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Abstract: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the novel coronavirus responsi-
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ble for the current global pandemic, which first emerged in December 2019. This coronavirus has affected 217

countries worldwide, most of which have enacted non-remedial preventive measures, such as nationwide lock-
downs, work from home, travel bans, and social isolation. Pharmacists, doctors, nurses, technologists, and other
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healthcare professionals have played pivotal roles during this pandemic. Unfortunately, confirmed drugs have

not been identified for the treatment of patients with coronavirus disease 2019 (COVID-19) caused by SARS-
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CoV2; however, favipiravir and remdesivir have been reported as promising antiviral drugs. Some vaccines
have already been developed, and vaccination is ongoing globally. Various nanotechnologies are currently be-
ing developed in many countries for preventing SARS-CoV-2 spread and treating COVID-19 infections. In this
article, we present an overview of the COVID-19 pandemic situation and discuss nanotechnology-based ap-
proaches and investigational therapeutics for COVID-19.
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1. INTRODUCTION

Coronavirus disease 2019 (COVID-19) has been declared a
pandemic, affecting human health worldwide [1]. Coronaviruses
(CoVs) are extremely variable positive-sense single-stranded RNA
viruses that belong to the Coronaviridae family [2]. The highly
contagious severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) belongs to the genus Betacoronavirus [3] and may
cause respiratory, hepatic, neurological, and gastrointestinal prob-
lems in people and animals. Close contact, sneezing, talking, and
coughing are ways through which SARS-CoV-2 can be transmitted
from person to person [4-6]. The droplets expelled during a cough
typically fall onto the surfaces of objects and can spread to long
distances through the air. In some cases, they have been reported to
remain in the air for as long as 10 minutes [7]. On March 11, 2020,
the Director General of the World Health Organization (WHO)
declared COVID-19 a pandemic, based on the shocking levels of
its spread [7]. Despite the fact that the epidemic has been ravaging
the world for more than a year, no medications have been devel-
oped that can totally and efficiently eradicate the virus [8]. World-
wide, 126,708,448 people have been infected with COVID-19,
2,779,848 have died, and 102,178,870 recovered from this viral
disease (as of March 27, 2021) [9].

The common symptoms associated with this disease include
fatigue, fever (88%), loss of smell and taste, cough (68%), and
shortness of breath. If pneumonia and acute respiratory distress

*Address correspondence to this author at the Department of Pharmacy, Southeast
University, Dhaka, Bangladesh and Pharmakon Neuroscience Research Network,
Dhaka, Bangladesh; E-mails: msu-neuropharma@hotmail.com;
msu_neuropharma@hotmail.com

1873-4286 $65.00+.00

syndrome (ARDS) occur, the situation worsens. SARS, the disease
caused by the related SARS-CoV virus, is 18 times more likely to
infect individuals at lower temperatures than at higher tempera-
tures [10, 11]. Various antiviral medicines can activate the immune
system, including favipiravir, remdesivir, ribavirin (RVN), hy-
droxychloroquine, chloroquine, azithromycin, teicoplanin, nita-
zoxanide, and others. These antiviral therapies have been suggest-
ed as potential treatment options for this virus and are currently
under study [12]. In addition, proper handwashing, covering one's
mouth when coughing, keeping social distance, wearing a mask in
public settings, improving ventilation and air filtration inside, and
sanitizing surfaces have all been advised as ways to reduce the
viral spread [13]. Monitoring and self-isolation are required for
individuals who consider themselves as infected [14].

This global pandemic has induced social and economic distress
worldwide. In 172 countries, schools, universities, and colleges
have closed, affecting approximately 98.5% percent of the world's
student population [15]. Nanopharmaceuticals and nanocarriers
refer to new pharmaceutical materials that facilitate the delivery of
effective drugs to targeted sites without affecting healthy tissues.
Zinc nanoparticles (NPs) and copper NPs also have infection neu-
tralizing properties [16-18]. In this article, we critically evaluate
the global pandemic caused by SARS-CoV-2, including an over-
view of the mechanisms, efficacies, and current applications of
several drugs that might be beneficial for fighting against COVID-
19 infection.

2. STRUCTURE OF SARS-COV-2

Coronaviruses are massive, generally round particles with tu-
bercular surface projections. Their genomes contain 30,000 nucleo-
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tides, and a viral particle measures approximately 125 nm in diam-
eter. The nucleocapsid (N) protein, the membrane (M) protein, the
spike (S) protein, and the envelope (E) protein, as well as a few non-
structural proteins, make up the viral envelope, which is made up of
a lipid bilayer (nsps; Fig. 1). Coronavirus molecules generally fea-
ture 74 surface spikes, each measuring 20 nm in length [2, 19].

A subset of coronaviruses, belonging to Betacoronavirus sub-
group A, also expresses a more limited, spike-like surface protein,
known as hemagglutinin esterase (HE; Fig. 1). The spikes consist
of homotrimers of the S protein, consisting of one S1 and one S2
subunit. The S1 subunit, which includes the receptor-binding do-
main, frames the apex of the spike. The S2 subunit secures the S
protein within the viral envelope [20]. The E and M proteins sur-
round the viral envelope to maintain its underlying shape. The N
protein forms a protein shell known as a capsid around the posi-
tive, single-strand RNA material and allows the virus to enter hu-
man cells and infect the host [21]. The N-terminal region of the N
protein plays a significant role in viral replication. The lipid bilayer
envelope, film proteins, and nucleocapsid help protect the virus
before host cell entry [22, 23].

3. FUNDAMENTAL MOLECULAR PATHOGENESIS OF
COVID-19

Patients who develop COVID-19 experience numerous symp-
toms, including fever, dyspnea, shortness of breath, diminished
levels of leukocytes, pneumonia, and myalgia [24]. These signs
and symptoms are strikingly similar to those seen in Middle East
respiratory disease (MERS) and SARS. The pathophysiology of
COVID-19 development is not well known, but these commonali-
ties can give important clues [25].

3.1. Replication Cycle
3.1.1. Cell Entry

Infection occurs when the viral S protein comes into contact
with a complementary host cell receptor. Host cell proteases cause
proteolysis, and the receptor-bound S protein becomes activated.
SARS-S CoV-2's glycoprotein interacts with the angiotensin-
converting enzyme 2 (ACE2) receptor on human cell surfaces
(Fig. 2). The binding of the S protein with the ACE2 receptor re-
sults in membrane fusion, followed by viral infection through an
essential proteolytic cleavage process. SARS-CoV and MERS-
CoV infection can occur through an unusual two-step furin activa-
tion process (resulting in either clathrin-independent or clathrin-
dependent endocytosis) or through the direct fusion of the viral
envelope with the cell membrane [26-29].

COVID-19
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3.1.2. Genome Translation

The viral particle becomes uncoated after entering the host cell
and penetrates the cytoplasm directly. The CoV-RNA genome
functions as a messenger RNA, which is translated by the ribo-
somes of the host cell. The replication/transcription complex
(RTC) mediates replication and transcription processes in the cyto-
plasm (Fig. 2) [30].

3.1.3. Replication/Transcription Complex

The main transcriptase protein identified in the RTC is RNA-
dependent RNA polymerase (RdRp), which directly clones RNA
strands to replicate the viral genome [31]. The transcription of the
viral genome is another significant function of the RTC complex.
The RdRp can distinguish between the negative-sense subgenomic
RNA and the positive-sense genomic RNA [32], and the RTC
causes genetic recombination to occur if two viral genomes are
available in the same contaminated cell (Fig. 2) [33].

