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Silver Nanoparticle-Mediated Antiviral Efficacy against
Enveloped Viruses: A Comprehensive Review
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Viral infections continue to pose a significant challenge to global health, with
increasing resistance to conventional antiviral therapies highlighting the
urgent need for alternative treatment strategies. Silver nanoparticles (AgNPs)
have attracted attention as broad-spectrum antiviral agents due to their
unique physicochemical properties and ability to target multiple stages of viral
infection. This review provides a comprehensive analysis of the antiviral
mechanisms of AgNPs, highlighting their efficacy against clinically relevant
enveloped viruses such as influenza, herpes simplex, hepatitis B, and
coronaviruses. How key nanoparticle characteristics, including size, shape,
surface functionalization, and synthesis methods, influence their antiviral
performance is examined. Studies indicate that AgNPs exert their effects
through direct interactions with viral particles, inhibition of viral adhesion,
and entry into host cells with disruption of viral replication. Furthermore, their
potential applications in therapeutic formulations, antiviral coatings, and
nanomedicine-based strategies are explored. Despite their promise,
challenges regarding cytotoxicity, stability, and large-scale production must be
addressed to ensure their safe and effective clinical use. This review
highlights the transformative potential of AgNPs in antiviral therapy and
highlights the need for further investigation to facilitate their clinical
translation in the fight against emerging and drug-resistant viral infections.
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1. Introduction

Enveloped viruses are characterized
by a lipid-containing membrane that
envelops the virion, in contrast to non-
enveloped viruses, which do not have
a membrane encapsulating their pro-
tein capsid. These viruses, which are
often transmitted via the respiratory
tract and body fluids, pose a significant
health risk and have been implicated as
pathogens in major disease outbreaks
and pandemics.[1] For example, the
1918 influenza pandemic caused by an
influenza virus of the Orthomyxoviridae
family[2] and Filoviruses such as Ebola
andMarburg that led to severe epidemics
of hemorrhagic fever. Coronaviruses
have been identified as the cause of the
SARS outbreak in 2003, the MERS out-
break in 2012, and the current COVID-19
pandemic.[3] The ease of transmission,
high replication rates, and mutation
potential of enveloped viruses, com-
bined with the lack of broad-spectrum
antiviral therapeutics, indicate that
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these viruses have significant potential to cause future pan-
demics and biosecurity threats.[4]

Various strategies are used to combat enveloped viruses. Pro-
phylactic vaccination is a fundamental tool to prevent viral infec-
tions and has led to successful vaccines against many enveloped
viruses. However, some viruses evade targeted vaccination, so
there are no licensed vaccines for critical human pathogens
such as hepatitis C virus (HCV), human immunodeficiency virus
(HIV), cytomegalovirus (CMV), and Epstein–Barr virus (EBV).[5]

Despite an effective vaccine against hepatitis B virus (HBV),≈240
million people suffer from chronic infection, highlighting the
need for curative treatments. This underscores the urgent need
for innovative antiviral agents that target enveloped viruses.[6]

In recent years, efforts in the development of antiviral agents
have focused on the use of inhibitory molecules that primarily
target viral components to reduce side effects.[7,8] However, tar-
geting specific viral elements has drawbacks, including the risk of
resistance development and limited application to a single virus.
Given the increase in emerging infectious diseases caused by var-
ious enveloped pathogenic viruses and increasing antiviral resis-
tance to conventional drugs, pharmaceutical companies and re-
searchers are actively exploring novel antiviral agents.[9]

Over the last two decades, nanotechnologies have shown great
promise in the fight against viruses. Silver nanoparticles (Ag-
NPs) have attracted scientific interest due to their broad spec-
trum of antimicrobial activity and potential applications in var-
ious biomedical fields.[10,11] AgNPs are nanoscale particles con-
sisting of silver atoms, typically between 1 and 100 nanometers in
size and with a variety of shapes.[12] The unique physicochemical
properties of AgNPs play a critical role in their biological interac-
tions and applications, with variations in size, shape, and surface
properties significantly affecting their biological responses and
efficacy.[13]

The synthesis of AgNPs involves a wide range of techniques,
including chemical, physical, and biological methods, each of
which imparts specific properties to the nanoparticles. This ver-
satility of synthesis techniques allows researchers to tailor the
size, structure, and surface properties of AgNPs, influencing
their biological activities and potential applications.[14] Extensive
evidence demonstrates the potent antibacterial and antifungal
properties of AgNPs, particularly their efficacy against common
pathogens such as Staphylococcus aureus, Escherichia coli, and
Candida albicans.[15]

Advanced techniques such as high-resolution microscopy,
spectroscopy, and detailed molecular and biochemical analyses
have elucidated themechanisms underlying the antimicrobial ef-
fect of AgNPs.[16]These nanoparticles exert their antimicrobial ef-
fect via four different mechanisms: Adhesion to the cell wall and
membrane surface, infiltration of cellular structures causing in-
tracellular damage, induction of oxidative stress by ROS and free
radicals, and modulation of signal transduction pathways.[11,17]

The first step involves the binding of AgNPs to the cell wall and
membrane of microorganisms. This is facilitated by the posi-
tive surface charge of the nanoparticles, which build up an elec-
trostatic attraction to the negatively charged cell wall. This ad-
hesion leads to rupture of the cell wall and damage to the cy-
toplasm. AgNPs can penetrate microbial cells and disrupt es-
sential cell functions by interacting with cellular structures and
biomolecules.[18]

Within bacterial cells, AgNPs disrupt critical processes such as
the respiratory electron transport chain, leading to the formation
of ROS and free radicals that damage lipids, proteins, and DNA
and ultimately disrupt cell function.[19] AgNPs have been shown
to affect bacterial cell signaling and inhibit microbial growth by
dephosphorylating key bacterial peptide substrates. Recent stud-
ies have highlighted the antiviral potential of AgNPs against a
range of virus families, exhibiting direct virucidal activity or al-
tering virus-host cell binding.[20] In 2005, Elechiguerra et al. first
described the anti-HIV effect of AgNPs, paving the way for fur-
ther investigations into the broad spectrum of antiviral properties
of these nanoparticles.[21] Despite the well-established antimicro-
bial properties, the specific antiviral activities of AgNPs are still
relatively unexplored. This review aims to comprehensively ex-
plore the antiviral activities of silver nanoparticles and improve
our understanding of their mechanisms against various coated
viral species with important clinical implications.

2. AgNPs and Antiviral Activity

AgNPs have come into focus for their remarkable antimicrobial
potential. Despite this well-documented antibacterial efficacy, the
interaction between AgNPs and viruses was neglected until re-
cent scientific efforts brought to light their promising antiviral
activity.[22] These burgeoning studies have revealed the poten-
tial of AgNPs as effective antiviral agents, especially against en-
veloped viruses.[23] The need to explore the interactions of AgNPs
with viruses stems from the ease with which enveloped viruses
are transmitted, their high rates of replication and mutation,
and the current lack of comprehensive broad-spectrum antiviral
therapies.[22] The importance of this study is further emphasized
by the emerging threat of enveloped viruses contributing to im-
pending pandemics and biosafety challenges. The potential role
of AgNPs as a versatile and comprehensive therapeutic option
against enveloped viruses takes center stage and offers a promis-
ing avenue to fill critical gaps in the currently available antiviral
arsenal.[23,24]

2.1. Influenza Viruses

The influenza viruses belong to the family Orthomyxoviridae,
which includes the genera influenza virus type A, influenza virus
type B, influenza virus type C, Thogotovirus, Quaranjavirus, and
Isavirus.[25] These enveloped viruses have a helical capsid and
a segmented genome consisting of negative-sense RNA, encod-
ing proteins vital for viral replication and assembly.[25,26] The het-
erotrimeric polymerase complex (PB1, PB2, PA), nucleoprotein
(NP), matrix protein 1 (M1), non-structural protein (NS1), and
nuclear export protein (NEP) are localized within the lipid enve-
lope, while matrix protein 2 (M2), hemagglutinin (HA), and neu-
raminidase (NA) are integrated into the envelope architecture.[27]

Hemagglutinin (HA) is a homotrimeric protein that binds to
sialic acid on host cells to initiate viral entry via endocytosis or
micropinocytosis.[28,29] Neuraminidase (NA) is a tetrameric en-
zyme that helps viruses spread by hydrolyzing sialic acid residues
on infected cells and new virions, promoting viral migration
and release from host cells.[30] Influenza virus M2 is a trans-
membrane protein that forms a proton channel, regulating pH
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Figure 1. Influenza A virion structure and genome organization.

during viral entry and maturation. The matrix protein M1 un-
der the envelope is essential for virion assembly, linking the
capsid and envelope proteins.[31] In influenza virions, each seg-
ment of viral RNA (vRNA) associates with NEP and the viral
polymerase subunits (PB1, PB2, PA) to form ribonucleoprotein
particles (RNPs) crucial for replication and transcription. NEP
protects single-stranded RNA and aids in RNP assembly, while
NS1 regulates viral protein expression by binding to host and
viral RNA. The vRNA is transported to the nucleus for replica-
tion and transcription, with viral mRNAs returning to the cy-
toplasm for translation. Mature genomic segments are pack-
aged into new virions, and neuraminidase (NA) releases them
by breaking sialic acid bonds on host cells.[32–35] Among the or-
thomyxoviruses, influenza A plays a fundamental role, charac-
terized by its epidemiological and clinical importance (Figure 1).
In its most severe form, the infection leads to clinically sig-
nificant manifestations that can be fatal. This underlines the
serious impact of influenza A on public health.[36] A particu-
lar feature of influenza A is its remarkable ability to drift and
shift antigens.[37] This genetic adaptability enables the virus to
make subtle or dramatic changes to its surface proteins. This
dynamic ability contributes significantly to the emergence and
development of pandemics, which further emphasizes the need
for new therapeutic strategies with a broad spectrum of activity.
Numerous studies have documented the antiviral activity of Ag-
NPs against various strains of the influenza A virus.[38] The ear-
liest available study reporting the antiviral potential of AgNPs
dates back to 2009. Mehrbod et al. obtained liquid Nanosilver
with 2000 ppm (particle mL−1) to test its antiviral activity against
Influenza A/New Caledonia/20/99 (H1N1) standard virus.[39] At
concentrations below 1 μgmL−1, the nanoparticles demonstrated

nontoxicity toMDCK (Madin-Darbey Canine Kidney) cells. More-
over, their interference in the adsorption/penetration phase effec-
tively reduced viral infectivity at these nontoxic concentrations.
To investigate the target molecules of AgNPs, an evaluation of
the ability of antibodies to recognize viral glycoproteins (espe-
cially HA andNA) after treatment with the nanoparticles was per-
formed. The results showed that AgNPs hindered the interaction
between glycoproteins and antibodies, as evidenced by a decrease
in fluorescence after treatment with AgNPs.[39] Dong-xi et al.
synthesized AgNPs with an average diameter of 10 nm to per-
form hemagglutination inhibition assays, an embryo inoculation
assay, and a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay.[40] These tests were used to evaluate the in-
hibitory effect of AgNPs against the influenza AH1N1 virus. The
results provide convincing evidence for the rapid inhibitory effect
of AgNPs on chicken red blood cell hemagglutination in HAI
assays and in an embryo inoculation assay against influenza A
H1N1 virus.[40] In addition, these nanoparticles showedminimal
cytotoxicity on MDCK cells at concentrations below 25 μg mL−1

after exposure. When evaluating the efficacy of AgNPs against
influenza A H1N1 virus, MDCK cells were treated with a com-
binedmixture of influenza AH1N1 virus and silver nanoparticles
at non-toxic concentrations. The survival percentages of MDCK
cells at a concentration of 12.5 μg mL−1 were 47.97% (72 h) and
49.87% (96 h), while at 25 μg mL−1 of AgNPs the percentages
were 82.4% (72 h) and 86.5% (96 h). The same research group
investigated the potential of AgNPs to inhibit influenza virus-
induced apoptosis inMDCK cells.[40] Themorphological changes
and ultrastructural characteristics of the cells were examined by
transmission electron microscope and flow cytometry analysis.
The apoptosis rate in normal cells was 5.58 ± 2.20%, while virus-
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infected cells controlled a rate of 23.37% ± 2.50%. When cells
were treated with the combined mixture of viruses and AgNPs
they showed a reduced apoptosis rate of 9.77% ± 1.59%. In con-
trast, cells treated first with the virus and then with AgNPs had
an apoptosis rate of 14.66% ± 1.80%, while those treated first
with silver nanoparticles and thenwith the virus showed an apop-
tosis rate of 18.48% ± 0.98%.[40] In this study AgNPs demon-
strated a rapid and effective inhibition of influenza AH1N1 virus,
highlighting promising antiviral properties and significant cellu-
lar tolerability.[40] In a study conducted by Mori et al., compos-
ite materials comprising silver nanoparticles (AgNPs) and chi-
tosan (Ch) were synthesized tomodulate the infectivity of human
influenza A virus (A/PR/8/34 H1N1).[41] AgNPs suspensions
were produced through the reduction of silver-containing glass
powder (BSP21, silver content 1% by weight, average grain size
10 μm) in an aqueous glucose solution, generating AgNPs sus-
pensions with distinct diameters such as 3,5, 6.5, and 12.9 nm.
Subsequently, a chitosan solution (100 μL, 10mgmL−1) was com-
bined with solutions containing AgNPs of various diameters, ob-
taining nanocomposites characterized by different quantities and
diameters of AgNPs.[41] The accurate synthesis of the compo-
nents was evaluated through the analysis of UV-visible spectra,
where the absence of a peak near 400 nm indicated their complete
binding to chitosan. Transmission electron microscope analyses
confirmed the absence of aggregation of the suspensions.[41] Af-
ter the characterization of the different suspensions, the studies
focused on their antiviral activity, comparing the TCID50 ratios
of the viral suspensions treated and untreated with the nano-
materials. The results demonstrated an increase in the antiviral
activity of the AgNPs/Ch composites with increasing nanopar-
ticle content. Chitosan alone did not show antiviral activity, un-
derlining that the observed effect was attributable to the bound
AgNPs.[41] Furthermore, the impact of the size of the Ag NPs in
the composites was evident, with generally stronger antiviral ac-
tivity observed in composites containing smaller AgNPs at sim-
ilar concentrations.[41] Nanoparticles can enhance drug efficacy
due to their microscopic size and unique properties. A key rea-
son for associating them with drugs is their ability to facilitate
targeted delivery to diseased cells, improving treatment preci-
sion andminimizing side effects on healthy tissues. Additionally,
nanoparticles can improve drug solubility and stability, increase
the drug’s residence time in the body, and enable controlled
and sustained release of the active ingredient.[42] In this context,
Li et al. cleverly used AgNP-conjugated amantadine to combat
the emergence of drug-resistant influenza viruses. Amantadine
is an FDA-approved antiviral drug, its irregular use has led to
the selection of resistant viral strains with mutations in the M2
protein.[43] To address this problem, Li and the research team
synthesized amantadine-linked AgNPs (Ag@AM) through a pre-
cise procedure. They incrementally introduced 0.1 mL of vita-
min C stock solution into 4 mL of AgNO3 stock solution, fol-
lowed by the addition of 0.8 mL of amantadine (1 μm). Overnight
dialysis removed excess components, and the resulting Ag@AM
nanoparticles were characterized using various techniques.[43]

