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The severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2), which emerged in December 2019 and
caused the coronavirus disease 2019 (COVID-19) pandemic, took the world by surprise with an unprecedented
public health emergency. Since this pandemic began, extraordinary efforts have been made by scientists to
understand the pathogenesis of COVID-19, and to fight the infection by providing various preventive, diagnostic
and treatment opportunities based on either novel hypotheses or past experiences. Despite all the achievements,

COVID-19 continues to be an accelerating health threat with no specifically approved vaccine or therapy. This
review highlights the recent advances in COVID-19 infection, with a particular emphasis on nanomedicine ap-
plications that can help in the development of effective vaccines or therapeutics against COVID-19. A novel
future perspective has been proposed in this review based on utilizing polymersome nano-objects for effectively
suppressing the cytokine storm, which may reduce the severity of COVID-19 infection.

1. Introduction

In December 2019, an outbreak of severe pneumonia resulting from
an unknown cause occurred in Wuhan, Hubei province, China (He et al.,
2020). A few days later, the causative agent of this mysterious pneu-
monia was identified as severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2). The corresponding infectious disease was
named coronavirus disease 2019 (COVID-19) by the World Health Or-
ganization (WHO) (He et al.,, 2020). SARS-CoV-2 rapidly spread

worldwide to become a serious health threat, and on March 11, 2020,
WHO declared a global SARS-CoV-2 pandemic (WHO, 2020b). Since
January 21, 2020, when the virus began to spread outside China,
including countries such as South Korea, Japan, and Thailand, the WHO
started releasing daily situation reports. So far, there are more than 62
million confirmed COVID-19 cases worldwide, with more than 1.45
million deaths (WHO, 2020b).

A wide range of clinical manifestations is seen in patients with SARS-
CoV-2, ranging from mild to moderate to severe and rapidly progressive
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and fulminant disease (Wu et al., 2020b). As most of the patients
infected with SARS-CoV-2 display mild or moderate symptoms, this
makes it difficult to detect them, as they may present either no symp-
toms at all or symptoms highly similar to conventional flu (Wu et al.,
2020b). The common clinical features of COVID-19 include fever,
cough, sore throat, headache, fatigue, myalgia and breathlessness, as
well as conjunctivitis (Singhal, 2020) (Fig. 1).

The current healthcare strategies for COVID-19 patients are limited
to bed rest and supportive treatments including immunomodulating
therapy, organ function support, respiratory support, bronchoalveolar
lavage (BAL), blood purification, and extracorporeal membrane
oxygenation (ECMO) (Wu et al., 2020b). In addition, some protocols use
antiviral therapeutics and antibiotics as auxiliary approaches, but
without clear mechanisms of action against SARS-CoV-2 (Wu et al.,
2020b). According to the ‘COVID-19 treatment and vaccine tracker’
report provided by the Milken Institute, as of September 3, 2020, there
were 237 vaccine candidates and 319 therapeutic substances being
studied against COVID-19 over the world (COVID-19 treatment and
vaccine tracker, 2020). So far, however, there have been no approved
vaccines or antiviral drugs against SARS-CoV-2. This implies that iden-
tifying the drug treatment options as soon as possible is critical for an
appropriate response to the COVID-19 outbreak (Lu, 2020). Therefore,
there is a serious need for a vaccine or an effective antiviral drug to cope
with this pandemic outbreak.

Although many reports have discussed a variety of nanomedicine
applications that may help in the fight against COVID-19, the majority of
them have emphasized the diagnostic rather than the therapeutic or
vaccination approaches. This review represents the recent advances in
the use of nanomaterials in development of vaccines and therapeutics
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against COVID-19. A novel approach for using polymersomes to sup-
press the cytokine storm, which may reduce the severity of COVID-19
infection, has been proposed as a future perspective.

2. SARS-CoV-2 structure and mode of infection

SARS-CoV-2 is a single-strand positive-sense RNA virus that origi-
nated in bats, albeit with the intermediate host remaining unknown.
During coughing or sneezing, SARS-CoV-2 is transmitted by the aerosol
droplets produced and disseminated in the air by infected patients
(Rothe et al., 2020). These aerosol droplets can spread up to 2 m in
distance, and the virus can retain infectivity on surfaces for a few days in
the absence of mechanical attrition or chemical attack. Via direct
inhalation or by touching the nose, mouth or eyes after touching the
surfaces contaminated with the infected droplets, the virus enters the
host body and targets the type I and II alveolar epithelial cells expressing
the angiotensin-converting enzyme 2 (ACE2) (Singhal, 2020), which has
been reported as the receptor for SARS-CoV-2 (Sun et al., 2020). During
COVID-19 infection, the trimeric spike (S) glycoprotein on the virion
surface mediates receptor recognition and membrane fusion (Yan et al.,
2020).

2.1. Virus structure and cell fusion

Both SARS-CoV-2 and SARS-CoV are human Betacoronavirus strains
that use transmembrane serine protease 2 (TMPRSS2) to prime the S
protein prior to ACE2 cellular ligand (Hoffmann et al., 2020a; Mousa-
vizadeh and Ghasemi, 2020). Among RNA viruses, coronaviruses have
the largest genome ranging from 26 to 32 kilobases (kb) (Perrotta et al.,
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Fig. 1. COVID-19 symptoms according to WHO classification (WHO, 2020a).
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2020) and consisting of structural and non-structural proteins. Many
non-structural proteins, including RARP, are involved in RNA replica-
tion and transcription processes (Ashour et al., 2020; Narayanan et al.,
2015). Meanwhile, structural proteins consist of four major proteins,
including S, envelope (E), membrane (M), and nucleocapsid (N) proteins
(Chen et al., 2020b; Malik, 2020). Apart from constructing a complete
viral particle, these four major proteins (S, E, M and N) have their
respective functions in mediating the viral pathogenesis and the repli-
cation cycle. The conserved order of their genome is replicase S, E, M
and N genes (Graham and Baric, 2010) with numerous open reading
frames (ORFs) in-between the 5’ cap and the 3’ poly (A) tail structure
(Fehr and Perlman, 2015). While 5’ cap encodes for structural proteins,
3’ tail encodes for accessory proteins including polyproteins ppla and
pplb that further divided for non-structural proteins (Anastasopoulou
and Mouzaki). Some coronaviruses also contain the hemagglutinin
esterase (HE) protein (Belouzard et al., 2012; Wang et al., 2020b).

The M protein is the most abundant structural protein and it acts as a
central organizer that forms budding with other structural proteins to
allow for virus assembly (Neuman et al., 2011; Schoeman and Fielding,
2019). The E protein is a small integral membrane protein involved in
morphogenesis and pathogenesis. Without E gene, recombinant coro-
naviruses exhibit defective virions (Schoeman and Fielding, 2019).
Meanwhile, N protein protects the viral genome by packaging it into
helical ribonucleoprotein complexes. It also interacts with RNA and
mediates transcription and translation (McBride et al., 2014).

In coronaviruses, S protein serves as the most prominent feature for
the virion structure by giving a crown-like appearance on the surface;
hence the name, coronavirus (Fehr and Perlman, 2015). The extended
structure of S protein on the virus surface is leading the viral entry into
host cells. Currently, S protein is targeted for COVID-19 vaccine research
as well as drug treatment due to its role in virus entry, which leads to
subsequent pathogenesis effects. The S protein comprises two subunits:
S1 and S2 (Astuti and Ysrafil, 2020; Walls et al., 2020) with a combined
length of 1273 amino acids (Wu et al., 2020a). The S1 contains the
receptor-binding domain (RBD), which directly binds to the peptidase
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domain (PD) of ACE2, while S2 mediates membrane fusion (Li et al.,
2005). When S1 binds to the host receptor ACE2, another cleavage site
on S2 is exposed and is cleaved by host proteases, a process that is
critical for viral infection (Belouzard et al., 2009).

It is interesting to note that the S2 subunit of SARS-CoV-2 consists of
furin-like cleavage site, which is lacking in SARS-CoV (Coutard et al.,
2020). Thus, the high expression of furin in the lungs is being exploited
by SARS-CoV-2 to activate the S protein and hence enter the host cells
via ACE2 receptor, causing respiratory failure.

2.2. Replication of SARS-CoV-2 in host cell

After successful internalization, SARS-CoV-2 begins its life cycle in
the host cells (Fig. 2). Conformational changes after the binding of S
protein to ACE2 receptor facilitate the virus-cell fusion. Once the viral
envelope fuses with the cellular membrane, the viral RNA is released
inside the host cell cytoplasm. The virion genomic RNA is then trans-
lated to generate replicase polyproteins ppla and pplb, which get
further cleaved into smaller proteins by viral proteinases (Kumar et al.,
2020; Shereen et al., 2020). Viral RNA replication produces both
genomic and many smaller sub-genomic RNAs through negative-strand
intermediates by discontinuous transcription for relevant viral proteins
translation (Kumar et al., 2020; Malik, 2020). The latter serve as a
template for structural proteins (S, E, N and M) and several accessory
proteins which are known to be at least six, including 3a, 6, 7a, 7b, 8,
and 10 (Kim et al., 2020). However, there is some discrepancy between
recent studies regarding the accessory proteins of the SARS-CoV-2
genome. For instance, Gordon et al. have reported that only 5 canoni-
cal accessory proteins are involved (3a, 6, 7a, 7b and 8) (Gordon et al.,
2020).

Subsequently, the translated viral RNA and proteins assemble in the
endoplasmic reticulum (ER) and the ER-Golgi intermediate compart-
ment (ERGIC) into new particles. Virions are then transported via ves-
icles prior to their being released out of the host cells via exocytosis by
the plasma membrane fusion (Kumar et al., 2020; Shereen et al., 2020).

Fig. 2. Schematic mechanism of repli-
cation of SARS-CoV-2 in a host cell. S
protein on the surface of SARS-CoV-2
recognizes the ACE2 receptor on the
cellular membrane of the host cell. The
conformational changes at the S1 and
S2 subunits facilitate the virus-cell
fusion via endosomal pathway. The
viral genome is released into the cyto-
plasm and translated through ribosomal
frame shifting to generate replicas of
polyproteins ppla and pplb. Following
the genomic and sub-genomic synthesis,
the viral proteins and the genomic RNA
are inserted into virions and assembled
in the ER-Golgi intermediate compart-
ment (ERGIC) and then transported in
the vesicles to the plasma membrane
before being released out via exocytosis
(Al-Hatamleh et al., 2020).
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Despite previous replication and transcription studies that have been
done on other coronaviruses, studies have been conducted to determine
the new SARS-CoV-2 transcriptome and identify possibly other un-
known components in this specific organization of the genome. Identi-
fying these elements could help in the design of therapies specific to this
novel coronavirus.

3. The immune response against SARS-CoV-2

Studies have indicated a defensive function of both cell-mediated
and humoral immune responses in patients diagnosed with COVID-19
(Baruah and Bose, 2020; Li et al., 2020). Accumulated evidence sug-
gests that a subgroup of patients with severe COVID-19 could deregulate
the immune response that allows the development of viral hyper-
inflammation (Lagunas-Rangel, 2020). In terms of laboratory analyses,
it has been noted that most of the COVID-19 patients have lymphopenia
with increased levels of infection-related biomarkers (Qin et al., 2020).
A report of 99 cases showed increased total neutrophils (38%) along
with decreased total lymphocytes (35%) (Zhou et al., 2020). This status
was also reported in another study and correlated with disease severity
and death (Wu et al., 2020c). In addition, a decrease in CD4" T cells,
CD8" T cells, B cells, and natural killer (NK) cells are common among
patients with COVID-19 (Qin et al., 2020; Wang et al., 2020a). At the
same time, the pro-inflammatory cytokines including interleukin-6
(IL-6), tumor necrosis factor (TNF) and IL-1, and chemokines (IL-8)
are elevated, especially in severe cases (Qin et al., 2020). It is also re-
ported that patients infected with SARS-CoVs have high secretion of
TNF, IL-10, IL-2, IL-7, interferon gamma-induced protein-10 (IP-10),
granulocyte colony-stimulating factor (G-CSF), monocyte chemo-
attractant protein-1 (MCP-1), and macrophage inflammatory protein-1
alpha (MIP-1a). The abruptly acute increase in the levels of
pro-inflammatory cytokines causes a severe infection state known as the
cytokine storm syndrome, which is suggested to be related to the
severity of COVID-19 infection (Conti et al., 2020; Wong et al., 2004).
However, the current data on the status of innate immunity of COVID-19
patients are still limited.

Although the ACE2 receptor is expressed in a limited amount by
macrophages/monocytes in the lungs, the virus can probably enter the
host cells through other, not yet discovered mechanisms (Rokni et al.,
2020). Wang et al. proved that SARS-CoV-2 could infect T lymphocytes
through the S protein-mediated membrane fusion (Wang et al., 2020c).
As a result, the lymphocytopenia with abnormally low lymphocyte
levels was reported and associated with the severity and mortality rate
of COVID-19 (Zeng et al., 2020; Zheng et al., 2020). However, it is still
unclear whether SARS-CoV-2 can replicate in the infected T lympho-
cytes. It is known, for example, that neither SARS-CoV nor MERS-CoV
are able to replicate in T lymphocytes (Chu et al., 2016).

It is essential to clarify the characteristics of lymphocyte subsets in
COVID-19. This could provide novel insights regarding the immune
mechanisms and be an independent predictor for disease severity and
treatment efficacy. Also, since the infected cells induce innate inflam-
mation in the lungs, which is mediated mainly by pro-inflammatory
secretions, good general health may not be advantageous for patients
who have advanced to the severe stage. Therefore, efforts should be
made to suppress inflammation and to manage the symptoms. As an
essential step towards this aim, it is required to understand the innate
immunity in patients infected with COVID-19 fully.

4. Why SARS-CoV-2 dangerous?

In the early 1960s, during a diagnosis of an adult with a common
cold, Tyrrell and Bynoe reported the first coronavirus (B814) infected
human respiratory system (Tyrrell and Bynoe, 1966). During these 60
years, several strains of coronaviruses have been discovered and sub-
sequently recognized as causative agents of various respiratory and
enteric diseases in humans and animals. Among the most important
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coronaviruses, SARS-CoV and Middle East respiratory syndrome coro-
navirus (MERS-CoV) were discovered in 2003 and 2009, respectively
(Ramadan and Shaib, 2019). The first case of infection with SARS-CoV
was reported in Guangdong, China and it is believed that the virus
was transmitted to the human from a bat. The number of confirmed
cases of SARS-CoV infection is 8,096, with 10% mortality rate. In
contrast, MERS-CoV emerged in Saudi Arabia and the spread is thought
to have occurred from infected camels. With 2519 confirmed cases, the
infection rate of MERS-CoV was lower than that of SARS-CoV, but, in
turn, its mortality rate was higher at whole 34.4% (Rabaan et al., 2020).
SARS-CoV-2 is genetically more similar to SARS-CoV (79%) than to
MERS-CoV (50%), with the major structural difference being that the
spike protein of SARS-CoV-2 is longer than that in SARS-CoV (Lu et al.,
2020).

