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Abstract: The newly emerged ribonucleic acid (RNA) enveloped human beta-coronavirus,
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection caused the
COVID-19 pandemic, severely affects the respiratory system, and may lead to death.
Lacking effective diagnostics and therapies made this pandemic challenging to manage
since the SARS-CoV-2 transmits via human-to-human, enters via ACE2 and TMPSSR2
receptors, and damages organs rich in host cells, spreads via symptomatic carriers and is
prominent in an immune-compromised population. New SARS-CoV-2 informatics (structure,
strains, like-cycles, functional sites) motivated bio-pharma experts to investigate novel
therapeutic agents that act to recognize, inhibit, and knockdown combinations of drugs,
vaccines, and antibodies, have been optimized to manage COVID-19. However, successful
targeted delivery of these agents to avoid off-targeting and unnecessary drug ingestion is
very challenging. To overcome these obstacles, this mini-review projects nanomedicine
technology, a pharmacologically relevant cargo of size within 10 to 200 nm, for site-
specific delivery of a therapeutic agent to recognize and eradicate the SARS-CoV-2, and
improving the human immune system. Such combinational therapy based on compartmenta-
lization controls the delivery and releases of a drug optimized based on patient genomic
profile and medical history. Nanotechnology could help combat COVID-19 via various
methods such as avoiding viral contamination and spraying by developing personal protec-
tive equipment (PPE) to increase the protection of healthcare workers and produce effective
antiviral disinfectants surface coatings capable of inactivating and preventing the virus from
spreading. To quickly recognize the infection or immunological response, design highly
accurate and sensitive nano-based sensors. Development of new drugs with improved
activity, reduced toxicity, and sustained release to the lungs, as well as tissue targets; and
development of nano-based immunizations to improve humoral and cellular immune
responses. The desired and controlled features of suggested personalized therapeutics,
nanomedicine, is a potential therapy to manage COVID-19 successfully. The state-of-the-
art nanomedicine, challenges, and prospects of nanomedicine are carefully and critically
discussed in this report, which may serve as a key platform for scholars to investigate the
role of nanomedicine for higher efficacy to manage the COVID-19 pandemic.

Keywords: COVID-19, SARS-CoV-2 viral infection, nanomedicine, personalized COVID-

19 management, drug delivery

Introduction: Emergence of the COVID-19
Pandemic

The novel coronavirus disease 2019 (COVID-19), caused by the severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2), led to the current global pandemic,
which started in Wuhan city, China, in December 2019 and led to a public health
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crisis. Initially classified as an outbreak of pneumonia of
unknown etiology, it was subsequently termed as COVID-
19 by the World Health Organization (WHO) and declared
as a pandemic in March 2020." As witnessed, over time,
various deadly viruses (Figure 1) emerged and transmitted to
humans from multiple animal species. Notably, all these
viruses are incredibly infectious, having transmissibility
between humans, which has affected many lives and econo-
mies of the world.”> As of Jan 04, 2021, there have been
85,635,955 confirmed cases of COVID-19, including
1,853,813 deaths, reported to the World Health
Organization (WHO).®> Coronaviruses (CoVs) classified
into four genera, ie, a, B, v, and 3, of which a-CoV and j-
CoV are reported to infect humans.* Six CoVs were pre-
viously identified as viruses to which humans are suscepti-
ble. Of these, four are regarded as low pathogenic CoVs.”
The other two- the SARS-CoV and the MERS-CoV are
highly pathogenic and potentially fatal. The SARS-CoV-2
is the seventh discovered member of the family of CoVs.
Based on the virus genome replication analysis and genetic
research, bats are suspected of being the virus-host reservoir.
Bats could transmit the SARS-CoV-2 through intermediate
hosts, which have yet to be confirmed as having infected
humans.

It was reported that SARS-CoV-2 virus transmission
occurs through respiratory droplets. Besides this, it was also
shown that the virus transmission could occur through direct
personal contact and via aerial droplets.®” Recent findings
have suggested that acrosol is a potential mode of the SARS-
CoV-2 virus transmission. The report further explained that
the SARS-CoV-2 virus would remain infectious on fomite
surfaces for 5-8 hours and in aerosols for 5—7 days.®

Considering the effects of the current COVID-19 pan-
demic on the global economy and public care, along with
medical and diagnostic infrastructure shortages, scientists
need to research the fabrication, production, and standardiza-
tion of the SARS-CoV-2 rapid diagnostic tests and treatment.’
COVID-19 infection is due to human-to-human transmission,
which demands diagnostics at point-of-care (POC) without
experienced labor and sophisticated laboratories.'” Besides
exploring sensors for quick testing and intelligent healthcare,
efforts are being made to investigate novel therapeutics to
manage the COVID-19 pandemic. This is proving very chal-
lenging due to variations in the SARS-CoV-2 virus structure
with reference region and genomic profiling. In an optimized
combination, the available drugs can treat the severe symp-
toms of COVID-19, but this is proven to be far from complete
control. Despite these accomplishments, there is a gap in
managing the COVID-19 pandemic successfully due to the
lack of effective therapeutic agents and an efficient delivery
mechanism at the infection site.

In advancing COVID-19 treatment and vaccine pro-
duction, nanotechnology tools will play a pivotal role. In
the absence of a specific antiviral against SARS-CoV-2,
the multifaceted molecular interactions involved in viral
infections are targeted by current therapeutics. They con-
sist primarily of repurposing existing antiviral molecules
used for other RNA viruses. To make these repurposed
therapeutics safer and more effective, it is equally impor-
tant to look for a suitable nanocarrier delivery technology.
Intrinsically, nanocarriers are also very helpful in deliver-
ing multiple drugs with distinct physicochemical proper-
ties that promise the full potential of combination

therapies.' "'

SARS-CoV-2 (2020)

Figure | lllustration of world’s fatal pandemics [H5N1 (1997, A), SARS (2002, B), HINI (2009, C), MARS (2012, D), Ebola (2014, E), ZIKA (2016, F), SARS-CoV-2 (2020,
G)], which have affected human lives and economies of the globe (Source: NIH-NIAID).
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In vitro and in vivo blood-brain barrier (BBB) transmi-
gration with substantial anti-HIV activity in primary cen-
tral nervous system (CNS) cells has been demonstrated by
multidrug-loaded  (antiretrovirals, delay reactivating
agents, and substance addiction antagonist) pegylated-
magneto-liposomal nanoformulations. To target SARS-
CoV-2 virus that has migrated to the CNS, this multifunc-
tional nanotherapeutic strategy can be implemented."
Strategies for the production of COVID-19 nano carrier-
based vaccines are similarly important and often overlap
as compared to nano carrier-based therapeutics.'*'>

One of the bigger challenges in COVID-19 vaccine
research is discovering methods that activate the immunity
of both T cells and B cells towards this virus. The need to
accelerate the production of precise “next-generation” vac-
cine solutions that can also target particular demographic
subgroups or persons with weakened immunity is another
obstacle.'® The mRNA-based COVID-19 vaccine, using
lipid nanoparticles (LNPs) as a medium, is now being
clinically tested. Pure mRNAs are susceptible to extracel-
lular RNase degradation, so it is essential to formulate
their delivery vehicle.'® The LNPs are virus-sized particles
(80-200 nm) synthesized by the self-assembly of an ioniz-
able cationic lipid."” As seen by many studies, they have
the ability to deliver mRNA efficiently into the cytoplasm.
It is possible to achieve sustained-release mRNA expres-
sion kinetics and thus protein translation by opting for
intramuscular and intradermal pathways, supplying high
antibody titers, and immune responses to both B cells and
T cells.'"® The spectrum of nanocarrier distribution
becomes highly important because most of the COVID-
19 vaccine candidates are sophisticated biological moieties
(DNA, mRNA, recombinant proteins, engineered APCs,
etc.)."”