The synthesized Ag@AM showed a uniform and monodisperse
spherical shape as evidenced by transmission electron micro-
scope images, Zeta potential, and size distribution using Zeta-
sizer Nano ZS. Energy-dispersive X-ray spectroscopy (EDX) anal-
ysis showed the presence of signals coming from C atoms (22%)

which demonstrated the conjugation of AgNPs with amanta-
dine. In interaction studies with H1N1, Ag@AM demonstrated
a disruptive effect on viral particles. Transmission electron mi-
croscopy revealed the destruction of H1N1 viral morphology af-
ter a 30-min interaction.[43] In support, hemagglutination inhibi-
tion assays further indicated the ability of Ag@AM to prevent in-
fluenza virus-induced aggregation of chicken erythrocytes, high-
lighting its potential to inhibit interactions withMDCK cells. Pre-
treated viral particles were used to infect MDCKmonolayers. The
MTT assay demonstrated the protective effects of Ag@AM on
cells against the H1N1 influenza virus. The virus led to a signif-
icant decrease in cell viability (39%), both amantadine and Ag-
NPs showed an improvement (56% and 65%, respectively). Sur-
prisingly, Ag@AM increased cell viability by up to 90%, demon-
strating its superior protective capabilities. Further investigation
using JC-1 dye revealed that Ag@AM mitigated H1N1 virus-
induced mitochondrial dysfunction, in contrast to the effects of
amantadine and AgNPs.[43] Flow cytometric and TUNEL-DAPI
analyses demonstrated a notable reduction in the apoptotic cell
population (13.5%) with post-viral Ag@AM infection. In the con-
text of influenza virus infections, the emergence of excess re-
active oxygen species (ROS) often coincides with the onset of
cellular apoptosis. To discern whether the combined nanoparti-
cles possess the ability to prevent ROS-mediated apoptosis in-
duced by the H1N1 virus, intracellular ROS levels were moni-
tored through fluorescence intensity examination, specifically fo-
cusing on dichlorofluorescein (DCF). Data indicated a decrease
in intracellular ROS generation, further supporting the antiviral
potential of Ag@AM. Taken together, these data offer promis-
ing results in the inhibition of the H1N1 influenza virus.[43] The
same group of researchers exploited the same strategy to combat
the emergence of oseltamivir-resistant influenza viruses. They
conjugated AgNP with oseltamivir (Ag@OTV), according to the
same procedure indicated previously, and evaluated the antivi-
ral mechanism. The synthesized Ag@OTV exhibited a spher-
ical shape as observed through transmission electron micro-
scope images. Analysis of Zeta potential and size distribution
using Zetasizer Nano ZS further supported the monodisperse
nature of the particles. EDX analysis revealed signals from C
atoms (18%), indicating the successful conjugation of AgNPs
with oseltamivir.[44] In interaction studies with H1N1, transmis-
sion electron microscopy revealed an alteration of H1N1 viral
morphology, preventing aggregation of chicken erythrocytes and
consequently influencing interactionswithMDCK cells. Particles
pretreated with Ag@OTV increased cell viability by up to 90% in
response to viral infection.[44] On the other hand, the virus caused
a significant decrease in cell viability (39%), while oseltamivir
and AgNP showed improvements (59% and 65%, respectively),
whichwere lower than the combined counterparts. Further inves-
tigation using JC-1 dye demonstrated that Ag@OTV mitigated
H1N1 virus-induced mitochondrial dysfunction. Flow cytomet-
ric and TUNEL-DAPI analyses demonstrated a notable reduction
(14.6%) in the apoptotic cell population in response to Ag@OTV
treatment. This effect is a result of the nanostructure’s ability to
reduce ROS production and inhibit caspase 3. Furthermore, Li
et al. proposed a strategic approach to overcome drug resistance
in influenza A H1N1 infections.[43] Zanamivir represents one of
the most effective drugs against influenza virus infection. Un-
fortunately, its use is limited due to the emergence of resistant
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influenza viruses. Also, in this case, AgNPs were exploited to im-
prove the antiviral potential. In the study conducted by Lin et al.,
AgNPs were conjugated with Zanamivir, resulting in the for-
mation of Ag@ZNV.[45] The resulting Ag@OTV particles exhib-
ited a spherical morphology, uniform, monodisperse, and non-
aggregated distribution, as indicated by transmission electron
microscope and Zetasizer Nano ZS investigations. EDX analy-
sis revealed signals from Ag (59.5%), C (23%), N (8.6%), and O
(8.9%) atoms, indicative of successful drug conjugation reaction.
AgNP, ZNV and Ag@ZNV showed a dose-dependent decrease in
cell viability, with concentrations of 2.5 μgmL−1, 2.5 μgmL−1, and
0.8 nm, respectively. The viability of MDCK cells during H1N1
virus infection was 36.32%. Zanamivir and AgNP treatments in-
creased the viability to 63.23% and 61.87%, while Ag@ZNV sig-
nificantly reached 82.26%. The increased cell viability in response
to infection was due to the interference of NA activity[46] (Table 1).

2.2. Severe Acute Respiratory Syndrome Coronavirus 2
(SARS‑CoV‑2)

The spread of infection caused by SARS-CoV-2 was declared a
pandemic by WHO on March 11, 2020. SARS-CoV-2 infected
millions of people due to its extremely contagious nature and
capacity to remain active on surfaces for a prolonged period.
SARS-CoV-2 has a diameter of roughly 100 nm and has a spheri-
cal shape. It is a member of the beta-coronavirus family and is
a single-stranded positive-strand RNA virus with an envelope,
coated with a lipid wrap produced from host cell membranes.
SARS-CoV-2 employs its highly glycosylated homotrimeric spike
(S) protein, a class I viral fusion protein, for cellular entry. This
spike protein comprises S1 and S2 subunits. The S1 subunit con-
tains the receptor binding domain (RBD), which binds to the host
angiotensin-converting enzyme 2 (ACE2).[56] Upon binding to
ACE2, an additional site within the S2 subunit, termed S2′, be-
comes exposed. Cleavage of S2′ by host transmembrane serine
protease 2 (TMPRSS2) at the plasma membrane or by cathep-
sin L in the endosomal compartment following ACE2-mediated
endocytosis initiates a series of folding events in S2,[56] leading
to the release of hydrophobic fusion peptide (FP) and facilitat-
ing membrane fusion. The ingress of the coronavirus genome
into the cytoplasm of the host cell initiates a sophisticated cas-
cade of events governing viral gene expression.[57] Upon cellu-
lar entry, the viral RNA genome undergoes prompt translation,
yielding pivotal effector molecules that orchestrate the viral repli-
cation cycle. Structural proteins, including M and E, undergo in-
tricate trafficking processes to attain maturity, ultimately localiz-
ing to the plasma membrane or integrating into virions. Within
the cytoplasm, nonstructural proteins (NSPs) such as NSP7,
NSP8, NSP12, and NSP13 assemble into the RNA-dependent
RNA polymerase (RdRp) complex, essential for synthesizing the
viral genome. Concurrently, viral proteases, exemplified by NSP3
and NSP5 (also termed papain-like protease, PLpro, and major
protease, Mpro, respectively), not only facilitate the maturation
of viral components from polyproteins but also cleave host fac-
tors, thus subverting innate immune responses within target
cells. Furthermore, certain effectors target cellular membrane or-
ganelles, perturbing normal homeostatic processes to foster vi-
ral replication. For instance, Orf9b selectively interacts with the

mitochondrial membrane protein TOM70, suppressing the ac-
tivity of the mitochondrial antiviral signaling protein (MAVS)
(Figure 2).[58]

One strategy to mitigate the transmission of the virus involves
the inactivation of viral particles during their transit on surfaces.
This approach diminishes the potential for infection spread and
can be accomplished by implementing antiviral coatings on pos-
sible fomites.[59] These coatings, often formulated with various
metals, exhibit virucidal properties, thereby reducing the viabil-
ity of the virus upon contact. Notably, such coatings can be ap-
plied to protective gear such as face masks, enhancing their ef-
ficacy as a barrier against viral transmission. Silver nanoparti-
cles (AgNPs) have attracted considerable attention for their po-
tential usefulness in combating viral transmission and multiple
research projects have been conducted in functionalized fabrics
or surfaces.[60]

Kumar et al. conducted a study to assess the antiviral efficacy of
fabrics treated with silver nanoparticles (AgNPs) against SARS-
CoV-2.[61] Initially, cotton fabric underwent impregnation with a
solution comprising acetone and distilled water, followed by dry-
ing. Subsequently, the fabric was immersed in a 1 mm AgNO3
solution and exposed to UV light (254 nm) for 30 min. After dry-
ing at 50 °C, the fabric’s color changed fromwhite to dark brown,
indicating successful AgNP integration. To evaluate the viruci-
dal activity, the treated fabrics were co-incubated with viral in-
oculum (0.1 MOI) for 30 and 60 min, with non-functionalized
fabrics serving as controls. Following incubation, the viral inocu-
lum was introduced to Vero cell monolayers and allowed to in-
cubate for 3 h. Subsequently, the fresh medium replaced the vi-
ral inoculum, maintaining the cells for up to 72 h. Post-infection,
plaque assays, and RT-PCRwere employed to assess the presence
of virions and viral genes in the cells. The findings demonstrated
significant virucidal activity of the modified fabric against SARS-
CoV-2, exhibiting a remarkable 97% inhibition of the viral load
employed in the assays.[61] Balagna et al. investigated the efficacy
of face masks coated with silver nanoclusters against SARS-CoV-
2.[62] The coating process utilized radio frequency co-sputtering
in a pure argon atmosphere to deposit a silver nanocluster/silica-
based coating onto two disposable FFP3 face masks (3M). This
procedure involved applying 3 W or 5 W of DC power to the sil-
ver target, resulting in coatings with varying concentrations of
silver nanoclusters, designated as Ag3 W and Ag5W. Two experi-
ments were conducted to assess the antiviral activity of the coated
face masks against SARS-CoV-2. In the initial experiment, vi-
ral inoculum was introduced to both coated and uncoated mask
samples, followed by incubation at room temperature. Both sets
of specimens underwent sterilization to prevent contamination.
The second experiment was similar but omitted sterilization to
mimic real-world conditions. Following incubation, virus infec-
tivity was evaluated by adding it to Vero cells in a microtiter
plate and observing cytopathic effects and viable cell staining af-
ter 72 h of incubation. Results revealed that uncoated face masks
and control samples exhibited the highest infectivity. Conversely,
the coated masks demonstrated a significant reduction in infec-
tivity, with the Ag3 W coating showing a substantial decrease
and the Ag5 W coating eliminating cytopathic effects.[62] Estevan
et al. assessed safety considerations associated with the utiliza-
tion of masks incorporating nanoparticle functionality. The in-
vestigation focused on internal exposure levels stemming from

Global Challenges. 2025, 9, 2400380 2400380 (5 of 30) © 2025 The Author(s). Global Challenges published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.global-challenges.com


www.advancedsciencenews.com www.global-challenges.com

Table 1. Characteristics and Activity of AgNPs Against Influenza Viruses.

Type of nanoparticle Synthesis method Viruses Active concentrations Refs.

AgNPs and Chitosan A mixture of 0.50 g silver-containing glass powder
and 1.00 wt% glucose solution was heated in an
autoclave at 121 °C and 200 kPa for 20 minutes.
After cooling, it was centrifuged, and the
supernatant was collected and stored in the dark
at room temperature.

H1N1 ≤ 200 μg AgNPs/g Chitosan [41]

AgNPs (Ag@AM) Amantadine linked
to AgNPs

Chemical methods H1N1 2.5 μg mL−1, AgNPs, 0.1 μm AM [43]

AgNPs conjugated with Oseltamivir
(Ag@OTV)

Biological method H1N1 2.5 μg mL−1 AgNPs, 1 nm OTV [44]

AgNPs conjugated with Zanamivir
(Ag@ZNV)

Biological method H1N1 2.5 μg mL−1, 25 μg mL−1 and 0.8 nm [45]

AgNPs and FluPep ligand AgNPs of approximately 10 nm in diameter were
acquired from nanoComposix Inc. (CA, USA)

H1N1 From 0.03% to 5% mol mL−1 of
conjugated ligand

[47]

AgNPs Cinnamon bark was finely ground and 25 g of the
powder was combined with 100 mL of deionized
water. After filtering the extract, 10 mL was mixed
with 90 mL of a 1 mm silver nitrate solution. The
mixture was left at room temperature for 5 h,
during which the formation of silver
nanoparticles (AgNPs) was indicated by a color
change.

