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Biophysical Aspects of Interactions
at the Bionanointerface between
Viruses and Metal and Metal Oxide

Nanomaterials

Lahir YK*

Department of Biophysics, University of Mumbai, Vidyanagari, Kalina, Santa Cruz (E), Mumbai, 400 098, India

ABSTRACT

Viruses are at the threshold of living and nonliving entities. Virus particles exhibit life-
activities when are within their respective hosts and act as non-living when present outside their
hosts. This feature is very interesting and the related investigations can help to understand the
differences between the functionalities at bionanointerfaces under living and nonliving phases.
Metal and metal oxide nanomaterials occur naturally and are synthesized as per the need to meet
the set targets. These nanosized materials have specific physicochemical properties such as high
volume to area ratio, ability to get functionalized as per the need. These ubiquitous materials have
multifaceted applications in almost all fields of sciences, industries, medical, clinical diagnostics,
and remedial operations; these occupy an omnipresent status in our day to day life. Since these
nanomaterials are a major integral part of industries and human life; these interact with the abiotic
and biotic components of the environment. Viruses are the active entities of both these aspects
of our environment. The interactions between metal and metal oxide nanomaterials and viruses
are obvious and complex interactive phenomena. These complex interactions take place between
nanomaterials and viruses within their respective hosts. The profiling of such interactions helps to
optimize the resultant impacts and enhances the degree of de novo designing, in vivo, and in vitro
performances.

OVERVIEW

At biointerface, inorganic and organic molecules communicate at the molecular
level with biomolecules and biomaterials. The effective biointerface is suitable for
biomolecular, cellular modulations, topographic, mechano-and chemo-structural
modifications. These mechano-chemical adjustments help the responses of
prokaryotic and eukaryotic biosystems that help the ongoing biointeractions [1].
One of the prime reasons for applications of nanomaterials in biological, medical,
and pharmacological fields is their dimensions which are quite similar to the
biomolecules like nucleic acids, proteins, and many conjugated biomolecules. The
interactions between nanomaterials and biomolecules result in the formation of
appropriate biointerface between them. Such interfaces have synergetic properties
and specific functional aspects. The investigations in these interactions have
resulted in the development of an offshoot of applied science and referred to
as bioelectrochemistry. This interdisciplinary offshoot focuses on designing
and formulating the potential bionanointerfaces that have a higher ability to
fathom the intricacies of biological, medical, pharmacological, and nanosciences
[2]. The interactions between nanomaterial and biomolecules, cell organelles
establish bionanointerfaces and this establishment is related to the colloidal, and
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biophysicochemical forces. These interactions result in the
formation of the corona, wrapping of particles, cellular
uptake, biocatalytic function, enzyme technology, tissue
engineering and cause either biocompatible or bioadverse
outcomes [3]. Nanobiointeractions can affect phase
transformations, entropy, and enthalpy, rearrangement
of biochemical structural aspects, or dissolution at the
site of interaction. Furthermore, these interactions permit
the predictions of the relationship between surface and
activity that concern with size, shape, surface chemistry,
topography, and coating. One of the most essential aspects
of interaction at the bionanointerface reflects on the safe or
misuse of nanomaterials [4].

Recent investigations related to biointerfaces have
shown manifold characteristics that reflect on its diverse
modes of interaction in spite of it being a seemingly simple
entity. The biomolecules, either interact at a specific site
of biosystem or biological surface with alien molecules at
biointerface. Biomolecules and the biointerfaces follow the
principles of materials science, classical surface science
and their functionalities depend on the basic principles of
physics, chemistry, biological sciences, molecular science,
and biophysics [5].

The biointerface incriminate biomolecules and a specific
surface; this surface is the exact location of interaction.
Such surfaces are ubiquitous in nature. In recent times, a
good number of lab-generated biointerfaces are available
for studying the concerning interactions. All these efforts
have developed into an interdisciplinary science. This
science is paving a path for understanding the intricacies of
biointerface science while dealing with biointerface science
the characteristics of biomolecules where the concerned
surface acts as integral components. Quite a good number
of molecules have been synthesized and these are different
from the biological molecules. The biomolecules need water
for their interaction; they have a relatively larger and fragile
molecular structure with sophisticated functionalities
and are the products of limited groups of their respective
precursors. The ambient environment affects the activity
of biomolecules, and it is feasible to understand their
mode of activity during their interactions. Biomolecules
like proteins show a greater degree of adaptability as per
the need and these molecules undergo unfolding, folding,
transformations like inactive to active forms [5].