3.1.4. Assembly and Release

Viral replicates are generated when the positive-sense genomic
RNA is copied. The viral S, E, and M proteins translocate into the
Golgi compartment after RNA translation takes place within the
endoplasmic reticulum. The M protein controls the protein-protein
interactions required to collect viral components and newly gener-
ated viruses are subsequently exocytosed from the host cell, allow-
ing the virus to infect neighboring cells [34].

4. CLINICAL PRESENTATION OF COVID-19 PATIENTS
4.1. Pathology and Pathogenesis of COVID-19

Following SARS-CoV-2 infection and COVID-19 develop-
ment, increased alveolar destruction can be observed in the lungs.
Numerous respiratory diseases, including influenza and MERS,
can induce lung damage [35]. The COVID-19 disease primarily
manifests as a pulmonary infection [36-38] but can also cause en-
dothelial damage, microangiopathy, angiogenesis, and stroke [39,
40].

4.1.1. Symptoms and Signs of COVID-19

Several signs and symptoms are associated with COVID-19,
including headache (70.3%), nasal congestion (67.8%), loss of
smell (70.2%), cough (63.2%), fatigue (63.3%), rhinorrhea
(60.1%), loss of taste (54.2%), myalgia (62.5%), and throat irrita-
tion (52.9%), according to observations of 1,420 patients [41].
Fever has been observed in 88% of cases. Recently, a study involv-
ing 25,849 hospitalized patients with positive COVID-19 diagnosis
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Fig. (1). The structure of SARS-COV-2. (4 higher resolution/colour version of this figure is available in the electronic copy of the article).
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Fig. (2). Replication cycle of COVID-19. (4 higher resolution/colour version of this figure is available in the electronic copy of the article).

indicated the disease presentation to be associated with a wide
clinical symptoms range (Fig. 3), as reported by the “International
Severe Acute Respiratory and Emerging Infections Consortium.”
Fever, shortness of breath, cough, fatigue/malaise, and disorienta-
tion were the five most commonly reported symptoms (N =
25,849), according to further data [42]. An analysis of 4,203 pa-
tients from the top city of China (Wuhan) reported the percentage
of fever cases and provided information regarding cough and
dyspnea reports individually (80.5%, 58.3%, and 23.8%, respec-
tively). Hypertension (16.4%), cardiovascular disease (12.1%), and
diabetes (9.8%) have been reported to be the most common clinical
side effects of COVID-19 [43]. Specific COVID-19 manifesta-
tions, including the loss of smell and taste, were found to occurr in
52.73% of a pooled sample across 10 studies, including a total of
1,627 patients from Europe, Asia, and North America. Approxi-
mately 49.8% of COVID-19 patients reported experiencing a
change in taste sensation in an investigation that included 817 pa-
tients [44, 45].

4.1.2. Difficulties in COVID-19 Infection

ARDS is a major complication associated with severe COVID-
19 infection, which can initially present as dyspnea, leading to
acute respiratory failure, and requires treatment with mechanical
ventilation [46]. Cardiovascular sequelac have been associated
with COVID-19, including arrhythmias, cardiomyopathy, cardi-
opathy, myocardial injury, and acute stroke, in addition to neural
problems, such as encephalopathy [47-49] and encephalitis, which

have been reported in rare cases. Coagulopathies, presenting as
thrombosis in various areas of the body, have also been associated
with severe COVID-19 symptoms and injuries. Endothelial cells
are destroyed by SARS-CoV-2, causing blood vessels to bleed and
leading to clot formation, which can cause discomfort throughout
the body, allowing COVID-19 to infect individuals [50]. COVID-
19 infection in children has been reported in several countries to
result in hospitalization and the development of a rare pediatric
disease known as multisystem inflammatory in children (MIS-C);
This disease has been suggested to be linked to severe SARS-CoV-
2 infection [51-53]. Children with MIS-C present with abdominal
pain, prolonged fever (50%-60%), rash, and sometimes heart is-
sues. Some present with metabolism symptoms and dyspnea asso-
ciated with simultaneous shock. The WHO established a prelimi-
nary case definition to follow up on this newly discovered compli-
cation so that onset of MIS-C can be watched for in the children
with COVID-19 [54, 55].

5. COMPARISON BETWEEN NORMAL ALVEOLI AND
SARS-COV-2-AFFECTED ALVEOLI IN THE LUNGS

SARS-CoV-2 infection begins in the nose, mouth, or eyes, and
spreads to alveoli, which are the small sacs in the lungs where gas
exchange occurs. Two types of alveolar cells are involved in the
gas exchange: Type I and Type II cells. Type II cells secrete a
surfactant that surrounds the alveolus to prevent it from collapsing.
SARS-CoV-2 attacks Type II cells (Fig. 4) [56].
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Upon entering cells, SARS-CoV-2 presents its antigen to the
antigen-presenting cells, which allow virus-specific cytotoxic T
lymphocytes to identify SARS-CoV-2 antigens. Type II cells in-
fected with SARS-CoV-2 release inflammatory signals to recruit
immune cells, such as macrophages [57]. Macrophages release
cytokines that cause vasodilation and recruit additional immune
cells to the affected cells, resulting in fluid accumulation within the
alveolus (Fig. 4).

Fluid dilutes the surfactant, resulting in an increased breathing
rate. Neutrophils are recruited to the infection site and release reac-
tive oxygen species (ROS) to destroy infected cells. Both Type [
and Type II alveolar cells are attached during this process, leading
to the development of ARDS. ARDS is typically accompanied by a
cytokine storm, which can lead to multiple organ failure and death
[58].

6. LABORATORY DIAGNOSIS OF COVID-19
6.1. Nucleic Acid Test for the Detection of SARS-CoV-2

The suggested methodology for diagnosing SARS-CoV-2 dis-
ease is a nucleic acid amplification test that recognizes at least one
RNA target specific to the infection. To date, five SARS-CoV-2
tests have received emergency use authorization for testing asymp-
tomatic patients or as a component of local observation. The test-
ing of asymptomatic patients who have potentially been exposed to
SARS-CoV-2 is also important, as this can reduce the viral spread
and improve the negative predictive value of various tests. For
SARS-CoV-2 RNA testing, when symptoms indicate the presence
of the virus, the Infectious Diseases Society of America recom-
mends using a combination of nasal mid-turbinate swabs (MT),
front nasal swabs (FN), spit, or front nasal/oropharyngeal swabs
(OP) [59].

6.2. Serum Antibody Test for COVID-19

Immune tests detect the presence of antibodies, which are dis-
ease-related proteins. Individuals with few or no symptoms can
benefit significantly from antibody tests because they can discrim-
inate between current and prior illnesses. Researchers at the Cen-
ters for Disease Control and Prevention (CDC) have studied as to
whether antibodies provide protection against reinfection, as this
can manage the pandemic and ensure the general safety of the pop-
ulation [60].

6.3. Lung Imaging Test

A total of 128 patients who were admitted to the Combined
Military Hospital Dhaka between April 11 and May 27, 2020, un-
derwent both chest high-resolution computed tomography (HRCT)
and reverse transcription-polymerase chain reaction (RT-PCR) in
order to be identified as COVID-19 infected. The lungs were ex-
amined for evidence of ground-glass opacity (GGO), consolida-
tion, reversed halo sign, crazy pavement pattern, thickened vascu-
lar marking, lymphadenopathy, and pleural effusion [61]. The virus
was detected in all 128 of the individuals, based on a positive RT-
PCR result, including 112 patients (87.5%) presenting with fever
and 58 (45.31%) with fatigue. In 123 (96.09%) patients, GGO was
the most commonly observed CT phenomenon. GGO combined
with consolidation was discovered in 81 cases (63.28%), whereas
42 patients showed GGO alone (32.8%). The crazy pavement pat-
tern was observed in 65 (50.78%) cases. All five lung lobes were
impacted in 96 (75.00%) cases. Primarily, peripheral (123.96%)
and posterior (103.87%) injuries were reported [61].