This focus of this review is to exploring the possibili-
ties of developing novel nanomedicine for recognizing and
eradicating SARS-CoV-2 virus. It becomes essential to
study the structure, mechanism of infection, and pathogen-
esis of this virus.

Investigating SARS-CoV-2

The SARS-CoV-2 has a genome size of 24.4-31.7 kb and
is the largest RNA virus genome.? The genome for this
coronavirus consists of approximately 30,000 nucleotides.
This codes for four structural proteins and other non-
structural proteins (nsp). The structural proteins included
are the nucleocapsid (N) protein, the membrane (M) pro-
tein, the

spike (S) protein, and the envelope (E)

protein.’’ > The nuclear capsid, or N-protein, connects
to the single positive-strand RNA virus, enabling the
virus to capture human cells and convert them into virus
factories. The N-protein covers the viral RNA genome and
plays a crucial role in its replication and transcription. The
M-protein is the most prevalent in the viral surface and is
known to be the primary protein for the coronavirus unit’s
assembly.?! The S-protein is integrated across the viral
surface; it mediates the viral attachment to the host cell’s
surface receptors and the fusion of the viral and host cell
membranes to facilitate viral entry into the host cell.>* The
E-protein is a tiny membrane protein that ranges between
76 and 109 amino acids and is a minor portion of the viral
particle.”®

The open-reading-frame (ORFla or ORFlab) viral
polyproteins assemble a collection of non-structural pro-
teins (nsp) generated as cleavage products to promote viral
replication and transcription.”® The main part, the RNA-
dependent RNA polymerase [(RdRp), also known as
nspl2], catalyzes the viral RNA synthesis and plays
a central role in the COVID-19 replication and transcrip-
tion process, likely with the aid of nsp7 and nsp8 as
cofactors.”” Therefore, nspl2 is considered to be
a primary candidate for analog antiviral nucleotide inhibi-
tors such as remdesivir that looked promising for the
treatment of COVID-19 infection.?®*°

The transmission of SARS-CoV-2 into the host cell
depends on the host cell surface’s encounter with the
angiotensin-converting enzyme 2 (ACE2), which acts as
a receptor. Upon association with ACE2, the viral
S-protein is cleaved and activated by the Transmembrane
serine protease 2 (TMPRSS2) and furin to bind into the
host’s cell membrane (Figure 2).°°>* Renin-angiotensin-
aldosterone system (RAAS) is essential in controlling pro-
cesses such as blood pressure, wound healing, and inflam-
mation; angiotensin-converting enzyme (ACE2) plays
a vital role in this biochemical pathway.** ACE2 receptor
is commonly found in humans in the airway epithelium,
kidney cells, small intestine, lung parenchyma, vascular
endothelium, and in the CNS.*> The TMPRSS2 is
a protein on the cell surface mainly expressed in the
respiratory and digestive tract by endothelial cells. As
a serine protease, it is involved within the active site in
the cleaving peptide bonds of proteins that have serine as
the nucleophilic amino acid.*® The association of the
SARS-CoV-2 with its ACE2 receptor is an appealing
drug target, since receptor-binding domain (RBD) epitopes
on the spike protein will serve as leads in the design of

International Journal of Nanomedicine 2021:16

submit your manuscript

541

Dove


http://www.dovepress.com
http://www.dovepress.com

Varahachalam et al

Dove

RNA &
Membrane (M) Nucleocapsid (N) Protein
Glycoprotein e

Envelop (E)
Protein
Spike (S)

1. CoV-2 ~ACEZ2 binding

2. Proteolytic cleavage
followed by fusion

Genomic RNA (positive)

"
3. Viral RNA release &
nucleoprotein uncoating

RNA-dependent .

RNA polymerase A

Replicase

.Q g% &
% °q‘ .Ooo 'Y

X
5 (a). Transcription J( )
»

4. Translation & replication

{——— T

5 (b). RNA replication

\ and packaging
8
6. Translation ‘ /
v ccom
—— A\ 7. Assembly

7 N o5 & budding

mRNAs

9. Virus release
Figure 2 Mechanism of SARS-CoV-2 infects human host cells from an initial spike
association with ACE2 and TMPRSS2 (Copyright ACS 2020).
Notes: Reprinted with the permission from Chauhan G, Madou MJ, Kalra S,
Chopra V, Ghosh D, Martinez-Chapa SO. Nanotechnology for COVID-19: thera-

peutics and Vaccine Research. ACS Nano. 2020;14(7):7760-7782. Copyright ACS
under ACS COVID-19 Subset.'®

successful inhibitors for entry.®” The life cycle of the virus
with the host is comprised of subsequent five steps: attach-
ment, penetration, biosynthesis, maturation, and release.
The viruses bind to the host receptors (attachment), and
then they penetrate the host cells via endocytosis or

membrane fusion (penetration). When the viral compo-
nents are released into the host cells, the viral RNA enters
the nucleus for the replication process. The viral mRNA is
utilized to produce viral proteins (biosynthesis). Finally,
new viral particles are generated (maturation) and
released.® The coronavirus S-protein is then exposed to
proteolytic cleavage through the host proteases (ie, furin
and trypsin) in two sites situated at the boundary between
the S1 and S2 subunits (S1/S2 site). Subsequently, to
release the fusion peptide, the S2 domain (S2 site) clea-
vage takes place.’’ The S glycoprotein comprises two
subunits, mainly S1 and S2. S1 defines the host range
and cellular tropism and enables viral attachment with
the target cells. S2 is a component that facilitates the
fusion of viral and cellular membranes, confirming viral
entry through endocytosis. The affinity between the virus’s
surface proteins and its receptors is a vital stage for viral
entrance.””

One study conducted to explore the genomic variants
of the SARS-CoV-2 involved a comprehensive investiga-
tion of 12,343 SARS-CoV-2 genome sequences isolated
from patients by comparing them with reference to the
SARS-CoV-2 sequence. It was identified that a total of
1234 mutations have occurred. In correlation analysis, it
was found that variants of ORFlab and S protein 614G,
which are in strong association, displayed significant posi-
tive associations with fatality rates (r=0.41, P=0.029, and
r=0.43, P=0.022, respectively). For the SARS-CoV-2 gen-
ome, it was found that there are several variants, and since
December 2019, the D614G clade has become the most
common variant,*>*!

The primary symptom of COVID-19 infection is fever,
which may include other symptoms such as sore throat,
difficulty breathing, dry cough, stomach ache, dizziness,
chest pain, diarrhea, vomiting, and nausea.*> COVID-19
emerged in clusters and primarily impacted the pulmonary
system, with some cases advancing quickly to acute
respiratory distress syndrome (ARDS).**** The ARDS
results from an intense endogenous inflammatory reaction
triggered by direct or indirect injuries to the lungs. It was
indicated that the COVID-19 related ARDS is primarily
due to the injury to the alveolar epithelial cells. Several
patients have an insufficient level of oxygenation index,
which suggests severe respiratory failure.** Cardiovascular
problems such as myocarditis, pericarditis, heart failure,
and vasculitis may also occur in patients with COVID-19
infection.***® Some patients are experiencing a significant
ischemic stroke. Since the SARS-CoV-2 reduces the
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expression of ACE2, it can be hypothesized that patients
infected with the SARS-CoV-2 are at greater risk of
hemorrhagic stroke.** Respiratory viruses can reach the
CNS through the retrograde hematogenic or neuronal path-
way. For the former, an infectious agent that utilizes the
bloodstream invades the CNS. In the second, a virus
infects the peripheral nerves and uses the axonal transmis-
sion mechanism to enter the CNS.’° The neuro-invasive
potential of the SARS-CoV-2 was discussed in recent
studies; also, a few infected subjects showed neurological
symptoms. New multicenter research has reported recur-
rent gustatory and olfactory impairments (ie, more than
80% of the cohort) in the patients involved.”' Possible
pathogenic pathways that could negatively impact the
CNS of COVID-19 patients are aACE2, immune rampage
or systemic inflammation, hypoxia lesion, the trajectory of
blood supply, and neuronal pathway (Direct injury to
infection).>° Cases of COVID-19 patients who possibly
showed the effect of neurological manifestations have
reported.’”->®

