4), is the most
immunogenic of these proteins [33,34]. The main objective of most
current MERS-CoV vaccine research is to produce neutralizing anti-
bodies to this unique spike protein of MERS-CoV, as the spike protein has
been the most immunogenic structural protein. While several ap-
proaches have been reported to produce the MERS-CoV vaccine, no
clinically approved MERS-CoV vaccine is available. Various forms of
vaccines, including vector-based vaccines, subunit vaccines, and DNA
vaccines, have been studied in previous research. Among these,
neutralizing antibodies have been successfully developed and protected
against infection by viral vector vaccine or immunization with DNA
[12]. However, it is not possible to ignore health issues regarding DNA
vaccines, their inadequate induction of neutralizing antibodies, and the
possibility for decreased efficiency of viral vector vaccines due to
pre-existing viral vector immunity triggered by repeated immunization.
Although protein subunit vaccines can provoke the neutralizing anti-
bodies, the induction of cellular immune responses is relatively poor. In
addition, subunit vaccines have not been able to induce adequate host
immune responses, which resulted in a lack of long-lasting memory to an
antigen [35].

Not unsurprisingly, in the fields of vaccine research and
manufacturing, emerging approaches that overcome such limits are a
high priority. Virus-like particles (VLPs), nanoparticles (NPs), and
multimeric peptide assemblies offer attractive platforms for the devel-
opment of vaccines [36]. Attention should be paid to choosing a stable
and reliable NP assembly system to produce NP vaccines that encourage
cost-effective production and timely delivery of vaccines. In addition,
most approaches consider the thermodynamic stability of the final
assembled NPs without proper recognition of the kinetic complexities
that govern regular assembly over spontaneous interactions leading to
misfolded aggregations [37-39].

VLPs and NPs structurally mimic infectious virions but are
nonpathogenic owing to a lack of viral genomes. The recombinant sur-
face antigens of natural virions are arranged in closely organized
structures as hollow particles depleted of genetic material. Antigenic
epitopes can be seen on the NPs’ multivalent and highly repetitive
surface, which contributing to B-cell receptors’ crosslinking and the
activation of long-term immune responses [40-42]. The regularly
formed particles are highly immunogenic and are capable of diagnosing
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and prophylactic exploitation by imitating the presence of the actual
infectious virions [43,44]. Matrix protein assemblies provide a molec-
ular scaffold in the enveloped VLPs, and the lipid membrane encapsu-
lates viral antigens. Various forms of glycoproteins can be incorporated
as target antigens in the lipid membrane to produce immunological re-
sponses. However, several proteins (surface antigens and matrix pro-
teins) are required in this process, and the enveloped VLPs are
structurally incoherent and difficult to characterize. A possible solution
is to incorporate the specific antigens to the surface of the self-assembled
NPs that serve as the macromolecular scaffold for expressing the anti-
gens of concern instead of the lipid membranes [45,46].

Lin et al. [47] prepared hollow polymeric (poly (lactic-co-glycolic
acid)) nanoparticles to deliver subunit antigens (MERS-CoV) and adju-
vant (STING agonists) in a virus-like manner to enhance the effective-
ness of the vaccine (Fig. 1A). The water-in-oil-in-water double emulsion
method was used to prepare the hollow polymeric nanoparticles.

The free cyclic di-guanosinemonophosphate (cdGMP-STING ago-
nists) rapidly diffused into the bloodstream and caused unfavorable
systemic inflammatory responses. In comparison, NP(cdGMP) will
approach the lymphatic system preferentially, minimizing systemic
reactogenicity. With a negligible effect on cdGMP encapsulation per-
formance, the surface linker incorporation efficiency was around 70%
for NP(cdGMP). Notably, the antibody reaction in mice immunized with
nanoparticle vaccine has been substantially enhanced by the amount of
receptor binding domain-specific immunoglobulin G2a (RBD-specific
IgG2a) antibodies, while free MF59 (immunologic adjuvant) and
cdGMP-adjuvanted RBD antigens induced minimal levels of IgG2a. The
hollow PLGA nanoparticles have offered tunable encapsulation effi-
ciencies and controlled release of aqueous-soluble STING agonists
compared to the low encapsulation efficiencies of PLGA-based nano-
formulations for aqueous-soluble compounds in earlier studies [48,49].
This was due to the lower viscosity of the low molecular weight (10,000
Da) polymer dissolved in the organic solvent, relative to the
high-molecular-weight polymer. Interfacial surface tensions were
decreased in the double emulsion-based PLGA nanoparticles with the
low-molecular-weight polymer solution, producing highly stable
core-shell structures and high cdGMP solution encapsulation. Further-
more, there were combined advantages of biocompatibility, size con-
sistency, colloidal stability, pH-responsive release, tunable adjuvant
loading for the hollow polymeric nanoparticle. In order to modulate
immune stimulation and functionalization of nanoparticles, this viro-
mimetic nanoparticle can be further modified for particular vaccination
requirements that could apply to the several viral infections that
endanger public health.

Viral antigens from human pathogens are likely to misfold into ag-
gregates, which necessitates the chemical restoration of these insoluble
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aggregates to restore solubility and allow normal antigen assembly. Kim
et al. [45] used ferritin as a molecular scaffold to prepare novel bacterial
NP of MERS-CoV antigen for self-assembly and prevent spike glyco-
protein agglomeration into irregular conformations. Ferritin found in
most biological species has 24 similar subunits that spontaneously
attach and form nanoparticle complexes with 8 and 12 nm internal and
external diameters. RNA molecules are capable of providing new mo-
lecular functions like molecular chaperons. In this study, the function of
chaperna (chaperone + RNA) was exploited using a bacterial expression
system for folding and hybrid ferritin monomer (HFM) assembly into
nanoparticles. MERS-CoV spike glycoprotein (S) has been used to pre-
pare MERS-CoV-like NPs. The protein folding efficiency and the devel-
opment of NPs can be further increased by choosing suitable linkers. In
addition, Fe?* concentrations and salt concentrations have affected the
efficiency and uniformity of the regular assembly into NPs of HFM.
Furthermore, RNA binding avoided agglomeration into irregular con-
formations and steered the self-assembly of HFM into stable structure
NPs. Immunization results exhibited that receptor-binding domain-SSG
(linker)-bacterioferritin (RBD-[SSG]-FR) NPs induce a more robust local
immune response compared to RBD. In addition, the antibody responses
of IgG, IgG1 (Th1), IgG2a, and IgG2b (Th2) against MF59-adjuvanted
antigens were reported to be greater than those of alum-adjuvanted
antigens. Cellular immune responses of RBD-FR and RBD-[SSG]-FR
immune groups were significantly increased relative to the RBD and
FR immune groups.

Many MERS-CoV vaccines have been clinically unapproved due to
lower cellular immune response levels and failure to develop long-
lasting antigen memory. A heterologous prime-boost immunization
technique was developed to address these limitations that combine re-
combinant adenovirus serotype 5, delivering the MERS-CoV spike pro-
tein gene (Ad5/MERS) and MERS spike protein nanoparticles [50]. The
purified spike glycoprotein nanoparticles were obtained using combined
processes of anion exchange and glucose affinity chromatography.
Ad5/MERS was used to trigger the cellular immune response in the first
(priming) vaccine, and then MERS spike protein nanoparticles were used
to trigger the humoral immune response in the second and third vaccines
(first and second booster). By priming with Ad5/MERS and by boosting
with MERS spike protein nanoparticles, the cellular immune response
can be effectively triggered and circumvent viral vectors’ limitations. In
addition, this prime-boost immunization demonstrated a balanced
activation of T helper cell type 1 and 2 (Th1 and Th2) immune responses
since it successfully incorporates the benefits of both a viral vector
vaccine and a protein vaccine.

Vaccination | __
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Fig. 1. The schematic diagrams for the process of protein corona formation.
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3. Application of nanomaterial in the treatment of infectious
bronchitis virus

For the global poultry sector, avian infectious bronchitis (IB) is an
emerging contagious respiratory infection with high economic impor-
tance. It was first identified by Schalk [51] in the late 1930s in North
Dakota as a novel pathogen of acute respiratory disease in poultry and
has since been identified in all countries with active poultry industries.

IBV is a coronavirus which only infects chickens of all ages but is
severe at younger ages [52]. Infectious bronchitis is mainly a tropism for
the respiratory tract’s epithelial lining, characterized by respiratory
symptoms [53]. IBV infection generally has three clinical symptoms:
respiratory disease, reproductive diseases, and nephritis. The form of
transmission is an airborne or mechanical transfer between birds,
houses, and farms. Airborne transmission is through aerosol and occurs
easily between birds kept at a distance of about 1, 5 m.

The pathogenic organism of infectious bronchitis is the infectious
bronchitis virus (IBV) of the Nidovirales order, Coronaviridae family, in
the sub-family Coronaviridae genus Gammacoronavirus [54-56]. The
virus is enveloped and round/pleomorphic in shape. Virions are 120 nm
in diameter with 20 nm club-shaped glycoprotein spikes [53]. IBV 's
primary immunogen is the S1 subunit protein, bound to the membrane
by interaction with the S2 subunit, which is involved in viral entry and
produces epitopes that induce the production of potent neutralizing
antibodies as well as hemagglutination inhibiting antibodies [57-59].

Proper IBV vaccination may help in preventing the occurrence of
clinical IB and associated poultry airsacculitis. However, in various parts
of the world, variants of avian infectious bronchitis are continually
emerging and can weaken the immunity provoked by commercial anti-
IBV vaccines developed using classical viral strains. Therefore, to
monitor the infection caused by new strains of IBV, live attenuated
vaccines developed with regional specific variants have also been
formulated in several countries. However, outbreaks of indigenous IBV
genotype strains continuously occur and affect the poultry ‘s respiratory
and urogenital tracts. For example, the Massachusetts serotype live-
attenuated vaccine is widely used in Brazil, but the outbreak of the
BR-I native strain continues to affect respiratory and genitourinary tracts
of chickens. In addition, previous studies have shown that this vaccine
against IBV BR-I variant strains offers only partial cross-protection in the
experimental condition [60-66]. Moreover, there are several risks
involved with adopting live attenuated vaccines, including reversion of
virulence, recombination with virulent field strains, and mild tissue
injuries that may gradually develop into significant secondary infections
[67]. In addition to live attenuated vaccines, inactivated IBV vaccines
have also been widely investigated; however, they provoked a weak
mucosal immune response. High concentrations of antigens and multi-
ple immunizations are typically needed for inactivated IBV vaccines to
induce successful immune responses. Furthermore, local injuries are also
detected when using specified administration routes (intramuscular or
subcutaneous) [67-69].