6.4. Serum Creatinine and Urea Levels

Although COVID-19 is not thought to attack the kidneys, renal
injury has been reported based on the extensive ranges of creati-
nine and blood urea levels identified in patients with COVID-19,
with some patients experiencing severe renal damage. In a study on
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99 people infected with COVID-19, 3% of them had serious renal
injury [62, 63]. The patients were admitted to the intensive care
unit (ICU) when acute kidney damage was detected, which was
associated with rapid deterioration and steady increases in blood
urea and creatinine levels prior to death [64].

6.5. Antigen Tests for COVID-19 Diagnosis

SARS-CoV-2 comprises various virus-encoded proteins, in-
cluding the S, N, E, and M proteins. SARS-CoV-2 antibodies are
primarily focused on the S and N proteins [65]. The viral S protein
is essential for infection transmission, whereas the N protein is
more abundant and milder in its interactions with RNA [66]. The
S1 subunit of the S protein is specific to SARS-CoV-2 and may
represent a superior antigen for COVID-19 serologic recognition
than the full-length S or S2 subunit [66]. Various forms of the N
and S proteins have been utilized as potential antibody targets,
including the full-length S, the S1 region, the S2 region, and the
RBD [67-70]. The most broadly used device for distinguishing
SARS-CoV-2 antigens is the immunochromatographic test [70,
71].

6.6. Manual Laboratory-based Antibody Tests
6.6.1. Enzyme-linked Immunosorbent Assay

At various phases of the SARS-CoV-2 disease, Niko et al. [72]
analyzed the presentation of COVID-19 IgG (recombinant N pro-
tein, Vircell) and SARS-CoV-2 IgG (recombinant S protein, Euro-
immun) using specific enzyme-linked immunosorbent assay (ELI-
SA) kits. The Vircell ELISA detected COVID-19 antibodies in
70.6% of cases, whereas the Euroimmun ELISA detected antibod-
ies in 58.8% of cases during days 5-9 following the PCR confirma-
tion of COVID-19 infection. The Vircell ELISA detected antibod-
ies in 100% of cases after 10-18 days, whereas the Euroimmun
ELISA detected antibodies in 93.8% of cases after 10-18 days [72].
Similarly, Liu et al. tested two ELISA kits for the recognition of
IgG and IgM antibodies against the SARS-CoV-2 S and N pro-
teins. Anti-SARS-CoV-2 IgG antibodies could be detected in few-
er than 60% of tests 6-10 days after the onset of illness, which
increased to >90% after 20 days [73]. In contrast with the N pro-
tein-based ELISA, S protein-based ELISA had a higher detection
rate [73].

6.6.2. Immunofluorescence Assay

Immunofluorescence assay (IFA) was utilized to identify
SARS-CoV-2 IgM and IgG antibodies in serum from a COVID-19
case in Finland [74]. At various phases of the SARS-CoV-2 infec-
tion, Niko ef al. performed IFA. From days 5-9 to days 10-18 fol-
lowing PCR confirmation, IFA detection increased from 76.5% to
100% [72]. IFA is ambiguous and might lead to unintended conse-
quences, and this technique should be studied further.

6.6.3. Chemiluminescence Immunoassay

Chemiluminescence immunoassay (CLIA) is regularly used to
obtain a quantitative measure of the immune response [75-78]. To
identify SARS-CoV-2 antibodies against ORF1 a/b, N, and S pro-
teins, Cai ef al. designed a peptide-based magnetic CLIA [77].

6.7. Virological Tests

The gold standard for virological identification is culture-based
infection assays, which are necessary to identify specific pathogens
and perform systemic assessments. The serum obtained from
COVID-19 patients was tested for its ability to reduce the cyto-
pathic effects (CPE) generated by SARS-CoV-2 infection in vitro.
It is an infection that keeps alive in serum or plasma until it is con-
taminated and hatched. The virus neutralization test (VNT) and
pseudovirus-based VNT (PVNT) are the most commonly used
tests [60].
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6.8. Rapid Serological Tests

Most rapid IgM/IgG tests are based on immunoassay discovery
and take 10-15 minutes to complete. A colloidal gold-labeled
SARS-CoV-2 recombinant protein and murine IgG antibody an-
tagonists are found in the G zone, whereas a counteracting agent is
located in the M zone. Before COVID-19 mass screening, rapid
tests should be thoroughly evaluated for clinical accuracy [79].

6.9. Reverse-Transcription-Loop-mediated Isothermal Ampli-
fication

A combination of loop-mediated isothermal amplification
(LAMP) and reverse transcription (RT-LAMP) can be used to
identify SARS-CoV-2 RNA. Huang et al. [80] utilized 16 clinical
examples to test RT-LAMP, including eight positive and eight
negative for SARS-CoV-2 according to RT-PCR, which showed
that RT-LAMP outcomes were similar to those for conventional
RT-PCR [81].

7. THE USEFULNESS OF INDIVIDUAL PREVENTIVE
MEASURES

Although no specific drugs have been developed for COVID-
19 treatment, personal defensive actions and practical attitudes and
practices can prevent transmission, such as avoiding unnecessary
travel and one-on-one contact with individuals suspected of
COVID-19 infection [82, 83].

7.1. Significance of Hand-washing

The necessity of maintaining regular and proper hand hygiene
is undeniable [84]. Adequate hand-washing with soap will disrupt
the SARS-CoV-2 lipid envelope, disrupting the ability of the virus
to infect cells. Therefore, adequate hand-washing should be per-
formed for everyone’s safety [85-87]. The duration of hand-
washing with soap is also important. Many health-related organiza-
tions have recommended that effective hand-washing should last
for a minimum of 20 seconds. Research has found that among
3,749 persons in a college city environment, only 5% followed the
recommended hand-washing standards, including washing, rinsing,
and rubbing [88-91].

7.2. Face Mask Use

To create a physical barrier, face mask use by all individuals
has been recommended by the WHO. A surgical mask that pro-
vides unidirectional protection can prevent respiratory droplets
from spreading during coughing and sneezing [92-94]. Healthcare
professionals who are treating or in direct contact with confirmed
COVID-19 patients should wear a specialized breathing apparatus
(N95 or similar) to prevent any droplets from entering the respira-
tory system, reducing the risk of contracting the disease. People
must exercise extreme caution when handling bodily fluids, such
as blood, urine, or feces, from infected individuals [95-97].

8. NANOTECHNOLOGY AGAINST COVID-19

Nanotechnology and nanoscience refer to techniques devel-
oped to enhance, expand, or supplement molecular structures. NPs
are nanoscale (1 to 100 nm) in size in at least one dimension, i.e.,
shape, morphology, and composition [98]. Over recent decades,
nanopharmaceuticals and nanocarriers have been exploited in vari-
ous formulations to deliver effective drugs to targeted sites without
affecting healthy tissues. SARS-CoV-2 can easily disseminate
through cough, sputum, respiratory droplets, contact with bodily
fluids or contaminated surfaces (Fig. 5) [99].

The most important examples of strategies for virus inactiva-
tion include nanotechnology-based viral therapies that help detect
viral peptides attached to the host cell surface receptors; more so-
phisticated methods remain necessary to be addressed in this pan-
demic, including improved diagnostic approaches, viral isolation
methods, and treatment. Current clinical diagnostic methods rely

I Therapeutics against COVID-19
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on PCR performed in the laboratory or serological detection tests
(SDTs) for viruses based on immunoassays [100-102].

