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Despite ongoing public health measures and increasing vaccination rates,
deaths and disease severity caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) and its new emergent variants continue to
threaten the health of people around the world. Therefore, there is an
urgent need to develop novel strategies for research, diagnosis, treatment,
and government policies to combat the variant strains of SARS-CoV-2. Since
the state-of-the-art COVID-19 pandemic, the role of selenium in dealing with
COVID-19 disease has been widely discussed due to its importance as an
essential micronutrient. This review aims at providing all antiviral activities of
nanoselenium (Nano-Se) ever explored using different methods in the
literature. We systematically summarize the studied antiviral activities of
Nano-Se required to project it as an efficient antiviral system as a function
of shape, size, and synthesis method. The outcomes of this article not only
introduce Nano-Se to the scientific community but also motivate scholars to
adopt Nano-Se to tackle any serious virus such as mutated SARS-CoV-2 to
achieve an effective antiviral activity in a desired manner.
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1 Introduction

The transmission of coronaviruses (CoV) in animals has a long history (Ruiz-Aravena
et al., 2022). However, the earliest pathogenic transmission from animal to human was
detected as a severe acute respiratory syndrome (SARS) in Guangdong province, China, in
2002, and after a decade, one more pathogenic coronavirus, Middle East respiratory
syndrome coronavirus (MERS-CoV), was identified in Middle Eastern countries (Cui
et al., 2019; Dhama et al., 2020; Shereen et al., 2020). The recent COVID-19 outbreak
originated in the city of Wuhan, China, and rapidly spread all over the world and has
become a new global public health crisis (Cui et al., 2019; Zhu et al.,, 2020). After the
declaration of novel coronavirus disease as a pandemic by the World Health Organization
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(WHO), researchers in academics and pharmaceuticals have
been increasingly engaged in the search for effective antiviral
drugs and therapeutic treatment options. The emergence of
SARS-CoV-2 variants through mutations to their genetic code
is a growing concern for public health. The Centers for Disease
Prevention and Control (CDC), United States, recently revised
the classification of variants and included another class of
variants named as variant being monitored (VBM) in addition
to three preceding classes of SARS-CoV-2 variants, that is,
variant of concern (VOC), variant of interest (VOI), and
variant of high consequence (VOHC), to prioritize global
monitoring, selective and rapid diagnosis, research to explore
pathogenesis, and treatments of higher efficacy (Centers for
Disease Prevention and Control, 2022).

The structural proteins of SARS-CoV-2 include four different
structural proteins, such as spike (S) glycoprotein, membrane
(M) protein, small envelope glycoprotein (E), and nucleocapsid
(N) protein, and are responsible for viral replication and
propagation (Schoeman and Fielding, 2019; Yadav et al,
2021). Like other viruses, SARS-CoV-2 is susceptible to
genetic evolution while transmitting from one host person to
others through mutations over the time (Harvey et al,, 2021).
These changes have little or no impact; however, some mutations
could alter its pathogenic or transmission potential of the virus
and can amplify disease severity (Young et al., 2020). Throughout
the pandemic, several variants of SARS-CoV-2 have been
identified around the world. So far, five variants, namely,
B.1.1.7 (Alpha), B.1.351 (Beta), P.1 (Gamma), B.1.617.2
(Delta), and B.1.1.529 (Omicron), have been listed as variants
of concern (World Health Organization, 2021). Despite the
remarkable progresses of vaccine and drug development
against COVID-19 disease, the emergences of new variant
strains of SARS-CoV-2 can not only result in an increased
rate of spread, disease severity, and mortality but also threaten
to overturn the significant progress made so far in halting the
spread of SARS-CoV-2. SARS-CoV-2 variants have raised
concerns about resistance to neutralizing by escaping from
host antibody responses and have become a stumbling block
to ending this pandemic. Therefore, prevention, vaccination
adoption, and advancing research are key factors for the
management of the COVID-19 pandemic.