Unlike its pathogenic ancestors, COVID-19 may often
directly affect the function of the peripheral nervous
system.”® Recently, it was observed that two groups of
cells in the nose are the most probable initial points of
contamination for viral entry into the peripheral nervous
system (PNS). These two groups of cells are called goblet
cells and ciliated cells. These two types of cells are linked
because they both contain high ACE2 receptor concentra-
tions, which enable the SARS-CoV-2 to enter the host
cells.’® They also contain high concentrations of another
protease named TMPRSS2. COVID-19 has a peripheral
neural involvement that occurs when ACE2 receptors
interact with the viral agent. These ACE2 receptors are
located along with the tongue, throat, and nasal passages
indicating the likelihood of the virus affecting the nervous
system and having a considerable effect on certain
senses.”®

A few studies have demonstrated the SARS-CoV-2
association in other organs,”’ including the liver and kid-
neys, impairing the digestive system and excretion of the
drugs taken to treat the infection.’® The frequency of
hepatic abnormalities altogether increments after disease
with COVID-19 and amid the course of the infection,
which may show the impact of the SARS-CoV-2 on the
liver.®! Moreover, steatosis and liver damage within the
liver biopsies of COVID-19 patients have been reported.®
Some studies have also reported an increased rate of
intense renal damage following COVID-19. Higher

mortality rates have been reported in patients with acute
renal injury when compared to other patients.®*-%*

Initial progress for COVID-19 prevention and manage-
ment was identified to be filtering out the potential of
asymptomatic carriers giving rise to new infections.
Asymptomatic COVID-19 carriers have been reported to
be able to trigger their immediate associates.®> The viral
load of an asymptomatic carrier is reportedly similar to
that of symptomatic patients. Thus asymptomatic, or mini-
mally symptomatic patients are likely to spread the virus.*®
During the COVID-19 outbreak in Wuhan, one particular
asymptomatic child (age 10) with a travel background from
Shenzhen to Wuhan was identified in the COVID-19 family
cluster study.* He was quantitative Real-Time Polymerase
Chain Reaction (QRT-PCR) positive for genes encoding this
novel coronavirus, with confirmed Sanger sequencing. The
child was confirmed virologically to have an asymptomatic
infection.®” Besides, in one family, the father had signs of
illness, reduced lymphocyte production, irregular Computed
Tomography (CT) images of his chest, and a positive result
on qRT-PCR for COVID-19. It is noteworthy that both the
mother and the son were asymptomatic, with regular num-
bers of lymphocytes and chest CT scan images with positive
COVID-19 infection for gRT-PCR.®> Asymptomatic carriers
are more presumable participants than symptomatic patients.
There is an assumption that the asymptomatic patients
played a partial role in increasing the number of affected
nations 10-20 days after the initial outbreak was reported.
Face masking was recommended in crowded areas to stop
the virus from transmitting to other uninfected individuals so
that it might also deter asymptomatic carriers from spreading
the virus (Figure 3).%

There is also a shortage of formal guidance for how to
treat asymptomatic carriers. Regional screening and track-
ing of asymptomatic carriers by simple PCR-based assays

s 66,68
transmission.

could control the carriers’ viral
A drawback may be that oropharyngeal or nasopharyngeal
swabs do not contribute to a confirmatory diagnosis of
asymptomatic carriers, and further sampling of the respira-

tory tract could be needed.®®

The Emergence of Nanotechnology
to Manage COVID-19

The pulmonary drug distribution is relatively complicated
since defense mechanisms have been developed by the
respiratory tract to keep inhaled drug particles out of the
lungs and extract or inactivate them once ingested. Most
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Figure 3 Importance of facial covering for the control of on-going pandemic (Copyright ACS 2020).
Notes: Reprinted with the permission from Kaushik AK, Dhau JS, Gohel H, et al. Electrochemical SARS-CoV-2 Sensing at Point-of-Care and Atrtificial Intelligence for

Intelligent COVID-19 Management. ACS Applied Bio Materials. 2020;3(1 1):7306—-7325.

inhaled drug products deliver particles with a size range <
5 um, but possible benefits can be achieved by using
nanoparticle formulations, that is, particles < 1 pm. By
obtaining a more reliable distribution of the drug in alveo-
lar areas, nanoparticles may boost drug targeting. Several
medications have low aqueous solubility and reducing the
size of particles to the nanometer scale is a promising way
to increase solubility. Which contributes to a higher sur-
face area per drug unit mass, which may increase the
amount of substance that can dissolve in the lung’s fluid
lining.*® Often, nanoparticles (NPs) have been used to
resolve mucociliary clearance and alveolar macrophages
as drug carriers. Studies have shown that NPs can deposit
and escape from mucociliary clearance and alveolar
macrophages in the lining fluid. Polyethylene glycol
(PEG) has recently been commonly used as a micro/nano-
carrier coating for various drug distribution purposes. By
forming a hydration layer over the NPs that sterically
inhibits biofouling and phagocytosis, PEG offers stealth
functionality.”® Since SARS-CoV-2 itself is a respiratory
virus; nanoparticles can be used effectively in targeting
this virus.

Nanotechnology has become an integral part of pharma-
ceutical research over the past few years. Nanomedicine is
a term designating the application of nanotechnology for

Copyright ACS under ACS COVID-19 Subset.'®

medical purposes, for monitoring, diagnosing, prevention,
control, and treatment of diseases. Experts believe that the
solution for reducing the outbreak of COVID-19 could lie in
nanomedicine. Several attempts have already been made to
combat COVID-19 infection using nanotechnology-based
approaches, including the development of highly effective
antiviral disinfectants engineered by nanotechnology for
increasing the surface disinfection effect, and the develop-
ment of rapid COVID-19 diagnostic kits. Several nanomater-
ials have been used in POC devices because they have sensor
beneficial properties that include chemical stability, strong
electrical conductivity, and the effect of Localized Surface
Plasmon Resonance (LSPR) increased sensitivity and speci-
ficity of detection systems can be achieved by using nanoma-
terials in analytical devices.”' At various stages of COVID-19
pathogenesis, nanoparticles can play an important role, given
their inhibition ability during viral entry and infected cell
protein fusion during initial attachment and membrane
fusion.”

In response to changes in environmental conditions
such as temperature, pH, electric or magnetic field, light,
ultrasound, salt concentration, among others, stimuli-
responsive polymers alter their properties (solubility,
form, surface characteristics, etc.). Stimulus-responsive
polymers to

provide many possibilities incorporate
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nanostructure functionalities and allow the development of
various intelligent systems for biomedical applications
such as imaging, disease detection, managed drug delivery,
and bio separation due to their specific properties.”
Nanomaterials effectively adsorb biomolecules and
form a so-called biomolecular corona, depending on sur-
face properties. If the selected nanomaterial is relatively
biocompatible, this passive, nontargeted adsorption could
bind viruses.” In particular, the use of copper salt nano-
particles or solutions (chloride, iodide, sulfide, etc.) proven
to have an antiviral effect may help create PPE with
improving shielding properties. Polyurethane/CuO nano-
composites have recently been developed, acting as an
efficient air purification antimicrobial filter (Figure 4).”
It has been reported that before the acute respiratory
distress syndrome and death resulting from COVID-19,
there is a stage of viral-induced hyper inflammation due
to a cytokine storm.”® Dormont et al proposed a novel
formulation of prodrug-based nanoparticles (NPs) to miti-
gate uncontrolled inflammation, which was a multidrug
nanoparticle, developed by conjugating squalene to adeno-
sine before encapsulating it in a-tocopherol (an antioxi-
dant). They claimed that, while using this technique, they

Nanotechnology
To Combat
COVID-19 Pandemic

/_M

could deliver the squalene encapsulated nano therapy in
a targeted manner to the inflammation sites, leading to
increased survival in an animal model of endotoxemia.”’
To address the limitations of current antiviral therapy,
nanomedicine has provided numerous approaches, making
it a powerful tool to repurpose existing antiviral agents as
possible therapeutic options for the treatment of COVID-
19."%7% Some basic challenges with conventional antiviral
drug-delivery systems that can be overcome by nano-
carrier-based systems, by modifying its pharmacoki-
netics/pharmacodynamics ~ properties  include  low
bioavailability, poor aqueous solubility, dose reduction,
improved drug bioavailability, and reduced toxicity.
Another major challenge is the need to maintain the pre-
sence of the antiviral drug at the reserve sites to reduce the
chances of latency, as seen in the case of HIV patients
despite suppressing the viral load in plasma.”® Using nano-
medicine, targeted and controlled delivery to reserve sites
can be achieved, which will help to lower the systemic
toxic effects, attain the therapeutic concentration of a drug
at these sites, and also mitigate the risk of viral rebound or

poor patient compliance.'’