The cell membrane is the prototypical example of a
natural design of a dynamic biointerface. The components of
cell membrane-like lipid bilayers, receptors, and channels,
embedded and attached molecules permit fluctuations,
elastoplasticity, functional limits of deformation, and
compression. This natural biointerface has limited
permeability, charge, surface specificity and it is capable of
conducting to and fro inter and intracellular signals. This
cellular surface offers a suitable degree of adhesion and
cohesion to ensure its structural and functional integrity.
There is a pertinent position of receptors and it engages
helices of membrane-spanning ensuring optimization of
their functions. The membrane-spanning motifs and other

embedded components show lateral diffusion with the zone
of the cell membrane; as a result, the cell membrane ensures
rapid and spatial remodeling as per the requirement. The cell
membrane is suitably adapted to act as a time-bound spatial
and temporal dynamic system so that the switch on and off
mechanism regulates the extra and intracellular signaling
system. The application of electrical potential changes
the conformation of surface constrained monolayers, like
hydrophobic phase and hydrophilic phase; this aspect is
applicable in lab-on-chip designs [6]. While investigating
cellular and materials components, during the engineering
microsystem, there is a need to develop a dynamic substrate
that can harmonize the cell which adheres. This aspect plays
a significant role in understanding the basic and applied
aspects of cell biology. There are strategies like electrical,
photochemical, thermal, and mechanical forces, to design
the active participation during cell signaling and behavior
of adherent cells [7]. The interactive surface molecules show
physical, chemical, or electrostatic forces. Some of these
forces correspond to the adsorption, covalent bonding, or
van der Waals forces [8].

Nanomaterials occur naturally and are synthesized. In
nature, these fine materials are the product of combustion,
volcanic eruption as volcanic ash, water and soap bubbles,
oceanic waves, and water springs as the invisible fine
water spray. The nanomaterials are also the product of
anthropogenic activities such as forest fire, electric arc,
welding process, vehicular exhaust, demolishing old
buildings, and domestic dust. Nanomaterials have specific
physicochemical properties like high volume to area ratio,
ability to get functionalized as per the need, and have at least
one dimension within 1-100 nm range. Nanotechnology
and nanoscience deal with the formation, characterization,
classification, and applications of nanomaterials. These
nanomaterials have multifaceted applications in almost all
fields of sciences, industries, medical, clinical diagnostics,
and remedial operations; these occupy a ubiquitous place
in our day to day life. Since the nanomaterials are an
integral part of industries and human life, these interact
with the biosystems. During these interactions, the
biomolecules and nanomaterials interact and their sites
of interactions are significant and are called biointerfaces
and bionanointerfaces. The basic principles of materials
science and surface science regulate the functionalities
of biomolecules and nanomaterials interfaces. There are
myriads of parameters involved during the interactions
between biointerfaces and nanomaterials like wettability,
hydrophobicity, hydrophilicity, surface topography, and
surface chemistry [3].

A virus is an infinitesimal entity that exhibits nonliving
and living features; it behaves like nonliving when outside
its respective host and as a living one when present within
its host. A virus infects specific and different and life
forms like bacteria, archaea, animals, and plants. These
submicroscopic structures are of numerous types and
present in most of the aspects of ecosystems of earth. The
viruses easily move from one ecological niche to another
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[9,10]. The viruses exhibit variations in their sizes ranging
from 2.5 nm to 400 nm [11]. Traditionally, viruses are looked
upon as agents that cause diseases in plants and animals
creating negative impacts; as a result, their elimination or
control is the main target of a common individual. These
viruses play beneficial roles and can be engineered to
investigate some of the biochemical and molecular aspects
like an expression of non-viral proteins, vectored vaccines,
gene therapy, controlling bacterial infection, and cancer.
The specifically engineered viruses control the population
and may reflect information on the evolutionary aspect of
a species. The engineered baculovirus is used during the
expression of beneficial viral proteins and the non-viral
proteins to facilitate the immunological uses; utilization
of poxvirus and adenovirus to develop a vectored vaccine.
The success of gene therapy involves a modified version of
lentiviruses and adeno-associated viruses (basically these
are parvoviruses) where these agents carry out the insertion
of the targeted gene in the experimental cell. Bacteriophages
play a significant role as remedial agents against bacterial
infection. It is hypothesized that viruses are the potential
agents for controlling selective tumor cells and also the
potential to control cancer. Viruses are also effective in
controlling the population of obnoxious insects that infest
plants and other economical crops, e.g., baculovirus. The
virus also causes avian influenza among poultry, so one has
to be judicial while selecting the preferences.