Various kinds of nanotechnology-based materials have been
studied in biomedical science, including metal NPs, quantum
dots (QDs), carbon-based nanosystems, and polymeric
nanomaterials (Chenthamara et al., 2019; Aflori, 2021; Singh
et al., 2021a; Ma et al., 2021; Dhiman et al., 2022a; Dhiman et al.,
2022b; Chaudhary et al, 2022). In the biomedicine field,
nanoparticles hold great promise for a variety of applications,
including drug developments, diagnostic techniques, drug
delivery, gene delivery, nanodrugs, and prostheses and
implants (Pelaz et al.,, 2017; Kaushik, 2019; Malachowski and
Hassel, 2020; Nienhaus et al., 2020; Li et al., 2022; Mostafavi et al.,
2022; Xie et al., 2022). These applications are revolutionary in the
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biomedical field and result in new materials, techniques, and
devices with more sensitivity, selectivity, and sophistication,
which are required for this field (Kaushik et al, 2020;
Ahmadivand et al,, 2021; Sharma et al., 2021). In the ongoing
pandemic, nanotechnology plays an important role in dealing
with SARS-CoV-2 and its variants (Paliwal et al., 2020; Gage
etal., 2021; Sadique et al., 2021; Varahachalam et al., 2021; Dubey
et al., 2022; Kujawska et al., 2022). Unlike many other metals, Se
is an essential element in the human body. Therefore, Nano-Se
having very low toxicity has better medicinal properties over
other metal nanoparticles (Ferro et al, 2021). In the last
two decades, biological activities of selenium nanoparticles
(Nano-Se) toward various diseases have been extensively
studied (Figure 1), which has transformed the Se nanoparticle
chemistry as a major branch of study in nanotechnology
(Khurana et al; 2019; Shi et al., 2021; Bisht et al., 2022). The
capabilities of Se-containing species to act as an antiviral in
nature make it notable and potentially useful in the current
COVID-19 pandemic (Kieliszek, 2022; Singh et al., 2022). In the
case of SARS-CoV-2, Se deficiency is related to increased
susceptibility to infections (Khatiwada and Subedi 2021;
Majeed et al., 2022). This observation has been observed in
many findings from different countries, where the selenium
status was associated with cure rates of COVID-19 disease
(Zhang D. W et al,, 2020; Erol et al., 2021; Majeed et al,
2021). Moreover, studies on other virus-related diseases such
as HIV, influenza, and Ebola demonstrated the benefit of Se
supplementation (Harthill, 2011; Ivory et al., 2017; Muzembo
et al., 2019). A considerable number of research articles and
review articles on synthesis, characterization, and the wide range
of applications of Se nanoparticles are proof of the growth in this
field. This review projects the potential of Se nanoparticles and its
decorated systems for antiviral applications systematically. This
review article aims to summarize the studied antiviral properties
of selenium nanoparticles and other related materials.

2 Origin of selenium

In nature, Se is a common element and exists in organic and
inorganic forms. The typical organic forms of Se are
selenocysteine and selenomethionine, which are present in the
human body, while the inorganic forms include selenite and
selenate, which are available in plants (Gupta and Gupta, 2017).
Since the discovery of Se in 1817, the role of selenium in the
human body has evolved and its deficiency has been shown to
correlate with the progression of HIV to AIDS, cardiovascular
disease, infertility, Keshan disease, cognitive decline, and
impaired mineralization of bones and teeth (Dworkin, 1994;
Benstoem et al,, 2015; Pieczynska and Grajeta, 2015; Munguti
et al, 2017; Yang et al, 2022). On Earth, Se is unevenly
distributed and concentrated in different forms, which leads
to variation in Se intake throughout the population of the
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FIGURE 1

Biological activities of selenium nanoparticles (Nano-Se) and related systems.

TABLE 1 Selenium intake for children and adults (Institute of Medicine
Food and Nutrition Board, 2000).

in plant strategies to produce an adequate Se amount in foods can

Age Male/female

(year)
Recommended dietary Upper tolerable
allowance limit
(ug/day) (ug/day)

0-0.6 15 45

0.7-1 20 60

1-3 20 90

4-8 30 150

9-13 40 280

14+ 55 400

Pregnancy 60 400

Lactation 70 400

be helpful in overcoming Se deficiency and improving human
health. Apart from
researchers continue their efforts to find new advanced Se

traditional biofortification methods,

biofortification methods, including genetic engineering,
microbial-based biofortification, and through organic matter
recycling (Sarwar et al, 2020). In human diet, the main
contributors to Se intake are plant-based products (46.5%)
(Hu et al, 2021). Animal-based foods are the second highest
source of Se intake, in which fish, meat, meat-based products,
milk, dairy products, and eggs are the main dietary sources (Hu
etal., 2021). Selenium has vital roles in animals; they must ingest
selenium through food, and in biological processes they
transform the inorganic Se form to the organic form (Se-Cys).

The selenium amount in animal-based foods depends upon the

world (Kieliszek et al., 2022). It is estimated that the diets of at
least one billion people in the world lack sufficient Se for their
well-being (Haug et al., 2007). An adequate selenium status is
essential for regulating many physiological processes in the
human body (Table 1).

Se cannot be produced by human cells and must be ingested
through food (Kieliszek and Blazejak, 2016). Selenium enters the
food chain through plants uptake from the soil. Crops cultivated
in soil with a low Se concentration are correlated with Se
deficiency in the human population. Selenium biofortification

Frontiers in Nanotechnology

03

selenium in the plants or food that animals eat and the species of
animals (Hu et al., 2021). The incorporation of Se in animal feed
can increase the Se content in animal-based products and result
in indirect introduction of selenium into the human body
(Pavlovic et al., 2018).

3 Clarity on Se toxicity

The first scientific finding on Se as a toxic form was found
through multiple experiments conducted at the Wyoming and
South Dakota Agricultural Experiment Stations in 1929 (Zwolak,
2020). In these experiments, it was found that crops grown on
specific soil caused an alkali disease to livestock (Christophersen
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et al., 2013). However, with the confirmation of an essential role
as a trace element in the diet of mammals (Kieliszek and Blazejak,
2016), the focus of most research efforts shifted to exploring Se
deficiency and has prompted studies on the biological activities of
different forms of selenium species (Dhau et al., 2014a; Dhau
et al., 2015). The United States Department of Agriculture in
1974 approved inorganic selenium as food additive to animal
feeds in the identified regions where selenium was at a
subadequate level in soil (Surai et al., 2018). In 1978, scientists
recognized selenocysteine moiety as a catalytic site in glutathione
peroxidase, later named the “twenty-first” amino acid by Bock
et al.(1991) (Schmidt and Simonovic, 2012).