New IB vaccine formulations are widely attempted to address the
shortcomings described above. Considering the increasing need for
improved vaccine technologies against emerging infectious threats, the
delivery of antigens and adjuvants through synthetic nanoparticles has
demonstrated immense potential for enhancing the vaccine’s safety and
efficacy. Particulate vaccines have been designed to mimic virus-like
features, such as nanoscale morphology, multivalent antigen display,
and antigen/adjuvant compartmentalization to facilitate the involve-
ment of immune cells and the processing of antigens. In addition, par-
ticles at the nanoscale exhibited improved lymphatic transport than
smaller subunit antigens. Displaying multiple antigens on a single
nanoscale particle makes it much easier for the immune cells to present
antigens more effectively. This excellent immune response potential of
virus-like particles has led to synthetic nanomaterials to mimic virus
properties to develop vaccines. Due to the high radii of curvature, syn-
thetic nanoparticles usually possess high surface energies that cause
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biomolecules to adsorb in a process known as protein corona formation.
A strong association of nanoparticles/proteins arises naturally as a
means of passivating surface energies in protein-rich media, and these
particles are contained in a protein layer that determines the particles’
interactions with the environment. Due to its importance in biomedical
applications, the production of protein corona is increasingly gaining
scientific attention (Fig. 1). For example, sVLPs were synthesized by the
association of spike glycoprotein on the gold nanoparticles’ surfaces
exploiting the nanoparticles’ high passivate surface energies [70]. The
full spike glycoprotein from the avian IB virus was obtained using the
Bac-to-Bac baculovirus expression system. The spontaneous association
of antigen-particle was obtained by mixing purified spike proteins with
gold nanoparticles in 10% sucrose and optimized incubation conditions
(Fig. 1B). The size of the nanoparticle increased from 100.6 nm to 139.2
nm with protein corona formation.

Results showed that antigen delivery increased by 6-fold with sVLPs
compared to the free protein formulation. This was due to the strong
adhesion of protein/particle on the nanoparticle surface and the facili-
tation of in vivo antigen transport by particle carrier. In addition, sVLPs
exhibited noticeably higher antibody (IgG) levels, providing enhanced
vaccination potency relative to free protein formulation. The improved
immunogenicity was due to the increased antigen delivery to the lymph
node and particulate nature inducing the other immune activation
mechanisms. The sVLP sample indicated high levels of IFN-g mRNA
relative to free protein and the whole inactivated vaccine samples,
showing significant enhancement of antigen-specific cellular immunity.
Finally, sVLPs immunized animal samples showed steadily decreased
viral load due to the lowest relative viral mRNA expression.

Conventional inactivated IBV vaccinations normally induce
decreased mucosal immune responses and local protection. In order to
overcome these limitations, several nanoparticle-based vaccine delivery
systems have been developed. For example, BR-I genotype strain
encapsulated chitosan nanoparticle (IBV-CS), inactivated IBV vaccine,
was developed using an ionic gelation technique to be administered via
the oculo-nasal route to chickens [71]. The ionic gelation technique was
used to produce the IBV-CS vaccine. Briefly, the embryo infectious dose
obtained in the allantoic fluid was added dropwise in 0.05% chitosan,
followed by adding sodium tripolyphosphate in the solution under
magnetic stirring and incubation at room temperature. After that, the
centrifugation step was followed to precipitate IBV-CS. The encapsula-
tion efficiency was around 85%, and the size of the spherical-shaped
nanoparticles was 286 nm. Results indicated that all vaccinated
groups with IBV-CS formed a pronounced anti-IBV IgA and IgG antibody
development memory at the upper respiratory tract mucosal sites. Also,
cell-mediated immunity (CMI) memory responses showed early in-
creases in tracheal IFNy gene expression relative to non-vaccinated and
challenged chickens. In addition, Zhao, et al. [72] has prepared
N-2-hydroxypropyl ammonium chloride chitosan (N-2-HACC) and N,
O-carboxymethyl chitosan (CMC) as an adjuvant and carrier for IBV
vaccine antigens. The water solubility of quaternized chitosan exceeded
that of the chitosan. It preserved the original characteristics of chitosan,
including excellent bioavailability, low cost, biocompatibility, and the
capability to open tight intracellular junctions. The water-soluble de-
rivatives of chitosan, N-2-HACC, and CMC, have been prepared as
nanoformulations for vaccine antigen delivery. The IBV antigen encap-
sulation into the N-2-HACC-CMC nanoparticles was achieved using a
polyelectrolyte complex method. According to in vitro release assay,
both NDV and IBV showed sustained release from nanoparticles after the
initial burst release. Immunization studies revealed that IBV antigen
encapsulated N-2-HACC-CMC nanoparticles induced the production of
high levels of IgG and IgA antibodies intranasally, enhanced lymphocyte
proliferation and higher amounts of interleukin-2 (IL-2), IL-4, and
interferon-j (IFN-t) production compared to commercially combined
live attenuated vaccine.
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4. Application of nanomaterial in the treatment of severe acute
respiratory syndrome coronavirus

Severe acute respiratory syndrome (SARS) coronavirus was reported
for the first time in 2002, followed by a series of fatal pneumonia cases
accompanied by inflammatory cellular infiltration with diffuse alveolar
damage [73]. It originated in Guangdong, China, at the end of 2002 and
transmitted to other Asian countries and Canada via international air
flight routes, resulting in 8450 total cases and 810 deaths in 33 countries
and regions of 5 continents [74]. In comparison with most other coro-
naviruses that cause mild infection, the new SARS-CoV had a high
mortality rate [75]. Increased age and comorbid conditions have been
the risk factors for severe illness and death [76]. Public safety and
socio-economic stability have been seriously impacted by the global
SARS epidemic. While this epidemic was eventually brought under
control in 2003, several isolated SARS-CoV outbreaks were caused due
to accidental releases from laboratories in Taiwan, Singapore, and
mainland China. New infections were found at the end of 2003 and early
2004 in people in contact with animals infected with SARS-CoV strains,
which were substantially different from those predominant in Guang-
dong, China, during the 2002-2003 outbreak. Only sporadic cases have
been reported since 2003; however, epidemics can recur at any time in
the future, either through the virus leaking from laboratory samples or
through SARS-CoV isolates arising from SARS-CoV-like viruses in animal
hosts [74].

Spike (S) virion surface glycoprotein, the primary inducer of
neutralizing antibodies, controls the attachment of SARS-CoV and sub-
sequent entry into target cells [77]. Two subunits constitute the spike
protein: S1 and S2. The human angiotensin-converting enzyme 2 of the
host-cell receptor is recognized by the receptor-binding domain (RBD) in
the S1 subunit. The S2 subunit is accountable for membrane fusion and
has a fusion peptide (FP) sequence accompanied by two hydrophobic
heptad repeat regions or coiled coils (HRN and HRC) [78] separated by a
large interhelical domain or loop, a transmembrane (TM) domain and a
cytoplasmic tail (Fig. 2). When the spike protein is attached to the
host-cell receptor, a structural transition within the S2 heptad repeat
regions will cause the FP and TM domains to pass adjacent to each other,
thereby promoting the integration of the viral and cell membranes and
enabling the nucleocapsid to reach the cell, the HRN and HRC structural
transfer is a refolding of their trimeric states [79] to create a six-helix
bundle [78], in which three HRN helices are formed in a central paral-
lel, triple-stranded, a-helical coiled coil, and the outer layer of three
anti-parallel HRC strands are stacked on the outside of the core [80].

Various methods have been used in previous efforts to develop a
SARS-CoV vaccine, but none of them are currently licensed for use, and
several trials have reported negative results [76]. Preliminary studies
have shown that the whole inactivated SARS-CoV can be used as suc-
cessful vaccination [81-83], but further studies have revealed that the
extent of immunity provoked by inactivated SARS-CoV is insufficient to
eliminate SARS-CoV symptoms while at the same time causing enhanced
eosinophilia in vaccinated animals [76,84]. As a consequence, either
spike subunits, recombinant viruses or DNA plasmids expressing
SARS-CoV proteins, or VLP-based vaccines are the most potential can-
didates for coronavirus vaccine platforms, although all of these ap-
proaches have their own safety issues and approval procedures.

Nanoparticles-based vaccines have been developed to increase the

Coiled-coils
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Fig. 2. Schematic illustration of full-length SARS-CoV S protein.
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vaccines’ efficacy, immunization strategies and targeted delivery of
immune response-promoting vaccines. Gold nanoparticle-adjuvanted S
protein was prepared by Sekimukai et al. [85] to induce antigen-specific
IgG response against SARS-CoV infection. A baculovirus expression
system was used to prepare the coronavirus S protein. Gold nano-
particles (AuNPs) were obtained as a commercial gold colloid and
coated with Bis(p-sulfonatophenyl)phenylphosphine dihydrate dipotas-
sium salt (BSSP). After that, the BSPP-coated AuNPs were mixed with
purified recombinant S protein and incubated for conjugation at room
temperature for 1 h. The change of the diameter of AuNPs proved the
conjugation of S protein. The levels of antigen-specific IgG in S-protein
conjugated AuNP were considerably higher after animal immunization
than in the S-protein immunized population. However, after the virus
challenge, AuNP-adjuvanted S protein failed to provoke protective im-
mune responses and limit eosinophilic infiltrations. This was due to the
structural variations in S protein upon binding to the AuNP.

The drawbacks, such as insufficient protection and failure to prevent
SARS-CoV symptoms of inactivated SARS-CoV vaccines, have led to
spike subunit-based vaccines to treat SARS-CoV infection. For example,
Coleman, et al. [86] showed that the purified coronavirus spike protein
nanoparticles promoted the neutralizing coronavirus antibody response
in mice. MERS-CoV and SARS-CoV S protein antigens were synthesized
in specific recombinant baculovirus-infected Spodoptera frugiperda 9
(Sf9) cells. The S proteins were extracted from cell membranes using a
non-ionic detergent, and the centrifugation step was followed to remove
the insoluble materials. The combination of anion exchange, affinity,
and size exclusion chromatography was used to purify the S proteins
oligomers. The detergent’s remainder is removed during the purification
step, enabling the S trimers to assemble higher-ordered micellular
protein-protein nanoparticles. According to the mice vaccination results,
the nanoparticles of coronavirus S developed high levels of homologous
virus-neutralizing antibodies. In addition, the use of adjuvant (alum)
greatly improved responses to SARS-CoV S nanoparticles and also to
MERS-CoV S nanoparticles in vaccinated mice. In addition, the pro-
duction of neutralizing antibody levels was substantially increased by
using alum or matrix M1 as adjuvants (15-fold with alum and 68-fold
with matrix M1) relative to the neutralizing antibody levels generated
due to S nanoparticles alone.