Methods for the direct detection of different viruses continued
to be developed following the discovery of electron microscope
and tissue culture techniques. To detect SARS-CoV-2, RT-PCR
has typically been applied as a routine diagnostic method. The
introduction of nanosensors, which can detect germs and viruses at
concentrations as low as 0.22 pm, might help alert patients of po-
tential infection before they develop symptoms [103-106].

The LAMP technique can identify target sequences using RNA
templates [107]. Many systems and techniques must be applied to
prevent the spread of SARS-CoV-2 [108]. Optical biosensor-based
nanotechnology is capable of detecting COVID-19 and influenza
infection within 30 minutes [109]. Another nanotechnology under
development is the nano-pore target sequencing method, which can
recognize SARS-CoV-2 and 11 other respiratory viruses within 8-
10 hours. Increasing host resistance is another goal for reducing
SARS-CoV-2 infection [110-113]. Zinc NPs have strong antiviral
effects against rhinoviruses and have been shown to reduce the
infection rate associated with the common cold and influenza vi-
ruses. Zinc NPs can reduce the severity and virulence of SARS-
CoV-2 and HINI influenza infections, and zinc NPs disrupt
SARS-CoV replication [114, 115]. Copper NPs also antagonize
viruses, such as human papillomavirus (HPV), bronchitis virus,
human immunodeficiency virus type-1 (HIV-1), and other envel-
oped and non-enveloped single and double-stranded DNA and
RNA viruses. Copper alloys have been shown to rapidly inactivate
CoVs. Cu (I) and Cu (II) moieties regulate the inactivation of ROS
generation by viral surface proteins. Copper NPs can inhibit the
activity of papain-like protease-2, a highly specific protein required
for SARS-CoV-2 replication [18, 116].

8.1. Nanoparticle-mediated Treatment Modes

NPs have the potential for use in the development of promising
theranostic applications for coronavirus in clinical settings. Drug
delivery systems, such as erlotinib-containing liposomes, have
been used to treat cellular damage in the lungs, demonstrating that
nanoformulations might enhance in vivo drug biodistribution.
Coronavirus therapy is expected to be successful when AP2 asso-
ciated kinase (AAKI)-related oncology tests indicate viral entry
into target cells. NP interactions with various medicines and the
progression of intranasal or intravenous delivery are expected to
result in beneficial outcomes [117].

8.2. Definite siRNA Transport

Transporting small interfering RNA (siRNA) to target cells is a
potential solution to single-stranded RNA viruses which rely on
ORFla and ORF1b for growth; RNA interference (RNAi) may
represent a novel method for reducing viral replication. Gold NPs,
which interact with iron oxide, and silica NPs, which pay little
attention to quantum dots (QDs) and carbon nanotubes (CNTs),
have been proposed as siRNA transporters; QDs and CNTs are
attracting research interest for antiviral applications [118]. Bio-
compatibility, flexible designs, and surface modifications, along
with the potential for additional enhancements, have made gold
NPs an attractive option for siRNA transporters for the targeted
treatment of viral diseases and cancer [119]. Chitosan-based NPs
have been applied in the treatment various diseases and have been
examined for increasing the response to vaccination, including the
increased production of HBV antibodies, Newcastle disease anti-
bodies, and DNA antibodies [120].

8.3. Peptide Inhibitors

Both MERS-CoV and SARS-CoV-2 produce the same type of
S protein in the viral coat. The development of appropriate and
safe antiviral treatments for specific viruses becomes increasingly
difficult due to the emergence of mutant strains. The natural char-
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acteristics of peptide inhibitors allow for their use as sequence-
specific antiviral therapies, including the ability to be prepared in
an aqueous solution and an average width of 10 nm, making them
attractive candidates in the fight against coronavirus [121, 122].

8.4. Use of Virus-like Nanoparticles to Stimulate the Immune
System

NPs can carry antigens on their surfaces that can be identified
by differentiated and antigen-presenting cells [123]. One study
focused on improving the limitations of gold NPs that prevent
them from incorporation into free-streaming mixtures, such as the
lymphatic system, and strong interactions between NPs and the S
protein were found to prolong beneficial outcomes. They revealed
that NP attached to the S protein could be used as a promising and
effective method for enhancing immunity and protecting individu-
als from MERS-CoV. A similar approach can be used against
SARS-CoV-2 because both viruses rely on a similar spike protein
approach [124].

8.5. Nanomaterial-based Vaccine Development and Immuno-
modulation

Nanomaterials can assist in antibody and vaccine studies, such
as upregulating immune activity and directing the immune re-
sponse against specific antigens. The judicious construction of
nanotherapeutics at the nanoscale level can help increase the im-
mune system's antiviral resistance, such as administering inocula-
tions [125].

8.6. Nanomedicine as Combined Drug Therapeutics

Combined drug therapy is another potential option for the
treatment of COVID-19, resulting in the use of lower doses of
single medicines, fewer side effects, and the achievement of thera-
peutic objectives, in addition to reducing the potential for the de-
velopment of drug resistance. Many drugs with different physico-
chemical characteristics may be transported using nanocarriers,
increasing the potential implementation of combination therapies.
Therapeutic combinations transported by nanocarriers show better-

preserved pharmacokinetics and synergistic effects that minimize
unwanted adverse effects. As a result, chemotherapeutics and
plasmid DNA/RNA or siRNA and microRNA can be co-
encapsulated in a nano-carrier, allowing for the sequential release
of two treatments, referred to as ratiometric loading for the precise
release of up to three drug candidates [103].

8.7. Personal Protective Equipment

The use of nanomaterial-embedded textiles has been intensely
investigated to expand the physicochemical properties of textiles,
such as providing self-cleaning, fire-retardant, UV-protection, and
antimicrobial attributes [126]. Fibers embedded with metallic NPs,
such as silver/copper NPs, show antiviral and antimicrobial proper-
ties [127-129]. Mao [130] recently studied the use of nanotechnol-
ogy in personal protective equipment (PPE) such as laboratory
aprons, coats, and facemasks, because nanomaterials can deliver
novel characteristics to materials. The use of NPs in textiles has
grown rapidly, and approximately 35 tons of silver NPs alone are
being utilized for various uses. Wearable intelligent electronics and
materials for detecting various health-related statuses have also
been developed [103].

9. INVESTIGATED POTENTIAL THERAPIES AGAINST
COVID-19

9.1. Development of Antiviral Drugs

Numerous antiviral therapies for COVID-19 are being studied
in clinical trials, including repurposed drugs. SARS and MERS
were previously treated with a mixture of lopinavir (LNV) and
ritonavir (RTV) [109, 131]. Remdesivir combats a variety of RNA-
virus-mediated infections that are adenosine-dependent, providing
a wide range of antiviral effects. Remdesivir is currently being
explored for the treatment of Ebola infections and shows a robust
response against SARS-CoV-2. Antiviral therapies are significant
tools for the general treatment of COVID-19 patients. However,
antiviral treatments can induce further injuries and cause organ
damage, often requiring additional, mitigating treatments to coun-
teract these effects [132, 133].



N hnology-based Approaches and I

Chloroquine is a small, antimalarial drug with broad-spectrum
antiviral activity, including potent efficacy against SARS-CoV-2
[134]. Chloroquine blocks the fusion of the viral and cell mem-
branes by increasing the required endosomal pH for virus infection
[135]. The glycosylation of cellular receptors utilized by SARS-
CoV-2 is also disrupted by chloroquine [136]. The reports have
clarified that the rate of SARS is much lower than COVID-19 con-
tagion rates [100].