Although the mortality rate for SARS-CoV-2 is still lower than those
for SARS-CoV and MERS-CoV (Wu et al., 2020b), SARS-CoV-2 is
considered more critical because of its rapid spread across the world. It
was reported that the binding affinity of SARS-CoV-2 to ACE2 receptor is
10-20 times higher compared to that of SARS-CoV (Wrapp et al., 2020),
with a more compact and stable conformation at the RBD-ACE2 inter-
face (Shang et al.,, 2020). Furthermore, studies have shown that
SARS-CoV-2 is implicated in the upregulation of autophagy, apoptosis,
and p53 pathways in human peripheral blood mononuclear cells (Xiong
et al., 2020).

Generally, during the reproduction of living or non-living organisms,
such as viruses, slight errors, called mutations, can occur in the genetic
code. Viruses comprising RNA genome instead of a DNA one are less
genetically stable because they do not have a self-correcting mechanism
for those errors (Bolis et al., 2016). A prior analysis of the mutation rates
in 23 different viruses showed that it ranged from 107 to 10~* nucle-
otide substitutions per site per year (ns/s/y) for RNA viruses, while for
DNA viruses it was 1078 to 107® ns/s/y (Sanjuan et al., 2010). Coro-
naviruses are a large family of positive-strand RNA viruses encoding a
complex dependent RNA polymerase involving a 3’ exonuclease domain
(Smith et al., 2014). Compared to their host cells, the mutation rate of
RNA viruses is usually a million times higher, enhancing their evolv-
ability and virulence (Duffy, 2018).

So far, the estimated mutation rate in the SARS-CoV-2 genome is
about 1.05 x 1072 to 1.26 x 1073 ns/s/y (Pawelczyk and Zaprutko,
2020). This is in the similar range to the mutation rates estimated for
SARS-CoV and MERS-CoV, namely 0.80 x 10~2-2.38 x 10 3 ns/s/y and
1.12x 1073 ns/s/y, respectively (Cotten et al., 2014; Zhao et al., 2004).
These rates are considered similar to some extent and consistent with
other RNA viruses. Towards a better understanding of the viral evolu-
tion, researchers focus on the rate of mutation and production of new
strains as a critical parameter with important practical implications
(Sanjuan et al., 2010). However, the mutation rate in the SARS-CoV-2
genome is changeable for as long as the virus is mutating, whereas
one favorable effect is its comparatively slow mutation due to a rela-
tively large RNA genome, given the earlier established negative corre-
lation of the mutation rate with the genome size (Sanjuan et al., 2010).
For example, although influenza viruses as the most common causes of
respiratory infections are also RNA viruses, they have smaller
negative-strand RNA genomes. Thus, their mutation rates are relatively
higher (Bouvier and Palese, 2008).

Overall, researchers argue that the high level of similarity between
SARS-CoV-2 and SARS-CoV suggests the convergent evolution of the
RBD structures in both of these viruses to improve the binding affinity to
the same ACE2 receptor, even though SARS-CoV-2 does not cluster
within SARS-CoV in the Betacoronavirus genus (Lan et al., 2020; Tai
et al., 2020). Data show a higher affinity of the SARS-CoV-2 RBD (four
folds) for receptor binding than that demonstrated by the SARS-CoV
RBD (Hatmal et al., 2020). The SARS-CoV-2 RBD binds to ACE2 with
an affinity in the low nanomolar (nM) range, with the dissociation
constant (Kp) for ACE2 and the SARS-CoV-2 RBD being 4.7 nM,
compared to 31 nM for that between ACE2 and the SARS-CoV RBD,
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indicating that the RBD is the key functional component within the S1
subunit responsible for the binding of SARS-CoV-2 to ACE2 (Hoffmann
et al., 2020b; Lan et al., 2020; Rowland and Yoo, 2003; Wrapp et al.,
2020). The S1/S2 processing sites (needed for priming) exhibit different
motifs among coronaviruses; many of them display cleavage sites after a
basic residue. It is, thus, likely that the priming process is ensured by
different host-cell proteases, the choice of which depends on the
sequence of the S1/S2 cleavage site. Accordingly, the MERS-CoV S
protein that contains the RSVRSV motif can be cleaved by furin during
viral egress (Millet and Whittaker, 2014; Zhang et al., 2020c). The
SARS-CoV-2 S protein contains a putative furin recognition motif
(PRRARSV) similar to that of MERS-CoV. The higher affinity of S protein
for ACE2 and the presence of additional potent furine-like cleavage sites
might be the key reasons why SARS-COV-2 is more contagious.

5. Nanomedicine amid COVID-19 pandemic

In the recent two decades, nanomedicine provided a variety of ap-
plications and approaches that utilize nanomaterials in the development
of vaccine candidates and antiviral drugs (Demento et al., 2012; Pati
et al., 2018). In addition to this role as a vehicle for encapsulated or
conjugated vaccine components (i.e., antigens, RNAi or mRNA- and
DNA -coding antigens, fragments of proteins and peptides, or proteins)
or antiviral drugs, nanomaterials can promote the sustained release of
these components, protect them from degradation and prolong their
bioavailability, while also occasionally boosting the immunity towards
better immune homeostasis (Demento et al., 2012; Pati et al., 2018).

Changing the
structure of
SARS-CoV-2

surfa

Direct
suppression of
SARS-CoV-2
replication
based on ROS-

-
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By either suppressing or stimulating the immune system response,
various nanomaterials have shown immunomodulatory effects (Al-Ha-
tamleh et al., 2019a; Mohamud et al., 2017). From this point, the
concept of ‘nanoimmunity-by-design’ has recently been proposed by
Gazzi et al., which aims to provide the next generation of nano-based
immunotherapeutics via the rational design and characterization of
different physicochemical properties of nanomaterials, followed by
functionalization to achieve precise targeting of different components of
the immune system (Gazzi et al., 2020). One of the important ap-
proaches in protection against viral infections is that of targeting the T
cell-mediated immune response. Studies have shown that nanovaccines
have the potential for cross-presentation of antigens to cytotoxic T cells
(Kim et al., 2019). Therefore, nanomaterials such as self-assembled
nanostructures, liposomes, nanocrystals, dendrimers, nanosuspensions,
nanoemulsions, polymeric nanostructures, micelles and nanoparticles
comprising lipids, carbohydrates or other organic molecules may
emerge as promising tools in fighting COVID-19 (Lembo et al., 2018; Six
and Ferji, 2019), especially in terms of enhancing vaccine development
and therapeutic efficiency of the repurposed or novel antiviral drugs. A
variety of nanomedicine-based strategies for development of therapeu-
tics and vaccines are being actively tested, developed or simply being
proposed as of use in the combat against the COVID-19 infection (Fig. 3).

5.1. Nanomedicine in vaccine formulations

Florindo et al. [84] have discussed the possibility of encapsulation or
conjugation of potential vaccine components against SARS-CoV-2 in

Fig. 3. Potential nanomedicine-based approaches for therapeutic and vaccine formulation against COVID-19.
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lipid and polymeric nanoparticles as delivery systems. Among nine
promising vaccine candidates were entered Phase III of clinical trials,
there are two lipid nanoparticle-formulated mRNA vaccine candidates
(i.e., mRNA-1273 and BNT162). The search for a promising COVID-19
vaccine candidate reached a milestone for the first time when the
mRNA-1273 vaccine candidate from Moderna Inc. started Phase III trial
(ModernaTX, 2020). The move indicates that the pharmaceutical com-
pany and the National Institutes of Health, which are partners in the
study, maybe a step away from getting the vaccine to the public and
commercial markets. This vaccine candidate is a novel lipid
nanoparticle-encapsulated mRNA-based vaccine, which encodes for a
full-length, prefusion stabilized S protein of SARS-CoV-2 (National
Institute of Allergy and Infectious Diseases, 2020). Since the S protein
complex is crucial for membrane fusion and host cell infection, it has
been the vaccine target against coronaviruses, including SARS-CoV and
MERS-CoV. The mRNA-1273 drug substance is loaded into lipid nano-
particles comprising the patented ionizable lipid (SM-102) and three
other commercially available lipids (cholesterol, DSPC and
PEG2000DMG) (National Institute of Allergy and Infectious Diseases,
2020) (Fig. 4).

Similar to Moderna’s vaccine candidate, BNT162 vaccine candidate
from Pfizer Inc. and BioNTech SE also emerged as lipid nanoparticle-
encapsulated nucleoside modified mRNA-based vaccine that encodes
for S protein of SARS-CoV-2 (Mulligan et al., 2020). Another interesting
mRNA vaccine candidate utilizing a nanomaterial, specifically a
lipid-enabled and unlocked nucleic acid-modified RNA (LUNAR)
nanoparticle-based delivery system, is ARCT-021, which is being
developed using the STARR™ technology for self-replicating RNA, to
prolong its otherwise short half-life, which boosts the expression of
SRS-CoV-2 S protein (Arcturus Therapeutics, 2020a). LUNAR is
considered a safe, effective and reproducible lipid nanoparticle for
mRNA delivery and it includes four lipids: cholesterol, a PEGylated
commercial lipid, and a phospholipid 1,2-distearoyl-sn-glycero-3-phos-
phocholine, in addition to a special ionizable lipid produced by
Arcturus Therapeutics (ATX) (Ramaswamy et al., 2017).

In 2014, promising findings emerged from a study aimed at syn-
thesizing SARS-CoV and MERS-CoV spikes-like nanoparticles. Combined
with adjuvants, these nanoparticles were injected in mice, where they
enhanced the immune response and the neutralizing antibodies count
(Coleman et al., 2014). Based on these findings and the genetic simi-
larity between those viruses and SARS-CoV-2, Hashemzadeh et al. sug-
gested that this strategy could be effective against SARS-CoV-2 too
(Hashemzadeh et al., 2020). Furthermore, two current vaccine candi-
dates are using coronavirus-like particles (CoVLPs). First, Medicago’s
vaccine candidate has been proposed based on producing CoVLPs
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derived from Nicotiana benthamiana plant-based S protein, with the
adjuvants being Dynavax’s CpG 1018™ and GlaxoSmithKline’s
pandemic adjuvant technology, separately (Medicago Begins Phase I,
2020). Second, AdaptVac/ExpreS%ion’s vaccine candidate composed of
CoVLP-based S2 protein is derived from insect cell expression systems
(ExpreS2ion’s joint venture AdaptVac, 2020). Recently, Nie et al. have
shown that based on its ability to be inserted into the gaps of virion
glycoproteins, the short spikes (5-10 nm size) are fixed on nano-
structures and can preferentially attach to influenza A virus (IAV) vi-
rions relative to smooth nanoparticles (Nie et al., 2020). They also
demonstrated that using nanostructures coated with the erythrocyte
membrane to target the IAV virion can inhibit the virus infection by
blocking the binding of the virion to the host cell surface and thus
reduced the virus replication rate by more than 99.9% (Nie et al., 2020).
Therefore, such types of nanoinhibitors hold a great potential against
SARS-CoV-2.

Further, Raghuwanshi et al. loaded specific plasmid DNA onto bio-
tinylated chitosan nanoparticles, which were designed to target the
nasal resident DCs as the nasal immunization route against the N protein
of SARS-CoV in mice (Raghuwanshi et al., 2012). Also, Sekimuka et al.
used gold nanoparticle (AuNPs) adjuvants in conjunction with the re-
combinant S protein, not only as an antigen carrier, but also as an
effective adjuvant in the immunization of mice (Sekimukai et al., 2020).
However, although this vaccine candidate (AuNP-adjuvanted S protein)
induced antigen-specific IgG response against SARS-CoV, it was unable
to enhance the effectiveness of the vaccine or to decrease eosinophilic
infiltration due to the strong allergic inflammatory responses (Sekimu-
kai et al., 2020). Overall, by confirming the efficiency of nanomedicine
in the development and delivery of low-dose DNA vaccines that enhance
immunogenicity, these studies combined have presented baselines for
the further understanding of noninvasive immunization strategies
against SARS viruses. Such understanding of fundamental concepts
governing the interaction between nanoparticles and SARS viruses is
foreseen as the grounds from which new technologies for preventing the
infection with SARS-CoV will be made possible (Uskokovic, 2020).

5.2. Nanomedicine in therapeutic formulations

As far as the use of nanomaterials as facilitators of treatment mo-
dalities against COVID-19 are concerned, several studies have reported
on a greater efficacy of antiviral medications when they were delivered
by specific nano-carriers. For example, after the promising results of
using dexamethasone in patients infected with COVID-19, Lammers
et al. have proposed to improve the efficacy of this drug as a safe anti-
inflammatory against COVID-19 complications by nano-formulating it
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(Lammers et al., 2020). Due to the severity of COVID-19 could be
affected by the commensal microbiome and dietary patterns, researchers
also highlighted the potential role of nanomedicine in designing intel-
ligent drugs and functional foods that could target problematic bacterial
strains in the gut as a form of auxiliary therapy for COVID-19 (Kalan-
tar-Zadeh et al., 2020). Another one of the hypothesized approaches
pertains to the use of nanostructured lipid carriers (NLCs) for the
intra-pulmonary delivery of salinomycin (SAL) in patients infected with
SARS-CoV-2 (Pindiprolu et al., 2020). SAL is a potential antiviral drug
whose mechanism of action is based on a pH-dependent process that
prevents the membrane fusion with SARS-CoV-2 and thus the virus entry
into the host cells (Jang et al., 2018; Ko et al., 2020). Owing to its small
size with good tolerability for drug delivery, along with the ability to be
aerosolized into droplets that adhere to the mucosal surface of the lungs
and get retained there for prolonged periods of time (Pindiprolu et al.,
2020), NLCs are considered prospective for improvement of the thera-
peutic potentials of SAL against SARS-CoV-2.

Researchers have also proposed several nanomedicine-based ap-
proaches to deactivate SARS-CoV-2 or inhibit its binding with the ACE2
receptor on the host cells (Nasrollahzadeh et al., 2020). A study by
Zhang et al., for example, successfully utilized two types of cellular
nanosponges synthesized from the plasma membrane of the human cells
(macrophages and type II alveolar epithelial cells) as an antiviral ther-
apeutic agent that can neutralize SARS-CoV-2 in-vitro (Zhang et al.,
2020b). The main idea behind this study was that these nanosponges
could display the same protein receptor (e.g., ACE2) as that expressed on
the host cells and required by SARS-CoV-2 for binding and the cell entry
(Zhang et al., 2020b). Therefore, these nanosponges were able to bind to
SARS-CoV-2 and neutralize it, and thus block the virus entry into the
host cells.