All forms of Se are potentially toxic to living species, with
the toxicity dependent upon the chemical nature of Se, dose,
the route of administration, age of species, physiological state,
and nutrition and dietary interactions (Nogueira et al., 2004;
Christophersen et al., 2013; Singh et al., 2021b). Selenium
poisoning in humans has been reported in different situations,
such as accidental ingestion, industrial mishappenings, and
environmental toxicity (Nuttall, 2006). The most serious
events of environmental toxicity to humans occurred in
China with symptoms including loss of hair and cracked
nails (Huang et al, 2013). The lowest observed adverse
effect level (LOAEL) for selenium is 1540-1600 pg/day of
Se while 5,000 pg/day of Se is the toxic level, which can
cause selenosis (Stoffaneller and Morse, 2015; Prabhu and
Lei, 20165 Ibrahim et al., 2019). Selenosis is the term used for
conditions resulting from chronic selenium toxicity and has
of
complications, and respiratory problems (Stoffaneller and
Morse, 2015; Ibrahim et al., 2019).

Se in nanodimensional forms, that is, nanoselenium (Nano-

symptoms loss of hair, damaged nails, cardiac

Se), is less toxic than other forms of selenium (organic and
inorganic) (Hosnedlova et al, 2018; Bhattacharjee et al., 2019;
Bisht et al,, 2022). Selenium-based nanomaterials have been
investigated for many medical applications, such as diagnosis
and imaging, antioxidant, antibacterial and antiviral, and
chemotherapy (Sakr et al, 2018; Khurana et al, 2019; Bisht
et al,, 2022). Nanoselenium has the advantage of selenium in its
zero-oxidation state (Se°), which introduces high bioavailability
and lower toxicity (Wang et al.,, 2007; Shi et al., 2010). Cytotoxicity
analysis of Nano-Se and SeO, demonstrated that Se nanoparticles
were six times less toxic against MCF-7 cells (Forootanfar et al.,
2014). In another study, selenium nanoparticles were studied for
safety, toxicities, biocompatibility, and antitumor activity in animal
models and in addition to the high value of therapeutic
effectiveness, no significant value of toxicity was found (Mittal
and Banerjee, 2021). To deal with the toxic nature of the selenium
species at higher concentrations, Dhau et al. (2014b)explored the
polymer matrix as a sustained and controlled release drug device
for selenium compounds. Discoveries such as these open new
possibilities for the development of new classes of selenium-based
drugs.
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4 Prospects for Nano-Se to tackle
SARS-CoV-2 variants

In general, the development of new drugs is a difficult and
lengthy process, which takes at least 10 years on an average to
complete the journey from initial discovery to the marketplace
(Mohs and Greig, 2017). The ongoing pandemic caused by
SARS-CoV-2 and its muted variants has recognized the urgency
to discover new antiviral drugs and, with this, the idea of
repurposing existing drugs to treat infectious viruses emerged as
an attractive strategy (Martinez, 2022). All over the world, various
health agencies and research groups have performed various studies
such as computational research, clinical trials, and other experiments
to study repurposed standard drugs and potential drug candidates to
treat COVID-19 symptoms (Wang and Guan, 2021). Jin et al. (2020)
investigated a pool of 10,000 molecules including standard drugs,
drug molecules in clinical phases, and pharmacologically relevant
molecules to identify efficient inhibitors of main protease (M), a
key enzyme of SARS-CoV-2, using the combination of structure-
based drug design, virtual drug screening, and high-throughput
screening. Of the results, out of six active compounds against SARS-
CoV-2 MP*, ebselen exhibited promising antiviral activity in cell-
based assays (Jin et al., 2020). The main protease, MP™ activity, is
critical for breaking the viral polyprotein into further protein units
for virus replication and pathogenesis (Moghadasi et al., 2020). The
position of SARS-CoV-2 MP™ inhibitor in the prevention of SARS-
Cov-2 propagation is shown in Figure 2 (Mengist et al., 2020).
Ebselen
organoselenium compound, which is most widely studied as a

[2-phenyl-1,2-benzisoselazol-3(2H)-one] is an
GP, mimetic and has also been found to possess antiviral
properties against a number of viruses such as human
immunodeficiency virus type 1 (HIV-1), hepatitis C virus
(HCV), influenza A virus, Zika virus, herpes simplex virus type 1
(HSV-1), and coxsackie virus (Wojtowicz et al., 2004; Mukherjee
et al., 2014; Singh et al,, 2015; Oostwoud et al., 2016; Sharma et al.,
2017a; Sands and Back., 2018; Simanjuntak et al., 2018; Zhang J et al.,
2020). In addition to ebselen, researchers have been exploring the
other selenium compounds for various biological activities (Dhau
et al.,, 2014b; Sharma et al., 2017b; Dhau et al., 2021; Kumar et al.,
2022). Amporndanai et al. (2021)investigated the binding modes of
in MP® through high-resolution
crystallography and further explored their chemical reactivity

ebselen derivatives co-
using spectroscopic techniques. The authors found that two
ebselen derivatives have better inhibitory effectiveness than
ebselen against MP enzyme and SARS-CoV-2 replication. These
studies have fueled the discussion and research on the potentials of
synthetic forms of selenium to manage SARS-COVID-19
(Kieliszeka and Lipinskib, 2020; Seale et al, 2020; Siesa and
Parnham, 2020; Zhang J et al, 2020; He et al., 2021; Khatiwada
and Subedi, 2021; Kieliszek, 2022; Pedrosa et al., 2022).