Given that most respiratory disorders arise through the mucosal
membrane, it is clear and desirable that the vaccine can activate sys-
temic and mucosal immune responses. Because of its effective trans-
fection and buffering capacity, polyethyleneimine (PEI) is used as a non-
viral vector in vitro and in vivo. Mucosal administration with PEI has
been shown to act as a potent mucosal immunostimulant. Shim et al.
[75] analyzed immune responses of intranasally immunized BALB/c
mice (an albino, laboratory-bred strain of the house mouse) with the
SARS DNA vaccine (proprotein convertase inhibitor-S/pci-S) in a dy-
namic pci-S/polyethylenimine nanoparticles complex. PEI/pci-S nano-
particles were synthesized in a solution form at PEI/pci-S ratio of 10.
The nanoparticles were found to have a spherical shape of about 200 nm
in size. PEl/pci-S complex intranasal immunization showed higher
antigen-specific serum IgG responses than pci-S alone. Compared with a
previous study (100 pg), their study used a small amount of DNA (20 pg)
for immunization [87]. Despite the small amount of DNA (20 pg), it
triggered systemic responses and mucosal immune responses. Further-
more, PEI/pci-S complex intranasal immunization also induced excel-
lent cellular defense responses.

Owing to its outstanding biocompatibility, biodegradability and,
non-toxicity, chitosan and its derivatives are excellent nucleic acid dis-
tribution carriers. The influence of chitosan’s cationic charge density
offers a high binding capacity with nucleic acids, enhancing the carrier
properties of chitosan for gene delivery. It is expected that chitosan
improves the nasal delivery potential in two ways. Firstly, chitosan’s
positive charge attaches to the negative sialic residues of nasal epithelial
mucosa, thereby delaying clearance. Second, chitosan transiently opens
tight junctions to facilitate enhanced paracellular transport through the
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nasal mucosa. Raghuwanshi et al. [88] developed a nasal route vaccine
delivery system using dendritic cell (DC) targeting chitosan nano-
particles. To achieve specific DC targeting, the plasmid DNA (PDNA)
loaded charged biotinylated chitosan nanoparticles were targeted with a
bifunctional fusion protein (bfFp) vector. BfFp is a recombinant fusion
protein composed of a single-chain anti-DEC-205 antibody (scFv) with
truncated core-streptavidin. Fusion protein binds to biotinylated nano-
particles in its core streptavidin arm. The DC DEC-205 receptor targeting
sensitivity is imparted by anti-Dec-205 scFv (Fig. 3). Bio-
tinamidohexanoic acid 3-sulfo-N-hydroxysuccinimide ester sodium salt
was used to biotinylate the chitosan hydrochloride (Fig. 4). The bio-
tinylated chitosan nanoparticles (NPs) loaded with plasmid DNA
(pVAXN) have been developed using a modified complex coacervation
method.

In the presence or absence of DC maturation stimuli, pVAXN as
soluble NPs or bfFp targeted NPs were delivered by the intranasal or
intramuscular route to BALB/c mice. The serum IgG profile showed that
the combination of bfFp-targeted nanoparticle nasal administration and
maturation stimuli (anti-CD40 mAb) resulted in increased rates of sys-
temic IgG compared to naked DNA vaccine administered via the intra-
nasal or intramuscular path. Nasal delivery of DC targeted nanoparticles
in conjunction with anti-CD40 mAb demonstrated increased mucosal
IgA levels in nasal washings compared to pvVAXN, NP, and bfFp targeted
NP intranasal delivery. Furthermore, for targeted formulations, a rela-
tively increased level of IFN-j was observed relative to the non-targeted
formulation.

For humans, the SARS vaccine strategy using full-length S protein
may not be the best choice. Therefore, the best approach will be to use
small epitopes of S proteins, which are essential determinants of
neutralization. The usage of the SARS-CoV S protein receptor-binding
domain triggered the most potent neutralizing antibodies and
extended defensive immunity. Pimentel et al. [89] prepared the SARS
subunit vaccine using a modified version of the peptide nanoparticle.
The modifications involved replacing cysteines with alanines and
attaching the SARS HRCI1 epitope to the C-terminus to be repeatedly
shown on the nanoparticles’ surface. A significant feature of peptide
nanoparticles is that a repeated antigen display system is generated
when the monomers self-assemble. Oligonucleotides coding for the
SARS HRC1 B-cell epitope were annealed and ligated into a modified
peptide transporter (pPEP-T) vector coding for the peptide monomer of
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the core particle. HRC peptides were obtained by transferring enveloped
plasmid into the Escherichia Coli strain expression cells. The peptide
nanoparticles consist of self-assembled monomers were obtained by a
stepwise dialysis process. The nanoparticles exhibited spherical shape
with different sizes ranging from 25 to 30 nm. According to immune
responses in mice, the immunization using HRC1 nanoparticles
demonstrated concentration-dependent neutralization of SARS-CoV
infectivity; however, immunization with nanoparticles alone did not
show significant neutralization activity. This system’s immunogenic
impact is due to the particle’s nanometer scale, the repetitive epitope
displays, and a strong mimicry of the native conformation.

5. Application of nanomaterial in the treatment of severe acute
respiratory syndrome coronavirus 2

A novel coronavirus causing pneumonia was detected in Wuhan,
China, at the end of December 2019 and spread rapidly in China and
abroad. Later, on March 12, 2020, the WHO declared the outbreak of
COVID-19 a pandemic [90]. On 11 February, the International Com-
mittee for Virus Taxonomy (ICTV)’s Coronavirus Research Group (CGS)
named the virus as SARS-CoV-2 based on the study of the evolutionary
past of the current coronavirus, and the pathogen is causing severe acute
respiratory syndrome (SARS) [91]. The same day, the World Health
Organisation (WHO) announced the “coronavirus outbreak”
(COVID-19) caused by SARS-CoV-2. A total of >163 million coronavirus
(COVID-19) cases and more than three million deaths were reported
worldwide at the time of writing, with the US, India, and Brazil
remaining the top three countries with the highest total number of
confirmed cases [92]. It has been shown that the mortality from this
pandemic varies from 1 to more than 7%. The main concern is the
transmissibility of this virus, which contributes to increased infection
rates as it spreads at a rate of 0.8-3% through the community, more
significant than the average transmission rate of normal flu [93].

The COVID-19 symptoms can be relatively unspecific, and in-
dividuals affected may be asymptomatic. Fever is the most common
symptom by far, with a percentage of 85.6%, followed by dry cough
(68.7%) and fatigue (39.4%). Dyspnea, headache, loss of appetite,
panting, sore throat, vomiting, diarrhea, rhinorrhea, and abdominal
pain are less common symptoms [94]. The incubation time is estimated
to be 5-14 days before the emergence of the disease. The latest studies
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Fig. 3. Schematic illustrating the dendritic cell targeting chitosan nanoparticles.
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reveal that certain COVID-19 patients experience back, liver, and eye
conjunctivitis and brain injury (encephalitis) [92,95-97]. The
SARS-CoV-2 genome has been successfully sequenced, showing that key
genes are highly similar to other coronaviruses that cause respiratory
illnesses such as SARS-CoV.

The receptor-binding domain of the envelope-embedded spike (S) 1
protein (C-terminal domain) of SARS-CoV-2 binds angiotensin-
converting enzyme 2 (ACE2). The most popular treatment approaches
focus on disrupting this critical event since binding the S protein to ACE2
is essential for the first infection stage. SARS-CoV-2 binds to the ACE2
receptors on the surface of host cells. The transmembrane serine pro-
tease 2 (TMPRSS2) allows for cellular entry of the virus by protease
action. Later, viral particles are internalized into endosomes. After that,
viral particles are uncoated due to low endosomal pH, and the virus
genome is released for protein synthesis. Finally, viral RNA and protein
are synthesized; new infectious particles are assembled and released.
The first events of the infection are elucidated at the molecular level in
Fig. 5.

It usually takes years before treatments can be made readily avail-
able for the design phase of antiviral medicines as there is a range of
regulatory procedures that are needed to assess the safety and effec-
tiveness of vaccines and drugs. Furthermore, when SARS-CoV-2 con-
tinues to mutate, highly specific viral targets may change, leading to
drug resistance, as observed.

Nanotechnology provides a host of strategies, including new vac-
cines and medications, to combat viruses in a number of ways. Nano-
materials may also be used for the inhalation of medications in the
respiratory system [27]. The respiratory tract (upper airways, lung) is
the main target of SARS-CoV-2. Due to the comparatively high abun-
dance of ACE2 and the permissive cell environment, the virus joins
alveoli and meets alveolar epithelial type II cells (AECII). These cells
serve as sources for the infection and gradually spread across the body,
resulting in decreased lung function in extreme situations.

The use of nanoparticles targeting ACE2 receptors or viral S protein
may block viral particles’ cellular attachment to the alveoli. In order to
systemically inactivate viral particles, different approaches, such as the
use of neutralizing NPs or photocatalytic nanomaterials, can also be
applied. Nanomaterial or immunomodulation-focused vaccines may be
used to prevent COVID-19 infection or enhance the immune response.
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Fig. 5. Schematic illustrating SARS-CoV-2 entry into cells.
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After the genetic sequence of SARS-CoV-2 was published on January 11,
2020, extensive scientific efforts have been made to create a vaccine
against SARS-CoV-2. This excellent research mobilization led the first
candidate vaccine to initiate the phase I human clinical trial on March
16, 2020 with unprecedented speed, and other innovative candidate
vaccines are rapidly following. As of May 13th, 2021, there are 99
COVID-19 candidate vaccines in clinical trials and 184 in preclinical
evaluation [98].

The vaccine’s design would be based on either the direct delivery of
viral antigens (such as recombinant proteins, vector-based vaccines, or
whole inactivated or attenuated viruses) or the RNA or DNA encoding
viral antigens. Although the cargo is mostly degraded, not bioavailable,
or readily cleared, the drug, protein, or RNA delivery to the patient is
associated with many complications. These complications have been
resolved by encapsulating drug, protein, or RNA into nanoparticles in
recent studies. For example, McKay, et al. [99] compared the immu-
nogenicity of self-amplifying RNA (saRNA) encoding a pre-fusion sta-
bilized (SARS-CoV-2) S protein encapsulated lipid nanoparticle (LNP)s
to the body’s immune response produced by a COVID-19 recovered
patient (Fig. 6). A self-assembly method was used to encapsulate SaBRNA
in LNP. LNP is composed of ionizable lipid, phosphatidylcholine,
cholesterol, and PEG-lipid with a mean hydrodynamic diameter of
approximately 75 nm.

SaRNA lipid nanoparticle immunization in mice produced excep-
tionally high SARS-CoV-2 unique IgG antibodies in mice compared to
both electroporated pDNA and normal human infections, and it was able
to neutralize a pseudotyped virus effectively. In addition, the findings
showed enhanced antibody titers, viral neutralization, and cellular
response compared to electroporated pDNA, which was attributable to
the use of potent LNP in this study.