Antiviral Nanosystem

Emerging to fabricate masks for trapping SARS-
CoV-2 (e.g., Cu nanoparticles)

Stimuli-Responsive Nanosystems
Emerging to eradicate SARS-COV-2 on external
stimulation (TiO, nanostructures)

Biocompatible Nanosystems
Emerging to protect immune and skins cells at
interface with other materials (e.g.,
biopolymers)

Towards Protection

Nano-Enabled Theranostics

Nanomedicine Advanced Imaging

To formulate nano-enabled

pharmacologically relevant therapeutic
cargo to cure COVID-19 via recognizing,
inhibiting, and eradicating SARS-CoV-2

.

To investigate SARS-CoV-2 presence at
region of interest, mainly lung, liver, brain,
etc., via using a nano-enable contrast agent
or multi-functionalized nano-medicine

Advanced Diagnostics

Investigating sensitive and selective nano-enabled
sensing technology to detect SARS-CoV-2 at point-of-
care for COVID-19 timely diagnostics, needed for
intelligent diseases management

J

v

Intelligent COVID-19 Management: A personalized approach

Figure 4 Projected nano-enabled technologies combating against COVID-19.
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Nanocarriers have been very useful for repurposing exist-
ing antiviral drugs, mimicking the cellular barriers, and being
an effective tool for delivering biologicals like DNA, RNA,
proteins, and neutralizing antibody (NAD), etc. Targeted
nanocarriers with surface modifications can evade immune
recognition and ensure the delivery of therapeutic com-
pounds to the target cell, hence improving cellular uptake
and efficacy. For the commercial success of an effective
nanocarrier against the SARS-CoV-2, it is important to
choose the right therapeutic candidate with the right nano-
carrier and choose the right site to deliver the
1980 In  the future,

approaches could help manage COVID-19 by developing

nanocarrier. nanotechnology-based
an individual system by engineering nano theranostics to
combine diagnostics and therapy or by providing persona-
lized therapy for COVID-19 patients with chronic disease.®"
Researchers propose that a reliable diagnostic or therapeutic
strategy would be to use targeted drug delivery via nanos-
tructured cargo directly to the infected cells. To use a similar
approach, it becomes necessary to understand the cellular
trail of the SARS-CoV-2 for combating this disease.® Some
companies have announced the intention to develop products
such as DNA-Lipid nanoparticles and aerosolized mRNA
nanoparticles.*> Exosomes (a type of extracellular vesicles)
are biomolecular nanovesicles released from different cell
types. Due to their unique biological properties and endo-
genous features, they have emerged as a promising candidate
for use in theranostics application.***> Recently published
literature suggests that exosomes can be used strategically to
combat COVID-19 infection, especially mesenchymal stem
cell-derived exosomes that may be an appealing candidate
due to their various properties, including immunomodula-
tory, regenerative, and antimicrobial.**®® Theranostic nano-
technologies can achieve the early diagnosis of thrombosis
and thrombosis-inhibitor delivery to affected areas. NPs
should be engineered to address certain biomarkers of throm-
bosis to be useful in detecting and delivering therapies. The
latest approach for treating thrombosis by nanomedicine is
that of delivering the nanoparticles, filled with antithrombo-
tic agents, to the thrombosed site and targeting one or more
proteins involved in coagulation. Thrombosed sites were
detected using magnetic-particle imaging, with the use of
iron oxide NP micelles with a fibrin-specific-binding peptide
as well as bare NPs.*

Controlled or sustained-release drug nanocarriers are the
safest remedy for alleviating the risk consequences of poor
patient compliance and viral rebound during the treatment of
viral infections. A nanomedicine approach is thus a potent

tool for transmuting the antivirals, repurposing and enhan-
cing COVID-19 therapeutic administration. Systemic toxi-
city, or immunotoxicity, is another significant concern, more
particularly with protein and peptide-based drugs.
Nanocarrier-based drug administration (comprised of biolo-
gic prodrugs) guarantees the enhanced half-life of biologicals
by avoiding premature drug release and degradation and

clearance.'”*°

circumventing  hepatic  and  renal
Nanomedicine influences all medical disciplines and has
been considered an essential tool for novel diagnostics,
nanotherapeutics, vaccines, medical imaging, and the utiliza-
tion of biomaterials for regenerative medicine. Soft materials
on a nanometer scale, attained from polymeric NPs, surfac-
tants (microemulsion, nano emulsions, liquid crystals), lipids
(lipid-solid NPs, liposomes, nanostructured lipid carriers),
and proteins NPs have been utilized in nanomedicine, speci-
fically for drug delivery (Figure 5).”>°' The advantages
offered by NPs for drug delivery systems include a high
surface area; an organic or inorganic ionic surface charging
range of biomaterial options; a targeted specificity via ligand
binding (eg, tagging of antibodies), etc., as illustrated in
(Figure 6). Transport to the CNS through the BBB is ideal
with NPs of 100-150 nm in size.”” Biomedical uses of
magnetic nanoparticles and surface engineering include
Magnetic Resonance Imaging (MRI) and Magnetic Particle
Imaging (MPI). Magnetic nanoparticles labeled with contrast
agents will accomplish multimodal imaging with
a combination of MRI or MPI and other imaging modalities
such as X-ray, computerized tomography (CT) scan, positron
emission tomography (PET), and photoacoustic (PA) ima-
ging. Drug distribution, gene transfer, hyperthermia, and
photodynamic therapy are the therapeutic applications that
enable targeting particular diseases and cells so that that
specific targeting can be obtained (Figure 7).”

NPs might use the indirect or direct mechanisms,
which mainly affect the virus’s entry into the host cell,
and result in fighting the SARS-CoV-2 viral infection.
Indirect interaction of nanomaterials does not suppress
viruses of their own; instead, they enhance the activity of
antiviral therapy and are used for delivery, stabilization,
and increased bioavailability. Nanomaterials with direct
action, on the other hand, function as the active compound
when they inactivate viruses on their own, usually by
changing the composition of the virus or its genetic
material.”* The impediment of the viral surface proteins
could lead to virus inactivation; therefore targeted NPs,
particularly to virus expressed proteins, may decrease the

viral internalization. Metal NPs have demonstrated the
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Figure 5 Projection of a potential drug nanocarriers for stepwise systematic investigation needed for clinical application (from in vitro to in-vivo-clinical trials to FDA

approval), suggested by experts.

capability to hinder viral attachment to the cell surface,
directing to the blocking of viral internalization, thereby
weakening the viral replication during viral entry. NPs
comprised of titanium (Ti), gold (Au), silver (Ag), and
zinc (Zn) have previously demonstrated effects against
the influenza virus, herpes simplex virus, HIV, respiratory
syncytial virus, monkeypox virus, transmissible gastroen-
teritis virus, and zika virus. Actively targeted nanocarriers
can cross the biological barriers and achieve therapeutic
concentrations in protected viral reservoirs. Additionally, it
is possible to target a specific organ and cellular, intercel-
lular sites engaged in the pathophysiology of the SARS-
Cov-2."

