Journal of Nanostructure in Chemistry (2022) 12:809-831
https://doi.org/10.1007/540097-021-00465-y

REVIEW t‘)

Check for
updates

Synthesis approach-dependent antiviral properties of silver
nanoparticles and nanocomposites

Jaison Jeevanandam' - Saravanan Krishnan? - Yiik Siang Hii® - Sharadwata Pan” - Yen San Chan’ - Caleb Acquah® -
Michael K. Danquah’ - Joao Rodrigues'”’

Received: 30 July 2021 / Accepted: 2 December 2021 / Published online: 15 January 2022
© The Author(s), under exclusive licence to Islamic Azad University 2021

Abstract

Numerous viral infections are common among humans, and some can lead to death. Even though conventional antiviral agents
are beneficial in eliminating viral infections, they may lead to side effects or physiological toxicity. Silver nanoparticles and
nanocomposites have been demonstrated to possess inhibitory properties against several pathogenic microbes, including
archaea, bacteria, fungi, algae, and viruses. Its pronounced antimicrobial activity against various microbe-mediated diseases
potentiates its use in combating viral infections. Notably, the appropriated selection of the synthesis method to fabricate
silver nanoparticles is a major factor for consideration as it directly impacts antiviral efficacy, level of toxicity, scalability, and
environmental sustainability. Thus, this article presents and discusses various synthesis approaches to produce silver nano-
particles and nanocomposites, providing technological insights into selecting approaches to generate antiviral silver-based
nanoparticles. The antiviral mechanism of various formulations of silver nanoparticles and the evaluation of its propensity
to combat specific viral infections as a potential antiviral agent are also discussed.
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Introduction

Nanoscience or nanotechnology is a branch of science elu-
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cidating the chemistry of nanoparticles. Nanoparticles are
synthesized by assembling a group of atoms or molecules
of different materials with a size of one billionth of a meter
or 10™ m [1, 2]. There are varied types of nanoparticles,
including metal, metal oxide, polymer, carbon based, and
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composites, which can be fabricated based on the desired
applications [3-5]. Among these nanostructured particles,
metal nanoparticles are widely used and are under exten-
sive research for applications in electronics, textiles, sen-
sors, and nanomedicine [6, 7]. Nanosized gold and silver
particles are the most common metal nanoparticles used
in a broad spectrum of applications, particularly biomedi-
cal applications [8, 9]. Silver nanoparticles (AgNPs) pos-
sess several unique properties, depending on their size,
morphology, and surface charge [10] that inspire various
biological applications. AgNPs have been employed in
biomedical applications such as biosensors, bioimaging,
disease treatment, drug delivery, and nutraceuticals [11].
AgNPs are known for their enhanced antimicrobial activ-
ity against several pathogenic microbes, such as bacteria,
fungi, algae, and viruses [12]. However, the rapid oxida-
tion characteristics of AgNPs and the high dependency of
the stability of AgNPs on the surface charge of the sus-
pending media significantly limit the use of AgNPs [13].
Therefore, AgNPs have been incorporated into nanocom-
posites to enhance stability [14], to address stability and
rapid oxidation limitations. It is worthy to note that the
properties of AgNPs are mostly dependent on the synthe-
sis procedures, which determines the size, morphology,
surface charge, and biocompatibility of the nanoparticles
for desired applications [15].

Numerous viral infections are common among humans
and some can even lead to death. Viruses are natural nano-
sized particles that cause infections [16]. Even though con-
ventional antiviral agents effectively treat viral infections,
they may lead to side effects or toxicity towards normal
healthy cells or other important metabolic microbes. Vari-
ous researchers have recommended AgNPs and nanocom-
posites as promising antiviral agents to combat various
viral infections as they have demonstrated efficacious
antiviral properties against well-known viruses, includ-
ing influenza and human immunodeficiency virus (HIV)
[17, 18]. However, the approach used for AgNPs synthesis
is critical to tune the physicochemical characteristics and
antiviral properties of AgNPs for different viral infections.
Physical and chemical approaches can be used to gener-
ate stable nanoparticles. However, cytotoxicity remains
a major limitation for their use as antiviral agents in bio-
medical applications [6]. The biosynthesis approach offers
the possibility to produce nanoparticles with less or no
toxicity. However, the yield of the final product, stabil-
ity, and antiviral potency of biosynthesized nanoparticles
can be compromised [19]. Thus, this article aims to dis-
cuss various approaches for the synthesis of AgNPs and
nanocomposites and provide unique characteristics of the
synthesis approaches that are essential to optimize the
molecular, structural, and antiviral properties for enhanced
and tailored biomedical applications.
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Overview of AgNPs and nanocomposites

Silver is a noble metal from group 11 of the periodic table
of elements. Further, silver predominately exists in oxi-
dation states of + 1, which is stable in an aqueous solu-
tion as [Ag(H,0),]*. Generally, silver nitrate (AgNO;) is
the metal precursor used for the bottom-up synthesis of
AgNPs, where the oxidation state of Ag is zero [20]. The
reduction equation in the conversion of ionic silver (aque-
ous state) to zerovalent silver atoms (solid state) is given
in Eq. (1).

+ - 0
Ag(aq) + e - Ag(s),

(H
E° = 0.80 V (standard electrode potential) (at 298 K).

In general, tunneling effects are higher in silver nanoma-
terials leading to the greater surface to volume ratio, where
more surface atoms are exposed to exhibit large surface
energy, spatial confinement, and reduced imperfections [21].
Due to these exciting features, silver nanomaterials possess
unique physical, chemical, and mechanical properties, com-
pared to their bulk counterparts [22]. Notably, the exclusive
properties of silver nanoparticles differ within the nanometer
scale, with the particle size as well as its characteristics,
determining the scope of properties of a nanomaterial [23].
Thus, silver nanostructures can be classified based on vari-
ous ways. The most accepted classification of silver nano-
structures is based on dimensions (electronic confinement),
as displayed in Fig. 1.

The effect of the size of the nanoparticles is one of the
most studied parameters for biomedical applications. For
instance, the enhanced antimicrobial properties of AgNPs,
compared to bulk silver and silver ions can be related to
the nanosize of the particles [28, 29]. In principle, small-
sized AgNPs (typically below 100 nm) show high biocidal
activity due to their larger surface area, compared to their
bulk counterparts (micro-sized particles) [30]. In addition
to size, parameters such as crystallographic structures and
shapes of silver nanostructures affect antimicrobial activity
[31, 32]. Further, microbial growth, which causes infectious
diseases, can be eradicated by bioaerosols' disinfection and
water using antimicrobial agents [33]. It is worthy to note
that AgNPs can be incorporated into fabrics to produce
antimicrobial textiles for clinics [34]. Furthermore, AgNPs
have been demonstrated via in vitro and in vivo studies to
significantly influence wound healing owing to its antiin-
flammatory properties [35, 36]. Moreover, the intrinsic tar-
geted microbial cell inhibition potential of AgNPs are used
to prepare enhanced antibacterial, antifungal, and antiviral
agents, as evident from their properties illustrated in Fig. 2
[10]. Besides, AgNPs also have anticancer [37], antiangio-
genic [38] and antiproliferative effects, depending on their
size and shape [39].
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Fig. 1 Classification of silver
nanostructures based on dimen-
sions, such as silver nanopar-
ticles (electronically confined
in all directions), reproduced

f Zero-dimensional silver
nanostructures
(Silver nanoparticles)

with permission from [24], IOP
Science, 2017, silver nanorods
(electronically confined in two
dimensions), reproduced with
permission from [25], Else-
vier, 2018; silver nanoplates
(electronically confined in one

dimension), reproduced with
permission from [26], Hindawi,
2011 and silver nanocubes
(electronically unconfined in
any dimension), reproduced
with permission from [27],
Nature, 2015