In biological science, the research on Se-containing species
was started with the focus on the treatment of oxidative stress,
which can be responsible for several diseases (Tinggi, 2008). In
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FIGURE 2

Position of the inhibitor in the prevention of SARS-CoV-2 replication (Mengist et al.,, 2020).

the early studies on SARS-CoV-2, scientific findings concluded
that its infection in the respiratory system can activate nuclear
factor kappa B (NF-xB), which leads to multiple inflammatory
and autoimmune diseases (Hirano and Murkami, 2020; Davies
etal,, 2021). Selenium is well-established to affect NF-kB activity
and contributes to reducing viral-related infection (Hiffler and
Rakotoambinina, 2020). Nuclear factor kappa B (NF-xB)
transcription factors control several critical physiological
processes, including oxidative stress, inflammation, cell
growth, apoptosis, immune responses, and the expression of
certain viral genes (Lin et al., 2009; Oeckinghaus and Ghosh,
2009). Kumari et al. (2018)tested a combination of curcumin-
loaded Se nanoparticles and CD44-targeted doxorubicin-loaded
nanoparticles for anticancer activity and found a lower
expression of NF-kB. Ge et al. (2021)compared the alleviation
of Cd-induced heart inflammation through inhibiting the NF-«xB
pathway using three different forms of Se, namely, Se-enriched
yeast (organic form), sodium selenite (inorganic form), and
Nano-Se (prepared through bioreduction), and demonstrated
superior results with the nanoform of Se. Researchers have
investigated the role of essential metals as micronutrients in
surviving the COVID-19 challenge. Micronutrients including
zinc (Zn), copper (Cu), iron (Fe), and selenium (Se) are
involved in the better management of the immune system
functioning against viral infections, including severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) (Renata
2022). Zhang D. W. et al. (2020)performed a study

including 17 Chinese cities and showed that Se insufficiency

et al,
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was associated with an elevated COVID-19 mortality risk.
Selenium supplements have proven health benefits in other
viral disease prevention (Zhou et al., 2018).

The trace element Se is known for a regular functioning of
the immune system by increasing the production of
immunoglobulin G and M antibodies and leading to
increased activity of T cells and macrophages in human
health. This biological outcome of Se obtained from its
presence in more than 25 selenoproteins was identified in
2020; Maltseva et al., 2022). Five

(GPx1-4 and GPx6), three
thioredoxin reductases (TrxR1-3), and three deiodinases are

humans (Calder et al,
glutathione  peroxidases
the major types in the list of 25 selenoproteins (Bates et al.,
2000; Moghadaszadeh and Beggs, 2006; Flohé et al., 2022).
GPx1 is a cytosolic enzyme present in all tissues, and a decrease
in this level causes an increase in the production of reactive
oxygen species (ROS), which leads to oxidative stress, activation
of NF-«xB transcription, and cell apoptosis (Youn et al., 2008;
Lubos et al,, 2011; Ren et al., 2020).

5 Antiviral properties of Nano-Se

Nano-Se are fascinating species that have been explored by
researchers to produce advanced materials for various
applications (Chaudhary and Mehta, 2014; Dong et al., 2014;
Peng et al,, 2015; Kolay et al., 2019; Ferro et al,, 2021). Many
biological studies were performed using Nano-Se, including
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TABLE 2 Nanoselenium particles and their conjugated systems with studied antiviral activity against different viruses.

Se/conjugated system Virus

(size), synthesis
method

Nano-Se (10-250 nm),
biosynthesized-from
actinobacterium

Nano-Se (100 nm),
chemically

Nano-Se (10-25 nm),
chemically

Nano-Se (200 nm),
chemically

SeS, nanoparticles (500 nm),

precipitation method
Nano-Se (200 nm),
chemically
Nano-Se@p-thujaplicin
(80 nm), chemically
Nano-Se (200 nm),
chemically
Nano-Se@OTV (100 nm),

chemically

Nano-Se (-), chemically

Nano-Se@OTV (10 nm),
chemically

Nano-Se (142 nm),
chemically
Nano-Se@ZNV (82 nm),
chemically

Nano-Se (200 nm),
chemically
Nano-Se@AM (70 nm),
chemically

Nano-Se (200 nm),
chemically<
Nano-Se@RBV (<100 nm),
chemically

Nano-Se (200 nm),
chemically
Nano-Se@ARB (70 nm),
chemically

Chitosan-Nano-Se

Type-1 dengue virus

Hepatitis B virus

HPAI-H5N1 virus

HIN1

A/HINI and
Betacoronavirus 1
HIN1

HIN1

HIN1

HIN1
Enterovirus 71
Enterovirus 71 virus
HIN1

HIN1

HIN1

HIN1

HIN1

HIN1

HIN1

HINI1

Porcine reproductive and
respiratory syndrome virus

Studied on

Vero cloned cell lines

Female inbred BALB/
¢ mice

Animal study on
chickens

MDCK cells
MDCK and HCT-8
MDCK cells
MDCK cells
MDCK cells
MDCK cells
Human astrocyte

U251 cells

Human astrocyte
U251 cells
MDCK cells
MDCK cells
MDCK cells
MDCK cells
MDCK cells
MDCK cells
MDCK cells

MDCK cells

African green monkey
kidney epithelial cell
line

Model Result Reference
In vitro Inhibited at 700 ppm Ramya et al.
(2015)

Oral feeding to mice Increase in Thl immune response Mahdavi et al.