In another study, Patra [100] suggests conjointly use: (i) an oligo-
nucleotide against the 5'-UUUAAAC-3'heptanucleotide slippery
sequence, and (ii) dismantling the pseudoknot that is preventing the
pairing of matching sequences/RNA dimerization. The oligonucleotide
of the antisense-type 3'-(N)x-AAAUUUG-(N)x-5' [where N is any one of
the A, U, G, C and x = 8 to 10] will block the slippery sequence. Anti-
sense oligonucleotides designed to interfere with pseudoknot formation
may stop the translation of the viral RNA by ribosome shifting. These
polynucleotides propose to deliver using biodegradable nanoparticles.
Ligands such as epidermal growth factor receptor (EGFR)/folate
attached on the surface of nanoparticles (oligonucleotides loaded) could
be easily transmitted to the affected tissues via ligand-receptor complex
formation where cognate receptors are over-expressed, including
EGFR/CD44 and subsequent endocytosis.

Furthermore, recent studies suggest using silver nanoparticles to
treat COVID-19 early stage via inhalation delivery [101,102]. They
suggested a model method and computation for achieving an antiviral
minimum inhibitory concentration of silver particles at different

SARS-CoV-2
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respiratory system locations as a first-line approach to prevent infection
progression. The dose depends mainly on the silver nanoparticles’ size,
and 3-7 nm is the optimal size. Efficient antibacterial minimum inhib-
itory concentration is estimated at 10 pg/ml, but 25 pg/ml is an
appropriate target concentration for greater certainty to be obtained in
the respiratory system’s mucus fluid. The inhalation of aerosol droplets
with a standard diameter of 5 pm is suggested, particularly for colloidal
silver of 5 nm particles [101]. Similarly, Sarkar [102] proposed the
nebulization of 10 nm size water dispersed Ag NPs with bronchodilators
using a simple nebulizer machine or bi-level ventilation for corona pa-
tients. The antiviral effect of Ag NPs may be attributed to the attachment
of Ag NPs to RNA virus surface glycoproteins, preventing the virus from
integrating into host cells.

Aydemir and Ulusu [103] stated that angiotensin-converting enzyme
2 (ACE2) had a protective role in COVID-19-associated lung injury
caused by infection due to enhanced synthesis of vasodilator angiotensin
1-7. In addition, enhanced catalytic function and enzyme stability were
shown when those enzymes were coated on specified nanoparticles.
Therefore, using nanomaterials, ACE2-coated/embedded stable quan-
tum dots or nanoflowers can be synthesized with the improved catalytic
activity of ACE2 and used to manufacture masks, gloves, chewing gums,
nose filters, and garments. These facts propose that such viruses will be
captured by utilizing nanotechnology in products such as masks, clothes,
chewing gums, gloves, etc., before reaching the host. Allergens and
pollens are caught by nose filters before they reach the host. Like nasal
filters, ACE2-coated nanoparticle contained chewing gums, clothes, fil-
ters, and gloves may trap and hold viruses before they reach the host.

Graphene-based nanomaterials have been exquisitely explored in
antiviral therapies owing to their exceptional physical and chemical
modes of antimicrobial action on a broad range of pathogenic micro-
organisms. Graphene can modulate its electrical properties even though
a single biomolecule is in contact with its surface, making it an ideal
sensor surface. Oxygen in graphene offers an adsorption or functional-
ization site for proteins, enzymes, or nucleic acids. Graphene oxides
(GOs) can specifically target analytes with chemically selective func-
tionalization. In addition, targeted viral proteins can be efficiently
identified by the antibody-conjugated GO sheets, and electronic nano-
material properties can be coupled for signal amplification. Despite the
low price of graphene products, it can be helpful not only in point-of-
care or large population screening but also for the production of envi-
ronmental sensors. The high specific surface area of graphene offers the
best ligand contact surface for the adsorption of negatively charged
sulphates. This, in turn will associate with virions’ positively charged
residues and prevent the entry of viruses. After that, the light absorption
property of graphene may be applied to destroy the captured viral
particles [104]. This graphene material has identical negative load
density, which is possibly the key factor impacting the inhibition of the
virus [105]. It is reported that in combination with their aromatic plane,
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Fig. 6. Schematic illustrating the immunization of BALB/c mice with saRNA encoding pre-fusion stabilized S protein encapsulated in lipid nanoparticles.
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GO and reduced GO can adsorb charged lipids and degrade membranes
[106].

Graphene derivatives have also been used as antiviral drug delivery
platforms. For example, reverse transcriptase inhibitors conjugated with
graphene quantum dots and hypericin-GO have been used to treat HIV
and reovirus, respectively. Noticeably, hypericin is included as an
antiviral agent in the list of computational identified alternative thera-
pies for SARS-CoV-2 [107].

This nanomaterial is also applicable to regulating the disease’s
epidemiological propagation, apart from therapeutic approaches based
on graphene capture. For example, specific influenza A nucleoprotein
antibodies were conjugated on the surface of graphene oxide to create a
textile-integrated sensor [108]. The detection limit of this sensor was 10
ng/ml and it was able to detect exposure to the virus before the symp-
toms appeared. Similarly, future research could also involve the creation
of SARS-CoV-2 sensors for epidemiological control of virus transmission
through protective clothing. GO films are also useful in clothing to
create breathable barrier layers. Graphene coatings can be used with
silver nitrate and titanium dioxide nanoparticles to capture pathogens,
as previously mentioned. It is also reported that protective graphene
face masks can be recycled through photocatalysis or heat [104].

It takes time to produce a safe and effective vaccine, but thanks to the
unprecedented advancement of scientific research and global coopera-
tion, scientists were able to develop COVID-19 vaccines in a short time
while ensuring rigorous, scientifically appropriate and evidence-based
regulatory standards. The acceptance of a vaccine abides by a series of
well-established international regulations. Vaccines are tested exten-
sively by scientists before being approved by the regulatory health au-
thorities to ensure their efficacy, safety, and effectiveness. Vaccines,
along with antibiotics, are the strongest protection against infectious
diseases that we have to date; nevertheless, no vaccination is 100%
secure or effective for everyone. This is due to the fact that each person’s
body responds differently to vaccinations. Vaccines must go through the
appropriate phases of clinical trials on human subjects before being
included in the general public, according to the US Food and Drug
Administration (USFDA) and the National Institute of Health (NIH). As
more caution and consideration are given to the market product’s
quality, this mechanism is becoming more complex [109,110].

A standard sequence of steps is followed in the development and
testing of vaccines. Laboratory and animal studies are part of the pre-
liminary stages, which are exploratory. Scientists identify natural or
synthetic antigens that can help prevent or treat of disease at this time.
Virus-like particles, weakened viruses or bacteria, weakened bacterial
toxins, or other pathogen-derived compounds may be used as antigens
[109].

Before a vaccine can be tested in people, scientists determine the
candidate vaccine’s safety and immunogenicity or the ability to induce
an immune response using tissue culture, cell culture, or animal testing
and is known as the pre-clinical stage. These experiments offer re-
searchers an understanding of what cellular responses to expect in
humans. They can also suggest a safe starting dosage and method of
vaccine administration for the next step of the study. After that, the
sponsor, usually a private company, submits an application describing
the manufacturing and testing processes, laboratory reports and pro-
posed study for an Investigational New Drug (IND) to the USFDA. Once
the IND application has been approved, the candidate vaccine goes
through three phases of testing (clinical studies with human subjects)
under the oversight of FDA [109].

Phase I is the first attempt to assess the candidate vaccine in humans,
emphasizes the vaccine’s safety and generally involves 20-100 in-
dividuals who haven’t been exposed to the disease being studied and are
otherwise healthy. The goals of Phase 1 testing are to determine the
safety of the vaccine (whether there are adverse reactions with
increasing doses) and to learn how effective the vaccination performs in
terms of the type and extent of immune response that the vaccine pro-
vokes in humans [109].
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In the absence of safety issues from phase 1 trials, phase 2 testing
involve more patients, with randomized-controlled studies testing
multiple dosages on hundreds of participants of usually varying health
statuses and across diverse demographic categories. These tests
contribute to the safety details on typical short-term side effects and
risks, investigate the interaction between the dosage given and the im-
mune response, and include preliminary data on the effectiveness of the
vaccine in its ability to provoke an immune response. Immune responses
are assessed using standardized and validated procedures. People
receiving the candidate vaccine are compared with a controlled group
who may receive an FDA-approved vaccine, a placebo or another
substance.

After a satisfactory phase III study, the vaccine manufacturer will
submit a biologics license application to the FDA. The FDA will then
inspect the vaccine’s manufacturing facility and approve the vaccine’s
labelling [109].

Vaccines are monitored using a variety of systems since they have
been licensed. They are phase IV trials, the Vaccine Adverse Event
Reporting System (VAERS), and the Vaccine Safety Datalink (VSD).
Following the release of a vaccine, drug companies can perform optional
phase IV trials. The vaccine’s manufacturer may continue to evaluate it
for safety, effectiveness, and other potential applications. VAERS is a
voluntary reporting system that investigates the adverse effects and tries
to determine whether the vaccination caused those effects. VSD com-
pares rates of adverse events in newly vaccinated people to rates of
unvaccinated people using real-time statistics [109,111]. Fig. 7 provides
the details of COVID-19 vaccine candidates in clinical and pre-clinical
development as of May 6, 2021.

6. Application of nanomaterial in the treatment of transmissible
gastroenteritis virus

Since acute infectious diarrhea poses a significant cause of severe
piglet disease and mortality, porcine enteric coronaviruses (CoVs) are
also among the main threats to the porcine industry worldwide. Trans-
missible gastroenteritis virus (TGEV) is one of the five enteric porcine
coronaviruses identified to date. The main symptoms are vomiting,
watery diarrhea, dehydration, and weight loss. The primary route of
transmission of the virus is fecal-oral. Infected creatures are unable to
digest food properly and die due to dehydration. The mortality rate can
be greater than 90% and is inversely proportional to the pig’s age [112].
Not like other porcine enteric CoVs, TGEV has both intestinal and res-
piratory tropisms, making it a useful model for studying the molecular
determinants of coronavirus tissue tropism. TGEV is an RNA virus
belonging to the family Coronaviride. The virus replicates in the cyto-
plasm of mature epithelial cells found at the tips of the small intestinal
villi. TGE virions are circular, with an average diameter of 75-160 nm,
comprising a single-stranded RNA and a large number of nucleocapsid
protein molecules [113]. Traditional vaccines for this infection have
several drawbacks, such as up to 99% ballast chemicals, making the
vaccine reactogenic, the presence of toxic antimicrobial chemicals (e.g.,
phenol, formaldehyde), and reduced immunogenicity because empty
virus particles seem unable to trigger cellular immunity. In addition,
inactivated vaccines are also considered to have low immunogenicity
since empty virus particles cannot induce cellular immunity. Different
methodologies have been developed to solve these issues, such as
vaccination with nanoparticles as antigens and therapeutic agent car-
riers [114].