In a study that used the porcine epidemic diarrhea virus (PEDV) as a
SARS-CoV model in conjunction with cultured Vero cells, the antiviral
properties of stable cationic carbon dots (CCM-CDs) as a nanomaterial
for the delivery of curcumin was assessed (Ting et al., 2018). The results
suggested that CCM-CDs suppressed the synthesis and budding of viral
negative-strand RNA, changed the structure of viral surface proteins
which leads to inhibition of the viral entry into the host cells, and sup-
pressed the accumulation of reactive oxygen species (ROS) by PEDV
(Ting et al., 2018). High levels of ROS can be generated in the host cells
due to viral infection, and the excessive levels of ROS can lead to
biphasic activation of cellular apoptotic signaling pathways (mitoge-
n-activated protein kinase (MEK) and extracellular signal-regulated ki-
nase (ERK)). Activation of these pathways increases the virus expansion
and the DNA damage, and it also stimulates the production of
pro-inflammatory cytokines and the activation of interferon-stimulating
genes (ISGs) (Hung et al., 2016; Lin et al., 2016; Ting et al., 2018; Wong
et al., 2016), all of which adversely affects the host cell fate. Another
similar study on the use of PEDV as a model for SARS-CoV showed that
glutathione-capped silver sulfide (Ag>S) nanoclusters (NCs) can also
directly suppress the synthesis and budding of viral negative-strand
RNA, which may inhibit the virus replication (Du et al., 2018). How-
ever, the authors reported that Ag,S-NCs positively regulate the
expression of pro-inflammation cytokines and the generation of ISGs,
and thus they suggested that Ag,S-NCs activate antiviral innate im-
munity (Du et al., 2018). Altogether, these findings refer to the large
potential of inorganic nanostructures, such as CCM-CDs and Ag>S-NCs,
in the inhibition of SARS-CoV-2 replication, proliferation and infection.

Moreover, Chen et al. used graphene oxide (GO) sheets with silver
NPs (GO-AgNPs) to inhibit feline CoV (FCoV), which may be of rele-
vance for SARS-CoV-2 therapies (Chen et al., 2016). This study showed
that GO-AgNPs inhibited 25% of FCoV infection in Felis catus whole
fetus-4 (fcwf-4) cultured cells through the attachment of GO to FCoV
lipid tails, which resulted in the aggregation entailing the binding of
AgNPs to the sulfhydryl (thiol) group of E protein and the subsequent
rupture (Chen et al., 2016). Considering the pervasive clinical use of
AgNPs as inorganic antimicrobial agents, it is foreseeable that this
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material, along with GO, will be at the frontier of the efforts to create
therapeutic platforms based on materials with intrinsic inhibitory
properties with respect to SARS-CoV-2 (Ahmed et al., 2020).

Ansari et al. have discussed the potential of using nanoformulation-
based drug delivery to improve the efficacy of repurposed antiviral
drugs against COVID-19 infection (Ansari et al., 2020). The authors
emphasized the potential role of lipid-based nanoparticles conjugated
with cell-penetrating peptides for the delivery of drugs or vaccines
against COVID-19. This type of nano-systems has displayed several
attractive features due to its bioavailability, cellular permeability, up-
take propensity and stability of the loaded therapeutic agent, along with
the ability to be tailored for a kinetically precise and sustained drug
release (Ansari et al.,, 2020). In addition to the direct potential of
mesenchymal stem cell (MSC) transplantation to cure patients infected
with COVID-19 (Leng et al., 2020), Pinky et al. discussed the advantages
of exosomes derived from MSCs, as compared with other synthetic
nano-vesicles (Pinky et al., 2020). Specifically, the MSCs-derived exo-
somes are said to be safe and highly biocompatible, without causing
considerable levels of immunogenicity. They are also effective for cell
targeting and thus could play a promising role as nano-based drug de-
livery systems towards fighting COVID-19 (Pinky et al., 2020).

Weiss et al. recently presented a promising future perspective based
on using nanomaterials against COVID-19, focusing in detail on the
antiviral activities of several metal NPs, including Ag and copper (Cu)
(Weiss et al., 2020). The antiviral properties of AgNPs were extensively
assessed against a variety of viruses, including human immunodefi-
ciency virus (HIV), herpes simplex virus (HSV), and the hepatitis B virus
(HBV), and it is conceivable that the same antiviral mechanism of action
attributable to the ROS and the toxicity of Ag" ions released by AgNPs
(Weiss et al., 2020) would apply to SARS-CoV. In short, it was hypoth-
esized that these ionic species might interact with the virus surface
proteins causing the virus damage and/or accumulate in the host cell
and further interact with specific enzymes, leading to inhibition of virus
replication (De Gusseme et al., 2010; Joe et al., 2016; Zodrow et al.,
2009). Furthermore, based on similar mechanisms of action (Han et al.,
2005), previous reports showed the potential antiviral activity of Cu
nanoparticles against HuCoV-229E, SARS-CoV and SARS-CoV-2 (Han
et al., 2005; van Doremalen et al., 2020; Warnes et al., 2015). Corre-
spondingly, the authors suggested that AgNPs, CuNPs and CuONPs may
express disinfectant properties against SARS-CoV-2.

Moreover, among the emerging materials which have been discussed
by Weiss et al. to be utilized in the future fight against COVID-19 are
graphene derivatives and photocatalytic NPs (Weiss et al., 2020).
Studies have reported that GO, reduced GO (rGO), and sulfated GO
sheets showed antiviral effects against orthopoxvirus, HSV, PEDV,
enterovirus-A71 (EV-A71), and influenza A virus (HON2). While the
antiviral activity was attributed to the viral binding and shielding po-
tential of these sheets due to their sharp edges and binding promoted by
the electrostatic attraction between the negative surface charge of GO
and the positive charge of the nucleocapsid shell of the viral particles
(Sametband et al., 2014; Song et al., 2015; Ye et al., 2015). Furthermore,
regardless of the paucity of research on the antiviral effect of titanium
dioxide (TiO2), the most described photocatalytic NPs in the literature, a
study showed that a titanium apatite filter (PTAF) could inactivate
SARS-CoV when exposed to the UV light for 6 h, which was hypothesized
to have caused damage to the S protein, resulting in diminished virus
infectivity (Han et al., 2004). Therefore, it is indisputable that
nano-formulations of the materials mentioned in this section could play
promising roles in the context of drug design and vaccine development
against COVID-19.

6. Future directions based on polymersomes
Lacking a universal vaccine along with the increase in the number of

cases opens the door for virus inhibitors to be recognized as powerful
tools to suppress virus infection. On the other hand, in addition to a long
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time and high costs that are still required to reach the targeted safe and
effective vaccine against COVID-19, the recently emerged reinfection
dilemma has threatened the efforts and hopes for the ongoing COVID-19
vaccine trials. Since the nanomedicine field has shown a variety of
promising therapeutic applications against COVID-19, and previously
against various viral infections and diseases, it is worth to emphasize
that learning from the past can be an effective route towards thera-
peutics against COVID-19. Here we propose a novel approach based on
using polymersomes (polymer-like liposomes) as potential nano-objects
with a significant imprint in the field of nanomedicine. Despite their
immense potential, they have not been employed in the fight against
COVID-19 so far.

Polymersomes are some of the most efficient nanomaterials for use as
drug delivery systems with a special surface functionalization (Discher
et al., 1999; Tuguntaev et al., 2016). They are artificial vesicles
composed of amphiphilic block or grafted copolymers, and they
emerged thanks to their high colloidal stability, strong membrane
properties, as well as easy ligand conjugation with high biocompatibility
(Ferji et al., 2015, 2018; Guan et al., 2015). Fig. 5 shows common
amphiphilic block copolymers that are used to formulate polymersomes
(Barnier Quer et al., 2011; Chun et al., 2018; Galan-Navarro et al., 2017;
Scott et al., 2012). Polymersomes were designed to mimic the cell
structure with an aqueous cavity, and they showed a high capacity for
drug loading, especially as a co-delivery system upon loading hydro-
phobic and hydrophilic drugs in their exterior layers and cores,
respectively (Kim et al., 2013; Li et al., 2016). Polymersomes have
recently been exploited not only as vehicles for the delivery of various
therapeutic compounds (Chun et al., 2018), but also based on their
potential to regulate ROS (Kim et al., 2017). Owing to their immuno-
genic properties (Webster et al., 2013), polymersomes could play a vital
role in improving subunit vaccines and therapeutics delivery against
COVID-19 infection.
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In a previous study, for example, polymersomes were loaded with
influenza hemagglutinin (HA) antigens and then used as an immune
adjuvant (Barnier Quer et al., 2011). Notably, a superior increase of
serum IgG and hemagglutination inhibition titers were reported upon
immunization with polymersome-loaded HA relative to free HA, without
causing any cellular toxicity (Barnier Quer et al., 2011). Therefore,
polymersomes successfully enhanced the immunogenicity of HA, which
indicated their potential not only as a delivery system, but also as an
adjuvant for subunit vaccines. Furthermore, researchers have shown
that loading specific protein antigens into the polymersome core can
boost the antigen presentation by DCs in-vitro (Scott et al., 2012). While
polymersomes enhanced strong T cell immunity to protein antigens and
induce the activation of antigen-specific CD4" T cells (Stano et al.,
2013), it has also been reported that polymersomes can regulate intra-
cellular ROS levels when used as a delivery system for antiviral thera-
peutics against HIN1 infection in-vitro (Kim et al., 2017). Their ability to
reduce the ROS generation, which is normally increased during viral
infection, could be one of the promising approaches in inhibiting viral
replication, cell death, production of pro-inflammatory cytokines, and
activation ISGs in the host (Drew et al., 2012; Hung et al., 2016; Lin
et al., 2016; Reshi et al., 2014; Svegliati et al., 2005; Ting et al., 2018;
Vlahos et al., 2012; Wong et al., 2016). As a result, polymersomes can
play a vital role as ROS regulators that can assist in the suppression of
SARS-CoV-2 propagation and disease severity, as well as increase the
cell survival rate.

In a study on Lassa virus (LASV) infected mice, recombinant LASV E
protein was encapsulated inside oxidation-sensitive polymersomes as
nanocarriers that induced intracellular drug transfer (Galan-Navarro
et al., 2017). The results showed that immunization with
polymersome-loaded LASV E protein, compared to the treatment with
free LASV E protein, preferentially activated the humoral immune
response. LASV E protein loaded polymersome immunization elevated
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the antibody production with a higher binding affinity to the E protein of
LASV virion, and also increased the production of IgG-secreting B cells
and antiviral CD4™ T cells (Galan-Navarro et al., 2017). Another study
used polymersomes to encapsulate two antivirals (favipiravir in the
exterior layer and mir-323a in the core) for use in-vitro against HIN1
infection (Chun et al., 2018). The surface density of polymersomes was
controlled by functionalization via specific copolymers to maximize
cellular uptake (Chun et al., 2018). This study showed promising syn-
ergistic effects upon using these functional polymersomes against HIN1
infection. Together, these studies indicate the potential efficiency of
polymersome-based delivery systems in improving the transfection of
antiviral therapeutics and vaccine substances against COVID-19, which
has not been studied yet nor proposed.

We recently proposed a novel therapeutic approach for cancer based
on nano-objects that have the capacity to target specific immune
checkpoints along with the inhibition of DNA demethylation (Al-Ha-
tamleh et al., 2019b). Here we hypothesize that there could be benefits
arising from the readjustment of this approach involving the use of
polymersomes as promising nanocarrier-based systems against
COVID-19. Based on the unique characteristics of polymersomes, it is
possible to functionalize them and turn them into effective delivery
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systems for therapeutic substances or antibodies that block the
pro-inflammatory cytokines or their cellular receptors. Owing to their
potential for co-delivery of both hydrophobic and hydrophilic drugs,
polymersomes are able to be loaded with DNA demethylation inhibitors
along with cytokines blockers to cause a stronger blockage. Using spe-
cific DNA demethylation inhibitors such as histone deacetylase (HDAC)
inhibitors, histone methyltransferase (HMT) inhibitors, and dimethyl-
tryptamine (DMT) inhibitors, might lead to epigenetic alteration and
result in a decreased expression of genes encoding cytokines (e.g., IL-6,
TNF, IL-10) and their respective receptors (i.e., IL-6 receptor, TNF re-
ceptors 1 and 2, and IL-10 receptor), and thus downregulate those cyto-
kines. Thus, the synergistic effects of cytokine blockers and DNA
demethylation inhibitors loaded into polymersomes would be a prom-
ising approach in fighting COVID-19 by suppression of the cytokine
storm in patients.

More specifically, this approach can be tested first against IL-6, the
most important member in the cytokine storm (Zhang et al., 2020a), but
also against other cytokines in the advanced stages of the research. In
the early days of the COVID-19 pandemic, researchers from Wuhan,
China noted that levels of IL-6 were higher in critical cases than in severe
and mild cases (Chen et al., 2020a). This report was confirmed later by

Fig. 6. Potential cellular and molecular
mechanism of actions of polymersomes
loaded with IL-6 receptor (IL-6R)
blockers and DNA demethylation in-
hibitors against COVID-19 infection.
Polymersomes will be synthesized,
loaded with IL-6 receptor blockers and
DNA demethylation inhibitors, and then
functionalized with specific ligands to
target cells expressing IL-6. IL-6 recep-
tor blockers (e.g., a monoclonal
antibody-based drug) would block the
IL-6 receptor signaling pathway, while
demethylation inhibitors might lead to
epigenetic  alteration, resulting in
decreased expression of IL-6 receptor
gene, thus downregulating IL-6 receptor
in the targeted cell. Therefore, co-
administration of these two therapeu-
tics might cause effective synergistic
effects to calm down the cytokine storm,
which results mainly from the interac-
tion of IL-6 and its receptor. The ADAMs
(A disintegrin and metalloproteinases)
are a family of transmembrane proteins
that responsible for cleaving membrane-
bound IL-6 receptor, resulting in soluble
IL-6 receptor. Glycoprotein 130 (gp130)
is a receptor for IL-6/sIL-6 receptor
complex.

No demethylated DNA

|

Nucleus



M.A.L Al-Hatamleh et al.

another similar study showing significantly higher levels of IL-6 among
severe cases compared to mild cases (Gao et al., 2020). Interestingly, a
retrospective study on data related to COVID-19 cases (68 mortality and
82 recovered cases) showed that IL-6 levels were significantly higher in
died cases compared to the survivors (Ruan et al., 2020). Therefore,
employing IL-6 inhibitors in the treatment of COVID-19 is considered as
a promising immunotherapeutic approach to control the infection. Some
clinical trials are being conducted to repurpose the existing IL-6 in-
hibitors including anti-IL-6 antibodies (e.g., clazakizumab and siltux-
imab) and anti-IL-6 receptor antibodies (e.g., tocilizumab and
sarilumab) against COVID-19 (Atal and Fatima, 2020). Overall, based on
the above literature survey, we hypothesize that loading IL-6 receptor
blockers along with DNA demethylation inhibitors into functionalized
polymersomes might be a promising approach in fighting COVID-19
(Fig. 6).

