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ABSTRACT: Although extensive research is being done to combat SARS-CoV- [ELIIIE LI LT LT & @
2, we are yet far away from a robust conclusion or strategy. With an increased [EYA\;EE o)\'5v] (COVID-19)
amount of vaccine research, nanotechnology has found its way into vaccine
technology. Researchers have explored the use of various nanostructures for
delivering the vaccines for enhanced efficacy. Apart from acting as delivery Hano-tosenr
platforms, multiple studies have shown the application of inorganic nanoparticles s corecton T

from SARS-CoV-2

in suppressing the growth as well as transmission of the virus. The present review (oo nieces

Human

gives a detailed description of various inorganic nanomaterials which are being

explored for combating SARS-CoV-2 along with their role in suppressing the s taegned
transmission of the virus either through air or by contact with inanimate surfaces. Q M =
The review further discusses the use of nanoparticles for development of an w
antiviral coating that may decrease adhesion of SARS-CoV-2. A separate section A

has been included describing the role of nanostructures in biosensing and

diagnosis of SARS-CoV-2. The role of nanotechnology in providing an alternative

therapeutic platform along with the role of radionuclides in SARS-CoV-2 has been described briefly. Based on ongoing research and
commercialization of this nanoplatform for a viral disease, the nanomaterials show the potential in therapy, biosensing, and diagnosis
of SARS-CoV-2.

KEYWORDS: Nanostructures, Nanotechnology, COVID-19, Radioactive Materials, Organic Materials, Inorganic Materials, Therapeutic,
Diagnostic

1. INTRODUCTION similarity with MERS-CoV and 96% similarity with the bat
SARS-associated coronavirus-2 (SARS-CoV-2) is a causative coronavirus RaTG13." The novel virus named SARS-CoV-2
agent of the present pandemic situation most of the nations are has a striking similarity with the SARS-CoV with regard to
battling.l This virus belongs to the family Coronaviridae and etiology and pathological features. It shows about 80% genetic
genera f-coronavirus and is one of the largest RNA viruses homology with SARS-CoV?® and, like its predecessor, interacts
known so far.”’ A global outbreak of SARS-CoV was first with the mammalian cell membrane associated angiotensin-
reported in 2003, which recorded around 800 deaths." converting enzyme-2 (ACE2) to infect humans. The virus

Extensive public health measurements such as isolation of
infected patients, social distancing, and community contain-
ment measures, along with pharmaceutical intervention, aided
in bringing down the virus spread in about 8 months. In the
initial phases of the disease during December 2019, computed
tomography (CT) revealing opacities in patients’ lungs gave
the notion of pneumonia, but polymerase chain reaction Received:  August 22, 2020
(PCR) based testing showed that the pathogen was of Accepted: December 9, 2020
unknown origin. Around January 2020, from analysis of Published: December 28, 2020
bronchoalveolar lavage (BAL) fluid of patients, it was

discovered that the pathogen shares a similar genetic

constitution with the betacoronavirus B lineage. It had 50%

primarily causes upper respiratory infection and manifests flu-
like symptoms. However, recent reports suggest that it also
infects the gastrointestinal tract, urogenital system, circulatory

7-9
system, and central nervous system.
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Figure 1. Functional nanomaterials in therapy and diagnosis of SARS-CoV-2.

Lack of fidelity of viral polymerases and frequent genetic
recombination are possible contributors to natural selection
and zoonotic transmission of the virus from bats to humans.
RaTG13, a SARS-like coronavirus infecting bats, has ~96%
overall homology to SARS-CoV-2. They diverge primarily in
the receptor-binding domain (RBD) of spike protein, for
which SARS CoV-2 shares similarity with pangolin coronavi-
ruses. Therefore, bats are considered a primary host and
pangolins an intermediate host for the virus."

The human-to-human transmission of the disease is mainly
through large droplets produced from sneezing and coughing,
from an infected individual. Nevertheless, recently the World
Health Organization (WHO) suggested possible airborne
transmission."" Apart from respiratory droplets, the presence of
the virus has also been confirmed in fecal samples of infected
individuals.'” Healthcare workers are more susceptible to
human-to-human transmission due to their proximity to
infected individuals with heavy viral load. Swab samples from
inanimate surfaces in healthcare environments have also been
found to bear viruses, which can increase the risk of
transmission. Therefore, personal protective equipment
(PPE) is essential to keep healthcare workers safe while
executing their tasks. The consequent steep surge in PPE
requirements for medical workers has led to their reuse and the
problem of safe disposal.

While a large proportion of scientific resources are
comprehensibly devoted to diagnosis and treatment, the
importance of nanotechnology has not been sufficiently
explored in the fight against viruses. One possible direction
for investigation is the use of nanomaterials to combat viral
resistance to conventional therapies; this resistance may be due
to the exponential adaptation of viruses through mutation 1n
the peripheral protein sequence, resulting in new viral strains."
Additional efforts can be made to limit the spread of the virus.
Nanotechnology can offer great support in the design of

32

contamination-safe equipment in this era of pandemic diseases.
In our previous articles, we have discussed in detail potential
therapeutic targets and drug repurposing to combat SARS-
CoV-2.""* Here, we elaborate on the role of nanotechnology in
therapy as well as diagnosis of SARS-CoV-2, and also for
suppressing its spread and transmission (Figure 1). Given that
pandemics have become a recurring phenomenon in the world,
our array of nanomaterials will bring many technical
approaches to address existing and future public health
emergencies.

2. NANOCONSTRUCTS FOR VIRUS-DISABLING AIR
FILTRATION

Adequate and effective PPE is crucial for health professionals
and the general public to prevent the spread of SARS-CoV-2."
The use of masks has formed an integral part of a full
prevention and control package that can minimize the spread
of respiratory viral conditions like COVID-19.'° However,
there is no inherent antimicrobial or antiviral intervention in
the currently available PPE, thereby providing people with only
passive barrier protection. The PPE limits the release of
microbes/viruses into the air but does not inactivate or prevent
the spread of microbes/viruses in the filter media.'"” HEPA
filters can claim to trap the virus particle but not kill them.
Hence, the development and rapid production of face masks
and other protective materials that can destroy the microbe/
virus along with immobilization of the aerosol droplets
represents a big step forward to limit SARS-CoV-2 trans-
mission. Several nanotechnology-based interventions using
suitably designed materials for containment, diagnosis, and
treatment of COVID-19 are currently being developed and
implemented, e.g., deposition of Ag nanoparticles on the filter
surface, use of photocatalytic materials, carbon materials, or
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Figure 2. Schematic representation of virus inactivation due to coating with metallic nanomaterials.

catechin based filters can show virucidal activity. The general
mechanism is shown in Figure 2."°

Graphene oxide has been used as a platform for inhibition of
viral helicase. Studies with SARS-CoV and HCV NS3
helicase'” have shown that viral helicase adhered to the
surface of graphene oxide by z—n stacking interactions
between hexagonal units of graphene oxide and nucleotides.”’
This facilitates the use of graphene as a crafted material to
boost barrier properties of the mask against bacteria and
viruses.”' Multifunctional “nanoflowers” of transition metal
dichalcogenides can accommodate a high proportion of
nanoparticles and molecules on their surfaces and edges,
thereby inactivating pathogens by disrupting their cellular
functions. Because of their unique properties, like high air
stability and strong substrate adhering nature, the virus is
quickly detected and inactivated by these nanoflowers, making
them suitable for use in various formats—they may, for
example, be sprayed as aerosols or deposited on masks.*”
MXenes are 2D carbides and nitrides of hydrophilic nature and
bear a negative charge.”® They act as a protein magnet by
which the peplomers of the viral spikes (specific amino acids)
can be adsorbed, immobilized, and deactivated. The inherent
photocatalytic activity of MXenes helps to degrade the virus
when adsorbed.””** Research by Le et al. focused on the
manufacture of a photocatalytic air filter made of TiO,
nanoparticles deposited on the surface using a simple sol—gel
technique. The nanomaterial was then deposited inside a
quartz tube, which was placed in an air cleaner. Nano-Ag
deposited on polypropylene was used as a prefilter, which
showed antibacterial effects that could be further studied for
virucidal effects, especially during the ongoing COVID 19
pandemic.”® In India, studies are ongoing for N9 blue nano-Ag
(highly potent antimicrobial agent) modified with Zn
compounds to form nanocomplexes, which could work
synergistically as an antiviral agent and be applied as coatings
to face masks or other PPEs, thus increasing their efficiency
and shelf life.”” An active virus filter made of a thin carbon
nanotube mat named TorStran has been developed, which
shows good air permeability and filtration properties, enabling
it to capture and instantly deactivate airborne/aerosolized
droplet viruses.”® Most filters lose their efficiency when
exposed to water due to diminished electrostatic function,
causing them to deform, making it nearly impossible to reuse
them. Water-resistant reusable nanofibers can be designed and
implemented. One study focused on optimizing the perform-
ance of nanofibers by using the insulation block’s electro-
spinning process to create PVDF electret nanofibers that were
charged using corona discharge, showing greater than 90%
capture of facsimiles of airborne COVID-19 particles
(simulated using 100 nm sodium chloride aerosols).””*"
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Another demonstrated the antiviral effect of Ag nanocluster/
silica composite when coated directly onto the facial mask.
They also stated that the coating can be used on different types
of filter media as well as on metal, ceramic, glass, and polymer
surfaces.’’ Hence, metal oxides or other organic metal
frameworks must be encouraged, as they possess a strong
virucidal effect, and would be useful in confined circumstances
such as emergency wards, vehicles, hospitals, etc.

3. INORGANIC NANOCONSTRUCTS FOR PERSONAL
PROTECTIVE EQUIPMENT

During the 2002 SARS-CoV outbreak, infection through
contaminated PPEs accounted for about 20% of all infections
among healthcare workers.>> Therefore, anti-adherent surface
coating of these PPEs with antimicrobial substances, which can
greatly reduce the spread of such infections, must be pursued.
Various metal-based nanoparticles are known to possess
antibacterial and antiviral properties. The main mechanism
involved in containing the spread of infectious pathogens is
membrane disruption. Since nanoparticles have a high surface
to volume ratio, they can have greater interaction with
microbes. Thus, modifications of the structural properties of
nanoparticles can also enhance the antimicrobial effect. An
antiviral property exhibited by a coating of hybrid nano-
particles made up of Ag, Cu, and Zn on a glass surface
demonstrated that not only post-exposure, metal nanoparticles
can also be used as a barrier to restrict the virus spread.””
3.1. Copper Nanoparticles as Antiviral Coating.
Copper metal nanoparticles have been studied for their
antimicrobial effects. Hang et al. studied the inhibitory
property of cuprous oxide nanoparticles (CO-NP) against
Hepatitis C Virus (HCV) infection. Their work demonstrated
that CO-NPs at nontoxic concentrations were able to
significantly inhibit attachment and entry of HCV pseudo-
particle (HCVpp).** Cu metal nanoparticles were also effective
in inactivating the human coronavirus through an ROS-
dependent mechanism.”> Owing to these properties, Cu
nanoparticles have been used as an antiviral coating material.
A mask containing nanofibers embedded with CuO has been
developed by the Respilon group and customized in shape to
fit more appropriately. It can filter out viruses, and CuO
present on the nanofibers is assumed to kill trapped viruses.*®
3.2. Zinc Nanoparticles as Antiviral Coating. Similar to
copper, Zn divalent metal ion is also effective as an antiviral
agent. In a study conducted to understand the inhibitory effect
of metal ions on viral replication, different metal ion conjugates
such as Hg*', Zn®*, and Cu” were tested. Among all metal ions,
Zn** exhibited more effective inhibitory properties.”” Zn** ions
and Zn** ionophores have been demonstrated to effectively
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inhibit replicase and RdRp enzymes of SARS at a molecular
level.*® PEGylated ZnO nanoparticles were effective in
reducing the number of copies of herpes simplex virus-1
DNA.” In addition to the antiviral property at biomolecule
interface, coating of surfaces with ZnO makes the surface water
repellent and thus helps protect against contamination with
any body fluids/droplets such as blood.”” A team from IIT-
Delhi, India has formulated an N9 blue nanosilver and Zn
combined nanoparticle coating to make PPE surfaces virus-
resistant.”'

3.3. Graphene Oxide as Antiviral Coating. Several
Coronavirus response researchers and firms are revisiting
graphene oxide (GO) as a material with known antiviral
potential. GO may provide a framework for combating a
variety of viral infections such as SARS-CoV-2 and possibly as
a coating, as its antiviral activity has been explored by many
researchers.”” A research study conducted in 2015 examined
the antiviral properties of GO and concluded that GO and
reduced GO (rGO) exhibit broad-spectrum antiviral activity
against both DNA viruses (pseudorabies virus) and RNA
viruses (porcine epidemic diarrhea virus) at a non-cytotoxic
concentration, which may shed new light on the design of
novel virucides.”” In a study conducted in 2016, feline
coronavirus (FCoV) and infectious bursal disease virus
(IBDV) were picked as enveloped and nonenveloped viruses,
respectively, to test the antiviral efficacy of GO-Ag (Silver)
based nanocomposites. FCoV is a single-stranded RNA virus
with a lipid envelope, belonging to the Coronaviridae family.
IBDV is a double-stranded, nonenveloped RNA virus and
belongs to the Birnaviridae family, genus Avibirnavirus. GO
sheets with silver particles displayed antiviral activity both
against enveloped viruses and nonenveloped viruses, while GO
sheets alone could only constrain infection with non-cytotoxic
concentrations of enveloped viruses. Another research study
published in 2017 examined the possible role of cyclodextrin
functionalized GO in combating respiratory syncytial virus
(RSV), and concluded that the functional GO loaded with
curcumin was confirmed to demonstrate highly efficient
inhibition of RSV infection and high biocompatibility with
host cells.** Similarly, researchers published a study in 2019
showing that GO/HY (hypericin) has antiviral activity against
NDRV (novel duck reovirus), both in vitro and in vivo.” The
inference we may draw from these works is that graphene
oxide provides a suitable base for combating a variety of viral
infections (such as the SARS-CoV-2), probably as some sort of
coating, but further research is certainly required.

3.4. Functional Materials Impregnated as Nanofibers
for Mask. Nanofiber frameworks are made of a thick
spiderweb-like network, which has a large surface area. These
membranes are integrated into respiratory masks, ensuring
higher breathability and filtration efficiency. The most widely
used face masks, called N95 masks, screen out up to 95% of
fine pollutants with a diameter of at least 300 nm.** The
researchers have designed and evaluated a highly breathable
material based on nanofiber-based cellulose that is capable of
removing nanoparticles of virus size. This new material which
removes nanoparticles is developed to be used in biodegrad-
able, antipollution masks as a disposable filter cartridge.”” This
is a significant factor especially for those for whom it is
necessary to wear masks for long durations or those with
existing respiratory conditions: the greater the breathability,
the higher the comfort and the lower the fatigue.
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3.5. Metal Nanoparticles for Antiviral Face Mask
Products. Metal nanoparticles, especially silver nanoparticles
(AgNPs), are well recognized for their antiviral activity. They
act as inhibitors of viral replication and rely on the target virus
for their viricidal action. For example, in the case of the HIV-1
virus, the AgNP capacity to inhibit viral entry in host cells was
documented, showing that AgNPs can interact with cell
receptors.”> Concerning double-stranded RNA (dsRNA)
viruses, AgNP was found to interact with a viral genome,
inhibiting viral replication. Similarly, biocompatible polymer
stable gold nanoparticles (AuNPs) demonstrated antiviral
activity against HIV-1 and other influenza virus subtypes (e.g.,
HIN1, H3N2, HSN1). It has also been shown that gold
nanoparticles coated with sulfated ligands, silver nanoparticles,
and hybrid silver—copper nanoparticles can bind the HIV
envelope glycoprotein gpl20 and inhibit cellular HIV-1
infection in vitro.***’ Furthermore, a size-dependent HIV-1
infection (size 1—10 nm) was identified.”” It has also been
shown that functionalized AgNPs (e.g., with tannic acid and
mercaptoethane-sulfonate) are capable of preventing HSV
infection by specifically inhibiting virus binding, penetration,
and spreading post-infection.””" These antiviral metal nano-
particles could be of great help in enhancing a mask’s efficacy.
They can be used to modify surgical masks and respirators,
crucial objectives in combating the spread of COVID-19.

4. NANOARCHITECTRONICS IN DIAGNOSIS AND
DETECTION OF COVID-19

Currently, the RT-PCR or qRT-PCR method is consistently
employed for diagnosis of SARS-CoV-2. Despite this being the
gold standard method, it has been found in some cases to give
false negative or false positive results. The reason for this
discrepancy arises in patients with early stages of infection
where the viral load is low. Other issues related to the method
are that it is expensive, requires technical expertise, and is time-
consuming. These reasons limit its use for widespread clinical
diagnosis, and it is a huge public issue presently. Rapid and
precise methods based on nanotechnology are underway to
alleviate these drawbacks. Here, we discuss some recent
developments in nanotechnology-based diagnosis and detec-
tion of the SARS-CoV-2.

4.1. Current Diagnostic and Detection Tests Involv-
ing Nanotechnology. Point-of-care testing methods are
under development that have the advantage of testing patients
in communities without laboratory infrastructure. One type of
commercial lateral flow assay uses membrane strips coated
with gold nanoparticle—antibody conjugates in one line and
capture antibodies in another line. The test sample is placed on
the membrane and capillary action causes the proteins in the
sample to be drawn across the strip. When they pass through
the first line, the antigens bind with the gold nanoparticle—
antibody conjugates and the complex travels along the strip.
When the second line is reached, capture antibodies cause the
complex to be immobilized and a red or blue colored line is
produced. Gold nanoparticles alone are red, but when they
form a cluster, the blue color is seen due to plasmon band
coupling. For IgM, a clinical sensitivity of 57%, a specificity of
100%, and 69% accuracy was obtained by this method. For
IgG, 81% sensitivity, 100% specificity, and 86% accuracy were
obtained. For a test detecting both IgM and IgG simulta-
neously, 82% clinical sensitivity was obtained. The sensitivity
obtained by qRT-PCR was 51.9% indicating that there was a
significant difference in the sensitivity of the two methods.>”
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Figure 4. Illustration of the “naked-eye” detection method for SARS-CoV-2 RNA.

Mertens and a group from Coris BioConcept developed a
“Respi-strip” immunochromatographic assay using a mem-
brane with colloidal gold nanoparticles. The monoclonal
antibodies used for the assay were against the nucleocapsid
protein of the virus. This method provided results in
approximately 15 min using nasopharyngeal specimens of
symptomatic patients. Compared to qRT-PCR (gold stand-
ard), this assay had less diagnostic sensitivity, but it still serves
as a complementary test to the current molecular techniques,
because of its requirement of just 15 min testing time and a
specificity of 99.5%. This kind of rapid diagnostic assay ofters
immediate positive confirmation of the suspicion of a COVID-
19 infection so that the patient can be isolated and cared for at
the earliest.” A lateral flow assay using lanthanide-doped
polystyrene nanoparticles (LNPs) was developed by Chen et
al. to detect anti-SARS-CoV-2 IgG present in human serum as
illustrated in Figure 3. The nitrocellulose strip had a
recombinant nucleocapsid phosphoprotein of the virus
embedded onto it.

The fluorescent reporter used was mouse anti-human IgG
antibody labeled with the self-assembled lanthanide-doped
polystyrene nanoparticles. This assay could be completed in 10
min and showed consistent results for samples tested by RT-
PCR, as well as clarifying suspicious results. The accuracy of
the developed method was found comparable to that of RT-
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PCR>* However, serological or antibody-based detection
assays are not appropriate for early-stage patients, as the
incubation period of the virus is too short to elicit an immune
response.

Another colorimetric assay has been developed using gold
nanoparticles capped with antisense oligonucleotides suitably
modified with thiol and targeting the nucleocapsid phospho-
protein (N-gene) of the SARS-CoV-2. This diagnostic test
requires as little as 10 min to produce results. The detection is
done through surface plasmon resonance (SPR), which
demonstrates a change when the antisense oligonucleotide
capped gold nanoparticles bind to their target sequence in the
virus. The method is referred to as a “naked-eye” colorimetric
method with the use of SPR and is depicted in Figure 4.7

Quantum dot barcode technology is under development for
diagnosis of the SARS-CoV-2. This was initially clinically
established by Kim et al. for the diagnosis of the Hepatitis B
virus. Quantum dots to be used as barcodes have several
advantages including better discrimination, identification, and
capability of designing multiple barcode signals, as their
properties can be tuned by modifying the chemical
composition, size, and shape. Multiplexed quantum beads
that can capture viral DNA and detect it have been
employed.”*® Magnetic nanoparticles coated with poly(amino
ester) with carboxyl groups were used to develop a sensitive

https://dx.doi.org/10.1021/acsbiomaterials.0c01243
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Figure 5. Schematic illustration of RNA-extraction aided by zinc ferrite nanoparticles.

detection method based on RNA extraction. This method
provides an efficient extraction of the viral RNA bound to the
nanoparticles which are then determined by RT-PCR. This
process is simple, requires less time as lysis and binding steps
are combined, works with both manual and high-throughput
automated systems, and is also highly sensitive.”’ Reverse
transcription loop-mediated isothermal amplification com-
bined with a biosensor based on nanoparticles was developed
for the diagnosis of COVID-19. The method uses Flab and np
gene amplification of the SARS-CoV-2 and its subsequent
detection in a one-step single-tube reaction. The described
method was sensitive, specific, rapid, and accurate, and no
cross-reactivity was observed from clinical studies. Comparison
with RT-PCR results showed that consistent results were
obtained by the developed assay. The sensitivity and specificity
of the proposed assay was found to be 100%.>® Zinc ferrite
(ZNF) based magnetic nanoparticles surface-functionalized
with carboxyl containing polymers were used in the develop-
ment of an RNA-extraction protocol for SARS-CoV-2. ZNF
was the material of choice, because it is easy to prepare, has
soft magnetic behavior and high chemical stability, and is
biocompatible. Because of the carboxyl modifications on the
nanoparticles, the viral RNA could be easily attracted and
adsorbed. This was an automated process to extract viral RNA,
which could subsequently be tested through RT-PCR as shown
in Figure S. Therefore, this method attenuated the
cumbersome process of RT-PCR to provide ease of operation
through automation, the requirement of less time, and high
purity and productivity.”” Gold nanoislands were designed as a
plasmonic chip to detect the nucleic acid of SARS-CoV-2 by a
combination of plasmonic photothermal effect and localized
SPR. The two-dimensional gold nanoislands functionalized
with DNA receptors complementary to the virus were able to
generate local heat (when illuminated at their plasmonic
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frequency), which acted as the heat source for uniform and
controllable hybridization for sensitive detection of the virus.
Precise detection was achieved with a lower detection limit of
up to 0.22 pM.éO

Detection kits based on lateral flow assays using colloidal
gold nanoparticles have been approved by WHO. These
include test kits developed by companies such as Guangzhou
Wondfo Biotech Co. Ltd. and Innovita (Tangshan) Biotech
Co. Ltd.°" Sree Chitra Tirunal Institute for Medical Sciences
and Technology in conjunction with Agappe Diagnostics Ltd.
has launched an RNA extraction kit based on nanotechnology.
It uses magnetic nanoparticles to capture and extract the viral
RNA from the sample. The kit is useful in obtaining
concentrated, purified RNA at an affordable cost.”

Clustered regularly interspaced short palindromic repeats
(CRISPR) associated (Cas) proteins or the CRISPR effectors
are a vast group of proteins present in bacteria and archaea,
and are known to have a role in their adaptive immunity. They
have the ability to recognize and cleave specific nucleic acid
sequences from foreign objects such as invading viruses. Some
of these Cas proteins have been investigated for their role in a
vast range of applications related to diagnostics. Two such
methods are SHERLOCK (“specific high-sensitivity enzymatic
reporter unlocking”) and DETECTR (“DNA endonuclease
targeted CRISPR trans reporter”). The former method makes
use of Casl3a protein from the Casl3 family and the latter
uses Casl2a from the Casl2 family. These two methods have
found importance in the detection of a number of infectious
diseases. Detection of both viruses and bacteria has been
possible with the SHERLOCK assay. Single-stranded flavivi-
ruses like Zika, West Nile, Dengue, and Yellow fever viruses
and HIV could be detected by the SHERLOCK method, while
DETECTR was initially developed as a detection tool for the
human papillomavirus.”*~* The SHERLOCK method is a
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versatile tool in the clinical scenario as it could be used for
strain discrimination within viruses, detecting antibiotic
resistance genes in bacteria, patient genotyping, and identifying
cancer-related mutations in cell-free DNA.®® A method based
on CRISPR-Cas9 was developed by Koo et al. for detection of
illnesses which are tick-borne, namely, scrub typhus and SFTS
(“severe fever with thrombocytopenia syndrome”). The
sensitivity of the assay was highly improved compared to
that of traditional RT-PCR.®” The detection limit of these
methods could reach the attomole range, that is, even single
molecules can be detected.