9.1.1. Remdesivir

Remdesivir is a nucleotide analog that inhibits the viral RNA
polymerase and has shown potency against SARS-CoV-2. Alt-
hough remdesivir was developed for the treatment of hepatitis C,
some clinical trials failed to demonstrate its anti-hepatitis C activity
[137-140]. Remdesivir has since been tested against the Ebola virus
and CoVs and is currently being tested in the developmental pipeline
for therapy against these viral infections. However, the process of
producing remdesivir is complex, requiring 70 raw materials, rea-
gents, and catalysts, and approximately 25 steps [141-143].

9.1.2. Favipiravir

Favipiravir is an antiviral drug used to treat the influenza virus;
it has also been examined for the treatment of COVID-19. The
Bangladesh Society of Medicine confirmed the effectiveness of
favipiravir for clinical use in the treatment of COVID-19 patients.
After clinical trials from the Wuhan, China, and Russia declared it
as promising, the Dhaka trial demonstrated efficacy of favipiravir
for the treatment of patients infected with COVID-19 [108-111].

9.1.3. Lopinavir

HIV is commonly treated with a combination of RTV and
LNV, which are protease inhibitors [144]. However, the antiviral
effects of LNV against MERS-CoV were inconclusive in an in
vitro model [145]. LNV is usually combined with RTV to increase
the half-life of LNV, which is metabolized by cytochrome P450
enzymes [146]. Various studies have recommended that the
LNV/RTV ratio must be optimized to prevent the replication of
SARS-CoV2, and the concentration necessary in the lungs may be
high compared to the level found in serum [146, 147].

9.1.4. Ribavirin

The antiviral therapy RVN is typically used to treat hepatitis C
[148]. An in vitro study showed that RVN alone does not demon-
strate antiviral activity against SARS-CoV-2 [149], but RVN com-
bined with interferon (IFN)-f synergistically inhibited the replica-
tion of SARS-CoV in animal models and human cell lines [150].
However, clinical trials examining the combined treatment of RVN
with various antiviral medications have shown little ability to pre-
vent viral infection.

9.1.5. Arbidol

Arbidol (ARB) is an indole ring containing an alkaloidal and
has been approved in both Russia and China for the prevention and
treatment of various respiratory infections, such as the flu [151].
ARB can inhibit the viral fusion pathways of hepatitis C, hepatitis
B, and influenza viruses [152]. An in vitro study indicated that
ARB could inhibit hepatitis C by obstructing viral spread and rep-
lication [153]. Additionally, arbidol mesylate, an ARB derivative,
has shown preventive effects against the spread of SARS-CoV, and
its ability to reduce SARS-CoV propagation in vitro appeared to be
greatly more effective than the effects due to ARB [154].

9.1.6. Epigallocatechin Gallate

The antiviral effects of the polyphenolic compound, epigallo-
catechin gallate (EGCG), which is commonly found in green tea,
have been demonstrated both in in vitro and in vivo models [155].
A new report suggested that EGCG could reduce the infectivity of
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flu in cell culture [156], and the study suggested that EGCG may
be effective against other viral infections, such as hepatitis C, me-
diated by agglutination and the inactivation of proteins in the viral
phospholipid layer. The combination of EGCG with dactavira pre-
vents viral infection from entering the cells. Additional clinical
trials are recommended to determine the adequacy of EGCG
against SARS-CoV-2 infection [157].

9.1.7. Umifenovir

Due to a broad range of antiviral activities, umifenovir is
commonly used to treat flu, hepatitis B and hepatitis C infections
[152]. Umifenovir acts through two pathways, one of which attacks
the virus and one suppresses infection through actions against the
host cell membrane. It inhibits the replication of the SARS-CoV-2
virus [152].

9.1.8. Ivermectin

The parasitic medication ivermectin has shown promising anti-
viral activities in a few in vitro studies [158-162]. Ivermectin inac-
tivates the importin (Impo/fB1) heterodimer, preventing COVID-19
proteins from reaching the nucleus of infected cells through the
nuclear pore complex (NPC), which neutralizes SARS-CoV-2
[163]. Additional investigations remain necessary to determine the
efficacy of ivermectin against SARS-CoV-2 prior to utilization in
clinical practice (Table 1) [164].

9.2. Inhibitors of Viral Fusion and Cytokine Storm
9.2.1. Chloroquine

Chloroquine is primarily utilized as an antimalarial drug but is
also used to treat various autoimmune conditions, such as lupus
erythematosus and rheumatoid joint pain. Amazingly, chloroquine
can prevent viral fusion by regulating the endosomal pH of the
host's cell membrane. Chloroquine can also alter the glycosylation
patterns of cell receptors utilized by SARS-CoV for viral infection
[64, 165]. However, the use of chloroquine to treat COVID-19
infection remains an off-label use. Chloroquine use is also associ-
ated with some adverse effects, including delayed QT with ven-
tricular dysrhythmia and hepatic and renal damage [166].

9.2.2. Hydroxychloroquine

Hydroxychloroquine (HCQ) is a hydroxy derivative of chloro-
quine, marketed as Plaquenil [167], and similar to chloroquine, it is
primarily used as an antimalarial drug [168]. HCQ has been pro-
posed to be able to prevent or reduce the strength of cytokine
storm, which is an adverse effect that can occur in patients with
late-stage COVID-19 [169]. HCQ offers a more effective treatment
than chloroquine, demonstrating significantly improved outcomes
for SARS-CoV-2 infection in vitro [169].

9.3. Immunity Enhancing Agents
9.3.1. Interferons

Cytokines are significant components of the immune system,
and IFNs represent a primary cytokine category. IFNs can be cate-
gorized into two main groups: Type I and Type II. Type I IFN,
particularly IFN-B, has been effectively tested in vitro against
SARS-CoV infection; however, IFN-y did not show any antiviral
action against SARS-CoV replication [150, 170]. According to
Kuri et al., the anti-CoV activity of IFNs relies on their ability to
present a typical immune reaction against the virus [171]. Addi-
tional studies have suggested that the cytopathogenic properties
and alterations in the viral structure can be overcome by particular
IFN-a and B subtypes, including anl, a3, B1b, and the human leu-
kocyte IFN-a, in vitro [172]. The most frequent adverse effects of
interferon alfa include flu-like symptoms, nausea, fatigue, weight
loss, hematological toxicities, and others. Precautions should be
taken for these targeted therapeutics if administered 3 days before
the infection [173].
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Table 1.  Antiviral drugs approved by the FDA.

Name of Antiviral Drugs Features Applications Present Status
Nitazoxanide Antiprotozoal actions Antiprotozoal Approved by FDA
Rivapirin Alleviates HP-C virus and other RNA viruses Alleviates HP-C virus and other RNA viruses Approved by FDA
Chloroquine diphosphate Autophagy and Toll-like receptors inhibitor Aminoquinoline antimalarial Approved by FDA

Camostat mesilate Trypsin-like protease inhibitor Inhibits the epithelial sodium channel function Preclinical/Approved
Remdesivir Antiviral action against SARS-CoV and Antiviral activity against MERS-Cov and Clinical
MERS-Cov SARS-CoV

Baricitinib Inhibitor of Janus kinases 1&2 (JAK1/2) Amin?;%f;ﬁﬁggﬁggﬁgiﬁgzy’ and Approved by FDA
Favipiravir Effective RdRp inhibitor Used to treat infection of influenza virus Clinical/Approved
Darunavir HIV protease inhibitor Used against HIV and AIDS infections Approved by FDA

9.3.2. Tocilizumab

Tocilizumab (TCZ) is a recombinant monoclonal antibody that
inhibits the IL-6 receptor [174]. Patients with COVID-19 have
demonstrated the upregulation of inflammatory cytokines, such as
IL-6 [175]. In studies examining TCZ as a targeted treatment for
COVID-19, IL6 levels decreased sharply following TCZ admin-
istration. However, inconsistent outcomes were observed in severe
COVID-19 infection patients following repeated TCZ treatments,
and the efficacy remains inconclusive [176].