For example, Lv, et al. [115] investigated the inhibitory effect of Ag
nanoparticles, silver nanowires of 60 nm and 400 nm in diameter, and
silver colloids on transmissible gastroenteritis virus (TGEV) induced cell
infection in vitro. A mixture of ammonium nitrate, polyoxyethylene,
glycerol, trioleate, and tween 20 has been used to stabilize Ag nano-
particles. For the nanowires and the colloids, polyvinylpyrrolidone
(PVP) was used as the coating agent. Nanowires with higher coating
agents showed less cytotoxicity on TGEV-susceptible porcine cell line



T.M.S.U. Gunathilake et al.

Virus like particle

Journal of Drug Delivery Science and Technology 64 (2021) 102634

[ Phase 4
[ Phase 3
[ Phase 2/3
[ 1Phase 2

Viral vector

[ Phase 1/2|
[ 1Phase 1

RNA based

Protien subunit

Vaccine platform

Live attenuated virus

Inactivated virus

DNA based

0 5

10

15 20 25 30

Number of candidate vaccines

A) Candidate Covid-19 vaccines in clinical development.

Virus like particle

Viral vector

RNA based vaccine

Protein subunit

Vaccine platform

Live attenuated virus

Live attenuated bacterial vector

Inactivated virus

DNA based

i

Cellular based

Bacterial vector

O =

10

LN S R S e S B e S L S L B S S S R B e

20 30 40 50 60 70

Number of Candidate vaccines

B) Candidate Covid-19 vaccines in pre-clinical development.

Fig. 7. COVID-19 vaccine candidates in clinical and pre-clinical development.

(ST cells) than NPs with less coatings. Additionally, relative to NPs, the
larger size of nanowires could be less absorbed by ST cells. Results
revealed that the Ag nanoparticles and Ag nanowires have considerable
anti-TGEV action; however, the Ag colloids do not affect the multipli-
cation of TGEVs. This may be due to the higher PVP coating in the Ag
colloids. PVP coatings reduce the free Ag surfaces which responsible for
antiviral activity. The significant anti-TGEV action of Ag nanoparticles
and Ag nanowires may be due to the direct interaction of Ag NPs and
silver nanowires with the TGEV surface protein, including glycoprotein,
thereby inhibiting the TGEV infection initiation. Ag nanoparticles and
Ag nanowires may modify some TGEV surface proteins’ composition
and prevent their recognition and binding to the cellular receptor of
porcine aminopeptidase.

Gold nanoparticles (GNPs) are nanomaterial with outstanding sur-
face functional chemistry, excellent biocompatibility, stability, and zero
toxicity. GNPs have been commonly used in human medicine, veterinary

medicine, and biology as carriers of antigens and therapeutic agents.
Staroverov et al. [116] studied the immunological response of guinea
pigs following administration of GNP-conjugated transmissible gastro-
enteritis inactivated virus antigen as a nanocarrier. Spherical gold
nanospheres were synthesized by reduction of aqueous tetrachloroauric
acid under reflux condition (at 100 °C) followed by the addition of 1%
aqueous sodium citrate. The average particle diameter was around 15
nm. Antigen-gold nanoparticle conjugates were synthesized by simple
mixing. According to the results, the immunization of guinea pigs with
TGEV antigen—-GNPs induces antigen-presenting cells and increases the
splenic lymphoid (antibody-forming) cells’ proliferative ability. In
addition, y-IFN, IL-1f, and IL-6 levels were higher in animals immunized
with antigen-gold nanoparticle conjugates relative to intact animals or
in animals administered with antigen alone, suggesting that the
GNP-antigen conjugates induce cellular immunity. Similarly, Mezhenny,
et al. [117] investigated the immunogenicity of TGEV antigen
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conjugated colloidal gold nanoparticles (CG) against TGEV infection.
GNPs were prepared using the redox reaction between chloroauric acid
and sodium citrate. The diameter of the circular shaped gold nano-
particles was around 15 nm. Results showed that the TGE virus antigen
and CG conjugate stimulates higher interferon and cytokine production
levels compared to native antigen immunized in guinea pigs. In addi-
tion, the animals immunized with CG conjugate showed antibody titer
twice as large as the control group animals. According to the colloidal
particles’ results, they promote the effective expression of viral peptides
on cytotoxic T lymphocytes and natural killer cells.

Adjuvants are biomolecules introduced to vaccines or experimental
antigens, which may boost the immune response via a variety of
mechanisms. The popular clinically relevant vaccine adjuvants are
alum, emulsions, liposomes, and silica. Alum is the adjuvant that has
been most widely used since the 1920s. However, several drawbacks are
associated with these adjuvants, such as local reactions to injection sites,
causing IgE-mediated allergy, and the sensitivity of susceptible in-
dividuals. Overcoming these limitations, the development of nano-
adjuvants has brought a new perspective to vaccine enhancement. For
example, silicon nanoparticles have been used as an antigen carrier for
promoting the uptake of co-administered antigens because of their im-
mune compatibility, biocompatibility, particle size tunability,
morphology, structure, and surface functionality. Jin et al. [118]
investigated the immune enhancement of nano silicon adjuvanted TGEV
vaccine and compared its results with the alum adjuvant. The purchased
nanosilica adjuvant (70 nm) was mixed into the inactivated TGEV vac-
cine preparation at a ratio of 1:2. The results revealed that, relative to
negative controls, the nanoadjuvant provided a significantly higher
mucosal immune response in the early immune response. The nano
silicon adjuvanted TGEV vaccine significantly enhanced cellular and
humoral immunity in mice compared to the alum adjuvant. In addition,
nanoparticles have narrow size distribution, greater surface area, and
better adhesion that can boost adjuvant action, increase targeted antigen
distribution, and significantly minimize side effects. Furthermore, the
nano-silicon adjuvanted TGEV vaccine stimulates signaling channels for
Toll-like receptors, controls the development and release of multiple
inflammatory cytokines, and rapidly triggers the innate and adaptive
immune systems to improve the immune response. These findings sug-
gest that nano silicon may be used in the TGEV vaccine as an alternative
for alum adjuvant and commercial adjuvant that offers an innovative
approach for the development of the vaccine.

7. Application of nanomaterial in the treatment of porcine
epidemic diarrhea virus

Porcine epidemic diarrhea virus (PEDV) is an enveloped single-
stranded and positive-sense RNA virus of the genus Alphacoronavirus,
Coronaviridae family, and Nidovirales order. PEDV induces large-scale
diarrhea infections in pigs and a fatality risk of 80-100% in suckling
piglets. The virus belongs to the genus « of the coronavirus family, which
includes TGEV, bat coronavirus, and human coronavirus. Although both
PEDV and TGEYV infect pigs, PEDV is genetically more closely correlated
with bat coronavirus than with TGEV; this leads to the possibility that
PEDV might have originated from bats [119]. Apparently, there is no
treatment for PEDV available. The existing techniques for controlling
viral infectivity are based on identifying agents capable of interfering in
particular steps such as viral entry and replication. For example, it was
found that homoharringtonine (HHT), a natural compound inhibits the
first step of the eukaryotic translation elongation process. HHT antag-
onizes the degree of endogenous and exogenous phosphorylation
(p-eIF4E), which may control the selective translation of particular
mRNA. Furthermore, a previous study reported that HHT had
completely inhibited PEDV infection in cell cultures at a concentration
of 500 nM [120,121]. Hydroxychloroquine (HCQ), an autophagy in-
hibitor, has also shown antiviral efficacy against a wide range of viruses.
Hydroxychloroquine therapy at 50 pM and HHT treatment at 150 nM

11

Journal of Drug Delivery Science and Technology 64 (2021) 102634

has been reported to minimize the virus titer in TCIDs (tissue culture
infective dose) by 30 and 3.5 fold, respectively, and the combination has
decreased the virus titer in TCIDs5y by 200 fold [122]. For disease con-
trol, live attenuated or killed vaccines have been introduced all around
the world. However, all vaccines did not substantially decrease
morbidity and virus shedding. Researchers are therefore working on
next-generation PEDV vaccines. Among them, nanomaterial-based for-
mulations, nanoparticle-based vaccine candidates, and
nanoparticle-based carriers/delivery systems with various benefits have
recently been investigated to treat PDEV.

The effects of metallic NPs have been evaluated against PEDV. For
example, silver NPs demonstrated inhibition properties against host cell
viral entry, as these NPs are able to interact with cell receptors. In a
recent study, Du, et al. [123] prepared glutathione-capped AgsS nano-
clusters to prevent replication of porcine epidemic diarrhea virus by
disrupting viral RNA synthesis and budding. For the synthesis of Ag>S
nanoclusters, sulfur was dissolved in hydrazine hydrate (NyH4-Hy0),
and a supramolecular hydrogel was then synthesized by adding gluta-
thione and Ag" in a defined molar ratio under N, atmosphere. Results
demonstrated promising antiviral activity against PEDV infection by 3.0
log reduction of the virus titer at a 12 h post-infection (hpi) noncytotoxic
concentration. In addition, the treatment with Ag,S nanoclusters pre-
vents negative-strand RNA synthesis and viral budding. Moreover, the
study reported that Ag,S nanoclusters triggered the IFN-stimulating
gene development and Vero cell proinflammatory cytokine expression
that could inhibit PEDV infection.

Though many metallic nanoparticles have shown excellent antiviral
therapies, there are many reported metallic nanoparticle-induced cyto-
toxicity cases in human cells. Therefore, antiviral therapies focused on
non-metallic nanoparticles have gained widespread interest due to the
excellent biocompatibility and antiviral properties. For example, Ting,
et al. [124] prepared a novel curcumin antiviral cationic carbon dot as a
precursor that could enhance curcumin bioavailability and produce a
synergistic antiviral effect to treat PEDV. Curcumin carbon dots
(CCM-CDs) were prepared by grinding curcumin and citric uniformly,
followed by hydrothermal processing. The average size of CCM-CDs was
1.5 + 0.3 nm. CCM-CDs (125 pg/ml) inhibited virus entry by more than
50%. According to zeta potential studies, positive charge CCM-CDs have
been shown to induce viral accumulation by electrostatic interactions,
which results in decreased viral infectivity. Raman spectral analysis
indicated that the viral protein structure has been altered by the incor-
poration of CCM-CDs. Furthermore, CCM-CDs showed inhibitory activ-
ity on negative-strand RNA synthesis, indicating that at the replication
stage, CCM-CDs would effectively inhibit PEDV. CCM-CDs showed
innate antiviral immunity by inducing the expressions of ISGs and
proinflammatory cytokines. Finally, CCM-CDs could inhibit reactive
oxygen species generation (ROS) (ROS can damage DNA by regulating
apoptotic signaling pathways) induced by PEDV infection.