(2017)
Diets supplemented with ~ Superior results found using 1 mg Yehia et al.
Nano-Se concentrations ~ Nano-Se/kg in combination with (2022)

0.1 mg/dose vaccination

In vitro Survival rate increased to 82.5% using ~ Liu et al. (2022)
0.25 mM Nano-Se

In vitro More than 99% inhibition Dtugosz et al.
(2022)

In vitro Cell viability: 67% Wang et al.
(2020)

In vitro Cell viability: 88% Wang et al.
(2020)

In vitro Cell viability: 60% Li et al. (2017)

In vitro Cell viability: 93% Li et al. (2017)

In vitro Cell viability: 38.6% Zhong et al.
(2019)

In vitro Cell viability: 83.2% Zhong et al.
(2019)

In vitro Cell viability: 41.4% Lin et al. (2017)

In vitro Cell viability: 72.7% Lin et al. (2017)

In vitro Cell viability: 58.87% Li et al. (2018)

In vitro Cell viability: 70.26% Li et al. (2018)

In vitro and in vivo Cell viability: 65.2% Lin etal. (2018)

In vitro and in vivo Cell viability: 80.6% Lin et al. (2018)

In vitro and in vivo Cell viability: 65% Li et al. (2019)

In vitro and in vivo Cell viability: 86% Li et al. (2019)

Shao et al.
(2022)

In vitro Cell viability: IC5, = 99.35 uM

Nano-Se, selenium nanoparticles; MDCK, Madin-Darby canine kidney; HIN1, influenza virus; (HPAI)-H5N1, highly pathogenic avian influenza; OTV, oseltamivir; ZNV, zanamivir; AM,
amantadine; RBV, ribavirin; and ARB, arbidol.

antiviral, antimicrobial, anti-oxidant, anticancer, antidiabetic,
and antiparasitic (Khurana et al., 2019; Shi et al., 2021; Bisht
etal., 2022). Several antiviral investigations were performed using
Nano-Se and their conjugates (summarized in Table 2). The
progress in the development of nanoselenium species and related
systems as antiviral active agents is discussed in the remaining
section.

Frontiers in Nanotechnology

Ramya et al. (2015) prepared Se nanoparticles through
aerobic biogenic synthesis from actinobacteria, having an
of 10-250 nm. They
applications of these nanoparticles for antibiofilm, antioxidant,

average particle size investigated

wound healing, cytotoxic, and antiviral activities. The antiviral
activity of biosynthesized Se nanoparticles was tested against the
type-1 virus different  concentrations

dengue using
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(100-1000 ppm) of Se nanoparticles. The biosynthesized Se
nanoparticles showed maximum inhibition of type-1 dengue
viral growth at 700 ppm concentration.

Selenium is a vital micronutrient in the human body that
plays a dominant role in many processes such as the maintenance
of cellular redox homeostasis in nearly all tissues, thyroid
hormone metabolism, modulation of the immune system by
antiviral properties, and enhancement of humoral immunity
response (Huang et al, 2012). Mahdavi and co-workers
explored the effect of Se nanoparticles on inducing a
Thlcytokine pattern after hepatitis B surface antigen (HBsAg)
vaccination in animal models. In this study, authors measured
lymphocyte proliferation, interferon gamma, interleukin 4, and
total antibody by enzyme-linked immunosorbent assay (ELISA)
(Mahdavi et al., 2017). The results clearly demonstrated that oral
administration of synthetic Se nanoparticles to mice helped in
increasing Thl immune response and caused the production of
cytokines, which play a crucial role in the immune response
against viral infection and other diseases.

Nano-Se of 200 nm was prepared from combining Na,SeO;
(0.1 M) and vitamin C and verified for inhibition of influenza
(HIN1) virus (Liu et al, 2022). Influenza A (HIN1) virus
infection in humans not only leads to respiratory diseases but
also occasionally causes severe lethal pneumonia and nervous
system damage. As influenza viruses become less susceptible to
antiviral drugs, therefore, in the search of new potential drugs
with different modes of action, Liu et al. investigated selenium
nanoparticles for an antiviral study against H1N-infected
Madin-Darby (MDCK) this
investigation, a change in morphology of MDCK cells infected

canine kidney cells. In
by HIN1 was observed using the microscopic technique and
shrinkage of cytoplasm, loss of cell integrity, and lower cell
numbers were found (Figure 3A). The cell survival rate after
treatment with HIN1 virus was studied using different
concentrations of selenium nanoparticles by MTT assay.
Results are shown in Figure 3, recommending that selenium
nanoparticles (Nano-Se) with 0.25 mM concentration increased
the survival rate up to 82.5% compared to the control samples. In
a mechanistic investigation, GPx1 activity was determined using
different concentrations of Nano-Se and we found that
improving the level of GPx1 plays a role in the inhibition of
HINT1 influenza virus-induced apoptosis.