{ Silver nanostructures

Two-dimensional silver
nanostructures
(Silver nanoplates)
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nanostructures
(Silver nanocubes and nanocomy

Fig.2 Properties of AgNPs for
biomedical applications
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Silver nanocomposites are formed by embedding nano-
sized silver particles with other nanomaterials or matrices
to explore synergistic functionalities. Overall, nanocom-
posites may contain one or more matrices such as resin/
polymer-based, inorganic nanoparticles, carbon, polysac-
charide, silica, and chitosan. Properties of silver nano-
composites usually depend on the stabilizing matrix that
is used for the dispersion of AgNPs [40]. Further, silver
nanocomposites can be classified as magnetic and non-
magnetic, depending on the magnetic nature of composite
matrices associated with silver nanostructures.
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Silver nanocomposites can be formed with magnetic
properties if it contains one or more magnetic nanoparticles
(Fe, Co, Cr, Ni, Gd). These magnetic nanocomposites have
the advantage of being reused several times and this property
can be explored in several applications, such as pollutant
removal, magnetic resonance imaging (MRI) technique, and
magnetic separation of immune cells [41]. Magnetic nano-
particles can be used to harbor materials and release them,
enabling reuse of the magnetic nanoparticles. For example,
if pollutants materials are bound on magnetic nanoparticles
as supports, demagnetization can be used to dislodge the
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bound materials from the nanoparticles surface to enable
reuse application. Likewise, non-magnetic silver nanocom-
posites, that are fabricated by incorporating carbon, polymer,
resin, cellulose, and silica, are beneficial in improving the
biological and mechanical properties of silver nanoparti-
cles as well as to reduce their cytotoxicity in certain cases
[42—47]. Therefore, it can be noted that nanocomposites are
widely used in various biomedical applications. However,
the synthesis approach plays a major role in tailoring the
properties of nanoparticles and nanocomposites for desired
applications.

Synthesis approaches of AgNPs

The appropriate selection of a synthesis approach is the
most significant step in the fabrication of nanoparticles. The
synthesis method is highly beneficial in selecting precur-
sor, reducing, and stabilizing agent required for the reac-
tion, as well as for determining the size, morphology, and
surface charge of the nanoparticles. These physicochemi-
cal characteristics of nanoparticles are critical in influenc-
ing the nanoparticles' properties to be utilized in specific
applications [48]. AgNPs can be synthesized by physical,
chemical, and/or biological approaches. The nanoparticles
growth mechanism plays a significant role in determining the
morphology of the resulting AgNPs, which can affect their
physicochemical properties [49]. Most of the physical syn-
thesis methods transform the bulk sized silver particles into
silver nanopowders via top-down approaches. Conversely,
chemical and biological synthesis methods utilize bottom-up
approach to reduce silver precursors into silver ions, which
later undergoes nucleation, nuclei growth, and coalescence
to form nanosized silver particles, as displayed in Fig. 3 [50].
Among nucleation and growth mechanism, LaMer, Ostwald
ripening, Finke—Watzky, intra-particle growth, coalescence,
and oriented attachment are the common theories proposed
for nanoparticle formation via chemical and biological
synthesis [51]. Since several works are available regarding
the synthesis of AgNPs, this discussion focuses on the lat-
est reported studies (2016-2020), where various types of
AgNPs are fabricated using specific synthesis approaches.

Physical approach

The physical method represents the use of mechanical or
forms of energy other than chemicals to fabricate AgNPs.
Ball milling, spray pyrolysis, laser pyrolysis, laser ablation,
electrospinning, melt mixing, inert gas condensation, and
physical vapor deposition are the standard physical methods,
which mainly rely on top-down approaches (bulk/micro-
sized particles are reduced to form nanoparticles) to fab-
ricate AgNPs [52]. Ball milling (BM) is the most common
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Fig.3 Schematic representation of particle nucleation, growth, and
formation of nanoparticles via physical, chemical, and biological
methods. Adopted from [50], © Lee and Jun, 2019. MDPI

mechanical-based physical method where the macroscopic
precursors will be crushed by the balls in a mill at high
energy to produce nanosized particles [53]. This approach
is highly beneficial, producing very fine powder of particle
size less than 100 nm, being used for continuous process,
and forming highly abrasive materials. However, product
contamination due to the wear and tear of balls, the require-
ment of long milling time, high machine noise level, and
tedious machine cleaning are some of the limitations of
the BM method in silver nanoparticle synthesis [54]. Thus,
high-energy ball milling (HEBM) approach is introduced
to overcome the limitations of the conventional ball milling
method [55].

Laser ablation (LA) is another method of fabricating
nanoparticles by removing materials from a solid surface
using a focused pulsed laser beam [56]. This method is used
to synthesize AgNPs with minimal heat transfer and low cost
without less toxicity toward the environment [57]. However,
the yield of low silver nanoparticle concentration in the solu-
tion and the use of high-energy lasers are the main limita-
tions of this method, which will eventually increase the cost
of synthesis and affect the antimicrobial activity of the nano-
sized silver [58]. The electrospinning approach is a common
method to fabricate AgNPs embedded in polymer-based fib-
ers via electric force by drawing charged polymer threads
or polymer melts [59]. The advantages of this method are
the simplicity and efficiency of the procedure, inexpensive-
ness, and the ability to control factors such as AgNPs size,
fiber orientation, diameter, and composition. However, the
use of toxic organic solvents and the restricted control over
pore structures are the limitations of this approach in the
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fabrication of AgNPs [60, 61]. Also, melt mixing (MM)
[62], inert gas condensation [63], sputtering [64], dielec-
tric barrier discharge (DBD) [65] and physical vapor depo-
sition (PVD) [66] are also applied for silver nanoparticle
production. However, the methods' complexity makes these
approaches suitable for silver-based nanocomposite fabrica-
tion rather than pure nanosized silver particles.