H7N3 125 μg mL−1 [48]

AgNPs with tannic acid Tannic acid, AgNO3 and NaOH solutions were
prepared, mixed and stirred to synthesize AgNps.
The mixture was adjusted to pH 9, stirred for
30 min and centrifuged to isolate the product,
which was washed with water. AgNPs were
applied to the cotton fabric using a drop-coating
method. Then the fabric was dried at 60 °C with
varying concentrations of AgNps

H3N2 – [49]

AgNPs Biological method H5N1 60 μm of EGCG concentration [50]

EGCG-AgNPs together with zinc
sulfate

Chemical method H9N2 50 μm EGCG resulted in the reduction
in logEID50 mL−1 of AI H9N2

[50]

AgNPs with amino acid conjugate Silver nitrate was combined with an amino acid
conjugated to Tris(hydroxymethyl)phosphine,
and the mixture was placed in a water bath
sonicator at 80 °C for 24 h.

H1N1 17 μg mL−1 [51]

Ag NPs immobilized on cotton fabrics AgNps were produced through a radiochemical
synthesis process.

H1N1 – [52]

Immobilization of AgNPs on resin
substrates

AgNps were produced through a radiochemical
synthesis process.

H3N2 – [53]

AgNPs Purchased from Noble Elements LLC, USA H1N1 From 4 to 2000 μg mL−1 [54]

AgNPs AgNPs were created by combining silver nitrate,
sodium carbonate, and tannic acid in distilled
water, with the pH adjusted to 7.4. The mixture
was refluxed and stirred for 2 h until the pale
yellow color remained constant, indicating
successful AgNP formation.

H3N2 From 50 to 12.5 μg mL−1 [55]

AgNPs AgNPs were produced by reducing silver nitrate
with hydrazine hydrate, using potassium oleate
as a stabilizing agent.

H1N1 0.2 mg of atomic silver per 1 kg body
mass

[46]

the utilization of face masks coated with silver nanoparticles (Ag-
NPs). Results indicated that internal exposure levels ranged from
7 × 10-5 to 2.8 × 10-4 mg kg−1 bw−1 d−1. These findings suggest
that prolonged exposure to AgNPs arising from the utilization
of face masks is deemed safe.[63] Baselga et al. have developed

a new antiviral coating designed to improve the effectiveness of
surgical masks and materials used in air conditioning filters.[64]

This virucidal coating incorporates AgNPs (6.2 nm diameter) at a
concentration of 5 mgmL−1, along with polyethyleneimine (PEI)
at 10 mg mL−1. This combination determines the formation of
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Figure 2. SARS-CoV-2 virion structure and genome organization.

a uniform and homogeneous coating, which extends across the
entire surface and depth of the material. To evaluate the effi-
cacy of the functionalized tissues, they were exposed to a viral
inoculum with a multiplicity of infection (MOI) of 0.01. Subse-
quent evaluation of cell monolayers revealed a viral load reduc-
tion of more than 99.9% after incubation. Furthermore, the cy-
totoxicity of the coatings was evaluated using Vero E6 cells, in-
dicating that no cytotoxic effects were observed. In particular,
the inclusion of PEI was found to mitigate the toxicity associ-
ated with nanoparticles, thus improving the safety profile of the
coating.[64] The factors influencing the effects demonstrated by
silver nanoparticles are of considerable scientific interest. These
factors encompass a wide array of parameters, including the size,
shape, surface properties, concentration, and surrounding en-
vironment of the nanoparticles. Jeremiah et al. have conducted
research elucidating the relationship between the virucidal effi-
cacy of silver nanoparticles (AgNPs) and their size. Specifically,
AgNPs with diameters of 2, 15, 50, 80, and 100 nm underwent
antiviral assessments using plaque assays for SARS-CoV-2 on
VeroE6/TMPRSS2 and Calu-3 cell lines. Additionally, cytotoxic-
ity was evaluated utilizing the CellTiter-Glo test across concen-
trations ranging from 1 to 100 ppm on the same cell lines. Re-
sults indicated that nanoparticles exhibited cytotoxic effects at
concentrations exceeding 20 ppm. Notably, antiviral assays re-
vealed that nanoparticles ≤10 nm in size demonstrated maxi-
mal antiviral efficacy within concentrations ranging from 1 to
10 ppm. This research underscores the size-dependent nature
of AgNP virucidal efficacy and provides valuable insights for op-
timizing their antiviral properties while mitigating cytotoxicity
concerns.[65] In a study conducted by He et al., three distinct sur-
face coatings—citrate, polyvinylpyrrolidone (PVP), and branched
polyethylenemine (BPEI)—were selected as modification mate-
rials for silver nanoparticles (AgNPs) to assess their virucidal ef-

fects against SARS-CoV-2 in vitro.[66] Ten different types of Ag-
NPs were examined, with sizes ranging from 5 to 100 nm for
citrate and PVP, and 50 to 100 nm for BPEI. Flow cytometry
and the CCK-8 method were employed to evaluate apoptosis and
cell viability, respectively. To assess the safety and anti-SARS-
CoV-2 impact of each AgNP variant in vitro, quantitative reverse
transcription-polymerase chain reaction, Hoechst staining, crys-
tal violet staining, and virus titration were conducted. Results
indicated that AgNP treatment significantly enhanced viability
by up to 20.70%, whereas SARS-CoV-2 infection led to a signifi-
cant decrease in viability. The efficacy of AgNPs varied based on
nanoparticle size and surface modification. Specifically, smaller
AgNPs (5, 20, 50, and 100 nm) exhibited more pronounced ef-
fects in enhancing viability. A similar trend was observed regard-
ing the reduction of viral replication by AgNP treatment, wherein
smaller nanoparticles demonstrated a greater reduction in viral
titer, underscoring a size-dependent inhibitory effect.[66] Merkl
et al. investigated a surface modification strategy targeting en-
veloped SARS-CoV-2 through aerosol nanoparticle self-assembly
during the flame synthesis of three antimicrobial materials: sil-
ver (Ag), copper oxide (CuO), and zinc oxide (ZnO).[67] Their an-
tiviral efficacy against SARS-CoV-2 viability was assessed via a vi-
ral plaque assay utilizing Vero-E6 cells. Among the three studied
nanomaterials, nanosilver particles exhibited the strongest antivi-
ral activity. Following 5 min of exposure, there was a 75% reduc-
tion in viral load, which further increased to a 98% reduction
after 120 min of exposure. Transmission electron microscopy
(TEM) analysis revealed that the average primary nanosilver par-
ticle diameter was ≈5 nm.[67] Similar to previous work, Asmat
et al. conducted research aimed at developing antiviral fabrics
impregnated with silver nanoparticles (AgNPs), zinc oxide, and
cuprous oxide to combat SARS-CoV-2.[68] The team employed a
biogenic synthesis approach, recognized for its ability to gener-
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ate nanostructures with specific morphology, high resistance to
degradation, and monodispersity, offering a promising alterna-
tive in nanostructure fabrication. Fabrics were impregnated us-
ing both “in situ” and “post-synthesis” methods. For the biogenic
production of silver nanoparticles, a 96% alcoholic extract of Eu-
calyptus globulus was utilized, resulting in AgNPs with a diam-
eter of 6 nm. Notably, the “in situ” treatment demonstrated su-
perior nanoparticle impregnation, with nanostructures observed
in both the core and surface of the textile fiber, whereas the
“post-synthesis” method led to agglomerates primarily on the
surface. To assess antiviral activity, SARS-CoV-2 E gene RNA
was extracted, quantified, and subjected to PCR reaction. Re-
sults indicated that AgNPs, while not the most effective among
the tested materials, demonstrated a significant reduction in vi-
ral load. Specifically, the “in situ” treatment achieved a 95.56%
reduction, while the “post-synthesis” method exhibited an 88%
reduction with a concentration of 2.41 ppm.[68] Lam et al. in-
troduced the first polyurethane (PU)/silver nanoparticle (AgNP)
composites, demonstrating promising coating properties.[69] The
researchers designed and synthesized the PU-based composite
using a multigram-scale one-pot synthesis procedure from com-
mercially available starting materials. When loaded with 10 wt%
silver nanoparticles, PU formed a durable composite thin film.
The incorporation of AgNPs influenced the mechanical prop-
erties of the composite, resulting in increased tensile strength,
toughness, and elasticitymodules, albeit with a reduction in elon-
gation at break compared to pristine PU. Comparative bioassays
were conducted by applying a pseudotyped virus (PV) bearing
the SARS-CoV-2 beta (B.1.351) spike protein onto the film sur-
faces of pristine PU or PU nanocomposite. Within 24 h, the nano
complexes exhibited a significant reduction in viable virus com-
pared to pristine PU under the same conditions, with a 67% de-
crease (p = 0.0012). This highlights the potential antiviral effi-
cacy of the PU/AgNP composite as a coating material against
SARS-CoV-2.[69] Diaz-Puertas et al. incorporated commercially
available ceramic-coated silver nanoparticles (AgNPs) into ther-
moplastic polyurethane (TPU) plates using an industrial-scale
protocol.[70] The embedded nanoparticles were characterized to
have a size of 54.4 nm. Through ICPMS analysis, the release rate
of silver from AgNP-TPU in aqueous solvents was determined to
be 4 ppm h−1. Biological tests conducted on Vero E6 and EPC cell
lines revealed that the AgNP-TPUmaterial did not induce signifi-
cant cytotoxicity. Additionally, AgNP thermoplastic polyurethane
(TPU) demonstrated 75% activity against SARS-CoV-2 in a time-
and temperature-dependentmanner. These findings suggest that
AgNP-TPU-based materials hold promise as an effective strategy
to inhibit viral propagation.[70] Da Silva et al., successfully pre-
pared PVC/AgNP nanocomposites through melt mixing, a suit-
able method for large-scale production of polymeric products.[71]

Characterization of the obtained composite revealed that the ad-
dition of AgNPs improved the material’s thermal and mechani-
cal characteristics and more importantly, PVC/AgNP nanocom-
posites, well-established antimicrobial compounds, have viruci-
dal action against SARS-CoV-2, The antiviral assay tested vari-
ous contact times (30, 60, and 120 min), revealing that longer
durations result in higher viral inactivation rates. PVC/0.3AgNP
and PVC/0.5AgNP samples exhibited significant virucidal activ-
ity compared to cell controls and SARS-CoV-2 positive controls
according to Dunn’s tests. It requires at least 0.3 wt% of Ag-

NPs to achieve a 99.99% inactivation rate within 48 h.[71] Data on
the antiviral efficacy of AgNPs against SARS-CoV-2 are not lim-
ited to in vitro experiments but extend to in vivo studies as well.
Almanza-Reyes et al. conducted a study at the General Hospital
of Tijuana, Mexico, a facility dedicated exclusively to COVID-19
patients, to investigate the effectiveness of mouthwash and nasal
rinse containing silver nanoparticles (ARGOVIT AgNP) in pre-
venting SARS-CoV-2 transmission among healthcareworkers.[72]

Over 9 weeks during the pandemic, 231 participants were ran-
domly assigned to either an “experimental” group instructed to
use the AgNP solution, or a “control” group instructed to use con-
ventional methods. The incidence of SARS-CoV-2 infection was
markedly lower in the experimental group (1.8%) compared to
the control group (28.2%), demonstrating an efficacy of 84.8%.
These findings suggest that mouthwash and nasal rinse con-
taining AgNPs may serve as effective measures in preventing
SARS-CoV-2 transmission among healthcare workers exposed to
COVID-19 patients.[72] Wieler et al. conducted a clinical trial to
investigate the antiviral effects of AgNPs in patients with mod-
erately severe to severe COVID-19 pneumonia.[73] The study was
conducted in India from 2021 to 2022 and included 40 elderly
patients (mean age 69.5 ± 13.5 years) diagnosed with severe
COVID-19 pneumonia, predominantly male (75.0%). This IIS
was the first to explore intravenous administration of AgNPs as
an adjuvant treatment alongside standard care. The AgNPs used
were highly pure (99.99%), with a concentration of 1000 ppm
and a size distribution of 10 nm, spherical in shape and solu-
ble in water. Each patient received a total of 5.4 mg of AgNPs,
equivalent to 30% of the human equivalent dose (HED). The re-
sults revealed that at day 5, the survival rate was significantly
higher in the AgNPs treatment group (65.0% survival) compared
to the control group receiving only standard COVID-19 treat-
ment (25.0% survival) (p < 0.05). This trend persisted at 30 days,
with survival of 63.2% in the AgNPs group compared to 15.8%
in the control group (p < 0.05). Furthermore, the AgNP-treated
group showed significant improvements in the need and dura-
tion of supplemental oxygenation compared to the control group
(p < 0.05). In particular, no adverse events related to the adminis-
tration of AgNPs were reported during the observation period.[73]

Gupta et al. conducted a study to assess the antiviral proper-
ties of silver nanoparticles (AgNPs) with varying surface charac-
teristics, including bare, citrate-stabilized, polyvinylpyrrolidone
(PVP), and polyethylene glycol (PEG)-modified AgNPs.[74] Bio-
compatibility was evaluated using primary nasal epithelial cells
and a human lung epithelial cell line. Two distinct pseudovirus
neutralization assays were employed to investigate the ability
of AgNPs to inhibit viral infection. Results indicated that un-
modified nanoparticles exhibited greater efficacy against SAR-
CoV-2 infection (EC50 ≈8.0 μg mL−1). Conversely, AgNPs mod-
ified with PVP or PEG failed to effectively block viral infec-
tion in the experimental model. Furthermore, the study found
that AgNPs demonstrated non-cytotoxic effects when exposed
for 24 h at concentrations below 10 μg mL−1. These findings
provide valuable insights into the potential of AgNPs as antivi-
ral agents against SARS-CoV-2, highlighting the importance of
surface modifications in their effectiveness.[74] In the study con-
ducted by Stanisic et al., high-resolution magic-angle spinning
nuclear magnetic resonance spectroscopy (HR-MAS NMR) was
employed to assess the antiviral efficacy and biocompatibility of
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silver nanoparticles on coronavirus-infected cells in vitro. Hes-
peretin (HST), a flavonoid, was utilized in the synthesis of sil-
ver nanoparticles to facilitate silver reduction and stabilize the
resulting product.[75] The synthesized biogenic silver nanopar-
ticles exhibited an average diameter of ≈20 nm and were uti-
lized to develop two distinct types of antiviral materials: col-
loids and 3D flexible nanostructured composites. Both materi-
als demonstrated robust virucidal activity against coronaviruses
in vitro models of cell infection, effectively inhibiting viral repli-
cation within cells while exhibiting minimal toxicity. These find-
ings underscore the potential of silver nanoparticles, synthesized
withHST, as promising candidates for combating coronavirus in-
fections, offering both antiviral efficacy and biocompatibility.[75]