Polymersomes could have specific advantages over other
nanomaterial-based delivery systems (e.g., liposomes) for development
of therapeutics and vaccines against COVID-19. A variety of highly
reproducible and scalable production methods are used to produce
polymersomes with low polydispersity, and the process became
achievable within about 1 h (Poschenrieder et al., 2017). The ability of
polymersomes to encapsulate hydrophobic, hydrophilic and amphi-
philic molecules makes them more suited for in-vivo studies compared to
many other nanomaterials (Zhang and Zhang, 2017). Despite their
similar amphiphilic nature, the bilayer thickness of polymersomes
(5-50 nm) is greater compared with the bilayer of liposomes (3-5 nm),
which causes more robust and impermeable wall (Rideau et al., 2018).
Thus, polymersomes have considerably higher membrane stability than
liposomes (Poschenrieder et al., 2017), which widely used nowadays in
development of COVID-19 vaccines. The higher stability and versatility
of polymersomes gives them advantages towards more sustained and
controlled release, and the improved metabolic stability of the loaded
therapeutic agent (Zhang and Zhang, 2017; Gurunathan et al., 2020).
Furthermore, the immunogenicity of polymersomes can be reduced
(stealthiness) if a dense PEG brush is used on the surface with relatively
long PEG polymers, meanwhile their biological stability would be
increased (Zhang and Zhang, 2017). Therefore, the use of a proper
polymersome-based delivery system can help in reducing therapeutic
doses, along with maintaining a constant concentration of drug in the
targeted site or circulation for longer time. These factors support poly-
mersomes to be applicable and universal carrier-systems for medical
applications, more specifically in the fighting against COVID-19.

In addition to the potential polymersome-based system which is
hypothesized above, polymersomes could have promising roles with
other repurposed drugs that have regulatory effects on the immunity of
COVID-19 patients, especially for severe cases. Among these drugs,
anticoagulant treatments (e.g., heparin and nafamostat), that also could
inhibit the cytokine storm and increase the percentage of lymphocytes
(Shi et al., 2020; Tang et al., 2020; Yamamoto et al., 2020), as well as
some other immune-based therapies (e.g., interferon alfa-2B) which also
expected to have similar effects, but are still awaiting experimental
evaluation (Khan et al., 2020). Also, other types of drugs are repurposed
and currently being studied, such as antihypertensive drugs and
non-steroidal anti-inflammatory drugs, but no scientific evidence
proving the effectiveness of any drug or therapeutic compound against
COVID-19 has been demonstrated so far.

Moreover, the potential roles of polymersome-based delivery sys-
tems are not limited to boosting immunity and suppressing cytokine
storm in COVID-19 patients. Polymersomes can be functionalized to
deliver several types of repurposed drugs that showed potential antiviral
effects against SARS-CoV-2, including antimalarial drugs (e.g., chloro-
quine), antimalarial and antibiotic combinations (e.g., hydroxy-
chloroquine and azithromycin), antiviral drugs (e.g., camostat,
bromhexine, favipiravir, remdesivir and lopinavir), and antihelmintics/
antiparasitic agents (e.g., nitazoxanide and ivermectin) (Khan et al.,
2020; Rajoli et al., 2020; Santos et al., 2020). However, the clinical
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effectiveness of these drugs has not yet been fully evaluated, while
several clinical trials are still underway (Singh et al., 2020). Future
studies may also investigate potential polymersome-formulations for
combination therapy (using repurposed drugs) to COVID-19 infection.

7. Conclusion

The current global public health emergency caused by COVID-19
requires continued and urgent efforts by scientists to stop the
spreading or at least reduce the number of deaths caused by the SARS-
CoV-2 virus. Despite the large number of reports that address COVID-
19 infection and fighting strategies, there is no approved solution to
contain the pandemic. Since nanomedicine applications had promising
roles in the development of vaccines and therapeutics against COVID-
19, gathering the recent findings and suggesting promising approaches
in a comprehensive review could be helpful for researchers and readers
who are interested in this topic, and this exactly has been the goal of this
review. On the other hand, various vaccine candidates and therapeutic
substances were proposed against COVID-19 on the basis of nano-
materials. None of them have utilized polymersomes, despite their
definite potentials against a variety of diseases, including viral in-
fections, as shown by previous studies. Therefore, in addition to
addressing various aspects of COVID-19 vaccine and therapeutic
development, this review has provided a future perspective on the use of
polymersomes to suppress the cytokine storm and reduce the severity of
COVID-19 infection.

Funding

This work was supported by Japan International Cooperation
Agency (JICA) Project for AUN/SEED-Net Special Program for Research
against COVID-19 (SPRAC) [grant number 304/PPSP/6150186/A119].

CRediT authorship contribution statement

M.A.L Al-Hatamleh: Conceptualization, Data curation, Data analysis
and/or interpretation, Writing- Original draft preparation, Visualiza-
tion, Writing- Review and Editing. R. Mohamud: Conceptualization,
Supervision, Writing - Review and Editing. M.M. Hatmal, W. Alshaer, E.
N.S.E.A. Rahman, M.H. Mohd-Zahid, D.M. Alhaj-Qasem, C.Y. Yean, I.Z.
Alias, J. Jaafar, K. Ferji, J.L. Six, V. Uskokovi¢, H. Yabu: Writing- Review
and Editing.

Ethical approval

Not required.
Declaration of competing interest

The authors have no conflict of interest.
Acknowledgements

Both M.A.I. Al-Hatamleh and E.N.S.E.A. Rahman would like to
acknowledge the Universiti Sains Malaysia (USM) Fellowship Scheme
for providing financial support.

References

Ahmed, M.K., Afifi, M., Uskokovi¢, V., 2020. Protecting healthcare workers during
COVID-19 pandemic with nanotechnology: a protocol for a new device from Egypt.
J. Infect. Publ. Health 13, 1243-1246. https://doi.org/10.1016/].jiph.2020.07.015.

Al-Hatamleh, M.A., Ahmad, S., Boer, J.C., Lim, J., Chen, X., Plebanski, M., Mohamud, R.,
2019a. A perspective review on the role of nanomedicine in the modulation of TNF-
TNFR2 Axis in breast cancer immunotherapy. J. Oncol. 6313242. https://doi.org/
10.1155/2019/6313242, 2019.

Al-Hatamleh, M.A.L, E, A.R.E., Boer, J.C., Ferji, K., Six, J.L., Chen, X., Elkord, E.,
Plebanski, M., Mohamud, R., 2019b. Synergistic effects of nanomedicine targeting


https://doi.org/10.1016/j.jiph.2020.07.015
https://doi.org/10.1155/2019/6313242
https://doi.org/10.1155/2019/6313242

M.A.L Al-Hatamleh et al.

TNFR2 and DNA demethylation inhibitor-an opportunity for cancer treatment. Cells
9, 33. https://doi.org/10.3390/cells9010033.

Al-Hatamleh, M.A.L., Hatmal, M.M., Sattar, K., Ahmad, S., Mustafa, M.Z., Bittencourt, M.
D.C., Mohamud, R., 2020. Antiviral and immunomodulatory effects of
phytochemicals from honey against COVID-19: potential mechanisms of action and
future directions. Molecules 25, 5017. https://doi.org/10.3390/
molecules25215017.

Anastasopoulou, S., Mouzaki, A., The biology of SARS-CoV-2 and the ensuing COVID-19.
Achaiki Iatriki 39, 29-35.

Ansari, M.A., Almatroudi, A., Alzohairy, M.A., AlYahya, S., Alomary, M.N., Al-
Dossary, H.A., Alghamdi, S., 2020. Lipid-based nano delivery of Tat-peptide
conjugated drug or vaccine-promising therapeutic strategy for SARS-CoV-2
treatment. Expet Opin. Drug Deliv. https://doi.org/10.1080/
17425247.2020.1813712.

Arcturus, 2020. Therapeutics and Duke-NUS Medical School partner to develop a
coronavirus (COVID-19) vaccine using STARR™ Technology. https://ir.arcturusrx.
com/news-releases/news-release-details/arcturus-therapeutics-and-duke-nus-medi
cal-school-partner (Accessed 28 October 2020).

Ashour, H.M., Elkhatib, W.F., Rahman, M.M., Elshabrawy, H.A., 2020. Insights into the
recent 2019 novel coronavirus (SARS-CoV-2) in light of past human coronavirus
outbreaks. Pathogens 9, 186. https://doi.org/10.3390/pathogens9030186.

Astuti, ., Ysrafil, 2020. Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-
2): an overview of viral structure and host response. Diabetes Metab. Syndr. 14,
407-412. https://doi.org/10.1016/j.dsx.2020.04.020.

Atal, S., Fatima, Z., 2020. IL-6 inhibitors in the treatment of serious COVID-19: a
promising therapy? Pharmaceut. Med. 34, 223-231. https://doi.org/10.1007/
540290-020-00342-z.

Barnier Quer, C., Robson Marsden, H., Romeijn, S., Zope, H., Kros, A., Jiskoot, W., 2011.
Polymersomes enhance the immunogenicity of influenza subunit vaccine. Polym.
Chem. 2, 1482-1485. https://doi.org/10.1039/C1PY00010A.

Baruah, V., Bose, S., 2020. Inmunoinformatics-aided identification of T cell and B cell
epitopes in the surface glycoprotein of 2019-nCoV. J. Med. Virol. 92, 495-500.
https://doi.org/10.1002/jmv.25698.

Belouzard, S., Chu, V.C., Whittaker, G.R., 2009. Activation of the SARS coronavirus spike
protein via sequential proteolytic cleavage at two distinct sites. Proc. Natl. Acad. Sci.
U.S.A. 106, 5871-5876. https://doi.org/10.1073/pnas.0809524106.

Belouzard, S., Millet, J.K., Licitra, B.N., Whittaker, G.R., 2012. Mechanisms of
coronavirus cell entry mediated by the viral spike protein. Viruses 4, 1011-1033.
https://doi.org/10.3390/v4061011.

Bolis, V., Karadedos, C., Chiotis, I., Chaliasos, N., Tsabouri, S., 2016. Atypical
manifestations of Epstein-Barr virus in children: a diagnostic challenge. J. Pediatr.
92, 113-121. https://doi.org/10.1016/j.jped.2015.06.007.

Bouvier, N.M., Palese, P., 2008. The biology of influenza viruses. Vaccine 26 (Suppl. 4),
D49-D53. https://doi.org/10.1016/j.vaccine.2008.07.039.

Chen, L., Liu, H.G., Liu, W, Liu, J., Liu, K., Shang, J., Deng, Y., Wei, S., 2020a. [Analysis
of clinical features of 29 patients with 2019 novel coronavirus pneumonia].
Zhonghua Jiehe He Huxi Zazhi 43, 203-208. https://doi.org/10.3760/cma.j.
issn.1001-0939.2020.03.013.

Chen, Y., Liu, Q., Guo, D., 2020b. Emerging coronaviruses: genome structure, replication,
and pathogenesis. J. Med. Virol. 92, 418-423. https://doi.org/10.1002/jmv.25681.

Chen, Y.N., Hsueh, Y.H., Hsieh, C.T., Tzou, D.Y., Chang, P.L., 2016. Antiviral activity of
graphene-silver nanocomposites against non-enveloped and enveloped viruses. Int.
J. Environ. Res. Publ. Health 13, 430. https://doi.org/10.3390/ijerph13040430.

Chu, H., Zhou, J., Wong, B.H., Li, C., Chan, J.F., Cheng, Z.S., Yang, D., Wang, D., Lee, A.
C., Li, C., Yeung, M.L., Cai, J.P., Chan, L.H., Ho, W.K,, To, K.X., Zheng, B.J., Yao, Y.,
Qin, C., Yuen, K.Y., 2016. Middle East respiratory syndrome coronavirus efficiently
infects human primary T lymphocytes and activates the extrinsic and intrinsic
apoptosis pathways. J. Infect. Dis. 213, 904-914. https://doi.org/10.1093/infdis/
jiv380.

Chun, H., Yeom, M., Kim, H.-O., Lim, J.-W., Na, W., Park, G., Park, C., Kang, A., Yun, D.,
Kim, J., Song, D., Haam, S., 2018. Efficient antiviral co-delivery using polymersomes
by controlling the surface density of cell-targeting groups for influenza A virus
treatment. Polym. Chem. 9, 2116-2123. https://doi.org/10.1039/C8PY00116B.

Coleman, C.M,, Liu, Y.V., Mu, H., Taylor, J.K., Massare, M., Flyer, D.C., Smith, G.E.,
Frieman, M.B., 2014. Purified coronavirus spike protein nanoparticles induce
coronavirus neutralizing antibodies in mice. Vaccine 32, 3169-3174. https://doi.
org/10.1016/j.vaccine.2014.04.016.

Conti, P., Ronconi, G., Caraffa, A., Gallenga, C.E., Ross, R., Frydas, 1., Kritas, S.K., 2020.
Induction of pro-inflammatory cytokines (IL-1 and IL-6) and lung inflammation by
Coronavirus-19 (COVI-19 or SARS-CoV-2): anti-inflammatory strategies. J. Biol.
Regul. Homeost. Agents 34. https://doi.org/10.23812/CONTI-E.

Cotten, M., Watson, S.J., Zumla, A.I., Makhdoom, H.Q., Palser, A.L., Ong, S.H., Al
Rabeeah, A.A., Alhakeem, R.F., Assiri, A., Al-Tawfiq, J.A., Albarrak, A., Barry, M.,
Shibl, A., Alrabiah, F.A., Hajjar, S., Balkhy, H.H., Flemban, H., Rambaut, A.,
Kellam, P., Memish, Z.A., 2014. Spread, circulation, and evolution of the Middle East
respiratory syndrome coronavirus. mBio 5. https://doi.org/10.1128/mBi0.01062-13
e€01062-13.

Coutard, B., Valle, C., de Lamballerie, X., Canard, B., Seidah, N.G., Decroly, E., 2020. The
spike glycoprotein of the new coronavirus 2019-nCoV contains a furin-like cleavage
site absent in CoV of the same clade. Antivir. Res. 176, 104742. https://doi.org/
10.1016/j.antiviral.2020.104742.

Covid-19 treatment and vaccine tracker, 2020. https://covid-19tracker.milkeninstitute.
org/#vaccines_intro (Accessed 7 September 2020).

De Gusseme, B., Sintubin, L., Baert, L., Thibo, E., Hennebel, T., Vermeulen, G.,
Uyttendaele, M., Verstraete, W., Boon, N., 2010. Biogenic silver for disinfection of

11

European Journal of Pharmacology 896 (2021) 173930

water contaminated with viruses. Appl. Environ. Microbiol. 76, 1082-1087. https://
doi.org/10.1128/AEM.02433-09.

Demento, S.L., Cui, W., Criscione, J.M., Stern, E., Tulipan, J., Kaech, S.M., Fahmy, T.M.,
2012. Role of sustained antigen release from nanoparticle vaccines in shaping the T
cell memory phenotype. Biomaterials 33, 4957-4964. https://doi.org/10.1016/j.
biomaterials.2012.03.041.