Chemical approach

Chemical synthesis methods are the most common and
widely used nanoparticle fabrication approach via bottom-
up approach (ions nucleate and grow to form nanoparticles)
by utilizing synthetic chemicals as reducing and stabiliz-
ing agents. These methods include sol-gel, precipitation,
polyol, hydrothermal, and other novel approaches to synthe-
size AgNPs [49]. Sol-gel is one of the unique wet chemi-
cal processes used for silver nanoparticle fabrication, which
involves hydrolysis, polycondensation, gelation, aging,
drying, densification, and crystallization [67]. The major
advantages of the sol—gel approach in silver nanoparticle
synthesis are the use of relatively low temperature, a yield of
fine nanopowders, and the production of AgNPs with unat-
tainable compositions via solid-state fusion. However, the
high cost of precursors and shrinkage of the wet gel upon
drying, which can lead to damage or agglomeration of nano-
particles, are the limitations of using the sol—gel approach to
produce silver nanoparticles on a large scale [68].

Polyol is another chemical method used to produce
AgNPs in which the metal precursors are suspended in a
glycol solvent followed by heating the mixture to reflux
[69]. This approach's advantages are the chelating ability
of polyol to control nucleation, growth, and agglomeration
of nanoparticles and the reduced ability at a high tempera-
ture, which eventually reduces the silver precursor solution
to form nanosized silver [70]. However, restricted, reduc-
ing power, and insufficient stabilization of non-polar metal
surfaces via polar polyol are the limitations of this method
[71]. The hydrothermal or solvothermal approach is another
widely used method for silver nanoparticle fabrication in
which a high vapor pressure level and a high-temperature
aqueous solution will be employed to form nanosized crys-
tals [72]. Implementation of solubility via pressure and
heat at a critical point, enhancement in chemical properties,
ease in the synthesis of intermediate, metastable state and
specific phase products, precise control of size, morphol-
ogy, and crystallinity are the advantages of this method to
fabricate AgNPs. However, limitations such as the require-
ment of expensive autoclaves, safety issues, and inability
to follow the prevailing reactions restrict their usage in the
commercial production of AgNPs [73]. Moreover, solution
combustion [74], simple chemical reduction [75], and elec-
trochemical approach [76] are the other chemical methods

used to synthesize AgNPs. However, the complexity and
formation of non-uniform nanoparticles are the major limi-
tations restricting the utilization of these methods for large-
scale nanosized silver particle preparation.

Biological approach

Biological (plant or microbially derived reducing and sta-
bilizing agents) and green approaches were introduced to
manufacture AgNPs, as physical and chemical approaches
required costly equipment, high energy and/or toxic chemi-
cals [77]. Whilst plant and microbial extract-based synthe-
sis fall under green synthesis, the definition of green syn-
thesis goes beyond the type of extract. It encompasses the
entire upstream and downstream steps (in terms of material
and energy use) and their impacts on the environment. For
biological synthesis, biochemicals are extracted from liv-
ing organisms such as bacteria, fungi, algae, and plants and
used to reduce and stabilize agents to form nanosized par-
ticles via bottom-up approaches (Rénavari et al. 2017). In
most biogenic synthesis methods, heat is used to initiate the
nucleation of the nanoparticles [78]. However, microwave,
ultrasound, and light (visible, ultraviolet, laser, and infrared
irradiation/photocatalytic reduction) are currently used as
initiators in biogenic reactions as direct thermal heat can
denature the biomolecules of interest in the reaction [79].
AgNPs synthesized from the biomolecules extracted from
the microbes, or intracellular synthesis approaches, are com-
mon biogenic methods that are still under extensive research
[80, 81].

It can be noted that the majority of AgNPs synthesized
via physical and chemical approaches are identified to be
toxic or leads to adverse effects on the environment (soil/
water) and affect seed germination and crop yield [82-85].
The major advantage of utilizing microbial extracts is the
toxicity reduction on the prepared nanoparticles and the
ability to use less energy when compared to physical and
chemical approaches. However, large-scale synthesis, a
dependency of microbial doubling rate, contamination of
culture medium, and agglomeration of nanoparticles are the
major limitations of this method [86]. Thus, plant extracts
are introduced as a potential alternative natural biochemical-
based reducing and stabilizing agent for the fabrication of
AgNPs, as no pre-processing is required, unlike microbial
synthesis, which requires optimization of culture medium,
and the plants are widely available throughout the world
[87]. Even though nanoparticles can be fabricated from all
the parts of plants, leaves are the most significant part. They
can grow faster, do not affect plant development, and contain
several secondary metabolites, which is essential as a natural
reducing and stabilizing agent for the formation of nano-
particles [88]. Although this approach can yield less-toxic
nanoparticles with the ability to manipulate their size and
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shape, agglomeration and less stability of the nanoparticles
are the major limitations of this method [89].

All the biogenic approaches for the fabrication of AgNPs
usually utilize heat as an energy transfer source to mod-
ify the extracted biomolecules and use them as a potential
reducing and stabilizing agent to rapidly form nanosized
particles [90]. Despite the conventional heat-based bio-
genic approach yielding smaller non-toxic nanoparticles,
the energy required throughout the process is high, limiting
the claim of green synthesis [91]. Thus, microwave, light,
and ultrasound have been introduced as alternative energy
sources to form nanosized particles, especially for plant leaf
extract-mediated biogenic synthesis, as they can reduce the
reaction time [92]. However, the limitations of this approach
are the safety of fabricating metal nanoparticles and the dis-
ruption of biomolecules due to excessive heat via micro-
wave, solar/visible/UV/infrared light. In addition, the yield
of AgNPs from these alternative methods is less with low
stability than the chemical synthesis method, which is the
major limitation of this approach for large-scale applications
[93]. Table 1 summarize different synthesis methods to fab-
ricate AgNPs, along with their advantages and limitations.

Synthesis approaches of silver
nanocomposites

Recently, various strategies have been reported pertaining to
the fabrication of silver nanocomposites, similar to AgNPs.
These can be broadly categorized based on their fundamen-
tal nature as summarized in Table 2.

Physical approach

The physical approach of silver nanocomposite fabrica-
tion mainly incorporates the use of laser impulse energy to
decrease silver from macrostructures to atoms and ions [94].
In this context, various approaches have been documented
in the literature regarding the synthesis of AgNPs/polymer
nanocomposites. Yeo et al. reported silver nanoparticle film
synthesis on polyethylene terephthalate or PET substrate
via the roll-to-roll method. The authors utilized thermal and
laser hardening actions to enhance the conductivity of the
silver nanoparticle films [95]. Likewise, one area of immi-
nent application is the fabrication of nanofibers incorporat-
ing AgNPs. It has been demonstrated by Zhang et al. that the
procedure to incorporate AgNPs with nanofibers is similar
to the polymer nanocomposite formation, where AgNPs,
synthesized via either physical, chemical, or biological
approaches, are dispersed initially into a polymer matrix.
This is followed by either the process of laser ablation or
chemical reduction, including additional procedures to form
silver embedded nanofibers. However, there are several

a
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aspects to consider. For instance, it can be either a one-step
or a two-step methodology. While the one-step method uti-
lizes the identical solvent for the involved polymer and the
silver precursor, the two-step approach mainly involves the
silver particle reduction and nanofiber synthesis separately
via distinct solvents, and hence may guarantee more applica-
tions [94]. Similarly, the production of silver nanofibers is
facilitated by the employment of the electrospinning process
to a great deal [94, 96]. The process is usually marked by the
application of high voltage to transform a polymer solution
into nanofibers. This process is influenced by several param-
eters, including solution concentration and characteristics,
capillary tube pressure, electric potential at the capillary tip,
and chamber circumstances, amongst others [96].