In the face mask industry, melt-blown polypropylene fibers are
widely utilized. Medvedev et al. employed silver nanoparticles
(AgNPs) to modify cast brown polypropylene ribbon using a
chemical metallization approach.[76] The size of the silver crys-
tallites ranged from 4 to 14, contingent upon the silver concen-
tration. An in vitro study assessing the antiviral activity of the
samples was conducted using VeroE6 cells. VeroE6 cell culture
viability and typical cytopathic effects (CPE) were evaluated us-
ing an inverted microscope (Micromed) and an MTT assay. The
antiviral efficacy of silver-modified polypropylene tape was found
to be correlated with the surface concentration of silver and the
size of crystallites. Particularly noteworthy was the sample con-
taining 1.0 g m−2 of silver, which demonstrated the highest an-
tiviral activity, completely inhibiting viral replication.[76] In their
study, Morozova et al. aimed to identify the molecular targets
of SARS-CoV-2, in particular the genomic RNA and the virion
structural proteins S and N, using silver-containing nanoma-
terials. To achieve this, they employed recombinant S2 and N
proteins and viral RNA isolated from patient blood samples.[77]

Fluorescent Ag nanoclusters (NCs) smaller than 2 nm, citrate-
coated Ag nanoparticles (NPs) ranging from 20 to 120 nm in di-
ameter, and nanoconjugates measuring 50–150 nm, composed
of AgNPs with various protein shells, were synthesized using
AgNO3 and subsequently analyzed using TEM, AFM, UV-Vis
spectroscopy, and fluorescence spectroscopy. The artificial RNase
complex, Li+[Ag+2Cys2−(OH−)2(NH3)2] (Ag-2S), completely de-
graded SARS-CoV-2 RNA isolated from the blood samples of
COVID-19 patients, while other silver-containing materials re-
sulted in only partial RNA degradation. Additionally, treatment of
the SARS-CoV-2 S2 and N recombinant antigens with AgNPs ef-
fectively inhibited their binding to specific polyclonal antibodies,
as demonstrated by ELISA.[77] Al-Sanea et al. explored an alter-
native approach for inhibiting SARS-CoV-2, utilizing methano-
lic extracts from strawberry (Fragaria ananassa Duch.) and gin-
ger (Zingiber officinale) for the synthesis of silver nanoparticles
(AgNPs).[78] The resulting AgNPs exhibited a spherical shape,
with mean sizes of 5.89 nm and 5.77 nm for strawberry and gin-
ger, respectively. To assess their antiviral potential against SARS-
CoV-2, both the nanoparticles and extracts underwent testing us-
ing an MTT assay. Additionally, an in silico study was conducted
to explore potential chemical compounds with anti-SARS-CoV-
2 properties, employing AutoDock Vina for molecular dynamic
analysis. The findings revealed that the strawberry extract and
green-synthesized AgNPs from ginger exhibited the most po-
tent antiviral activity. Furthermore, the docking study provided
insights into the diverse interaction patterns between the com-

pounds of strawberry and ginger with seven SARS-CoV-2 pro-
tein targets, including five viral proteins (Mpro, ADP ribose phos-
phatase, NSP14, NSP16, PLpro) and two human proteins (AAK1,
Cathepsin L)[78] (Table 2).

2.3. Herpes Simplex Virus (HSV)

The family of alphaherpesviruses includes the widespread hu-
man pathogens known as herpes simplex viruses, HSV-1 and
HSV-2. They are genetically complex double-stranded DNA
viruses that have adapted to replicate in human neurons and
epithelial cells. Viral gene expression, DNA replication, capsid
assembly and genome packaging occur in the infected cell’s
nucleus. Mature nucleocapsids leave the nucleus by envelop-
ment in the inner nuclear membrane to localize within cytoplas-
mic organelles.[79] This process culminates in the formation of
mature infectious particles, which are sorted into sensory neu-
ron terminals or epithelial cell junctions (Figure 3). HSV is re-
sponsible for a spectrum of conditions including herpes labi-
alis, pharyngitis, herpetic gingivostomatitis, keratitis, encephali-
tis, and neonatal herpes infection. After initial infection, the virus
establishes a lifelong latent presence within sensory and auto-
nomic neural ganglia. HSV poses serious risks, potentially lead-
ing to fatal infections in newborns and individuals with compro-
mised immune systems, along with physical impairments, so-
cial ostracization, and psychological distress. Although uncom-
mon,mutations in the viral DNA polymerase gene can lead to an-
tiviral resistance.[79] However, it’s more common for mutations
in the viral thymidine kinase gene to confer resistance to drugs
like acyclovir.[80] The emergence of HSV resistance to acyclovir
presents a significant clinical challenge, particularly for patients
with weakened immune systems undergoing prolonged treat-
ment. Rarely, resistant isolates can lead to visceral dissemination
and severe, progressive, and incapacitating mucosal disease. The
emergence of resistance to drugs has prompted the quest for al-
ternative modalities of treatment with distinct mechanisms of
action. Silver nanoparticles show potential in this direction. De-
pending on their mechanism of action, AgNP silver nanoparti-
cles can exert antiviral effects by inhibiting viral adhesion to host
cells, preventing viral entry into cells, or degrading viral DNA.
Multiple research groups have developed AgNPs aiming to use
their antiviral properties against HSV. Fayaz et al. engineered
a polyurethane condom incorporating silver nanoparticles (Ag-
NPs), denoted as PUC, and assessed its efficacy against HIV-1
and HSV-2.[81] The nanoparticles were synthesized chemically,
exhibiting a size distribution ranging from 30 to 60 nm. Their in-
tegrationwith the device was facilitated by interacting with the ni-
trogen atom within the polyurethane condom matrix. The evalu-
ation involved examining the impact of condom interaction with
HeLa cells, 293 T cells, and C8166 cells. Remarkably, the Ag-NP-
coated PUC showed negligible effects on cell viability and prolif-
eration following a 3-h exposure period. Furthermore, inhibition
assays against HSV-1 and HSV-2 were conducted utilizing Vero
cells. Upon exposure to the Ag-NP-coated PUC, both viral strains
exhibited complete loss of infectivity. This suggests a potent an-
tiviral effect conferred by the nanoparticle-coated condom. More-
over, the risk of chronic toxicity ismitigated by the robust binding
of bioactive AgNPs to the condom material, enhancing its safety
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Table 2. Characteristics and activity of AgNPs against SARS-CoV-2.

Type of nanoparticle Synthesis method Active concentrations Refs.

Cotton fabric treated with AgNPs Cotton cloth was cut into 2 × 2 cm2 pieces, cleaned with
ultrasonic waves in acetone and distilled water, and dried. It
was then immersed in a 1 mm AgNO3 solution and exposed
to UV light (254 nm) for 30 min. After drying at 50 °C, the
cloth changed color from white to dark brown.

– [61]

Face masks coated with silver
nanoclusters

The radio frequency co-sputtering process was conducted in a
pure argon atmosphere, using 200 W RF power on a silica
target and 3 or 5 W DC power on a silver target. This
method produced coatings with varying amounts of silver
nanoclusters, specifically lower amounts at 3 W (Ag3 W)
and higher amounts at 5 W (Ag5 W).

– [62]

AgNPs attachment to Polymeric Fibers A solution of 1.0 mm silver nitrate and 1.0 mm tribasic sodium
citrate was mixed, and 1.2 mm sodium borohydride was
added to produce negatively charged AgNPs. The
nanoparticles were washed by centrifugation and
redispersed in Milli-Q water at the desired concentration.

AgNPs at a concentration of
5 mg mL−1, along with
polyethyleneimine (PEI) at
10 mg mL−1

[64]

AgNPs AgNPs were acquired from Sigma Company From 1 to 10 ppm [65]

Surface coatings with citrate,
polyvinylpyrrolidone (PVP), and
branched polyethyleneimine (BPEI)

AgNPs were purchased from nanoComposix (San Diego, CA,
USA)

From 1 to 10 ppm [66]

Antiviral fabrics impregnated with
AgNPs

A silver nitrate solution was prepared and the tissue was
immersed in it at 60 °C. A filtered alcoholic extract of
Eucalyptus globulus was gradually introduced and sodium
hydroxide was added to raise the pH to 10. After 20 minutes
of agitation, the tissue was removed, allowed to drain, and
then dried in an oven at 100 °C for 15 min.

2.41 ppm [68]

Polyurethane (PU)/AgNP AgNPs were acquired by Merck – [69]

Ceramic-coated AgNPs into
thermoplastic polyurethane (TPU)
plates

AgNPs were acquired from Esenttia <100 μg mL−1 [70]

PVC/AgNP AgNPs were purchased from TechNano Solutions 0.3 wt% AgNPs [71]

Mouthwash and nasal rinse containing
AgNP

ARGOVIT AgNPs, produced by the Investigation and
Production Center Vector-Vita Ltd., were used.

From 0.5% to 0.0004% of metallic
silver

[72]

AgNPs polyvinylpyrrolidone (PVP), and
polyethylene glycol (PEG)-modified

AgNPs were acquired from Sigma Concentrations below 10 μg mL−1 [74]

AgNPs with the flavonoid Hesperetin
(HST)

AgNPs were synthesized by dissolving hesperetin in sodium
hydroxide, adding silver nitrate in a 1:1 ratio, and adjusting
the pH to 7.4 using diluted hydrochloric acid.

– [75]

AgNPs to modify cast brown
polypropylene ribbon

Metallic silver was coated onto the fiber surface through a
chemical metallization process, involving treating the
polymer material with tin chloride solution for sensitization,
silver nitrate solution for activation, and a solution of silver
ammonia complexes for metallization.

1.0 g m−2 [76]

AgNPs Ginger and Strawberry AgNPs were synthesized by dissolving
0.05 g of methanolic extract in 3 mL DMSO, then the
addition of 0.5 mL of DMSO extract and 1 mL 1 m NaOH to
10 mL 1 mm AgNO3. The mixture was kept in a water bath
for 10 min at 60 °C.

0034 μg mL−1 and
0,0062 μg mL−1

[78]

profile.[81] Hu et al. endeavored to elucidate the inhibitory mech-
anisms of silver nanoparticles (Ag-NPs) against HSV-2.[82] The
nanoparticles utilized were commercially acquired Nano Silver-
PVP, comprising 0.2 wt% polyvinylpyrrolidone (PVP) and pos-
sessing a particle size of 30–40 nm. Cytotoxicity was assessed
via the MTT assay on Vero cells, while the inhibitory efficacy of
Ag-NPs against HSV-2 was evaluated through plaque assays. Re-

markably, Ag-NPs at a concentration of 100 μg mL−1 exhibited
negligible toxicity towards Vero cells. In viral pretreatment as-
says, these nanoparticles significantly attenuated viral progeny
production. Moreover, in viral post-treatment assays at the same
concentration, Ag-NPs impeded the viral replication phase. No-
tably, administration of Ag-NPs prior to or promptly after ini-
tial viral exposure, at non-cytotoxic concentrations, effectively
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Figure 3. HSV virion structure and genome organization.

suppressed HSV-2 replication and induced alterations in viral
structure.[82] Morone et al. developed a novel method to synthe-
size ligand-free silver nanoparticles (PLAL-AgNPs) using liquid
pulsed laser ablation. The resulting nanoparticles had a spher-
ical shape with an average diameter of 82.5 nm. These AgNPs
demonstratedminimal cytotoxicity onVero-76 cells while exhibit-
ing strong antiviral activity against HSV-1. Notably, only 1.6× 106
AgNPs were sufficient to disrupt the viral envelope, effectively
inhibiting the infection process.[83] Tannic acid-modified silver
nanoparticles (AgNPs) have gained widespread recognition as a
microbicide due to their adjunctive properties in treating geni-
tal herpes infections and augmenting both cellular and humoral
anti-HSV-2 responses. Orlowski et al. conducted a comprehen-
sive investigation into the antiviral efficacy of tannic acid mod-
ified AgNPs both in vivo using female C57BL/6 mice and in
vitro with African green monkey kidney cells.[84] In the in vivo
study, mice were intravaginally inoculated with 104 PFU/mouse
of HSV-2 strain 333, which had been pre-incubated for 1 h with
or without 5 mg mL−1 AgNPs. To assess the antiviral activity of
AgNPs in infected animals, mice were irrigated three times with
100 ml of 5 mg mL−1 33 nm AgNPs at either 3- or 18 h post-
infection (p.i.). At the peak of local vaginal infection (48 h p.i.),
incubation of HSV-2 with all tested AgNPs (13, 33, and 46 nm)
led to a significant reduction in viral titers as measured by PCR.
Interestingly, both the 13 and 46 nm AgNPs exhibited a com-
parable antiviral effect during HSV-2 infection in vivo, whereas
the 33 nm AgNPs demonstrated the highest efficacy. This un-
derscores the size-dependent nature of the antiviral activity of
tannic acid-modified AgNPs, which necessitates specific interac-
tions to impede virus attachment, replication, and subsequent
transmission.[84] Szymanska et al. also explored the application
of tannic acid-modified silver AgNPs, employing a distinct ap-
proach for the effective management of herpes virus infections
through the development of a mucoadhesive gel formulation
system.[85] The antiviral activity against HSV-1 and HSV-2 was

evaluated both in vitro using an immortal human keratinocyte
cell line and in vivo utilizing a mouse model of genital HSV-2
infection. The semi-solid hydrogel formulation demonstrated a
notable advantage by prolonging the exposure period of AgNPs
at the site of infection while concurrently impeding viral inva-
sion and cell-to-cell transmission. This innovative strategy offers
promising prospects for combating herpes virus infections by en-
hancing the retention and efficacy of tannic acid-modified AgNPs
through a mucoadhesive gel formulation.[85] El-Mohamady et al.
investigated the inhibitory effects of Ag-NPs on the viral replica-
tion of bovine herpesvirus-1 (BoHV-1), serving as a model sys-
tem. The Ag-NPs were synthesized chemically, yielding particles
ranging in size from 15 to 50 nm.[86] Cytotoxicity was assessed
on MDBK cells via the MTT assay, while the cytopathic effects
(CPE) of BoHV-1 and the protective effects of Ag-NPs against in-
fection were tracked using neutral red (NR) staining. The find-
ings indicated that AgNPs at a concentration of 24 μgmL−1 exhib-
ited no adverse effects on MDBK cells. Notably, at this safe con-
centration, Ag-NPs effectively shielded MDBK cell cultures from
BoHV-1 infection when a mixture of Ag-NPs and BoHV-1 sus-
pension was incubated prior to cell infection. This underscores
the potential of Ag-NPs as a protective agent against BoHV-1 in-
fection in cellular cultures, highlighting their promise for fur-
ther exploration in antiviral strategies.[86] In a study conducted
by Krzyzowska et al., chemically synthesized AgNPs were modi-
fied with lactoferrin (LF-Ag/AuNP) to achieve a size of 10 nm.[87]