Discher, B.M., Won, Y.Y., Ege, D.S., Lee, J.C., Bates, F.S., Discher, D.E., Hammer, D.A.,
1999. Polymersomes: tough vesicles made from diblock copolymers. Science 284,
1143-1146. https://doi.org/10.1126/science.284.5417.1143.

Drew, B.A., Burow, M.E., Beckman, B.S., 2012. MEK5/ERK5 pathway: the first fifteen
years. Biochim. Biophys. Acta 1825, 37-48. https://doi.org/10.1016/j.
bbcan.2011.10.002.

Du, T., Liang, J., Dong, N, Lu, J., Fu, Y., Fang, L., Xiao, S., Han, H., 2018. Glutathione-
capped Ag2S nanoclusters inhibit coronavirus proliferation through blockage of viral
RNA synthesis and budding. ACS Appl. Mater. Interfaces 10, 4369-4378. https://doi.
org/10.1021/acsami.7b13811.

Dufty, S., 2018. Why are RNA virus mutation rates so damn high? PLoS Biol. 16,
3000003 https://doi.org/10.1371/journal.pbio.3000003.

ExpreSion’s joint, 2020. Venture AdaptVac signs final license agreement with bavarian
nordic on COVID-19 vaccine. https://news.cision.com/expres2ion-biotech
nologies/r/expres2ion-s-joint-venture-adaptvac-signs-final-license-agreement-with
-bavarian-nordic-on-covid-19-v,c3157573 (Accessed 28 October 2020).

Fehr, A.R., Perlman, S., 2015. Coronaviruses: an overview of their replication and
pathogenesis. In: Maier, H.J., Bickerton, E., Britton, P. (Eds.), Coronaviruses.
Springer, New York, pp. 1-23.

Ferji, K., Nouvel, C.c., Babin, J.r.m., Li, M.-H., Gaillard, C.d., Nicol, E., Chassenieux, C.,
Six, J.-L., 2015. Polymersomes from amphiphilic glycopolymers containing
polymeric liquid crystal grafts. ACS Macro Lett. 4, 1119-1122. https://doi.org/
10.1021/acsmacrolett.5b00471.

Ferji, K., Venturini, P., Cleymand, F., Chassenieux, C., Six, J.-L., 2018. In situ glyco-
nanostructure formulation via photo-polymerization induced self-assembly. Polym.
Chem. 9, 2868-2872. https://doi.org/10.1039/C8PY00346G.

Galan-Navarro, C., Rincon-Restrepo, M., Zimmer, G., Ollmann Saphire, E., Hubbell, J.A.,
Hirosue, S., Swartz, M.A., Kunz, S., 2017. Oxidation-sensitive polymersomes as
vaccine nanocarriers enhance humoral responses against Lassa virus envelope
glycoprotein. Virology 512, 161-171. https://doi.org/10.1016/j.virol.2017.09.013.

Gao, Y., Li, T., Han, M., Li, X., Wu, D., Xu, Y., Zhu, Y., Liu, Y., Wang, X., Wang, L., 2020.
Diagnostic utility of clinical laboratory data determinations for patients with the
severe COVID-19. J. Med. Virol. 92, 791-796. https://doi.org/10.1002/jmv.25770.

Gazzi, A., Fusco, L., Orecchioni, M., Ferrari, S., Franzoni, G., Yan, S., Rieckher, M.,
Peng, G., Lucherelli, M.A., Vacchi, I.A., 2020. Graphene, other carbon nanomaterials
and the immune system: toward nanoimmunity-by-design. J. Phys. Mater. 3, 034009
https://doi.org/10.1088/2515-7639/ab9317.

Gordon, D.E., Jang, G.M., Bouhaddou, M., Xu, J., Obernier, K., White, K.M., O'Meara, M.
J., Rezelj, V.V., Guo, J.Z., Swaney, D.L., Tummino, T.A., Huettenhain, R., Kaake, R.
M., Richards, A.L., Tutuncuoglu, B., Foussard, H., Batra, J., Haas, K., Modak, M.,
Kim, M., Haas, P., Polacco, B.J., Braberg, H., Fabius, J.M., Eckhardt, M.,
Soucheray, M., Bennett, M.J., Cakir, M., McGregor, M.J., Li, Q., Meyer, B.,

Roesch, F., Vallet, T., Mac Kain, A., Miorin, L., Moreno, E., Naing, Z.Z.C., Zhou, Y.,
Peng, S., Shi, Y., Zhang, Z., Shen, W., Kirby, I.T., Melnyk, J.E., Chorba, J.S., Lou, K.,
Dai, S.A., Barrio-Hernandez, I., Memon, D., Hernandez-Armenta, C., Lyu, J.,
Mathy, C.J.P., Perica, T., Pilla, K.B., Ganesan, S.J., Saltzberg, D.J., Rakesh, R.,

Liu, X., Rosenthal, S.B., Calviello, L., Venkataramanan, S., Liboy-Lugo, J., Lin, Y.,
Huang, X.P., Liu, Y., Wankowicz, S.A., Bohn, M., Safari, M., Ugur, F.S., Koh, C.,
Savar, N.S., Tran, Q.D., Shengjuler, D., Fletcher, S.J., O’Neal, M.C,, Cai, Y., Chang, J.
C.J., Broadhurst, D.J., Klippsten, S., Sharp, P.P., Wenzell, N.A., Kuzuoglu, D.,
Wang, H.Y., Trenker, R., Young, J.M., Cavero, D.A., Hiatt, J., Roth, T.L., Rathore, U.,
Subramanian, A., Noack, J., Hubert, M., Stroud, R.M., Frankel, A.D., Rosenberg, O.
S., Verba, K.A., Agard, D.A., Ott, M., Emerman, M., Jura, N., von Zastrow, M.,
Verdin, E., Ashworth, A., Schwartz, O., d’Enfert, C., Mukherjee, S., Jacobson, M.,
Malik, H.S., Fujimori, D.G., Ideker, T., Craik, C.S., Floor, S.N., Fraser, J.S., Gross, J.
D., Sali, A., Roth, B.L., Ruggero, D., Taunton, J., Kortemme, T., Beltrao, P.,
Vignuzzi, M., Garcia-Sastre, A., Shokat, K.M., Shoichet, B.K., Krogan, N.J., 2020.
A SARS-CoV-2 protein interaction map reveals targets for drug repurposing. Nature
583, 459-468. https://doi.org/10.1038/541586-020-2286-9.

Graham, R.L., Baric, R.S., 2010. Recombination, reservoirs, and the modular spike:
mechanisms of coronavirus cross-species transmission. J. Virol. 84, 3134-3146.
https://doi.org/10.1128/jvi.01394-09.

Guan, L., Rizzello, L., Battaglia, G., 2015. Polymersomes and their applications in cancer
delivery and therapy. Nanomedicine 10, 2757-2780. https://doi.org/10.2217/
nnm.15.110.

Gurunathan, S., Qasim, M., Choi, Y., Do, J.T., Park, C., Hong, K., Kim, J.H., Song, H.,
2020. Antiviral potential of nanoparticles-can nanoparticles fight against
coronaviruses? Nanomaterials 10, 1645. https://doi.org/10.3390/nano10091645.

Han, J., Chen, L., Duan, S.M., Yang, Q.X., Yang, M., Gao, C., Zhang, B.Y., He, H., Dong, X.
P., 2005. Efficient and quick inactivation of SARS coronavirus and other microbes
exposed to the surfaces of some metal catalysts. Biomed. Environ. Sci. 18, 176-180.

Han, W., Zhang, P.H., Cao, W.C., Yang, D.L., Taira, S., Okamoto, Y., Arai, J.I., Yan, X.Y.,
2004. The inactivation effect of photocatalytic titanium apatite filter on SARS virus.
Prog. Biochem. Biophys. 31, 982-985.

Hashemzadeh, A., Avan, A., Ferns, G.A., Khazaei, M., 2020. Vaccines based on virus-like
nano-particles for use against Middle East Respiratory Syndrome (MERS)
coronavirus. Vaccine 38, 5742-5746. https://doi.org/10.1016/j.
vaccine.2020.07.003.

Hatmal, M.M., Alshaer, W., Al-Hatamleh, M.A.IL., Hatmal, M., Smadi, O., Taha, M.O.,
Oweida, A.J., Boer, J.C., Mohamud, R., Plebanski, M., 2020. Comprehensive


https://doi.org/10.3390/cells9010033
https://doi.org/10.3390/molecules25215017
https://doi.org/10.3390/molecules25215017
https://doi.org/10.1080/17425247.2020.1813712
https://doi.org/10.1080/17425247.2020.1813712
https://ir.arcturusrx.com/news-releases/news-release-details/arcturus-therapeutics-and-duke-nus-medical-school-partner
https://ir.arcturusrx.com/news-releases/news-release-details/arcturus-therapeutics-and-duke-nus-medical-school-partner
https://ir.arcturusrx.com/news-releases/news-release-details/arcturus-therapeutics-and-duke-nus-medical-school-partner
https://doi.org/10.3390/pathogens9030186
https://doi.org/10.1016/j.dsx.2020.04.020
https://doi.org/10.1007/s40290-020-00342-z
https://doi.org/10.1007/s40290-020-00342-z
https://doi.org/10.1039/C1PY00010A
https://doi.org/10.1002/jmv.25698
https://doi.org/10.1073/pnas.0809524106
https://doi.org/10.3390/v4061011
https://doi.org/10.1016/j.jped.2015.06.007
https://doi.org/10.1016/j.vaccine.2008.07.039
https://doi.org/10.3760/cma.j.issn.1001-0939.2020.03.013
https://doi.org/10.3760/cma.j.issn.1001-0939.2020.03.013
https://doi.org/10.1002/jmv.25681
https://doi.org/10.3390/ijerph13040430
https://doi.org/10.1093/infdis/jiv380
https://doi.org/10.1093/infdis/jiv380
https://doi.org/10.1039/C8PY00116B
https://doi.org/10.1016/j.vaccine.2014.04.016
https://doi.org/10.1016/j.vaccine.2014.04.016
https://doi.org/10.23812/CONTI-E
https://doi.org/10.1128/mBio.01062-13
https://doi.org/10.1016/j.antiviral.2020.104742
https://doi.org/10.1016/j.antiviral.2020.104742
https://covid-19tracker.milkeninstitute.org/#vaccines_intro
https://covid-19tracker.milkeninstitute.org/#vaccines_intro
https://doi.org/10.1128/AEM.02433-09
https://doi.org/10.1128/AEM.02433-09
https://doi.org/10.1016/j.biomaterials.2012.03.041
https://doi.org/10.1016/j.biomaterials.2012.03.041
https://doi.org/10.1126/science.284.5417.1143
https://doi.org/10.1016/j.bbcan.2011.10.002
https://doi.org/10.1016/j.bbcan.2011.10.002
https://doi.org/10.1021/acsami.7b13811
https://doi.org/10.1021/acsami.7b13811
https://doi.org/10.1371/journal.pbio.3000003
https://news.cision.com/expres2ion-biotechnologies/r/expres2ion-s-joint-venture-adaptvac-signs-final-license-agreement-with-bavarian-nordic-on-covid-19-v,c3157573
https://news.cision.com/expres2ion-biotechnologies/r/expres2ion-s-joint-venture-adaptvac-signs-final-license-agreement-with-bavarian-nordic-on-covid-19-v,c3157573
https://news.cision.com/expres2ion-biotechnologies/r/expres2ion-s-joint-venture-adaptvac-signs-final-license-agreement-with-bavarian-nordic-on-covid-19-v,c3157573
http://refhub.elsevier.com/S0014-2999(21)00083-2/sref34
http://refhub.elsevier.com/S0014-2999(21)00083-2/sref34
http://refhub.elsevier.com/S0014-2999(21)00083-2/sref34
https://doi.org/10.1021/acsmacrolett.5b00471
https://doi.org/10.1021/acsmacrolett.5b00471
https://doi.org/10.1039/C8PY00346G
https://doi.org/10.1016/j.virol.2017.09.013
https://doi.org/10.1002/jmv.25770
https://doi.org/10.1088/2515-7639/ab9317
https://doi.org/10.1038/s41586-020-2286-9
https://doi.org/10.1128/jvi.01394-09
https://doi.org/10.2217/nnm.15.110
https://doi.org/10.2217/nnm.15.110
https://doi.org/10.3390/nano10091645
http://refhub.elsevier.com/S0014-2999(21)00083-2/sref44
http://refhub.elsevier.com/S0014-2999(21)00083-2/sref44
http://refhub.elsevier.com/S0014-2999(21)00083-2/sref44
http://refhub.elsevier.com/S0014-2999(21)00083-2/sref45
http://refhub.elsevier.com/S0014-2999(21)00083-2/sref45
http://refhub.elsevier.com/S0014-2999(21)00083-2/sref45
https://doi.org/10.1016/j.vaccine.2020.07.003
https://doi.org/10.1016/j.vaccine.2020.07.003

M.A.L Al-Hatamleh et al.

structural and molecular comparison of spike proteins of SARS-CoV-2, SARS-CoV
and MERS-CoV, and their interactions with ACE2. Cells 9, 2638. https://doi.org/
10.3390/cells9122638.

He, F., Deng, Y., Li, W., 2020. Coronavirus disease 2019: what we know? J. Med. Virol.
92, 719-725. https://doi.org/10.1002/jmv.25766.

Hoffmann, M., Kleine-Weber, H., Pohlmann, S., 2020a. A multibasic cleavage site in the
spike protein of SARS-CoV-2 is essential for infection of human lung cells. Mol. Cell.
78, 779-784. https://doi.org/10.1016/j.molcel.2020.04.022 e775.

Hoffmann, M., Kleine-Weber, H., Schroeder, S., Kriiger, N., Herrler, T., Erichsen, S.,
Schiergens, T.S., Herrler, G., Wu, N.-H., Nitsche, A., 2020b. SARS-CoV-2 cell entry
depends on ACE2 and TMPRSS2 and is blocked by a clinically proven protease
inhibitor. Cell 181, 271-280. https://doi.org/10.1016/j.cell.2020.02.052.

Hung, A.C., Tsai, C.H., Hou, M.F., Chang, W.L., Wang, C.H., Lee, Y.C,, Ko, A., Hu, S.C.,
Chang, F.R., Hsieh, P.W., Yuan, S.S., 2016. The synthetic beta-nitrostyrene
derivative CYT-Rx20 induces breast cancer cell death and autophagy via ROS-
mediated MEK/ERK pathway. Canc. Lett. 371, 251-261. https://doi.org/10.1016/j.
canlet.2015.11.035.

Jang, Y., Shin, J.S., Yoon, Y.S., Go, Y.Y., Lee, H.W., Kwon, O.S., Park, S., Park, M.S.,
Kim, M., 2018. Salinomycin inhibits influenza virus infection by disrupting
endosomal acidification and viral matrix protein 2 function. J. Virol. 92 https://doi.
org/10.1128/JVI.01441-18.

Joe, Y.H., Park, D.H., Hwang, J., 2016. Evaluation of Ag nanoparticle coated air filter
against aerosolized virus: anti-viral efficiency with dust loading. J. Hazard Mater.
301, 547-553. https://doi.org/10.1016/j.jhazmat.2015.09.017.