In recent times, graphene oxide nanosheets have also been
loaded with AgNPs to form composites using various physi-
cal means, such as sonication, microwave, and pulsed meth-
ods [97, 98]. However, instances of associated deleterious
outcomes, including inhomogeneity, agglomeration, varying
size, and spread, amongst others, have marred their positive
evaluations to a considerable extent [99]. Further, silver nan-
oparticle-cellulose nanocomposites have also been reported
to be synthesized following various physical methods,
such as wet process and dry process ([100]; and references
therein). Moreover, distinct techniques highlighting the
physical approach have been reported to be utilized to fab-
ricate silver nanoparticle—chitosan composites ([101]; and
references therein). Furthermore, thermal methods, such as
the freeze-drying technique, as well as specific substances,
such as carboxymethyl chitosan and polyvinylpyrrolidone,
have been incorporated to synthesize chitosan—silver nano-
composites, with a variety of reducing and/or stabilizing/
defensive agents [102-104]. However, the physical synthesis
process is tedious, require longer reaction time and involves
costly equipment for large-scale nanocomposite fabrication.

Chemical approach

Among different methods highlighting the chemical way
of silver nanocomposite synthesis, both in situ and ex situ
polymerization procedures embody effective strategies. The
ex situ polymerization process is more suited to a large-scale
commercial application than the in situ [105]. The chemical
approach can also be utilized to synthesize nanofibers com-
prising AgNPs, as discussed in the previous section ‘“Physi-
cal approach”. Further, the challenges related to the fabrica-
tion of graphene oxide—silver nanocomposites via physical
approach, as discussed earlier in “Physical approach” sec-
tion, have been reported to be alleviated to a considerable
extent using specific chemical synthesis approaches. One
amongst them is through the introduction and subsequent
binding of the thiol (-SH) groups to the graphene oxide
(GO-SH) [106]. This approach has its intrinsic benefits,
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Table 1 Advantages and limitations of various synthesis methods for AgNPs synthesis

Synthesis method

Advantages

Limitations

Physical approach

Conventional ball milling

Laser ablation

Electrospinning

Melt mixing, inert gas condensation,
physical vapor deposition

Chemical approach

Sol—gel

Polyol approach

Hydrothermal or solvothermal approach

Solution combustion, simple chemical
reduction, electrochemical approach

Biological approach

Microbial synthesis

Plant mediated synthesis

Conventional heat

Microwave

Light

Ultrasound

Very fine powder of particle size less than 100 nm
Utilizable for continuous process
Yield highly abrasive materials

Synthesizes AgNPs with minimal heat transfer
Low cost without less toxicity toward the environ-
ment [57]

Simplicity and efficiency of the procedure

Inexpensiveness and ability to control factors,
such as fiber orientation, diameter, and compo-
sition

Smaller sized nanoparticles

Use of relatively low temperature

Yield of fine nanopowders

Fabrication of compositions that are impossible
via solid-state fusion

The chelating ability of polyol to control nuclea-
tion

Growth and agglomeration of nanoparticles

The reduced ability at high temperature [70]

Implementation of solubility via pressure and
heat at a critical point

Enhancement in chemical properties

Ease in the synthesis of intermediate

Metastable state

Specific phase products

Precise control of size, morphology and crystal-
linity

Smaller sized nanoparticles

Small size

Ability to alter the shape

Less toxicity

Comparatively less energy

No pre-processing is required
Widely available through the world
Smaller size

Shape manipulation

Smaller size

Shape manipulation
Rapid synthesis
Smaller size

Shape manipulation
Rapid synthesis
Smaller size

Shape manipulation
Rapid synthesis

Product contamination due to wear and tear of
balls

Require long milling time

High machine noise level

Tedious to clean the machine [54]

Yield of low silver nanoparticle concentration in
the solution
Use of high-energy lasers [58]

Utilization of toxic organic solvents
The restricted control over pore structures [60, 61]

The complexity of the methods

High cost of raw materials
Shrinkage of the wet gel upon drying [68]

Restricted reducing power
Insufficient stabilization of non-polar metal sur-
faces via polar polyol [71]

Requires expensive autoclaves
Safety issues
Impossible to observe reactions prevails [73]

Complexity
Formation of non-uniform nanoparticles
Toxicity [48]

Large-scale synthesis

Dependent on the microbial doubling rate
Contamination of culture medium
Agglomeration of nanoparticles

Agglomeration
Less stability

Disruption of biomolecules
Low stability
High energy requirement

Unsafe to fabricate metal nanoparticles
Disruption of biomolecules

Unstable nanoparticles
Agglomeration

Unstable nanoparticles
Agglomeration
Less yield

=
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Table 2 Summary of various fabrication strategies to yield silver nanocomposites

Type Approach Fabrication strategy/technique References
Polymer-based silver nanocomposites Physical Roll-to-roll [95]
Roll-to-roll printing [117]
Dip-coating [118]
Compression [119]
Chemical In situ polymerization [105]
Ex situ polymerization [120, 121]
Silver nanofiber composite Physical Electrospinning [94, 96]
Chemical One-step method [122]
Two-step process [123]
Graphene/graphene oxide (GO)-based silver Physical Sonication, microwave and pulsed methods [97, 98]
nanocomposites Single-step protocol [124]
Electron beam irradiation [125]
Lased ablation synthesis [126]
Chemical Thiol (-SH) grafting [106]
Modified photochemical method [127]
Linking polymer strategy [115, 128, 129]
Biological Green functionalization policy [111]
Hummers method [112]
Modified Hummers method [124, 130]
Double doping [131]
Cellulose-based nanocomposites Physical Wet process [132-134]
Dry process [100, 135]
Chemical In situ chemical reduction method [136-138]
Covalent bonding [100, 139]
Chitosan-based nanocomposites Physical Thermal method [102-104]
Gamma-ray irradiation [140]
Ultraviolet irradiation [101, 141]
Chemical One-step desolvation [142]
In situ chemical method [107, 143, 144]
Ex situ chemical method [108, 145]
Layer-by-layer approach [146]
Solution casting [110]
Three-step procedure [147]
Biological Dual purpose strategy [116]
Green electrochemical procedure [148]

including averting aggregation, enabling definitive size
regulation, and advancing the biological compatibility of
the resulting nanocomposites, amongst others [99].