The structural, topographic, and biochemical
aspects of the surface of viruses

A virus is one of the quintessential entities that are
supra-molecular complexes that need a specific living host
for its survival. The virus particles propagate by hijacking
the cellular mechanism of the host [12]. A virus is a nonliving
entity when outside its respective host. This specific host
can be bacteria, animals, or plants. Structurally viruses are
the genetic material (DNA or RNA, never both together)
ensheathed in a protective protein capsid (nucleic acid
coat). In some viruses, there is an additional protective
cover called an envelope or capsule covering the capsid.
The capsid exhibits architectural assembly that resembles
a crystal-like configuration. Commonly, capsid assembly
shows icosahedral, rod-like, and helical arrangement; other
variations are complex, spiral, brick-like, or non-specific.
The capsid protects the virus from the adverse effects of
changes in temperature, pH, radiations, other chemicals,
and enzymes. It is also resistant to the cytological and other
enzymes of the host cell and biosystem. The subunits of the
capsid are the capsomeres; the capsid is very distinct in the
different capsid assemblies [13,14]. The genetic material and
capsid together are nucleocapsid. The nucleic acid is either
single or double-stranded and these have the potential to
form the copies of viron in a host cell [13].

The virus having an envelope or capsule is an enveloped
virus. The capsule or envelope of the virus consists of a lipid
bilayer, phospholipid, and proteins. Some of the proteins
involve carbohydrates and are glycoproteins in nature. These

extend as spike-like protrusion called peplomere. The viral
glycoproteins ensure the linkage between the viral surface
and the receptors present on the host cell membrane. The
phospholipids bilayer is one of the major constituents of
the envelope and these are similar to those present in the
host plasma membrane. It also has a good number of viral
glycoproteins. Although the envelope is a protective cover,
it also facilitates cytological invasion of the virus in the host
cell. It attaches to the cell membrane of the host cell and
ensures the fusion between the virus and the cell membrane
of the host cell [13,15]. Comparatively, the enveloped viruses
are more congenial in the body fluids of the host.

The electron micrographic investigations suggest two
primary geometrical orientations, helical and polyhedral
orientations. In the helical orientation, the protein subunits
assemble in helical sulci around RNA or DNA and it reflects
a rod-like shape as seen in the case of the tobacco mosaic
virus. In this case, the subunits assemble and form a discoid
lock washer-like structure; these assemblies are arranged
in a rod-like helical shell enclosing their respective genetic
materials. The polyhedral assembly is the simplest and
smallest; it is found the quasi-spherical viron also called
isocahedral virus. As the name suggests, it has the symmetry
with 20 faces (Sides). The three identical protein subunits
of capsid constitute one triangular face of the quasi-
spherical symmetry. The poliovirus and rhinovirus come
under this category. The picornaviruses (Rhinovirus) have
a capsid consisting of five proteins, i.e., VP1, VP2, VP3, and
VP4 proteins. The VP4 protein is surrounded by VP1, VP2,
and VP3 proteins. Most of the viruses having polyhedral
orientation involve more than three subunits per face of
the isocahedral assembly exhibiting quasi-equilateral
contact. These subunits assemble in accordance with the
concept of five-fold and six-fold symmetry [16-18]. There
are clefts, also called canyons observed during the atomic
resolution of the surface of the virus; these encircle each
vertex present in the polyhedral assembly. These canyons
interact with the receptors present on the cell membrane
and facilitate the bonding between the virus and the host
cell initiating the viral infection. The quaternary structure
of proteins capsid may elude the identification by the
immune system in the host. The shape and the locations of
the receptor-binding sites on the surface of a virus help to
their linking with the receptors present on the membrane
of the host cell and expose the quintessential parasite
within the host. The viruses exhibit mechanical properties
like elasticity, deformability, brittleness, hardness,
materials fatigue, resistance to osmotic stress, and act as
soft physical materials; these are very suitable agents for
bionanotechnology and nanomedicine [12].

Electron microscopy is one of the basic techniques
that help the identification of the virus. This technique
elucidates the topographic nature of the surface of viruses
and their identification. There are chances of artifacts due
to the disorientation of the cell organelles during handling
the sample, like perichromatin granules may look like
parvovirus, defectively fixed chromatin like paramyxovirus,
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and nucleocapsid, neurosecretory granules, and nuclear
pores may appear as herpesvirus, etc. These techniques
with modalities like immunoelectron microscopy, cryo-
electron microscopy, and electron tomography provide a
better understanding of the behavior of viruses, such as
cellular bonding, the orientation of structural aspects of
the virus, its association with the host cellular mechanisms,
in a host. These types of observations provide relevant
information that helps treatment and vaccine development
[19]. The electron microscopic investigations indicate the
presence of spiky protrusions on the surface; these are made
of hemagglutinin as trimers and neuraminidase proteins
as tetramers. These trimers and tetramers are within the
nucleocapsid of the virus [17,18].