9.3.3. Thymosin a-1

Thymosin a-1 (Ta-1) is utilized to treat the downregulated
immune system by normalizing T lymphocyte levels and other
elements of the immune system [177]. To-1 acts through various
pathways to promote lymphocyte development in the thymus and
prevent cell death by improving glucocorticoid antagonism [178].
During the 2003 SARS pandemic, Ta-1 showed significant effects
related to improving the pandemic conditions [179]. During the
current COVID-19 pandemic, the administration of methylpredni-
solone in patients has been associated with a decrease in thymo-
cytes due to the use of glucocorticoids. The simultaneous admin-
istration of To-1 might prevent this effect of methylprednisolone.

9.3.4. Cyclosporine A

Under transplantation conditions, the immune response must
be minimized to improve the acceptance of the unfamiliar tissue.
Cyclosporine A (CYCP-A) is an immunosuppressive agent that is
often utilized to improve transplant acceptance [180] and minimize
the effects of autoimmune disease. Cyclophilin is a specific cyto-
solic binding protein responsible for the concentration of the im-
munosuppressant cyclosporin A. Cyclophilin A prevents SARS-
CoV-2 replication following bronchial infection [181]. CYCP-A
may present similar activity, and treatments that include CYCP-A
are considered likely candidates for the treatment of COVID-19.

9.3.5. Levamisole

Levamisole (LVM) is a low sub-atomic weight drug that has
been shown to enhance the adaptive immune response and protect
cells from infection in animal models [182]. Clinical trials utilizing
it were performed cautiously because LVM can either enhance or
reduce the patient's resistance in a dose-dependent manner. LVM
upregulates lymphocytes to improve the immune response [183],
and LVM can repress the papain-like protease, which is necessary
for successful infection and may reduce the severity of COVID-19
[184]. LVM can also reduce the expression of tumor necrosis fac-
tor-o (TNFa) and IL-6, which are responsible for COVID-19 path-
ogenesis. Therefore, LVM may be used as a specific therapy for
COVID-19.

9.3.6. Nitazoxanide

Nitazoxanide is used as an anti-parasitic and antiviral drug
[185], with broad-spectrum antiviral activity against various virus-
es, including parainfluenza, respiratory syncytial virus, influenza,
rotavirus, and CoV [185]. Nitazoxanide affects antiviral outcomes
by restricting host-controlled systems required for viral replication
rather than affecting virus-specific pathways [185]; it has demon-
strated potential benefits against CoV.

9.3.7. Sarilumab

Sarilumab inhibits both the membrane-bound (mIL-6R) and
soluble IL-6 receptors (sIL-6R). The clinical adequacy of sari-
lumab against SARS-CoV-2 is currently being assessed, and its
pharmacological capabilities must be optimized when evidence of
efficacy is obtained [185].

9.3.8. Leronlimab

Leronlimab is a monoclonal antibody that is being examined
for the ability to decrease cytokine storm, and it is considered a
primary contributor to the development of severe COVID-19 infec-
tion. Leronlimab acts by repressing chemokine receptor-5 (CCRS),
reducing the effects of the cytokine storm. The binding of leron-
limab to the CCRS5 receptor competitively inhibits (Chemokine
ligand 5) CCLS5 and reduces the downstream release of proinflam-
matory cytokines. The adequacy of leronlimab is currently being
assessed for severe SARS-CoV-2-infected patients under an emer-
gency use application provided by the FDA [186].

9.3.9. Baricitinib

Baricitinib is a Janus kinase (JAK) receptor inhibitor and can
prevent the activation of the JAK-signal transducer and activator of
transcription (STAT) signaling pathway, which supports the viral
advancement in host cells. The possibility that baricitinib may
serve as a favorable treatment for COVID-19 patients is being
assessed [2, 145, 187, 188].

In the management of rheumatoid arthritis, baricitinib is fre-
quently used as a reversible and selective inhibitor of JAK1 and
JAK2, which transduce intracellular signals for developmental
factors and cytokines related to inflammation, the immune reac-
tion, and hematopoiesis. Baricitinib might serve as an additional
treatment for COVID-19 management [189].

9.4. Adjunctive Medications
9.4.1. Antimicrobial Agents

The occurrence of multiple infections varies significantly among
patients who have COVID-19. According to several findings, vari-
ous microorganisms, diseases, and bacteria can coexist in individuals
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with COVID-19, including flu. The majority of infections can co-
occur in patients with COVID-19 [190], and long-term (longer
than 6 days) hospitalized patients require the administration of
carefully selected antibiotic(s) with broad-spectrum activity to
prevent infection [191, 192].

9.4.2. Corticosteroids

Using corticosteroids to treat SARS-CoV infections has result-
ed in several discoveries, and one study [193] recommended that
corticosteroids can be used to minimize the death rates of severely
ill patients [194, 195].

9.4.3. ACE Inhibitors, Angiotensin Il Receptor Blockers, and
Statins

One study indicated that COVID-19 has a more severe impact
among people taking ACE inhibitors or angiotensin II receptor
blockers (ARB IIs) [196]. Improved ACE2 activity has been linked
to reduced ARDS severity in individuals with the respiratory syn-
cytial virus-induced lower respiratory tract disease [197].

9.4.4. Nonsteroidal Anti-inflammatory Drugs

The use of nonsteroidal anti-inflammatory drugs (NSAIDs) is
controversial because they can increase the ACE2 receptor activity.
Compared to other NSAIDs, acetaminophen has been recommend-
ed for fever control in individuals with severe COVID-19, because
it does not lead to bleeding and is less harmful for kidney and liver
[198].

9.4.5. Anticoagulant Therapy

Anticoagulant treatment with heparin, particularly low-molecular-
weight heparin, can improve the outcomes among patients with
severe COVID-19 infection, and heparin recipients have been ob-
served to die at a slower rate than non-users [199].

9.4.6. Bronchodilators

Bronchodilators are thought to reduce the danger of viral
transmission when administered via a nebulizer. Although bron-
chodilators represent a small contribution to adjunctive therapy and
the management of COVID-19, patients face the constant risk of
developing obstructive pneumonic infection or asthma [200].
However, even in the presence of underlying disorders, only the
metered fraction of inhalers is recommended because inhaling the
medication allows it to get to the lungs fast, and it is possible to
take smaller doses causing fewer side effects.

9.4.7. Inhaled Pulmonary Vasodilators

The use of pneumonic vasodilators is being investigated, and
aerosolized vasodilators are avoided when managing COVID-19
patients. To date, the efficacy of inhaled pneumonic vasodilators
for preventing or treating severe respiratory failure due to SARS-
CoV-2 infection has not been determined [201].