Biodegradable and biocompatible PLGA NPs have been used as a
vaccine delivery system facilitated by particulate matter. The use of NPs
prevents the trapped vaccine from protease degradation. Li et al. [125]
tested immune responses from pregnant sows and suckling piglets
induced by immunization with an emulsified killed porcine epidemic
diarrhea (PEDV) vaccine or PLGA nanoparticle-trapped PEDV-killed
vaccine antigens (KAg). PLGA-KAg was prepared using a standard
double emulsion solvent evaporation technique. PLGA was dissolved in
solvent dichloromethane, in which PEDV antigens were solubilized
earlier. The solution was then homogenized and added to the 10%
polyvinyl alcohol aqueous solution. After that, the formulation has been
stirred, and nanoparticles have been washed and freeze-dried. In preg-
nant sows immunized with PLGA-KAg, PEDV-specific IgG and IgA spe-
cific antibody titers were enhanced in contrast with sows immunized
with KAg. The passively immunized suckling piglets of those sows
demonstrated similar outcomes. In pregnant sows vaccinated with
PLGA-KAg, IFN-y levels were induced in comparison to those vaccinated
with KAg or emulsified killed PEDV, and lymphocyte proliferation
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responses were enhanced. Notably, the group vaccinated with
PLGA-KAg had less piglet mortality than those vaccinated with KAg or
emulsified killed PEDV. These findings suggest that PLGA-KAg is an
effective and promising vaccine candidate in suckling piglets that can
induce a protective immune response against PEDV infection.

8. Application of nanomaterial in the treatment of feline
infectious peritonitis virus

Feline infectious peritonitis (FIP) is among the most severe and
deadly viral diseases caused by feline coronavirus mutations in cats.
Feline coronaviruses are pleomorphic, enveloped, single-stranded posi-
tive-sense RNA viruses with a non-segmented genome of approximately
30 kb and 11 putative open-reading frames. Feline coronaviruses exist as
two distinct biotypes. They are feline infectious peritonitis virus and
feline enteric virus [126]. The feline enteric coronavirus (FECV) biotype
is prevalent, usually infecting the gut of cats and is normally
disease-free, whereas the feline infectious peritonitis virus (FIPV)
biotype is accountable for lethal systemic illness. In comparison, feline
coronavirus also occurs as two serotypes: Feline coronavirus type I
(FECV type I and FIPV type I) and: Feline coronavirus type II (FECV type
II and FIPV type II). Both FIPV and FECV are represented within both
feline coronavirus serotypes I and II [127]. Serological and genetic
surveys have shown that the Type I feline coronavirus dominates in the
world. FIP is one of Felidae’s most devastating and deadly virus in-
fections, not because of the high death rate but due to the lack of
adequate  diagnosis, prevention, and therapeutic options.
Antibody-dependent enhancement (ADE) is further complicating the
condition, which may worsen disease symptoms. Different vaccinations
have been tested to prevent FIP, such as live virulence-attenuated or
inactivated FIPV vaccine, but no vaccination has had an adequate
impact. Those vaccinations instead enhanced the onset of FIP; in fact,
the presence of non-neutralizing antibodies promoted the infection with
FIP [128]. DNA vaccinations were unable to induce cell-mediated im-
munity against the FIPV, and the vaccines coadministered with inter-
leukin-(IL-)12 yielded adverse effects in cats. In addition, the
therapeutic efficiencies of different antiviral agents and immunomodu-
latory medicines against FIPV have been studied in previous studies, but
most were to avail. Nevertheless, recent studies have shown that itra-
conazole, a common antifungal drug, GC376 3C-like protease inhibitor,
and nucleoside analogue GS-441524, are effective in inhibiting infection
in cats with naturally occurring FIP [129].

Among various attempts that have been taken to treat FIP, nano-
materials have gained considerable attention as nanodrug carriers or as
antiviral agents. For example, Hu, et al. [130] prepared poly (ethylene
glycol)-block-poly (lactide-coglycolide) (PEG-PLGA) polymeric nano-
particles to deliver diphyllin (vacuolar ATPase blocker) to treat feline
coronavirus infection (Fig. 8). The biocompatible PEG-PLGA block--
copolymer provides a hydrophobic core for the transport and delivery of
hydrophobic diphyllin that offers solutions for compound’s insolubility
without organic solvents. Furthermore, intracellular ingestion of nano-
particles through the typical endocytosis process may boost the efficacy
of diphyllin by promoting colocalization of the compound with an
endosomal V-ATPase, thereby decreasing the off-target impact of the
product and improving its antiviral activity. Nanoparticles were pre-
pared by dissolving diphyllin in chloroform with PEG-PLGA. After that,
the mixture was transferred to deionized water and then probe soni-
cated. Finally, the chloroform was evaporated by placing the mixture in
a fume hood. The average particle diameter of the diphylin-loaded
nanoparticle was 36.19 + 1.15 nm. The nanoparticles have signifi-
cantly enhanced the protection and effectiveness of diphyllin and have
raised the therapeutic index in the investigated infection model by
approximately 800. With nanoformulation, diphyllin nanoparticles
showed a 13-fold decrease in cellular toxicity. In comparison, diphyllin
NPs showed a 60-fold increase in antiviral activity relative to the free
drug. In addition, diphyllin NPs were well tolerated after intravenous
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Fig. 8. Schematic
nanoparticles.

illustrating the diphyllin-encapsulated PEG-PLGA

administration in an animal experiment.

Researchers have discovered various antiviral materials due to the
increasing number of virus diseases day by day. Among them, graphene
has become a promising antibacterial substance owing to its large sur-
face area, effective carrier mobility, and biocompatibility. In a recent
study, Chen, et al. [131] studied the antiviral efficacy of graphene oxide
(GO) sheets and GO sheets with silver particles (GO-Ag) against feline
coronavirus (FCoV). The GO sheets were synthesized using the Hum-
mers process. GO powders were dispersed in AgNO3 and ethylene glycol.
The pulse microwave-assisted synthesis was carried out using micro-
wave until silver seed growth and settled on the GO surface. Finally, the
GO-Ag solution was placed in a vacuum oven at 60 °C and dried over-
night. Both GO, and GO-Ag sheets displayed concentration-dependent
inhibition behavior for FCoV infection in Felis catus whole fetus-4
(fcwf-4) cells. A higher percentage of FCoV infection inhibition could
be found with lower FCoV concentration and higher GO and GO-Ag
concentration. In comparison, GO-Ag could prevent FCoV infection
more effectively than GO. GO sheets alone could prevent the infection at
a non-cytotoxic concentration. The specific arrangement of GO sheets
can lead to inhibition of FCoV infection by affecting the lipid envelope
(Fig. 9). The results also indicated that negatively charged GO sheets
could interact with positive charge viral lipid membrane and cause
disruption of the lipid membrane. The tails of lipid extended from the
disrupted lipid bilayer are closely connected to the aromatic ring plane
of GO sheets. In addition, the conjugation of viral protein sulfur groups
(SH) with silver ions on the graphene oxide wall was also important in
the process of the inhibition of feline coronavirus.

Ng et al. [129] evaluated the therapeutic effects of synthesized
chitosan-based curcumin NPs against FIP using in vivo and in vitro tests.
The ionic-gelation method was used to synthesize the curcumin encap-
sulated chitosan nanoparticles (Cur-CS). The Cur-CS NPs were 330 nm in
size, with a positive surface charge of 42.1 + 3.0 mV. Cur-CS
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Fig. 9. Schematic illustrating the antiviral action of graphene-silver sheets (GO-Ag) against the enveloped virus.

nanoparticles showed reduced cytotoxicity compared to curcumin. The
viral inhibitory effects of Cur-CS nanoparticles were more significant
than curcumin in FIPV-infected cells. In addition, Cur-CS nanoparticles
showed enhanced anti-inflammatory activities and bioavailability
properties compared to curcumin administration alone. The viral
inhibitory activity of Cur-CS nanoparticle was demonstrated in ascites of
cats infected with FIP by the decreased viral titre in macrophages. In
addition, combination treatment of prednisolone and Cur-CS nano-
particles showed enhanced anti-inflammatory effects in cats diagnosed
with FIP compared to Cur-CS nanoparticles and prednisolone alone.

Types of nanotechnology-based therapeutics used in different types
of coronavirus infections, their synthesis methods, the purpose of use,
and the outcome are mentioned in Table 1.

9. Problems and perspective

The application of nanoscience to manage infectious diseases offers
innovative approaches to address current obstacles in conventional drug
therapy. It provides an excellent opportunity for the improved mode of
action of prevailing medicinal drugs. Also, nanoscience offers an
excellent platform for developing modern nano-therapeutics and di-
agnostics, which are urgently required in the era of drug resistance.
Nanoparticles/nanocarriers or nanovaccinations can be effectively
designed by functionalizing the nanostructures with proper functional
groups to incorporate conventional antiviral features into those modi-
fications. Such modifications involve characteristics of advanced nano-
systems with increased surface area to volume ratio to ensure large drug
payloads, the ability to attach molecular targets to improve the speci-
ficity of desirable cell types, tissues or other compartments, improved
pharmacokinetic, pharmacodynamics and solubility properties
providing greater accumulation, controlled and sustained release, the
ability to adjust the surface charge to promote the entrance of cells
across the negatively charged cellular membrane [132].

Furthermore, nanoparticles can be designed as non-invasive and
sustained delivery vaccine antigen carriers to a particular site. It will
facilitate the development of single-dose vaccination formulations. E.g.,
Intranasal application of the nano vaccine against influenza [133],
chitosan nanoparticles incorporated with hemagglutinin protein of
HIN1 influenza virus [134], streptococcus equi proteins [135], and
surface antigen (pRc/CMV-HBs) of hepatitis B virus [136].