The in situ chemical reduction approach has also been
employed to fabricate silver nanoparticle—cellulose com-
posites [100]. Further, this method has been reported to
synthesize silver nanoparticle-chitosan composites by
employing specific reducing and metal precursor agents,
i.e., sodium borohydride and silver nitrate, respectively
[107]. In this method, the choice of stabilizer, reducing
agent, and processing conditions are identified to affect
the size range of the fabricated silver nanocomposites
[101]. In addition to the ‘in situ’ strategies, several ex situ

(]
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chemical techniques have also been reported for the syn-
thesis of silver nanoparticle—chitosan composites [108].
Ghosh et al. reported a layer-by-layer manufacturing strat-
egy, who dumped a hybrid chitosan/silver thin coating
onto a stainless steel and quartz band [109]. Similarly, a
solution casting approach has been reported by Tripathi
et al. to develop a film comprising of silver oxide—chitosan
nanocomposites, where the silver ions, from a nitrate solu-
tion, whereas reduced using sodium citrate [110]. It can be
noted that the chemical approach for silver nanocomposite
synthesis requires toxic chemicals, which may affect their
biological properties.
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Biological approach

Past studies have reported the development of hybrid sil-
ver nanocomposites with the nanoparticles primarily being
synthesized using green approaches, such as ultrasound,
microwave, sunlight, or biomolecules. Most of these syn-
thesis strategies are guided based on the functionalization
of nanoparticles with biomolecules to form nanocomposites
[111]. Graphene—silver nanoparticle composites have been
fabricated in which the graphene isolation was achieved
based on the alterations of the Hummers method [112].
However, concerns regarding ecological toxicity provide
adverse implications for these efforts [111]. Improving on
this front, graphene/silver nanocomposites were reported to
be manufactured using an eco-friendly stabilizing and reduc-
ing agent in the form of sodium citrate [113]. Although, as
noted above, considerable discussions and dilemmas exist
in the literature regarding their unanimous acceptance, cit-
ing certain degrees of adverse environmental repercussions.
These traditional approaches have been countered recently
using methods that fabricate graphene-functionalized silver
nanocomposites, mediated by the employment of phytosyn-
thesized AgNPs [111, 114]. These studies highlight an effec-
tive way to bypass the Hummers method and being more
environmentally amenable in the process. The applicability
of the green or biological approach has been extended to the
synthesis of silver-graphene nanocomposites, mainly attrib-
uting to their propensity towards reduced adulteration via
hazardous substances, ecological amenability, and health-
promoting aspects [115]. Further, chitosan nanocomposites
with incorporated AgNPs have been produced using a green
approach via a naturally occurring biopolymer that serves
a dual purpose by acting both as a stabilizer and a reducing
agent [116]. However, the stability of the nanocomposites is
a major concern in the biological synthesis approach, which
eventually reduces their significant characteristics. Thus, a
balance of stability, toxicity, cost, reaction time and signifi-
cant biological properties must be taken into consideration,
during the selection of synthesis approach for biomedical
applications.

Antiviral activity of AgNPs
and nanocomposites

AgNPs fabricated from any approach have been known for
their antimicrobial property against bacteria, fungi, and
viruses [20, 149]. Silver nanoparticles possess the ability
to continuously release silver ions that can bind with the
cell wall and cytoplasmic membrane of microbes via elec-
trostatic attraction and sulfur affinity proteins, leading to
damage and inhibition of microbes via deactivation of res-
piratory enzymes, reactive oxygen species generation, and

adenosine triphosphate interruption [150—152]. Even though
this microbial inhibition mechanism of silver nanoparticles
is proposed in various research studies, their exact antimi-
crobial mechanism has not been entirely clarified until now
[153-155]. Recently, AgNPs have been widely employed
as a potential antiviral agent due to their broad-spectrum
antimicrobial properties, compared to bulk silver materials,
microparticles of silver, standalone silver ions, and other
metal nanoparticles [156, 157]. Thus, AgNPs are fabricated
via physical, chemical, and biological approaches to pos-
sess unique properties for inhibiting targeted pathogenic
viruses [158, 159], which makes them to be incorporated in
commercial products, such as disinfection agents and paints
[160-162]. Numerous researchers have studied the antivi-
ral efficacy of AgNPs against several viruses, regardless of
the specific family, such as human immunodeficiency virus
(HIV), hepatitis B virus (HBV), H3N2 influenza virus, her-
pes simplex virus (HSV) types 1 and 2, influenza A (IFV-A),
human parainfluenza virus type 3, bean yellow mosaic virus
(BYMYV), and few others as tabulated in Table 3.

Antiviral activity of physically synthesized AgNPs
and nanocomposites

The antiviral potential of mercaptoethane sulfonate-pro-
tected AgNPs (Ag-MES) synthesized by the sonochemical
reaction was tested against HSV-1 [163]. The HSV inter-
nalizes into the host cells when the extracellular virions
are attached via glycoprotein to the cell's surface. Later,
the glycoprotein interacts with cellular heparan sulfate
(HS) individually during the attachment phase. It has been
reported that the Ag-MES nanoparticles can limit the viral-
host interaction by mimicking HS on the host cell mem-
brane to block the viral attachment. Likewise, Du et al.
fabricated glutathione capped silver sulfide nanoparticles
(GO-AgNPs) nanocomposites by using an electrostatic self-
assembly technique. The antiviral activity of GO-AgNPs
nanocomposites was investigated against the porcine repro-
ductive and respiratory syndrome virus (PRRSV) and por-
cine epidemic diarrhea virus (PEDV). Their results showed
that GO—AgNPs nanocomposites suppressed PRRSV and
PEDV infection by down-regulating the PRRSV and PEDV
nucleocapsid protein expression level, thus reducing virus
replication. Besides, they also identified that GO-AgNPs
nanocomposites prevent PRRSV and PEDV from enter-
ing the host cells. Moreover, GO—AgNPs nanocomposite
also inhibited the proliferation of the virus by enhancing
the production of interferon-o (IFN-o) and IFN-stimulating
genes (ISGs) [164]. Recently, Castro-Mayorga et al. used the
electrospinning technique to synthesize the poly (3-hydroxy-
butyrate-co-3mol%-3-hydroxyvalerate) fibers coated with
AgNPs (PHBV3/AgNPs). The efficacy of PHBV3/AgNPs in
inhibiting norovirus surrogates, the feline calicivirus (FCV),
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and the murine norovirus (MNV) were determined to have a
film diameter of 1.1 +0.40 mm. Further, the PHBV3/AgNPs
were inoculated with norovirus surrogates, and their results
showed that FCV and MNYV titers decreased significantly,
which represents the reduction of norovirus infectivity [165].