9.5. Vitamins and Omega-3 Fatty Acids
9.5.1. Vitamin A

Nutrients are thought to prevent infectious diseases [202], and
other respiratory dysfunctions, such as asthma and chronic obstruc-
tive pulmonary disease (COPD), are frequently linked to nutrient
deficiency. CoV infections can have severe repercussions for the
respiratory system. Patients with balanced nutrient intake demon-
strate better outcomes [203]. Clinical studies have shown that food
can improve the immune response to illness [204]. In this vein,
nutritional delivery offers less potential in the treatment of
COVID-19-related lower respiratory diseases (LRD) than previ-
ously thought because it is seldom affected by supplementation
therapy, such as vitamin A. This fact has been proved in a separate
study that involved children.
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9.5.2. B Vitamins

B vitamins are water-soluble and act as coenzymes, and every
identified B vitamin has been shown to have beneficial effects.
Because vitamin B deficiency can contribute to a deficiency in the
host immune response, infected patients can be administered vita-
min B supplementation to strengthen their immune systems.
COVID-19 patients present with normal oxidative pressure, which
can be monitored by a protein marker named homocysteine. In a
randomized controlled trial (RCT), over a short time (half of a
year), multivitamin supplements, particularly those containing
vitamin B complexes, were found to reduce elevated levels of
plasma homocysteine [205]. Similar findings were reported in a 7-
year RCT involving a large sample size. However, more research
remains necessary to determine whether supplementation with
vitamin B complexes can improve the immune response against
COVID-19.

9.5.3. Vitamin D

Vitamin D is a vitamin that can be produced by the body in
response to sunlight, promoting the growth of numerous cells,
including immune cells, and is necessary for maintaining bone
integrity. An investigation found that vitamin D supplementation
reduced the risk of COVID-19, similar to flu viruses, and reduced
mortality associated with inflammation, with similar efficacy as the
antimicrobial peptide cathelicidin [206]. As a result, vitamin D
may be a viable therapy option for this novel virus.

9.5.4. Vitamin C

Along with collagen synthesis, immune strengthening, and
aging [206], vitamin C plays an essential role as an enzymatic
cofactor in various physiological reactions. In mouse models, vit-
amin C plays a critical role in antiviral protection against infection
by flu. Flu infection (H3N2) is associated with increased IFN-a/p
expression, which occurs mainly during the vital stages of the dis-
ease [207].

9.5.5. Vitamin E

Vitamin E has high antioxidant capabilities and can alter the
immunological responses of the host. Vitamin E deficiency can
disrupt both humoral and cellular immune responses [208]. In a
small pilot RCT, vitamin E showed positive outcomes for the
treatment of chronic hepatitis B [209]. In another RCT, Vitamin E
supplementation also increased anti-HBe seroconversion and viral
response in children [210].

9.5.6. Omega-3 Polyunsaturated Fatty Acids

Omega-3 polyunsaturated fatty acids (o-3 PUFAs) are large
complexes that regulate different inflammatory cytokines, similar
to the regulation provided by chemokines [211, 212]. In a recent
study, combining protein D1 with peramivir lowered the death rate
of mice after exposure to influenza. Various PUFAs have been
discovered to have anti-hepatitis C virus properties, and ®-3 sup-
plementation has previously been used in the treatment of ARDS
[213]. The impact of regulating m-3 PUFA levels in ARDS requires
additional study; however, w-3 PUFAs appear to play essential
roles in reducing abnormal oxygen levels as well as the steady
production of inflammatory cytokines, such as IL-1, IL-8, IL-6,
and TNF-a [214]. Therefore, ®-3 PUFAs can be considered an
antiviral target for COVID-19.

9.6. Oligo-elements and Immune Response
9.6.1. Selenium

Selenium (Se) is an essential component [215], and Se defi-
ciency can worsen flu infection and activate coxsackievirus ge-
nome modifications, allowing an avirulent infection to become
harmful after genetic transformations [216, 217]. The synergistic
effects of Se combined with ginseng stem-leaf saponins showed an
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effective immune response against live infectious bronchitis asso-
ciated with COVID-19 [218]. Se could represent a useful agent in
the treatment of COVID-19.

9.6.2. Zinc

Zinc (Zn) impacts the host immune system and is among the
most commonly studied microcomponents [219]. Zn deficiency
increases host vulnerability to various infectious diseases [220,
221], and low Zn levels have been linked to reduced T cell func-
tion, resulting in a lack of antibody response [222]. Inadequate Zn
levels result in deficient humoral and cellular immune responses
and increased susceptibility to infectious diseases [223]. Therefore,
Zn supplements can be used to reduce symptoms associated with
viral infections, including COVID-19.

9.6.3. Iron

Iron is vital for both the host and the microorganism. Iron defi-
ciency affects the host immunity; low iron levels can affect oxida-
tive pressure following harmful viral changes [224]. In addition,
iron deficiency is linked to an increase in recurrent respiratory tract
distress [225], which has been observed in older adults; iron defi-
ciency is also associated with both disrupted cellular and innate
immunity [226]. Recently, a case-control study involving hospital-
ized children aged 2 to 5 years found that long-term iron supple-
mentation significantly reduced the incidence of gastroenteritis,
urinary tract infections, and severe respiratory tract infections
[225]. Therefore, iron could prove to be helpful for combating
COVID-19.

9.6.4. Copper

Copper plays an essential role in immune cell progression
[227]. The influenza virus's life cycle is controlled by intracellular
copper [228, 229]. Improved copper delivery significantly reduced
serum IL-2R, antibody titers, and circulating neutrophils in re-
sponse to a Beijing strain of influenza [230].

9.6.5. Magnesium

Magnesium regulates the immune response by altering the
macrophage response to lymphokines, antibody-dependent cytoly-
sis, T helper and B cell support, immune cell adhesion, IgM lym-
phocyte binding, and immunoglobulin synthesis [231]. Various
studies have suggested that magnesium may potentially play a role
in the immunological response to viral infections [232].

9.7. Convalescent Plasma

Previously, plasma treatment was used as a terminal treatment
to increase the survival rate of persons with various viral infections
and serious diseases caused by Ebola, SARS, and flu pandemics,
including HIN1 and H5N1 avian flu [233, 234]. Viremia can be
hampered in patients treated with plasma-derived immunoglobulin
antibodies. The clinical conditions of patients typically improve
after convalescent plasma treatment, including reduced viral bur-
den, enhanced inhibitory SARS-CoV-2-specific antibody titers as
assessed by ELISA, improved ARDS outcomes, reduced fever,
improved partial pressure of oxygen and the fraction of inspired
oxygen, and reduced need for mechanical ventilation [234].

9.8. Coronavirus Protease Inhibitors
9.8.1. Chymotrypsin-like Inhibitors

The selective serotonin receptor blocker cinanserin (CIN) can
be used to inhibit chymotrypsin-like protease (CTLpro), encoded
by SARS-CoV-2. In recent investigations, CIN was also found to
be active against SARS-CoV [235, 236].

9.8.2. Papain-like Protease Inhibitors
The papain-like protease (PLpro) inhibits the host's IFN im-
mune response. Various factors have been developed to specifical-
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ly target PLpro. As a result, a combination of CIN/flavonoids and
diarylheptanoids (DIH) can be used to block both CTLpro and
Plpro, thereby protecting against COVID-19 [237].

9.8.3. ACE2 Inhibitors

As a carboxypeptidase, ACE2 hydrolyzes the peptide bonds of
identical polypeptides [238]. The spike (S) protein on the SARS-
CoV envelope interacts with the ACE2 receptor to enter human
cells [26, 239]. SARS-CoV-2 is only able to enter the body
through the ACE2 receptor. Therefore, increased ACE2 expression
may increase SARS-CoV-2 infection among hypertensive and
diabetic patients, increasing the risk of lethal COVID-19 develop-
ment [240]. Consequently, patients should be closely monitored
when using ACE2-stimulating drugs, including ACE inhibitors or
ARBs. Currently, a clinical trial is being conducted to determine
whether the use of renin-angiotensin system inhibitors affects the
occurrence and severity of COVID-19 [241]. Along these lines,
ACE2 antagonists have a bright future for the treatment of
COVID-19 [242].