Kalantar-Zadeh, K., Ward, S.A., Kalantar-Zadeh, K., El-Omar, E.M., 2020. Considering the
effects of microbiome and diet on SARS-CoV-2 infection: nanotechnology roles. ACS
Nano 14, 5179-5182. https://doi.org/10.1021/acsnano.0c03402.

Khan, Z., Karatas, Y., Ceylan, A.F., Rahman, H., 2020. COVID-19 and therapeutic drugs
repurposing in hand: the need for collaborative efforts. Pharm. Hosp. Clin. https://
doi.org/10.1016/j.phclin.2020.06.003.

Kim, C.G., Kye, Y.C., Yun, C.H., 2019. The role of nanovaccine in cross-presentation of
antigen-presenting cells for the activation of CD8(+) T cell responses. Pharmaceutics
11. https://doi.org/10.3390/pharmaceutics11110612.

Kim, D., Lee, J.Y., Yang, J.S., Kim, J.W., Kim, V.N., Chang, H., 2020. The architecture of
SARS-CoV-2 transcriptome. Cell 181, 914-921. https://doi.org/10.1016/j.
cell.2020.04.011 €910.

Kim, H.O., Kim, E., An, Y., Choi, J., Jang, E., Choi, E.B., Kukreja, A., Kim, M.H., Kang, B.,
Kim, D.J., Suh, J.S., Huh, Y.M., Haam, S., 2013. A biodegradable polymersome
containing Bcl-xL siRNA and doxorubicin as a dual delivery vehicle for a synergistic
anticancer effect. Macromol. Biosci. 13, 745-754. https://doi.org/10.1002/
mabi.201200448.

Kim, H.O., Yeom, M., Kim, J., Kukreja, A., Na, W., Choi, J., Kang, A., Yun, D., Lim, JW.,
Song, D., Haam, S., 2017. Reactive oxygen species-regulating polymersome as an
antiviral agent against influenza virus. Small 13. https://doi.org/10.1002/
smll.201700818.

Ko, M., Chang, S.Y., Byun, S.Y., Choi, I., d’Alexandry d’Orengiani, A.-L.P.H., Shum, D.,
Min, J.-Y., Windisch, M.P., 2020. Screening of FDA-Approved Drugs Using a MERS-
CoV Clinical Isolate from South Korea Identifies Potential Therapeutic Options for
COVID-19. bioRxiv. https://doi.org/10.1101/2020.02.25.965582.

Kumar, S., Nyodu, R., Maurya, V.K., Saxena, S.K., 2020. Morphology, genome
organization, replication, and pathogenesis of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2). In: Saxena, S.K. (Ed.), Coronavirus Disease 2019
(COVID-19): Epidemiology, Pathogenesis, Diagnosis, and Therapeutics. Springer,
Singapore, pp. 23-31.

Lagunas-Rangel, F.A., 2020. Neutrophil-to-lymphocyte ratio and lymphocyte-to-C-
reactive protein ratio in patients with severe coronavirus disease 2019 (COVID-19): a
meta-analysis. J. Med. Virol. https://doi.org/10.1002/jmv.25819.

Lammers, T., Sofias, A.M., van der Meel, R., Schiffelers, R., Storm, G., Tacke, F.,
Koschmieder, S., Brummendorf, T.H., Kiessling, F., Metselaar, J.M., 2020.
Dexamethasone nanomedicines for COVID-19. Nat. Nanotechnol. 15, 622-624.
https://doi.org/10.1038/541565-020-0752-z.

Lan, J., Ge, J., Yu, J., Shan, S., Zhou, H., Fan, S., Zhang, Q., Shi, X., Wang, Q., Zhang, L.,
2020. Structure of the SARS-CoV-2 spike receptor-binding domain bound to the
ACE2 receptor. Nature 581, 215-220. https://doi.org/10.1038/541586-020-2180-5.

Lembo, D., Donalisio, M., Civra, A., Argenziano, M., Cavalli, R., 2018. Nanomedicine
formulations for the delivery of antiviral drugs: a promising solution for the
treatment of viral infections. Expet Opin. Drug Deliv. 15, 93-114. https://doi.org/
10.1080/17425247.2017.1360863.

Leng, Z., Zhu, R., Hou, W., Feng, Y., Yang, Y., Han, Q., Shan, G., Meng, F., Du, D.,
Wang, S., Fan, J., Wang, W., Deng, L., Shi, H., Li, H., Hu, Z., Zhang, F., Gao, J.,
Liu, H., Li, X., Zhao, Y., Yin, K., He, X., Gao, Z., Wang, Y., Yang, B., Jin, R.,
Stambler, I., Lim, L.W., Su, H., Moskalev, A., Cano, A., Chakrabarti, S., Min, K.J.,
Ellison-Hughes, G., Caruso, C., Jin, K., Zhao, R.C., 2020. Transplantation of ACE2(-)
mesenchymal stem cells improves the outcome of patients with COVID-19
pneumonia. Aging Dis. 11, 216-228. https://doi.org/10.14336/AD.2020.0228.

Li, F.,, Li, W., Farzan, M., Harrison, S.C., 2005. Structure of SARS coronavirus spike
receptor-binding domain complexed with receptor. Science 309, 1864-1868.
https://doi.org/10.1126/science.1116480.

Li, G., Fan, Y., Lai, Y., Han, T., Li, Z., Zhou, P., Pan, P., Wang, W., Hu, D., Liu, X.,
Zhang, Q., Wu, J., 2020. Coronavirus infections and immune responses. J. Med.
Virol. 92, 424-432. https://doi.org/10.1002/jmv.25685.

Li, N., Zhao, L., Qi, L., Li, Z., Luan, Y., 2016. Polymer assembly: promising carriers as co-
delivery systems for cancer therapy. Prog. Polym. Sci. 58, 1-26. https://doi.org/
10.1016/j.progpolymsci.2015.10.009.

Lin, X., Wang, R., Zou, W., Sun, X., Liu, X., Zhao, L., Wang, S., Jin, M., 2016. The
influenza virus H5N1 infection can induce ROS production for viral replication and

European Journal of Pharmacology 896 (2021) 173930

host cell death in A549 cells modulated by human Cu/Zn superoxide dismutase
(SOD1) overexpression. Viruses 8, 13. https://doi.org/10.3390/v8010013.

Lu, H., 2020. Drug treatment options for the 2019-new coronavirus (2019-nCoV). Biosci.
Trends 14, 69-71. https://doi.org/10.5582/bst.2020.01020.

Ly, R,, Zhao, X., Li, J., Niu, P., Yang, B., Wu, H., Wang, W., Song, H., Huang, B., Zhu, N.,
Bi, Y., Ma, X., Zhan, F., Wang, L., Hu, T., Zhou, H., Hu, Z., Zhou, W., Zhao, L.,
Chen, J., Meng, Y., Wang, J., Lin, Y., Yuan, J., Xie, Z., Ma, J., Liu, W.J., Wang, D.,
Xu, W., Holmes, E.C., Gao, G.F., Wu, G., Chen, W., Shi, W., Tan, W., 2020. Genomic
characterisation and epidemiology of 2019 novel coronavirus: implications for virus
origins and receptor binding. Lancet 395, 565-574. https://doi.org/10.1016/50140-
6736(20)30251-8.

Malik, Y.A., 2020. Properties of coronavirus and SARS-CoV-2. Malays. J. Pathol. 42,
3-11.

McBride, R., van Zyl, M., Fielding, B.C., 2014. The coronavirus nucleocapsid is a
multifunctional protein. Viruses 6, 2991-3018. https://doi.org/10.3390/v6082991.

Medicago, 2020. Begins Phase I clinical trials for it’s covid-19 vaccine candidate. htt
ps://www.medicago.com/en/newsroom/medicago-begins-phase-i-clinical-trials-
for-its-covid-19-vaccine-candidate/ (Accessed 28 October 2020).

Millet, J.K., Whittaker, G.R., 2014. Host cell entry of Middle East respiratory syndrome
coronavirus after two-step, furin-mediated activation of the spike protein. Proc. Natl.
Acad. Sci. Unit. States Am. 111, 15214-15219. https://doi.org/10.1073/
pnas.1407087111.

ModernaTX, A., 2020. Study to evaluate efficacy, safety, and immunogenicity of mRNA-
1273 vaccine in adults aged 18 Years and older to prevent COVID-19. https://Clinic
alTrials.gov/show/NCT04470427 (Accessed 10 September 2020).

Mohamud, R., LeMasurier, J.S., Boer, J.C., Sieow, J.L., Rolland, J.M., O’Hehir, R.E.,
Hardy, C.L., Plebanski, M., 2017. Synthetic nanoparticles that promote tumor
necrosis factor receptor 2 expressing regulatory t cells in the lung and resistance to
allergic airways inflammation. Front. Immunol. 8, 1812. https://doi.org/10.3389/
fimmu.2017.01812.

Mousavizadeh, L., Ghasemi, S., 2020. Genotype and phenotype of COVID-19: their roles
in pathogenesis. J. Microbiol. Immunol. Infect. https://doi.org/10.1016/j.
jmii.2020.03.022.

Mulligan, M.J., Lyke, K.E., Kitchin, N., Absalon, J., Gurtman, A., Lockhart, S.P.,
Neuzil, K., Raabe, V., Bailey, R., Swanson, K.A., Li, P., Koury, K., Kalina, W.,
Cooper, D., Fonter-Garfias, C., Shi, P.-Y., Tuereci, O., Tompkins, K.R., Walsh, E.E.,
Frenck, R., Falsey, A.R., Dormitzer, P.R., Gruber, W.C., Sahin, U., Jansen, K.U., 2020.
Phase 1/2 study to describe the safety and immunogenicity of a COVID-19 RNA
vaccine candidate (BNT162b1) in adults 18 to 55 Years of age: interim report.
medRxiv. https://doi.org/10.1101,/2020.06.30.20142570.

Narayanan, K., Ramirez, S.I., Lokugamage, K.G., Makino, S., 2015. Coronavirus
nonstructural protein 1: common and distinct functions in the regulation of host and
viral gene expression. Virus Res. 202, 89-100. https://doi.org/10.1016/j.
virusres.2014.11.019.

Nasrollahzadeh, M., Sajjadi, M., Soufi, G.J., Iravani, S., Varma, R.S., 2020. Nanomaterials
and nanotechnology-associated innovations against viral infections with a focus on
coronaviruses. Nanomaterials 10, 1072. https://doi.org/10.3390/nano10061072.

National Institute of Allergy and Infectious Diseases, 2020. Safety and Immunogenicity
Study of 2019-nCoV Vaccine (mRNA-1273) for Prophylaxis SARS CoV-2 Infection
(COVID-19). https://ClinicalTrials.gov/show/NCT04283461 (Accessed 1 September
2020).

Neuman, B.W., Kiss, G., Kunding, A.H., Bhella, D., Baksh, M.F., Connelly, S., Droese, B.,
Klaus, J.P., Makino, S., Sawicki, S.G., Siddell, S.G., Stamou, D.G., Wilson, L.A.,
Kuhn, P., Buchmeier, M.J., 2011. A structural analysis of M protein in coronavirus
assembly and morphology. J. Struct. Biol. 174, 11-22. https://doi.org/10.1016/j.
jsb.2010.11.021.

Nie, C., Stadtmuller, M., Yang, H., Xia, Y., Wolff, T., Cheng, C., Haag, R., 2020. Spiky
nanostructures with geometry-matching topography for virus inhibition. Nano Lett.
20, 5367-5375. https://doi.org/10.1021/acs.nanolett.0c01723.

Pati, R., Shevtsov, M., Sonawane, A., 2018. Nanoparticle vaccines against infectious
diseases. Front. Immunol. 9, 2224. https://doi.org/10.3389/fimmu.2018.02224.

Pawelczyk, A., Zaprutko, L., 2020. Anti-COVID drugs: repurposing existing drugs or
search for new complex entities, strategies and perspectives. Future Med. Chem.
https://doi.org/10.4155/fmc-2020-0204.

Perrotta, F., Matera, M.G., Cazzola, M., Bianco, A., 2020. Severe respiratory SARS-CoV2
infection: does ACE2 receptor matter? Respir. Med. 168, 105996. https://doi.org/
10.1016/j.rmed.2020.105996.

Pindiprolu, S., Kumar, C.S.P., Kumar Golla, V.S., P, L., K, S.C,, S, K.E,, R, K.R., 2020.
Pulmonary delivery of nanostructured lipid carriers for effective repurposing of
salinomycin as an antiviral agent. Med. Hypotheses 143, 109858. https://doi.org/
10.1016/j.mehy.2020.109858.

Pinky Gupta, S., Krishnakumar, V., Sharma, Y., Dinda, A.K., Mohanty, S., 2020.
Mesenchymal stem cell derived exosomes: a nano platform for therapeutics and drug
delivery in combating COVID-19. Stem Cell Rev. Rep. https://doi.org/10.1007/
512015-020-10002-z.

Poschenrieder, S.T., Schiebel, S.K., Castiglione, K., 2017. Polymersomes for
biotechnological applications: large-scale production of nano-scale vesicles. Eng. Life
Sci. 17, 58-70. https://doi.org/10.1002/elsc.201600100.

Qin, C., Zhou, L., Hu, Z., Zhang, S., Yang, S., Tao, Y., Xie, C., Ma, K., Shang, K., Wang, W.,
Tian, D.S., 2020. Dysregulation of immune response in patients with COVID-19 in
Wuhan, China. Clin. Infect. Dis. https://doi.org/10.1093/cid/ciaa248.

Rabaan, A.A., Al-Ahmed, S.H., Haque, S., Sah, R., Tiwari, R., Malik, Y.S., Dhama, K.,
Yatoo, M.IL., Bonilla-Aldana, D.K., Rodriguez-Morales, A.J., 2020. SARS-CoV-2,
SARS-CoV, and MERS-COV: a comparative overview. Infez. Med. 28, 174-184.