The appearance of viruses under electron microscopic
views is different and depends on the nature and the type
of the sample. The diagnostic electron microscopy and
nucleic amplification technique play a significant role in the
diagnosis of viruses. The chickenpox virus shows hexagonal
capsid (110nm) enclosed within a ruptured envelope. In
the case of the herpes virus, there is a labile envelope with
glycoprotein spikes and the capsid is thinner, these are visible
after potassium phosphate tungstic acid negative staining.
The capsid of herpes virus shows the occasional hexagonal
outline, and electron-translucent zones along with the
inner side, it consists of nucleoproteins that are associated
with the DNA core. In the case of equine herpesvirus, there
are fuzzy projections on the outer surface of the envelope,
an ill-defined tegument underneath, and a tilted core. The
genome appears as an electron-dense zone under thin-
section transmission electron microscopy [20]. The electron
microscopic technique enables the differentiation and
identification of viruses. The prime parameters that help
their identification include size, outer envelope, location,
and structural features. This mode of viral identification
should be authenticated using microbiological analysis.
There are three groups of viruses depending on their size
and the negative staining technique. There is a marker on the
screen of an electron microscope that helps to determine the
size of the virus sample under study. First groups with a size
range within 22-35nm, include viruses like parvoviruses,
calciviruses, and enteroiruses. The second group of viruses
includes reoviruses and polyomavirus; these are within the
size range of 40-55nm. The third group includes reoviruses,
retroviruses, and adenoviruses, and their size varies between
70-90 nm ranges [21]. The viruses like orthomyxoviruses,
paramyxoviruses, and coronaviruses have an outer
envelope; this envelope exhibits relatively prominent surface
projections and is visible during negative staining. Other
viruses such as rubella virus, herpesviruses, and retroviruses
also show fine or delicate out-growths and these are not
detectable distinctly during negative staining. The envelope
of the enveloped virus (specifically DNA enveloped virus) is
a product during its budding off from the nuclear membrane
or its movements through the cytoplasm. Even cytoplasmic
vesicles and the plasma membrane also participate in the
formation of the envelope of such viruses. The naked DNA

viruses are seen within cytoplasm after nuclear desecration.
Mostly, helical paramyxovirus nucleocapsid can also be seen
in the nucleus partly, otherwise RNA viruses do not remain
in the nucleus. In the case of enveloped RNA viruses, their
envelope is a derivative of cytoplasmic binding or the plasma
membrane [21].

There is a structural and architectural relationship
in viruses and organisms and play essential roles in the
development, differentiation, and organization of biological
morphology. The formation, arrangement, symmetry of the
subunits, and the three-dimensional aspects reflect on the
internal and surface nature of the viruses and organisms. In
the case of viruses, their surface consists of capsomere and
spikes or the surface projection. The nature of the surface of
the virus reveals the binding between RNA (Nucleic acid) and
the oligomers and functional residues existing within the
domains of the virus. These aspects are readily investigated
with the help of crystallographic techniques [21-24]. The
outer layer consisting of VP24-VP35 bridges and secures
the in inner nucleocapsid along with RNA in the case of the
helical Ebola virus. Its surface membrane has glycoproteins
that function as receptor binding sites and clogs with the
molecule. The main epitope exposes to the exterior surface
which is near the viral envelope. The primary VP40 protein
configures in a lattice pattern, the envelope enclosed
this configuration and it communicates irregularly with
the nucleocapsid [23]. The information on the physico-
morphological features of the surface of the virus is useful in
designing, and formulation of antiviral agents that facilitate
in treating the viral infection.

In addition to environmental stress, the invasion of
viruses induces cellular stress, and Jun-Amino-Terminal
Kinase and p38 Mitogen-Activated Protein Kinases
signaling modes become activated. The phosphorylation of
these kinases induces apoptosis. The role of Caspase-3 is
one of the signatures for apoptosis and there is a possibility
that caspases-3 gets induced during viral infection. This
caspases-3 also splits Poly-ADP-Ribose-Polymerase
Protein (PARP) - specific protein; this process of proteolytic
cleavage enhances the dismantling of the cellular integrity
and marks the apoptosis of the invaded host cell [25,26].
The degree of expression of Jun-Amino-Terminal Kinase
(JNK) and p38 Mitogen-Activated Protein Kinases (MAPK) is
higher in those cells which are not treated with zanamivir
functionalized selenium nanoparticles in comparison to
plain zanamivir and selenium nanoparticle. This indicates
the possible inhibitory role of zanamivir functionalized
selenium nanoparticles in the Madin Darby Canine Kidney
Cell Line (MDCK- cell line) [26]. The surface of selenium
nanoparticles modified with oseltamivir antiviral (used
for HINI influenza) exhibits a higher degree of antiviral
impacts than the only oseltamivir. There is a possibility that
this formulation of selenium nanoparticles interrupts the
hemagglutinin and neuraminidase activities in the infected
host cells [27] (Figure 1).
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Figure 1

Charge, PH, isoelectric point in case of virus and
their roles

Charge on the surface of viruses plays a prime role during
viral sorption, adsorption, adhesion, and movements of a
virus onto the subsurface. The flocculation occurs during
the treatment of water (Filtering Process) and it follows
the electrostatic adsorption concept [28,29]. The charged
microporous filters detect and concentrate the target virus
from the large volume of the sample water because of the
adsorption of the virus [30]. Viruses have a specific Isoelectric
Point (IEP) and this correlates to the charge on their surface
[31]. The nanowire arrays technique helps to find the charge
on the virus during single viral detection [32].

