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vaccinations are unavailable in the early stages of a disease outbreak, therapeutic
antiviral medicines can be employed as a stopgap measure. However, these medicines
do not always work against new virus strains and sometimes have side effects that
outweigh the advantages. Many of the obstacles that existing antiviral medicines face
could be overcome by nanotechnology. Consider nano delivery Vehicles can be used to
improve the pharmacokinetic profile of antiviral medicines while lowering systemic
toxicity. Other unique nanomaterials with virucidal or virus-neutralizing characteristics
can be used. In this review, we examine recent advances in antiviral nanotherapeutics
and offer our thoughts on how nanotechnology can be used to combat the SARS-CoV-
2 outbreak and future virus pandemics.
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INTRODUCTION Recent viral epidemics, such as those caused by the
human immunodeficiency virus (HIV), influenza virus,
Ebola virus, Zika virus, and coronaviruses, have
occurred in the recent few decades have been a major
cause of public worry, highlighting the absence of
infrastructure and plans to tackle new pandemics
quickly.®™ Overall, developing broadly applicable
therapeutic techniques that may be promptly deployed to
combat viral infections is critical.*"

Technological advancements and innovative therapeutic
methods have enabled us to defeat potentially fatal viral
infections such as smallpox and poliomyelitis.™
However, in today's environment, viral Infections
continue to be a major burden on the worldwide
healthcare system.[**! There is an ongoing conflict in
which researchers and medical practitioners must
frequently scramble to develop viable ways for

controlling newly altered or emerging virus strains.*®! . .
g y ging Drugs are commonly used in viral treatment techniques

to block several components of the viral life cycle.l
Although antiviral medications can be quite successful,
they require rigorous patient compliance and sometimes
have severe side effects.”>*® Recent breakthroughs in
nanotechnology have the potential to help overcome
these barriers and provide new opportunities for
developing novel technologies.

The most extensively utilised clinical technique to
combat viruses is vaccination, in which viral antigens are
administered to assist bestow immune protection. While
vaccines against diseases such as hepatitis and measles
have been successful, there are other obstacles that
hinder this technique from being widely adopted against
other types of viruses.l’! Because the influenza virus, for
example, has a high mutation rate, new flu vaccines must
be generated every year.®¥ Because vaccinations are
preventative in nature, pharmaceutical companies must
forecast which strains of influenza will spread the
following season, a procedure that is not always
accurate. Furthermore, new vaccine development takes a
significant amount of time and resources, limiting
vaccines' ability to be deployed against emerging disease
outbreaks, which can be devastating.

Targeted drug administration can further reduce toxicity,
boost efficacy, and extend the therapeutic window.[*”!
Some nanomaterials have inherent toxicity, allowing
them to kill viruses directly.”™® Nanoparticles have
recently been discovered.

They have been functionalized and modified in such a
way that they can selectively bind to and neutralise
pathogens.” In this review, we will look at how
nanotechnology can be used to treat viral infections (Fig.
1).
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COMMON HUMAN VIRUSES

HUMAN IMMUNO VIRUS

HIV, which causes acquired immunodeficiency
syndrome (AIDS), targets and gradually depletes CD4+
helper T cells.?? The HIV genome is made up of ssSRNA
molecules encased in an encapsulated capsid.?! HIV
infections begin with a contact between glycoproteins on
the surface of the viral capsid, primarily gp120, and the
C-C chemokine receptor type 5 (CCR5) or C-X-C
chemokine receptor type 4 (CXCR4) coreceptor on target
cells. plasma membrane, which releases the viral capsid
core into the cell.

HUMAN INFLUENZAE VIRUS

The human influenza virus A virus that causes 250,000-
500,000 deaths each year spreads primarily through
contaminated aerosols and small airborne droplets.'”? A
negative-sense ssSRNA genome is wrapped in a helical
capsid within a viral envelope in this virus.*

HEPATITIS VIRUS

The hepatitis viruses are a group of five unrelated viruses
that cause inflammation of the liver.*! Although all
viruses can infect people, hepatitis A, B, and C are the
most medically significant. Because of its liver-
damaging features, the hepatitis B virus (HBV), a
recognised oncovirus, is solely responsible for the great
majority of hepatitis-related deaths.”™ The virus is an
enclosed virus with genetic information encoded in DNA
that is contained within an icosahedral capsid.”® HBV
invasion is mediated by the interaction of the preS1
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protein with a hepatocyte receptor known as sodium
taurocholate co-transporting polypeptide.