Colorimetric and visual methods using CRISPR-Cas have
been reported for the detection of disease-causing viruses.
Detection of African swine fever virus using the CRISPR
system and magnetic bead bound quantum dots has been
developed by Bao et al.”® Gold nanoparticles and Cas12a have
been used to develop a system for the detection of red-blotch
viral infection from grapevines.”” The SHERLOCK method
has been evaluated for the detection of SARS-CoV-2 by using
the CRISPR-Casl3a system together with a reporter group
consisting of gold nanoparticles. Clinical samples were tested
by the developed method showed 100% specificity and
sensitivity when used in a fluorescent readout. The sensitivity
in the case of the lateral-flow readout was 97%. The limit of
detection per reaction was 42 RNA copies. The samples used
were nasopharyngeal and throat swabs, and no cross-reactivity
was observed. The method was proposed for the assessment of
preoperative patients. Comparison with RT-PCR results
showed that both were in complete agreement.”” A simple
and rapid assay called the “all in one dual CRISPR-Cas12a” has
recently been developed for the detection of SARS-CoV-2 with
high sensitivity and high detection specificity. It can be carried
out as a single tube reaction and provides visual detection for
which it could be used as a point-of-care test.”' FELUDA
(“FnCas9 editor linked uniform detection assay”) was
developed as an alternative tool for detection of SARS-CoV-
2 and was able to distinguish between two different SARS-CoV
sequences differing by a single nucleotide. It provides a rapid,
accurate, and low-cost detection platform.”

Such alternative methods for detection of infectious viruses
provide the possibility of conducting tests outside the
laboratory without the need for sophisticated instrumentation
and trained personnel. The use of these rapid and field-
deployable tests would lessen the reliance on the existing RT-
PCR tests and can be routinely used in locations outside
proper diagnostic laboratories.

5. NANOCONSTRUCTS—MICROBIOME INTERFACE
FOR COVID-19 THERAPY

Nanotechnology solutions could also potentially alleviate
COVID-19 infection by their intrinsic reactivity with the
“microbiome”. Our body hosts trillions of microbes such as
bacteria, fungi, and viruses colonized in different anatomical
sites such as the skin, oral cavity, respiratory canal, and
gastrointestinal tract. These tiny traders collectively referred to
as the “microbiome” are commensals, and their distribution is
spatially regulated. They form an intricate network by
synergistic participation in a range of physiological processes
of the host such as nutrition absorption, protection of host
tissues, and regulation of immune responses.73 Thus, the
microbiota is regarded as the dynamic “hidden organ” of our
body.”* Healthy tissues are characterized by the presence of
diverse microbial communities, and microbial populations

37

dominating these varied host anatomical sites are also different.
For instance, Firmicutes and Bacteroidetes are the major
communities in the nasal microbiota, while lung tissue is
dominated by Bacteroidetes. Gut tissue also hosts Bacter-
oidetes along with Firmicutes and Proteobacteria.”*’® Impair-
ment in the community composition termed “dysbiosis” has
been associated with various diseases, from cancer to
neurodegenerative diseases. Besides these multifactorial
diseases, alterations in the microbiome are also observed
during pathogenic microbial infections. Viruses are the
common pathogen that our body often encounters, and
these infections could alter the microbiome diversity. Lungs
are the primary host site for SARS-CoV-2, with high expression
levels of the ACE-2 receptor. SARS CoV-2 infection causes
histological and functional damage to the lung tissue leading to
pulmonary hypoxia. These tissue modifications caused during
COVID-19 alter the native tissue condition leading to the
growth of anaerobic bacteria, lung flora contamination by oral
microbiota, and other opportunistic pathogens, thus causing
lung microbiome dysbiosis, which could further worsen the
lung inflammation and susceptibility to pneumonia.”’

Viral infections are also are reported to alter the gut
microbial community leading to variations in the intestinal
metabolic profile and gut-mediated immune responses.”””’
The intestinal epithelium also, similar to lung tissue, expresses
the ACE-2 receptor, which increases its susceptibility for SARS
CoV-2 infection. A detailed analysis of patient samples that
tested positive for SARS CoV-2 demonstrated the infiltration
of lymphocytes into the inner layer of the stomach, duodenum,
and rectal tissues indicating infection and local inflammation.
Immunohistological examinations demonstrated the presence
of viral nucleocapsid protein and ACE-2 receptor in the
epithelial cells of gastrointestinal tissues further confirming the
intestinal SARS CoV-2 infection.”” Besides respiratory
symptoms, clinical case studies of the COVID 19 infected
patients demonstrated the presence of SARS-CoV-2 viral load
in stool samples even after seroconversion.®' In some cases, the
stool samples tested positive for the virus even longer than the
oropharyngeal swabs and also in the absence of obvious
respiratory signals associated with SARS CoV-2 infection.*”
These reports indicated hijacking of gut tissue by SARS CoV-2,
which could result in longer-lasting infection of the gut than
the lung tissue. As the gut microbiome plays a host protective
role in such viral infections, a prolonged presence of viral load
in fecal samples suggested that SARS CoV-2 infection disrupts
the gut defending wall, viz., gut microbiota, by disturbing the
commensal microbial populations.

A cross-sectional study with 16S rRNA gene sequencing
confirmed that gut microbial diversity is compromised with a
relative abundance of Streptococcus in COVID-19 infection.®” A
recent study analyzing stool samples of hospitalized patients
indicated a depletion of anti-inflammatory microbes such as
Faecalibacterium prausnitzii and other symbiotic bacterial
species, while the samples were enriched in opportunistic
pathogens such as Clostridium and Actinomyces which are
known to cause bacteremia. This alteration was observed
irrespective of antibiotic administration.®” Thus, these reports
indicating changes in microbial communities along with
increasing evidence of the gastrointestinal symptoms asso-
ciated with COVID-19 confirmed that SARS CoV-2 indeed
caused the dysbiosis of gut microbiota.**

An interesting question to be raised here is whether changes
in gut microbiota are post SARS CoV-2 infection in lungs, or
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due to concomitant infection in the gut itself. Although this is
yet to be explored, previous reports with the infection models
involving respiratory viruses such as Influenza A virus (IAV)
and Respiratory Syncytial Virus (RSV) demonstrated dis-
ruption of the intestinal mucosal layer, altered gut microbial
diversity, and elevated antimicrobial peptide levels,®*
indicating the involvement of the lung—gut axis during
respiratory viral infections. During SARS CoV-2 infection,
damage caused to the intestinal lining leads to elevated
immune responses which can result in multiple organ failure,
while infection from the lungs could reach the intestine
through circulation. Cross-contamination of microbiota
between lungs and gut has also been reported.”” Although
gut and lung are anatomically distinct, these experimental
findings imply the involvement of the lung—gut axis and
interactions of the microbiota of both these tissues in the
pathological outcomes and immunological responses during
viral infections.

With the understanding of the involvement of microbiota in
SARS-CoV-2 infection, mitigating the microbiota could be an
effective adjuvant in COVID-19 treatment. For this, a system
with precise and tailorable properties is required. Since
nanoparticles have intrinsic antiviral properties and can be
easily modified for targeted applications, the nanotechnology
aided approach would be an ideal method to target microbiota.
Although fecal microbial transplantation has demonstrated
promising results, there is an effort to understand if
nanotechnology also could aid in the microbiota targeted
therapy. Metal nanoparticles such as Ag NPs or Au NPs are
recognized for their antimicrobial properties. In a murine
model experiment, the animal was orally dosed with well-
characterized AgNPs for 28 days to check their effect on gut
microbiota. The results demonstrated that unlike broad-
spectrum antibiotics, the administration of AgNPs did not
affect the resident microbial diversity.*® Similar to AgNPs,
AuNPs also exhibit antimicrobial properties. Another report
demonstrated that Au nanoparticles can form a complex with
bacteria, and this interaction would influence their biological
activity including the interaction with host cells, their uptake,
and signaling. However, the interaction was reduced when the
nanoparticles were coated with biomolecule corona.*

Through nanotechnology, one can also consider delivering
the modified particles which could specifically interact with the
pathogenic strains, or the nanoparticles can be designed to re-
establish the strains which are normal residents, thereby
balancing the dysbiosis. Though the nanotechnology and
microbial interface is an emerging concept, it could be a more
patient-friendly therapeutic approach. If the nanoconstructs
successfully make peace with our microbiota, then it could be
an important adjuvant therapy in infectious diseases such as
COVID-19. Apart from therapy, nanotechnology can also be
applied for the development of diagnostic tools for rapid
detections of SARS CoV-2 infection such as breath analyzers
and ingestible sensors.”’~"*

The microbiome by its host-protective nature demonstrates
some important pathways and strategies to defend against
pathogenic infections. Commensal microbes can trigger
immune responses locally and also at distal sites during viral
infections. One of the pathways the microbiome triggers as a
protective mechanism is stimulating interferon production and
activation of immune cells.” Interferon (INF) is an important
member of the cytokine family secreted during viral infections
for host defense. INFs trigger several cellular pathways such as
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JAK-STAT and MAP kinase pathways, thus conferring the
protection against pathogen indirectly.”* Type 1 INF, which
includes INF-a and INF-f, is the primary antiviral agent, and
many viruses evolve to evade INF L. Contradictory results have
been observed with the levels of INF-1 and COVID-19
infections. A study from peripheral blood mononuclear cells
(PBMCs) indicated low levels of INF-1 associated with severe
COVID-19 infection. In a recent report, it was observed that
SARS CoV-2 failing to counteract the STAT pathway of INF-1
is much more sensitive to INF-1 when compared to SARS
CoV.”® These findings indicate that INF therapy could help in
mitigating the COVID-19 pandemic.”

6. THERAPEUTIC NANOCONSTRUCTS IN COVID-19
THERAPY

In terms of therapy, application of nanotechnology includes
the use of various types of nanomaterials and nanoparticles
(NP) like inorganic NPs, peptide-based NPs, polymeric and
lipidic based NPs, quantum dots, and graphene oxide. The
major advantages of nanotechnology over conventional drug
delivery systems, namely, the nanosize range of the particles,
targetability, biocompatibility, biodegradability, lower toxicity,
and the ability for surface modification open a window for site-
specific delivery of therapeutic agents, aid in the long
circulation time, and provide stability to the drug molecule
encapsulated inside the NP. Concerning virus-related diseases,
nanotechnology has proven to be a promising technology in
nanodrug design/production and vaccine design against viral
infections. NPs are capable of interfering with the replication of
the virus, thereby preventing its entry into the cell, and the
large surface area of NPs facilitates the incorporation of large
drug payloads;”” NPs are known to enhance the bioavailability
and stability of the antiviral drugs, and their surface
modification enhances the versatility of the NPs, facilitating
targeted delivery of the drug molecules across various cellular
membranes;”® NPs have biomimetic properties by virtue of
which they are also known to have virucidal activity against a
host of viruses;”” NPs are engineered moieties which decrease
the chances of drug resistance and protect drug molecules from
possible degradation. Nanodrug therapy also opens the door
for personalized therapy to treat viral infections.'”” These
advantages have led to the development of innovative methods
and approaches, including the development of multifunctional
bioengineered nanomaterials, (green nanomedicine, and bio-
mimetic drug carrier systems.1 !

For addressing a respiratory virus like SARS-CoV-2,
biocompatible NPs and polymers are being developed that
can penetrate and overcome the barriers of the mucus
membrane and act in the lung tissue to inactivate the virus
and/or inhibit its interaction with host cells, with minimal
toxic/adverse effects.'*"'**

Nanotechnology-based therapy to combat COVID-19 has
been gaining a lot of attention currently. The three key aspects
to be considered in developing nanobased therapeutics to treat
SARS-CoV-2 infection are the nanoformulations developed
should be capable of protecting the host cell, should be capable
of inhibiting the attachment of the virus to the host cell
receptors, and should be able to restrict the entry of the virus
into the cell and prevent the spreading of the infection.'”
Metallic NPs (silver, gold, iron), inorganic NPs, lipidic and
polymeric NPs, spike protein NPs, peptide-based NPs,
graphene oxide-based NPs, and quantum dots are a few of
the NPs that are currently being investigated for the treatment
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Table 1. Nanotherapeutics for the Treatment of Viral Infections”

type of NP target virus mechanism of action refs
Silver Nanoparticles (AgNP)
Silver sulfide Nanoclusters (Ag,S— PEDV Inhibition of viral budding and negative RNA strand synthesis 116
NC)
Amantadine coated AgNP HINI1 Inhibition of viral entry into the host by preventing DNA fragmentation and reversal of virus- 117
induced apoptosis by decreasing the accumulation of ROS
Silver nanoparticles SARS-CoV-2 Virucidal activity against SARS-CoV-2 by altering the pH of the respiratory epithelium 118
Selenium Nanoparticles (Se NP)
Amantadine — Se NP HIN1 Inhibition of neuraminidase activity, thereby preventing the interaction of HIN1 virus with the 173
host cell
Oseltamivir — Se NP (OTV-SeNP) HINI1 OTV-SeNP inhibits the activity of hemagglutinin with low toxic effects and prevents the 174
interaction of the virus with the host cell
Graphene Oxide (GO)
Curcumin—GO nanocomplex RSV Inhibits the viral replication by directly acting on the virus, thus providing synergistic antiviral 126
activity against RSV
GO derivatives HSV-1 Inhibits the viral entry and spreading mimicking the heparan sulfate receptor and competitively 127
binding to HSV-1 virus
Curcumin — carbon dots PEDV Inhibition of proliferation and viral entry into the host cell by structurally altering the surface 128
proteins of the virus
GO sheets Feline GO sheets caused the aggregation and rupture of the viral envelope by attaching to the 175
coronavirus sulfhydryl group of the protein
Anti-retroviral drug conjugated — GO HIV Conjugation of the anti-retroviral drug with GOQD increased the targetability of the drugand 176
quantum dots (GOQDS% inhibition of the viral replication cycle
Boronic acid conjugated quantum Human Inhibits the viral replication cycle in a concentration-dependent manner 177
carbon dots coronavirus
—229E
Mesoporous Silica Nanoparticles (MSN)
Glycosaminoglycan mimetic MSN HSV-1/2 Inhibition of viral entry into the host cell by competitively binding to viral glycoproteins 129
Mesoporous silica nanoparticles HIV/RSV MSN binds to the virions and suppresses the viral activity at a lower concentration 178
(MSN)
Polymeric Nanoparticles (PNP)
Diphyllin and Bafilomycin—PEG- HIN1 Greater antiviral activity in vitro by increasing the therapeutic index of the drugs by 3—5 folds 136
PLGA NP
Acyclovir—chitosan nanospheres HSV-1 and 2 Inhibition of proliferation and higher antiviral activity 138
Lopinavir — ritonavir — efavirenz — HIV Provided sustained release of all three drugs for a prolonged period 139
PLGA NP
Solid Lipid Nanoparticles (SLNs)
Efavirenz — SLN HIV To increase the bioavailability and to provide a controlled release of the drug in the treatment 179
of HIV infection
Lopinavir — SLN HIV To increase the bioavailability of lopinavir and inhibit the viral load accumulating at the oral 180
lymphatic region
Dendrimers
Efavirenz — dendrimers HIV Dendrimers increased the cellular uptake of the drug by macrophages and monocytes thereby 146
enhancing the efficacy and decreasing the toxicity of the drug
Acyclovir thiolated dendrimers HIV To provide sustained release and enhanced mucoadhesion of the drug 147
Carboxylate polyanionic dendrimer MERS-CoV Effectively decreased the MERS-CoV plaque formation thereby reducing the viral infection 180
Peptide—polymer dendrimers HSV In vitro enhancement of the antiviral activity against HSV infection 181
Lipidic Nanoparticles (LNP)
Lopinavir — ritonavir — tenofovir — HIV To provide sustained release of the drugs and to enhance the intracellular concentrations of 182
LNP the drugs in lymph and blood
Liposomes (LP)
Indinavir — LP HIV To provide enhanced delivery of the drug and to maintain a high concentration of the drugin 151
the lymphoid tissue
Pulmonary proteoliposomes SARS-CoV-2 The liposome complex competitively binds to ACE2 receptors and prevents the entry of the 152
virus into the host cell
Stem Cells (SC)
Mesenchymal SCs SARS-CoV-2 To reduce pulmonary inflammation and edema caused due to SARS-CoV-2 infection 183

“PEDV, Procaine Epidemic Diarrhea Virus; HIN1, Influenza A Virus Subtype HIN1; SARS-CoV-2, Severe Acute Respiratory Syndrome Corona
Virus-2; HIV, Human Immune Deficiency Virus; RSV, Respiratory Syncytial Virus; MERS-CoV, Middle East Respiratory Syndrome Corona Virus.

of SARS-CoV-2 infection. These NPs can be prepared as a
solution or emulsion and can be administered to infected
patients either by delivering the antiviral/other therapeutic
agents via encapsulation into a virus-like NP or by conjugating
these therapeutic agents onto the NP surface.'”* Among the
various nanotechnological platforms, metal nanoparticles are
gaining wide attention for the treatment of viral infections.
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Silver (Ag), gold (Au), and iron (Fe) are some of the metals
that are widely exploited for their applications in treating viral
diseases. Detailed information on nanotherapeutics for the
treatment of viral infections is given in Table 1 and depicted in
Figure 6.

6.1. Silver Nanoparticles. Silver nanoparticles (AgNPs),
because of their innate antiviral activity against a broad
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spectrum of viruses, including HIV, HBV, HPV, MERS, SARS,
HIN1, RSV, HSV, monkeypox virus, hantavirus, and tacaribe
virus, have gained attention as a possible therapeutic approach
for various viral infections.'”> The mechanism of action of
AgNPs against a virus is not yet completely explored. In
general, AgNPs act on different stages of viral replication. They
inhibit the viral attachment to the host cell by interacting with
the viral cell surface followed by interacting with the viral
genome and inhibiting the replication and protein synthesis.'®
This observation was consistently backed by reports stating
that AgNPs either affect the structural integrity of the virus by
causing damage to the surface proteins or prevent the viral
attachment thereby inhibiting infection in the early
phase.'””'% The antiviral activity of AgNPs largely depends
on the tar%et virus, and they generally act as viral reproduction
inhibitors."”” Tt was reported that the antiviral activity of
AgNPs against HIV is mainly due to their interaction with the
cell receptors, and in the case of double-stranded RNA virus,
AgNPs inhibit the viral infection by interacting with the viral
genome."” Few reports also suggest that silver reacts with
amino, carboxyl, imidazole, and phosphate groups to denature
the enzymes and thereby inactivates the virus."'” AgNPs exert
their antiviral activity at the early stage of infection which
impacts on the rest of the viral replication cycle.'"'

AgNPs are also known to exert their antiviral activity by
selectively binding to sulfhydryl group-rich proteins and
destabilizing the protein by cleaving the disulfide bond, thus
rendering the virus inactive.''” The same antiviral action of
AgNPs has been observed in the case of HIV infection,
wherein the AgNPs inhibit the virus attachment to the CD4
binding domain of the %pIZO surface protein by interfering
with the disulfide bond."” Disulfide bonds play an important
role in the binding of SARS-CoV-2 spike protein with the
ACE-2 receptors, disrupting this viral binding by cleaving the
disulfide bond will essentially render the virus inactive.'"
Thus, it can be presumed that AgNPs exert their antiviral effect
on SARS-CoV-2 virus by disrupting the disulfide bond and
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impairing the viral attachment to the host cell. AgNPs also
interact with viral nucleic acids and are known to exert
intracellular antiviral activity.''* Jeremiah et al.'" reported a
reduction in the viral load in VeroE6/TMPRSS2 cells which
were pretreated with PVP-AgNPs. They attributed this partial
antiviral activity to the destruction of the disulfide bond
bridging the viral spike protein and ACE-2 receptors.' '
There are many reports published on the use of AgNPs
against viruses. Silver sulfide nanoclusters (Ag,S—NC) for the
inhibition of a-coronavirus and Procaine epidemic diarrhea
virus (PEDV) were developed. The results suggested that Ag,S
inhibits the viral negative-strand RNA synthesis, preventing
viral budding. The study also showed that the Ag,S—NC
successfully controlled IFN-stimulating gene proliferation and
decreased the expression of pro-inflammatory cytokines,
controlling the viral load on the host cell''® Amantadine, an
antiviral drug used in the treatment of HINI and currently
being considered for the treatment of SARS-CoV-2, has a
major limitation of drug resistance. To overcome this, AgNPs
were prepared to codeliver amantadine, wherein the AgNPs
were surface decorated with amantadine. These modified
AgNPs (AM-Ag NPs) prevented chromatin condensation and
DNA fragmentation and inhibited the activity of caspase-3,
blocking the entry of HIN1 virus into the host cell. The AM-
AgNPs also reversed virus-induced apoptosis by preventing the
accumulation of reactive oxygen species. Thus, the study
concluded that AM—AgNPs have virucidal activity against
HIN1 and can be used to prevent infection caused by related
viruses."'” A novel method for the treatment of SARS-CoV-2
has been developed which involves the delivery of water-
dispersed AgNPs along with bronchodilators to the lungs by
nebulization. The authors claim that AgNPs will kill the
coronavirus over the respiratory epithelium by virtue of the
antiviral and immunomodulatory effects of silver. Furthermore,
the pH of the respiratory epithelium will be altered to alkaline
by the silver ions leaching out of the NPs, making it a hostile
environment for the survival of the virus. However, in this case,
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the dose of the AgNPs administered should be titerd in order
to get better outcome in patients.118

6.2. Graphene Oxide. Graphene oxide (GO) is a two-
dimensional, single-atom unique carbon material which is
arranged in a hexagonal lattice.''” GO, because of its unique
properties like large surface area, optical transparency, high
carrier mobility, biocompatibility, high thermal conductivity,
high electron transport capacity at room temperature, and high
mechanical strength is a promising next-generation nanoma-
terial for various biomedical applications, including the
targeted delivery of the drugs.'””'”" The antiviral activity of
GO is mainly due to its ability to interact with the virus and
inhibit its entry and replication in the host cell.'”* The
physicochemical interaction of GO with the virus is mainly
ascribed to electrostatic interactions, hydrogen bonding and
redox reactions.””> GO acts against enveloped viruses like
SARS-CoV-2 through binding between the opposite charges
which lead to the association of the enveloped virus lipid tails
with the aromatic plane of GO. This association leads to the
aggregation of the virus followed by rupturing of the lipid
membranes by GO."** Further, GO interacts with the host cell
by controlling the orientation, protein adsorption, and
conformation of the host cell.'*®

Curcumin-loaded cyclodextrin (8-CD) functionalized GO
were developed to combat infection caused by RSV. The study
aimed at increasing the bioavailability of curcumin by
incorporating it in a GO—p-CD complex and thus providing
a synergistic antiviral activity. The experimental data suggested
that curcumin functionalized GO inhibits the virus from
entering the target cell and inactivates the virus by directly
interfering with the viral replication. The study concluded that
GO can be successfully used as an antiviral therapy for RSV
infection.'””* GO has also been used to inhibit HSV-1
infections. GO derivatives against HSV-1 infection were
developed that mimic the cell surface receptor heparan sulfate,
competitively binding to HSV-1 and thus decreasing cell-to-
cell spreading.127 Curcumin-loaded carbon dots (Cu-CD)
were developed to study the antiviral activity of CDs using
PEDV as a coronavirus model. The experimental data showed
that Cu-CD complex inhibits the proliferation and entry of
PEDV by structurally altering the surface proteins of the virus.
Furthermore, the replication of the virus was suppressed by an
increase in the production of proinflammatory cytokines and
interferon stimulating genes, making a case for their use in
treatment against PEDV and other coronavirus-related
infections.' >

6.3. Mesoporous Silica Nanoparticles. Mesoporous
silica nanoparticles (MSNs) are biocompatible and less
cytotoxic compared to other NPs, and because of their
multiple porous structures, both hydrophilic and lipophilic
drugs can be easily encapsulated when compared with other
nanostructures. There are many reports available of MSNs
used to deliver antiviral drugs. As an example, glycosamino-
glycan (GAG) mimetic functionalized MSNs were developed
to prevent the entry of HSV-1 and -2 viruses into the host cell.
The study showed that GAG—MSN acts as an antiviral agent.
GAG—MSN competes with heparan sulfate to bind to the viral
glycoproteins and thereby inhibits the viral entry into the host
cell and its subsequent proliferation and replication.'*

6.4. Polymeric Nanoparticles. Polymeric nanoparticles
(PNPs) are solid colloidal particles made up of biodegradable
polymers like polylactide—polyglycolide copolymers, poly-
(lactic-co-glycolic acid) (PLGA), polylactides (PLA), poly-
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caprolactones (PCL), and polyacrylates (PCA)."*°~"** PNPs
are more stable than any other nanoparticles in biological fluids
and under different storage conditions owing to their
polymeric composition. The drugs can either be covalently
bonded, entrapped, or adsorbed on to the polymeric matrix."**
PNPs are widely explored for their application in antiviral drug
therapy because of the following advantages: PNPs effectively
protect the drugs (protein, peptides, small molecules) that are
prone to degradation and have a short half-life, and
simultaneously enhance their solubility and bioavailability.
PEGylation of PNPs promotes even longer circulation times of
drugs in biological systems. PNPs effectively bypass the
recognition of the particles by the reticuloendothelial system
(RES) and decrease the chances of immune responses.' >