Nanomedicine to Combat Against
the SARS-CoV-2

Nanomedicine, along with its physicochemical attributes,
might be a promising therapeutic approach to overcome
the struggle between CoVs and host cells. Nanoparticles
(NPs), which are covered with antibodies or viral antigens,
may be used against the SARS-CoV-2 and any resurfacing
CoV.”> Organic NPs have been utilized for delivering
antivirals like acyclovir, zidovudine, dapivirine, and efa-
virenz, and for enhancing drug bioavailability and boost-
ing efficient delivery of drugs and targeted antiviral
activity. The significant drawback of antivirals is the
absence of specific targeting, ensuring in cytotoxicity of
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Figure 6 Schematic presentation of a nanomedicine.

Notes: Reprinted with the permission from Kaushik A, Jayant RD, Bhardwaj V, Nair M. Personalized nanomedicine for CNS diseases. Drug Discov Today. 2018;23 (5):1007—

1015. Copyright © 2017 Elsevier Ltd.”
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Figure 7 Nano-enabled multi-model approaches to manage targeted diseases.

Drug delivery
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Hyperthermia

Photodynamic
therapy

Notes: Reprinted from the publication Tomitaka A, Kaushik A, Kevadiya BD, et al. Surface-engineered multimodal magnetic nanoparticles to manage CNS diseases. Drug

Discov Today. 2019;24(3):873-882. Copyright 2019 with the permission from Elsevier.”

the host cell, which can be tackled by organic NPs.
Antimicrobial medications have been assessed in clinical
trials for COVID-19; for instance, chloroquine, ritonavir,
lopinavir, ribavirin, and remdesivir have exhibited positive

infection.

outcomes against the SARS-CoV-2 viral

Nanoencapsulation of antimicrobial drugs might provide
for the advancement of safer therapies for COVID-19 and

other viral diseases.”?
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The usage of polymerics, ie, multilayer NPs, is one
method that originated from recent multidisciplinary
sciences. They have usually created in a layer-by-layer
(LbL) method by manipulating almost every form of inter-
action in polymer networks (eg, electrostatic, hydrogen
bonding, covalent bonding, and unique recognition).”®*®
In fact, usage of the LbL method has many benefits in
designing the distribution mechanism for biomolecules,
such as proteins and nucleic acids, which have minimal
solubility in non-aqueous solutions and are vulnerable to
denaturation.”” '°" In one analysis carried out, multi-
layered exenatide-loaded NPs were prepared using the
LbL method and were described as a sustained delivery
device to treat type 2 diabetes.' In a study conducted,
RBD specific antibody column for purification was
formed, and the RBD using the Spy Tag/Spy Catcher
method was shown on self-assembling protein nanoparti-
cles (SApNPs). The heptad repeats 2 (HR2) stalks was
identified as a significant cause of spike metastability,
developed an HR2-deleted glycine-capped spike
(S2GAHR?2), and showed S2GAHR?2 with high yield, pur-
ity, and antigenicity on three SApNPs. S2G’HR2 elicited
two-fold higher Nab (neutralizing antibody) titers than the
proline-capped spike (S2P), while S2G’HR2 SApNPs eli-
cited up to 10-fold higher NAD titers from multilayered
E2p and 13-01v9 60-mers. The S2G-HR2-presenting 13-
01v9 SApNPs also induced critically needed T-cell immu-
nity, providing a candidate for the next generation vaccine
to combat the pandemic of COVID-19 infection.'®?
Another study has properly combined the inherent char-
acteristics of insulin NPs with the LbL multilayer-
assembly technique to establish a sustained insulin release
for a transcutaneous delivery.'® To prevent binding to
extracellular serum proteins, multivalent nanomedicines
may be engineered to potentially contribute to the elimina-
tion of viruses. Multivalent associations, such as cell-cell
coordination and adhesion, are responsible for conducting
various biological functions in normal cells. The reversi-
bility of ligand-receptor interactions during infections is
dependent on multivalency. Multivalent NPs are presented
as promising antiviral agents capable of blocking the virus
that binds to the host cells.'®
PAMAM have shown effective antiviral activity against

Multivalent conjugates of

infections with influenza. A study found that by multi-
valent binding to a hemagglutinin trimer, multivalent 6'-
sialyllactose-polyamidoamine (6SL-PAMAM) conjugates
could act as anti-influenza inhibitors and demonstrated
strong inhibition of HINI infection. It has long been

known that silver NPs are potential antimicrobial agents.
Silver ions released from silver NPs bind to the viral RNA
genome and activate mitochondrial interferon signaling
pathways, activating mitochondrial proteins that may
have an antiviral effect.'*®

With rapid developments in nanomedicine, magnetic
nanoparticles (MNPs) have appeared as an encouraging
theranostics tool in biomedical applications involving
drug delivery, diagnostic imaging, and novel therapeutics.
Substantial pre-clinical and clinical studies have demon-
strated their targeted delivery, controlled drug release,
functionalization, and image-guided capabilities. MNPs
may accumulate at the targeted site through active or
passive targeting to enhance the therapeutic efficacy by
functionalization with targeting ligands and drugs.'®”'%®

Among numerous described methodologies, static-
magnetic- field-based- magnetically guided brain delivery
systems have been proven to be harmless and noninvasive.
Successful delivery of drug-loaded nanoformulations
(NFs) to the mouse brain has previously been achieved
by applying this method. This technique appears to be
appropriate for delivering magnetic, drug-loaded NFs
into the CNS to offer maximum efficiency in tackling
specific neurological diseases. It is expected that the deliv-
ered therapeutics will have very modest or no adverse
side-effects on the patient in terms of motor coordination,
motor function, and toxicity.'” To extract the SARS-CoV
-2 viral RNA for detection by real-time polymerase chain
reaction (RT-PCR), magnetic nanoparticles were used in
research. By imparting magnetic nature to nanoparticles
through encapsulation of superparamagnetic iron oxide
nanoparticles (SPIONs), which helped to isolate the nano-
particle-bound virus pathogen using an external magnet.
The virus extracted maintained its infectivity and could be
identified using several diagnostic assays for viruses.''°
Imaging plays a significant part in the pre-clinical
assessment of nanomedicine-based drug delivery systems,
and it has offered vital perceptions into their mechanism of
action and therapeutic effect. From a progressive view-
point, it allows the noninvasive assessment of the biodis-
tribution and pharmacokinetics (PK) of these drug delivery
approaches in animal models of disease, permitting
researchers to choose the best candidates.''' The advance-
ment of novel NPs comprising both therapeutic and diag-
nostic elements has improved over the past decade.
Theranostic NPs have been created for an array of imaging
modalities involving MRI, optical imaging, computed
and nuclear

tomography (CT), ultrasound, imaging

International Journal of Nanomedicine 2021:16

submit your manuscript

549

Dove


http://www.dovepress.com
http://www.dovepress.com

Varahachalam et al

Dove

encompassing both positron emission tomography (PET)
and single-photon emission
(SPECT).'"?

Lately, nanoparticle-drug-delivery systems (NDDS),

computed tomography

together with stimuli-responsive behavior, have been
exhibited
researchers.”® Researchers investigated abundant stimulus-

and earned encouraging attention by
responsive nanoplatforms with high disease specificity for
targeted imaging and treatments. These stimuli-responsive
nanosystems modify their physiochemical or biological
performance and when subjected to subsequent stimuli,
release agents for diagnosis and therapy.''?