The surface charge and the isoelectric point act as useful
parameters and help to understand the behavior and its
degree of sorption under different environments [33]. There
is a formation of electrically charged surfaces of inter-facial
organic and inorganic compounds in an aqueous medium
because of their protonation; these protonated charged
surfaces actively participate in environmental phenomena.
The long-established concept of Darjaguin, Landau,
Verway, and Overbeek (DLVO- concept) regulates the Van
der Waal and electrostatic interactions occurring among
these particles and their sorption behavior; these particles
exhibit colloidal nature. The state of protonation in the cases
of functional groups of proteins is related to a pH, mostly
carboxyl and amino groups are the functional groups in
protein and these two are related to H,0* concentration. A
change in the pH of the ambient environment affects this
equilibrium. The net charge of a protein surface depends
on the degree of protonation and non-protonation of the
functional groups [33]. If there is a zero net charge of the
colloid at a specific pH it is referred to as an electrically
neutral state and is called isoelectric point. The same

principle is applicable to the biological colloidal matter
which includes medium containing bacteria, viruses, and
proteins pH of biological colloids (Viral Colloids).

The surface charge on the virus is related to the pH of
biological colloids (Viral Colloids) in an aqueous medium
(Polar Solvents). The electrostatic charge influences the
sorption behavior of viruses [33]. Most of the plant viruses
(Isocahedral) show the isoelectric point within 3.6 to 6.3
while at neutral pH there is a negative charge on these
viruses. In some cases the charge of the surface of the virus
is uneven. There is a possibility that RNA containing viral
nucleic acid gets activated during its genomic infection-
induced transitional and may affect the distribution of
charge on the viral surface [34]. Since the capsid of the virus
is extensively heterogeneous the single-particle technique
is more information concerning the surface charge. The
single-particle technique is more favorable as it evaluates
the adhesive forces that are functional due to the probe
used during atomic force microscopic investigations. This
is specifically more useful when the virus sample binds
covalently with the surface. While investigating bulk
sample zeta potential, and aqueous two-phase system
cross-partitioning techniques are also useful and these also
validate the finding on the isoelectric point of the surface of
viruses [35]. The isoelectric point affects the solubility and
electrical repulsion and at the isoelectric point these both
features are the lowest while there is the maximum tendency
to aggregate and precipitate. As far as viruses are concerned
the isoelectric point reflects on the surface charge at their
ambient environment [36].

There seems to be a possibility of least involvement
of membrane charge or membrane potential during the
attachment of the virus with the host cell or mucus layer;
this process is helped by the equilibration between binding
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proteins; the binding to sialic acid on the cell surface
facilitates the entry of influenza virus into the host [37].

The viability of these quintessential entities plays major
roles during their transmission, and survival in different
environments. Treating the sample viruses with effects of
ultraviolet irradiation, photocatalysis by titanium oxide, and
enriched coating of ferric chloride show derogative effects
on the protein, damage of the genome. The effect on amino
acids depends on the sensitivity of UV during photocatalysis
the impact of hydroxyl radicals seems to be non-specific
but definitely causes the damage of the capsid proteins. The
amino acids adjacent to nucleotides get degraded; tyrosine
plays a significant role during the activation of the virus.
During physicochemical treatment does not affect the capsid
composition and the size of the virus [38].

Biophysicochemical approach involved at the
interface between metal and metallic oxide
nanoparticles and viruses

Evidently, the physicochemical properties of the
reactants participatinginagiven interaction play an essential
role. Some of the common physicochemical properties of
metal and metal oxide nanoparticles include a large surface
area to volume ratio, plasmon excitation, number of kinks
present at the interface, and quantum confinement [39].
Metal and metal oxide nanoparticles exhibit more surface
energy and plasmonic nature in comparison to their bulk
form [3]. The available surface atoms are those that are
present in the full-shell cluster. The arrangement of either
protons or neutrons in a complete shell within the nucleus
of the atom affects the available atom number. This number
of atoms also depends on the size of the cluster; in a cluster,
the atoms at the periphery envelop are the centrally placed
atoms. These clusters may be isolated or merged with each
other; the isolated clusters are dispersed while merged
clusters get aggregated. The dispersed clusters exhibit a
larger surface in comparison to the aggregated clusters.
This factor influences the interaction and provides a
larger area at the interface [3,40]. There are some flaws
during the applications of metallic nanoparticles like their
instability, impurities present in nanoparticles, probable
toxic effects, tedious synthesis, and chances of explosion.
Metal nanoparticles are within the region of high energy
local minima, hence are thermodynamically unstable. This
feature is responsible for their easy transformation resulting
in a decline in their quality and degree of resistance to
corrosion and retaining their structural integrity. There are
many different types of impurities in metal nanoparticles
that associate with them either during their synthesis or
due to the impure ambient environment. These may lead
to the formation of oxide, nitrate, nitrides, etc. When metal
nanoparticles are synthesized in solution form they should
be enveloped to retain their structural and chemical integrity.
These encapsulated forms may cause difficulty during their
interactions at the interface. There is a possibility that the
nanoparticles undergo an explosion during exothermic
reactions [40].