Raghuwanshi, D., Mishra, V., Das, D., Kaur, K., Suresh, M.R., 2012. Dendritic cell
targeted chitosan nanoparticles for nasal DNA immunization against SARS CoV


https://doi.org/10.3390/cells9122638
https://doi.org/10.3390/cells9122638
https://doi.org/10.1002/jmv.25766
https://doi.org/10.1016/j.molcel.2020.04.022
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1016/j.canlet.2015.11.035
https://doi.org/10.1016/j.canlet.2015.11.035
https://doi.org/10.1128/JVI.01441-18
https://doi.org/10.1128/JVI.01441-18
https://doi.org/10.1016/j.jhazmat.2015.09.017
https://doi.org/10.1021/acsnano.0c03402
https://doi.org/10.1016/j.phclin.2020.06.003
https://doi.org/10.1016/j.phclin.2020.06.003
https://doi.org/10.3390/pharmaceutics11110612
https://doi.org/10.1016/j.cell.2020.04.011
https://doi.org/10.1016/j.cell.2020.04.011
https://doi.org/10.1002/mabi.201200448
https://doi.org/10.1002/mabi.201200448
https://doi.org/10.1002/smll.201700818
https://doi.org/10.1002/smll.201700818
https://doi.org/10.1101/2020.02.25.965582
http://refhub.elsevier.com/S0014-2999(21)00083-2/sref61
http://refhub.elsevier.com/S0014-2999(21)00083-2/sref61
http://refhub.elsevier.com/S0014-2999(21)00083-2/sref61
http://refhub.elsevier.com/S0014-2999(21)00083-2/sref61
http://refhub.elsevier.com/S0014-2999(21)00083-2/sref61
https://doi.org/10.1002/jmv.25819
https://doi.org/10.1038/s41565-020-0752-z
https://doi.org/10.1038/s41586-020-2180-5
https://doi.org/10.1080/17425247.2017.1360863
https://doi.org/10.1080/17425247.2017.1360863
https://doi.org/10.14336/AD.2020.0228
https://doi.org/10.1126/science.1116480
https://doi.org/10.1002/jmv.25685
https://doi.org/10.1016/j.progpolymsci.2015.10.009
https://doi.org/10.1016/j.progpolymsci.2015.10.009
https://doi.org/10.3390/v8010013
https://doi.org/10.5582/bst.2020.01020
https://doi.org/10.1016/S0140-6736(20)30251-8
https://doi.org/10.1016/S0140-6736(20)30251-8
http://refhub.elsevier.com/S0014-2999(21)00083-2/sref73
http://refhub.elsevier.com/S0014-2999(21)00083-2/sref73
https://doi.org/10.3390/v6082991
https://www.medicago.com/en/newsroom/medicago-begins-phase-i-clinical-trials-for-its-covid-19-vaccine-candidate/
https://www.medicago.com/en/newsroom/medicago-begins-phase-i-clinical-trials-for-its-covid-19-vaccine-candidate/
https://www.medicago.com/en/newsroom/medicago-begins-phase-i-clinical-trials-for-its-covid-19-vaccine-candidate/
https://doi.org/10.1073/pnas.1407087111
https://doi.org/10.1073/pnas.1407087111
https://ClinicalTrials.gov/show/NCT04470427
https://ClinicalTrials.gov/show/NCT04470427
https://doi.org/10.3389/fimmu.2017.01812
https://doi.org/10.3389/fimmu.2017.01812
https://doi.org/10.1016/j.jmii.2020.03.022
https://doi.org/10.1016/j.jmii.2020.03.022
https://doi.org/10.1101/2020.06.30.20142570
https://doi.org/10.1016/j.virusres.2014.11.019
https://doi.org/10.1016/j.virusres.2014.11.019
https://doi.org/10.3390/nano10061072
https://ClinicalTrials.gov/show/NCT04283461
https://doi.org/10.1016/j.jsb.2010.11.021
https://doi.org/10.1016/j.jsb.2010.11.021
https://doi.org/10.1021/acs.nanolett.0c01723
https://doi.org/10.3389/fimmu.2018.02224
https://doi.org/10.4155/fmc-2020-0204
https://doi.org/10.1016/j.rmed.2020.105996
https://doi.org/10.1016/j.rmed.2020.105996
https://doi.org/10.1016/j.mehy.2020.109858
https://doi.org/10.1016/j.mehy.2020.109858
https://doi.org/10.1007/s12015-020-10002-z
https://doi.org/10.1007/s12015-020-10002-z
https://doi.org/10.1002/elsc.201600100
https://doi.org/10.1093/cid/ciaa248
http://refhub.elsevier.com/S0014-2999(21)00083-2/sref93
http://refhub.elsevier.com/S0014-2999(21)00083-2/sref93
http://refhub.elsevier.com/S0014-2999(21)00083-2/sref93

M.A.L Al-Hatamleh et al.

nucleocapsid protein. Mol. Pharm. 9, 946-956. https://doi.org/10.1021/
mp200553x.

Rajoli, R.K., Pertinez, H., Arshad, U., Box, H., Tatham, L., Curley, P., Neary, M., Sharp, J.,
Liptrott, N.J., Valentijn, A., David, C., Rannard, S.P., Aljayyoussi, G., Pennington, S.
H., Hill, A., Boffito, M., Ward, S.A., Khoo, S.H., Bray, P.G., O’Neill, P.M., Hong, W.D.,
Biagini, G., Owen, A., 2020. Dose prediction for repurposing nitazoxanide in SARS-
CoV-2 treatment or chemoprophylaxis. medRxiv. https://doi.org/10.1101/
2020.05.01.20087130.

Ramadan, N., Shaib, H., 2019. Middle East respiratory syndrome coronavirus (MERS-
CoV): a review. Germs 9, 35-42. https://doi.org/10.18683/germs.2019.1155.

Ramaswamy, S., Tonnu, N., Tachikawa, K., Limphong, P., Vega, J.B., Karmali, P.P.,
Chivukula, P., Verma, I.M., 2017. Systemic delivery of factor IX messenger RNA for
protein replacement therapy. Proc. Natl. Acad. Sci. U. S. A 114, E1941-E1950.
https://doi.org/10.1073/pnas.1619653114.

Reshi, M.L., Su, Y.C., Hong, J.R., 2014. RNA viruses: ROS-mediated cell death. Int. J.
Cell. Biol. 467452. https://doi.org/10.1155/2014/467452, 2014.

Rideau, E., Dimova, R., Schwille, P., Wurm, F.R., Landfester, K., 2018. Liposomes and
polymersomes: a comparative review towards cell mimicking. Chem. Soc. Rev. 47,
8572-8610. https://doi.org/10.1039/c8cs00162f.

Rokni, M., Ghasemi, V., Tavakoli, Z., 2020. Immune responses and pathogenesis of SARS-
CoV-2 during an outbreak in Iran: comparison with SARS and MERS. Rev. Med.
Virol. 30, €2107 https://doi.org/10.1002/rmv.2107.

Rothe, C., Schunk, M., Sothmann, P., Bretzel, G., Froeschl, G., Wallrauch, C., Zimmer, T.,
Thiel, V., Janke, C., Guggemos, W., Seilmaier, M., Drosten, C., Vollmar, P.,
Zwirglmaier, K., Zange, S., Wolfel, R., Hoelscher, M., 2020. Transmission of 2019-
nCoV infection from an asymptomatic contact in Germany. N. Engl. J. Med. 382,
970-971. https://doi.org/10.1056/NEJMc2001468.

Rowland, R.R., Yoo, D., 2003. Nucleolar-cytoplasmic shuttling of PRRSV nucleocapsid
protein: a simple case of molecular mimicry or the complex regulation by nuclear
import, nucleolar localization and nuclear export signal sequences. Virus Res. 95,
23-33. https://doi.org/10.1016/s0168-1702(03)00161-8.

Ruan, Q., Yang, K., Wang, W., Jiang, L., Song, J., 2020. Clinical predictors of mortality
due to COVID-19 based on an analysis of data of 150 patients from Wuhan, China.
Intensive Care Med. 46, 846-848. https://doi.org/10.1007/500134-020-05991-x.

Sametband, M., Kalt, 1., Gedanken, A., Sarid, R., 2014. Herpes simplex virus type-1
attachment inhibition by functionalized graphene oxide. ACS Appl. Mater. Interfaces
6, 1228. https://doi.org/10.1021/am405040z.

Sanjuan, R., Nebot, M.R., Chirico, N., Mansky, L.M., Belshaw, R., 2010. Viral mutation
rates. J. Virol. 84, 9733-9748. https://doi.org/10.1128/JV1.00694-10.

Santos, J., Brierley, S., Gandhi, M.J., Cohen, M.A., Moschella, P.C., Declan, A.B.L., 2020.
Repurposing therapeutics for potential treatment of SARS-CoV-2: a review. Viruses
12, 705. https://doi.org/10.3390/v12070705.

Schoeman, D., Fielding, B.C., 2019. Coronavirus envelope protein: current knowledge.
Virol. J. 16, 69. https://doi.org/10.1186/512985-019-1182-0.

Scott, E.A., Stano, A., Gillard, M., Maio-Liu, A.C., Swartz, M.A., Hubbell, J.A., 2012.
Dendritic cell activation and T cell priming with adjuvant- and antigen-loaded
oxidation-sensitive polymersomes. Biomaterials 33, 6211-6219. https://doi.org/
10.1016/j.biomaterials.2012.04.060.

Sekimukai, H., Iwata-Yoshikawa, N., Fukushi, S., Tani, H., Kataoka, M., Suzuki, T.,
Hasegawa, H., Niikura, K., Arai, K., Nagata, N., 2020. Gold nanoparticle-adjuvanted
S protein induces a strong antigen-specific IgG response against severe acute
respiratory syndrome-related coronavirus infection, but fails to induce protective
antibodies and limit eosinophilic infiltration in lungs. Microbiol. Immunol. 64,
33-51. https://doi.org/10.1111/1348-0421.12754.

Shang, J., Ye, G., Shi, K., Wan, Y., Luo, C., Aihara, H., Geng, Q., Auerbach, A., Li, F.,
2020. Structural basis of receptor recognition by SARS-CoV-2. Nature 581, 221-224.
https://doi.org/10.1038/541586-020-2179-y.

Shereen, M.A., Khan, S., Kazmi, A., Bashir, N., Siddique, R., 2020. COVID-19 infection:
origin, transmission, and characteristics of human coronaviruses. J. Adv. Res. 24,
91-98. https://doi.org/10.1016/].jare.2020.03.005.

Shi, C., Wang, C., Wang, H., Yang, C., Cai, F., Zeng, F., Cheng, F., Liu, Y., Zhou, T.,
Deng, B., Vlodavsky, L., Li, J.P., Zhang, Y., 2020. The potential of low molecular
weight heparin to mitigate cytokine storm in severe COVID-19 patients: a
retrospective cohort study. Clin. Transl. Sci. 13, 1087-1095. https://doi.org/
10.1111/cts.12880.

Singh, A.K., Singh, A., Shaikh, A., Singh, R., Misra, A., 2020. Chloroquine and
hydroxychloroquine in the treatment of COVID-19 with or without diabetes: a
systematic search and a narrative review with a special reference to India and other
developing countries. Diabetes Metab. Syndr. 14, 241-246. https://doi.org/
10.1016/j.dsx.2020.03.011.

Singhal, T., 2020. A review of coronavirus disease-2019 (COVID-19). Indian J. Pediatr.
87, 281-286. https://doi.org/10.1007/s12098-020-03263-6.

Six, J.-L., Ferji, K., 2019. Polymerization induced self-assembly: an opportunity toward
the self-assembly of polysaccharide-containing copolymers into high-order
morphologies. Polym. Chem. 10, 45-53. https://doi.org/10.1039/C8PY01295D.

Smith, E.C., Sexton, N.R., Denison, M.R., 2014. Thinking outside the triangle: replication
fidelity of the largest RNA viruses. Annu. Rev. Virol. 1, 111-132. https://doi.org/
10.1146/annurev-virology-031413-085507.

Song, Z., Wang, X., Zhu, G., Nian, Q., Zhou, H., Yang, D., Qin, C., Tang, R., 2015. Virus
capture and destruction by label-free graphene oxide for detection and disinfection
applications. Small 11, 1171-1176. https://doi.org/10.1002/smll.201401706.

Stano, A., Scott, E.A., Dane, K.Y., Swartz, M.A., Hubbell, J.A., 2013. Tunable T cell
immunity towards a protein antigen using polymersomes vs. solid-core
nanoparticles. Biomaterials 34, 4339-4346. https://doi.org/10.1016/].
biomaterials.2013.02.024.

13

European Journal of Pharmacology 896 (2021) 173930

Sun, P., Ly, X., Xu, C., Sun, W., Pan, B., 2020. Understanding of COVID-19 based on
current evidence. J. Med. Virol. https://doi.org/10.1002/jmv.25722.

Svegliati, S., Cancello, R., Sambo, P., Luchetti, M., Paroncini, P., Orlandini, G.,
Discepoli, G., Paterno, R., Santillo, M., Cuozzo, C., Cassano, S., Avvedimento, E.V.,
Gabrielli, A., 2005. Platelet-derived growth factor and reactive oxygen species (ROS)
regulate Ras protein levels in primary human fibroblasts via ERK1/2. Amplification
of ROS and Ras in systemic sclerosis fibroblasts. J. Biol. Chem. 280, 36474-36482.
https://doi.org/10.1074/jbc.M502851200.

Tai, W., He, L., Zhang, X., Pu, J., Voronin, D., Jiang, S., Zhou, Y., Du, L., 2020.
Characterization of the receptor-binding domain (RBD) of 2019 novel coronavirus:
implication for development of RBD protein as a viral attachment inhibitor and
vaccine. Cell. Mol. Immunol. 17, 613-620. https://doi.org/10.1038/541423-020-
0400-4.

Tang, N., Bai, H., Chen, X., Gong, J., Li, D., Sun, Z., 2020. Anticoagulant treatment is
associated with decreased mortality in severe coronavirus disease 2019 patients with
coagulopathy. J. Thromb. Haemostasis 18, 1094-1099. https://doi.org/10.1111/
jth.14817.

Ting, D., Dong, N., Fang, L., Lu, J., Bi, J., Xiao, S., Han, H., 2018. Multisite inhibitors for
enteric coronavirus: antiviral cationic carbon dots based on curcumin. ACS Appl.
Nano Mater. 1, 5451-5459. https://doi.org/10.1021/acsanm.8b00779.

Tuguntaev, R.G., Okeke, C.I,, Xu, J., Li, C., Wang, P.C., Liang, X.J., 2016. Nanoscale
polymersomes as anti-cancer drug carriers applied for pharmaceutical delivery. Curr.
Pharmaceut. Des. 22, 2857-2865. https://doi.org/10.2174/
1381612822666160217142319.

Tyrrell, D.A., Bynoe, M.L., 1966. Cultivation of viruses from a high proportion of patients
with colds. Lancet 1, 76-77. https://doi.org/10.1016/s0140-6736(66)92364-6.

Uskokovi¢, V., 2020. Why have nanotechnologies been underutilized in the global
uprising against the coronavirus pandemic? Nanomedicine 15, 1719-1734. https://
doi.org/10.2217/nnm-2020-0163.

van Doremalen, N., Bushmaker, T., Morris, D.H., Holbrook, M.G., Gamble, A.,
Williamson, B.N., Tamin, A., Harcourt, J.L., Thornburg, N.J., Gerber, S.I., Lloyd-
Smith, J.O., de Wit, E., Munster, V.J., 2020. Aerosol and surface stability of SARS-
CoV-2 as compared with SARS-CoV-1. N. Engl. J. Med. 382, 1564-1567. https://doi.
org/10.1056/NEJMc2004973.

Vlahos, R., Stambas, J., Selemidis, S., 2012. Suppressing production of reactive oxygen
species (ROS) for influenza A virus therapy. Trends Pharmacol. Sci. 33, 3-8. https://
doi.org/10.1016/j.tips.2011.09.001.