ZIKAVIRUS

The enclosed icosahedral capsid of the Zika virus
contains a positive-sense sSRNA genome.?! The viral
genome encodes three structural proteins, each of which
is essential for viral replication. The capsid protein (C
protein) is thought to be essential for the inner core's
structure, whereas the envelope protein is not.The viral
envelope contains both the envelope protein (E protein)
and the membrane protein (M protein).

EBOLAVIRUS

The Ebola virus is frequently spread by direct contact
with blood and body fluids, and it has primarily caused
lethal epidemics in Sub-Saharan Africa.”® The virus is
made up of a negative-sense sSRNA genome encased in
an enclosed viral envelope capsid. Surface glycoproteins
connect to host receptors, including dendritic cell-
specific ICAM-3-grabbing nonintegrin and
asialoglycoprotein receptor, to gain entry into host
cells.Phosphatidyl serine on the viral envelope interacts
to a host cell receptor, triggering macropinocytosis, an
endocytosis-like pathway that regulates solute molecules,
nutrients, and antigen uptake.**!

Nanotechnology interventions

Nanotechnologies have been extensively researched and
developed in recent years for antiviral treatment. When
compared to standard antiviral medicines, these
nanoscale platforms open up a plethora of new
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possibilities in the sector. Nanomaterials can be used to
not only improve present therapies, but also to develop
innovative modalities that can Kkill or suppress viruses via
novel modes of action.

Advantages of nanotherapeutics

One well-known use of nanomaterials in virus treatment
is to improve the pharmacokinetic performance of
existing antiviral medicines. Nanoparticles can enhance
prolonged medication release and expand the therapeutic
window by protecting the encapsulated medicines. !
Nanoparticles with long circulation and strong drug
loading qualities can be created, which is especially
relevant for hydrophobic medicines that cannot be
delivered systemically in their free form. Nanoparticle
formulations can provide a major benefit over free
medicines by providing improved protection against
viruses in circulation.® When applied locally,
nanoparticles, on the other hand, can limit systemic
exposure and provide protection through sustained
retention or movement across certain biological
barriers.®)  Nanoparticle systems may be further
incorporated into a larger scale formulation, such as
hydrogels, to provide additional layers of sustained drug
release.®” Because nanoparticles are easy to
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functionalize and have similar sizes to viruses, there are
several biointerfacing prospects between nanoparticle-
based systems and viruses or virus-infected tissues.
Nanoparticles can be made of stimuli-responsive
materials, or their surfaces can be coupled with targeting
ligands to direct medication payloads to virally infected
areas.

This type of targeted administration not only increases
the effective drug concentration at the illness site, but it
also improves the safety profile by reducing off-target
drug exposure.’® Furthermore, nanoparticles have an
optimal size range for multivalent interactions with a
variety of biological substrates.Surface modification with
different types of ligands can confer multimodality,
which can aid to diversify the functionalities of
nanocarriers.

Nanodelivery
When used, nanoparticles have several different
advantages as delivery vans. They can protect
encapsulated pharmaceuticals from both degradation in
the body and degradation in the environment by acting as
a cargo carrier.
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Fig. 6. Silica (SiOz)-coated microcapsules loaded with small interfering RNA (siRNA) for influenza treatment. A) SiOz-coated microcapsules are endocytosed into the cell,
where the siRNA is released into the cytosol and binds to the RNA-induced silencing complex (RISC) to facilitate gene knockdown. B) Nucleoprotein (NP) expression in A549
cells treated with siRNA delivered via SiO;-microcapsules or polyethylenimine (PEl)-based polyplexes. C) HIN1 viral titers in the supernatant of A549 cells treated with
siRNA delivered via SiOz-microcapsules or PEl-based polyplexes. Reproduced with permission [ 159). Copyright 2017, Springer Nature.

Systemic toxicity to the host is undesirable.
Nanoparticles can be meticulously tailored to modify
payload biodistribution and improve accumulation in
desirable tissue regions while remaining considerably
small. limiting unintended consequences.® By simply
modifying the lipid content, a lipid nanoparticle

Volume 7, Issue 6. 2023

1SO 9001:2015 Certified Journal

formulation was recentl?/ shown to selectively target the
liver, spleen, or lungs.™

In this way, nanodelivery technologies can be employed
to significantly improve bioavailability and efficacy
when compared to free drug administration.
Nanoparticles can control the release of the payload at
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the target site, allowing for sustained release and a
considerably longer therapeutic window. The field of
nanodelivery  for antiviral drugs has matured
significantly over the last two decades with some

nanoformulations actively being explored in the
clinic.%63738

HIV

While curing HIV is difficult due to the presence of
viral Patients can live normally in reservoirs by taking a
mix of antiretroviral medications that successfully
suppress the infection.! HIV Patients must adhere to a
stringent highly active antiretroviral therapy regimen,
which often entails daily medication administration.
Deviations from the timetable can have a major impact