The nanoparticles of noble metals, like gold, and silver,
are favorable antiviral agents because these nanomaterials
undergo functionalization and readily break the disulfide
bonds. The size of these metal nanoparticles plays a
significant role; the small size of nanoparticles provides an
increase in the number of surface atoms with unsaturated
bonds. The gold and silver nanoparticles exhibit the state
of atomic instability having higher energy and in this state,
these nanomaterials provide many sites for adsorption,
rendering their surface with favorable surface chemistry and
more so in the biological medium. Such surfaces are suitable
for lodging the target agents which are relatively stable in
different biological media. The state of multi-valency of gold
and silver nanoparticles depends on the branched ligands
and this feature enhances the localized concentration of the
target molecules [41].

Mechanism involved during entry or uptake of
viruses in the host cell

The entry of viruses may deceive the components of
the immune system during their invasion. The entry point
may get camouflaged and/or may not leave any structural
evidence which can be detected cytologically. Basically,
the cell membrane is impermeable and acts as a biological
barrier for the intruders. Viruses are obligatory intracellular
parasites and they have to move through an impermeable
and formidable biological barrier- the cell membrane. The
seemingly structurally simple virus particles are efficient
in camouflaging and deceiving the host cell. These viruses
are incapable of independent transportation but are able to
disseminatethephysicochemicalfeaturesofthehost[42].The
uptake or entry of viruses in the host cell involves processes
like endocytosis, micropinocytosis, and phagocytosis.
The viruses find entry to host cells due to their ability to
fuse with the plasma membrane, cell to cell fusion, and
syncytium. The surface topology of the surface of the virus,
proteomes, and the type of the host cell plays an essential
role during the cellular internalization of viruses. The
specific proteins like caveolin, clathrin, dynamin, unknown
non-clathrin, and non-caveolin induce endocytosis. During
phagocytosis, micro and macropinocytosis, cell receptors,
and cytoskeleton, specifically actin filaments participate
more intensely.

The protein of viral capsid exhibits a high tendency to
fuse with the plasma membrane of the potential host cell;
this process utilizes fusogenic proteins. [In these proteins
one group has more of a-helical coils (class-I fusogen),
second group B-sheets (class-II fusogen), and the third
group possesses both a-helical coils and p-sheets]. These
proteins ensure the fusion between the virus and the cell
membrane; there is a structural change at the site of fusion
that results in the formation of a pore through which delivery
of viral genome occurs. The pH of the host cell is one of the
prime parameters for a successful viral entry during all these
processes. Prior to fusion, there should be an appropriate
attachment between the surface of the invading virus and the
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potential site on the host cell membrane. This attachment
involves complements like integrins or oligosaccharides
which possess sialic acid and /or specialized proteins. There
are other varied forms of immunoglobulins and diverse
ligands along with integrins or specific oligosaccharides; all
these accomplish the basic cellular phenomena like cellular
adhesion and immune responsiveness. The proteins of the
spikes present on the surface of SARS-CoV-2 help in its
internalization in the host cell. These spikes ligate with the
membrane receptors involving receptor binding domain
while human proteases activate this interaction [43-45].
There are practically no reports on the viruses outside the
host and are called virus-like particles; their protein capsid
and genome remains nonfunctional. Possibly this feature
makes their study difficult (Figure 2).

Interactions between metallic and metal oxide
nanoparticles and viruses

The prime objective of the study of metal and metal oxide
nanoparticles against virus infection is to provide know-
how about their interaction with viruses. The main effort

focuses on the ability of metal and metal oxide nanoparticles
to elevate the degree of surface disinfection, the degree of
survival among the host, blocking the viral outspreading,
upraise the immunity of the patient or host, prevent
uptake of viruses. All these intentions are heading towards
effective antiviral infection [41]. The application of metal
and metal oxide nanomaterials is mainly towards blocking
those proteins which play a role during the uptake by the
host cell, oxidation of proteins present in a viral protein
capsid, mechanical destruction of viruses, impersonate the
cell membrane [41]. The interactions between metallic and
metal oxide nanoparticles and the surface of the virus follow
the concepts metal oxide of the Monte-Carlo simulation
method and Coulombic interactions. The concept of the
Monte-Carlo method of simulation involves the randomness
to find the solution that is mostly deterministic in nature.
The Coulombic interactions concern with parameters like
electric force, charges, and the distance of separation. These
parameters play essential roles in maintaining the stability
of given viral-like particles. The multivalent ions (cations
and anions both) affect the stability of these quintessential
entities [46]. The overall strategies involved during the
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interaction between metal nanomaterials and viruses are
represented in figure 3.