Yehia et al. (2022) utilized a combination of Nano-Se and
inactivated highly pathogenic avian influenza for studying the
improvement in chicken immunity. Two methods of Nano-Se
supplementation were used: first in diets with Nano-Se
concentrations (0.25-1 mg/kg) and then vaccinated and in the
second method, 0.5 ml of the vaccine used with 0.02-0.1 mg/dose
of Nano-Se.
supplementation of 1 mg Nano-Se/kg showed a considerably

The group of chickens having selenium
higher antibody titer at four and following weeks in the post-
vaccination study. In both groups, Nano-Se supplementation via

diet or vaccine dose resulted in a lower viral shedding and milder
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symptoms of inflammation in the lung, trachea, spleen, and liver.
Among all chickens, the best vaccine efficacy was observed in a
group of chickens fed with 1 mg Nano-Se/kg in combination with
0.1 mg/dose vaccination.

Dlugosz et al. (2022) (Figure 4) have reported the preparation
of Se sulfide nanoparticles using the precipitation method, in
which aqueous solutions of sodium sulfide and selenium chloride
in the presence of cinnamon, curcumin, and cayenne pepper
extracts were extracted using natural deep eutectic solvents
(NDESs). This innovative method produced selenium sulfide
nanoparticles stabilized with extract of species in natural deep
and has
microorganisms. Natural deep eutectic solvents were based on

eutectic  solvents increased bioactivity toward
the different combinations of citric acid, propanediol, betaine,
proline, lactic acid-glucose, and betaine, and the authors found
that using these solvents, the highest content of active ingredients
from the spices could be extracted. The average size of selenium
sulfide nanoparticles observed by X-ray diffraction analysis was
about 500 nm. The antiviral activity of as prepared selenium
sulfide nanoparticles was tested against human influenza virus
A/HIN1 and Betacoronavirus 1. Using the nanoform of selenium
sulfide in curcuma extract, the antiviral results showed a 5.5 log
reduction in TCID50 virus titer against A/HIN1, which means
more than 99.99% virus inactivation and in the case of HCoV-
OC43 virus, and the decrease in the virus infectivity was 99.93%
with the virus titer reduction logTCID50 of 3.2.

The other developments in the search for new antiviral drugs
have been strategically based upon the conjugation of Nano-Se
with standard antiviral drugs. Most of these studies present in the
literature are based on the antiviral activity against HIN1 virus.
HINT is a subtype of influenza A virus and is a common human
pathogenic agent, which causes serious respiratory illness (Lin
etal, 2017). In 2009, the pandemic caused by the influenza virus
started in Mexico, and the most recent SARS-CoV-2 pandemic
has severely affected humankind, causing numerous deaths, and
both remain a serious problem in public health (Wang et al.,
2020). Both these viruses may circulate simultaneously, which
can cause more serious respiratory diseases. Bao et al. (2021)
developed systematic animal models (ferrets and mice) of co-
infection of HINI1 with SARS-CoV-2 for studying the
consequences and pathogenesis of sequential infections. This
study showed that both viruses together can enhance the
condition of pneumonia in ferrets and mice and concluded
that an effective prevention strategy from these viruses is
concurrent vaccinations against these viruses. These types of
findings may be helpful in developing systems against multivirus
infections that lead to improvement in public health.

Selenium nanoparticles (Nano-Se) were conjugated with
zanamivir (ZNV) and explored for antiviral properties (Lin
et al, 2017). Zanamivir is an antiviral drug used as an
inhibitor for effective treatment against influenza A and
influenza B viruses. The antiviral activities of ZNV, Nano-Se,
and ZNV-decorated selenium nanoparticles (Nano-Se@ZNV)
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Nano-Se (Liu et al,, 2022).
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Synthesis of Se sulfide nanoparticles in NDES extract of curcuma (Dtugosz et al., 2022).

were studied using the MTT assay. The results of this study reached 72.7% from 62.2% cells treated with ZNV (Figure 5A).

indicated that ZNV-decorated Nano-Se have a greater antiviral Furthermore, the RNA level of HIN1 after treatment with
activity compared to the Nano-Se and ZNV alone. Madin-Darby different groups (ZNV, Nano-Se, and Nano-Se@ZNV) was
canine kidney cell viability after treatment with Nano-Se@ZNV determined, and it indicated that the cells treated with Nano-
Frontiers in Nanotechnology 08
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(A) Antiviral activity through cell viability percentage. (B) Percentage of the RNA level of HIN1. (C) Caspase-3 activity of infected MDCK cells (Lin

et. al, 2017).

Se@ZNV had a lower RNA level of HIN1 virus than those with
the standard antiviral drug alone (Figure 5B). HINI influenza
virus induced apoptosis of MDCK cells, in which caspase-3 plays
a pivotal role. Therefore, the authors studied caspase-3 activity of
MDCK cells infected by HIN1 virus in different groups and
found 273% and 161% in cases without treatment and Nano-Se@
ZNV treatment, respectively; results are shown in Figure 5C. This
substantial drop demonstrates the antiviral activity of Nano-
Se@ZNV.