Two methods can be adopted in devising stimuli-
responsive drug delivery systems (DDS). The first
approach is known as endogenous or internal stimuli,
improving drug action specificity for diseased tissue.
These include pH, redox, enzyme activity, heat, ionic
strength, solvent polarity, and action of biomolecules.
Physical or external stimuli are employed externally to
targeted tissue after delivery of specific drug-laden nano-
carriers in the second method. These exogenous stimuli
consist of light, electric fields, magnetic fields, and ultra-
sound. Temperature can be recognized as either internal or
external stimuli.®*>'"* Stimuli-responsive NPs can be uti-
lized to deliver numerous bioactive components, such as
vaccines, oligonucleotide peptides, antineoplastic agents,
etc., which demonstrate excellent potential for clinical
applications.''> By applying a stimuli-responsive DDS,
the challenge of premature drug release can be solved.
Consequently, a research trend has been diverted toward
the direction of stimuli-responsive DDS. An amalgamation
of two or more stimuli-responsive DDS has also been
shown to enhance targeting efficiency.''

Integration of antigens in NPs can be attained by con-
jugation (covalent functionalization) or by encapsulation
(physical entrapment). Investigations have revealed that
NPs may shield antigens’ inherent structure from proteo-
lytic degradation and enhance antigen delivery to antigen-
presenting cells (APCs). Furthermore, NPs integrating
antigens can exert a local depot outcome, confirming
extended antigen presentation to immune cells.
Remarkably, NPs have also shown inherent immunomo-
dulatory activity.''® NPs used as unique immunotherapeu-
tic platforms are desirable for numerous reasons. Firstly,
these NPs can encapsulate a high density of bioactive
components that can promote immunity against infection.
Secondly, these delivery systems can be constructed from

materials that can release drugs in a sustained manner.

Finally, these delivery systems can be significantly mod-
ified to improve their bioactivity or targeting of the spe-
cific organs due to the flexibility of their synthesis and
formulation.""”

Our laboratory has demonstrated that the fabrication of
nanomedicine formulations consists of a smart bio-
compatible drug nanocarrier and an FDA approved, anti-
HIV drug for site-specific eradication of HIV, even across
the blood-brain barrier.''® Presently, chloroquine, an anti-
malarial drug, is emerging as one of the potential drugs for
managing COVID-19. Dr. Hu has explored the insights
from nanomedicine into chloroquine efficacy against
COVID-19."" His research team stated that the SARS-
CoV-2 protein might act like a nanoparticle due to its
spherical shape and small size (2-600 nm) and could be
uptaken by the host cell using a similar mechanism of
endocytosis. Moreover, Dr. Kostas Kostarelos illustrated
the peculiarity of virus particles as the most magnificent,
smart, and efficient nanoparticles. Chloroquine is a weak
base that interferes with acidification by being trapped in
membrane-enclosed low pH organelles. In endoplasmic
reticulum-Golgi intermediate compartment (ERGIC)-like
structures, chloroquine can also inhibit Virion assembly.
It has been demonstrated that chloroquine is an inhibitor of
nanoparticle endocytosis by resident macrophages.
Therefore, in response to clinically relevant doses of chlor-
oquine, chloroquine reduces the accumulation of synthetic
nanoparticles of different sizes (14-2,600 nm) and forms
(spherical and discoidal) in cell lines, as well as in the
mononuclear phagocyte system of mice.

Studies have shown that chloroquine decreases the
expression of one of the three most abundant proteins in
clathrin-coated pits, the phosphatidylinositol binding cla-
thrin assembly protein (PICALM). The PICALM deple-
tion has previously been shown to suppress endocytosis
mediated by clathrin. One of the pathways responsible for
chloroquine-mediated effects against SARS-CoV-2 can
therefore be a general reduction in the capacity of cells
to conduct clathrin-mediated endocytosis of nanosized
structures due to suppression of PICALM.'"?

It is important to notice that many severe cases and
deaths in patients with COVID-19 are due to an over-
reaction of the immune system, resulting in hyper-
inflammation and macrophage activation syndrome
(MAS). Hyper- inflammation and MAS result in an over-
production of pro-inflammatory cytokines, such as IL-18,
IL-6 and TNF-a (cytokine storm), as well as in coagula-
tion abnormalities, which contribute to organ failure and
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fatalities.”® Dexamethasone is a steroid and anti-
inflammatory. It has been stated that the administration
of dexamethasone has lowered the number of COVID-19
associated deaths in patients by 35%.'?° Based on the
commonly accepted notion that NPs aggregate potently
in macrophages upon intravenous administration and
NFs  of

Some

inhalation,  the dexamethasone  was

proposed. 212 long-lasting life-threatening
SARS-CoV-2 symptoms include the development of
edema formation, and fibrosis

cytokine  storm,

12l Dexamethasone nanomedicines have

development.
been hypothesized to help in the day-to-day management
of COVID-19 disease in three ways.”

First, the formulation of dexamethasone nanomedicine
will help target inflammation-initiating and propagating
phagocytic cells in the lung, blood, and myeloid and
lymphoid tissues with the potent corticosteroid drug. This
helps to better monitor the cytokine storm and MAS that
have been involved in fatalities associated with COVID-
19. As a result, it is expected that critically ill patients on
ventilation or oxygen therapy can recover quicker and
more effectively than on free-drug treatment.

Second, dexamethasone is an anti-edema drug that is
particularly potent. By increasing drug availability and
drug activity over time in hyper-activated immune cell
populations in the lung’s inflamed sections, nano-
formulating dexamethasone can further potentiate this
effect.

Finally, dexamethasone is an anti-fibrotic drug that is
highly active. In COVID-19, pulmonary fibrosis has
recently emerged as a critical complication, especially in
patients who have been ventilated for extended periods of
time. Nanomedicine dexamethasone formulation will
improve the anti-fibrotic action potential to meet an
immediate medical requirement at this stage of COVID-
19 management.

One research study was conducted on the rapid design
and translation of microneedle arrays (MNAs) for SARS-
CoV-2 vaccines capable of producing potent antigen-
specific antibodies. MNA administration has proven to be
more effective in triggering antibody neutralization for all
vaccines. It was observed that the delivery of MERS-CoV-
S1 vaccines by MNA induced greater humoral responses
than traditional needles. In addition, transient mechanical
stress occurring from the injection of microneedles will
trigger a normal local innate immune response, which

could act as a physical adjuvant to improve antigen-

specific adaptive immunity. Stability studies are currently
underway for MNA-based SARS-CoV-2 vaccines.'*

To optimize the outcomes in patients with severe
COVID-19 infections, macrophage-targeted nanomedi-
cines may be used to attenuate cytokine storms and their
related pathological effects.'** For macrophage targeting
approaches, the nanoparticles used can differ considerably
in their origin and structure, but macrophage uptake typi-
cally occurs by one of two distinct pathways: non-specific
phagocytosis (passive targeting) controlled by physical
properties of nanoparticles, or endocytosis (active target-
ing) mediated by receptors.'?®> These nanoparticles aggre-
gate mainly at sites of infection or inflammation. Either
natural or synthetic nanoparticles can be engineered
through different methods to facilitate their active target-
ing of macrophages.'?*!%°

One study has identified an effective medical counter-
measure for COVID-19 by fabricating two types of cellu-
lar nanosponges. The nanosponges display the same type
of receptors as those on which the viruses rely for cellular
entry. Samples were tested for inhibitory effects on the
human SARS-CoV-2 and displayed strong in-vitro anti-
viral efficacy. It was proposed that coronaviruses cannot
invade their normal cellular targets while bound to nanos-
ponges. The framework for nanosponges provides
a distinct advantage over other therapies currently under
development for COVID-19. To treat SARS-CoV-2 infec-
tion, the use of cellular nanosponges needs further
research in suitable animal models.'?’

The latest findings reveal that 20%-30% of high-risk
COVID-19 patients undergo blood clotting leading to
stroke and sudden death. Rapid detection of proteins asso-
ciated with blood clotting in COVID-19 patients’ plasma
will save many lives. Many nanotechnology-based meth-
ods are being developed to diagnose patients at high risk
of death due to complications from COVID-19 infections,
including blood clots. Nanomedicine has great integration
with proteomic strategies for disease identification and
biomarker discovery applications.