Walls, A.C., Park, Y.-J., Tortorici, M.A., Wall, A., McGuire, A.T., Veesler, D., 2020.
Structure, function, and antigenicity of the SARS-CoV-2 spike glycoprotein. Cell 181,
281-292. https://doi.org/10.1016/j.cell.2020.02.058.

Wang, F., Nie, J., Wang, H., Zhao, Q., Xiong, Y., Deng, L., Song, S., Ma, Z., Mo, P.,
Zhang, Y., 2020a. Characteristics of peripheral lymphocyte subset alteration in
COVID-19 pneumonia. J. Infect. Dis. https://doi.org/10.1093/infdis/jiaal50.

Wang, N., Shang, J., Jiang, S., Du, L., 2020b. Subunit vaccines against emerging
pathogenic human coronaviruses. Front. Microbiol. 11, 298. https://doi.org/
10.3389/fmicb.2020.00298.

Wang, X., Xu, W., Hu, G., Xia, S., Sun, Z., Liu, Z., Xie, Y., Zhang, R., Jiang, S., Lu, L.,
2020c. SARS-CoV-2 infects T lymphocytes through its spike protein-mediated
membrane fusion. Cell. Mol. Immunol. https://doi.org/10.1038/541423-020-0424-
9.

Warnes, S.L., Little, Z.R., Keevil, C.W., 2015. Human coronavirus 229E remains
infectious on common touch surface materials. mBio 6. https://doi.org/10.1128/
mBio.01697-15 e01697-01615.

Webster, D.M., Sundaram, P., Byrne, M.E., 2013. Injectable nanomaterials for drug
delivery: carriers, targeting moieties, and therapeutics. Eur. J. Pharm. Biopharm. 84,
1-20. https://doi.org/10.1016/j.ejpb.2012.12.009.

Weiss, C., Carriere, M., Fusco, L., Capua, 1., Regla-Nava, J.A., Pasquali, M., Scott, J.A.,
Vitale, F., Unal, M.A., Mattevi, C., Bedognetti, D., Merkoci, A., Tasciotti, E.,
Yilmazer, A., Gogotsi, Y., Stellacci, F., Delogu, L.G., 2020. Toward nanotechnology-
enabled approaches against the COVID-19 pandemic. ACS Nano 14, 6383-6406.
https://doi.org/10.1021/acsnano.0c03697.

Who, 2020b. Coronavirus Disease (COVID-2019) Situation Reports. https://www.who.
int/emergencies/diseases/novel-coronavirus-2019/situation-reports (Accessed 14
September 2020).

Who, 2020a. Coronavirus. https://www.who.int/health-topics/coronavirus#t (Accessed
8 September 2020).

Wong, C.K., Lam, C.W., Wu, AK,, Ip, W.K,, Lee, N.L., Chan, I.H., Lit, L.C., Hui, D.S.,
Chan, M.H., Chung, S.S., Sung, J.J., 2004. Plasma inflammatory cytokines and
chemokines in severe acute respiratory syndrome. Clin. Exp. Immunol. 136, 95-103.
https://doi.org/10.1111/j.1365-2249.2004.02415.x.

Wong, Z.S., Brownlie, J.C., Johnson, K.N., 2016. Impact of ERK activation on fly survival
and Wolbachia-mediated protection during virus infection. J. Gen. Virol. 97,
1446-1452. https://doi.org/10.1099/jgv.0.000456.

Wrapp, D., Wang, N., Corbett, K.S., Goldsmith, J.A., Hsieh, C.-L., Abiona, O., Graham, B.
S., McLellan, J.S., 2020. Cryo-EM structure of the 2019-nCoV spike in the prefusion
conformation. Science 367, 1260-1263. https://doi.org/10.1126/science.abb2507.

Wu, A., Peng, Y., Huang, B., Ding, X., Wang, X., Niu, P., Meng, J., Zhu, Z., Zhang, Z.,
Wang, J., Sheng, J., Quan, L., Xia, Z., Tan, W., Cheng, G., Jiang, T., 2020a. Genome
composition and divergence of the novel coronavirus (2019-nCoV) originating in
China. Cell Host Microbe 27, 325-328. https://doi.org/10.1016/j.
chom.2020.02.001.

Wu, D., Wu, T., Liu, Q., Yang, Z., 2020b. The SARS-CoV-2 outbreak: what we know. Int.
J. Infect. Dis. https://doi.org/10.1016/j.ijid.2020.03.004.

Wu, F., Zhao, S., Yu, B., Chen, Y.M., Wang, W., Song, Z.G., Hu, Y., Tao, Z.W., Tian, J.H.,
Pei, Y.Y., Yuan, M.L., Zhang, Y.L., Dai, F.H,, Liu, Y., Wang, Q.M., Zheng, J.J., Xu, L.,
Holmes, E.C., Zhang, Y.Z., 2020c. A new coronavirus associated with human


https://doi.org/10.1021/mp200553x
https://doi.org/10.1021/mp200553x
https://doi.org/10.1101/2020.05.01.20087130
https://doi.org/10.1101/2020.05.01.20087130
https://doi.org/10.18683/germs.2019.1155
https://doi.org/10.1073/pnas.1619653114
https://doi.org/10.1155/2014/467452
https://doi.org/10.1039/c8cs00162f
https://doi.org/10.1002/rmv.2107
https://doi.org/10.1056/NEJMc2001468
https://doi.org/10.1016/s0168-1702(03)00161-8
https://doi.org/10.1007/s00134-020-05991-x
https://doi.org/10.1021/am405040z
https://doi.org/10.1128/JVI.00694-10
https://doi.org/10.3390/v12070705
https://doi.org/10.1186/s12985-019-1182-0
https://doi.org/10.1016/j.biomaterials.2012.04.060
https://doi.org/10.1016/j.biomaterials.2012.04.060
https://doi.org/10.1111/1348-0421.12754
https://doi.org/10.1038/s41586-020-2179-y
https://doi.org/10.1016/j.jare.2020.03.005
https://doi.org/10.1111/cts.12880
https://doi.org/10.1111/cts.12880
https://doi.org/10.1016/j.dsx.2020.03.011
https://doi.org/10.1016/j.dsx.2020.03.011
https://doi.org/10.1007/s12098-020-03263-6
https://doi.org/10.1039/C8PY01295D
https://doi.org/10.1146/annurev-virology-031413-085507
https://doi.org/10.1146/annurev-virology-031413-085507
https://doi.org/10.1002/smll.201401706
https://doi.org/10.1016/j.biomaterials.2013.02.024
https://doi.org/10.1016/j.biomaterials.2013.02.024
https://doi.org/10.1002/jmv.25722
https://doi.org/10.1074/jbc.M502851200
https://doi.org/10.1038/s41423-020-0400-4
https://doi.org/10.1038/s41423-020-0400-4
https://doi.org/10.1111/jth.14817
https://doi.org/10.1111/jth.14817
https://doi.org/10.1021/acsanm.8b00779
https://doi.org/10.2174/1381612822666160217142319
https://doi.org/10.2174/1381612822666160217142319
https://doi.org/10.1016/s0140-6736(66)92364-6
https://doi.org/10.2217/nnm-2020-0163
https://doi.org/10.2217/nnm-2020-0163
https://doi.org/10.1056/NEJMc2004973
https://doi.org/10.1056/NEJMc2004973
https://doi.org/10.1016/j.tips.2011.09.001
https://doi.org/10.1016/j.tips.2011.09.001
https://doi.org/10.1016/j.cell.2020.02.058
https://doi.org/10.1093/infdis/jiaa150
https://doi.org/10.3389/fmicb.2020.00298
https://doi.org/10.3389/fmicb.2020.00298
https://doi.org/10.1038/s41423-020-0424-9
https://doi.org/10.1038/s41423-020-0424-9
https://doi.org/10.1128/mBio.01697-15
https://doi.org/10.1128/mBio.01697-15
https://doi.org/10.1016/j.ejpb.2012.12.009
https://doi.org/10.1021/acsnano.0c03697
https://www.who.int/emergencies/diseases/novel-coronavirus-2019/situation-reports
https://www.who.int/emergencies/diseases/novel-coronavirus-2019/situation-reports
https://www.who.int/health-topics/coronavirus#t
https://doi.org/10.1111/j.1365-2249.2004.02415.x
https://doi.org/10.1099/jgv.0.000456
https://doi.org/10.1126/science.abb2507
https://doi.org/10.1016/j.chom.2020.02.001
https://doi.org/10.1016/j.chom.2020.02.001
https://doi.org/10.1016/j.ijid.2020.03.004

M.A.L Al-Hatamleh et al.

respiratory disease in China. Nature 579, 265-269. https://doi.org/10.1038/
s41586-020-2008-3.

Xiong, Y., Liu, Y., Cao, L., Wang, D., Guo, M., Jiang, A., Guo, D., Hu, W., Yang, J.,
Tang, Z., Wu, H., Lin, Y., Zhang, M., Zhang, Q., Shi, M., Liu, Y., Zhou, Y., Lan, K.,
Chen, Y., 2020. Transcriptomic characteristics of bronchoalveolar lavage fluid and
peripheral blood mononuclear cells in COVID-19 patients. Emerg. Microb. Infect. 9,
761-770. https://doi.org/10.1080/22221751.2020.1747363.

Yamamoto, M., Kiso, M., Sakai-Tagawa, Y., Iwatsuki-Horimoto, K., Imai, M., Takeda, M.,
Kinoshita, N., Ohmagari, N., Gohda, J., Semba, K., Matsuda, Z., Kawaguchi, Y.,
Kawaoka, Y., Inoue, J.-i., 2020. The anticoagulant nafamostat potently inhibits
SARS-CoV-2 S protein-mediated fusion in a cell fusion assay system and viral
infection in vitro in a cell-type-dependent manner. Viruses 12, 629. https://doi.org/
10.3390/v12060629.

Yan, R., Zhang, Y., Li, Y., Xia, L., Guo, Y., Zhou, Q., 2020. Structural basis for the
recognition of SARS-CoV-2 by full-length human ACE2. Science 367, 1444-1448.
https://doi.org/10.1126/science.abb2762.

Ye, S., Shao, K., Li, Z., Guo, N., Zuo, Y., Li, Q., Lu, Z., Chen, L., He, Q., Han, H., 2015.
Antiviral activity of graphene oxide: how sharp edged structure and charge matter.
ACS Appl. Mater. Interfaces 7, 21571-21579. https://doi.org/10.1021/
acsami.5b06876.

Zeng, Q., Li, Y.-z., Huang, G., Wu, W., Dong, S.-y., Xu, Y., 2020. Mortality of COVID-19 is
associated with cellular immune function compared to immune function in Chinese
han population. medRxiv. https://doi.org/10.1101,/2020.03.08.20031229.

Zhang, C., Wu, Z., Li, J.W., Zhao, H., Wang, G.Q., 2020a. Cytokine release syndrome in
severe COVID-19: interleukin-6 receptor antagonist tocilizumab may be the key to
reduce mortality. Int. J. Antimicrob. Agents 55, 105954. https://doi.org/10.1016/].
ijantimicag.2020.105954.

14

European Journal of Pharmacology 896 (2021) 173930

Zhang, Q., Honko, A., Zhou, J., Gong, H., Downs, S.N., Vasquez, J.H., Fang, R.H.,

Gao, W., Griffiths, A., Zhang, L., 2020b. Cellular nanosponges inhibit SARS-CoV-2
infectivity. Nano Lett. 20, 5570-5574. https://doi.org/10.1021/acs.
nanolett.0c02278.

Zhang, T., Wu, Q., Zhang, Z., 2020c. Probable pangolin origin of SARS-CoV-2 associated
with the COVID-19 outbreak. Curr. Biol. 30, 1346-1351. https://doi.org/10.1016/j.
cub.2020.03.022 e2.

Zhang, X.Y., Zhang, P.Y., 2017. Polymersomes in nanomedicine - a review. Curr. Med.
Chem. 13, 124-129. https://doi.org/10.2174/1573413712666161018144519.

Zhao, Z., Li, H., Wu, X., Zhong, Y., Zhang, K., Zhang, Y.-P., Boerwinkle, E., Fu, Y.-X.,
2004. Moderate mutation rate in the SARS coronavirus genome and its implications.
BMC Evol. Biol. 4, 21. https://doi.org/10.1186/1471-2148-4-21.

Zheng, M., Gao, Y., Wang, G., Song, G., Liu, S., Sun, D., Xu, Y., Tian, Z., 2020. Functional
exhaustion of antiviral lymphocytes in COVID-19 patients. Cell. Mol. Immunol.
https://doi.org/10.1038/541423-020-0402-2.

Zhou, P., Yang, X.L., Wang, X.G., Hu, B., Zhang, L., Zhang, W., Si, H.R., Zhu, Y., Li, B.,
Huang, C.L., Chen, H.D., Chen, J., Luo, Y., Guo, H., Jiang, R.D., Liu, M.Q., Chen, Y.,
Shen, X.R., Wang, X., Zheng, X.S., Zhao, K., Chen, Q.J., Deng, F., Liu, L.L., Yan, B.,
Zhan, F.X., Wang, Y.Y., Xiao, G.F., Shi, Z.L., 2020. A pneumonia outbreak associated
with a new coronavirus of probable bat origin. Nature 579, 270-273. https://doi.
org/10.1038/541586-020-2012-7.

Zodrow, K., Brunet, L., Mahendra, S., Li, D., Zhang, A., Li, Q., Alvarez, P.J., 2009.
Polysulfone ultrafiltration membranes impregnated with silver nanoparticles show
improved biofouling resistance and virus removal. Water Res. 43, 715-723. https://
doi.org/10.1016/j.watres.2008.11.014.


https://doi.org/10.1038/s41586-020-2008-3
https://doi.org/10.1038/s41586-020-2008-3
https://doi.org/10.1080/22221751.2020.1747363
https://doi.org/10.3390/v12060629
https://doi.org/10.3390/v12060629
https://doi.org/10.1126/science.abb2762
https://doi.org/10.1021/acsami.5b06876
https://doi.org/10.1021/acsami.5b06876
https://doi.org/10.1101/2020.03.08.20031229
https://doi.org/10.1016/j.ijantimicag.2020.105954
https://doi.org/10.1016/j.ijantimicag.2020.105954
https://doi.org/10.1021/acs.nanolett.0c02278
https://doi.org/10.1021/acs.nanolett.0c02278
https://doi.org/10.1016/j.cub.2020.03.022
https://doi.org/10.1016/j.cub.2020.03.022
https://doi.org/10.2174/1573413712666161018144519
https://doi.org/10.1186/1471-2148-4-21
https://doi.org/10.1038/s41423-020-0402-2
https://doi.org/10.1038/s41586-020-2012-7
https://doi.org/10.1038/s41586-020-2012-7
https://doi.org/10.1016/j.watres.2008.11.014
https://doi.org/10.1016/j.watres.2008.11.014