In another study, Nano-Se were functionalized with
antiinfluenza drug oseltamivir (OTV) and their synergic effect
on antiviral properties against HIN1 virus was explored (Li et al.,
2017). OTV-modified Nano-Se (Nano-Se@OTV) as globular
nanocomposites were prepared in a spherical shape of size
100 nm. Transmission electron microscopy (TEM) and size
distribution results showed a reduced size of Nano-Se@OTV
compared to Nano-Se (Figures 6A-D). In vitro antiviral activity
that Nano-Se@OTV are
inactivation of HINI virus compared to the Nano-Se and
OTV Using TEM characterization, the authors
investigated the effect of Nano-Se@OTV on the
HIN1 morphology (Figures 6E,F). Using Nano-Se@OTV,
another study was conducted on enterovirus 71 (EV71) in the

results indicated superior for

alone.

human astrocytoma cell model (Zhong et al., 2019). Enterovirus
71 (EV71) is a single-stranded RNA virus and has been associated
with hand, foot, and mouth disease (HFMD) in young children.
It was found that Nano-Se@OTV were able to penetrate into
human astrocyte U251 cells and suppressed EV71 proliferation.
Further, in a detailed mechanism study, the authors found that
protection of EV7I-infected U251 cells from apoptosis was
initiated by the mitochondrial pathway, thereby reducing the
generation of reactive oxygen species.

Li et al. (2018)used amantadine (AM) to decorate the surface
of Nano-Se (Nano-Se@AM) and reported that Nano-Se@AM has
the ability to inhibit HIN1 influenza virus to infect MDCK cells
through suppression of the neuraminidase activity. In MTT
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assay, MDCK cells have cell viability of 32.34, 53.23, 58.87,
and 79.26% for virus alone, virus with AM, virus with Nano-
Se, and virus with Nano-Se@AM, respectively (as shown in
Figure 7A). Again, similar to previous studies on the
combination of Nano-Se and standard drugs, Nano-Se@AM
showed superior performance toward antiviral properties. The
neuraminidase enzymatic activity study was used to investigate
the antiinfluenza mechanism and identified that Nano-Se@ AM
bind tightly to the neuraminidase protein, resulting in the
difficulty of the attachment of HIN1 virus to MDCK cells as
the responsible factor for the antiinfluenza action of Nano-Se@
AM. Moreover, in the mechanistic study, the ROS generation was
recorded using dichlorodihydrofluorescein (DCF) assay. In the
control, the infection of MDCK cells with HIN1 influenza virus
without any treatment increased the reactive oxygen species
generation up to 420%. Using Nano-Se@AM, the ROS
generation level was reduced to 130% (shown in Figure 7B).
This study showed that ROS was a potential novel target for
antiviral drug development.

Ribavirin (RBV)-loaded selenium nanoparticles (Nano-Se@
RBV) with a diameter of 65-100 nm were studied for inhibition
of HIN1 influenza virus infection (Lin et al., 2018). Nano-Se@RBV
increased MDCK cell viability after HINI infection and reduced
viral titers in the culture supernatant by resisting the caspase-3
activation pathway. The authors further extended the antiviral
activity study in in vivo models using HIN1 influenza-infected
mice. It was observed that levels of lung injury and DNA damage
were diminished in in vivo samples using Nano-Se@RBV compared
to untreated groups. The result on restriction of activation of the
caspase-3 signaling pathway coincidence between in vitro and in
vivo studies. H&E and tunnel staining were used for demonstrating
the efficiency of Nano-Se@RBV for prevention of DNA and lung
damage during HIN1 infection (Figure 8).
study, arbidol (ARB)-loaded
(Nano-Se@ARB) showed effectiveness
reduction of the virus by following the pathway of the

In another selenium

nanoparticles in

frontiersin.org


https://www.frontiersin.org/journals/nanotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fnano.2022.1004729

Singh et al.

N
&

@
=

10.3389/fnano.2022.1004729

Se@OTV | 100 nm
SeNPs 200 nm ! I

»
153

Number (%) o
5 o 33
Number (%) O

cwan

°

1,000 10,000

o

FIGURE 6

100

HIN1 + Se@OTV

(A) Transmission electron microscopy images of Nano-Se and Nano-Se@OTV. (B) Energy-dispersive X-ray analysis of Nano-Se@OTV. (C,D)
Size distribution of Nano-Se and Nano-Se@OTV. (E) Control samples of HIN1. (F) Treated sample of HIN1 with Nano-Se@OTV (Li et al., 2017).