Researchers have developed SARS-CoV-2-nucleocap-
sid-phosphoprotein-specific colorimetric assays that rely
on gold nanoparticles coated with thiol-modified DNA
antisense oligonucleotides, which could be used in the
diagnosis of COVID-19 cases within 10 minutes.'*® Such
test kits could yield promising results, but the viral load
quantity would also impact their performance. To over-
come these limitations, researchers have come up with
of COVID-19,

another favorable clinical diagnosis
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consisting of a notable dual-functioning plasmonic biosen-
sor that combines the plasmonic photothermal effect with
the localized-surface-plasmon-resonance (LSPR) sensing
transduction, and assisting in COVID-19 detection.
Surprisingly, this dual-functional LSPR biosensor
showed high selectivity towards the sequences of the
SARS-CoV-2 protein, with a very low detection limit of
0.22 pM.'"” An ultra-sensitive field-effect-transistor
(FET)-based biosensing
researchers in order to achieve rapid and accurate detec-
tion of the SARS-CoV-2 in clinical samples.'*® The isola-
tion and purification of selected molecules from biological

system was developed by

fluids is another avenue where by the use of nanomaterials
could lead to identification of the SARS-CoV-2 protein.
Thus, nanomaterials with magnetic properties could be
customized with unique virus receptors, resulting in virus
molecules being attached to the NPs, that will facilitate
their magnetic extraction using an external magnetic field.
Consequently, nanomaterial-based detection can allow
quicker and more precise identification of the virus, even
at the initial stages of the infection, owing in large part to
the versatility of the NPs surface alteration.'*' Considering
the multiple transmitting methods of the SARS-CoV-2,
one strategy for tackling the virus has been to avoid its
transmission by disinfecting the air, skin, or any other
surfaces. Chemical disinfectants are also associated with
disadvantages irrespective of their positive outcomes.'**
Because of their extensive range of antiviral behavior and
stability, and their potential to be successful at even lower
dosages, metallic nanoparticles were suggested as alterna-
tives. Also, the use of biodegradable nanomaterials could
prevent the harmful effects of metallic nanomaterials on
human health and the environment.”” Preliminary studies
have indicated that a silver nanocluster/silica composite
facial mask coating had viricidal effects on the SARS-CoV
-2.'3 Cellulose nanofibers are used by scientists to design
a breathable and disposable filter cartridge, featuring the
ability to filter off particles smaller than 100 nm.
Nanomaterials can prevent viral transmission by inhibiting
viral particle binding/penetration, either by facilitating sur-
face oxidation, by releasing toxic ions, or by photother-
mal-based reactions.'*’

The nanomedicine hypothesis related to COVID-19 is
studying the following approaches 1) exploring various
drugs that can act as nano medications, and 2) exploring
effective therapeutic agents that can further be formulated
as nanomedicine and delivered at target tissues using an
effective nanocarrier.”>

bio-compatible  smart-drug

Investigating nano-therapy could also minimize the use
of excessive anti-COVID-19 drug dosages, which exhib-
ited adverse effects on the heart, retina, respiratory sys-
tems, etc., especially as associated with the elderly
population. Recognizing the challenges of biotechnology
involved with investigating future nano-therapies to man-
age COVID-19, we make the following recommendations:

(a) Investigate therapeutic agents that exhibit better
efficacy without adverse effects.

(b) Optimize effective dosages and effective delivery at
specific tissues using smart-drug nano carriers.

(c) Select drug nano carriers which are antiviral and
anti-bacterial.

(d) Explore bio-functionalized nano-drug systems
needed for high drug loading.

(e) Select stimuli-responsive nano-drug systems that
can deliver to targeted tissues and control drug
release.

(f) Design and develop nano-therapeutics that are spe-
cific to the
formulations.

liver, using immune-supportive

(g) Based on advancements, identify efficient therapeu-
tic agents such as anti-malarial drugs, immuno-
supportive agents, CRISPR-Cas9/gRNA, which
can be delivered at required sites using nano-
pharmacology approaches.

(h) Due to variations in selected therapeutic agents,
design and develop nanomedicine that can eradi-
cate the SARS-CoV-2.

(i) Customize nanomedicine formulations and perfor-
mance according to the patient’s disease profile,
and to research personalized nano-therapeutics.

Experts have suggested exploring nanomedicine as
managing COVID-19.'3
Nanomedicine can be designed using a recommended ther-

a potential therapy for
apeutic agent and an immuno-acceptable biomaterial to
eradicate the SARS-CoV-2. The adjustable drug payload
and the controlled drug release make nanomedicine suita-
ble for COVID-19
A multifunctional, efficient nano medication proposed to
combat the SARS-CoV-2 is shown in Figure 8. To develop
such a drug, federal support and public or private partner-

personalized management.

ship is needed to fast-track research in this field and obtain
timely FDA approval.

In the past decade, NP theranostics was described as
a promising approach to deliver therapeutic substances
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Figure 8 Schematic illustration of a potential nanomedicine (a combination of an efficient drug nanocarrier and optimized bio-active therapeutic agent) designed to combat

against SARS-CoV-2 virus to manage COVID-19 pandemic.

effectively and selectively (ie, siRNA, drugs, peptide,
vaccines) to target areas of infection. Furthermore, they
permit supervising infectious sites and therapy responses
employing noninvasive imaging modalities. Although
intranasal delivery was proposed as the favored adminis-
tration route for therapeutic moieties against viral pulmon-
ary ailments, NP-based delivery approaches provide
several advantages. This approach overcomes challenges
linked with mucosal administration and guarantees a drug
concentration that is many folds higher than anticipated in
the selected areas of infection, while not presenting side
effects on healthy cells.

Based on careful analysis of the advancements men-
tioned above, it is noticed that NPs might function as
a crucial part of various phases of COVID-19 pathogen-
esis, taking into consideration their inhibitory role in the
initial attachment and membrane fusion during viral entry
and infected cell protein fusion. Irreversible damage by
viruses and transcription, translation, and replication of
viruses can be hindered by intracellular mechanisms,

which can be initiated by nano-encapsulated drugs.”

Challenges

Physiological barriers such as mucus and alveolar fluid for
intranasal and reticuloendothelial (RES) structures for sys-
temic delivery are the main obstacles of nano-delivery. The
nanoparticles need to be biodegradable and capable of
supplying the chosen cell type with continuous drug deliv-
ery. The nano particle should be able to avoid the endocytic
degradation machinery once within the cell.'*> The NPs-
established delivery methods have demonstrated consider-
able potential applications; however, investigations have
revealed that these procedures might cause severe damage
in respiratory sites and could even harm lung function. The
four main pathobiological features, involving inflammation,
genotoxicity, oxidative stress, and fibrosis, should be stu-
died with the perspective of NPs and correlated methods.'*¢
It is still not evident whether a nasal or oral nano-vaccine
would attain a safer, prolonged mucosal immunity or
extended protection against a virus. It is also still unclear
whether adequate protection would arise when administered
through various routes or to different age groups.'’’
Sekimukai et al reported that gold NP-adjuvanted protein

generated a powerful IgG reaction, but failed to enhance
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vaccine efficiency, or to diminish eosinophilic infiltration
due to highly allergic inflammatory responses.'*® From the
perspective of nanomedicine, several nanomaterials have
been established, varying from polymers to dendrimers,
NPs,
Nevertheless, fruitful clinical translation has been impeded

oligomers, liposomes, and small molecules.
by the point that, upon dilution, these nanomedicines lose
their effectiveness as the virus compound-complex disas-
sociates, causing the viruses to be set free, and to resume
their replication cycle.”