Antiviral activity of chemically synthesized AgNPs
and nanocomposites

The antiviral activity of polysaccharide coated AgNPs
(PS—AgNPs) with sizes 10-80 nm was tested against the
monkeypox virus by Rogers et al. [166]. The results showed
that the PS—AgNPs with a size of 10 nm possessed the high-
est efficacy, as confirmed by a reduction in MPV plaque
formation. The mechanism of viral inhibition may involve
AgNPs preventing virus—host cell binding and/or inter-
ruption of host cell biochemical pathways. Similarly, Spe-
shock et al. synthesized the PS—AgNPs through the chemi-
cal reduction method, and its antiviral efficacy was tested
against Tacaribe virus (TCRV). The study identified that the
AgNPs can inhibit the virus by binding with their glycopro-
teins. Besides, they also deduced that there is a strong inter-
action between the TCRV and AgNPs, as there are several
cysteines located at the TCRV glycoproteins. Thiol groups
were also found in cysteine residues, and AgNPs showed a
high affinity to thiol groups. Therefore, this interaction was
confirmed to prevent the virus's internalization via inhibition
of glycoprotein-receptor interactions and/or interrupts the
viral replication within the cell post-entry. Moreover, inhibi-
tion of virus RNA (VRNA) was observed in this study, which
indicated that AgNps could be interrupting the synthesis of
TCRV RNA-dependent RNA polymerase (L protein), hence
preventing viral replication [167].

The antiviral activity of PVP-coated AgNPs was also
tested against HIV, and its mode of action was identi-
fied to be its ability to block the interaction between the
virus glycoprotein named gp120 and the host cell [168].
Besides, the study deduced that the AgNPs might interact
with gp120 glycoprotein and alter viral protein by modify-
ing the disulfide-bonded domain present in the CD4 bind-
ing region. Remarkably, the antiviral activity of curcumin
(Cur) coated AgNPs was also investigated by Sharma et al.
(2017). Further, Cur-AgNPs were used to treat HI V-infected
cells. Their results showed that HIV-1 LTR gene expression
and HIV-1 p24 levels were greatly inhibited and proved that
Cur-AgNPs have significant anti-HIV therapeutic potential.
Also, the infected cells treated with Cur-AgNPs showed a
substantial reduction in the gene expression of pro-inflam-
matory cytokines such as IL-6, TNF-a, and IL-1p. Further-
more, they also observed a substantial decrease in NFkB
gene expression [169]. Moreover, AgNPs with size ranging
from 10-80 nm was used to treat HBV [170]. Their results
showed that AgNPs with 10 nm could effectively prevent

a
* @ Springer

the replication of HBV DNA. The study hypothesized that
AgNPs impede the transcription of viral RNA by binding
directly or interacting with HBV DNA, which serves as the
template for RNA synthesis and subsequently decreases
the number of extracellular virions. Additionally, Sun et al.
(2008) and Morris et al. (2019) investigated the mode of
actions of PVP coated AgNPs in treating infection caused by
RSV [171, 172]. Both authors concluded that the inhibition
of RSV was linked to the attachment of AgNPs to surface
glycoproteins, restricting the ability of RSV to initiate the
attachment with a receptor, preventing the virus-cell pen-
etration. Also, AgNPs significantly reduced RSV replica-
tion and pro-inflammatory cytokines as well as chemokines
[171, 172].

A new novel PQPOCs coated with AgNPs was synthe-
sized by Sofy et al. (2019). It was deduced from this study
that PQPOCs—AgNPs displayed stronger antiviral activity
against norovirus (Nov), hepatitis A virus (HAV), and cox-
sackievirus B4 (Coxb4) when compared with only PQPOCs.
The improved antiviral potential of PQPOCs-AgNPs could
be linked to the properties of AgNPs enhancing molecu-
lar interactions with viral glycoproteins and blocking viral
penetration [173, 174]. Consequently, it was presumed
that PQPOC acted as a viral interior inhibitor and blocked
viruses’ interaction with the host cells. Further, Li et al.
investigated the antiviral activity of oseltamivir (OTV)
coated with AgNPs against HIN1 influenza [175], while
Xiang et al. used AgNPs against H3N2 influenza [176].
Both Ag-OTV nanoparticles and AgNPs bind tightly to
the hemagglutinin (HA) protein and neuraminidase (NA),
which prevents the virus’s attachment with the host cells.
Besides, Ag—OTV nanoparticles and AgNPs prevent DNA
fragmentation, chromatin condensation, and the activity of
caspase-3, which is a significant mediator of cell apoptosis.
Notably, Park et al. investigated microscale silica-coated
silver composites’ inhibition mechanism against IFV-A.
Due to the microscale size of SiO,, the primary interac-
tions between Ag—SiO, particles were restricted to the out-
ermost layer of a viral membrane instead of the inner viral
components. Additionally, they illuminated the exposure of
Ag-Si0, particles to IFV-A, which could damage the HA
and NA that are located in the outer membrane of IFV-A and
this proved that Ag—SiO, as major targets could be located
at the surfaces of virus [177].

Villeret et al. studied the efficacy of citrate/lipoic acids
coated with AgNPs against influenza virus infection of lung
epithelial cells. The results indicated that AgNPs reduced
the release of influenza induced cytokines such as CCL-5
and IFN-f through RIG-I inhibition. Moreover, AgNPs
also enhanced the production of a cytokine beneficial for
mobilizing host antibacterial responses via IL-8. Nota-
bly, AgNPs activity was independent of the coating pro-
cess and depends only on the silver core [178]. Further,
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Park et al. evaluated the effectiveness of AgNPs magnetic
hybrid colloids (AgNPMHCs) for inactivating murine
norovirus (MNV) and adenovirus serotype 2 (AdV2). As
AgNPs—MHCs were larger (about 500 nm), the study sug-
gested that AgNPs—MHCs cannot penetrate a virus cell.
Instead, AgNPs—MHCs were found to interact with viral
surface proteins. The AgNPs on the composites are identi-
fied to effectively bind with the thiol group-containing gly-
coproteins surrounding coat proteins of viruses, preventing
viruses' entry to host cells. Interestingly, the results obtained
showed that the MNV was vulnerable to AgNPs-MHCs,
however, AdV2 was unaffected. The study hypothesised that
the high resistance level of AdV2 toward AgNPs—MHC:s is
most likely associated with the size and morphology of the
virus [179].

Recently, a disinfectant solution was developed using
AgNPs to effectively prevent the transmission of the Afri-
can swine fever virus in the pig house [180]. Further, Argo-
vit-4 is a silver nanoparticle-based formulation developed by
Romo-Quifionez et al., which demonstrated efficacy against
the white spot syndrome virus (WSSV) in shrimp culture.
This result also proved that AgNPs are a superior antiviral
additive in feed for shrimp aquaculture [181]. Furthermore,
chemical synthesized AgNPs and/or nanocomposites were
also used to treat other plant and animal viruses, such as Rift
valley fever virus, porcine epidemic diarrhea virus corona-
virus, transmissible gastroenteritis virus, and anti-tomato
bushy stunt virus as summarized in Table 3. It is worthy to
note that the most common mode of action of AgNPs and
their associated composites toward all the viruses are the
inhibition of virus—cell attachment, penetration of AgNPs
into the cell, and disruption of the viral infective groups.