Virus-like particle technology is a very effective vaccine delivery
technology that helps to mimic the features of the virus in vaccine ap-
plications. Since they do not hold any genetic material, VLPs resemble
the conformation of native viruses without being viral. Due to their high
curvature radii, synthetic nanoparticles often have high surface energies

13

that facilitate the adsorption of biomolecules, such as protein, in a
process called protein corona formation. While the formulation of pro-
tein corona is of growing scientific importance due to its implications for
biomedical applications, synthetic VLPs formed by protein corona for-
mation allow successful vaccination [70]. Vaccines based on nano-
particles are supposed to boost the vaccine effectiveness, immunization
strategies, and targeted delivery to enhance immune responses. Among
various types of nanoparticles, gold nanoparticles seem to be the
preferred nanomaterial for immunotherapy applications since their
physicochemical characteristics prevent the development of antibodies
toward platform material. Furthermore, several in vitro and in vivo
studies have shown that gold nanoparticles stimulate different immune
cells, including macrophages, lymphocytes, and dendritic cells, leading
to the development of pro-inflammatory cytokines (i.e., IL-1f and
TNF-a) and Th1 cytokines (IFN-y and IL-2) [85]. In vaccine systems, one
of the essential features of the usage of NPs is that they can distribute
proteins/peptides to individual tissue cells to assist them in producing
an effective immune response. In addition, the use of NPs enhances the
uptake of antigen, shields the antigens from premature proteolytic
degradation, regulates the antigen release, and makes it safe for human
consumption [132].

The ongoing challenge of integrating NPs in biomedical applications
is their possible toxicity. Certain materials that are usually considered
harmless may become toxic when consumed as nanoparticulate form.
For example, titanium dioxide is biologically inert in its naturally
occurring mineral form, but it induces inflammatory responses in
humans and animals when delivered as NPs smaller than 20 nm in
diameter [137]. Likewise, gold is also widely accepted as a secure, inert
carrier and is commonly seen in medical implants. However, gold
nanoparticles of 1.4 nm in diameter have been shown to penetrate the
cells and the nuclear membranes and are irreversibly attached to major
DNA grooves, which result in instability. On the other hand, gold NPs
with a relatively higher diameter (15 nm) are non-toxic even at a higher
concentration of up to 60-fold [138].

Other NP-related toxicity concerns involve accumulation in cells,
primarily due to prolonged exposure or long-term usage. For example,
fluorescent quantum dots were detected in mice 2 years after injection
[139]. In general, the approaches used to detect NP trafficking in cells
are mostly based on pharmacological inhibitors or mutant cell lines. The
concern with these analyses is that these techniques are not unique to
one trafficking mechanism, and therefore findings may also be chal-
lenging to interpret or even contradict other literature. For example,
while Rejman et al. [140] reported that the treatment of B16 cells with
chlorpromazine strongly decreased the absorption of 50 nm size nega-
tively charged polystyrene NPs compared with 200 nm size NPs, Dos
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Table 1
Types of nanotechnology-based therapeutics used in different types of coronavirus infections, their synthesis methods, the purpose of use, and the outcome.
Infection Types of nanotechnology-based Process of the synthesis of The purpose of use Results/outcome References
therapeutics nanotechnology-based therapeutics
Middle East Hollow polymeric (poly (lactic-co- ~ Water-in-oil-in-water double To deliver subunit antigens Minimized the systemic [47]

respiratory
syndrome

Middle East
respiratory
syndrome

Middle East
respiratory
syndrome

Avian infectious
bronchitis

Avian infectious
bronchitis

Avian infectious
bronchitis

Severe acute
respiratory
syndrome
coronavirus

Severe acute
respiratory
syndrome
coronavirus

Severe acute
respiratory
syndrome
coronavirus

Severe acute
respiratory
syndrome
coronavirus

Severe acute
respiratory
syndrome
coronavirus

Severe acute
respiratory
syndrome
coronavirus 2

glycolic acid)) nanoparticles
(synthetic virus like particle
vaccine)

Use of ferritin as a molecular
scaffold to prepare novel bacterial
NP of MERS-CoV antigen
(recombinant vaccines)

MERS spike protein nanoparticles
(heterologous prime-boost
immunization)

Spike glycoprotein on the surfaces
of gold nanoparticles (synthetic
virus like particle vaccine)

BR-I genotype strain encapsulated
chitosan nanoparticle (inactivated
IBV vaccine)

IBV antigen encapsulated N-2-
hydroxypropyl ammonium
chloride chitosan and N,O-
carboxymethyl chitosan
nanoparticles (adjuvanted IBV
antigen vaccine)

Gold nanoparticle-adjuvanted S
protein (adjuvanted S protein
vaccine)

Alum adjuvanted nanoparticles of
coronavirus S protein (adjuvanted
spike subunit-based vaccines)

SARS DNA in a dynamic pci-S/
polyethylenimine nanoparticles
complex (DNA vaccine)

Dendritic cell targeting chitosan
nanoparticles (plasmid DNA
vaccine)

Modified version of the peptide
nanoparticle (subunit vaccine)

SaRNA encapsulated lipid
nanoparticle (RNA vaccine)

emulsion method

Spontaneous attachment of ferritin
to form MERS-CoV (S) nanoparticle
complexes

Combined processes of anion
exchange and glucose affinity
chromatography.

Spontaneous association of
glycoprotein from avian IB virus and
gold nanoparticles

Tonic gelation technique

Polyelectrolyte complex method

Gold NPs were mixed with purified
recombinant S protein and incubated
for conjugation.

S protein antigens synthesized in
specific Sf9 cells were extracted from
cell membranes using a non-ionic
detergent, and the centrifugation.
PEI/pci-S nanoparticles were
synthesized in a solution form at
PEI/pci-S ratio of 10.

Biotinylated chitosan nanoparticles
were loaded with plasmid DNA using
a modified complex coacervation
method.

Peptides obtained by Eschericia Coli
strain expression cells were
processed into stepwise dialysis

A self-assembly method was used to

encapsulate saRNA in lipid
nanoparticle
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(MERS-CoV) and adjuvant
(STING agonists) in a virus-
like manner.

For self-assembly and to
prevent spike glycoprotein
agglomeration into
irregular conformations.

To trigger the humoral
immune response in the
second and third vaccines
(first and second booster).

For the synthesis of virus
like particulate vaccine to
mimic virus like features

For administration of
inactivated IBV vaccine via
the oculo-nasal route to
chickens.

To act as an adjuvant and
carrier for IBV vaccine
antigens

To act as an adjuvant for S
protein vaccine

To promote the neutralizing
coronavirus antibody
response in mice

To act as a potent mucosal
immunostimulant for
intranasal immunization

To developed nasal route
vaccine delivery system
using dendritic cell
targeting

To obtain repeated antigen

display system

To encapsulate SaRNA
within lipid nanoparticle as
a vaccine

To deliver Oligonucleotides

reactogenicity, substantially

increased the RBD-specific IgG2a
antibodies, offered tunable
encapsulation efficiencies,

offered the controlled release of
aqueous-soluble STING agonists.
Induced more robust local [45]
immune response, significantly
increased the cellular immune
responses, increased the

antibody (IgG, IgG1 (Th1),

1gG2a, and 1gG2b (Th2))

responses.

The cellular immune response [50]
was effectively triggered, clearly
demonstrated a balanced

activation of T helper cell type 1

and 2 (Th1 and Th2) immune

responses.

Antigen delivery increased by 6- [70]
fold with sVLPs, exhibited

noticeably higher antibody (IgG)

levels, indicated high levels of

IFN-g Mrna, viral load steadily
decreased due to the lowest

relative viral mRNA expression.

85% encapsulation efficiency [71]
was obtained, formed a

pronounced anti-IBV IgA and IgG
antibody development memory

at the upper respiratory tract

mucosal sites, showed early

increases in tracheal IFNy gene
expression.

Sustained release of antigen from [72]
nanoparticles, induced the

production of high levels of IgG

and IgA antibodies intranasally,
enhanced lymphocyte

proliferation, induced the

production of higher amounts of
interleukin-2 (IL-2), IL-4, and
interferon-j (IFN-x).

Induced the production of high [85]
levels of antigen-specific IgG.

Production of neutralizing [86]
antibody levels was substantially
increased.

Showed higher antigen-specific [75]
serum IgG responses, triggered

mucosal immune responses,

induced excellent cellular

defense responses.

Resulted in increased rates of [88]
systemic IgG, demonstrated

increased levels of mucosal IgA

in nasal washings, observed the
increased level of IFN-y.

Showed concentration- [89]
dependent neutralization of

SARS-CoV infectivity.

Produced exceptionally high [99]
SARS-CoV-2 unique IgG
antibodies, showed enhanced
antibody titers, viral
neutralization and cellular
response.
[100]

(continued on next page)
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Infection Types of nanotechnology-based Process of the synthesis of The purpose of use Results/outcome References

therapeutics nanotechnology-based therapeutics

Severe acute Oligonucleotides loaded Conjointly use: (i) An Will stop the translation of the
respiratory biodegradable nanoparticles oligonucleotide against the 5'- viral RNA by ribosome shifting.
syndrome (proposed vaccine) UUUAAAC-3'heptanucleotide
coronavirus 2 slippery sequence, and (ii)

dismantling the pseudoknot.

Severe acute Silver nanoparticles (Proposed Model method and computation To achieve an antiviral The minimum inhibitory [101]
respiratory inhalation therapy) minimum inhibitory concentration is estimated at 10
syndrome concentration of silver pg/ml but 25 pg/ml,
coronavirus 2 particles at different

locations of the respiratory
system

Severe acute Water dispersed silver Water dispersed silver nanoparticles  For nebulization with The attachment of Ag NPs to [102]
respiratory nanoparticles (Proposed (AgNP) size 10 nm with bronchodilators RNA virus surface glycoproteins
syndrome inhalation therapy) bronchodilators in lungs through prevent the virus from
coronavirus 2 nebuliza-tion with simple nebulizer integrating into host cells

machine or bi-level ventilation.
Transmissible Silver nanoparticles, silver For Ag nanoparticles, a mixture of To investigate the inhibitory =~ Nanowires with higher coating [115]
gastroenteritis nanowires and silver colloids ammonium nitrate, effect on TGEV agents showed less cytotoxicity,
(Inhibitory activity) polyoxyethylene, glycerol, trioleate Ag nanoparticles and Ag

and tween 20 were used for the nanowires showed considerable

stabilization, For the nanowires and anti-TGEV action, Ag

the colloids polyvinylpyrrolidone nanoparticles and Ag nanowires

was used as the coating agent. prevent the recognition TGEV
surface proteins and binding to
the cellular receptor of porcine
aminopeptidase.

Transmissible Gold nanoparticle conjugated Antigen-gold nanoparticle To be used as a nanocarrier Increased the splenic lymphoid [116]
gastroenteritis inactivated TGEV antigen conjugates were synthesized by for inactivated antigens (antibody-forming) cells’

(inactivated antigen vaccine) simple mixing. proliferative ability, Obtained
the higher levels of y-IFN, IL-1p,
and IL-6.

Transmissible Antigen conjugated colloidal gold Gold nanoparticle were prepared To be used as a nanocarrier ~ Stimulated higher levels of [117]
gastroenteritis nanoparticles (protein-based using the redox reaction between for TGEV antigen interferon and cytokines

vaccine) chloroauric acid and sodium citrate. production, showed higher levels
of antibody titer, induced
effective expression of viral
peptides on cytotoxic T
lymphocytes and natural killer
cells.