A research group developed PEG—PLGA NPs encapsulating
antiviral drugs diphyllin and bafilomycin for the treatment of
infection caused by the influenza virus. The results showed that
the NPs have greater antiviral activity and are less cytotoxic in
vitro in comparison with the free drugs thereby increasing the
therapeutic index of both diphylline and bafilomycin 3—5-
fold."*® Thermoresponsive polymer (TRP) nanoscaffolds for
the codelivery of RSV fusion (F) protein trimers with Toll-like
receptor 7 and 8 agonists (TLR 7/8a) were developed to
neutralize RSV infection. The conjugation resulted in increased
immunogenicity and enhanced binding capacity of F trimers to
TRP platform in delivering TLF 7/8a to more than 3-fold."*’
Acyclovir chitosan nanosphere-based topical formulations were
developed for the treatment of infections caused by HSV-1 and
-2. These nanospheres showed better permeation of the
acyclovir in the skin and higher antiviral activity in comparison
to the plain drug.'*® In another study, PLGA-based NPs
encapsulating a combination of three drugs—lopinavir,
ritonavir, and efavirenz (AR-NP)—were fabricated for the
treatment of HIV infection. The experimental data suggested
that the intraperitoneal administration of the AR-NPs showed
a sustained release of all three drugs from the AR-NPs over 28
days and significant inhibition of viral entry into the host cell in
comparison with the free drugs."*”

6.5. Dendrimers. Dendrimers are well-defined, nanosized,
monodispersed radially symmetrical molecules. These are
highly branched nanostructures which are polyvalent and
have a globular structure."*"™'** The dendrimers are mainly
composed of an outer shell, an inner shell, and a symmetric
core.'” They have the unique ability to encapsulate hydro-
phobic drugs in their core and can be functionalized by
attaching different functional groups onto their surface.'**
Dendrimers showed antiviral activity by interacting with both
extracellular and intracellular stages of the viral replication
cycle.'* For example, Efavirenz (EFV) encapsulated in fifth
generation dendrimers separately conjugated with mannose
and t-Boc-glycine. This dendrimer conjugate demonstrated a
prolonged release of the drug from the dendrimer form. The
cellular uptake of EFV by monocytes/macrophages from
mannose conjugated dendrimer was significantly higher when
compared with t-Boc-glycine conjugated dendrimer or the free
drug. This fact was mainly attributed to its targeting the lectin
receptors, while phagocytosis was the root cause for the uptake
of EFV from t-Boc-glycine conjugated dendrimer. The study
concluded that dendrimers can be used as a carrier to increase
the efficacy and reduce the toxicity of anti-retroviral therapy.'*°
In another study, thiolated cysteamine conjugated PAMAM
dendrimers were developed as a mucoadhesive drug delivery
system for the antiviral drug acyclovir. The results suggested a
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Figure 7. Nanoparticles-based therapeutic strategies for intranasal delivery of bioactives.

sustained release of the drug from the thiolated dendrimers.
Thiolated dendrimers proved to be a useful mucoadhesive
carrier for acyclovir as the bioadhesion of the thiolated
dendrimers was enhanced. The enhancement in mucoadhesion
was mainly attributed to the interaction of the thiol groups of
the conjugates with the cysteine-rich glycoproteins of mucin
present in the intestine by forming inter-disulfide bonds. The
loading of acyclovir was also enhanced concluding that
thiolated dendrimers can be successfully used as a carrier for
antiviral drug therapy.'*’

6.6. Liposomes. Liposomes are spherical nanostructures
made up of an outer phospholipid bilayer and an inner
hydrophilic core. Liposomes have the unique ability to
encapsulate both lipophilic and hydrophilic drugs and are
biocompatible and biodegradable.'**~">° There are many
reports available on the liposomal formulations of various
antiviral drugs for the treatment of viral infections. As an
example, indinavir-loaded immunoliposomes were developed
for the treatment of HIV for enhanced delivery of the drug to
lymphoid organs. The in vitro study suggested that indinavir
immunoliposomes successfully delivered high concentrations
of indinavir to lymphoid tissues increasing drug accumulation
up to 126 times in lymph nodes."”" A new strategy for the
treatment of COVID-19 was pursued by another research
group. They designed pulmonary proteoliposome complexes,
using a combination of ACE2-like membrane proteins and
liposomes. These proteoliposomes compete with the virus in
binding to ACE-2 receptors, helping to reduce the spread of
the infection. The lumen of these proteoliposomes can be filled
with drugs, which will further help in reducing the viral load in
lung tissues.">*

6.7. Nanovaccines for COVID-19. Vaccines are sterile
biological preparations used as a prophylactic treatment
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method to provide acquired immunity to particular viral
infectious disease. A vaccine should have the following
characteristics to induce immune responses in the host: it
should not cause any infections, it should induce cellular and
humoral immune responses, it should produce long-lasting
immunity, and it should be readily adaptable to different
pathogens and viruses.'”> The problems associated with
conventional vaccine therapy can be counteracted by nano-
technology. Various nanocarriers including inorganic nanoma-
terials, liposomes, dendrimers, micelles, and polymeric nano-
particles have been widely exploited for application in vaccine
development. They aid in improving the stability, pharmaco-
kinetics, solubility, and permeability of the vaccines.*> They
also facilitate the controlled or tar§eted delivery of
immunogens to antigen-presenting cells.'®

Vaccination is an affordable, cost-effective strategy to control
and prevent viral infections. In current times, a greater
empbhasis is being put on developing a suitable vaccine against
SARS-CoV-2 virus. Currently, vaccine development in the area
of COVID virus (CoV) is focused on the transmembrane spike
(S) glycoprotein which serves as an entry point to the virus
into the host cell.'>> A recent study showed that CoV spike
protein nanoparticles (S NP) induce anti-MERS and SARS-
CoV antibody response in mice.'*® Another study reported the
use of alum as an adjuvant in a SARS-CoV virus-like particle
(VLP) proved to be highly immunogenic and elicited
neutralizing antibodies against the lethal infection."”” A
ferritin-NP based RNA mediated vaccine against MERS-CoV
was developed, which showed a generation of interferons and
TNF-a¢ upon antigen stimulation."”® A research group
developed a vaccine strategy of lipid nanoparticle encapsulating
a SARS-CoV-2 spike protein-encoding self-amplifying RNA
(saRNA—LNP). The results suggested that saRNA—LNP
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induced high SARS-CoV-2 specific IgG antibodies in mice and
produced a higher cellular response and viral neutralization,
suggesting that these data can be translated into a robust
vaccine for preventing SARS-CoV-2 infection."”
Drug-loaded nanoparticles are delivered to the target
organs/tissues via different routes of administration like oral,
ophthalmic, dermal, transdermal, parenteral, nasal, pulmonary,
and rectal routes.'® The oral route is the most preferred route
of administration because of its high patient compliance, the
convenience of administering the dosage form, and the ease of
application. The oral route is suitable for high drug absorption,
as the gastrointestinal tract has a large absorption area with
excellent blood s%pply, providing a higher residence time to
the dosage form.'®" The transdermal route is widely explored
for the delivery of nanoparticles as it offers advantages like
bypassing the first pass hepatic metabolism,'®” providing
controlled release of the drug over a prolonged period of time
and decreasing the need of multiple dosing.'®® Delivering
nanoparticles via the nasal route helps in bypassing the blood-
brain barrier, provides faster onset of action due to higher
permeation and drug absorption, provides precise dru
targeting, and protects the drug from enzymatic destruction.'®
Nanoparticle-based drug delivery can be a potential way to
deliver vaccines or to stimulate an immune response in the
infected cells in the treatment of SARS-CoV-2 infections, as
these nanocarriers can be tailored by altering surface
characteristics, charge, size, and shape. Furthermore, these
nanocarriers are capable of penetrating into mucosal surfaces
and capillaries when administered through different routes like
intranasal and oral, and as subcutaneous and muscular
injections.®> Recent studies suggest that the nasal cavity
serves as the major route for SARS-CoV-2 to enter into the
body. Ciliated cells and the mucus producing goblet cells
present in the mucosal epithelial cells of the nasal cavitéy are the
main target sites for inducing corona infections.'®® Nasal
associated lymphoid tissue (NALT) is considered a promising
target for the delivery of drugs and vaccines against respiratory
virus, specifically CoVs.'®> NALT comprises dendritic cells,
lymphoid follicles, and macrophages, which upon activation by
the production of antigen specific antibody or by killer cells,
leads to the clearance of infection causing agents from the
mucus layer.'®” Via emulsion or suspension of NPs conjugated
with therapeutic agents like antibodies, siRNAs can be
formulated into nasal sprays as described in Figure 7 and
can be administered intranasally as a mode of efficient therapy
against SARS-CoV-2 infection.'** ACE-2 receptors are widely
expressed on type II lung alveolar cells, and SARS-CoV-2 virus
attaches to these ACE-2 receptors to gain entry into the airway
and lung epithelia.'®® Upon infecting the lung epithelial cells,
SARS-CoV-2 virus causes pulmonary hyper inflammation.'®
This makes the pulmonary route of drug delivery an excellent
option in the treatment of SARS-CoV-2 infections. In the
pulmonary route, the drugs are directly carried to the airway
and alveolar epithelia in higher concentrations, and the drug
come into direct contact with the pathological lung epithelia,
thus providing a rapid onset of action which leads in the
reduction of respiratory distress symptoms and lung
occlusions.'”® Nanoformulations of systemic antivirals, anti-
inflammatory drugs, and glucocorticoids can be administered
via the pulmonary route for the efficient treatment of SARS-
CoV-2 infections. NPs can also be delivered intravenously
(IV). The IV route is suitable for the drugs that cannot be
injected into muscles or other tissues and for the drugs that are
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not absorbed by the GIT. The IV route protects the drugs
from getting degraded by proteolytic enzymes.'”"

The main advantage of IV route is that it provides 100%
bioavailability of the drugs and it bypasses first-pass
metabolism.'”* Owing to these advantages of the IV route,
nanoformulations of antivirals, IgG, and vaccines can be
delivered intravenously for combating SARS-CoV-2 infections.

7. NANOCONSTRUCTS, INANIMATE SURFACES AND
COVID-19 TRANSMISSION

SARS-CoV-2 spreads in a manner similar to that of
Rhinoviruses, via direct contact with an infected aerosol
droplet. It is estimated that approximately 108 viral copies
might be present per mL of sputum.'®* A superspreader is an
extremely infectious individual infected with a disease that is
more likely to infect others (when infected, secrete a higher
number of the pathogen) and follows the 80/20 rule which
denotes that 20% of infected individuals are responsible for
80% of disease transmissions.'®> The superspreaders may
either have immune suppression, lack of herd immunity, and/
or coinfection with other pathogens, or conversely, their
immune system may be highly active, rendering the individual
asymptomatic. In comparison to other disease outbreaks like
tuberculosis, measles, smallpox, Ebola, SARS, and MERS, the
latest COVID-19 pandemic appears to have a higher number
of superspreaders, as detected by contact tracing."*® Lock-
downs and extreme social distancing are the only possible ways
to prevent superspreader contact with other individuals.
Coronavirus can spread through contaminated surfaces, so it
is necessary to be able to sterilize high-contamination surfaces,
such as door buttons, elevator buttons, or handrails, in general,
in public areas, hospitals, and clinics."®” However, several
studies have reported that these viruses can survive from hours
to days on inanimate surfaces. For instance, this virus is
capable of residing for up to 6 days on the surface of metals,
cloth, and plastics. It was found that the virus prevails better at
room temperature and higher relative humidity environments.
In addition, infectious respiratory secretions and other body
fluids (urine, saliva) may also contribute to the spread of
SARS-CoV-2. Moreover, undocumented infection exacerbates
the rapid spread of SARS-CoV-2. Therefore, the first
containment barrier to preventing the virus from spreading
would be efficient disinfection measures.'*® The WHO
recommends that surfaces be thoroughly washed with water,
detergents, and commonly used disinfectants to clean the
environment.®” Kampf et al. through their study showed that
ethanol (62—71%), sodium hypochlorite (0.1%), and hydro-
gen peroxide (0.5%) were the most potent disinfectants among
others, reducing virus infectivity within a minute.'””'*" In this
section, we describe the role of nanotechnology in suppressing
the spread of the virus.

Although coronavirus can be killed easily and quickly by
breaking the fragile envelope around it by using the
aforementioned disinfectants,'”” surface sanitization is, how-
ever, impractical at all times and does not ensure that the
surface is not contaminated again. In such a scenario, it is
much wiser to render the inanimate surface capable of repelling
the pathogens, thus enabling it to self-sanitize. To overcome
these challenges, researchers are designing new long-term
surface coatings containing nanoparticles of metal ions
embedded onto the polymers with a virucidal and antimicro-
bial activity that could be sprayed or painted on surfaces. Since
metal ions will be released very slowly in a controlled manner,
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the coating could be effective for several weeks or months.
Literature surveys reveal that nanoparticles (NP) of different
metals and metal oxides (ZnO NPs,'”® CuO NPs,'* Ag-
NPs,'” and others) are promising candidates proven to
inactivate the virus. For instance, Ag-NPs are reported to
inhibit virus nucleotide replication, which is primarily
responsible for its virulence. They bind with electron donors
such as nitrogen, sulfur, and oxygen, which are commonly
found in microbe enzymes and, thus, denature vital enzymes,
causing the death of the microbe. In the case of SARS-CoV-2,
cationic silver might work by interacting with spike protein (S)
as it functions in HIV.'”

In this context, Nova Surface-Care Centre, developed
Nanova Hygiene+, is a nanoactive surface coating to function
as an antimicrobial coating solution for all surfaces. It works as
an omniphobic surface (repelling both water and oil) and
exhibits low surface energy. The test reports of this coating
complied with the global JIS Z2801 standard to protect against
bacteria up to 99.9%. Researchers at Hong Kong University
have developed an antiviral coating (MAP-1) containing
nanocapsules of disinfectant that could last 90 days.'”® A
scientific team at the University of Pittsburgh have developed
an antiviral coating containing nanoparticles of polytetrafluoro-
ethylene that are suspended in solvents and drop-casted onto
the fabric by the application of heat.'”” Similarly, the results of
initial antiviral testing performed on Poliovirus (MS2
Bacteriophage), showed a 99.9% antiviral efficacy in just 2 h
of surface contact (in compliance with AATCC 100—2012
global standard). Tests to establish its efficacy against SARS-
CoV-2 on different surfaces are currently in progress. If the
product succeeds, it can serve as a potential coating to prevent
the spread of the virus to the living body cells from inanimate
objects and could save lives."”®

8. NANOTECHNOLOGY-BASED ALTERNATIVE
STRATEGIES TO COMBAT COVID-19

Although theoretically, several drug molecules have the
potency to destroy SARS-CoV-2, most of them are under
clinical trials. Thus, it is wiser to be safe than sorry. Use of
alternatives like disinfection chambers, UV radiation, ven-
tilation, and opening of windows and increasing exposure to
sunlight should be considered to reduce the viral load, taking
account of the likely spread of the virus through inanimate
surfaces and its possible evolution within cave environ-
ments."”’

The disinfection chamber is an enclosed space where spray
devices are used for disinfection. Features such as temperature
scanners, lighting, chemical atomizers, and audio/video
options can additionally be found. Commonly used agents in
disinfectant chambers include chlorine-based chemicals,
benzalkonium chloride, and chloroxylenol.200 In this context,
IIT Kanpur developed a low-cost disinfection chamber that
can be used in public places like malls, markets, and offices.
This device uses two chambers, one for atomization and the
other for thermal shock. This combination provides an
economical and rapid disinfection process (80% disinfection
in 2 min) and is safe for human beings.””" Similarly, the
DRDO, Government of India has developed COVSACK, a
sample collection kiosk with integrated disinfection facility that
helps the health care workers to collect the swabs from suspect
carriers without the need for PPE kits.””” Welnnovate
BioSolutions, a Pune based start-up, has developed a silver
nanoparticle solution as a sanitizer to prevent viral RNA
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synthesis. This nonalcoholic silver solution is nonflammable
and free of harmful chemicals and can effectively disinfect the
hands and surfaces to prevent the spread of the virus.””> Ag-
NPs have been proved to be effective against viruses like HIV,
HBV, influenza, and others, and can prevent healthcare
workers from being exposed to the virus.'"®

Nanotechnology plays a pivotal role in preventing and
combating many of the diseases. In this perspective, a team of
researchers from Pune developed a water-based nanomaterial
disinfectant, which is nontoxic and eco-friendly and can be
used to disinfect even toys and edible items. It serves as an
alternative in overcoming the efficacy problems of handwash-
ing soaps and the flammability of alcohol-based sanitizers. This
formulation is a combination of aromatic medicinal herbs and
a potent nanometal compound having antiviral activity.”"*
Likewise, the Defense Institute of Advanced Technology in
Pune developed Ananya, a nanobased disinfectant spray, which
can disinfect all types of surfaces. The formulation contains Ag-
NPs and ampicillin, which aid in neutralizing the external
protein of the virus and also in destroying the virus membrane,
thus making it ineffective. It is a water-based spray that adheres
very well to metallic objects, plastic, and fabric, and is of
negligible toxicity for humans. Once sprayed, it remains
effective for 24 h, and its shelf life is estimated to be more than
6 months.””

Another group of researchers from the Ben-Gurion
University of the Negev are developing antiviral nanoparticle
coatings based on polymers containing copper and other
metals. Studies demonstrate that these nanoparticles exhibit
strong antiviral activities and enable the controlled release of
ions rendering it effective for a longer period of time (weeks to
months).”® MACOMA Environmental Technologies has
developed FN-NANO, a titanium dioxide based photocatalytic
nanocoating for walls, and ceilings to prevent the spread of the
virus. Several studies support the photocatalytic activity of
titanium dioxide in decomposing the bacteria and viruses.
MLK Hospital in Southern California and Las Vegas
International Airport have already used this coating to prevent
the spread of virus.”"’

Mobile phones are omnipresent and are touch-operated
making them an absolute Petri dish retaining the virus. It is
estimated that the virus remains viable for up to 96 h on the
surface of the phone, contributing potentially to the spread of
the virus. Nanoveu Ltd. has come up with 12 prototypes of
antiviral protective cases and screens for mobile phones. The
company is testing the prototypes in independent laboratories
in Singapore and the US for coronavirus OC43, which has the
same genus of SARS-CoV-2 and is aiming to submit its
innovation as a Class I Medical Device under the Australian
TGA regulatory body.”*"

Over the past decade, the notion of superhydrophobicity has
been commonly used in developing self-cleaning coatings. A
surface is said to superhydrophobic if the contact angle is more
than 150° along with a sliding angle less than 10°. In this
context, natural rubber surfaces were coated with silica
nanoparticle-based superhydrophobic coatings and character-
ized. The results of imaging techniques proved the presence of
nanoparticle coating on the surface of gloves, and further, the
coated gloves exhibited better alcohol resistivity.””” This
concept could be used in developing a coating which renders
the surface of gloves hydrophobic and, thus, prevents the
spread of the virus.
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Figure 8. Schematic representation of the in vitro and in vivo toxicity of nanoparticles.

9. RADIONUCLIDES AND COVID-19

One of the less explored fields having the potential to tackle
COVID-19 is the use of radiation. Although very few reports
have been published so far, the results discussed therein
suggest that radioactivity can play a vital role in combating
COVID-19. It was hypothesized that radiother%py can be
explored for deactivating the COVID-19 virus.”'" In recent
research, the Monte Carlo simulation method was used to
study the impact of radiation on SARS-CoV, influenza, and
SARS-CoV-2 GlycoProtein 6VSB. The results demonstrated
that SARS-CoV-2 and influenza virus models showed lower
radiation resistance than the original SARS-CoV.”"'

It has been proposed to treat pneumonia in COVID-19
patients using a low dose of linear energy transfer radiation
(less than 100 cGy), citing that pneumonia has been treated
with X-rays with success in reducing the mortality rate. Rapid
symptom relief, acute phase reduction, and anti-inflammatory
cytokine production have been observed earlier in pneumonia
treatment with low-dose radiation. The authors thus
recommend investigating the potential of low dose radiation
therapy in clinical trials, which could help in downstaging
patient criticality and decrease the stress on intensive
healthcare.”’> Whole lung low dose radiation therapy has
been investigated in COVID-19 patients under clinical trial
named “RESCUE 1-19”. The study is designed primarily to
investigate clinical, radiographic, and immune outcomes in
patients with pneumonia or severe acute respiratory syndrome
associated with coronavirus disease 2019 (COVID-19)
following whole-lung, low-dose radiation therapy (LDRT).*"”
The trials are still ongoing and their clinical inference is
awaited. A similar clinical trial based on low dose radiation
therapy sponsored by the All India Institute of Medical
Sciences (AIIMS), New Delhi, India has been started in June
2020. The study is a single-arm study designed to assess the
feasibility and clinical efficacy of low dose radiation therapy
(70 cGy in single fraction) in patients with COVID-19
pneumonia.”'* National Early Warning Score (NEWS) score
will be used to assess the response based on the symptomatic
improvement or deterioration in COVID-19 patients.

Radiopharmaceuticals are pharmaceutical formulations
containing radionuclides. The gamma emitting radionuclide
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such as *™Tc and °F with a few hours half-life are used for
diagnosis, whereas particulate emitters (beta, gamma, or Auger
electron emitters) which can deposit their energy in nanometer
to few millimeters range are used for therapy. Various ligands
such as antibiotics, antimicrobial peptides, vitamins, etc.,
labeled with radionuclides are used for detection of microbial
infections, as reviewed by Ebru et al.”'® Radiolabeling of white
blood cells with suitable agents such as *"TcHMPAO or
"n-Oxinate is considered the gold standard for infection
imaging. Whereas antimicrobial peptides labeled with *™Tc
and %*Ga are finding more applications recently.”'® Efforts are
underway to develop specific radiopharmaceutical for imaging
virus infections and now including COVID-19 virus.
Monoclonal antibodies (MAbs) are specific carrier molecules
used for radiopharmaceuticals; the MAb specific against
Glyoprotein S1 of SARS-CoV-2 is now labeled with "*'T and
bein% evaluated for its therapeutic efficacy against COVID-
19.”"" However, mutagenicity observed with the virus poses
current challenges of specificity for use of monoclonal
antibodies, and extensive studies are warranted.”'®* However,
considering the current developments in the field of
radiopharmaceuticals, it is worth the effort and research is
underway for development of diagnostic/theranostic agent.

10. NANOCONSTRUCTS AND TOXICITY

Toxicity is a major concern in nanoparticle-based drug
delivery. The molecular mechanism by which NPs exhibit
their toxicity includes the following: (1) NPs interact with
cellular DNA and impair important enzyme function due to
the release of toxic ions, impacting the organism. (2) NPs
trigger the internal signaling pathway that damages the cells or
they damage the cell membrane by directly associating with the
cell surface of the organism.219 (3) NPs create oxidative stress
on an organism by generating reactive oxygen species which
will subsequently damage the organism’s genetic material or
impair important enzyme functions.””’ Figure 8 describes the
in vitro and in vivo toxicity of nanoparticles. Toxicity of NPs
can mainly arise due to particle size and composition.””’
Biodegradable NPs accumulate within the cells and causes
toxicity by inducing alteration in the genetic material or by
damaging the integrity of the organelles. Reports suggest that
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AgNPs can cause physiological and structural alterations of
vital organs. AgNPs upon inhalation accumulate in the alveolar
region resulting in lung injury, and they also groduce
significant alterations to liver and kidney tissues.””” The
toxicity of AgNPs is mainly attributed to their interaction with
the biological macromolecules, the release of silver ions, and
surface oxidation occurring due to their transformation under
specific environmental and biological conditions.”** The in
vitro results suggest that AgNPs are capable of inducing
genotoxicity, apoptosis, and oxidative stress.””* AgNPs, when
administered in non-cytotoxic doses, result in mutagenicity,
chromosomal abnormality, and DNA damage.”**

In the case of GO shape, surface chemistry, dose, purity,
lateral dimension, and route of exposure plays a vital role in
inducing toxicity.””® GO induces time- and dose-dependent
cytotoxicity by entering into the nucleus and reducing cell
adhesion, resulting in apoptosis.””’ GO also enters cell
organelles like endoplasm, lysosomes, and mitochondria,
inducing injury.”*® It also increases intracellular ROS levels
by accumulating in the cytosol.”*’ Furthermore, GO interferes
with the normal physiological functions of the vital organs and
causes chronic injury and acute inflammatory responses.”*
The mechanism through which MSNs exert their cytotoxicity
includes glutathione depletion, membrane peroxidation,
followed by mitochondrial dysfunction and DNA damage
eventually leading to cell death.”®" In most of the cases, MSNs
elicit ROS generation and proinflammatory responses leading
to autophagy.”” Studies have reported that the size of MSNs
plays an important role in inducing hemolysis. Toxicity varies
inversely with size, as smaller particles are better taken up by
the cells, making the silanol groups of MSNs more available for
cell contact leading to hemolysis.”*® Dendrimer toxicity is
mainly due to the presence of terminal amine groups and
multiple cationic charges. The electrostatic interactions
between the amino surface groups of the dendrimers and the
negatively charged cell membrane increases the permeability of
the lipidic bilayer of the cell membrane and decreases the
integrity of the cell membrane.””* The interaction of the
dendrimers with the cell membrane results in the leakage of
cytosolic proteins like lactate dehydrogenase and luciferase
finally resulting in the disruption and cell death.”*> Dendrimers
are also reported to show generation and concentration-
dependent cytotoxicity and hemolysis effect.”** Nanotechnol-
ogy for drug delivery has a plethora of beneficial applications,
but the toxicity with respect to nanocarriers is a major concern.
In deep studies, toxicity of NPs is still limited, and in general,
one should consider the toxicity aspect while selecting them for
a particular application.