The survey of the literature reveals the applications
of gold and silver nanoparticles and metal oxide such as
magnetite, zinc oxide titanium dioxide against virus-like
particles. Gold nanoparticles within the size range 1-2 to
150 nm) are a good choice for the applications in medical,
biochemical, and molecular sciences. These nanoparticles
have better conductivity, flexibility for the modification
of their surfaces, high biocompatibility, inert nature, and
least or no toxicity to the biosystem. Gold nanoparticles are
also versatile functionally as their photophysical features
and linkage with the thiol group; these features are readily
modified [47]. Gold nanoparticles provide a favorable
interface that helps in binding with sulfated biological
ligands. These nanoparticles enhance the degree of adhesion
sites that immobilize different ligands [48]. The gold
nanoparticles offer a suitable interface for the attachment
and induce aggregation of sugars. The glycoconjugates of
gold nanoparticles result in a synergistic impact on anti-
gp120 interactions. Thus, the gold nanoparticles linked
with antiviral glycoconjugates and N-linked high-mannose
glycans exhibit a high degree of anti-gp 120 interactions,
and possible effective agents against HIV therapy [49-52].
The gold nanoparticles provide greater sites for adhesion
and help in immobilizing different ligands [48]. Gold
nanoparticle synthesized by green chemistry from garlic
extract (Allium sativa) Au-NPs-As) prevents the replication
of the measles virus (ES,,; 8.829 pg/mL) in the Vero cells.
During this inhibition, these gold nanoparticles block the
linking between virus particles and interacting with Vero
cells [53].

Silver nanoparticles show a very good degree of
conductivity, catalytic ability, and chemical firmness.
Generally, these nanomaterials release silver ions which

elevate the degree of antiviral impact and cause disruption
of cell membrane and damage to the genetic material [47].
Silver nanoparticles, within non-cytotoxic concentrations,
exhibit anti-viral impact specifically in the case of HIV.
These nanoparticles influence the process of replication
of the viral genome in the host cell and bind with the
glycoproteins (gp120) of the envelope of the invading
virus. As a result, these nanoparticles inhibit fusion, degree
of infectivity, and binding that involve CD/ dependent.
[CDs is a cluster of differentiation 4. It is a glycoprotein
present on the cell membrane of immune cells like T helper
cells, monocytes, macrophages, and dendritic cells]. The
specifically engineered silver nanoparticles are able to
sustain and release drugs in s per the need, penetrate and
reach deep tissues. Their antiviral impact is related to
their physicochemical parameters like size, shape, surface
chemistry, etc. These nanoparticles interact with the surface
of viruses and influence the binding of viruses, prevent the
viral uptake by the host cell, interfere with viral genome,
and prevent its replication; as result impair the protein
synthesis, assembly, and the delivery of newly formed
viroins in the host [54].

Other metallic nanoparticles like titanium, zinc, and
copper also act as effective antiviral agents. The platinum
nanoparticles also exhibit a similar nature [47,55]. The core-
shell nanoparticles have core particles of one metal and it is
enclosed by a shell of other metal; the outer metallic shell
may be monometallic or bimetallic in composition [47,56].

Metal nanoparticles, like gold, silver, magnetic
nanoparticles, etc., are suitable agents for viral detection
including the CORONA virus. During these detections,
specifically fabrications like nanotraps, involving
specific antibody conjugation, the formation of magnetic
fluorescence complex, application of silver nanoparticles
to improve analytic interactions that use complementary
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viral genome, and help to improve detection efficacy
of polymerase chain reaction techniques, etc. The gold
nanoparticles linked with graphene nanosheets, diphyllin
enclosed in PEG-PLGA vesicles, are useful agents to act
vaccines, as carriers of antiviral drugs, nanocages, etc., [57-
61]. Graphene oxide loaded with silver and copper based
nanoformulations act as effective viricidal agents against
enveloped and non-enveloped viruses. The copper oxide
nanoparticles functionalized with polypropylene are also
useful as anti-influenza viral agents. Metal nanoparticles
such as silver nanoparticles interact with the receptors
of host cell and prevent viral uptake and inhibit the viral
reproductive activities, specifically in the case of HIV-1
virus. The silver nanoparticles also interfere with the double
strain RNA viruses and prevent its replication. The gold
nanoparticles functionalized with sulfated ligands, silver
nanoparticles and hybrid silver and copper nanoparticles
bind with the glycoprotein gp120 present on the envelope of
HIV and results in prevention of viral infection in the model
dells.