9.8.4. Promazine and Nicotianamine

A phenothiazine supplement, comparable to promazine (PRZ),
effectively inhibited SARS-CoV replication [243], with a structure
similar to an anthraquinone named emodin (EMD), and is able to
bind ACE2 similarly to the S protein, preventing interaction [244].
SARS-CoV-2 antagonists may be more feasible than ACE2 recep-
tor protein inhibitors, and human mAbs, such as EMD and PRZ,
can be used during the current pandemic. Nicotianamine (NTA) is
a metal chelating agent found in soybean seeds and other plants
[245] that was recently discovered to block ACE2 and may repre-
sent another COVID-19 treatment option [246]. NTA is currently
being explored in stage III clinical trials for individuals with
COVID-19 who have been hospitalized for respiratory side effects
[247].

9.9. Development of Vaccines

The vaccination procedure is the most cost-effective and sensi-
ble method for controlling, preventing, and combating infections,
particularly severe pulmonary and respiratory disorders. Vaccines
help prevent infections by strengthening the immune system's de-
fenses against the pathogen [248-250]. SARS-CoV-2 requires the
ACE2 enzyme to enter the living cells; however, if a vaccine inhib-
its the ACE2 enzyme, SARS-CoV-2 cannot enter the cell or repli-
cate. Vaccines are being developed with demonstrated efficacy,
with many in various phases of development. Phase I represents
the earliest stages of validation, whereas Phases II and III confirm
the efficacy and potency of a vaccine against viral illnesses, such
as SARS-CoV-2 [251-253].

9.9.1. ChAdOxI Vaccine

The ChAdOx1 vaccination includes a shuttle plasmid that
promotes MERS-CoV spike protein expression in vitro. ChAdOx1
uses a robust immune response mechanism that encodes a green
fluorescent protein (GEP) to entrap the viral protein in Phase I and
Phase II vaccine trials; it involves tissue culture infective dose that
does not show early safety concerns [254-256]. By inducing a T
cell response, this vaccination provided a promising result within
14 days, with antibody generation detected after 28 days. Accord-
ing to the Oxford University researchers [257, 258], Phase III trials
in low- and middle-income nations, such as Brazil and South Afri-
ca, have exhibited excellent results (Table 2) [259].

9.10. Herbal Medicines

Chinese traditional medicines have been investigated as potential
preventive strategies against SARS-CoV-2, based on their traditional
uses [260-262]. Some clinical trials reported unsatisfactory results
when typical pharmaceuticals were examined for the prevention of
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Table 2. Probable vaccines under clinical trial for COVID-19.
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: Route of Administration
I};atcfc e Candidate Vaccine Manufacturer
atiorm Intramuscular | Intradermal
S-2P protein + CpG 1018 NIAID/Dynavax/Medlger} Vaccine Biologics Yes No
Corporation
Peptide FBRI SRC VB VECTOR, Rospotrebnadzor, Koltsovo Yes No
Trimeric subunit Splke protein (Native) GSK/Dynavax/Clover Biopharmaceuticals Yes No
vaccine
RBD + Adjuvant Instituto Finlay de Vacunas, Cuba Yes No
. Adjuvanted recombinant protein Chinese Academy of Sciences (Microbiology Institute) /
Protein . e . . Yes No
. (RBD-Dimer) Anhui ZhifeiLongcom Biopharmaceutical
subunit
Molecular clamp stabilized Spike protein . . .
with MF59 adjuvant CSL/Seqirus/University of Queensland Yes No
RBD-based Kentucky Bioprocessing, Inc Yes No
Adjuvanted recombinant SARS-CoV-2
. . . Novavax Yes No
glycoprotein nanoparticle vaccine
IM oA 4 . .
Advax™ adjuvant Recombmant spike Vaceine Pty Ltd/Medytox Yes No
protein
Duke-NUS/Arcturus Yes
mRNA Walvax Biotech/Academy of Military Sciences (PLA) Yes
Curevac Yes
RNA No
LNP-encapsulated mRNA NIAID/Moderna Yes
LNP-nCoVsaRNA Imperial College, London Yes
3LNP-mRNAs Pfizer/FosunPharma/BioNTech Yes
Plasmid vaccine Cadila Healthcare Limited - Yes
DNA Plasmid vaccine + Adjuvant AnGes/Takara Bio/Osaka University Yes -
Plasmid vaccine with electroporation International Vaccine Institute/Inovio Pharmaceuticals - Yes
Replication defective Simian Adenovirus . .
(GRAd) encoding S Univercells /ReiThera/LEUKOCARE Yes
Adeno-based Gamaleya Research Institute Yes
Non-replicating . . .
. . CanSino Biological Inc./ No
viral vector Adenovirus Type 5 Vector Beijing Institute of Biotechnology Yes
ChAdOx1-S AstraZeneca/Oxford University Yes
Ad26COVS1 Janssen Pharmaceuticals Yes
Sinovac Yes
Inactivated Chinese Academy of Medical Sciences Yes
Inactivated No
Sinopharm/Wuhan Institute of Biological Products Yes
Whole-Virion Inactivated Bharat Biotech Yes

SARS-CoV-2 infection. However, some clinical study results have
suggested that herbal treatments may contribute to COVID-19
prevention and control [40, 263]. Traditional Chinese medicine has
historically played critical roles in the prevention of epidemic dis-
eases, including the response to SARS in 2003. Traditional Chi-
nese herbal medications are approved by Chinese herbalists based
on the patient's specific symptoms, as identified during diagnosis,
including hearing, smelling, injury, and palpation [176]. The Wu
Huangqin Decoction, Lianhuagingwen capsule, and Yinhuaping-

gan granule, prescribed by Chinese herbalists, have demonstrated
impacts against several pandemic antiviral diseases, including
influenza virus [264].

Chinese herbal medications can be combined with Western
medicine to develop therapeutic regimens that reduce the adverse
effects and improve the efficacy of glucocorticoids, antibiotics, and
antiviral treatments [265]. According to some clinical trials, Scutel-
liariae radix, Artemisiae annuae Herba, and Belamcandae rhizome



960 Current Pharmaceutical Design, 2022, Vol. 28, No. 12

have fever-reducing effects, particularly when used together in
herbal formulation granules [266].

The China Food and Drug Administration has given Scutelli-
ariae radix its highest approval to treat viral disorders, including
influenza, upper respiratory infection, and pneumonia. Baicalin, an
active pharmaceutical ingredient derived from Scutelliariae radix,
has also been used to treat SARS-CoV-2. Artemisiae annuae Herba
has demonstrated efficacy in clinical studies against SARS-CoV-2
[267]. Belamcandae rhizoma plants are used to treat inflammation
and throat disorders and are applicable against some viral illnesses.
Other herbs, such as Armeniacae semen, exert antiviral action, but
clinical research has been inconclusive regarding their effective-
ness; however, some evidence suggests that these herbs can treat
lung damage [84, 268].

CONCLUSION

The SARS-CoV-2 pandemic, also known as the COVID-19
pandemic, has led to serious world health problems. We have at-
tempted to provide an overview of the current status of COVID-19
research and treatments, including the potential for nanotechnolo-
gy, resulting in the development of nanovaccines, antiviral compo-
sitions, biosensors, and nanochemistry-based nanomaterials, such
as polymeric coatings, proteins, inorganic components, and pep-
tide-based constituents, designed to improve treatment efficacy
against SARS-CoV-2. Furthermore, people should wash their
hands for at least 20 seconds or longer and avoid crowded situa-
tions.
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