Lactoferrin, recognized for its potent suppression of human her-
pes virus types 1 and 2, also exhibits immunomodulatory prop-
erties by stimulating the production of various cytokines in the
genital tract. The antiviral efficacy of these modified nanoparti-
cles was evaluated through both in vitro and in vivo experiments
targeting HSV-2. LF-AgNPs were assessed using HaCaT fibrob-
lasts and vaginal VK-2-E6/E7 keratinocytes to measure cell vi-
ability via the MTT assay. HSV-2 was cultured with Vero cells,
and viral titers were determined either through plaque assay or
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quantitative PCR (qPCR). In murine HSV-2 vaginal infection
models, viral titers upon treatment were examined. Phenotypic
analysis of vaginal tissue was conducted using flow cytometry,
and response identification was facilitated by PCR. The analy-
sis revealed that lactoferrin-functionalized AgNPs effectively pre-
vented HSV-2 infection by inhibiting virus attachment, pene-
tration, and subsequent infection when employed in pretreat-
ment. Moreover, infected mice treated with LF-Ag/AuNPs exhib-
ited lower viral titers in both vaginal tissues and the spinal cord.
These findings underscore the potential of lactoferrin-modified
AgNPs as a promising therapeutic approach for combating HSV-
2 infection.[87] Subsequently, Krzyzowska et al. evaluated the po-
tential of epigallocatechin gallate (EGCG)-modified 30 nm Ag-
NPs (EGCG-AgNPs) against both HSV-1 and HSV-2.[88] The an-
tiviral efficacy and toxicity of EGCG-AgNPs were examined in hu-
man HaCaT and VK-2-E6/E7 keratinocytes. The standard plaque
formation assay (PFU mL−1) was conducted using Vero cell cul-
tures. Furthermore, the impact of EGCG-AgNPs on HSV-1 and
HSV-2 infection and immune responses was evaluated in mouse
models of intranasal HSV-1 and genital HSV-2 infections. Male
and female C57BL/6 mice, aged 6 to 8 weeks, were used for in
vivo experiments. The results revealed that the functionalized
nanoparticles exhibited superior inhibition of HSV attachment
and entry compared to EGCG alone. Furthermore, infected mice
treated with EGCG-AgNP demonstrated reduced viral titers and
increased immune responses. This included increased infiltra-
tion of dendritic cells, monocytes, CD8+ T cells, NK cells, and
elevated levels of interferon-𝛾 and interleukin-12. These findings
suggest the potential of EGCG-AgNPs as a promising therapeu-
tic strategy against HSV infections, warranting further investi-
gation into their clinical applicability and safety profile.[88] Sev-
eral studies investigating the impact of silver nanoparticles (Ag-
NPs) on herpes simplex viruses have utilized materials derived
from environmentally friendly processes. Gaikwad et al. explored
the antiviral potential of AgNPs synthesized via mycosynthesis
against both HSV-1 and HSV-2.[89] The mycosynthesized Ag-
NPs were derived from the fungal cell filtrates of five distinct
species, namely Alternaria, F. oxysporum, Curvularia, C. indicum,
and Phoma. The resulting nanoparticles exhibited sizes ranging
from 7–20 nm for Alternaria, 4–13 nm for F. oxysporum, 5–23 nm
for Curvularia, 10–31 nm forC. indicum, and 7–20 nm for Phoma
species. Cytotoxicity assessments were performed on Vero cells
across various concentrations (1, 5, 10, 50, and 100 μg mL−1)
at different time intervals. Subsequently, concentrations ranging
from 0.5 to 5 μg mL−1 were selected for further experimentation
based on these results. The findings indicated robust inhibition
of replication efficiency for HSV-1, while HSV-2 exhibited mi-
nor susceptibility to the AgNPs. Notably, AgNPs biosynthesized
with F. oxysporum and Curvularia species, exhibiting sizes of 4–
13 nm and 5–23 nm, respectively, demonstrated potent antiviral
activity (80–90% inhibition) against HSV-1 with minimal cyto-
toxicity to Vero cells. In contrast, AgNPs derived from Alternaria
and Phoma species, with sizes ranging from 7 to 20 nm, exhib-
ited comparatively weaker antiviral activity. Thus, the study sug-
gests that AgNPs of smaller sizes tend to yield more favorable
outcomes in inhibiting virus replication.[89] Zeedan et al. con-
ducted an in vivo study exploring green nanotechnology by em-
ploying aqueous extracts of olive leaves and natural honey for the
synthesis of silver nanoparticles (AgNPs).[90] The potential antivi-

ral activities of these nanoparticles against bovine herpesvirus-1
(BoHV-1) were evaluated both in vitro and in vivo. The forma-
tion of spherical and prismatic nanoparticles ranging from 10 to
50 nm in size was observed. To assess cytotoxicity, an MDBK cell
culture was employed alongside a modified enzyme-linked im-
munosorbent assay (ELISA) and cytopathic effects (CPE) evalua-
tion for detecting cytopathogenic changes. The tested nanoparti-
cles demonstrated safety for MDBK cells at concentrations rang-
ing from 24 μg mL−1 to 50 μg mL−1 and effectively prevented
BoHV-1 infection in the MDBK cell culture at a nontoxic con-
centration of 25 μg mL−1. The selectivity index (SI), represented
by the CC50/TCID50 ratio, highlighted the most beneficial in-
dex at concentrations of 25 μg mL−1 and 50 μg mL−1, with reduc-
tions in BoHV-1 titers from 7 to 2.5 and 1.5, respectively. Fur-
thermore, the green nanoparticles were deemed safe for exper-
imental animals receiving AgNPs at dosages of 50 μg k−1g/day.
However, molecular detection using PCR revealed the presence
of BoHV-1 in nasal swabs of positive control rabbits within the
first 2 days after infection, although the virus was undetectable
thereafter.[90] The wide diversity of brown algae within the Sar-
gassum genus presents a largely untapped reservoir of biologi-
cal activity. Dhanasezhian et al. explored the synthesis of silver
nanoparticles (AgNPs) derived from Sargassum wightii (Sw-Ag)
and evaluated their potential as anti-HSV agents.[91] Their cyto-
toxicity study on Vero cells revealed that Sw-Ag exhibited toxi-
city at doses of 5 and 10 μL, while lower doses (1 and 2.5 μL)
demonstrated non-toxic effects, producing cell viability of 97%
respectively and 84.58%. The antiviral efficacy of Sw-Ag nanopar-
ticles was evaluated by measuring the reduction of virus-induced
cytopathic effects (CPE). Sw-Ag nanoparticles, administered at
volumes of 0.5, 1, 2.5, and 5 μL, effectively mitigated HSV-
induced CPEs in a dose-dependent manner. Notably, treatment
with 1 μL of Sw-Ag nanoparticles resulted in a 70% reduction
in CPE for both HSV-1 and HSV-2. Furthermore, approximately
2.5 μL of Sw-Ag nanoparticles reduced CPE by 70% for both vi-
ral strains. In contrast, Sw-Au nanoparticles demonstrated less
reduction in CPE (70%) for HSV-1 and HSV-2 at volumes of 10
and 25 μL, respectively. Although Sw-Ag nanoparticles at 5 μL
showed stronger antiviral activity, they induced morphological
changes in Vero cells due to their toxicity.[91] Haggag et al. uti-
lized aqueous and hexane extracts derived from Lampranthus
coccineus and Malephora lutea to synthesize AgNPs and inves-
tigated their antiviral efficacy against various viruses, includ-
ing HSV-1, employing the MTT assay.[92] Metabolomics profil-
ing was performed using UPLC-MS, and molecular docking was
executed via Autodock4. The synthesized nanoparticles derived
from the aqueous and hexane extracts of Lampranthus coccineus
exhibited a spherical morphology with average diameters rang-
ing from 10.12 to 27.89 nm, while those from Malephora lutea
ranged from 8.91 to 14.48 nm. Notably, AgNPs produced from
the hexane extract of Malephora lutea demonstrated potent an-
tiviral activity, with IC50 values against the HSV-1 virus recorded
at 36.36 μg mL−1. Conversely, AgNPs derived from the hexane
extract of Malephora lutea did not display significant antiviral ef-
ficacy against HSV-1. Aqueous extract-derived samples showed
negligible effectiveness. The observed antiviral properties of the
nanoparticles are likely attributed to their interaction with viral
envelope glycoproteins, thereby impeding viral entry into host
cells. Additionally, these nanoparticles may infiltrate viral cells
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and modulate antiviral activity through interactions with viral
genomic materials.[92] Ramadan et al. assessed the antiviral ef-
fectiveness of AgNPs synthesized from the aqueous extract of
Melaleuca alternifolia leaves against HSV-1 and HSV-2. The Ag-
NPs demonstrated robust antiviral activity, eliciting a 44.0% re-
duction in cytopathic effect against HSV-1 and a 45.04% reduc-
tion against HSV-2.[93] Hasanin et al. synthesized eco-friendly sil-
ver nanoparticles (AgNPs) from bacterial isolate extracts and in-
tegrated them into a tertiary nanocomposite comprising starch,
oxidized cellulose, and ethyl cellulose (Ag-NC).[94] The antimicro-
bial and antiviral properties of the resulting nanocomposite were
investigated, particularly against HSV-1, utilizing the MTT assay
with Vero cells. Cytopathogenic effects (CPE) or morphological
alterations in cells were documented using an inverted micro-
scope. Pre-treatment of viruses with Ag-NPs (6.25 μg mL−1) or
Ag-NC (12.5 μg mL−1) for 1 h prior to infection resulted in the
absence of significant CPE compared to untreated control cells.
Incubation of the virus with Ag-NPs (1.56, 3.12, 6.25 μg mL−1)
or Ag-NPs nanocomposite (3.12, 6.25, 12.5 μg mL−1) for one
hour with cells demonstrated a notable dose-dependent decrease
in viral replication. Notably, the concentration of 6.25 μg mL−1

Ag-NPs exhibited the most substantial efficacy against all tested
viruses (HSV-1, Adenovirus, and CoxB2), with a reduction of
61.7% ± 6.6% observed in the case of HSV-1. Similarly, the
same concentration (6.25 μg mL−1) of Ag-NC displayed mod-
erate antiviral activity in cultured cells.[94] AgNPs produced us-
ing a biogenic approach by Srisrimal et al., already discussed
previously regarding the H1N1 virus, were also tested for their
virucidal efficacy against HSV-1. While AgNPs had 50% cyto-
toxicity in Vero cells at a concentration of 197 μg mL−1, and
the 50% inhibitory concentration (IC50) against HSV-1 was only
achieved at 19.6 μg mL−1. AgNPs were found to be effective in a
dose-dependent manner.[51] El-Sheekh et al. employed strains of
blue-green algae, namely Oscillatoria sp. and Spirulina platensis,
for the green synthesis of Ag2O/AgO-NPs and Au-NPs.[95] The
Ag2O/AgO-NPs obtained exhibited a spherical morphology with
dimensions ranging from 14.42 to 48.97 nm, while the Au-NPs
manifested as octahedral, pentagonal, and triangular structures
with dimensions ranging from 15.60 to 77.13 nm. The antiviral
activity against HSV-1 was assessed based on the reduction of cy-
topathic effects (CPE). Cytotoxicity was evaluated onVero cells us-
ing the MTT assay. Significantly reduced HSV-1 cytopathic activ-
ity was observed upon treatment. Specifically, a remarkable 90%
reduction in HSV-1 CPE was achieved by applying Ag2O/AgO-
NPs and Au-NPs at 31.25 μL[96] (Table 3).