The oxide nanoparticles like iron oxide, zinc oxide, and
titanium oxide exhibit viricidal impacts. There are reports
concerning the inactivation of MS2, a bacteriophage,
using photocatalytic silver doped titanium dioxide. The
comparative study of nano-sized silver/titanium dioxide and
silver ions released from catalyst shows that the inactivation
rate depends on the base TiO, materials. When the silver
contents increase the degree of inactivation also elevates.
There is a production of free hydroxyl ions and these play an
effective role during the inactivation of bacteriophages MS2
[62]. Biological matter, specifically viruses (within a size
range 20-100 nm), are isolated from the test water samples
using nanofilters coated with titanate salts; on exposure to
UV illumination, these titanate materials liberate OH- and
O, radicals because of their photocatalytic behavior. The
titanate nanosheets act as good adsorptive surfaces for the
viruses present in the sample water and under UV irradiation,;
the radicals like OH- and O,- ambush the adsorbed viruses. In
the absence of UV irradiation, this interaction does not take
place [63].

A membrane having silver and copper stocked TiO,
nanowires render bacteriophages MS2 inactive under dark
and U V illumination. There is a synergic effect of stuffed
silver and copper ions on the said membrane along with
the combined impact of copper and silver ions present
in the water sample under study. This inactivation of the
bacteriophages is the result of exposure of UV irradiation
(254 nm) and elimination of bacteriophages to the tune of
£4.02 (log per sample) [64]. Chlorine, bromine, iodine interact
with some of the metal oxides like Ce0,, Al,O,, and TiO, and
form thermostable solid adducts. These adducts are efficient
biocides in an open environment. These metal oxides have
abrasive features and are effective oxidants. Although the
exact mechanism is quite unclear there is an opinion that
these halogenated metal oxides are able to kill viruses like

bacteriophage MS2, the phi X 174(®x174), bacteriophage,
(single-stranded DNA (ssDNA) virus that infects Escherichia
coli), (dx174), PRD-1-a phage, (tectiviridae phage PRD1,
with a lipid bilayer between the icosahedral capsid shell
and the internal dsDNA). These halogenated metal oxides
prevent the attachment of these viruses with the host cells
[65]. Pristine zinc oxide and PEGylated zinc oxide are not as
effective as viricide against the HiNiinfuenza virus directly
at any concentration. Their antiviral impact is seen only
when the virus is in the host cell, there are a significant
antiviral effect of ZnOnanoparticle (75 pg/ml) and PEGylated
ZnO nanoparticles (75,100, and 200 pg/ml; non-cytotoxic
range). The antiviral effect is expressed as a decline in viral
titer values. These nanoparticles suppress the multiplication
of the virus in the host cell. During the experimentation, the
parameter of surface hydrophilicity increases and causes a
decline in cellular uptake of these nanoparticles [66]. The
quantitative Polymerase Chain Reaction (PCR) is one of the
convenient techniques to evaluate the transcriptional level
of viral RNA (or viral genetic material) due to a reactant and
investigate its viricidal impact. The iron oxide nanoparticles
(10-15 nm; 2pg/ml; incubation period 72 h) reduce the
viral RNA (influenza virus) eight folds. This impact is size
dependent involving binding with the virus under study [67-
74].

CONCLUSION

Virus particles exhibit life-activities like replication of
their genome when are within their respective hosts and
act as non-living when present outside their hosts. The
investigation in these conditions can help to understand the
differences between the functionalities at bionanointerfaces
under the living and nonliving phases. Metal and metal oxide
nanomaterials occur naturally and as-synthesized forms;
the engineered forms meet the set targets. Biointerface is
a site where an appropriate molecular communication gets
established. This effective site is a suitable interacting place
for biomolecular and cellular modulation, topographic,
mechano-and chemo-structural modifications. These
mechano-chemical adjustments help the responses of
prokaryotic and eukaryotic biosystems that help the ongoing
biointeractions. The cell membrane is suitably adapted and
providesatime-bound spatialand temporal dynamic systems
so that the switch on and switch off mechanism regulates the
extra and intracellular signaling system. The functionalized
metal nanoparticles, nanotraps, and bimetallic agents
enhance the biocompatibility, biodistribution, and attain
targeted functionalities. These functionalities include
drug delivery, imaging, and localization techniques.
Such multiplexing is helpful during infection, treatment,
recovery, and recapitulates phases, even for biomedical and
biochemical research fields. The use of PEGylated metal
and metal oxide nanoparticles facilitates the investigation
of non-specific intermolecular interactions, immune
responses, like regulated antigen-antibody interaction,
immunostimulation or immunosuppression, related
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adjuvants, during detection, treatment, viral infection.
Such studies are also helpful in designing, formulation of
pharmaceutical agents and their applications for the current
and future.
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