Transmissible Nano silicon adjuvanted TGEV Nano silica was mixed into the Nano silicon was used as an ~ Provided significantly higher [118]
gastroenteritis vaccine (inactivated antigen inactivated TGEV vaccine adjuvant mucosal immune response,

vaccine) preparation at a ratio of 1:2. significantly enhanced cellular
and humoral immunity,
stimulated signaling channels for
Toll-like receptors, controlled
the development and release of
multiple inflammatory
cytokines, rapidly triggered the
innate and adaptive immune
systems.

Porcine epidemic ~ Glutathione-capped Ag,S Sulfur was dissolved in hydrazine To find antiviral activity Showed antiviral activity against ~ [123]
diarrhea nanoclusters (antiviral activity) hydrate (N,H4-H30), and a PEDV infection by 3.0 log

supramolecular hydrogel was then reduction, prevented the

synthesized by adding glutathione negative-strand RNA synthesis

and Ag” in a defined molar ratio and viral budding, triggered the

under N, atmosphere IFN-stimulating gene
development and Vero cell
proinflammatory cytokine
expression.

Porcine epidemic ~ Curcumin cationic carbon dot Grinding curcumin and citric To find antiviral activity Induced viral accumulation by [124]
diarrhea (antiviral activity) uniformly, followed by electrostatic interactions, viral

hydrothermal processing. protein structure was altered by
the incorporation of CCM-CDs,
showed inhibitory activity on
negative-strand RNA synthesis,
showed antiviral innate
immunity.

Porcine epidemic ~ PLGA nanoparticle-trapped PEDV-  Standard double emulsion solvent To prevent the trapped Enhanced the PEDV-specific IgG [125]
diarrhea killed vaccine antigens evaporation technique vaccine from protease and IgA specific antibody titers,

(inactivated vaccine) degradation induced IFN-y levels, vaccinated
groups showed less piglet
mortality.
Feline infectious PEG-PLGA polymeric By dissolving diphyllin in chloroform  To act as carrier for antiviral ~ Significantly enhanced the [130]

peritonitis

nanoparticles to deliver diphyllin
(antiviral activity)

with PEG-PLGA
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agent

protection and effectiveness of
diphyllin, raised the therapeutic

(continued on next page)
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Infection Types of nanotechnology-based Process of the synthesis of The purpose of use Results/outcome References
therapeutics nanotechnology-based therapeutics
index by approximately 800,
showed a 13-fold decrease in
cellular toxicity, showed a 60-
fold increase in antiviral activity,
well tolerated after intravenous
administration.
Feline infectious Graphene oxide sheets with silver The GO sheets were synthesized To enhance antiviral action Showed concentration- [131]
peritonitis particles (antiviral activity) using Hummers process. GO powders dependent inhibition behavior of
were dispersed in AgNO3 and FCoV
ethylene glycol.
Feline infectious Chitosan-based curcumin Ionic-gelation method To enhance antiviral action Showed reduced cytotoxicity, [129]

peritonitis nanoparticles (antiviral activity)

showed significantly enhanced
viral inhibitory effects, showed
enhanced anti-inflammatory
activities and bioavailability
properties.

Santos et al. [141] showed a contrary finding [140,141]. Therefore, it is
ideal to obtain a combination of different inhibitors and mutant cell lines
with carefully chosen controls.

Indeed, these nanoparticles play a major role as nanocarriers or
nanovaccines in the treatment of viral infections; for certain viruses,
such as SARS-CoVs, respiratory syncytial virus, and HIV/AIDS, diag-
nosis, safe and effective therapeutics are vital need. Today, three path-
ogenic viruses are present, notably MERS- and SARS-CoVs, and SARS-
CoV-2 are the major outbreaks. Attributed to the prevalence of
COVID-19, it is also important to discuss several details concerning
virulence, pathogenesis, and the actual cause or mode of transmission of
viral infections; such recommendations and potential alternatives for
further studies, in particular on SARS-CoV-2, are including:

o The influence of metallic NPs (for example, silver, gold, and copper
NPs or hybrid NPs) can be assessed against SARS-CoV-2. Recent
studies are suggesting the use of silver nanoparticles to treat COVID-
19 at an early stage through inhalation. As a first-line treatment to
inhibit the progression of the disease, a model and computation
method for generating antiviral minimum inhibitory concentrations
of silver particles in various respiratory system locations was pro-
posed [101]. Besides the metal nanoparticles, bionanoparticles (e.g.,
nanocelluloses) carrying synthetic antiviral drugs or herbal antiviral
drugs (e.g., curcumin) can also be suggested to treat COVID-19 at an
early stage through inhalation.

Designing a noninvasive nanoparticle vaccine delivery system by
targeting vaccine antigens to provide antigen-specific mucosal im-
munity can be used as an important approach to treat COVID-19. The
respiratory tract holds a subset of local dendritic cells, which regu-
larly sample and process innocuous agents. Therefore, dendritic cells
of the respiratory tract could act as an ideal target for the absorption
of specific NPs delivered along a non-invasive route to treat COVID-
19. In previous studies, Raghuwanshi, et al. [88] developed a suc-
cessful approach for enhancing the immunogenicity of low-dose DNA
vaccine through targeted delivery to nasal resident dendritic cells.
This vaccine approach provides a new insight for non-invasive ways
of targeting vaccine antigens to dendritic cells.

Though there are many COVID-19 vaccines that have been produced
all around the world; still, tens of thousands of people will need to be
enrolled to confirm the effectiveness and to look for long-term side
effects. Among several approaches to designing vaccines, one
concern is that some vaccines can protect against disease but not
against infection (the ability of the virus to get into the body). For
example, there are many concerns regarding the usage of live
attenuated vaccines, including reversion of virulence, recombination
with virulent field strains, minor tissue injuries which may develop
into severe secondary infections [67]. One of the latest developments
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in vaccine preparation, like virus-like particles, provides superior
immune response capability that has led to synthetic nanomaterials
to emulate viral features for vaccine development. The use of bio-
nanoparticles in preparation of VLP provides a more effective
approach concerning safety and biocompatibility [47]. In this re-
gard, nanocellulose produced by acid hydrolysis can be suggested for
the preparation of VLP in vaccination against COVID 19 as they carry
negative surface charges and the available hydroxyl groups provide
the potential of enzyme/protein immobilization (protein corona
formation) and incorporation of adjuvants on the basis of its chem-
ical conjunction and electrostatic adsorption [142-146].
e The adjuvants are biomolecules introduced to vaccines through a
number of pathways to enhance the immune response. Nano-
adjuvants provide a new approach for developing vaccines. Owing
to the immune-potentiating action, biocompatibility, particle size
tunability, composition, shape, and surface functionality, polymeric
nanoparticles and silicon nanoparticles have been widely used as
adjuvants to facilitate the absorption of co-administered antigen
[147]. These findings suggest using polymeric/silicon nanoparticles
as adjuvants in the enhancement of the efficacy of COVID-19
vaccines.
Recently, it has been reported that carbon-based nanomaterials have
effective antiviral properties. Graphene oxide derivatives showed
antiviral activity by fighting for virus-cell binding. In addition, the
surface-operated carbon nanodots could serve as entry inhibitors by
interfering with the virus at the early stage of viral infection.
Furthermore, carbon dots (CDs) have been shown to inhibit viral
replication by positively regulating the antiviral type I interferon
signaling. In addition, carbon nanotubes have also been proposed as
carriers for antiviral agents in previous literature. According to these
findings, carbon-based nanomaterials can be suggested to develop
antiviral systems with reduced toxicity against SARS-CoV-2.

10. Conclusion

Today, the battle against coronavirus is becoming highly unpre-
dictable because they have transformed our way of living, with the novel
coronavirus pandemic (COVID-19) being a particularly troublesome
example. Nano-based formulation approaches such as novel nano-
vaccine transfer platforms, delivery carriers, and nanodrugs have been
developed against previously known coronaviruses. Nano-based ap-
proaches have been successfully used to deliver both antigens and ad-
juvants in a virus-like manner, prevent viral antigen agglomeration, and
for prime-boost immunization, improving the immune response against
MERS-CoV. It was observed that high surface energies of nanoparticles
improved the antigen corona formation, and bionanoparticles enhanced
the inactivated viral encapsulation in IBV vaccines. Due to the
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insufficient protection of inactivated viral vaccines against SARS-CoV,
the plasmid DNA loaded nanoparticles, and immunostimulant/nano-
particle complexes have been developed to provoke the mucosal im-
mune response. Furthermore, instead of using full-length S protein, the
usage of SARS-CoV protein receptor-binding domains triggered the most
promising neutralizing antibodies. There are about 283 candidate vac-
cines have been developed to provoke the immune response against
SARS-CoV 2. Some SARS-CoV 2 vaccines use nanoencapsulation of viral
proteins/RNA to prevent degradation of their genetic cargo. Ag nano-
particles with stabilizers have shown anti-TGEV action. Also, Ag2S
nanoclusters have been used to prevent PEDV RNA synthesis and
budding. In addition, Ag nanoparticles were suggested as inhalable
nanotherapeutics against SARS-CoV 2. Furthermore, Au nanoparticles
are a good candidate for antigen conjugation due to their stability,
biocompatibility and surface functional chemistry. The use of non-
metallic nanoparticles such as CCM-CDs and PLGA have shown excel-
lent antiviral therapies against PEDV. CCM-CDs have shown inhibitory
activity on negative-strand RNA synthesis. PLGA prevents the trapped
vaccine from protease degradation. The development of nanoadjuvants
has overcome the limitations of common vaccine adjuvants. The use of
nanocarriers for antiviral drug delivery has shown excellent antiviral
efficiencies compared to the free drug (e.g., diphyllin loaded PEG-PLGA
nanoparticles and Cur-CS nanoparticles against FIPV). Indeed, these
nanoparticles play a significant role in nanocarriers or nanovaccines;
there are some concerns over the use of nanoparticles in biomedical
applications, such as toxicity issues of some forms of nanoparticles and
accumulation in cells.

In order to improve the identified existing therapeutic limitations,
these nano-based systems have demonstrated versatile features. Ac-
cording to the studies mentioned above, researchers carried out high-
level scientific investigations to discover novel and intelligent nano-
based materials and matrices to design nanoformulations of antiviral
drugs and nanovaccines for viral diseases, especially for the infections
caused by human and animal coronaviruses. Various incidents of epi-
demics and pandemics have led to many causalities in the history of
civilization. However, in the meantime, the use of smart and advanced
technologies, particularly the field of evolving nanotechnologies, could
have a significant influence on handling prevalent and potential
outbreaks.
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