2.4. Human Immunodeficiency Virus (HIV)

Human immunodeficiency virus (HIV) is the etiological agent
responsible for inducing acquired immunodeficiency syndrome
(AIDS) in humans. HIV belongs to the genus Lentivirus within
the Retroviridae family. Two distinct variants of HIV have
been characterized: HIV-1 and HIV-2. HIV-1, initially identi-
fied as lymphadenopathy-associated virus (LAV) and human T-
lymphotropic virus 3 (HTLV-III), was the first to be isolated.
It exhibits higher virulence and transmissibility compared to
HIV-2 and predominates in global HIV infections.[97] The virion
of HIV is ≈120 nm in diameter and exhibits a spherical mor-

phology. Its genetic material, which encoding nine genes, is en-
closed within a conical capsid composed of 2000 copies of the
viral protein p24. The genomic content of HIV-1 consists of two
copies of positive-sense, noncovalently linked, unspliced single-
stranded RNA molecules. These RNA strands do not function
independently; rather, they form a tightly packed dimeric struc-
ture within the virion. Spanning a length of 9749 nucleotides, the
RNA encompasses essential features including a 5′ cap (Gppp),
a 3′ poly(A) tail, and numerous open reading frames (ORFs).
Long ORFs within the viral genome encode structural proteins,
whereas smaller ORFs govern pivotal aspects of the viral life cy-
cle, including attachment, membrane fusion, replication, and as-
sembly. Single-stranded RNA is intricately associated with var-
ious viral components such as nucleocapsid proteins p7, the
late assembly protein p6, as well as key enzymes vital for virion
maturation, such as reverse transcriptase and integrase.[98] This
tight association ensures the coordinated orchestration of viral
replication and assembly processes. An enveloping matrix, com-
prised primarily of the viral protein p17, surrounds the capsid,
ensuring the structural integrity of the virion particle. Upon en-
try into the target cell, reverse transcriptase, an encoded viral
enzyme within the particle, catalyzes the conversion of the vi-
ral RNA genome into double-stranded DNA. Subsequently, the
resultant viral DNA integrates into the host cellular DNA facil-
itated by the viral enzyme integrase along with host cofactors
(Figure 4).[99] HIV poses a significant global health challenge due
to its facile transmission through bodily fluids such as blood,
genital secretions, and breast milk. Additionally, HIV, along-
side other sexually transmitted infections (STIs), constitutes a
formidable threat to healthcare systems worldwide. Highly active
antiretroviral therapy (HAART), a combination of medications
aimed at suppressing HIV replication, has markedly improved
the overall health and longevity of millions of HIV-infected in-
dividuals. However, the emergence of drug-resistant mutations
presents a persistent risk to treatment efficacy and hastens dis-
ease progression on a global scale. Moreover, conventional an-
tiretroviral medications encounter limitations such as extensive
first-pass metabolism, gastrointestinal degradation, and issues
related to solubility and stability. Consequently, researchers are
actively exploring novel therapeutic approaches, including inno-
vative drug delivery systems (NDDS) designed to enhance drug
efficacy and patient outcomes.[100] In recent investigations, the
potential of AgNPs has been examined in this context, signal-
ing a promising avenue for future research and therapeutic de-
velopment. In 2005, Elechiguerra et al. conducted a study elu-
cidating the interaction between silver nanoparticles and HIV-
1.[21] The investigation involved nanoparticles of distinct surface
compositions: foamy carbon (with a size distribution of 16.19
± 8.68 nm), poly(N-vinyl-2-pyrrolidone) (PVP) (with a size dis-
tribution of 6.53 ± 2.41 nm), and bovine serum albumin (BSA)
nanoparticles (with an average size of 3.12 ± 2.00 nm). High-
angle annular dark field (HAADF) scanning transmission elec-
tron microscopy served as the primary technique to investigate
the interaction between silver nanoparticles and HIV-1. The effi-
cacy of silver nanoparticles in inhibiting HIV-1 infectivity was as-
sessed through experimentation involving MT-2 CD4+ cells and
HIV-1 cMAGI reporter cells. The cytotoxicity of each nanopar-
ticle variant against MT-2 cells was evaluated utilizing the Try-
pan Blue exclusion test. Results demonstrated that across all
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Table 3. Characteristics and Activity of AgNPs Against HSV.

Type of nanoparticle Synthesis method Viruses Active concentrations Refs.

Incorporation of AgNPs in
polyurethane condom (PUC)

For the synthesis of Ag-NPs, a 7.0 mm trisodium citrate solution was
boiled and 1.0 mL of 0.1 M silver nitrate was added to start the
reaction. The color change of the solution from colorless to yellow
signaled AgNPs formation.

HSV-1, HSV-2 – [81]

Nano Silver-PVP with 0.2 wt%
polyvinylpyrrolidone (PVP)

AgNPs was purchased from Shenzhen Baiwang Biological Science
and Technology Ltd

HSV-2 100 μg mL−1 [82]

Tannic acid-modified AgNPs AgNPs of varying sizes were synthesized by adjusting the
concentrations and conditions of the reagents. The process
involved adding sodium citrate, tannic acid, and sodium
borohydride to a silver nitrate solution, leading to a color change
in the final solution that indicated AgNPs formation. The pH
values differed for each synthesis, correlating with the size of the
AgNPs produced.

HSV-2 5 mg mL−1 [84]

Tannic acid-modified AgNPs through
a mucoadhesive gel formulation
system (GRAS) as a semi- solid
hydrogel formulation

A sterile aqueous solution of silver nitrate (0.017%, 95.2 g) served as
the metal salt precursor, while sodium citrate (4%, 4.2 g) acted as
the reducing agent and tannic acid (5%, 0.6 g) functioned as both
a reducing and stabilizing agent.

HSV-1, HSV-2 25-50 ppm [85]

Ag-NPs AgNPs were synthesized through the chemical reduction method by
adding sodium citrate, PVP, and H2O2 to a freshly prepared
AgNO3 solution while stirring vigorously. After a few minutes,
NaBH4 was added to create colloidal AgNPs. The mixture was
stirred for 3 h and then stored in the dark at 4 °C until use.

BoHV-1 24 μg mL−1 [86]

AgNPs with lactoferrin AgNPs were synthesized by reducing silver nitrate with sodium
borohydride in the presence of sodium citrate and tannic acid.

HSV-2 – [87]

Epigallocatechin gallate
(EGCG)-modified AgNPs

Sodium citrate (3 g, 1%) was refluxed with deionized water (75 mL)
for 15 minutes. Silver nitrate (2.6 mL, 1%) and silver seeds (10 g)
were then added, and the mixture was refluxed for an hour. A
second portion of sodium citrate and silver nitrate was added,
followed by another hour of reflux. The resulting AgNPs had a
concentration of 355 ppm, which was subsequently diluted to
100 ppm for further use.

HSV-1, HSV-2 7,5 μg mL−1 [88]

AgNPs Fungi were cultured in potato dextrose broth, filtered, and washed to
remove residues. The biomass was suspended in distilled water
for 48 h, and the resulting cell filtrate was treated with silver nitrate
at a concentration of 1 mm.

HSV-1, HSV-2 From 100 to 1 μg mL−1,
then from 0.5 to

5 μg mL−1

[89]

AgNPs AgNPs were synthesized using local natural honey from Egypt by
dissolving two concentrations of honey (30 g and 40 g) in
deionized water (80 mL and 70 mL, respectively). From each honey
solution, a 15 mL aliquot was mixed with 20 mL of 1 mm AgNO3
and stirred for 1 minute at 60 °C. The pH was then adjusted to
8.55, 9, 9.5, and 10.5 using NaOH to facilitate the reduction of
silver ions.

BoHV-1 From 25 to 50 μg mL−1 [90]

AgNPs Algal samples were washed, shade-dried, and ground into a fine
powder. To synthesize AgNPs, 1 g of the seaweed powder was
soaked in 100 mL of double-distilled water for 24 h, then filtered.
The filtrate (10 mL) was combined with 90 mL of a 10−3 M silver
nitrate solution and stirred for 15 h, leading to a dark brown color
that indicated AgNP formation.

HSV-1, HSV-2 From 1 to 2.5 μL [91]

AgNPs AgNPs were synthesized by macerating 10 g of air-dried aerial parts
of L. coccineus andM. lutea in 100 mL of distilled water at 60 °C for
30 minutes. The extract was filtered through Whatman No. 1 filter
paper, and then mixed with 1 mm silver nitrate in a 2:10 ratio and
incubated at 60 °C for 10 minutes to facilitate AgNP biosynthesis.

HSV-1 36.36 μg mL−1 [92]

AgNPs For the AgNP synthesis, 2.0 mg mL−1 stock solutions were created
from the aqueous extract of M. alternifolia leaves. A total of 90 mL
of a 5.0 mm silver nitrate solution was mixed with 10 mL of the
stock extract and left at room temperature for 24 h. The formation
of AgNPs was initially indicated by a color change of solution

HSV-1,
HSV-2.

0.02 mg mL−1 [93]

(Continued)
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Table 3. (Continued)

Type of nanoparticle Synthesis method Viruses Active concentrations Refs.

AgNPs in nano composition with
starch, oxidized cellulose, and
ethyl cellulose (Ag-NC)

A cell-free extract from an overnight-cultured isolated Bacterial
strains were used to synthesize silver nanoparticles (Ag-NPs) from
a 1 mm silver nitrate (AgNO3) precursor. The formation of Ag-NPs
was visually indicated by a browning reaction and confirmed with a
UV-visible spectrophotometer.

HSV-1 6.25 μg mL−1 [94]

AgNPs A cell-free extract from an isolated bacterial strain grown overnight
was used to synthesize Ag-NPs from 1 mm silver nitrate precursor.

HSV-1 19.6 μg mL−1 [51]

three nanoparticle formulations, at silver concentrations exceed-
ing 25 μg mL−1, viral infectivity was significantly diminished to
the extent that syncytium formation could not be detected. More-
over, in each nanoparticle formulation, a dose-dependent reduc-
tion in HIV-1 infectivity was observed, with an IC50 level where
onlymild cellular toxicity was observed. Furthermore, the investi-
gation indicated that silver nanoparticles exhibit a size-dependent
binding affinity to the knobs of the HIV gp120 glycoprotein, par-
ticularly within the 1–10 nm size range. This binding mecha-
nism effectively impedes the attachment of the virus to host cells,
thereby preventing viral infection.[21] To delve deeper into the
mechanism underlying HIV-1 inactivation by AgNPs, the same
research group conducted a comprehensive study utilizing com-
mercially available 30–50 nm silver nanoparticles coated with 0.2
wt% polyvinylpyrrolidone (PVP-coated AgNPs). Various assays
were employed, including virus adsorption assays, cell-based fu-
sion assays, gp120/CD4 capture ELISA, and virucidal activity as-
says with cell-free virus. The study utilized HeLa-CD4-LTR-b-gal
cells (expressing both CXCR4 and CCR5), MT-2 cells (a lym-
phoid human cell line expressing CXCR4), and human periph-
eral blood mononuclear cells (PBMC) to assess cytotoxicity. A
luciferase-based assay was employed to determine the CC50 of

AgNPs, yielding values of 3.9 ± 1.6 mg mL−1 against HeLa-CD4-
LTR-b-gal cells, 1.11 ± 0.32 mg mL−1 against human PBMC, and
1.3 ± 0.58 mg mL−1 against MT-2 cells. Results revealed that
HIV-1 infection, irrespective of tropism or resistance profile, was
hindered by the AgNPs. This inhibition occurred through the
binding of the nanoparticles to gp120, thereby impeding CD4-
dependent virion binding, fusion, and subsequent infection.
PVP-coated AgNPs demonstrated efficacy in blocking both cell-
free and cell-associated HIV-1 infection, exhibiting virucidal ac-
tivity against the virus.[101] In a subsequent study, Lara et al. inves-
tigated the efficacy of polyvinylpyrrolidone-coated silver nanopar-
ticles (PVP-coated AgNPs) as a potential topical vaginal microbi-
cide for inhibiting the spread of HIV-1 infection. The study uti-
lized human cervical cell cultures as an in vitromodel to simulate
in vivo conditions.When incorporated into a non-spermicidal gel
at a concentration of 0.15 mg mL−1, PVP-coated AgNPs demon-
strated significant efficacy in blocking both cell-associated and
cell-free HIV-1 transmission. Notably, these nanoparticles exhib-
ited no toxicity to the cervical cell explant, even after continu-
ous exposure for 48 h. Furthermore, a brief 1-min pretreatment
of the explant with PVP-coated AgNPs was adequate to prevent
HIV-1 transmission. Moreover, a more extended 20-minute pre-

Figure 4. HIV virion structure and genome organization.
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treatment followed by thorough washing resulted in sustained
prevention of transmission for up to 48 h in this model. These
findings underscore the potential of PVP-coated AgNPs as an
effective and safe microbicide strategy against HIV-1 transmis-
sion, offering promise for further development and application in
preventive interventions.[101] In a subsequent investigation, Lara
et al. conducted a study using the same polyvinylpyrrolidone-
coated silver nanoparticles (PVP-coated AgNPs) in combination
with neutralizing antibodies (NABs) targeting different epitopes
of the HIV-1 envelope glycoprotein. These antibodies included
HIV-1 gp41monoclonal antibody 126–7, HIV-1 gp120 PB1 Sub 2
antiserum, HIV-1 gp120 PB1 gp120 antiserum, and HIV-1 F425
B4e8 monoclonal antibody gp120, all of which act on trimers of
the viral envelope glycoprotein. crucial for receptor binding and
entry. The study evaluated the efficacy of NABs both in the pres-
ence and absence of AgNPs against both cell-free (HIVIIIB) and
cell-associated (HVIIIB/H9) viruses. The results indicated that all
NABs effectively suppressed cell-free HIV-1 infection in a dose-
dependent manner. However, when applied alone, NABs showed
no inhibitory effects on infection by cell-associated viruses. In
contrast, silver nanoparticles (AgNPs) alone have demonstrated
the ability to inhibit cell-associated HIV-1 infection. Further-
more, when combined with NABs, AgNPs showed an additive
effect, leading to the effective inhibition of cell-associated HIV-1
infection. These results suggest a synergistic interaction between
AgNPs and NAB in inhibiting cells associated with HIV infec-
tion in vitro, with dose-dependent efficacy. This highlights the
potential of combined therapeutic approaches involving AgNPs
and NAB as a promising strategy to combat HIV infection.[102]