Antiviral activity of biologically synthesized AgNPs

A novel environmental friendly, biological synthesis method
was reported by Mori et al., where AgNPs were obtained by
autoclaving commercially available glass powders, which
contains silver nitrate and glucose as a reducing agent [182].
Depending on the glucose concentration, the nanoparticles'
size can be easily manipulated, and a nanoparticle size of
5+ 1 nm can be proficiently synthesized, whereas no harm-
ful material was found to be generated in the synthesis
method. Thus, Mori et al. synthesized these AgNPs coated
with chitosan, and their antiviral activity was investigated
against HIN1. The results indicated that the inhibition effect
was significant with smaller AgNPs in the composites, while
no antiviral activity was observed using only pure chitosan.
Further, it is deduced that the antiviral activity of this nano-
composite is due to the binding of AgNPs with the glycopro-
teins of the virus and subsequently inhibiting virus-host cell
penetration. Besides, the physical binding of extracellular
virions to the chitosan composites could instantly hinder

viral contact with host cells [174]. Likewise, Gaikwad et al.
(2013), De Gusseme et al. (2010) and Sreekanth et al. (2018)
biologically synthesized AgNPs using plant extracts, bacte-
ria, and fungi, respectively. The average size of AgNPs was
in the range of 9 to 46 nm. The antiviral activity of these
nanoparticles was tested against viruses such as HSV, human
parainfluenza virus type 3, murine norovirus 1, and IFV-A. It
can be noted that these AgNPs caused the inactivation of the
viruses by blocking the virus—cell interaction and preventing
the entry of the virus into the host cell [183—185]. Further,
the AgNPs also inhibited virus replication, thus reduced the
viral titer. Remarkably, Ramadan et al. (2019), Dhanasezhian
et al. (2019) and Ortowski et al. (2018) produced AgNPs
using plant extracts and their efficacy to inhibit HSV-1 and
HSV-2 was investigated. The results elucidated that the
smaller sized AgNPs can effectively reduce the cytopathic
effect of HSV-1 and HSV-2, and thus blocked the infectivity
of these viruses [186—188]. Furthermore, Choudhary et al.
synthesized ~5 nm-sized AgNPs via extracts from Citrus
limetta peels, and its antiviral activity was evaluated against
the Chikungunya virus (CHIKV). The results showed that
the AgNPs significantly reduced the CHIKYV viral titer by
inhibiting the viral RNA synthesis [189]. The potential of
nano-silver in treating viral infections and related oncogenic
herpesvirus related cancers were also demonstrated in recent
time [190]. More importantly, AgNPs inhibited the Kapo-
si’s sarcoma-associated herpesvirus (KSHV), blocked the
primary infection, and moderately suppressed the growth
of KSHV associated tumors. Nevertheless, plant extracts,
bacteria, and freshwater microalgae were also employed for
the biogenic synthesis of AgNPs [191-193]. The antiviral
property of these AgNPs is evaluated against various animal
or plant viruses, such as “Peste des petits ruminant virus”
(a Morbillivirus group member), Bean yellow mosaic virus,
and Newcastle disease virus as listed in Table 3. The results
of all these studies showed that the AgNPs synthesized via
biological approach can inhibit viral replication, bind with
the virus glycoprotein, restrict virus-host penetration, inter-
act with the viral nucleic acids and deactivating them with
no/less toxicity, compared to physical and chemical synthe-
sized AgNPs.

Advantages and limitations of AgNPs
synthesis with antiviral property

The synthesis approaches determine three significant
aspects; functional group, toxicity, and surface charge of
the resultant nanoparticles, which eventually affect their
properties [201]. It is worthy to note that the antiviral prop-
erty of nanoparticles is based on their functional groups.
The synthesis approach's selection is highly essential to
fabricate nanosized particles to inhibit the multiplication of
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pathogenic viruses [202]. The physical approaches are gen-
erally used to blend AgNPs with another material to form
composites or coat them on the substrate [203]. Even though
high energy is required to blend or coat AgNPs, certain
chemical agents are required to create strong bonds between
the coating surface or with the substrate. These chemical
reagents are often toxic and exist as a functional group on
AgNPs or nanocomposites' surfaces. For instance, physical
methods such as sonochemical, electrostatic self-assembly,
and electrospinning approaches are used to fabricate silver
nanocomposites to exhibit antiviral activity, as mentioned
in the “Antiviral activity of physically synthesized AgNPs
and nanocomposites” section. Capping agents such as mer-
captoethane sulfonate, sulfur, hydrazine hydrate, and poly-
hydroxyalkanoates are used in physical methods and display
as functional groups on the surface of AgNPs. In addition to
inhibiting the protein capsid of viruses and denaturing them,
the capping agents are toxic to normal healthy cells when
present in concentrations above threshold levels [204-206].

Chemical synthesis usually utilizes chemicals as reduc-
ing and stabilizing agents. These include trisodium citrate,
sodium borohydride, Tollen’s reagent, and N, N-dimethyl-
formamide (DMF) [75]. Unlike the physical approach which
uses mechanical energy to stabilize nanoparticles and avoid
agglomeration, the chemical approach depends on chemicals
and catalysts to avoid agglomeration by acting as a capping
agent to stabilize them [207]. These capping agents serve as
a functional group to bind with viral surface protein capsid
and inhibit them. Further, these functional groups provide
surface charge to the synthesized nanoparticles and direct
them towards the viral capsid or targeted cell via electro-
static force of attraction [208]. The surface charge and func-
tional group play a significant role in the antiviral activ-
ity and cytotoxicity of nanoparticles. Several studies have
also indicated that the surface charge of the nanoparticles
is crucial in exhibiting cytotoxicity towards normal cells,
affecting their ability to inhibit viruses preferentially [209,
210]. Thus, chemically synthesized AgNPs may also lead
to adverse effects on the host cells apart from exhibiting
antiviral effects.

Biological approaches, introduced as an alternative
to chemical and physical methods, involve biomolecules
extracted from microbes and plants for enhanced antiviral
efficacy [183]. These biomolecules replace toxic chemicals
as reducing, stabilizing, and capping agents providing bio-
compatibility to the synthesized AgNPs [209]. Moreover,
the biomolecules act as a surface active functional group
that can serve as a potential ligand to dock with the viruses'
receptors exhibiting antiviral activity along with AgNPs
[210]. For instance, 9—11 nm-sized AgNPs synthesized via
Panex ginseng (P. ginseng) root extract exhibited antiviral
activity against influenza IFV-A virus. It is worthy to note
that the smaller sized nanoparticles can enter inside the virus
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(~80-120 nm in size) and inhibit their genome. Further, the
nanoparticles can bind with the viral capsid and disrupt them
via electrostatic attraction mediated by the phytochemicals
of P. ginseng extract [185]. Furthermore, P. ginseng's phy-
tochemicals also possess antiviral efficacy to disrupt the
viral capsid [211, 212]. Thus, the combinatorial synergistic
effect of both AgNPs and the phytochemicals as functional
groups are proven to elevate the antiviral efficacy against a
broad spectrum of viruses and reduce toxicity, compared
to physical and chemical synthesized nanoparticles. Hence,
the biological method is highly beneficial to fabricate silver
nanoparticles and nanocomposites with effective antiviral
properties. However, the long-term stability and yield are
the major limitations that must be overcome for large-scale
biogenic AgNPs production.