The ROS are generated by nanoparticles causing oxi-
dative stress due to disturbances in mitochondrial respira-
tion or production of ROS in the cell. This can cause the
initiation of harmful pathological processes within the
cells, which leads to toxicity. Studies show that titanium
dioxide (TiO,) nanoparticles accumulate in the lungs of
mice after 90 days of the NP’s intra-tracheal uptake. These
NPs result in ROS accumulation, increase lipid peroxida-
tion level, inflammation, and decreased antioxidants. Cells
treated with NPs show elevated levels of the AP-1
(Activator protein 1) transcription factor affecting tran-
scriptional processes.'*” Carbon nanotubes and other NPs
interact with DNA structures. Hence, they can cause gen-
otoxicity. Nanoparticles can accumulate in pulmonary sites
and thus can cause inflammation. In an experiment with
mice model/C57BL/6, pneumonia and fibrosis have been
seen. It is important to address such factors before using
nanoparticles for clinical use.'*°

While nanotechnology has gained tremendous promi-
nence in the research industry because of its enhanced
effectiveness relative to conventional equivalents, it is
important to explain toxicological concerns and their reg-
ulations. Behavior of the nanoparticles post human body
exposure and its deposition up to certain extent raises a big
concern. For instance, platinum (Pt)-containing drugs (cis-
platin, carboplatin and oxaliplatin) are among the most
widely used and most potent anti-cancer chemotherapeutic
drugs for treatment of lung, colorectal, ovarian, breast,
head and neck, bladder and testicular cancers. 4! Side
effects caused by off-target delivery to normal tissue and
organs, notably nephrotoxicity in the kidneys, limit the use
of Pt-based drugs.'** Nanotechnology-based chemothera-
peutics, has the potential to improve drug delivery and
overcome this limitation. While on the other hand
a major challenge for translating nanodrugs to clinical
settings is their rapid clearance by the RES, hence redu-
cing efficacy and increasing toxicities on off-target organs

like spleen, liver, and kidney in this regards.'**'*

Administering Intralipid via intravenous route one hour
before injection of Pt-containing drugs, decreases Pt accu-
mulation in off-target organs and increases the bioavail-
ability of active drug by tumor cells.'*® The rational for
this hypothesis is that the infusion of Intralipid has been
reported to inhibit RES function by possibly inhibiting
peritoneal clearance and impairing the phagocytic activity
of Kupffer cells.'"*” Kupffer cells in the liver play an

important role
4,148

in the uptake and metabolism of
Intralipi

Iron oxide particles have also been found to exhibit
harmful characteristics both in vitro and in vivo, mainly
due to generation of ROS."**'>! A polymer coating on the
surface of iron oxide nanoparticles dramatically improved
cell viability. Surface modifications another approach to
reduce harmful effect of nanoparticles. As an illustration,
the addition of hydroxyl groups to gadolinium fullerene
particles prevented the generation of ROS, thereby redu-
cing toxicity.'>

Circulating levels of pro-inflammatory cytokines are
generally associated with the seriousness of numerous
infections. Severe infections can cause uncontrolled
immune reactions complemented by excessive release of
pro-inflammatory cytokines, commonly described as
a “cytokine storm”, which can account for a considerable
amount of the pathology and mortality correlated with
severe infections.'> For instance, excessive cytokine
release acts as a common characteristic of COVID-19,
particularly in severe cases, where it can generate ARDS
to exacerbate lung pathology, and sometimes leads to
multiple organ dysfunction and failure.'>*'>>

Macrophages and associated monocyte-lineage
immune cells play vital functions in controlling cytokine-
facilitated inflammatory responses as well as innate and

responses.156

adaptive immune Exaggerated pro-
inflammatory reactions to SARS-CoV-2 infection are the
foremost factor of the disease severity, and patients with
severe COVID-19 cases demonstrate cytokine profiles
comparable to those discovered in macrophage activation
like syndrome (MALS), which is associated with macro-
phage dysfunction.'”’

Immunosuppression has been suggested as a method
for combating cytokine storms in severe COVID-19 cases.
(eg,
methylprednisolone, chloroquine, and leflunomide) and

Immunosuppressive  drugs hydroxychloroquine,
inhibitors of pro-inflammatory cytokines (eg, IFN-y, IL-
6, IL-17A, IL-1B, M-CSF, and TNF-a) were chosen as

candidates for clinical trials. Modulators of factors that
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control adaptive and innate immune responses (CD47, CS,
M-CSF, GM-CSF, and
COVID-19 patients are
Nevertheless, the immunomodulatory effect of targeting

sphingosine-1-phosphate) in

also currently underway.
one or two cytokines might not be adequate to mitigate
cytokine storms and their ensuing pathology. As an alter-
native for treating severe COVID-19 cases, it is more
beneficial to utilize therapeutic approaches that target the
essential immune cells that facilitate cytokine storm
advancement.'**

Prior findings have shown that liposome-mediated
macrophage depletion has a remedial function of reducing
cytokine production in infectious and autoimmune
diseases.'”®!%® Possible harmful effects of systemic
macrophage depletion (eg, enhanced risk of infection and
weakening of homeostatic macrophage functions in
healthy tissues) are not addressed by enhancing target
specificity, either. To diminish pro-inflammatory cytokine
production during excessive immune responses, repro-
gramming dysfunctional macrophages with stem-cell
derived EVs (extracellular vesicles) or synthetic nanopar-
ticles can act as a beneficial tactic as compared with total
macrophage depletion.'*

Functionalizing NPs-based therapeutics with peptides
or ligands that have a high affinity for extracellular macro-
phage membrane factors can improve their specific uptake
in order to mitigate dysfunctional macrophage
reactions.'?® Though these synthetic NPs may perhaps be
more likely than unmodified EVs and liposomes to initiate
adverse immune reactions, their biosafety needs to be
thoroughly assessed in clinical trials.'**

The impact of virus-like particles (VLPs) on macro-
phage-facilitated immune reactions is not well elucidated,
however, VLP therapy has been demonstrated to have
remedial effects in animal models of infection or chronic
inflammation.'®*'®" VLPs might be a good platform for
prophylactic therapy approaches, although investigations
are needed to exhibit their capacity to operate as therapeu-
tic agents that can restrict macrophage dysfunction.
Research is required to determine the stability and intrinsic

immunogenicity of these particles.'**

Conclusion

This review is an attempt to propose nanomedicine technol-
ogy as a potential COVID-19 therapy, due to the recent
bioinformatics research into the potential pharmacological
target sites of the SARS-CoV-2 protein along with new
antibodies, natural

therapeutic agents (eg, vaccines,

products) to eradicate the SARS-CoV-2. Therefore, investi-
gation of nano-enabled therapeutic cargos emerged very
usefully for achieving therapeutics delivery at the desired
target tissue sites and for managing drug release per patient
viral load and other symptoms. Such nanomedicine drugs
can be formulated by adopting aspects of pharmacology and
advanced surface-active functional nanosystem approaches.
This pharmacologically relevant nano cargo, along with
specially designed stimuli-responsive systems, exhibited
customizable properties that set a command to design and
COVID-19 in
a personalized manner. Nanomedicine has an impact on all

develop therapies for managing
medical fields and has been considered a significant method
for new diagnostics, medical imaging, nanotherapeutics,
vaccines and the development of biomaterials for regenera-
tive medicine. Drug-based nanoparticles have been devel-
oped for decades, and many clinical trials are being
conducted for cancer, neurodegenerative, autoimmune, car-
diovascular, and infectious disorders, but few are certified
for human use. While it is well known that DDS focused on
nanotechnology strengthen current therapeutics in medicine,
their use in viral diseases is underexplored and underused, as
seen in the SARS-CoV-2 pandemic. At various stages of
COVID-19 pathogenesis, nanoparticles can play an impor-
tant role, given their inhibition ability during viral entry and
infected cell protein fusion during initial attachment and
membrane fusion.”*'?

The outcomes of this review help scholars of pharma-
cology, biomedical engineering, and nano-systems engi-
neering who are engaged in the field of exploring
efficient manipulative nanomedicine as future COVID-19
infection therapy, where the key is to control drug delivery
and release without adverse effects.
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