The above discussion suggests that although various
nanoplatforms can be beneficial for combating COVID-19,
the inherent toxic effect of some inorganic nanoconstructs
needs to be paid attention to. Based on the route of
administration, the toxicity of these nanoconstructs can be
nullified or suppressed. Various surface modification such as
using biopolymers, proteins, or lipid might be helpful in
enhancing the biocompatibility of the nanoconstructs.

11. CONCLUSION AND FUTURE PROSPECTIVE

While the COVID-19 pandemic is an alarming challenge to
human societies across the world, it should be considered as an
opportunity to remind our global community that multi- and
interdisciplinary approaches, encouraging diversity in the
formation of problem-solving groups and the exchange of
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expertise between countries would all be central to achieving
new and vital scientific solutions.”>” Nanotechnology is
expected to play a vital role in the battle against COVID-19
by designing biosensors to detect the virus at the early stages of
infection, preventing its transmission using nanocomposites
which can also be used to disinfect public medical devices, and
eventually leveraging vaccines to provide immunity against
transmission.”** While additional research is required, antiviral
nanomaterials are an option to minimize COVID-19 spread,
because they have been effective against other viruses. Based
on present understanding, nanomaterials with strong anti-
microbial activity can be effective sanitizers, that can improve
safety in healthcare-related institutions and public spaces,
particularly in developed countries. Nanotechnology can also
enhance the antiviral potency of some drugs, making them an
important alternative to combat secondary infections and to
treat multidrug-resistant microorganisms for future treatments.
Overall, protocols that favor the simple, quick, and cost-
effective synthesis of antimicrobial and antiviral nanomaterials
produce powerful nanomaterials that might reduce viral spread.
In countries which lack access to advanced technologies, this
innovative nanotechnology may help in fighting COVID-19.
Easy-to-synthesize nanomaterials can be made available for use
in front-line situations, such as mobile medical units, rural
health centers, public spaces, and military medical posts on the
field.”*”

NPs can be introduced to different types of methods for
detecting viruses. Due to the exclusive optical properties of
QDs and metal NPs, there is an increased sensitivity for optical
biosensing. Meanwhile, because of their magnetic properties,
MNPs are especially added to the virus extraction process. In
addition, the nanocomposites integrate the benefits of each NP
type to enhance the effectiveness of virus detection. Virus
detection by means of NP has recently been identified as an
auspicious tool for detecting the recently identified SARS-
CoV-2 that induces COVID-19. NPs will certainly play a
crucial role in enhancing the efficacy of coronavirus
identification as well as other biological pathogen diagnosis.”*’
Overall, the findings discussed in this part indicate that
different NPs can be used to develop drugs to inhibit SARS-
CoV-2 binding to the ACE2 receptor and block the
mechanism of cellular uptake while remaining relatively
nontoxic to the host cells. In order to avoid viral replication
that is long enough for an immune response to react against
the virus, in order to reduce cellular disruption caused by the
viral intrusion, and also to mitigate genetic mutations
associated with a high incidence of the proliferation of the
virus, which could contribute to therapeutic resistance,
successful antiviral therapies, particularly in the early stages
of infection, are important. NPs of different structures,
conjugations, and formulations have been manufactured and
tested as highly efficient modifications or replacements to
many current antiviral therapies consistent with growing drug
tolerance in various circumstances.”

Various human-infecting viruses varying from members of
the coronavirus family to other viruses with near structural
resemblance to SARS-CoV-2 itself have been rigorously
investigated for antiviral efficiency, stability, and biocompati-
bility of these NPs. Many NPs have already been shown to be
successful against a wide range of viruses with limited
cytotoxicity using innovative antiviral methods with versatile
combinations, indicating that these NPs are ideal candidates
for NP-based antiviral therapies to combat the COVID-19
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pandemic. Thus, in the battle against COVID-19, NPs are
predicted to play a significant role. For developing diagnostic
test kits, the optical and magnetic properties of different NPs
may be used. SARS-CoV-2’s stark anatomical and physico-
chemical similarity with conventional NPs also allow NPs an
effective intervention technique. In order to execute unique
inhibitory roles while still acting as excellent delivery vehicles,
NPs may be extensively functionalized with different polymers,
proteins, and functional groups. Using subunit proteins instead
of entire viruses, NPs give possibilities for quick and secure
vaccine production. In fact, NPs can also be used to develop
broad-spectrum pulmonary medicines and vaccines which can
shield us from common viruses too and prepare us for
potential pandemics.”*” Overall, the review discussed in this
section provides the useful insight required for the develop-
ment of COVID-19 vaccines. More now than ever, nano-
technology is needed to counteract this current global threat to
public health, plan for potential new threats, and devise a more
sustainable science-based future.

B AUTHOR INFORMATION

Corresponding Author

Srinivas Mutalik — Department of Pharmaceutics, Manipal
College of Pharmaceutical Sciences, Manipal Academy of
Higher Education, Manipal 576104, Karnataka, India;

orcid.org/0000-0002-0642-1928; Email: ss.mutalik@
manipal.edu

Authors

Abhijeet Pandey — Department of Pharmaceutics, Manipal
College of Pharmaceutical Sciences, Manipal Academy of
Higher Education, Manipal 576104, Karnataka, India

Ajinkya N. Nikam — Department of Pharmaceutics, Manipal
College of Pharmaceutical Sciences, Manipal Academy of
Higher Education, Manipal 576104, Karnataka, India

Sadhana P. Mutalik — Department of Pharmaceutics, Manipal
College of Pharmaceutical Sciences, Manipal Academy of
Higher Education, Manipal 576104, Karnataka, India

Gasper Fernandes — Department of Pharmaceutics, Manipal
College of Pharmaceutical Sciences, Manipal Academy of
Higher Education, Manipal 576104, Karnataka, India

Ajjappla Basavaraj Shreya — Department of Pharmaceutics,
Manipal College of Pharmaceutical Sciences, Manipal
Academy of Higher Education, Manipal 576104, Karnataka,
India

Bharath Singh Padya — Department of Pharmaceutics,
Manipal College of Pharmaceutical Sciences, Manipal
Academy of Higher Education, Manipal 576104, Karnataka,
India

Ruchira Raychaudhuri — Department of Pharmaceutics,
Manipal College of Pharmaceutical Sciences, Manipal
Academy of Higher Education, Manipal $76104, Karnataka,
India

Sanjay Kulkarni — Department of Pharmaceutics, Manipal
College of Pharmaceutical Sciences, Manipal Academy of
Higher Education, Manipal 576104, Karnataka, India

Ruth Prassl — Gottfried Schatz Research Centre for Cell
Signalling, Metabolism and Aging, Medical University of
Graz, 8036 Graz, Austria

Suresh Subramanian — Radiopharmaceuticals Division,
Bhabha Atomic Research Centre, Mumbai 400094,
Maharashtra, India

47

Aruna Korde — Radioisotope Products and Radiation
Technology Section, International Atomic Energy Agency,
1400 Vienna, Austria

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsbiomaterials.0c01243

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors are thankful to (i) Manipal Academy of Higher
Education (MAHE), Manipal, India (for Postdoctoral Fellow-
ship to Dr Abhijeet Pandey and Dr TMA Pai Doctoral
Fellowship to Ajinkya Nikam, Gasper Fernandes and Sanjay
Kulkarni), (ii) Science and Engineering Research Board
(SERB), Government of India, New Delhi (for Research
Fellowship to Shreya AB), Department of Science and
Technology (DST), Government of India, New Delhi (for
INSPIRE fellowship to Sadhana P Mutalik), Council of
Scientific and Industrial Research (CSIR), Government of
India, New Delhi (for Junior Research Fellowship to Ruchira
Raychaudhuri) and All India Council for Technical Education
(AICTE), Government of India, New Delhi (for National
Doctoral Fellowship to Bharath S Padya). The authors are also
thankful to Manipal College of Pharmaceutical Sciences,
MAHE, Manipal, India for providing necessary facilities.
Authors are also thankful to Biorender.com, a figure making
tool.

B REFERENCES

(1) Pandey, A.; Nikam, A. N.; Shreya, A. B.; Mutalik, S. P.; Gopalan,
D.; Kulkarni, S.; Padya, B. S.; Fernandes, G.; Mutalik, S.; Prassl, R.
Potential Therapeutic Targets for Combating SARS-CoV-2: Drug
Repurposing, Clinical Trials and Recent Advancements. Life Sci. 2020,
256, 117883.

(2) Payne, S. Family Coronaviridae. Viruses 2017, 149—158.

(3) Fehr, A. R;; Perlman, S. Coronaviruses: An Overview of Their
Replication and Pathogenesis. Methods Mol. Biol. 2015, 1282, 1-23.

(4) Cascella, M.; Rajnik, M;; Cuomo, A.; Dulebohn, S. C.; Di
Napoli, R. Features, Evaluation, and Treatment of Coronavirus
(COVID-19). In StatPearls; StatPearls Publishing: Treasure Island
(FL), 2020.

(5) Udugama, B.; Kadhiresan, P.; Kozlowski, H. N.; Malekjahani, A.;
Osborne, M.; Li, V. Y.; Chen, H.; Mubareka, S.; Gubbay, J. B.; Chan,
W. C. Diagnosing COVID-19: The Disease and Tools for Detection.
ACS Nano 2020, 14 (4), 3822—383S.

(6) Junejo, Y.; Ozaslan, M.; Safdar, M.; Khailany, R. A.; Rehman, S.;
Yousaf, W.; Khan, M. A. Novel SARS-CoV-2/COVID-19: Origin,
Pathogenesis, Genes and Genetic Variations, Inmune Responses and
Phylogenetic Analysis. Gene Rep 2020, 20, 100752.

(7) Chan, J. F-W,; Kok, K-H.; Zhu, Z.; Chu, H,; To, K. K-W,;
Yuan, S.; Yuen, K.-Y. Genomic Characterization of the 2019 Novel
Human-Pathogenic Coronavirus Isolated from a Patient with Atypical
Pneumonia after Visiting Wuhan. Emerging Microbes Infect. 2020, 9
(1), 221-236.

(8) Li, M.-Y,; Li, L.; Zhang, Y.; Wang, X.-S. Expression of the SARS-
CoV-2 Cell Receptor Gene ACE2 in a Wide Variety of Human
Tissues. Infect Dis Poverty 2020, 9 (1), 45.

(9) Zhang, Y.; Geng, X; Tan, Y,; Li, Q; Xu, C; Xu, J; Hao, L,;
Zeng, Z.; Luo, X,; Liu, F.; Wang, H. New Understanding of the
Damage of SARS-CoV-2 Infection Outside the Respiratory System.
Biomed. Pharmacother. 2020, 127, 110195.

(10) Andersen, K. G.; Rambaut, A; Lipkin, W. L; Holmes, E. C,;
Garry, R. F. The Proximal Origin of SARS-CoV-2. Nat. Med. 2020, 26
(4), 450—452.

https://dx.doi.org/10.1021/acsbiomaterials.0c01243
ACS Biomater. Sci. Eng. 2021, 7, 31-54


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Srinivas+Mutalik"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-0642-1928
http://orcid.org/0000-0002-0642-1928
mailto:ss.mutalik@manipal.edu
mailto:ss.mutalik@manipal.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Abhijeet+Pandey"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ajinkya+N.+Nikam"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sadhana+P.+Mutalik"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gasper+Fernandes"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ajjappla+Basavaraj+Shreya"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bharath+Singh+Padya"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ruchira+Raychaudhuri"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sanjay+Kulkarni"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ruth+Prassl"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Suresh+Subramanian"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aruna+Korde"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.0c01243?ref=pdf
http://Biorender.com
https://dx.doi.org/10.1016/j.lfs.2020.117883
https://dx.doi.org/10.1016/j.lfs.2020.117883
https://dx.doi.org/10.1016/B978-0-12-803109-4.00017-9
https://dx.doi.org/10.1007/978-1-4939-2438-7_1
https://dx.doi.org/10.1007/978-1-4939-2438-7_1
https://dx.doi.org/10.1021/acsnano.0c02624
https://dx.doi.org/10.1016/j.genrep.2020.100752
https://dx.doi.org/10.1016/j.genrep.2020.100752
https://dx.doi.org/10.1016/j.genrep.2020.100752
https://dx.doi.org/10.1080/22221751.2020.1719902
https://dx.doi.org/10.1080/22221751.2020.1719902
https://dx.doi.org/10.1080/22221751.2020.1719902
https://dx.doi.org/10.1186/s40249-020-00662-x
https://dx.doi.org/10.1186/s40249-020-00662-x
https://dx.doi.org/10.1186/s40249-020-00662-x
https://dx.doi.org/10.1016/j.biopha.2020.110195
https://dx.doi.org/10.1016/j.biopha.2020.110195
https://dx.doi.org/10.1038/s41591-020-0820-9
pubs.acs.org/journal/abseba?ref=pdf
https://dx.doi.org/10.1021/acsbiomaterials.0c01243?ref=pdf

ACS Biomaterials Science & Engineering

pubs.acs.org/journal/abseba

(11) Transmission of SARS-CoV-2: implications for infection
prevention precautions; https://www.who.int/news-room/
commentaries/detail/transmission-of-sars-cov-2-implications-for-
infection-prevention-precautions (accessed Oct 22, 2020).

(12) Amirian, E. S. Potential Fecal Transmission of SARS-CoV-2:
Current Evidence and Implications for Public Health. Int. J. Infect. Dis.
2020, 95, 363—370.

(13) Kerry, R. G; Malik, S.; Redda, Y. T.; Sahoo, S.; Patra, J. K;
Majhi, S. Nano-Based Approach to Combat Emerging Viral (NIPAH
Virus) Infection. Nanomedicine 2019, 18, 196—220.

(14) Das, S.; Any, K. R;; Birangal, S. R.; Nikam, A. N.; Pandey, A;
Mutalik, S.; Joseph, A. Role of Comorbidities like Diabetes on Severe
Acute Respiratory Syndrome Coronavirus-2: A Review. Life Sci. 2020,
258, 118202.

(15) Cook, T. M. Personal Protective Equipment during the
Coronavirus Disease (COVID) 2019 Pandemic — a Narrative Review.
Anaesthesia 2020, 75 (7), 920—927.

(16) Advice on the use of masks in the community, during home
care and in healthcare settings in the context of the novel coronavirus
(COVID-19) outbreak; https://www.who.int/publications-detail-
redirect/advice-on-the-use-of-masks-in-the-community-during-home-
care-and-in-healthcare-settings-in-the-context-of-the-novel-
coronavirus-(2019-ncov)-outbreak (accessed Jun 12, 2020).

(17) Moéritz, M.; Peters, H.; Nipko, B.; Riiden, H. Capability of Air
Filters to Retain Airborne Bacteria and Molds in Heating, Ventilating
and Air-Conditioning (HVAC) Systems. Int. J. Hyg. Environ. Health
2001, 203 (5—6), 401—409.

(18) Do air purifiers filter and kill viruses and bacteria? https://
www.choice.com.au/home-and-living/cooling/air-purifiers/articles/
do-air-purifiers-trap-viruses-and-other-germs (accessed Jun 13, 2020).

(19) Jang, H; Ryoo, S.-R.; Kim, Y.-K; Yoon, S.; Kim, H.; Han, S.
W.; Choi, B.-S;; Kim, D.-E,; Min, D.-H. Discovery of Hepatitis C
Virus NS3 Helicase Inhibitors by a Multiplexed, High-Throughput
Helicase Activity Assay Based on Graphene Oxide. Angew. Chem., Int.
Ed. 2013, 52 (8), 2340—2344.

(20) Weiss, C.; Carriere, M.; Fusco, L.; Capua, I; Regla-Nava, J. A,;
Pasquali, M.; Scott, J. A.; Vitale, F,; Unal, M. A; Mattevi, C;
Bedognetti, D.; Merkogi, A.; Tasciotti, E.; Yilmazer, A,; Gogotsi, Y.;
Stellacci, F.; Delogu, L. G. Toward Nanotechnology-Enabled
Approaches against the COVID-19 Pandemic. ACS Nano 2020, 14,
6383.

(21) Guardian G-Volt masks use graphene and electrical charge to
repel viruses; https://www.dezeen.com/2020/03/06/guardian-g-volt-
face-mask-graphene-coronavirus-bacteria/ (accessed Jun 12, 2020).

(22) Jing, X; Zhi, Z; Wang, D.; Liu, J; Shao, Y; Meng, L.
Multifunctional Nanoflowers for Simultaneous Multimodal Imaging
and High-Sensitivity Chemo-Photothermal Treatment. Bioconjugate
Chem. 2018, 29 (2), 559—570.

(23) Chen, C.; Boota, M.; Urbankowski, P.; Anasori, B.; Miao, L.;
Jiang, J; Gogotsi, Y. Effect of Glycine Functionalization of 2D
Titanium Carbide (MXene) on Charge Storage. J. Mater. Chem. A
2018, 6 (11), 4617—4622.

(24) Wong, Z. M,; Tan, T. L;; Yang, S.-W.; Xu, G. Q. Enhancing the
Photocatalytic Performance of MXenes via Stoichiometry Engineering
of Their Electronic and Optical Properties. ACS Appl. Mater. Interfaces
2018, 10 (46), 39879—39889.

(25) Nguyen, V.-H.; Nguyen, B.-S.; Hu, C.; Nguyen, C. C.; Nguyen,
D. L. T; Nguyen Dinh, M. T; Vo, D.-V. N,; Trinh, Q. T,
Shokouhimehr, M.; Hasani, A; Kim, S. Y,; Le, Q. V. Novel
Architecture Titanium Carbide (Ti3C2Tx) MXene Cocatalysts
toward Photocatalytic Hydrogen Production: A Mini-Review. Nano-
materials 2020, 10 (4), 602.

(26) Le, T. S.; Dao, T. H,; Nguyen, D. C.; Nguyen, H. C.; Balikhin,
I. L. Air Purification Equipment Combining a Filter Coated by Silver
Nanoparticles with a Nano-TiO 2 Photocatalyst for Use in Hospitals.
Adv. Nat. Sci.: Nanosci. Nanotechnol. 2015, 6 (1), No. 015016.

(27) Antiviral nano-coatings to be upscaled for making triple layer
medical masks & N-9S respirator to combat COVID 19 | Department
Of Science & Technology; https://dst.gov.in/antiviral-nano-coatings-

48

be-upscaled-making-triple-layer-medical-masks-n-95-respirator-
combat-covid (accessed Jun 13, 2020).

(28) Revolutionary New Carbon-Based Material Captures and
Destroys Coronavirus; https://www.hospimedica.com/covid-19/
articles/294782226/revolutionary-new-carbon-based-material-
captures-and-destroys-coronavirus.html (accessed Jun 13, 2020).

(29) Reusable nano-filtered face mask could relieve COVID-19
supply issues; https://nano-magazine.com/news/2020/3/18/
reusable-nano-filtered-face-mask-could-relieve-covid-19-supply-issues
(accessed Jun 13, 2020).

(30) Woon Fong Leung, W.; Sun, Q. Electrostatic Charged
Nanofiber Filter for Filtering Airborne Novel Coronavirus
(COVID-19) and Nano-Aerosols. Sep. Purif. Technol. 2020, 250,
116886.

(31) Balagna, C.; Perero, S.; Percivalle, E.; Nepita, E. V.; Ferraris, M.
Virucidal Effect against Coronavirus SARS-CoV-2 of a Silver
Nanocluster/Silica Composite Sputtered Coating. Open Ceramics
2020, 1, 100006.

(32) Chan-Yeung, M. Severe Acute Respiratory Syndrome (SARS)
and Healthcare Workers. Int. J. Occup. Environ. Health 2004, 10 (4),
421-427. 5

(33) Hodek, J.; Zajicova, V.; Lovétinska-Slamborova, L; Stibor, L;
Miillerova, J.; Weber, J. Protective Hybrid Coating Containing Silver,
Copper and Zinc Cations Effective against Human Immunodeficiency
Virus and Other Enveloped Viruses. BMC Microbiol. 2016, 16 (1), S6.

(34) Hang, X,; Peng, H.; Song, H.; Qi, Z.; Miao, X.; Xu, W. Antiviral
Activity of Cuprous Oxide Nanoparticles against Hepatitis C Virus in
Vitro. J. Virol. Methods 2018, 222, 150—157.

(35) Warnes, S. L,; Little, Z. R.; Keevil, C. W. Human Coronavirus
229E Remains Infectious on Common Touch Surface Materials. mBio
2015, 6 (6), e01697—15.

(36) Respilon Group Incorporates CuO into Nanofibers in A Mask
That Traps and Kills Viruses Including Coronavirus | STATNANO;
https://statnano.com//news/67551/Respilon-Group-Incorporates-
CuO-into-Nanofibers-in-A-Mask-That-Traps-and-Kills-Viruses-
Including-Coronavirus (accessed Jun 14, 2020).

(37) Chaturvedi, U. C.; Shrivastava, R. Interaction of Viral Proteins
with Metal Ions: Role in Maintaining the Structure and Functions of
Viruses. FEMS Immunol. Med. Microbiol. 2005, 43 (2), 105—114.

(38) te Velthuis, A. J. W.; van den Worm, S. H. E.; Sims, A. C.; Baric,
R. S.; Snijder, E. J.; van Hemert, M. J. Zn2+ Inhibits Coronavirus and
Arterivirus RNA Polymerase Activity In Vitro and Zinc Ionophores
Block the Replication of These Viruses in Cell Culture. PLoS Pathog.
2010, 6 (11), e1001176.

(39) Tavakoli, A,; Ataei-Pirkooh, A;; MM Sadeghi, G.; Bokharaei-
Salim, F.; Sahrapour, P.; Kiani, S. J.; Moghoofei, M.; Farahmand, M;
Javanmard, D.; Monavari, S. H. Polyethylene Glycol-Coated Zinc
Oxide Nanoparticle: An Efficient Nanoweapon to Fight against
Herpes Simplex Virus Type 1. Nanomedicine 2018, 13 (21), 2675—
2690.

(40) Shaban, M.; Mohamed, F.; Abdallah, S. Production and
Characterization of Superhydrophobic and Antibacterial Coated
Fabrics Utilizing ZnO Nanocatalyst. Sci. Rep. 2018, 8 (1), 1-15.

(41) IIT Delhi-made antiviral nano-coatings to be used in medical
masks, N9S respirators - Times of India; https://timesofindia.
indiatimes.com/gadgets-news/iit-delhi-made-antiviral-nano-coatings-
to-be-used-in-medical-masks-n95-respirators/articleshow/75330257.
cms (accessed Jun 22, 2020).

(42) Graphene to potentially help in the fight against Coronavirus,
according to Planartech’s CEO | Graphene-Info; https://www.
graphene-info.com/graphene-potentially-help-fight-against-
coronavirus-according-planartechs-ceo (accessed Jun 14, 2020).

(43) Ye, S; Shao, K.; Li, Z.; Guo, N.; Zuo, Y.; Li, Q.; Lu, Z.; Chen,
L.; He, Q; Han, H. Antiviral Activity of Graphene Oxide: How Sharp
Edged Structure and Charge Matter. ACS Appl. Mater. Interfaces 2015,
7 (38), 21571-21579.