Fayaz et al. have successfully designed a polyurethane condom
(PUC) coated with Ag-NP, previously discussed in the context
of its work against HSV. In addition to its efficacy against HSV,
the effects of Ag-NP-coated PUC were evaluated against HIV-1,
using both (M)-tropic and T lymphocyte (T)-tropic strains of the
virus. In experiments conducted with human HeLa cells, 293T
cells, and C8166 T cells, no significant toxicity was observed af-
ter 3 h of contact with Ag-NP-coated PUC. Subsequently, expo-
sure of HIV-1 to Ag-NP-coated PUC resulted in a significant re-
duction in virus infectivity for both T-tropic and M-tropic strains.
For the T-tropic strain, most of the virus lost the ability to infect
CD4+ T cells even after just 10 minutes of exposure. Light mi-
croscopy revealed the presence of only GFP+ cells without syn-
cytium formation after exposure. Furthermore, for the M-tropic
virus, evaluation using the MAGI assay with HeLa-𝛽-gal-CD4+-
CCR5+ cells demonstrated a significant reduction in infectiv-
ity following exposure to Ag-NP-coated PUCs. After 30 minutes
of exposure, the virus completely lost its infectivity. However, it
was determined that PUC coated with AgNPs exhibited this in-
hibitory effect only during direct exposure. Viruses exposed to
medium pre-incubated with AgNPs-coated PUC for 30 minutes
still showed relatively high infectivity with C8166 CD4+ T cells,
albeit at a 40% lower rate than uncoated condoms. This discrep-
ancy was attributed to the low amounts of AgNPs released from
the PUC over time.[81] The study involved evaluating the repli-
cation of VSVG-pseudotyped HIV-1 SCR virions on HEK cells,
with particular attention to the time course of viral replication.
The concentration of P24 in the supernatant was quantified us-
ing the capture ELISA protocol (Biomerieux). The cytotoxicity of
the new compound was evaluated using the XTT method. The

results of the cytotoxicity test indicated that the test compound
exhibited cytotoxicity at concentrations of 20, 40, 80, and 120 μm,
with percentages of 17%, 23%, 36%, and 48%, respectively. How-
ever, all levels of Ag-dendrimer nanoconjugates demonstrated
effective HIV inhibition. Inhibition rates for concentrations of
120, 80, 40, and 20 μm were 78%, 67%, 52%, and 15%, respec-
tively, with Nevirapine showing more severe toxicity. Despite the
lowest inhibition rate observed at the concentration of 20 μm
(15%), its cytotoxicity was only 17%. Therefore, this concentra-
tion of the new compound was deemed more suitable overall.
Ag-dendrimer conjugation was found to decrease P24 antigen ex-
pression on the surface of monocytes and lymphocytes, suggest-
ing that virus inhibition occurs through the reduction of cell pro-
liferation. This implies that Ag-dendrimer conjugation does not
directly target the virus but rather affects the host cells in which
the virus replicates, leading to suppression of P24 production
in lymphocytes.[103] The potential of AgNPs in fighting HIV has
been explored, using environmentally friendly synthesis meth-
ods. Kumar et al. achieved the biosynthesis of silver nanoparti-
cles, ranging in size from 12 to 28 nm, through the reduction
of Ag+ ions with an aqueous extract of leaves of the mangrove
species Rhizophora lamarckii.[104] Reverse transcriptase (RTase)
plays a crucial role in the HIV replication cycle. Inhibition of
this enzyme stops viral replication. Therefore, this study aimed
to evaluate the RTase inhibitory activity of green-synthesized sil-
ver nanoparticles. To evaluate this, RTase activity was quantified
using a reverse transcriptase assay kit, employing purified recom-
binant HIV RTase. The inhibitory effect of AgNPs was evaluated
in a concentration range between 0.25 and 1 mcg mL−1. Surpris-
ingly, they showed significant inhibitory activity against HIV type
1 RTase, even at low concentrations. Specifically, the nanoparti-
cles demonstrated an IC50 value of 0.4 mcg mL−1 against HIV-1
RTase.[104] Sharma et al. synthesized curcumin-stabilized AgNPs
(Cur-AgNPs) with an average size of 45 nm. Their immunomod-
ulatory properties and their potential as antiretroviral agents were
evaluated.[105] The potential toxicity of the nanomaterial was eval-
uated using THP-1 cells via the CellTiter 96 non-radioactive aque-
ous cell proliferation assay. The antiretroviral activity was tested
against ACH-2 cells latently infected with the human immun-
odeficiency virus (HIV-1). ACH-2 cells, at a concentration of
200000 mL−1, were treated with Cur-AgNPs for 24–48 h. The im-
pact of Cur-AgNPs on HIV replication was assessed by measur-
ing HIV-1 LTR gene expression levels in ACH-2 cells and quan-
tifying HIV-1 p24 levels in cell supernatants. Furthermore, the
expression of proinflammatory cytokines, including IL-1𝛽, TNF-
𝛼, and NF-𝜅B, was measured. The results indicated that treat-
ment of ACH-2 cells with Cur-AgNPs showed no cytotoxic ef-
fects, significantly reducing the expression of HIV-1 LTR by 73%,
p24 by 57%, IL-1𝛽 by 61%, TNF- 𝛼 by 54%, IL-6 by 68%, and NF-
𝜅B by 79%, compared to untreated controls. Experimental con-
trols, such as curcumin alone and conventional AgNPs coated
with citric acid, did not elicit similar biological effects. The study
concludes that Cur-Ag NPs possess therapeutic potential as an-
tiretroviral agents and direct immunomodulators by inhibiting
the expression of proinflammatory mediators induced by HIV-1
infections.[105] Sampathkumar et al. used the microalgae species
Nostoc sp., Lyngbya sp. and Phormidium sp. for the biosynthe-
sis of AgNPs.[106] The resulting nanoparticles were characterized
as spherical and monodisperse, with sizes of 30 nm, 40 nm, and
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Table 4. Characteristics and Activity of AgNPs Against HIV.

Type of nanoparticle Synthesis method Active
concentrations

Refs.

Nanoparticles with distinct surface
compositions: foamy carbon,
poly(N-vinyl-2-pyrrolidone) (PVP) and
bovine serum albumin (BSA)

AgNPs were obtained from Nanotechnologies < 25 μg mL−1 [21]

AgNPs coated with 0.2 wt%
polyvinylpyrrolidone (PVP-coated AgNPs)

AgNPs were acquired from NanoAmor From 0.025 to
0.15 mg mL−1

[101]

Incorporation of AgNPs in polyurethane
condom (PUC)

A 100-mL solution of 7.0 mm aqueous trisodium citrate was
prepared in a glass flask and heated to boiling while stirring.
Subsequently, 1.0 mL of 0.1 M aqueous silver nitrate was added to
initiate the reaction. The solution’s color changed from colorless
to yellow and eventually became turbid.

- [81]

AgNPs The green biosynthesis of antiviral silver nanomaterials was
accomplished by facilitating the reduction of Ag+ ions using the
aqueous extract of mangrove leaves from Rhizophora lamarckii.

Between 0.25 and
1 mcg mL−1

[104]

AgNPs AgNPs were synthesized from Psidium guajava by mixing varying
concentrations of aqueous leaf extract with a 1 mm silver nitrate
solution. The mixture was stirred in a boiling water bath for 15 to
20 minutes, and a color change indicating the formation of
nanoparticles was observed after 24 h.

100 μl mL−1 (?) [105]

AgNPs A microalgal strain cultured in BG11 medium was harvested and
processed to obtain a cell-free extract, which was filtered to
remove debris. The extract was divided into two flasks, with one
containing 1 mm silver nitrate. Both flasks were incubated at 25 °C
with shaking for 72 h, during which a brown color change
indicated the successful synthesis of AgNPs

1 mg mL−1 [106]

80 nm for Nostoc sp., Lyngbya sp., and Phormidium sp., respec-
tively. The antiviral activity of the synthesized AgNPs was eval-
uated against HIV-1. The HIV test was conducted via a cell-free
method, in which AgNPs and control were used to pre-treat the
virus and subsequently incubated with MT-2 cells or PBMCs.
Nonoxynol-9 served as a positive control. IC50 values for biogenic
AgNPswere determined andHIV gag p24 content was quantified
in the collected supernatants using ELISA. Molecular visualiza-
tion of the HIV protein was achieved using Pymol. The analyses
revealed that cell viability (IC50) inMT-2 cells or PBMC for a con-
centration of 1 mg mL−1 of AgNPs biosynthesized from Nostoc
sp., Lyngbya sp. andPhormidium sp. was found to be 74.9%, 62.3%,
and 67.4%, respectively. It was suggested that the antiviral activ-
ity of the tested nanomaterials was attributed to their ability to
cross lipophilic membranes and interact with proteins involved
in apoptosis. Furthermore, it was observed that the antiviral po-
tential of silver ions incorporated into the V3 loop of HIV-GP120
is significant. CD4 cells, which bind to the chemokine receptor
CXCR4 together with its ligand CXCL12, play a crucial role in de-
fense against virus entry. It was observed that the nanoparticles
were concentrated on the region of sulfur-containing residues of
GP-120. Silver nanoparticles show strong affinity to the amino
acids cysteine and methionine due to the presence of their free
SH binding site on Cys-296, Cys-331, Met-307, and Met 312.[106]

Although nanotechnology has shown encouraging outcomes in
the treatment of HIV, research on this subject is still ongoing,
and further clinical trials and investigations are required be-
fore it can be implemented as a successful therapeutic option
(Table 4).

2.5. Dengue Virus (DENV)

Dengue virus (DENV), a positive-sense, single-stranded RNA
virus of the Flaviviridae family, exists in four serotypes: DENV-
1, DENV-2, DENV-3, and DENV-4. Structurally, it is a spherical
virus about 50 nm in diameter. The central nucleocapsid core
houses the viral RNA genome, which encodes ten genes. This
core is surrounded by a host-derived lipid envelope embedded
with 180 copies of the envelope (E) and membrane (M) glycopro-
teins, which play key roles in host cell entry and viral assembly.
The replication cycle begins with the E protein binding to host
cell receptors, leading to receptor-mediated endocytosis. Acidi-
fication in the endosome triggers a conformational change in
the E protein, facilitating fusion of the viral envelope with the
endosomal membrane and releasing the nucleocapsid into the
cytoplasm. The viral RNA is then translated into a polyprotein,
which is cleaved into structural and nonstructural proteins nec-
essary for replication and assembly. New RNA genomes are syn-
thesized by the NS5 protein, and immature virions are assem-
bled in the endoplasmic reticulum. These virions mature in the
Golgi apparatus and are released from the host cell via exocytosis,
ready to infect new cells[107] (Figure 5). Although most dengue
infections are subclinical or cause mild illness, serious compli-
cations, including deaths, can occur. The dengue virus affects
a significant portion of the world’s population. There is an ur-
gent need for alternative interventions against vector-borne dis-
eases such as dengue infection, and environmentally produced
metal nanoparticles show promise in dengue therapy.[108] Green
nano-products which can be synthesized quickly, inexpensively,
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Figure 5. Dengue virion structure and genome organization.

and don’t require the use of hazardous substances, can used for
such cases.[109] Sujitha et al. biosynthesize AgNPs fromMoringa
oleifera seed extract, using it as a stabilizing and reducing agent.
Their research proposes the application of green-synthesized Ag-
NPs as a new and powerful tool against the DEN-2 serotype of
dengue virus and its primary vector Aedes in Egypti.[110] Bio-
physical characterization of the green AgNPs revealed a spher-
ical morphology, with an average diameter of 100 nm. Evalu-
ation of cytotoxicity using Vero cells demonstrated no signifi-
cant changes in cell survival when exposed to various concentra-
tions of AgNPs synthesized from green sources for up to 72 h.
Furthermore, AgNPs showed in vitro antiviral activity against
Dengue virus DEN-2 in Vero cells. The viral titer, initially equal
to 7 log10 TCID50 mL−1 in the control, decreased to 3.2 log10
TCID50 mL−1 after a single treatment with 20 μl mL−1 of AgNPs.
After 6 h, the yield of DEN-2 was 5.8 log10 PFU mL−1 in con-
trol, compared to 1.4 log10 PFU mL−1 post-treatment with Ag-
NPs (20 μl mL−1). Furthermore, AgNPs have demonstrated high
efficacy against the dengue vector Aedes an Egypti.[110] Muru-
gan et al. conducted a study on the biosynthesis of AgNPs using
Bruguiera cylindrica extract.[111] These nanoparticles had a spher-
ical shape with an average size between 30 and 70 nm. AgNPs
exhibited toxicity with LC50 values ranging from 8.93 ppm for
first-stage larvae to 30.69 ppm for pupae of the Aedes aegypti
vector. In vitro experiments further demonstrated that at a con-
centration of 30 μg mL−1, AgNPs significantly inhibited the pro-
duction of the dengue viral envelope (E) protein in Vero cells
and downregulated the expression of the dengue viral E gene.[111]

Later on, Murugan et al. biosynthesized AgNPs with an extract
of alga Centroceras clavulatum. C. clavulatum-synthesized AgNPs
inhibited dengue (DEN-2) viral replication in Vero cells. Notably,
50 μg mL−1 of green-synthesized AgNPs showed no cytotoxic-
ity on Vero cells while it reduced DEN-2 viral growth by more
than 80%; A dose of 12.5 μg mL−1 inhibited viral growth of more
than 50%.[112] For decades, Carica papaya leaf extract (CPLE) has
been used to treat thrombocytopenia in dengue patients. Patil

et al. evaluated the efficacy of AgNPs biosynthesized from Car-
ica papaya leaf extract against the DEN-2 virus. The average size
of nanoparticles in the obtained colloidal system was 76.27 nm.
Cytotoxic effects were evaluated on Vero CCL-81 cells with the
MTT assay. AgNPs based on Carica papaya leaf extract showed
no cytotoxicity against Vero CCL-81 cells. The nanoparticles were
screened for antiviral activity under post-infection conditions us-
ing the maximum non-toxic dose (MNTD). The primary screen-
ing revealed that they exerted a 100% reduction in DENV-2 titer
compared to the control virus. Based on the results of the screen-
ing process, they were further studied under pre-treatment, co-
treatment and post-treatment conditions. Virus production af-
ter treatment was measured by real-time RT-PCR, immunofluo-
rescence assays, and plaque-forming unit assays. Consequently,
a significant reduction in viral titer was observed: from 6.46
(VC) to 3.86 and 1.43 log10 mean FFU mL−1 at 50 μg mL−1

and 100 μg mL−1 respectively in the case of cells pretreated with
AgNP. In the case of cotreatment, 100 μg mL−1 showed a reduc-
tion from 6.34 (VC) to 3.35 log10 FFU mL−1. When cells were
treated with nanoparticles after infection, an approximately 99%
reduction in viral foci was detected at 100 μgmL−1 from 6.48 (VC)
to 0.76 log10 FFUmL−1 and a significant reduction at 50 μgmL−1

from 6.48 (VC) to 2.51 log10 FFU mL−1. Therefore, AgNPs
biosynthesized from Carica papaya leaf extract have been shown
to have good potential to combat the DEN-2 virus.[113] Dung et al.
evaluate the effectiveness of chitosan-stabilized AgNPs against
the DEV-1 virus. The results revealed that chitosan-stabilized Ag-
NPs could inhibit DENV-1 by 96.67% and 98.34% at concentra-
tions of 12.50 ppm and 25.00 ppm, respectively, without induc-
ing toxic effects in Baby Hamster Kidney (BHKFcɣ) cells. In ad-
dition to their antiviral properties, the study confirmed the dual
functionality of chitosan-stabilized AgNPs, showcasing both an-
tiviral and anti-mosquito effects. The findings suggest that these
nanoparticles could serve as an effective strategy for dengue pre-
vention by targeting and inhibiting both mosquito larvae and
adults. This dual functionality allows you to fight both the virus
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Table 5. Characteristics and activity of AgNPs against DENV.