- s - [40]

on a patient's infection state."™ As a result, numerous
nanoparticle formulations have been introduced in this
field to increase therapeutic window, lowering the
required dose frequency and addressing patient
compliance.” Stavudine, a nucleoside analogue, has
been loaded into gelatin nanoparticles and then covered
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with a layer of soya lecithin-liposome for dual-
functionalization Treatment for HIV-1. The stavudine
may be released slowly while in circulation to help
address plasma infections, but once engulfed by cells in
the mononuclear phagocytic system, the gelatin core
might be dissolved to release the remaining stavudine for
treating viral reservoirs. Solid lipid nanoparticles (SLNs)
loaded with the protease inhibitor ritonavir.*¥! and
hydrophobic core graft copolymer loaded with the
NNRTI enzophenone-uracil®! are two further examples
of HIV nanodelivery platforms. For HIV-1 treatment, a
novel nanoparticle platform consisting of endogenous
ribonucleoprotein, or vaults, has been used.™®. Because
the barrel-shaped particles occur naturally in eukaryotic
cells, they are assumed to be extremely biocompatible. It
has been demonstrated that antiretroviral medicines such
as zidovudine, Tenofovir and elvitegravir could be
coupled onto the surface of these vault nanoparticles, and
the drug-nanoparticle conjugates inhibited HIV-1
infections in peripheral blood mononuclear cells
(PBMCs) (Figure).
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Fig:- drug-conjugated vault nanoparticles for inhibiting human immunodeficiency virus (HIV).A) Zidovudine
(AZT),tenofovir (TDF), and elvitegravir (EVG) can be chemically conjugated onto natural ribonucleoprotein vault
nanoparticles to protect immune cells from HIV infections. B) Infection rate of peripheral blood mononuclear cells
(PBMC:s) treated with drug-conjugated vault nanoparticles and free drug at different concentrations. Reproduced with

permission.™™ Copyright 2019, American Chemistry Society.
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HIV

Metal-based nanoparticles are a prominent delivery
platform for antiviral medicines used to treat influenza
infections. 67

NA inhibitors, such as  zanamivir™®  and
oseltamivir®®, As well as amantadine®, a nicotinic
antagonist and noncompetitive N-methyl-D-aspartate
antagonist that can reduce influenza viral replication,
silver nanoparticles (AgNPs) have been conjugated for
influenza treatment. The processes of neutralisation were
comparable for all three formulations, with antiviral
drug-conjugated nanoparticles preventing influenza
invasion and rescuing cell populations by blocking
caspase 3-mediated death and intracellular ROS buildup.
Aside from AgNPs, selenium nanoparticles (SeNPs) have
been functionalized with oseltamivir®, zanamivir®,
and amantadine®?.  Furthermore, ribavirin®, a
nucleoside analogue, and umifenovir®, an entrance
inhibitor, have been conjugated onto SeNPs for
therapeutic purposes.

Polymeric nanoparticles are another extensively used
platform that has been used to specifically deliver miR-
323a and favipiravir to influenza viruses via a sialic acid
targeting moiety.

Similarly, diphyllin and bafilomycin, both powerful
vacuolar ATPase inhibitors were successfully loaded into
polyethylene  glycol (PEG)-functionalized PLGA
nanoparticles, resulting in decreased cytotoxicity but 2-
to 5-fold increased antiviral efficacy.””

Nanoparticulate RNAI treatment administration has been
widely used to treat influenza infections. On this front,

A Orally administered
Fc-lvermectin-NP
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chitosan  nanoparticles®™,  calcium  phosphate
nanoparticles®, and chitosan nanoparticles®®® Titanium
oxide nanocomposites®®™ have all been used to silence
genes and prevent influenza virus multiplication.
Titanium oxide nanocomposites, in example, have been
utilised to transport deoxyribozymes, which are DNA
enzymes that can cleave viral RNA and have been
demonstrated to reduce H5N1 viral titers in vitro by
around 2650-fold.l° Surprisingly, after sol-gel synthesis,
silica-coated microcapsules have been employed to carry
siRNASs.®Y The microcapsules could be endocytosed and
destroyed by cells, allowing the siRNA cargo to be
released into the cytosol (Fig. 6).