(44) Yang, X. X,; Li, C. M,; Li, Y. F,; Wang, J.; Huang, C. Z.
Synergistic Antiviral Effect of Curcumin Functionalized Graphene

https://dx.doi.org/10.1021/acsbiomaterials.0c01243
ACS Biomater. Sci. Eng. 2021, 7, 31-54


https://www.who.int/news-room/commentaries/detail/transmission-of-sars-cov-2-implications-for-infection-prevention-precautions
https://www.who.int/news-room/commentaries/detail/transmission-of-sars-cov-2-implications-for-infection-prevention-precautions
https://www.who.int/news-room/commentaries/detail/transmission-of-sars-cov-2-implications-for-infection-prevention-precautions
https://dx.doi.org/10.1016/j.ijid.2020.04.057
https://dx.doi.org/10.1016/j.ijid.2020.04.057
https://dx.doi.org/10.1016/j.nano.2019.03.004
https://dx.doi.org/10.1016/j.nano.2019.03.004
https://dx.doi.org/10.1016/j.lfs.2020.118202
https://dx.doi.org/10.1016/j.lfs.2020.118202
https://dx.doi.org/10.1111/anae.15071
https://dx.doi.org/10.1111/anae.15071
https://www.who.int/publications-detail-redirect/advice-on-the-use-of-masks-in-the-community-during-home-care-and-in-healthcare-settings-in-the-context-of-the-novel-coronavirus-(2019-ncov)-outbreak
https://www.who.int/publications-detail-redirect/advice-on-the-use-of-masks-in-the-community-during-home-care-and-in-healthcare-settings-in-the-context-of-the-novel-coronavirus-(2019-ncov)-outbreak
https://www.who.int/publications-detail-redirect/advice-on-the-use-of-masks-in-the-community-during-home-care-and-in-healthcare-settings-in-the-context-of-the-novel-coronavirus-(2019-ncov)-outbreak
https://www.who.int/publications-detail-redirect/advice-on-the-use-of-masks-in-the-community-during-home-care-and-in-healthcare-settings-in-the-context-of-the-novel-coronavirus-(2019-ncov)-outbreak
https://dx.doi.org/10.1078/1438-4639-00054
https://dx.doi.org/10.1078/1438-4639-00054
https://dx.doi.org/10.1078/1438-4639-00054
https://www.choice.com.au/home-and-living/cooling/air-purifiers/articles/do-air-purifiers-trap-viruses-and-other-germs
https://www.choice.com.au/home-and-living/cooling/air-purifiers/articles/do-air-purifiers-trap-viruses-and-other-germs
https://www.choice.com.au/home-and-living/cooling/air-purifiers/articles/do-air-purifiers-trap-viruses-and-other-germs
https://dx.doi.org/10.1002/anie.201209222
https://dx.doi.org/10.1002/anie.201209222
https://dx.doi.org/10.1002/anie.201209222
https://dx.doi.org/10.1021/acsnano.0c03697
https://dx.doi.org/10.1021/acsnano.0c03697
https://www.dezeen.com/2020/03/06/guardian-g-volt-face-mask-graphene-coronavirus-bacteria/
https://www.dezeen.com/2020/03/06/guardian-g-volt-face-mask-graphene-coronavirus-bacteria/
https://dx.doi.org/10.1021/acs.bioconjchem.8b00053
https://dx.doi.org/10.1021/acs.bioconjchem.8b00053
https://dx.doi.org/10.1039/C7TA11347A
https://dx.doi.org/10.1039/C7TA11347A
https://dx.doi.org/10.1021/acsami.8b14325
https://dx.doi.org/10.1021/acsami.8b14325
https://dx.doi.org/10.1021/acsami.8b14325
https://dx.doi.org/10.3390/nano10040602
https://dx.doi.org/10.3390/nano10040602
https://dx.doi.org/10.3390/nano10040602
https://dx.doi.org/10.1088/2043-6262/6/1/015016
https://dx.doi.org/10.1088/2043-6262/6/1/015016
https://dst.gov.in/antiviral-nano-coatings-be-upscaled-making-triple-layer-medical-masks-n-95-respirator-combat-covid
https://dst.gov.in/antiviral-nano-coatings-be-upscaled-making-triple-layer-medical-masks-n-95-respirator-combat-covid
https://dst.gov.in/antiviral-nano-coatings-be-upscaled-making-triple-layer-medical-masks-n-95-respirator-combat-covid
https://www.hospimedica.com/covid-19/articles/294782226/revolutionary-new-carbon-based-material-captures-and-destroys-coronavirus.html
https://www.hospimedica.com/covid-19/articles/294782226/revolutionary-new-carbon-based-material-captures-and-destroys-coronavirus.html
https://www.hospimedica.com/covid-19/articles/294782226/revolutionary-new-carbon-based-material-captures-and-destroys-coronavirus.html
https://nano-magazine.com/news/2020/3/18/reusable-nano-filtered-face-mask-could-relieve-covid-19-supply-issues
https://nano-magazine.com/news/2020/3/18/reusable-nano-filtered-face-mask-could-relieve-covid-19-supply-issues
https://dx.doi.org/10.1016/j.seppur.2020.116886
https://dx.doi.org/10.1016/j.seppur.2020.116886
https://dx.doi.org/10.1016/j.seppur.2020.116886
https://dx.doi.org/10.1016/j.oceram.2020.100006
https://dx.doi.org/10.1016/j.oceram.2020.100006
https://dx.doi.org/10.1179/oeh.2004.10.4.421
https://dx.doi.org/10.1179/oeh.2004.10.4.421
https://dx.doi.org/10.1186/s12866-016-0675-x
https://dx.doi.org/10.1186/s12866-016-0675-x
https://dx.doi.org/10.1186/s12866-016-0675-x
https://dx.doi.org/10.1016/j.jviromet.2015.06.010
https://dx.doi.org/10.1016/j.jviromet.2015.06.010
https://dx.doi.org/10.1016/j.jviromet.2015.06.010
https://dx.doi.org/10.1128/mBio.01697-15
https://dx.doi.org/10.1128/mBio.01697-15
https://statnano.com//news/67551/Respilon-Group-Incorporates-CuO-into-Nanofibers-in-A-Mask-That-Traps-and-Kills-Viruses-Including-Coronavirus
https://statnano.com//news/67551/Respilon-Group-Incorporates-CuO-into-Nanofibers-in-A-Mask-That-Traps-and-Kills-Viruses-Including-Coronavirus
https://statnano.com//news/67551/Respilon-Group-Incorporates-CuO-into-Nanofibers-in-A-Mask-That-Traps-and-Kills-Viruses-Including-Coronavirus
https://dx.doi.org/10.1016/j.femsim.2004.11.004
https://dx.doi.org/10.1016/j.femsim.2004.11.004
https://dx.doi.org/10.1016/j.femsim.2004.11.004
https://dx.doi.org/10.1371/journal.ppat.1001176
https://dx.doi.org/10.1371/journal.ppat.1001176
https://dx.doi.org/10.1371/journal.ppat.1001176
https://dx.doi.org/10.2217/nnm-2018-0089
https://dx.doi.org/10.2217/nnm-2018-0089
https://dx.doi.org/10.2217/nnm-2018-0089
https://dx.doi.org/10.1038/s41598-018-22324-7
https://dx.doi.org/10.1038/s41598-018-22324-7
https://dx.doi.org/10.1038/s41598-018-22324-7
https://timesofindia.indiatimes.com/gadgets-news/iit-delhi-made-antiviral-nano-coatings-to-be-used-in-medical-masks-n95-respirators/articleshow/75330257.cms
https://timesofindia.indiatimes.com/gadgets-news/iit-delhi-made-antiviral-nano-coatings-to-be-used-in-medical-masks-n95-respirators/articleshow/75330257.cms
https://timesofindia.indiatimes.com/gadgets-news/iit-delhi-made-antiviral-nano-coatings-to-be-used-in-medical-masks-n95-respirators/articleshow/75330257.cms
https://timesofindia.indiatimes.com/gadgets-news/iit-delhi-made-antiviral-nano-coatings-to-be-used-in-medical-masks-n95-respirators/articleshow/75330257.cms
https://www.graphene-info.com/graphene-potentially-help-fight-against-coronavirus-according-planartechs-ceo
https://www.graphene-info.com/graphene-potentially-help-fight-against-coronavirus-according-planartechs-ceo
https://www.graphene-info.com/graphene-potentially-help-fight-against-coronavirus-according-planartechs-ceo
https://dx.doi.org/10.1021/acsami.5b06876
https://dx.doi.org/10.1021/acsami.5b06876
https://dx.doi.org/10.1039/C7NR06520E
pubs.acs.org/journal/abseba?ref=pdf
https://dx.doi.org/10.1021/acsbiomaterials.0c01243?ref=pdf

ACS Biomaterials Science & Engineering

pubs.acs.org/journal/abseba

Oxide against Respiratory Syncytial Virus Infection. Nanoscale 2017, 9
(41), 16086—16092.

(45) Du, X; Xiao, R;; Fu, H.; Yuan, Z.; Zhang, W.; Yin, L.; He, C,;
Li, C; Zhou, J; Liu, G; Shu, G.; Chen, Z. Hypericin-Loaded
Graphene Oxide Protects Ducks against a Novel Duck Reovirus.
Mater. Sci. Eng, C 2019, 105, 110052.

(46) Technology against COVID-19: Nano Insights into Prevention,
Diagnosis, and Treatment | STATNANO; https://statnano.com//
technology-against-covid-19-nano-insights (accessed Jun 23, 2020).

(47) Looking for a Highly Breathable Mask That Can Block out
Coronavirus? Here It Is! | STATNANO; https://statnano.com//
news/67589/Looking-for-a-Highly-Breathable-Mask-That-Can-Block-
out-Coronavirus-Here-It-Ts! (accessed Jun 23, 2020). 3

(48) Di Gianvincenzo, P.; Marradi, M.; Martinez-Avila, O. M,;
Bedoya, L. M.; Alcami, J.; Penadés, S. Gold Nanoparticles Capped
with Sulfate-Ended Ligands as Anti-HIV Agents. Bioorg. Med. Chem.
Lett. 2010, 20 (9), 2718—2721.

(49) Elechiguerra, J. L; Burt, J. L; Morones, ]J. R; Camacho-
Bragado, A.; Gao, X,; Lara, H. H.; Yacaman, M. J. Interaction of Silver
Nanoparticles with HIV-1. J. Nanobiotechnol. 2008, 3, 6.

(50) Orlowski, P.; Tomaszewska, E.; Gniadek, M.; Baska, P.;
Nowakowska, J.; Sokolowska, J.; Nowak, Z.; Donten, M.; Celichowski,
G.; Grobelny, J.; Krzyzowska, M. Tannic Acid Modified Silver
Nanoparticles Show Antiviral Activity in Herpes Simplex Virus Type
2 Infection. PLoS One 2014, 9 (8), e104113.

(51) Baram-Pinto, D.; Shukla, S.; Perkas, N.; Gedanken, A.; Sarid, R.
Inhibition of Herpes Simplex Virus Type 1 Infection by Silver
Nanoparticles Capped with Mercaptoethane Sulfonate. Bioconjugate
Chem. 2009, 20 (8), 1497—1502.

(52) Xiang, J.; Yan, M,; Li, H; Liu, T; Lin, C.; Huang, S.; Shen, C.
Evaluation of Enzyme-Linked Immunoassay and Colloidal Gold-
Immunochromatographic Assay Kit for Detection of Novel
Coronavirus (SARS-Cov-2) Causing an Outbreak of Pneumonia
(COVID-19). MedRxiv 2020, DOI: 10.1101/2020.02.27.20028787.

(53) Mertens, P.; De Vos, N.; Martiny, D.; Jassoy, C.; Mirazimi, A.;
Cuypers, L.; Van den Wijngaert, S.; Monteil, V.; Melin, P.; Stoffels, K.
Development and Potential Usefulness of the COVID-19 Ag Respi-
Strip Diagnostic Assay in a Pandemic Context. Front. Med. 2020, 7,
22S.

(54) Chen, Z.; Zhang, Z.; Zhai, X;; Li, Y; Lin, L.; Zhao, H.; Bian, L,;
Li, P.; Yu, L. Wy, Y. Rapid and Sensitive Detection of Anti-SARS-
CoV-2 IgG, Using Lanthanide-Doped Nanoparticles-Based Lateral
Flow Immunoassay. Anal. Chem. 2020, 92 (10), 7226—7231.

(55) Moitra, P.; Alafeef, M,; Dighe, K; Frieman, M,; Pan, D.
Selective Naked-Eye Detection of SARS-CoV-2 Mediated by N Gene
Targeted Antisense Oligonucleotide Capped Plasmonic Nano-
particles. ACS Nano 2020, 14, 7617.

(56) Kim, J.; Biondi, M. J.; Feld, J. J; Chan, W. C. Clinical
Validation of Quantum Dot Barcode Diagnostic Technology. ACS
Nano 2016, 10 (4), 4742—4753.

(57) Zhao, Z.; Cui, H.; Song, W.; Ru, X.; Zhou, W.; Yu, X. A Simple
Magnetic Nanoparticles-Based Viral RNA Extraction Method for
Efficient Detection of SARS-CoV-2. bioRxiv 2020. DOI: 10.1101/
2020.02.22.961268.

(58) Zhu, X.; Wang, X;; Han, L.; Chen, T.; Wang, L,; Li, H; Li, S;
He, L; Fu, X; Chen, S. Reverse Transcription Loop-Mediated
Isothermal Amplification Combined with Nanoparticles-Based
Biosensor for Diagnosis of COVID-19. MedRxiv 2020,
DOI: 10.1101/2020.03.17.20037796.

(59) Somvanshi, S.; Kharat, P.; Saraf, T.; Somwanshi, S.; Shejul, S.;
Jadhav, K. Multifunctional Nano-Magnetic Particles Assisted Viral
RNA-Extraction Protocol for Potential Detection of COVID-19.
Mater. Res. Innovations 2020, 1—6.

(60) Qiu, G.; Gai, Z; Tao, Y.; Schmitt, J.; Kullak-Ublick, G. A.;
Wang, J. Dual-Functional Plasmonic Photothermal Biosensors for
Highly Accurate Severe Acute Respiratory Syndrome Coronavirus 2
Detection. ACS Nano 2020, 14 (S), 5268—5277.

(61) Prestidge, M.; Amoore, Z. Purpose and Options for Testing for
SARS-Cov2 (the COVID-19 Virus): Considerations for World Bank

49

Task Teams Managing COVID-19 Fast Track Facility Operations; The
World Bank, 2020.

(62) Cost-Effective Kit Used for Coronavirus Tests Launched;
Business Standard India; May 21, 2020.

(63) Chen, J. S.; Ma, E.; Harrington, L. B.; Da Costa, M.; Tian, X,;
Palefsky, J. M.; Doudna, J. A CRISPR-Casl2a Target Binding
Unleashes Indiscriminate Single-Stranded DNase Activity. Science
2018, 360 (6387), 436—439.

(64) Chertow, D. S. Next-Generation Diagnostics with CRISPR.
Science 2018, 360 (6387), 381—382.

(65) Bhattacharyya, R. P; Thakku, S. G.; Hung, D. T. Harnessing
CRISPR Effectors for Infectious Disease Diagnostics. ACS Infect. Dis.
2018, 4 (9), 1278—1282.

(66) Caliendo, A. M.; Hodinka, R. L. A CRISPR Way to Diagnose
Infectious Diseases. N. Engl. ]. Med. 2017, 377 (17), 1685—1687.

(67) Koo, B,; Kim, D.; Kweon, J; Jin, C. E.; Kim, S.-H.; Kim, Y.;
Shin, Y. CRISPR/DCas9-Mediated Biosensor for Detection of Tick-
Borne Diseases. Sens. Actuators, B 2018, 273, 316—321.

(68) Bao, M.; Jensen, E. C; Chang, Y.; Korensky, G.; Du, K.
Magnetic Bead-Quantum Dot (MB-Qdot) CRISPR Assay for Simple
Viral DNA Detection. ACS Appl. Mater. Interfaces 2020, 12, 4343S.

(69) Li, Y.; Mansour, H.; Wang, T.; Poojari, S.; Li, F. Naked-Eye
Detection of Grapevine Red-Blotch Viral Infection Using a Plasmonic
CRISPR Casl2a Assay. Anal. Chem. 2019, 91 (18), 11510—11513.

(70) Patchsung, M.; Jantarug, K; Pattama, A.; Aphicho, K;
Suraritdechachai, S.; Meesawat, P.; Sappakhaw, K.; Leelahakorn, N;
Ruenkam, T.; Wongsatit, T.; et al. Clinical Validation of a Casl3-
Based Assay for the Detection of SARS-CoV-2 RNA. Nature
Biomedical Engineering 2020, 4, 1140.

(71) Ding, X; Yin, K;; Li, Z;; Liu, C. All-in-One Dual CRISPR-
Casl2a (AIOD-CRISPR) Assay: A Case for Rapid, Ultrasensitive and
Visual Detection of Novel Coronavirus SARS-CoV-2 and HIV Virus.
Nat. Commun. 2020, 11, 1 DOI: 10.1038/s41467-020-18575-6.

(72) Azhar, M.; Phutela, R.; Ansari, A. H.; Sinha, D.; Sharma, N,;
Kumar, M,; Aich, M.; Sharma, S.; Singhal, K.; Lad, H. Rapid, Field-
Deployable Nucleobase Detection and Identification Using FnCas9.
bioRxiv 2020. DOI: 10.1101/2020.04.07.028167

(73) Thursby, E; Juge, N. Introduction to the Human Gut
Microbiota. Biochem. J. 2017, 474 (11), 1823—1836.

(74) Cani, P. D. Gut Microbiota — at the Intersection of
Everything? Nat. Rev. Gastroenterol. Hepatol. 2017, 14 (6), 321—322.

(75) Huffnagle, G. B.; Dickson, R. P.; Lukacs, N. W. The Respiratory
Tract Microbiome and Lung Inflammation: A Two-Way Street.
Mucosal Immunol. 2017, 10 (2), 299—306.

(76) Kho, Z. Y,; Lal, S. K. The Human Gut Microbiome — A
Potential Controller of Wellness and Disease. Front. Microbiol. 2018,
9, 1 DOI: 10.3389/fmicb.2018.01835.

(77) Bao, L.; Zhang, C; Dong, J.; Zhao, L; Li, Y;; Sun, J. Oral
Microbiome and SARS-CoV-2: Beware of Lung Co-Infection. Front.
Microbiol. 2020, 11, 1 DOI: 10.3389/fmicb.2020.01840.

(78) Vujkovic-Cvijin, I; Dunham, R. M.; Iwai, S.; Maher, M. C,;
Albright, R. G.; Broadhurst, M. J.; Hernandez, R. D.; Lederman, M.
M.,; Huang, Y.; Somsouk, M.; Deeks, S. G.; Hunt, P. W.; Lynch, S. V,;
McCune, J. M. Dysbiosis of the Gut Microbiota Is Associated with
HIV Disease Progression and Tryptophan Catabolism. Sci. Transl.
Med. 2013, S (193), 193ra91—193ra91.

(79) Inoue, T.; Nakayama, J.; Moriya, K.; Kawaratani, H.; Momoda,
R; Ito, K; lio, E.; Nojiri, S.; Fujiwara, K.; Yoneda, M.; Yoshiji, H.;
Tanaka, Y. Gut Dysbiosis Associated With Hepatitis C Virus
Infection. Clin. Infect. Dis. 2018, 67 (6), 869—877.

(80) Xiao, F.; Tang, M.; Zheng, X.; Liu, Y.; Li, X.; Shan, H. Evidence
for Gastrointestinal Infection of SARS-CoV-2. Gastroenterology 2020,
158 (6), 1831—1833.

(81) Liu, W.-D.; Chang, S.-Y.; Wang, J.-T.; Tsai, M.-].; Hung, C.-C,;
Hsu, C.-L; Chang, S.-C. Prolonged Virus Shedding Even after
Seroconversion in a Patient with COVID-19. J. Infect. 2020, 81 (2),
318—-356.

(82) Zuo, T.; Zhang, F.; Lui, G. C. Y,; Yeoh, Y. K,; Li, A. Y. L.; Zhan,
H.; Wan, Y,; Chung, A. C. K;; Cheung, C. P,; Chen, N,; Lai, C. K. C;

https://dx.doi.org/10.1021/acsbiomaterials.0c01243
ACS Biomater. Sci. Eng. 2021, 7, 31-54


https://dx.doi.org/10.1039/C7NR06520E
https://dx.doi.org/10.1016/j.msec.2019.110052
https://dx.doi.org/10.1016/j.msec.2019.110052
https://statnano.com//technology-against-covid-19-nano-insights
https://statnano.com//technology-against-covid-19-nano-insights
https://statnano.com//news/67589/Looking-for-a-Highly-Breathable-Mask-That-Can-Block-out-Coronavirus-Here-It-Is!
https://statnano.com//news/67589/Looking-for-a-Highly-Breathable-Mask-That-Can-Block-out-Coronavirus-Here-It-Is!
https://statnano.com//news/67589/Looking-for-a-Highly-Breathable-Mask-That-Can-Block-out-Coronavirus-Here-It-Is!
https://dx.doi.org/10.1016/j.bmcl.2010.03.079
https://dx.doi.org/10.1016/j.bmcl.2010.03.079
https://dx.doi.org/10.1186/1477-3155-3-6
https://dx.doi.org/10.1186/1477-3155-3-6
https://dx.doi.org/10.1371/journal.pone.0104113
https://dx.doi.org/10.1371/journal.pone.0104113
https://dx.doi.org/10.1371/journal.pone.0104113
https://dx.doi.org/10.1021/bc900215b
https://dx.doi.org/10.1021/bc900215b
https://dx.doi.org/10.1101/2020.02.27.20028787
https://dx.doi.org/10.1101/2020.02.27.20028787
https://dx.doi.org/10.1101/2020.02.27.20028787
https://dx.doi.org/10.1101/2020.02.27.20028787
https://dx.doi.org/10.1101/2020.02.27.20028787?ref=pdf
https://dx.doi.org/10.3389/fmed.2020.00225
https://dx.doi.org/10.3389/fmed.2020.00225
https://dx.doi.org/10.1021/acs.analchem.0c00784
https://dx.doi.org/10.1021/acs.analchem.0c00784
https://dx.doi.org/10.1021/acs.analchem.0c00784
https://dx.doi.org/10.1021/acsnano.0c03822
https://dx.doi.org/10.1021/acsnano.0c03822
https://dx.doi.org/10.1021/acsnano.0c03822
https://dx.doi.org/10.1021/acsnano.6b01254
https://dx.doi.org/10.1021/acsnano.6b01254
https://dx.doi.org/10.1101/2020.02.22.961268
https://dx.doi.org/10.1101/2020.02.22.961268
https://dx.doi.org/10.1101/2020.02.22.961268
https://dx.doi.org/10.1101/2020.02.22.961268?ref=pdf
https://dx.doi.org/10.1101/2020.02.22.961268?ref=pdf
https://dx.doi.org/10.1101/2020.03.17.20037796
https://dx.doi.org/10.1101/2020.03.17.20037796
https://dx.doi.org/10.1101/2020.03.17.20037796
https://dx.doi.org/10.1101/2020.03.17.20037796?ref=pdf
https://dx.doi.org/10.1080/14328917.2020.1769350
https://dx.doi.org/10.1080/14328917.2020.1769350
https://dx.doi.org/10.1021/acsnano.0c02439
https://dx.doi.org/10.1021/acsnano.0c02439
https://dx.doi.org/10.1021/acsnano.0c02439
https://dx.doi.org/10.1126/science.aar6245
https://dx.doi.org/10.1126/science.aar6245
https://dx.doi.org/10.1126/science.aat4982
https://dx.doi.org/10.1021/acsinfecdis.8b00170
https://dx.doi.org/10.1021/acsinfecdis.8b00170
https://dx.doi.org/10.1056/NEJMcibr1704902
https://dx.doi.org/10.1056/NEJMcibr1704902
https://dx.doi.org/10.1016/j.snb.2018.06.069
https://dx.doi.org/10.1016/j.snb.2018.06.069
https://dx.doi.org/10.1021/acsami.0c12482
https://dx.doi.org/10.1021/acsami.0c12482
https://dx.doi.org/10.1021/acs.analchem.9b03545
https://dx.doi.org/10.1021/acs.analchem.9b03545
https://dx.doi.org/10.1021/acs.analchem.9b03545
https://dx.doi.org/10.1038/s41551-020-00603-x
https://dx.doi.org/10.1038/s41551-020-00603-x
https://dx.doi.org/10.1038/s41467-020-18575-6
https://dx.doi.org/10.1038/s41467-020-18575-6
https://dx.doi.org/10.1038/s41467-020-18575-6
https://dx.doi.org/10.1038/s41467-020-18575-6?ref=pdf
https://dx.doi.org/10.1101/2020.04.07.028167
https://dx.doi.org/10.1101/2020.04.07.028167
https://dx.doi.org/10.1101/2020.04.07.028167?ref=pdf
https://dx.doi.org/10.1042/BCJ20160510
https://dx.doi.org/10.1042/BCJ20160510
https://dx.doi.org/10.1038/nrgastro.2017.54
https://dx.doi.org/10.1038/nrgastro.2017.54
https://dx.doi.org/10.1038/mi.2016.108
https://dx.doi.org/10.1038/mi.2016.108
https://dx.doi.org/10.3389/fmicb.2018.01835
https://dx.doi.org/10.3389/fmicb.2018.01835
https://dx.doi.org/10.3389/fmicb.2018.01835?ref=pdf
https://dx.doi.org/10.3389/fmicb.2020.01840
https://dx.doi.org/10.3389/fmicb.2020.01840
https://dx.doi.org/10.3389/fmicb.2020.01840?ref=pdf
https://dx.doi.org/10.1126/scitranslmed.3006438
https://dx.doi.org/10.1126/scitranslmed.3006438
https://dx.doi.org/10.1093/cid/ciy205
https://dx.doi.org/10.1093/cid/ciy205
https://dx.doi.org/10.1053/j.gastro.2020.02.055
https://dx.doi.org/10.1053/j.gastro.2020.02.055
https://dx.doi.org/10.1016/j.jinf.2020.03.063
https://dx.doi.org/10.1016/j.jinf.2020.03.063
pubs.acs.org/journal/abseba?ref=pdf
https://dx.doi.org/10.1021/acsbiomaterials.0c01243?ref=pdf

ACS Biomaterials Science & Engineering

pubs.acs.org/journal/abseba

Chen, Z.; Tso, E. Y. K; Fung, K. S. C,; Chan, V,; Ling, L.; Joynt, G.;
Hui, D. S. C,; Chan, F. K. L;; Chan, P. K. S.; Ng, S. C. Alterations in
Gut Microbiota of Patients With COVID-19 During Time of
Hospitalization. Gastroenterology 2020, 159 (3), 944—955.