Mechanism of antiviral activity of AgNPs
and nanocomposites: synthesis perspective

The exact mechanism of silver nanoparticles to inhibit
microbes, particularly against viruses, is still under research
investigations. As proposed in various reported studies, the
most common mode of action in inhibiting viruses by silver
nanoparticles is binding antiviral agents to the virus coat
proteins and interrupting structure and/or function [168].
The mechanism can be classified based on the synthesis
approaches of AgNPs, such as physicochemical and biogenic
methods. The resultant nanoparticle from both approaches
binds with the viral protein's surface and disrupts them
[213]. This approach avoids the transmission of the virus
in the host cell in the early stage and is highly beneficial
in controlling the spread of viral-mediated infection [214].
However, the response of the AgNPs will differ when the
virus has infected and invaded the host cells. The physical
and chemically synthesized AgNPs bind to the host cell and
virus via chemical functional groups, which act as stabiliz-
ing or capping agents to avoid agglomeration and improve
stability [215, 216]. As they are from a synthetic origin
(refer to “Advantages and limitations of AgNPs synthesis
with antiviral property” section), these functional groups
exhibit inhibitory activity towards viruses and disrupt their
viral capsid protein. Further, the nanoparticle disintegrates
into silver ions, releases reactive oxygen species, increases
oxidative stress, and facilitates virus inhibition [172]. In
addition, the silver nanoparticle directly binds with the viral
genome, disrupts their structure, and halts their proliferation
in the host body [217]. Notably, the biogenic synthesized
silver nanoparticle follows the same mechanism when a
virus infects a host cell [218]. However, the chemical-based
functional group in the AgNPs fabricated via physical or
chemical approach can be toxic towards the infected host
cell [219]. In fact, toxic functional groups may lead to side
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effects in the host cells, reducing or halting their metabolic
activity, causing severe cytotoxicity complications towards
the virus-infected host cells [220]. Also, it has been reported
in certain studies that chemical synthesized AgNPs are toxic
towards the brain and liver cells of rats, depending on the
dose, concentration, and type of chemical functional group
[221-223]. In the case of biogenic AgNPs, the biomolecules
act as a functional group that facilitates the entry of AgNPs
into the virus-infected host cells, which improves their bio-
compatibility [224]. Further, the biomolecules also possess
antiviral efficacy, which provides a synergistic inhibitory
effect towards viral infection and protects the host cells [225,
226]. Moreover, the biomolecules may serve as nutrients
for cell growth or stimulate the host cell immunity, which is
highly beneficial in combating viral infections [227]. Thus,
the previous scientific investigations emphasized that the
biogenic synthesis approach is highly useful for the fabrica-
tion of antiviral AgNPs.

Future perspectives

The antiviral activity of metal nanoparticles, especially
AgNPs, showed a strong dependence on particle size as
well as morphology, which was supported by experimen-
tal studies against viruses, such as HIV-1, HBV, and mon-
keypox virus [228]. These nanosized silver particles may
have been beneficial as a potential antiviral agent due to the
size of a virus being in the nano-regime (100 nm). Thus,
10 nm-sized AgNPs are recommended for antiviral applica-
tions to interact effectively with the virus [167]. Currently,
10 nm sized, monodispersed, and stable AgNPs can be pre-
pared via physical and chemical approaches. However, the
resulting nanoparticles possess non-specific toxicity and
can affect the host cells, as discussed in “Advantages and
limitations of AgNPs synthesis with antiviral property” and
“Mechanism of antiviral activity of AgNPs and nanocom-
posites: synthesis perspective” sections. Hence, hybrid syn-
thesis approaches may be explored to balance the toxicity
(low) and stability (high) properties of AgNPs. Moreover,
the silver nanoparticles and nanocomposites are currently
recommended by several researchers as a potential antivi-
ral agent to combat coronaviruses [18, 229-231], which
can lead to severe acute respiratory syndrome coronavirus
(SARS-CoV), Middle East respiratory syndrome coronavi-
rus (MERS-CoV), severe acute respiratory syndrome coro-
navirus-2 (SARS-CoV-2). These new type of viruses can
cause acute respiratory distress syndrome (ARDS) and acute
lung injury (ALI), which leads to pulmonary failure and/
or fatality [232]. AgNPs have been used to inhibit viruses
with pandemic strains, including IFV-A, HIN1, and H3N2,
as discussed in “Antiviral activity of biologically synthe-
sized AgNPs” section. The nanoscale AgNPs could inhibit

coronavirus by binding with the viral envelope glycoproteins
and can inhibit the viral penetration into the host cell and/
or inhibits the activity of neuraminidase (NA) and hemag-
glutinin (HA) protein. Sarkar investigated and demonstrated
the potential of AgNPs as an inhalation delivery agent to
suppress SARS-CoV-2 infection, as respiratory infections
generally start from the upper respiratory tract [233]. Fur-
thermore, it has been reported that silver nanoparticles
can be a potential inorganic antiviral agent to be coated on
the surface of textiles and masks for enhanced inhibition
of zoonotic and pandemic-causing viruses that may infect
humans and cause severe illness [17]. Sportelli et al. also
discussed the use of AgNPs for antiviral biomedical applica-
tions (e.g. Covid-19 infection) and, more precisely, to halt
and limit both infection and contagion [234]. Thus, it is quite
evident that AgNPs or nanocomposites synthesized via bio-
logical approaches can be highly beneficial as an antiviral
agent with the capacity to combat and eliminate various viral
infections with reduced toxicity and side effects. Despite the
vast potential of nanoparticles in fighting the virus [235], the
approval for the nanoparticle-based treatment methods by
the Food and Drug Administration (FDA) and the European
Medicines Agency (EMA) will be a major hurdle to utilize
them for large-scale clinical applications.

Conclusions

The synthesis approaches affect the size, shape, morphol-
ogy, and surface charge of the resultant nanoparticle, con-
trolling the antiviral property and cytotoxicity of the silver
nanoparticle or nanocomposite. Since these physicochemical
parameters facilitate silver nanoparticles' antiviral activity,
the selection of synthesis methods is a significant step in
preparing an antiviral agent. The limitations of physical and
chemical approaches have led to the emergence of biological
approaches, as discussed in this work. Even though biologi-
cal approaches also possess limitations, such as instability
and low yield of nanoparticles, they have exhibited promis-
ing results in several biomedical applications, including anti-
viral efficacy against disease-causing viruses. In addition,
the functional biomolecules present in the biogenic synthe-
sized AgNPs could lead to a synergistic antiviral efficacy
against pathogenic viruses. Thus, it can be concluded that
the biogenic or a hybrid (physical and biochemical) synthe-
sis method of silver nanoparticle and nanocomposites could
be highly beneficial as a broad-spectrum antiviral agent to
inhibit various pathogenic viruses.
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