OTHER TYPES OF VIRUSES

The Ebola epidemic in 2013 and the Zika pandemic in
2015 drew a lot of attention from the scientific
community.®>®¢ To combat the two viruses, several
nanoformulations have been devised. To treat Zika
infections, for example, an oral medicine, ivermectin,
was put into biocompatible and biodegradable PLGA
polymeric nanoparticles (Fig. 7). To protect the
nanoparticles from stomach acid, PEG was conjugated
onto their surface. The exterior was then modified with
the Fc portion of antibodies to aid in the transport of
nanoparticles past the epithelial barrier and into the
bloodstream. When the formulation was given to mice
orally, approximately 65% of the nanoparticles entered
the bloodstream via Fcmediated transcytosis. These
nanoparticles were able to significantly under controlled
experimental circumstances. suppress the production of
Zika virus nonstructural protein 1. Furthermore, the
formulation was easily lyophilized for capsule packaging
and showed a 24-hour drug release even at pH 3.
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Fig. 7. Orally delivered nanoparticles for the systemic treatment of Zika infections. A) Polymeric nanoparticles are loaded with ivermectin (IVM), an oral antiviral drug, and
functionalized with polyethylene glycerol (PEG) and the Fc protein (T-Fc-IVM-NP). At acidic pH under 6.5, the Fc protein binds to the neonatal Fc receptor (FcRn) to facilitate
transcytosis across the epithelium and into the bloodstream. Under physiological pH, the Fc binding interaction weakens, and the nanoparticles are released into circulation.
B) Nonstructural protein 1 (NS1) expression in HEK293 T cells treated with different nanoparticle formulations. C) Amount of nanoparticles in the bloodstream of mice
after oral administration of T-Fc-IVM-NP, its nontargeted counterpart (NT-OH-IVM-NP), or free ivermectin. Reproduced with permission | 187]. Copyright 2019, American

Chemistry Society.

The majority of nanoparticle formulations for Ebola
virus treatment have been focused on RNAI therapy. To
battle the Ebola virus, a cocktail of three SiRNAs
targeting the Zaire Ebola virus L protein, virion protein
24, and virion protein 35 genes was spontaneously
vesiculated into stable nucleic acid-lipid particles
(SNALPs).[8

VIRUCIDAL NANOPARTICLES

Because of their unique physicochemical features,
certain nanomaterials, including metal nanoparticles and
graphene-based nanosheets, have natural virucidal
effects.’® They all use the same mechanism of action,
which involves direct interaction with virus envelope or
capsid proteins, damaging structural integrity and
decreasing infectivity. Furthermore, certain
nanomaterials can disrupt viral gene replication within

infected cells.l®®™

METAL NANOPARTICLES

Silver nanoparticles are the most well studied antiviral
nanomaterial, and it has been demonstrated that bare or
coated AgNPs may suppress a wide spectrum of
viruses.™ Because it is difficult for viruses to develop
resistance to this sort of therapy, it is appealing,
particularly against highly mutative viruses. AQNPs have
been shown to be effective both outside of cells to
prevent virion entry and inside infected cells to prevent
replication. In a cell-based test, commercially made 30-
50 nm AgNPs were reported to have affinity for gp120
on HIV-1 and hence inhibited fusion in a dose-dependent
manner by disrupting the gp120-CD4 interaction." For
HIV treatment, AgNPs have been coupled with broadly
neutralising antibodies.’*"* In vitro, smaller 10 nm
AgNPs were demonstrated to effectively suppress HIN1
influenza A virus hemagglutination.l™ In a separate
investigation, intranasal delivery of AgNPs to mice
infected with the H3N2 influenza virus demonstrated

Volume 7, Issue 6. 2023 |

effectiveness comparable to oseltamivir."® AgNPs were
also reported to limit HBV and HIV-1 intracellular
replication, likely due to interactions between the
nanoparticles and genetic material.!’"® The use of these
nanoparticles to coat condoms proved a feasible
application for reducing HIV transmission.™

NANO EMULSIONS

Nanoemulsions, a class of nanoparticles with simple and
lowcost synthesis, were found effective in treating and
preventing infections from certain viral strains.
Nanoemulsions are manufactured bymixing a lipid phase
with an aqueous phase in the presence of surfactants.
Their mechanism of action against viruses largely relies
on interaction with the viral envelope, with efficacy
having been observed on enveloped viruses such as
HSV-1, influenza A virus, and vaccinia virus.®”
Common nanoemulsion formulations were established
more than 20 years ago to disrupt bacteria membrane.
For example, 8N8 is made by mixing 8 volumes of
tributyl phosphate, 64 volumes of soybean oil, and 8
volumes of Triton X-100." In an in vivo study, two
nanoemulsion  formulations, 8N8 and  20N10,
significantly improved the survival rate of Mice Infected
With Influenza When utilised as a preventative measure,
a virus.®