(83) Gu, S.; Chen, Y.; Wu, Z; Chen, Y.,; Gao, H.; Lv, L,; Guo, F,;
Zhang, X,; Luo, R;; Huang, C; Lu, H.; Zheng, B.; Zhang, J.; Yan, R;
Zhang, H,; Jiang, H; Xu, Q; Guo, J; Gong, Y,; Tang, L; Li, L.
Alterations of the Gut Microbiota in Patients With Coronavirus
Disease 2019 or HINI1 Influenza. Clin. Infect. Dis. 2020, 1
DOI: 10.1093/cid/ciaa709.

(84) Wang, X.; Zheng, J.; Guo, L.; Yao, H.; Wang, L.; Xia, X.; Zhang,
W. Fecal Viral Shedding in COVID-19 Patients: Clinical Significance,
Viral Load Dynamics and Survival Analysis. Virus Res. 2020, 289,
198147.

(85) Yildiz, S.; Mazel-Sanchez, B.; Kandasamy, M.; Manicassamy, B.;
Schmolke, M. Influenza A Virus Infection Impacts Systemic
Microbiota Dynamics and Causes Quantitative Enteric Dysbiosis.
Microbiome 2018, 6 (1), 9.

(86) Groves, H. T.; Cuthbertson, L.; James, P.; Moffatt, M. F.; Cox,
M. J; Tregoning, J. S. Respiratory Disease Following Viral Lung
Infection Alters the Murine Gut Microbiota. Front. Immunol. 2018, 9,
1 DOI: 10.3389/fimmu.2018.00182.

(87) AKTAS, B.; ASLIM, B. Gut-Lung Axis and Dysbiosis in
COVID-19. Turk J. Biol. 2020, 44 (3), 265—272.

(88) Wilding, L. A; Bassis, C. M.; Walacavage, K; Hashway, S.;
Leroueil, P. R; Morishita, M,; Maynard, A. D.; Philbert, M. A;
Bergin, I. L. Repeated Dose (28-Day) Administration of Silver
Nanoparticles of Varied Size and Coating Does Not Significantly Alter
the Indigenous Murine Gut Microbiome. Nanotoxicology 2016, 10
(5), 513—520.

(89) Siemer, S.; Hahlbrock, A.; Vallet, C.; McClements, D. J.;
Balszuweit, J.; Voskuhl, J.; Docter, D.; Wessler, S.; Knauer, S. K;
Westmeier, D.; Stauber, R. H. Nanosized Food Additives Impact
Beneficial and Pathogenic Bacteria in the Human Gut: A Simulated
Gastrointestinal Study. npj Science of Food 2018, 2 (1), 22.

(90) Biteen, J. S.; Blainey, P. C.; Cardon, Z. G.; Chun, M.; Church,
G. M.; Dorrestein, P. C.; Fraser, S. E.; Gilbert, J. A,; Jansson, J. K;
Knight, R.; Miller, J. F.; Ozcan, A.; Prather, K. A;; Quake, S. R.; Ruby,
E. G,; Silver, P. A,; Taha, S.; van den Engh, G.; Weiss, P. S.; Wong, G.
C. L.; Wright, A. T.; Young, T. D. Tools for the Microbiome: Nano
and Beyond. ACS Nano 2016, 10 (1), 6—37.

(91) Kalantar-zadeh, K; Ha, N.; Ou, J. Z.; Berean, K. J. Ingestible
Sensors. ACS Sens. 2017, 2 (4), 468—483.

(92) Kalantar-Zadeh, K.; Ward, S. A.; Kalantar-Zadeh, K.; EI-Omar,
E. M. Considering the Effects of Microbiome and Diet on SARS-CoV-
2 Infection: Nanotechnology Roles. ACS Nano 2020, 14 (5), 5179—
5182.

(93) Mendes, V.; Galvio, L; Vieira, A. T. Mechanisms by Which the
Gut Microbiota Influences Cytokine Production and Modulates Host
Inflammatory Responses. J. Interferon Cytokine Res. 2019, 39 (7),
393—409.

(94) Pott, J.; Stockinger, S. Type I and III Interferon in the Gut:
Tight Balance between Host Protection and Immunopathology. Front.
Immunol. 2017, 8, 1 DOI: 10.3389/fimmu.2017.00258.

(95) Lokugamage, K. G.; Hage, A.; de Vries, M.; Valero-Jimenez, A.
M.; Schindewolf, C.; Dittmann, M.; Rajsbaum, R.; Menachery, V. D.
Type I Interferon Susceptibility Distinguishes SARS-CoV-2 from
SARS-CoV. J. Virol. 2020, 94 (23), 1 DOIL: 10.1128/JV1.01410-20.

(96) Lee, J. S.; Shin, E.-C. The Type I Interferon Response in
COVID-19: Implications for Treatment. Nat. Rev. Immunol. 2020, 20
(10), 585-586.

(97) Mahajan, S.; Law; Aalinkeel; Reynolds; Nair; Sykes; Yong; Roy;
Prasad; Schwartz, S. Anti-HIV-1 Nanotherapeutics: Promises and
Challenges for the Future. Int. J. Nanomed. 2012, 5301.

(98) Petros, R. A,; DeSimone, J. M. Strategies in the Design of
Nanoparticles for Therapeutic Applications. Nat. Rev. Drug Discovery
2010, 9 (8), 615—627.

(99) Gagliardi, M. Biomimetic and Bioinspired Nanoparticles for
Targeted Drug Delivery. Ther. Delivery 2017, 8 (5), 289—299.

50

(100) Cojocaru, F.-D.; Botezat, D.; Gardikiotis, 1; Uritu, C.-M;
Dodi, G.; Trandafir, L.; Rezus, C.; Rezus, E.; Tamba, B.-I.; Mihai, C.-
T. Nanomaterials Designed for Antiviral Drug Delivery Transport
across Biological Barriers. Pharmaceutics 2020, 12 (2), 171.

(101) Sivasankarapillai, V. S.; Pillai, A. M.; Rahdar, A.; Sobha, A. P,;
Das, S. S.; Mitropoulos, A. C.; Mokarrar, M. H.; Kyzas, G. Z. On
Facing the SARS-CoV-2 (COVID-19) with Combination of Nano-
materials and Medicine: Possible Strategies and First Challenges.
Nanomaterials 2020, 10 (5), 852.

(102) Kingsley, J. D; Dou, H; Morehead, J; Rabinow, B;
Gendelman, H. E.; Destache, C. J. Nanotechnology: A Focus on
Nanoparticles as a Drug Delivery System. Jrnl Neuroimmune Pharm.
2006, 1 (3), 340—350.

(103) Nasrollahzadeh, M.; Sajjadi, M.; Soufi, G. J.; Iravani, S.;
Varma, R. S. Nanomaterials and Nanotechnology-Associated
Innovations against Viral Infections with a Focus on Coronaviruses.
Nanomaterials 2020, 10 (6), 1072.

(104) Itani, R; Tobaiqy, M; Al Faraj, A. Optimizing Use of
Theranostic Nanoparticles as a Life-Saving Strategy for Treating
COVID-19 Patients. Theranostics 2020, 10 (13), 5932—5942.

(105) Lara, H. H.,; Ayala-Nufiez, N. V.; Ixtepan-Turrent, L.
Rodriguez-Padilla, C. Mode of Antiviral Action of Silver Nanoparticles
against HIV-1. J. Nanobiotechnol. 2010, 8 (1), 1.

(106) Rai, M.; Kon, K; Ingle, A,; Duran, N.; Galdiero, S.; Galdiero,
M. Broad-Spectrum Bioactivities of Silver Nanoparticles: The
Emerging Trends and Future Prospects. Appl. Microbiol. Biotechnol.
2014, 98 (5), 1951—1961.

(107) Swathy, J. R;; Sankar, M. U.; Chaudhary, A.; Aigal, S.; Anshup;
Pradeep, T. Antimicrobial Silver: An Unprecedented Anion Effect. Sci.
Rep. 2015, 4 (1), 7161.

(108) Nakamura, S.; Sato, M.; Sato, Y.; Ando, N.; Takayama, T.;
Fujita, M.; Ishihara, M. Synthesis and Application of Silver
Nanoparticles (Ag NPs) for the Prevention of Infection in Healthcare
Workers. Int. J. Mol. Sci. 2019, 20 (15), 3620.

(109) Sportelli, M. C.; Izzi, M.; Kukushkina, E. A.; Hossain, S. L;
Picca, R. A; Ditaranto, N.; Cioffi, N. Can Nanotechnology and
Materials Science Help the Fight against SARS-CoV-22 Nanomaterials
2020, 10 (4), 802.

(110) Baker, C.; Pradhan, A.; Pakstis, L.; Pochan, D. J.; Shah, S. 1.
Synthesis and Antibacterial Properties of Silver Nanoparticles. J.
Nanosci. Nanotechnol. 2005, 5 (2), 244—249.

(111) Trefry, J. C.; Wooley, D. P. Silver Nanoparticles Inhibit < I >
Vaccinia Virus</I> Infection by Preventing Viral Entry Through a
Macropinocytosis-Dependent Mechanism. ]. Biomed. Nanotechnol.
2013, 9 (9), 1624—1635.

(112) Kim, J; Yeom, M,; Lee, T; Kim, H.-O.; Na, W,; Kang, A;
Lim, J-W,; Park, G.; Park, C,; Song, D.; Haam, S. Porous Gold
Nanoparticles for Attenuating Infectivity of Influenza A Virus. J.
Nanobiotechnol. 2020, 18 (1), 54.

(113) Hati, S.; Bhattacharyya, S. Impact of Thiol-Disulfide Balance
on the Binding of Covid-19 Spike Protein with Angiotensin
Converting Enzyme 2 Receptor; BioRXiv, 2020. DOI: 10.1101/
2020.05.07.083147.

(114) Wei, L,; Ly, J.; Xu, H,; Patel, A.; Chen, Z.-S.; Chen, G. Silver
Nanoparticles: Synthesis, Properties, and Therapeutic Applications.
Drug Discovery Today 2018, 20 (5), $95—601.

(115) Jeremiah, S. S.; Miyakawa, K.; Morita, T.; Yamaoka, Y.; Ryo,
A. Potent Antiviral Effect of Silver Nanoparticles on SARS-CoV-2.
Biochem. Biophys. Res. Commun. 2020, 533 (1), 195—200.

(116) Dy, T; Liang, J.; Dong, N.; Lu, J.; Fu, Y.; Fang, L.; Xiao, S.;
Han, H. Glutathione-Capped Ag , S Nanoclusters Inhibit Coronavirus
Proliferation through Blockage of Viral RNA Synthesis and Budding.
ACS Appl. Mater. Interfaces 2018, 10 (S), 4369—4378.

(117) Li, Y.; Lin, Z.; Zhao, M.; Guo, M.; Xu, T.; Wang, C.; Xia, H,;
Zhu, B. Reversal of HIN1 Influenza Virus-Induced Apoptosis by
Silver Nanoparticles Functionalized with Amantadine. RSC Adv. 2016,
6 (92), 89679—89686.

https://dx.doi.org/10.1021/acsbiomaterials.0c01243
ACS Biomater. Sci. Eng. 2021, 7, 31-54


https://dx.doi.org/10.1053/j.gastro.2020.05.048
https://dx.doi.org/10.1053/j.gastro.2020.05.048
https://dx.doi.org/10.1053/j.gastro.2020.05.048
https://dx.doi.org/10.1093/cid/ciaa709
https://dx.doi.org/10.1093/cid/ciaa709
https://dx.doi.org/10.1093/cid/ciaa709?ref=pdf
https://dx.doi.org/10.1016/j.virusres.2020.198147
https://dx.doi.org/10.1016/j.virusres.2020.198147
https://dx.doi.org/10.1186/s40168-017-0386-z
https://dx.doi.org/10.1186/s40168-017-0386-z
https://dx.doi.org/10.3389/fimmu.2018.00182
https://dx.doi.org/10.3389/fimmu.2018.00182
https://dx.doi.org/10.3389/fimmu.2018.00182?ref=pdf
https://dx.doi.org/10.3906/biy-2005-102
https://dx.doi.org/10.3906/biy-2005-102
https://dx.doi.org/10.3109/17435390.2015.1078854
https://dx.doi.org/10.3109/17435390.2015.1078854
https://dx.doi.org/10.3109/17435390.2015.1078854
https://dx.doi.org/10.1038/s41538-018-0030-8
https://dx.doi.org/10.1038/s41538-018-0030-8
https://dx.doi.org/10.1038/s41538-018-0030-8
https://dx.doi.org/10.1021/acsnano.5b07826
https://dx.doi.org/10.1021/acsnano.5b07826
https://dx.doi.org/10.1021/acssensors.7b00045
https://dx.doi.org/10.1021/acssensors.7b00045
https://dx.doi.org/10.1021/acsnano.0c03402
https://dx.doi.org/10.1021/acsnano.0c03402
https://dx.doi.org/10.1089/jir.2019.0011
https://dx.doi.org/10.1089/jir.2019.0011
https://dx.doi.org/10.1089/jir.2019.0011
https://dx.doi.org/10.3389/fimmu.2017.00258
https://dx.doi.org/10.3389/fimmu.2017.00258
https://dx.doi.org/10.3389/fimmu.2017.00258?ref=pdf
https://dx.doi.org/10.1128/JVI.01410-20
https://dx.doi.org/10.1128/JVI.01410-20
https://dx.doi.org/10.1128/JVI.01410-20?ref=pdf
https://dx.doi.org/10.1038/s41577-020-00429-3
https://dx.doi.org/10.1038/s41577-020-00429-3
https://dx.doi.org/10.2147/IJN.S25871
https://dx.doi.org/10.2147/IJN.S25871
https://dx.doi.org/10.1038/nrd2591
https://dx.doi.org/10.1038/nrd2591
https://dx.doi.org/10.4155/tde-2017-0013
https://dx.doi.org/10.4155/tde-2017-0013
https://dx.doi.org/10.3390/pharmaceutics12020171
https://dx.doi.org/10.3390/pharmaceutics12020171
https://dx.doi.org/10.3390/nano10050852
https://dx.doi.org/10.3390/nano10050852
https://dx.doi.org/10.3390/nano10050852
https://dx.doi.org/10.1007/s11481-006-9032-4
https://dx.doi.org/10.1007/s11481-006-9032-4
https://dx.doi.org/10.3390/nano10061072
https://dx.doi.org/10.3390/nano10061072
https://dx.doi.org/10.7150/thno.46691
https://dx.doi.org/10.7150/thno.46691
https://dx.doi.org/10.7150/thno.46691
https://dx.doi.org/10.1186/1477-3155-8-1
https://dx.doi.org/10.1186/1477-3155-8-1
https://dx.doi.org/10.1007/s00253-013-5473-x
https://dx.doi.org/10.1007/s00253-013-5473-x
https://dx.doi.org/10.1038/srep07161
https://dx.doi.org/10.3390/ijms20153620
https://dx.doi.org/10.3390/ijms20153620
https://dx.doi.org/10.3390/ijms20153620
https://dx.doi.org/10.3390/nano10040802
https://dx.doi.org/10.3390/nano10040802
https://dx.doi.org/10.1166/jnn.2005.034
https://dx.doi.org/10.1166/jbn.2013.1659
https://dx.doi.org/10.1166/jbn.2013.1659
https://dx.doi.org/10.1166/jbn.2013.1659
https://dx.doi.org/10.1186/s12951-020-00611-8
https://dx.doi.org/10.1186/s12951-020-00611-8
https://dx.doi.org/10.1101/2020.05.07.083147
https://dx.doi.org/10.1101/2020.05.07.083147
https://dx.doi.org/10.1101/2020.05.07.083147
https://dx.doi.org/10.1101/2020.05.07.083147?ref=pdf
https://dx.doi.org/10.1101/2020.05.07.083147?ref=pdf
https://dx.doi.org/10.1016/j.drudis.2014.11.014
https://dx.doi.org/10.1016/j.drudis.2014.11.014
https://dx.doi.org/10.1016/j.bbrc.2020.09.018
https://dx.doi.org/10.1021/acsami.7b13811
https://dx.doi.org/10.1021/acsami.7b13811
https://dx.doi.org/10.1039/C6RA18493F
https://dx.doi.org/10.1039/C6RA18493F
pubs.acs.org/journal/abseba?ref=pdf
https://dx.doi.org/10.1021/acsbiomaterials.0c01243?ref=pdf

ACS Biomaterials Science & Engineering

pubs.acs.org/journal/abseba

(118) Sarkar, Dr. S. Silver Nanoparticles with Bronchodilators
Through Nebulisation to Treat COVID 19 Patients. ]. Current Med.
Res. Opinion 2020, 3 (04), 1 DOI: 10.15520/jcmro.v3i04.276.

(119) Ghosal, K.; Sarkar, K. Biomedical Applications of Graphene
Nanomaterials and Beyond. ACS Biomater. Sci. Eng. 2018, 4 (8),
2653—2703.

(120) Bonaccorso, F.; Sun, Z.; Hasan, T.; Ferrari, A. C. Graphene
Photonics and Optoelectronics. Nat. Photonics 2010, 4 (9), 611—622.

(121) Nikam, A. N.; More, M. P.; Pandey, A. P.; Patil, P. O.; Patil, A.
G.; Deshmukh, P. K. Design and Development of Thiolated Graphene
Oxide Nanosheets for Brain Tumor Targeting. Int. J. Polym. Mater.
2020, 69, 611.

(122) Ye, S.; Shao, K;; Li, Z.; Guo, N.; Zuo, Y.; Li, Q.; Lu, Z.; Chen,
L.; He, Q,; Han, H. Antiviral Activity of Graphene Oxide: How Sharp
Edged Structure and Charge Matter. ACS Appl. Mater. Interfaces 20185,
7 (38), 21571-21579.

(123) Song, Z.; Wang, X.; Zhu, G.; Nian, Q; Zhou, H.; Yang, D,;
Qin, C; Tang, R. Virus Capture and Destruction by Label-Free
Graphene Oxide for Detection and Disinfection Applications. Small
2015, 11 (9—10), 1171-1176.

(124) Nikaeen, G.; Abbaszadeh, S.; Yousefinejad, S. Application of
Nanomaterials in Treatment, Anti-Infection and Detection of
Coronaviruses. Nanomedicine 2020, 15, 1501.

(125) Kumar, S.; Parekh, S. H. Linking Graphene-Based Material
Physicochemical Properties with Molecular Adsorption, Structure and
Cell Fate. Commun. Chem. 2020, 3 (1), 8.

(126) Yang, X. X; Li, C. M,; Li, Y. F; Wang, J.; Huang, C. Z.
Synergistic Antiviral Effect of Curcumin Functionalized Graphene
Oxide against Respiratory Syncytial Virus Infection. Nanoscale 2017, 9
(41), 16086—16092.

(127) Sametband, M.; Kalt, I; Gedanken, A.; Sarid, R. Herpes
Simplex Virus Type-1 Attachment Inhibition by Functionalized
Graphene Oxide. ACS Appl. Mater. Interfaces 2014, 6 (2), 1228—1235.

(128) Ting, D.; Dong, N.; Fang, L.; Ly, J.; Bi, J.; Xiao, S.; Han, H.
Multisite Inhibitors for Enteric Coronavirus: Antiviral Cationic
Carbon Dots Based on Curcumin. ACS Appl. Nano Mater. 2018, 1
(10), 5451—5459.

(129) Lee, E. C.; Davis-Poynter, N.; Nguyen, C. T. H,; Peters, A. A,;
Monteith, G. R.; Strounina, E.; Popat, A.; Ross, B. P. GAG Mimetic
Functionalised Solid and Mesoporous Silica Nanoparticles as Viral
Entry Inhibitors of Herpes Simplex Type 1 and Type 2 Viruses.
Nanoscale 2016, 8 (36), 16192—16196.

(130) Lembo, D.; Donalisio, M.; Civra, A.; Argenziano, M.; Cavalli,
R. Nanomedicine Formulations for the Delivery of Antiviral Drugs: A
Promising Solution for the Treatment of Viral Infections. Expert Opin.
Drug Delivery 2018, 15 (1), 93—114.

(131) Mutalik, S.; Shetty, P. K; Venuvanka, V.; Jagani, H. V,;
Gejjalagere, C. H.; Nayak, U. Y; Musmade, P. B; Reddy, M S,;
Kalthur, G.; Udupa, N; Ligade, V. S; Rao, C. M. Development and
Evaluation of Sunscreen Creams Containing Morin-Encapsulated
Nanoparticles for Enhanced UV Radiation Protection and Anti-
oxidant Activity. Int. . Nanomed. 2015, 10, 6477—6491.

(132) Mutalik, S.; Suthar, N. A;; Managuli, R. S.; Shetty, P. K;
Avadhani, K; Kalthur, G.; Kulkarni, R. V.; Thomas, R. Development
and Performance Evaluation of Novel Nanoparticles of a Grafted
Copolymer Loaded with Curcumin. Int. J. Biol. Macromol. 2016, 86,
709—-720.

(133) Hirpara, M. R.; Manikkath, J.; Sivakumar, K.; Managuli, R. S.;
Gourishetti, K.; Krishnadas, N.; Shenoy, R. R.; Jayaprakash, B.; Rao,
C. M.,; Mutalik, S. Long Circulating PEGylated-Chitosan Nano-
particles of Rosuvastatin Calcium: Development and in Vitro and in
Vivo Evaluations. Int. J. Biol. Macromol. 2018, 107, 2190—2200.

(134) Zazo, H,; Colino, C. I; Lanao, J. M. Current Applications of
Nanoparticles in Infectious Diseases. J. Controlled Release 2016, 224,
86—102.

(135) Li, B. Nanomedicine as an Emerging Approach against
Intracellular Pathogens. Int. J. Nanomed. 2011, 3281.

(136) Hu, C.-M. J.; Chen, Y.-T.; Fang, Z.-S.; Chang, W.-S.; Chen,
H.-W. Antiviral Efficacy of Nanoparticulate Vacuolar ATPase

51

Inhibitors against Influenza Virus Infection. Int. J. Nanomed. 2018,
13, 8579—8593.

(137) Francica, J. R; Lynn, G. M; Laga, R; Joyce, M. G,;
Ruckwardt, T. J.; Morabito, K. M.; Chen, M.; Chaudhuri, R;; Zhang,
B.; Sastry, M,; Druz, A.; Ko, K;; Choe, M.; Pechar, M.; Georgiev, L. S,;
Kueltzo, L. A.; Seymour, L. W.; Mascola, J. R;; Kwong, P. D.; Graham,
B. S.; Seder, R. A. Thermoresponsive Polymer Nanoparticles Co-
Deliver RSV F Trimers with a TLR-7/8 Adjuvant. Bioconjugate Chem.
2016, 27 (10), 2372—2385.

(138) Donalisio, M.; Leone, F.; Civra, A.; Spagnolo, R;; Ozer, O.;
Lembo, D.; Cavalli, R. Acyclovir-Loaded Chitosan Nanospheres from
Nano-Emulsion Templating for the Topical Treatment of Herpesvi-
ruses Infections. Pharmaceutics 2018, 10 (2), 46.

(139) Destache, C. J.; Belgum, T.; Goede, M.; Shibata, A; Belshan,
M. A. Antiretroviral Release from Poly(DL-Lactide-Co-Glycolide)
Nanoparticles in Mice. J. Antimicrob. Chemother. 2010, 65 (10),
2183-2187.

(140) Mutalik, S.; Shetty, P. K.,; Kumar, A.; Kalra, R;; Parekh, H. S.
Enhancement in Deposition and Permeation of S-Fluorouracil
through Human Epidermis Assisted by Peptide Dendrimers. Drug
Delivery 2014, 21 (1), 44—54.