>

120

100

80

60

40

Cell viability (%)

20

Control Virus Virus + Virus + Virus +

AM  SeNPs Se@AM

FIGURE 7

ROS generation
(% of control)

500
+
400 -
300 K
-
200 +
.
100
0
Control Virus Virus + Virus + Virus +
AM SeNPs  Se@AM
Virus + Virus +

(A) Antiviral activity through cell viability percentage using the MTT assay. (B) ROS generation using different treatments detected by DCF
fluorescence intensity. (C) Phase contrast microscopy images showing morphological changes in HIN1-infected MDCK cells (Li et al., 2018).

inhibition of hemagglutinin and neuraminidase (Li et al.,
2019). Also, suppression of virus-induced oxidative stress
of HIN1 infected MDCK cells through a signaling cascade
involving p53, and AKT played an important role in antiviral
activity. Novel functionalized selenium nanoparticles by -
thujaplicin (Nano-Se@TP) were evaluated for antiinfluenza
activity (Wang et al., 2020). Effects and mechanisms of Nano-
Se@TP in inhibiting HIN1 from infecting MDCK cells were

studied. In a

detailed mechanistic study, authors

demonstrated that Nano-Se@TP inhibited

caspase-3-
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mediated apoptosis by inhibition of ROS-mediated AKT
and p53 signaling pathways.

Shao et al. (2022)used chitosan, a nontoxic, easily biodegradable,
and biocompatible linear polysaccharide to coat Nano-Se. The
prepared chitosan-coated Nano-Se investigated for antiviral
performance against porcine reproductive and  respiratory
syndrome virus (PRRSV) infected African green monkey kidney
cell line MARC-145. The results revealed that the increase in
apoptosis rates induced by PRRSV infection was considerably

reduced by chitosan-Nano-Se through suppression of oxidative
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FIGURE 8

(A) Mice infected by HIN1 virus was treated with physiological saline (Mock), RBV, Nano-Se, or Nano-Se@RBV. (B) HE staining and tunnel

staining (Lin et al., 2018).

stress by the combination of increased GSH-Px activity, promoted
GSH production, and inhibited H,O, synthesis. In a cell viability
experiment, the ICs, value of chitosan-Nano-Se for African green
monkey kidney cell line MARC-145 was recorded at 99.35 uM
(Figure 9).

6 Challenges and prospects

SARS-CoV-2 infectious diseases present one of the major
public health challenges of the 21st century. As compared to
previous SARS-CoV-1 infection, SARS-CoV-2 infection has
shown 40 times more transmission efficiency and a 3.3%
higher fatality rate (Tiwari et al., 2022). SARS-CoV-2 variants
have been causing continuous threat to public health and
challenges to governments, health agencies, and researchers to
end this pandemic. Therefore, researchers are urgently exploring
different materials for the use in efficient COVID-19 pandemic
management (Kaushik et al., 2020; Mujawar et al., 2020; Yalcin
and Kaushik, 2021). In the past two decades, many efforts have
been devoted by researchers in order to develop nanoselenium
for various applications, including biological science and material
science. However, there are still many knowledge gaps for the use
of nanoselenium in the field of biomedical science. In the
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Cell viability of African green monkey kidney cell line MARC-

145 on treatment using different concentrations (0-1000 uM) of
chitosan—Nano-Se for 48 h by Cell Counting Kit-8 (Shao et al.,
2022).

biomedical field, there are always challenges associated with
exploring novel molecules (Figure 10).

Se is widely distributed in the human body in the form of
25 selenoproteins, which are important in many physiological
processes. These selenoproteins are mainly involved in the
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Prospects of Nano-Se toward using a green approach for efficient biomedical application, especially with a focus on tackling SARS-CoV-2 to

manage COVID-19 infection management.

regulation of oxidative stress through antioxidative properties.
The hypothesis that synthetic selenium species may be superior
anti-oxidants than the natural antioxidants has led to research on
selenium. Regarding synthetic selenium species, the first issue
which comes to mind is the toxicity of selenium species. Different
forms of selenium have vastly different toxic potentials. Nano-Se
and related systems show excellent biological properties together
with their lower toxicity. In order to really use nanoselenium to
tackle muted SARS-CoV-2 for efficient COVID-19 management,
it is necessary to have a clear and systematic investigation on easy
scale-up synthesis using green approach, antiviral activity,
mechanism study, and toxicology study. Green synthesis offers
various advantages over chemical synthesis, such as ease in
adopting large-scale production, easy handling, less-expensive
2016;
2021). Furthermore, detailed in vivo studies

materials, and eco-friendliness (Kalishwaralal et al,
Dhawan et al,
with rigorous clinical trials and pharmacological studies are
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required to explore Nano-Se for biomedical applications
(Figure 10).

7 Conclusion and viewpoint

This comprehensive review article explored the need for
effective and efficient nanoassisted technologies to tackle mutated
SARS-CoV-2 to manage COVID-19 infection. Since the emergence
of the COVID-19 outbreak, policymakers, scientific communities,
and health professionals have demanded a collaborative approach to
develop effective approaches for ending this ongoing pandemic.
Nanomaterials emerge as an important anti-SARS-CoV-2 agent,
which can tackle SARS-CoV-2 via trapping, neutralizing, and
COVID-19
management even in a personalized manner. To achieve these

eradication, and are required for efficient

tasks, we are propose and explore Nano-Se as an efficient
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nanostructure capable of managing COVID-19 infection due to its
excellent antiviral activity capable of neutralizing and eradicating
SARS-CoV-2 variants. This article also raised the demand for
additional efforts to promote acceptable and affordable Nano-Se
as a part of COVID-19 infection management planning. Nano-Se
can be a part of protective and treatment strategies in a personalized
manner. However, further optimization is required (in laboratories,
clinics, and community) considering FDA approval; therefore, a
significant future research must be planned in this direction.
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