GRAPHENE NANO SHEETS

Graphene and its derivatives have emerged as a distinct
class of antiviral material, particularly for high-
throughput virus disinfection. Graphene and its
derivatives have antiviral effects due to its unique
physicochemical features. As a two-dimensional
nanomaterial, graphene has an extremely high surface-to-
volume ratio, allowing it to interact effectively with
viruses. Graphene oxide (GO) is negatively charged and
has a large number of reactive oxygenated groups on its
surface that can adsorb and destroy viruses via

1SO 9001:2015 Certified Journal | 131
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electrostatic forces and redox processes. Because some
viruses are positively charged, or their capsid proteins
contain arginine-rich and Posmvely charged areas, these
interactions are feasible."™ Graphene also possesses
great and electrical

thermal conductivity, which
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researchers have used to improve the efficacy and
efficiency of virus killing.[¥

In aqueous solutions, a GO nanomaterial was produced
to disinfect enterovirus 71 and HIN2 influenza virus
viruses (Fig. 9.1

60
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o
o™ p,?"?") GQ"‘I\{’ 1(106 1\'\?&6

Fig. 8. Surface-modified silica nanoparticles (SiNPs) for the inhibition of HIV. A) Through a co-condensation chemical reaction, the tetraethylorthosilicate (TEOS) functional
group can be converted into (3-aminopropyl)triethoxysilane (APTES), (3-glycidyloxypropyl)trimethoxysilane (GPTMS), or trimethoxy(2-phenylethyl)silane (TMPES) surface
groups. SiNPs with different surface chemistries are able to inhibit virus invasion to different degrees. B) Transduction efficiency of lentivirus harboring an HIV gp120 envelope
when preincubated with various SiNPs. Reproduced with permission [231]. Copyright 2019, American Chemistry Society.
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Fig. 9. Graphene oxide (GO) nanosheets for destroying the structure of enterovirus 71 (EV71) and HIN2 influenza virus. A) GO nanosheets naturally adsorb viruses and can
compromise viral integrity upon heating at a high temperature. B, C) Viral titers for EV71 (B) and H9N2 (C) upon heat treatment at 56 -C in the presence or absence of GO

nanosheets. Reproduced with permission [241). Copyright 2014, Wiley-VCH.

CONCLUSIONS AND PERSPECTIVES

As of August 2020, the current outbreak caused by the
new SARS-CoV-2 virus had infected over 21 million
individuals and killed over 750,000 people worldwide.
This worldwide pandemic serves as a sobering reminder
that, despite all of the technical advances of the last
century, contemporary medicine is still unprepared to
deal with developing viral outbreaks.®® As the world
strives to create a vaccine to combat SARS-CoV2,
nanotherapeutics can serve as a stopgap approach to slow
the virus's spread.® " A straightforward approach is to
use nanoparticles to deliver antiviral medicines that have
the potential to be effective against SARS-CoV-2.%%4
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Many drugs, including remdesivir® ",

dexamethasone®®,  lopinavir-ritonavir®, and EIDD-
28011 can be incorporated into nanoparticles to
improve their pharmacokinetic characteristics and overall
potency. In the past, nanodelivery systems have been
used successfully to handle different types of
coronaviruses. Diphyllin, a vacuolar ATPase inhibitor,
was synthesised into PEG-PLGA nanoparticles to
achieve 60-fold increased antiviral activity against the
feline coronavirus (FCoV) in fcwf-4 cells while
maintaining a 13-fold lower cytotoxicity compared to the
free drug.’™® There is no virus treatment technology.
Nanomedicine advancements have the potential to
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change the clinical landscape for antiviral therapies.
Nanomaterials have various specific benefits that can be
used to boost the action of antiviral medications due to
their unique features. Payloads encapsulated in
nanoparticles are less exposed to the outside
environment, which can protect them from systemic
breakdown while lowering cytotoxicity By prolonging
circulation time, targeting specific tissue areas, and
boosting absorption, nanoparticles can improve the
pharmacokinetic characteristics of current antiviral
medicines. The value of hydrophobic medications, which
are typically difficult to produce and distribute in vivo,
can be considerably boosted by nanotechnology.
Therapeutics integrated into nanoparticles can benefit
from a longer therapeutic window via continuous release,
and these platform scan be included into hydrogel
superstructures for enhanced capabilities.””
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