(141) Hegde, A. R.; Rewatkar, P. V.; Manikkath, J.; Tupally, K;
Parekh, H. S.; Mutalik, S. Peptide Dendrimer-Conjugates of
Ketoprofen: Synthesis and Ex Vivo and in Vivo Evaluations of
Passive Diffusion, Sonophoresis and Iontophoresis for Skin Delivery.
Eur. J. Pharm. Sci. 2017, 102, 237—-249.

(142) Manikkath, J.; Hegde, A. R; Kalthur, G,; Parekh, H. S;
Mutalik, S. Influence of Peptide Dendrimers and Sonophoresis on the
Transdermal Delivery of Ketoprofen. Int. J. Pharm. 2017, S21 (1),
110—119.

(143) Kannan, R. M,; Nance, E.; Kannan, S.; Tomalia, D. A.
Emerging Concepts in Dendrimer-Based Nanomedicine: From
Design Principles to Clinical Applications. J. Intern. Med. 2014, 276
(6), 579—617.

(144) Kono, K. Dendrimer-Based Bionanomaterials Produced by
Surface Modification, Assembly and Hybrid Formation. Polym. ].
2012, 44 (6), 531—540.

(145) Nandy, B.; Saurabh, S.; Sahoo, A. K.; Dixit, N. M.; Maiti, P. K.
The SPL7013 Dendrimer Destabilizes the HIV-1 Gpl120—CD4
Complex. Nanoscale 2015, 7 (44), 18628—18641.

(146) Dutta, T.; Agashe, H. B; Garg, M.; Balasubramanium, P.;
Kabra, M.; Jain, N. K. Poly (Propyleneimine) Dendrimer Based
Nanocontainers for Targeting of Efavirenz to Human Monocytes/
Macrophages in Vitro: Research Paper. J. Drug Targeting 2007, 15 (1),
89—-98.

(147) Yandrapu, S. K.; Kanujia, P.; Chalasani, K. B.; Mangamoori,
L.; Kolapalli, R. V.; Chauhan, A. Development and Optimization of
Thiolated Dendrimer as a Viable Mucoadhesive Excipient for the
Controlled Drug Delivery: An Acyclovir Model Formulation.
Nanomedicine 2013, 9 (4), 514—522.

(148) Avadhani, K. S.; Manikkath, J.; Tiwari, M.; Chandrasekhar,
M.,; Godavarthi, A.; Vidya, S. M.; Hariharapura, R. C,; Kalthur, G;
Udupa, N.; Mutalik, S. Skin Delivery of Epigallocatechin-3-Gallate
(EGCG) and Hyaluronic Acid Loaded Nano-Transfersomes for
Antioxidant and Anti-Aging Effects in UV Radiation Induced Skin
Damage. Drug Delivery 2017, 24 (1), 61—74.

(149) Managuli, R. S.; Wang, J. T.-W.; Faruqu, F. M.; Pandey, A,;
Jain, S.; Al-Jamal, K. T.; Mutalik, S. Surface Engineered Nano-
liposomal Platform for Selective Lymphatic Uptake of Asenapine
Maleate: In Vitro and in Vivo Studies. Mater. Sci. Eng, C 2020, 109,
110620.

(150) Gollavilli, H.; Hegde, A. R.; Managuli, R. S.; Bhaskar, K. V,;
Dengale, S. J.; Reddy, M. S.; Kalthur, G.; Mutalik, S. Naringin Nano-
Ethosomal Novel Sunscreen Creams: Development and Performance
Evaluation. Colloids Surf, B 2020, 193, 111122.

(151) Gagné, J.-F.; Désormeaux, A.; Perron, S.; Tremblay, M. J;
Bergeron, M. G. Targeted Delivery of Indinavir to HIV-1 Primary
Reservoirs with Immunoliposomes. Biochim. Biophys. Acta, Biomembr.
2002, 1558 (2), 198-210.

https://dx.doi.org/10.1021/acsbiomaterials.0c01243
ACS Biomater. Sci. Eng. 2021, 7, 31-54


https://dx.doi.org/10.15520/jcmro.v3i04.276
https://dx.doi.org/10.15520/jcmro.v3i04.276
https://dx.doi.org/10.15520/jcmro.v3i04.276?ref=pdf
https://dx.doi.org/10.1021/acsbiomaterials.8b00376
https://dx.doi.org/10.1021/acsbiomaterials.8b00376
https://dx.doi.org/10.1038/nphoton.2010.186
https://dx.doi.org/10.1038/nphoton.2010.186
https://dx.doi.org/10.1080/00914037.2019.1596911
https://dx.doi.org/10.1080/00914037.2019.1596911
https://dx.doi.org/10.1021/acsami.5b06876
https://dx.doi.org/10.1021/acsami.5b06876
https://dx.doi.org/10.1002/smll.201401706
https://dx.doi.org/10.1002/smll.201401706
https://dx.doi.org/10.2217/nnm-2020-0117
https://dx.doi.org/10.2217/nnm-2020-0117
https://dx.doi.org/10.2217/nnm-2020-0117
https://dx.doi.org/10.1038/s42004-019-0254-9
https://dx.doi.org/10.1038/s42004-019-0254-9
https://dx.doi.org/10.1038/s42004-019-0254-9
https://dx.doi.org/10.1039/C7NR06520E
https://dx.doi.org/10.1039/C7NR06520E
https://dx.doi.org/10.1021/am405040z
https://dx.doi.org/10.1021/am405040z
https://dx.doi.org/10.1021/am405040z
https://dx.doi.org/10.1021/acsanm.8b00779
https://dx.doi.org/10.1021/acsanm.8b00779
https://dx.doi.org/10.1039/C6NR03878F
https://dx.doi.org/10.1039/C6NR03878F
https://dx.doi.org/10.1039/C6NR03878F
https://dx.doi.org/10.1080/17425247.2017.1360863
https://dx.doi.org/10.1080/17425247.2017.1360863
https://dx.doi.org/10.2147/IJN.S90964
https://dx.doi.org/10.2147/IJN.S90964
https://dx.doi.org/10.2147/IJN.S90964
https://dx.doi.org/10.2147/IJN.S90964
https://dx.doi.org/10.1016/j.ijbiomac.2015.11.092
https://dx.doi.org/10.1016/j.ijbiomac.2015.11.092
https://dx.doi.org/10.1016/j.ijbiomac.2015.11.092
https://dx.doi.org/10.1016/j.ijbiomac.2017.10.086
https://dx.doi.org/10.1016/j.ijbiomac.2017.10.086
https://dx.doi.org/10.1016/j.ijbiomac.2017.10.086
https://dx.doi.org/10.1016/j.jconrel.2016.01.008
https://dx.doi.org/10.1016/j.jconrel.2016.01.008
https://dx.doi.org/10.2147/IJN.S27285
https://dx.doi.org/10.2147/IJN.S27285
https://dx.doi.org/10.2147/IJN.S185806
https://dx.doi.org/10.2147/IJN.S185806
https://dx.doi.org/10.1021/acs.bioconjchem.6b00370
https://dx.doi.org/10.1021/acs.bioconjchem.6b00370
https://dx.doi.org/10.3390/pharmaceutics10020046
https://dx.doi.org/10.3390/pharmaceutics10020046
https://dx.doi.org/10.3390/pharmaceutics10020046
https://dx.doi.org/10.1093/jac/dkq318
https://dx.doi.org/10.1093/jac/dkq318
https://dx.doi.org/10.3109/10717544.2013.845861
https://dx.doi.org/10.3109/10717544.2013.845861
https://dx.doi.org/10.1016/j.ejps.2017.03.009
https://dx.doi.org/10.1016/j.ejps.2017.03.009
https://dx.doi.org/10.1016/j.ejps.2017.03.009
https://dx.doi.org/10.1016/j.ijpharm.2017.02.002
https://dx.doi.org/10.1016/j.ijpharm.2017.02.002
https://dx.doi.org/10.1111/joim.12280
https://dx.doi.org/10.1111/joim.12280
https://dx.doi.org/10.1038/pj.2012.39
https://dx.doi.org/10.1038/pj.2012.39
https://dx.doi.org/10.1039/C5NR04632G
https://dx.doi.org/10.1039/C5NR04632G
https://dx.doi.org/10.1080/10611860600965914
https://dx.doi.org/10.1080/10611860600965914
https://dx.doi.org/10.1080/10611860600965914
https://dx.doi.org/10.1016/j.nano.2012.10.005
https://dx.doi.org/10.1016/j.nano.2012.10.005
https://dx.doi.org/10.1016/j.nano.2012.10.005
https://dx.doi.org/10.1080/10717544.2016.1228718
https://dx.doi.org/10.1080/10717544.2016.1228718
https://dx.doi.org/10.1080/10717544.2016.1228718
https://dx.doi.org/10.1080/10717544.2016.1228718
https://dx.doi.org/10.1016/j.msec.2019.110620
https://dx.doi.org/10.1016/j.msec.2019.110620
https://dx.doi.org/10.1016/j.msec.2019.110620
https://dx.doi.org/10.1016/j.colsurfb.2020.111122
https://dx.doi.org/10.1016/j.colsurfb.2020.111122
https://dx.doi.org/10.1016/j.colsurfb.2020.111122
https://dx.doi.org/10.1016/S0005-2736(01)00432-1
https://dx.doi.org/10.1016/S0005-2736(01)00432-1
pubs.acs.org/journal/abseba?ref=pdf
https://dx.doi.org/10.1021/acsbiomaterials.0c01243?ref=pdf

ACS Biomaterials Science & Engineering

pubs.acs.org/journal/abseba

(152) Feliciello, L; Procino, A. The Pulmonary-Proteoliposome as a
New Therapeutic Approach for Coronaviruses. Hum. Vaccines
Immunother. 2020, 16, 2373.

(153) Liu, Y,; Chen, C. Role of Nanotechnology in HIV/AIDS
Vaccine Development. Adv. Drug Delivery Rev. 2016, 103, 76—89.

(154) Zhao, L.; Seth, A.; Wibowo, N.; Zhao, C.-X.; Mitter, N.; Yu,
C.; Middelberg, A. P. J. Nanoparticle Vaccines. Vaccine 2014, 32 (3),
327-337.

(155) Walls, A. C.; Park, Y.-J.; Tortorici, M. A.; Wall, A.; McGuire,
A. T,; Veesler, D. Structure, Function, and Antigenicity of the SARS-
CoV-2 Spike Glycoprotein. Cell 2020, 181 (2), 281—292.

(156) Coleman, C. M.; Liu, Y. V.,; Mu, H.; Taylor, J. K; Massare,
M,; Flyer, D. C.; Glenn, G. M,; Smith, G. E.; Frieman, M. B. Purified
Coronavirus Spike Protein Nanoparticles Induce Coronavirus
Neutralizing Antibodies in Mice. Vaccine 2014, 32 (26), 3169—3174.

(157) Liu, Y. V.; Massare, M. J.; Barnard, D. L.; Kort, T.; Nathan,
M.; Wang, L.; Smith, G. Chimeric Severe Acute Respiratory
Syndrome Coronavirus (SARS-CoV) S Glycoprotein and Influenza
Matrix 1 Efficiently Form Virus-like Particles (VLPs) That Protect
Mice against Challenge with SARS-CoV. Vaccine 2011, 29 (38),
6606—6613.

(158) Kim, Y.-S.; Son, A.; Kim, J.; Kwon, S. B.; Kim, M. H.; Kim, P.;
Kim, J.; Byun, Y. H,; Sung, J; Lee, J; Yu, J. E.; Park, C.; Kim, Y.-S,;
Cho, N.-H,; Chang, J.; Seong, B. L. Chaperna-Mediated Assembly of
Ferritin-Based Middle East Respiratory Syndrome-Coronavirus Nano-
particles. Front. Immunol. 2018, 9, 1093.

(159) McKay, P. F.; Hu, K.; Blakney, A. K; Samnuan, K; Bouton, C.
R.; Rogers, P.; Polra, K; Lin, P. J. C.; Barbosa, C.; Tam, Y.; Shattock,
R. J. Self-Amplifying RNA SARS-CoV-2 Lipid Nanoparticle Vaccine
Induces Equivalent Preclinical Antibody Titers and Viral Neutraliza-
tion to Recovered COVID-19 Patients; BioRXiv, 2020.
DOI: 10.1101/2020.04.22.055608.

(160) Nikoli¢, V.; Tlic-Stojanovic, S.; Petrovig, S.; Tadi¢, A.; Nikolic,
L. Administration Routes for Nano Drugs and Characterization of
Nano Drug Loading. In Characterization and biology of nanomaterials
for drug delivery; Elsevier, 2019; pp 587—625.

(161) Pal, K.; Banthia, A. K.; Majumdar, D. K. Polymeric Hydrogels:
Characterization and Biomedical Applications. Des. Monomers Polym.
2009, 12 (3), 197—-220.

(162) Prausnitz, M. R; Langer, R. Transdermal Drug Delivery. Nat.
Biotechnol. 2008, 26 (11), 1261—1268.

(163) Tanner, T.; Marks, R. Delivering Drugs by the Transdermal
Route: Review and Comment. Skin Research and Technology 2008, 14
(3), 249—260.

(164) Islam, S. U.; Shehzad, A.; Ahmed, M. B,; Lee, Y. S. Intranasal
Delivery of Nanoformulations: A Potential Way of Treatment for
Neurological Disorders. Molecules 2020, 25 (8), 1929.

(165) Al-Halifa, S.; Gauthier, L.; Arpin, D.; Bourgault, S.;
Archambault, D. Nanoparticle-Based Vaccines against Respiratory
Viruses. Front. Immunol. 2019, 10, 22.

(166) Sungnak, W.; Bécavin, C.; Berg, M. HCA Lung Biological
Network. SARS-CoV-2 Entry Genes Are Most Highly Expressed in
Nasal Goblet and Ciliated Cells within Human Airways. Nat. Med.
2020, 26, 681.

(167) Zuercher, A. W.; Coffin, S. E.; Thurnheer, M. C.; Fundova, P.;
Cebra, J. J. Nasal-Associated Lymphoid Tissue Is a Mucosal Inductive
Site for Virus-Specific Humoral and Cellular Immune Responses. J.
Immunol. 2002, 168 (4), 1796—1803.

(168) Hoffmann, M.; Kleine-Weber, H.; Schroeder, S.; Kriiger, N.;
Herrler, T.; Erichsen, S.; Schiergens, T. S.; Herrler, G.; Wu, N.-H;
Nitsche, A. SARS-CoV-2 Cell Entry Depends on ACE2 and
TMPRSS2 and Is Blocked by a Clinically Proven Protease Inhibitor.
Cell 2020, 181, 271.

(169) Orienti, I; Gentilomi, G. A, Farruggia, G. Pulmonary
Delivery of Fenretinide: A Possible Adjuvant Treatment In COVID-
19. Int. J. Mol. Sci. 2020, 21 (11), 3812.

(170) Videira, M. A; Llop, J.; Sousa, C.; Kreutzer, B.; Cossio, U,;
Forbes, B.; Vieira, I; Gil, N.; Silva-Lima, B. Pulmonary Admin-

52

istration: Strengthening the Value of Therapeutic Proximity. Front.
Med. 2020, 7, 1 DOI: 10.3389/fmed.2020.00050.

(171) Parker, S. E.; Davey, P. G. Pharmacoeconomics of Intravenous
Drug Administration. PharmacoEconomics 1992, 1 (2), 103—118.

(172) Chenthamara, D.; Subramaniam, S.; Ramakrishnan, S. G.;
Krishnaswamy, S.; Essa, M. M,; Lin, F.-H.,; Qoronfleh, M. W.
Therapeutic Efficacy of Nanoparticles and Routes of Administration.
Biomaterials Research 2019, 23 (1), 1-29.

(173) Li, Y;; Lin, Z.; Guo, M.; Zhao, M.; Xia, Y.; Wang, C.; Xu, T,;
Zhu, B. Inhibition of HINI Influenza Virus-Induced Apoptosis by
Functionalized Selenium Nanoparticles with Amantadine through
ROS-Mediated AKT Signaling Pathways. Int. ]. Nanomed. 2018, 13,
2005—2016.

(174) Li, Y;; Lin, Z.; Guo, M.; Xia, Y.; Zhao, M,; Wang, C.; Xu, T;
Chen, T.; Zhu, B. Inhibitory Activity of Selenium Nanoparticles
Functionalized with Oseltamivir on HIN1 Influenza Virus. Int. J.
Nanomed. 2017, 12, 5733—5743.

(175) Chen, Y.-N.; Hsueh, Y.-H.; Hsieh, C.-T.; Tzou, D.-Y.; Chang,
P.-L. Antiviral Activity of Graphene—Silver Nanocomposites against
Non-Enveloped and Enveloped Viruses. Int. J. Environ. Res. Public
Health 2016, 13 (4), 430.

(176) Iannazzo, D.; Pistone, A.; Ferro, S.; De Luca, L.; Monforte, A.
M.; Romeo, R.; Buemi, M. R,; Pannecouque, C. Graphene Quantum
Dots Based Systems As HIV Inhibitors. Bioconjugate Chem. 2018, 29
(9), 3084—3093.

(177) Loczechin, A.; Séron, K; Barras, A.; Giovanelli, E.; Belouzard,
S.; Chen, Y.-T.; Metzler-Nolte, N.; Boukherroub, R.; Dubuisson, J.;
Szunerits, S. Functional Carbon Quantum Dots as Medical Counter-
measures to Human Coronavirus. ACS Appl. Mater. Interfaces 2019,
11 (46), 42964—42974.

(178) Osminkina, L. A; Timoshenko, V. Y.; Shilovsky, I. P,;
Kornilaeva, G. V.; Shevchenko, S. N.; Gongalsky, M. B.; Tamarov, K.
P.; Abramchuk, S. S.; Nikiforov, V. N.; Khaitov, M. R.; Karamov, E. V.
Porous Silicon Nanoparticles as Scavengers of Hazardous Viruses. J.
Nanopart. Res. 2014, 16 (6), 2430.

(179) Gaur, P. K.; Mishra, S.; Bajpai, M.; Mishra, A. Enhanced Oral
Bioavailability of Efavirenz by Solid Lipid Nanoparticles: In Vitro
Drug Release and Pharmacokinetics Studies. BioMed Res. Int. 2014,
2014, 1-9.

(180) Aji Alex, M. R.; Chacko, A. J; Jose, S.; Souto, E. B. Lopinavir
Loaded Solid Lipid Nanoparticles (SLN) for Intestinal Lymphatic
Targeting. Eur. J. Pharm. Sci. 2011, 42 (1-2), 11-18.

(181) Lauster, D.; Glanz, M; Bardua, M.; Ludwig, K.; Hellmund,
M.; Hoffmann, U.; Hamann, A.; Bottcher, C.; Haag, R;
Hackenberger, C. P. R;; Herrmann, A. Multivalent Peptide-Nano-
particle Conjugates for Influenza-Virus Inhibition. Angew. Chem., Int.
Ed. 2017, 56 (21), 5931—5936.

(182) Freeling, J. P.; Koehn, J; Shu, C.; Sun, J; Ho, R. J. Y. Anti-
HIV Drug-Combination Nanoparticles Enhance Plasma Drug
Exposure Duration as Well as Triple-Drug Combination Levels in
Cells Within Lymph Nodes and Blood in Primates. AIDS Res. Hum.
Retroviruses 2015, 31 (1), 107—114.

(183) Liu, S,; Peng, D.; Qiu, H.; Yang, K; Fu, Z.; Zou, L.
Mesenchymal Stem Cells as a Potential Therapy for COVID-19. Stem
Cell Res. Ther. 2020, 11 (1), 169.

(184) Rothe, C.; Schunk, M.; Sothmann, P.; Bretzel, G.; Froeschl,
G.; Wallrauch, C.; Zimmer, T.; Thiel, V.; Janke, C.; Guggemos, W.
Transmission of 2019-NCoV Infection from an Asymptomatic
Contact in Germany. N. Engl. J. Med. 2020, 382 (10), 970—971.

(185) Galvani, A. P.; May, R. M. Dimensions of Superspreading.
Nature 2005, 438 (7066), 293—295.

(186) Stein, R.; Book, H. Super-spreaders in infectious diseases. Int.
J. Infect. Dis. 2011, 15 (8), e510—eS513.

(187) The demand for sterile and antiviral packaging amid Covid-19
panic; https://www.packaging-gateway.com/comment/sterile-
antiviral-packaging-covid-19/ (accessed Jun 14, 2020).

(188) Colaneri, M.; Seminari, E.; Novati, S.; Asperges, E.; Biscarini,
S.; Piralla, A.; Percivalle, E.; Cassaniti, I; Baldanti, F.; Bruno, R.
SARS-CoV-2 RNA Contamination of Inanimate Surfaces and Virus

https://dx.doi.org/10.1021/acsbiomaterials.0c01243
ACS Biomater. Sci. Eng. 2021, 7, 31-54


https://dx.doi.org/10.1080/21645515.2020.1758534
https://dx.doi.org/10.1080/21645515.2020.1758534
https://dx.doi.org/10.1016/j.addr.2016.02.010
https://dx.doi.org/10.1016/j.addr.2016.02.010
https://dx.doi.org/10.1016/j.vaccine.2013.11.069
https://dx.doi.org/10.1016/j.cell.2020.02.058
https://dx.doi.org/10.1016/j.cell.2020.02.058
https://dx.doi.org/10.1016/j.vaccine.2014.04.016
https://dx.doi.org/10.1016/j.vaccine.2014.04.016
https://dx.doi.org/10.1016/j.vaccine.2014.04.016
https://dx.doi.org/10.1016/j.vaccine.2011.06.111
https://dx.doi.org/10.1016/j.vaccine.2011.06.111
https://dx.doi.org/10.1016/j.vaccine.2011.06.111
https://dx.doi.org/10.1016/j.vaccine.2011.06.111
https://dx.doi.org/10.3389/fimmu.2018.01093
https://dx.doi.org/10.3389/fimmu.2018.01093
https://dx.doi.org/10.3389/fimmu.2018.01093
https://dx.doi.org/10.1101/2020.04.22.055608
https://dx.doi.org/10.1101/2020.04.22.055608
https://dx.doi.org/10.1101/2020.04.22.055608
https://dx.doi.org/10.1101/2020.04.22.055608?ref=pdf
https://dx.doi.org/10.1163/156855509X436030
https://dx.doi.org/10.1163/156855509X436030
https://dx.doi.org/10.1038/nbt.1504
https://dx.doi.org/10.1111/j.1600-0846.2008.00316.x
https://dx.doi.org/10.1111/j.1600-0846.2008.00316.x
https://dx.doi.org/10.3390/molecules25081929
https://dx.doi.org/10.3390/molecules25081929
https://dx.doi.org/10.3390/molecules25081929
https://dx.doi.org/10.3389/fimmu.2019.00022
https://dx.doi.org/10.3389/fimmu.2019.00022
https://dx.doi.org/10.1038/s41591-020-0868-6
https://dx.doi.org/10.1038/s41591-020-0868-6
https://dx.doi.org/10.1038/s41591-020-0868-6
https://dx.doi.org/10.4049/jimmunol.168.4.1796
https://dx.doi.org/10.4049/jimmunol.168.4.1796
https://dx.doi.org/10.1016/j.cell.2020.02.052
https://dx.doi.org/10.1016/j.cell.2020.02.052
https://dx.doi.org/10.3390/ijms21113812
https://dx.doi.org/10.3390/ijms21113812
https://dx.doi.org/10.3390/ijms21113812
https://dx.doi.org/10.3389/fmed.2020.00050
https://dx.doi.org/10.3389/fmed.2020.00050
https://dx.doi.org/10.3389/fmed.2020.00050?ref=pdf
https://dx.doi.org/10.2165/00019053-199201020-00007
https://dx.doi.org/10.2165/00019053-199201020-00007
https://dx.doi.org/10.1186/s40824-019-0166-x
https://dx.doi.org/10.2147/IJN.S155994
https://dx.doi.org/10.2147/IJN.S155994
https://dx.doi.org/10.2147/IJN.S155994
https://dx.doi.org/10.2147/IJN.S140939
https://dx.doi.org/10.2147/IJN.S140939
https://dx.doi.org/10.3390/ijerph13040430
https://dx.doi.org/10.3390/ijerph13040430
https://dx.doi.org/10.1021/acs.bioconjchem.8b00448
https://dx.doi.org/10.1021/acs.bioconjchem.8b00448
https://dx.doi.org/10.1021/acsami.9b15032
https://dx.doi.org/10.1021/acsami.9b15032
https://dx.doi.org/10.1007/s11051-014-2430-2
https://dx.doi.org/10.1155/2014/363404
https://dx.doi.org/10.1155/2014/363404
https://dx.doi.org/10.1155/2014/363404
https://dx.doi.org/10.1016/j.ejps.2010.10.002
https://dx.doi.org/10.1016/j.ejps.2010.10.002
https://dx.doi.org/10.1016/j.ejps.2010.10.002
https://dx.doi.org/10.1002/anie.201702005
https://dx.doi.org/10.1002/anie.201702005
https://dx.doi.org/10.1089/aid.2014.0210
https://dx.doi.org/10.1089/aid.2014.0210
https://dx.doi.org/10.1089/aid.2014.0210
https://dx.doi.org/10.1089/aid.2014.0210
https://dx.doi.org/10.1186/s13287-020-01678-8
https://dx.doi.org/10.1056/NEJMc2001468
https://dx.doi.org/10.1056/NEJMc2001468
https://dx.doi.org/10.1038/438293a
https://dx.doi.org/10.1016/j.ijid.2010.06.020
https://www.packaging-gateway.com/comment/sterile-antiviral-packaging-covid-19/
https://www.packaging-gateway.com/comment/sterile-antiviral-packaging-covid-19/
https://dx.doi.org/10.1016/j.cmi.2020.05.009
pubs.acs.org/journal/abseba?ref=pdf
https://dx.doi.org/10.1021/acsbiomaterials.0c01243?ref=pdf

ACS Biomaterials Science & Engineering

pubs.acs.org/journal/abseba

Viability in a Health Care Emergency Unit. Clin. Microbiol. Infect.
2020, 26, 1094.

(189) Infection Prevention and Control during Health Care When
Novel Coronavirus (NCoV) Infection Is Suspected: Interim Guidance,
January 2020; World Health Organization, 2020.

(190) Kampf, G. Potential Role of Inanimate Surfaces for the Spread
of Coronaviruses and Their Inactivation with Disinfectant Agents.
Infection Prevention in Practice 2020, 2, 100044.

(191) Kampf, G; Todt, D.; Pfaender, S.; Steinmann, E. Persistence
of Coronaviruses on Inanimate Surfaces and Their Inactivation with
Biocidal Agents. Journal of Hospital Infection 2020, 104 (3), 246—251.

(192) Akram, M. Z. Inanimate Surfaces as Potential Source of 2019-
NCoV Spread and Their Disinfection with Biocidal Agents.
VirusDisease 2020, 31, 94.

(193) Tavakoli, A.; Ataei-Pirkooh, A.; Mm Sadeghi, G.; Bokharaei-
Salim, F.; Sahrapour, P.; Kiani, S. J.; Moghoofei, M.; Farahmand, M.;
Javanmard, D.; Monavari, S. H. Polyethylene Glycol-Coated Zinc
Oxide Nanoparticle: An Efficient Nanoweapon to Fight against
Herpes Simplex Virus Type 1. Nanomedicine 2018, 13 (21), 2675—
2690.

(194) Hang, X; Peng, H.; Song, H; Qi, Z; Miao, X;; Xu, W.
Antiviral Activity of Cuprous Oxide Nanoparticles against Hepatitis C
Virus in Vitro. J. Virol. Methods 2015, 222, 150—157.

(195) Galdiero, S.; Falanga, A.; Vitiello, M.; Cantisani, M.; Marra,
V.; Galdiero, M. Silver Nanoparticles as Potential Antiviral Agents.
Molecules 2011, 16 (10), 8894—8918.

(196) HK Scientists Say New Antiviral Coating Can Protect Surfaces
for 90 Days; Reuters; April 27, 2020.

(197) Reusable Textiles to Repel Viruses; Medgadget, 2020.

(198) Ghosh, S. K. Anti-Viral Surface Coating to Prevent Spread of
Novel Coronavirus (COVID-19) Through Touch. https://www.
coatingsworld.com/content-microsite/cw_covid-19/2020-04-15/
anti-viral-surface-coating-to-prevent-spread-of-novel-coronavirus-
covid-19-through-touch.

(199) Skorzewska, N. A Clinician’s View from the Frontline: UV
Light and Other Strategies to Reduce Aerosol Transmission of
COVID-19 and Protect Health Workers. Global Biosecurity 2020, 1
(3), 1 DOI: 10.31646/gbio.60.

(200) Wickramatillake, A.; Kurukularatne, C. SARS-CoV-2 Human
Disinfection Chambers: A Critical Analysis. Occupational Medicine
(Oxford, England) 2020, 70, 330.

(201) COVID-19: IIT-Kanpur comes up with low-cost rapid
disinfectant chamber; https://www.newindianexpress.com/nation/
2020/apr/15/covid-19-iit-kanpur-comes-up-with-low-cost-rapid-
disinfectant-chamber-2130470.html (accessed Jun 13, 2020).

(202) Hardaha, R. COVID-19: DRDO develops disinfection
chamber “COVSACK” to help healthcare workers; https://www.
indiatvnews.com/news/india/covid-19-drdo-develops-disinfection-
chamber-covsack-to-help-healthcare-workers-607612 (accessed Jun
13, 2020).

(203) Alcohol-free sanitiser as coronavirus disinfectant; https://
www.natureasia.com/en/nindia/article/10.1038/nindia.2020.62 (ac-
cessed Jun 13, 2020).

(204) Researchers in Pune make nano material-based handwash,
disinfectant - Latest News | Gadgets Now; https://www.gadgetsnow.
com/tech-news/researchers-in-pune-make-nano-material-based-
handwash-disinfectant/articleshow/75810304.cms (accessed Jun 14,
2020).

(205) DIAT Develops Disinfectant Spray to Combat Covid-19; The
Indian Express; 2020.

(206) Nanomaterial Surface Coatings Could Prevent COVID-19
Spread; AABGU, 2020.

(207) FN-NANO Photocatalytic Coating Aids in Stopping
Coronavirus and All Airborne Pathogens; ABNewswire. https://
www.benzinga.com/pressreleases/20/02/ab15306956/fn-nano-
photocatalytic-coating-aids-in-stopping-coronavirus-and-all-airborne-
pathogens.

(208) Nanoveu attracts interest with antiviral products for
smartphones; https://www.proactiveinvestors.com/companies/

53

news/917454/nanoveu-attracts-interest-with-antiviral-products-for-
smartphones-917454.html (accessed Jul 14, 2020).

(209) Wimalasiri, V. K; Weerathunga, H. U, Kottegoda, N;
Karunaratne, V. Silica Based Superhydrophobic Nanocoatings for
Natural Rubber Surfaces. J. Nanomater. 2017, 2017, 1.

(210) Venkatraman, P.; Sahay, J. J.; Maidili, T.; Rajan, R.; Pooja, S.
Breakthrough of COVID-19 Using Radiotherapy Treatment Modal-
ities. Radiother. Oncol. 2020, 148, 225—226.

(211) Tekin, H. O. Radiation Resistance of Novel SARS-CoV-2: A
Monte Carlo Investigation on Characterization and Determination of
Gamma-Ray Attenuation Properties. Research Square 2020, 1
DOI: 10.21203/rs.3.rs-24870/v1.

(212) Kirkby, C.; Mackenzie, M. Is Low Dose Radiation Therapy a
Potential Treatment for COVID-19 Pneumonia? Radiother. Oncol.
2020, 147, 221.

(213) Hess, C. RESCUE 1—19 Trial: Radiation Eliminates Storming
Cytokines and Unchecked Edema as a 1-Day Treatment for COVID-19;
Clinical trial registration NCT04366791; clinicaltrials.gov, 2020.

(214) Sharma, D. N. Low Dose Radiation Therapy for Covid-19
Pneumonia: A Pilot Study; Clinical trial registration NCT04394793;
clinicaltrials.gov, 2020.

(215) Salmanoglu, E.; Kim, S.; Thakur, M. L. Currently Available
Radiopharmaceuticals for Imaging Infection and the Holy Grail.
Semin. Nucl. Med. 2018, 48 (2), 86—99.

(216) Bhatt, J.; Mukherjee, A.; Shinto, A.; Koramadai Karuppusamy,
K; Korde, A; Kumar, M,; Sarma, H. D.; Repaka, K; Dash, A.
Gallium-68 Labeled Ubiquicidin Derived Octapeptide as a Potential
Infection Imaging Agent. Nucl. Med. Biol. 2018, 62—63, 47—53.

(217) Pillarsetty, N.; Carter, L. M.; Lewis, J. S.; Reiner, T. Oncology-
Inspired Treatment Options for COVID-19. J. Nucl. Med. 2020, 61
(12), 1720-1723.

(218) Long, S. W.; Olsen, R. J.; Christensen, P. A.; Bernard, D. W,;
Davis, J. J.; Shukla, M.; Nguyen, M.; Saavedra, M. O.; Yerramilli, P.;
Pruitt, L.; Subedi, S.; Kuo, H.-C.; Hendrickson, H.; Eskandari, G.;
Nguyen, H. A. T.; Long, J. H.; Kumaraswami, M.; Goike, J.; Boutz,
D.; Gollihar, J,; McLellan, J. S; Chou, C.-W.; Javanmardi, K;
Finkelstein, I. J.; Musser, J. M. Molecular Architecture of Early
Dissemination and Massive Second Wave of the SARS-CoV-2 Virus
in a Major Metropolitan Area. mBio 2020, 11 (6), 1 DOI: 10.1128/
mBio0.02707-20.

(219) Buchman, J. T.; Hudson-Smith, N. V.; Landy, K. M.; Haynes,
C. L. Understanding Nanoparticle Toxicity Mechanisms to Inform
Redesign Strategies to Reduce Environmental Impact. Acc. Chem. Res.
2019, 52 (6), 1632—1642.

(220) Nel, A. Toxic Potential of Materials at the Nanolevel. Science
2006, 311 (5761), 622—627. )

(221) Zolnik, B. S.; Gonzalez-Fernandez, A.; Sadrieh, N;
Dobrovolskaia, M. A. Minireview: Nanoparticles and the Immune
System. Endocrinology 2010, 151 (2), 458—465.

(222) Ribeiro, A. P. C; Anbu, S.; Alegria, E.; Fernandes, A. R;
Baptista, P. V.; Mendes, R.; Matias, A. S.; Mendes, M.; da Silva, M. G,;
Pombeiro, A. J. L. Evaluation of Cell Toxicity and DNA and Protein
Binding of Green Synthesized Silver Nanoparticles. Biomed.
Pharmacother. 2018, 101, 137—144.

(223) Burdugel, A.-C.; Gherasim, O.; Grumezescu, A. M.; Mogoanta,
L.; Ficai, A; Andronescu, E. Biomedical Applications of Silver
Nanoparticles: An up-to-Date Overview. Nanomaterials 2018, 8 (9),
681.

(224) Dos Santos, C. A; Seckler, M. M.; Ingle, A. P.; Gupta, L;
Galdiero, S.; Galdiero, M.; Gade, A.; Rai, M. Silver Nanoparticles:
Therapeutical Uses, Toxicity, and Safety Issues. J. Pharm. Sci. 2014,
103 (7), 1931—1944.

(225) Ivask, A.; ElBadawy, A; Kaweeteerawat, C.; Boren, D.;
Fischer, H,; Ji, Z; Chang, C. H,; Liu, R;; Tolaymat, T.; Telesca, D.
Toxicity Mechanisms in Escherichia Coli Vary for Silver Nano-
particles and Differ from Ionic Silver. ACS Nano 2014, 8 (1), 374—
386.

(226) Zhang, Y.; Petibone, D.; Xu, Y.; Mahmood, M.; Karmakar, A.;
Casciano, D.; Ali, S.; Biris, A. S. Toxicity and Efficacy of Carbon

https://dx.doi.org/10.1021/acsbiomaterials.0c01243
ACS Biomater. Sci. Eng. 2021, 7, 31-54


https://dx.doi.org/10.1016/j.cmi.2020.05.009
https://dx.doi.org/10.1016/j.infpip.2020.100044
https://dx.doi.org/10.1016/j.infpip.2020.100044
https://dx.doi.org/10.1016/j.jhin.2020.01.022
https://dx.doi.org/10.1016/j.jhin.2020.01.022
https://dx.doi.org/10.1016/j.jhin.2020.01.022
https://dx.doi.org/10.1007/s13337-020-00603-0
https://dx.doi.org/10.1007/s13337-020-00603-0
https://dx.doi.org/10.2217/nnm-2018-0089
https://dx.doi.org/10.2217/nnm-2018-0089
https://dx.doi.org/10.2217/nnm-2018-0089
https://dx.doi.org/10.1016/j.jviromet.2015.06.010
https://dx.doi.org/10.1016/j.jviromet.2015.06.010
https://dx.doi.org/10.3390/molecules16108894
https://www.coatingsworld.com/content-microsite/cw_covid-19/2020-04-15/anti-viral-surface-coating-to-prevent-spread-of-novel-coronavirus-covid-19-through-touch
https://www.coatingsworld.com/content-microsite/cw_covid-19/2020-04-15/anti-viral-surface-coating-to-prevent-spread-of-novel-coronavirus-covid-19-through-touch
https://www.coatingsworld.com/content-microsite/cw_covid-19/2020-04-15/anti-viral-surface-coating-to-prevent-spread-of-novel-coronavirus-covid-19-through-touch
https://www.coatingsworld.com/content-microsite/cw_covid-19/2020-04-15/anti-viral-surface-coating-to-prevent-spread-of-novel-coronavirus-covid-19-through-touch
https://dx.doi.org/10.31646/gbio.60
https://dx.doi.org/10.31646/gbio.60
https://dx.doi.org/10.31646/gbio.60
https://dx.doi.org/10.31646/gbio.60?ref=pdf
https://dx.doi.org/10.1093/occmed/kqaa078
https://dx.doi.org/10.1093/occmed/kqaa078
https://www.newindianexpress.com/nation/2020/apr/15/covid-19-iit-kanpur-comes-up-with-low-cost-rapid-disinfectant-chamber-2130470.html
https://www.newindianexpress.com/nation/2020/apr/15/covid-19-iit-kanpur-comes-up-with-low-cost-rapid-disinfectant-chamber-2130470.html
https://www.newindianexpress.com/nation/2020/apr/15/covid-19-iit-kanpur-comes-up-with-low-cost-rapid-disinfectant-chamber-2130470.html
https://www.indiatvnews.com/news/india/covid-19-drdo-develops-disinfection-chamber-covsack-to-help-healthcare-workers-607612
https://www.indiatvnews.com/news/india/covid-19-drdo-develops-disinfection-chamber-covsack-to-help-healthcare-workers-607612
https://www.indiatvnews.com/news/india/covid-19-drdo-develops-disinfection-chamber-covsack-to-help-healthcare-workers-607612
https://www.natureasia.com/en/nindia/article/10.1038/nindia.2020.62
https://www.natureasia.com/en/nindia/article/10.1038/nindia.2020.62
https://www.gadgetsnow.com/tech-news/researchers-in-pune-make-nano-material-based-handwash-disinfectant/articleshow/75810304.cms
https://www.gadgetsnow.com/tech-news/researchers-in-pune-make-nano-material-based-handwash-disinfectant/articleshow/75810304.cms
https://www.gadgetsnow.com/tech-news/researchers-in-pune-make-nano-material-based-handwash-disinfectant/articleshow/75810304.cms
https://www.benzinga.com/pressreleases/20/02/ab15306956/fn-nano-photocatalytic-coating-aids-in-stopping-coronavirus-and-all-airborne-pathogens
https://www.benzinga.com/pressreleases/20/02/ab15306956/fn-nano-photocatalytic-coating-aids-in-stopping-coronavirus-and-all-airborne-pathogens
https://www.benzinga.com/pressreleases/20/02/ab15306956/fn-nano-photocatalytic-coating-aids-in-stopping-coronavirus-and-all-airborne-pathogens
https://www.benzinga.com/pressreleases/20/02/ab15306956/fn-nano-photocatalytic-coating-aids-in-stopping-coronavirus-and-all-airborne-pathogens
https://www.proactiveinvestors.com/companies/news/917454/nanoveu-attracts-interest-with-antiviral-products-for-smartphones-917454.html
https://www.proactiveinvestors.com/companies/news/917454/nanoveu-attracts-interest-with-antiviral-products-for-smartphones-917454.html
https://www.proactiveinvestors.com/companies/news/917454/nanoveu-attracts-interest-with-antiviral-products-for-smartphones-917454.html
https://dx.doi.org/10.1155/2017/2102467
https://dx.doi.org/10.1155/2017/2102467
https://dx.doi.org/10.1016/j.radonc.2020.04.024
https://dx.doi.org/10.1016/j.radonc.2020.04.024
https://dx.doi.org/10.21203/rs.3.rs-24870/v1
https://dx.doi.org/10.21203/rs.3.rs-24870/v1
https://dx.doi.org/10.21203/rs.3.rs-24870/v1
https://dx.doi.org/10.21203/rs.3.rs-24870/v1?ref=pdf
https://dx.doi.org/10.1016/j.radonc.2020.04.004
https://dx.doi.org/10.1016/j.radonc.2020.04.004
http://clinicaltrials.gov
http://clinicaltrials.gov
https://dx.doi.org/10.1053/j.semnuclmed.2017.10.003
https://dx.doi.org/10.1053/j.semnuclmed.2017.10.003
https://dx.doi.org/10.1016/j.nucmedbio.2018.04.003
https://dx.doi.org/10.1016/j.nucmedbio.2018.04.003
https://dx.doi.org/10.2967/jnumed.120.249748
https://dx.doi.org/10.2967/jnumed.120.249748
https://dx.doi.org/10.1128/mBio.02707-20
https://dx.doi.org/10.1128/mBio.02707-20
https://dx.doi.org/10.1128/mBio.02707-20
https://dx.doi.org/10.1128/mBio.02707-20?ref=pdf
https://dx.doi.org/10.1128/mBio.02707-20?ref=pdf
https://dx.doi.org/10.1021/acs.accounts.9b00053
https://dx.doi.org/10.1021/acs.accounts.9b00053
https://dx.doi.org/10.1126/science.1114397
https://dx.doi.org/10.1210/en.2009-1082
https://dx.doi.org/10.1210/en.2009-1082
https://dx.doi.org/10.1016/j.biopha.2018.02.069
https://dx.doi.org/10.1016/j.biopha.2018.02.069
https://dx.doi.org/10.3390/nano8090681
https://dx.doi.org/10.3390/nano8090681
https://dx.doi.org/10.1002/jps.24001
https://dx.doi.org/10.1002/jps.24001
https://dx.doi.org/10.1021/nn4044047
https://dx.doi.org/10.1021/nn4044047
https://dx.doi.org/10.3109/03602532.2014.883406
pubs.acs.org/journal/abseba?ref=pdf
https://dx.doi.org/10.1021/acsbiomaterials.0c01243?ref=pdf

ACS Biomaterials Science & Engineering

pubs.acs.org/journal/abseba

Nanotubes and Graphene: The Utility of Carbon-Based Nano-
particles in Nanomedicine. Drug Metab. Rev. 2014, 46 (2), 232—246.

(227) Wang, Y,; Liu, J; Liu, L,; Sun, D. D. High-Quality Reduced
Graphene Oxide-Nanocrystalline Platinum Hybrid Materials Prepared
by Simultaneous Co-Reduction of Graphene Oxide and Chloropla-
tinic Acid. Nanoscale Res. Lett. 2011, 6 (1), 241.

(228) Vallabani, N. V,; Mittal, S.; Shukla, R. K; Pandey, A. K;
Dhakate, S. R.; Pasricha, R; Dhawan, A. Toxicity of Graphene in
Normal Human Lung Cells (BEAS-2B). J. Biomed. Nanotechnol. 2011,
7 (1), 106—107.

(229) Lammel, T.; Boisseaux, P.; Fernandez-Cruz, M.-L.; Navas, J.
M. Internalization and Cytotoxicity of Graphene Oxide and Carboxyl
Graphene Nanoplatelets in the Human Hepatocellular Carcinoma
Cell Line Hep G2. Part. Fibre Toxicol. 2013, 10 (1), 27.

(230) Li, B,; Zhang, X.-Y.; Yang, J.-Z.; Zhang, Y.-J.; Li, W.-X,; Fan,
C.-H.; Huang, Q. Influence of Polyethylene Glycol Coating on
Biodistribution and Toxicity of Nanoscale Graphene Oxide in Mice
after Intravenous Injection. Int. J. Nanomed. 2014, 9, 4697.

(231) Petushkov, A.; Ndiege, N.; Salem, A. K.; Larsen, S. C. Toxicity
of Silica Nanomaterials: Zeolites, Mesoporous Silica, and Amorphous
Silica Nanoparticles. In Advances in Molecular Toxicology; Elsevier,
2010; Vol. 4, pp 223-266.

(232) Chen, L.; Liy, J.; Zhang, Y,; Zhang, G.; Kang, Y.; Chen, A;
Feng, X.; Shao, L. The Toxicity of Silica Nanoparticles to the Immune
System. Nanomedicine 2018, 13 (15), 1939—1962.

(233) Lin, Y.-S; Haynes, C. L. Impacts of Mesoporous Silica
Nanoparticle Size, Pore Ordering, and Pore Integrity on Hemolytic
Activity. J. Am. Chem. Soc. 2010, 132 (13), 4834—4842.

(234) Heegaard, P. M,; Boas, U.; Sorensen, N. S. Dendrimers for
Vaccine and Immunostimulatory Uses. A Review. Bioconjugate Chem.
2010, 21 (3), 405—418.

(235) Chen, H.-T.; Neerman, M. F.; Parrish, A. R;; Simanek, E. E.
Cytotoxicity, Hemolysis, and Acute in Vivo Toxicity of Dendrimers
Based on Melamine, Candidate Vehicles for Drug Delivery. J. Am.
Chem. Soc. 2004, 126 (32), 10044—10048.

(236) Domanski, D. M.; Klajnert, B.; Bryszewska, M. Influence of
PAMAM Dendrimers on Human Red Blood Cells. Bioelectrochemistry
2004, 63 (1-2), 189—191.

(237) Weiss, C.; Carriere, M.; Fusco, L.; Capua, L; Regla-Nava, J. A,;
Pasquali, M; Scott, J. A,; Vitale, F.; Unal, M. A.; Mattevi, C. Toward
Nanotechnology-Enabled Approaches against the COVID-19 Pan-
demic. ACS Nano 2020, 14, 6383.

(238) Palestino, G.; Garcia-Silva, I; Gonzalez-Ortega, O.; Rosales-
Mendoza, S. Can Nanotechnology Help in the Fight against COVID-
192 Expert Rev. Anti-Infect. Ther. 2020, 18, 849.

(239) Vazquez-Munoz, R; Lopez-Ribot, J. L. Nanotechnology as an
Alternative to Reduce the Spread of COVID-19. Challenges 2020, 11,
1S.

(240) Medhi, R; Srinoi, P; Ngo, N.; Tran, H.-V,; Lee, T. R.
Nanoparticle-Based Strategies to Combat COVID-19. ACS Applied
Nano Materials 2020, 3 (9), 8557—8580.

54

https://dx.doi.org/10.1021/acsbiomaterials.0c01243
ACS Biomater. Sci. Eng. 2021, 7, 31-54


https://dx.doi.org/10.3109/03602532.2014.883406
https://dx.doi.org/10.3109/03602532.2014.883406
https://dx.doi.org/10.1186/1556-276X-6-241
https://dx.doi.org/10.1186/1556-276X-6-241
https://dx.doi.org/10.1186/1556-276X-6-241
https://dx.doi.org/10.1186/1556-276X-6-241
https://dx.doi.org/10.1166/jbn.2011.1224
https://dx.doi.org/10.1166/jbn.2011.1224
https://dx.doi.org/10.1186/1743-8977-10-27
https://dx.doi.org/10.1186/1743-8977-10-27
https://dx.doi.org/10.1186/1743-8977-10-27
https://dx.doi.org/10.2147/IJN.S66591
https://dx.doi.org/10.2147/IJN.S66591
https://dx.doi.org/10.2147/IJN.S66591
https://dx.doi.org/10.2217/nnm-2018-0076
https://dx.doi.org/10.2217/nnm-2018-0076
https://dx.doi.org/10.1021/ja910846q
https://dx.doi.org/10.1021/ja910846q
https://dx.doi.org/10.1021/ja910846q
https://dx.doi.org/10.1021/bc900290d
https://dx.doi.org/10.1021/bc900290d
https://dx.doi.org/10.1021/ja048548j
https://dx.doi.org/10.1021/ja048548j
https://dx.doi.org/10.1016/j.bioelechem.2003.09.023
https://dx.doi.org/10.1016/j.bioelechem.2003.09.023
https://dx.doi.org/10.1021/acsnano.0c03697
https://dx.doi.org/10.1021/acsnano.0c03697
https://dx.doi.org/10.1021/acsnano.0c03697
https://dx.doi.org/10.1080/14787210.2020.1776115
https://dx.doi.org/10.1080/14787210.2020.1776115
https://dx.doi.org/10.3390/challe11020015
https://dx.doi.org/10.3390/challe11020015
https://dx.doi.org/10.1021/acsanm.0c01978
pubs.acs.org/journal/abseba?ref=pdf
https://dx.doi.org/10.1021/acsbiomaterials.0c01243?ref=pdf