Type of nanoparticle Synthesis method Active concentrations Refs.

AgNPs fromMoringa oleifera
seed extract

Moringa oleifera seeds were washed, dried and powdered. The extract was
produced by boiling 5 g of powder in 100 mL of water, then filtered and
stored at -4 °C. It was then mixed with 1 mm silver nitrate, resulting in the
formation of silver nanoparticles.

20 μl mL−1 [110]

AgNPs from Bruguiera cylindrica
extract

B. cylindrica leaves were washed, dried, and prepared as an extract by boiling
10 g of cut leaves in 100 mL of distilled water. The mixture was decanted,
stored at −4 °C, and used within 5 days. When treated with 1 mm silver
nitrate, the solution turned yellow-brown, indicating the formation of
AgNPs.

30 μg mL−1 [111]

AgNPs from extract of alga
Centroceras clavulatum

The aqueous extract of C. tomentosum was obtained by boiling 10 g of
chopped sponges in 100 mL of distilled water for 5 min, then filtered and
stored at -4 °C. The extract was treated with 1 mm silver nitrate and
incubated at room temperature. A yellow-brown solution indicated the
formation of AgNPs.

12.5 μg mL−1 [112]

AgNPs from Carica papaya leaf
extract

Carica papaya leaves were heated in water for 25 minutes to prepare an
extract. Various concentrations of this extract were mixed with 1 mm
silver nitrate solution, leading to the formation of green AgNPs. After
incubation at room temperature for 24 h, the solution changed from
yellow to yellowish-brown within 10–15 minutes, indicating the reduction
of AgNO3 to Ag

+ ions.

50 μg mL−1 [113]

Chitosan-stabilized AgNPs Biological method 12.50 and 25.00 ppm [114]

AgNPs AgNPs were synthesized by adding 5 mL of plant aqueous extract to 45 mL
of 1 mm silver nitrate solution in a flask and magnetically stirred on a hot
plate at 80 °C for 4 h. Bioreduction of Ag ions into AgNPs was observed
by the color change of the reaction mixture to dark reddish brown.

43.40 μg mL−1 [115]

and the vector at the same time.[114] Khan et al. used the aqueous
extract of the rhizome and stem of Alocasia odora to biosynthe-
size AgNPs, synthesize stem aqueous extract-AgNPs (SNP) and
rhizome aqueous extract-AgNPs (RNP), respectively.[115] The re-
searchers evaluated the in vitro cytotoxicity of these nanoparti-
cles using the MTT assay on the U87-MG human glioblastoma
cancer cell line. Their results revealed that SNP had the highest
cytotoxicity (43.40 μgmL−1), indicating its potent antitumor activ-
ity. Furthermore, these silver nanoparticles demonstrated signifi-
cant cytopathic effects (CPE) against dengue virus type 2 (DENV-
2) in the Huh-7 cell line. Overall, the study suggests that AgNPs
synthesized from the aqueous extract of Alocasia odora possess
promising virucidal potential and can be effectively used as an-
timicrobial agents[115] (Table 5).

2.6. Chikungunya Virus (CHIKV)

Chikungunya virus (CHIKV) is an enveloped, single-stranded,
positive-sense RNA virus, which belongs to the genus Alphavirus
in the Togaviridae family. The virus has a spherical structure, ap-
proximately 60–70 nm in diameter, composed of threemain com-
ponents: surface glycoproteins, a lipid envelope, and a nucleo-
capsid core. The surface glycoproteins E1 and E2 form trimeric
spikes crucial for viral entry, with E1 facilitating membrane fu-
sion and E2 binding to host cell receptors. The lipid envelope,
derived from the host cell membrane, encases the nucleocapsid
core, which is composed of the capsid (C) protein and the 11.8 kb
RNA genome. The replication cycle begins with the virus binding
to host cell receptors via E2, leading to internalization through en-

docytosis. Within the acidic endosome, E1 triggers fusion with
the endosomal membrane, releasing the nucleocapsid into the
cytoplasm. The viral RNA is then translated into non-structural
proteins that form a replication complex, synthesizing new RNA
genomes. These genomes are either translated into structural
proteins or packaged into new nucleocapsid cores. Finally, the
nucleocapsid cores interact with E2 at the plasma membrane,
triggering viral budding and release, allowing the infection of
new cells (Figure 6).[116] Currently, no specific antiviral treatment
or vaccine is available for chikungunya. However, various ther-
apeutic options, including investigations into the use of silver
nanoparticles, are being explored. Sharma et al. synthesized Ag-
NPs from three different medicinal plant species, namely Andro-
graphis Paniculata, Phyllanthus niruri and Tinospora cordifolia, and
evaluated their antiviral activity against CHIKV. The size range of
the obtained nanoparticles was as follows: Andrographis Panicu-
lata AgNP: 70–95 nm; Phyllanthus niruri AgNP: 70–120 nm; and
Tinospora cordifolia AgNP: 50–70 nm. The cytotoxicity of these
nanoparticles was evaluated using Vero cells. AgNPs from An-
drographis Paniculata, Phyllanthus niruri and Tinospora cordifolia
showed a maximum non-toxic dose (MNTD) value of 31.25, 125,
and 250 μgmL−1, respectively. In an in vitro antiviral test based on
the degree of inhibition of cytopathic effect (CPE), AgNPs fromA.
panicola showed the most significant efficacy. The antiviral activ-
ity ofAndrographis PaniculataAgNPs was further validated by cell
viability assay. CHIKV-infected cells treated with Andrographis
Paniculata AgNPs at the maximum non-toxic dose and half of
this showed a substantial increase in cell viability from 25.69%
to 80.76% and 66.8%, respectively.[117] Choudhary et al. have im-
mobilized different nanoscale metals (Ag, Fe, and Zn) onto a

Global Challenges. 2025, 9, 2400380 2400380 (19 of 30) © 2025 The Author(s). Global Challenges published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.global-challenges.com


www.advancedsciencenews.com www.global-challenges.com

Figure 6. CHIKV structure and genome organization.

raw Citrus limetta peel. For Ag, Fe, and ZnO, the average size
of the nanoparticles was determined to be 5, 32, and 12 nm, re-
spectively. Plaque assay, real-time PCR, and indirect immunoflu-
orescence assay (IFA) proved that all of these green-synthesized
nano-biomaterials have successfully reduced the CHICKV virus
titer and viral RNA level. ZnO had the lowest level of viral inhibi-
tion. Noteworthy, silver nanoparticles demonstrated the greatest
antiviral effectiveness. At a minimal concentration of 0.087 μg
the viral titer reduction was found to be 95%.[118] The study con-
ducted by Patil et al., which evaluated the antiviral efficacy of vari-
ous C. papaya formulations against Dengue virus (DENV-2), also
extended its investigation to Chikungunya virus (CHIKV). Simi-
lar to the approach adopted with DENV-2, the research evaluated
the effectiveness of the formulations in different conditions such
as pre-treatment, co-treatment, post-treatment. The results of the
screening phase indicated that, unlike its effect on DENV-2, Ag-
NPs did not demonstrate a significant impact on CHIKV. In con-
trast, powdered papaya leaves are effective against CHIKV.[113]

Sharma et al. evaluated the anti-Chikungunya efficacy of AgNPs
biosynthesizedwithPsidium guajava leaf extract. The average size
of the obtained nanoparticles was in the range of 75–99 nm. Us-
ing Vero cell lines, the study examinedmaximumnon-toxic doses
of both extracts and nanoparticles. Vero cells served as a plat-
form to test the anti-Chikungunya properties of the extracts and
nanoparticles, with theMTT assay employed to evaluate their im-
pact on cell viability. The maximum non-toxic dose detected was
15 mg mL−1. The antiviral activity was evaluated based on the
reduction of the cytopathic effects caused by the virus. Conflu-
ent monolayers were pretreated with the highest non-toxic con-
centration of extracts and AgNPs. The plant extract showed a vi-
ability of 84.21%, while the silver nanoparticles produced a vi-
ability of 64.40%, compared to 24.03% for the positive control.
The phytochemicals were molecularly docked against Chikun-
gunya replication essential cysteine protease (nsP2) to elucidate
the cause of their antiviral activity. Molecular docking analysis re-
vealed that phytochemicals such as longifollen and quercetin ex-

hibited the lowest binding energy with nsP2, indicative of a stable
interaction[119] (Table 6).

2.7. Other Enveloped Viruses

Beyond the previously discussed viruses, additional data high-
light the effects of silver nanoparticles (AgNPs) on other en-
veloped viruses. A study by Lu et al. investigated the efficacy of
these nanoparticles against hepatitis B virus (HBV), a double-
stranded DNA virus linked to chronic liver disease and hepato-
cellular cancer. AgNPs were synthesized from AgNO3 in HEPES
buffer, producing nanoparticles with average diameters of ≈10
and 50 nm. The HepAD38 cell line was used as an infection
model to evaluate the anti-HBV activity of these particles in
vitro, with cytotoxicity measured via the MTT assay. After 48 h
of incubation with AgNPs, DNA was extracted from the super-
natants and quantified using quantitative real-time PCR. The
study also assessed the uptake of AgNPs by HepAD38 cells. Re-
sults showed that AgNPs reduced extracellular HBV DNA pro-
duction in HepAD38 cells by more than 50% compared to the
control, with the 10 nm particles demonstrating higher efficacy.
Also, gel mobility shift assays indicated that the 10 nm AgNPs
bound to double-stranded HBV DNA.[120] Haggag et al. utilized
extracts from Lampranthus coccineus and Malephora lutea for the
green synthesis of silver nanoparticles (AgNPs) and assessed
their antiviral properties. The antiviral activity of these AgNPs
was tested against HSV-1, as well as HAV-10 and CoxB4 viruses.
In addition to their effectiveness against HSV-1, the AgNPs syn-
thesized from Lampranthus coccineus exhibited significant an-
tiviral activity against HAV-10 and CoxB4. The maximum non-
toxic concentration (MNTC) of AgNPs derived from the hexane
extracts of both plants averaged 46.87 μg mL−1. Notably, Lam-
pranthus coccineus hexane nanoparticles demonstrated high an-
tiviral efficacy, with IC50 values of 11.71 ng mL−1 for HAV-10
and 12.74 μg mL−1 for CoxB4. In contrast, AgNPs synthesized

Global Challenges. 2025, 9, 2400380 2400380 (20 of 30) © 2025 The Author(s). Global Challenges published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.global-challenges.com


www.advancedsciencenews.com www.global-challenges.com

Table 6. Characteristics and activity of AgNPs against CHIKV.

Type of nanoparticle Synthesis method Active concentrations Refs.

AgNPs from the plant species
Andrographis Paniculata,
Phyllanthus niruri, and Tinospora
cordifolia

The extracts of Andrographis Paniculata, Phyllanthus niruri, and Tinospora
cordifolia were mixed with 1 mm silver nitrate solution and incubated in
the dark for 24 h. Within 10 min of mixing, the solution color shifted from
pale yellow to yellowish-brown, indicating the reduction of silver nitrate to
silver ions.

From 250 to
31.25 μg mL−1

[117]

Immobilized different nanoscale
metals (Ag, Fe, and Zn) onto a
raw Citrus limetta peel

Citrus limetta peels were cleaned, dried, and finely ground to a powder with
a particle size of less than 1 mm. Silver nitrate was employed to facilitate
the bioreduction of silver ions into AgNPs.

0.087 μg mL−1 [118]

AgNPs from Psidium guajava leaf
extract

The synthesis of AgNPs using Psidium guajava leaf extract was carried out
by adding varying concentrations of the aqueous leaf extract to 1 mm
silver nitrate solution. The mixture was placed in a boiling water bath with
continuous stirring for 15–20 min. After incubation for 24 h, the color
change of the solution was observed.

15 mg mL−1 [119]

from Malephora lutea extracts did not show antiviral activity. A
docking study further predicted interaction patterns between
the compounds in the extracts and specific viral enzymes, in-
cluding herpes simplex thymidine kinase, hepatitis A 3c pro-
teinase, and Coxsackievirus B4 3c protease.[92] Shady et al. con-
ducted a study to evaluate the efficacy of silver nanoparticles
(AgNPs) against the hepatitis C virus (HCV), a major cause of
liver disease worldwide. The AgNPs were synthesized using ex-
tracts from marine sponges, including Amphimedon spp., with
particle sizes ranging from 8.22 to 14.30 nm. In silico mod-
eling and subsequent in vitro tests revealed that these AgNPs
effectively inhibited the HCV NS3 helicase and protease, with
varying potency.[121] Rogers et al. assessed the antiviral effec-
tiveness of plasma gas-synthesized AgNPs, ranging from 25 to
80 nm, and polysaccharide-coated nanoparticles of the same
sizes, against the monkeypox virus (MPV) using a plaque reduc-
tion assay. The study found that specific formulations, such as
25 nm polysaccharide-coated and 55 nm uncoated AgNPs, sig-
nificantly reduced plaque formation in a dose-dependent man-
ner without causing cytotoxicity.[122] Speshock et al. explored the
antiviral effects of both uncoated and polysaccharide-coated Ag-
NPs on the Tacaribe virus (TCRV), an arenavirus. Their findings
demonstrated that AgNPs significantly reduced viral RNA pro-
duction and progeny virus release, particularly when adminis-
tered before or shortly after infection. The study also noted that
the polysaccharide coating slightly diminished the nanoparticles’
efficiency in inhibiting viral replication[123] Gaikwad et al. studied
silver nanoparticles (AgNPs) synthesized from cultures of vari-
ous fungi, including Alternaria species, F. oxysporum, Curvularia
spp., C. indicum, and Phoma spp. Their research focused on the
antiviral effects of these AgNPs against parainfluenza virus type 3
(HPIV-3), in addition to herpes simplex types 1 and 2, which had
been discussed earlier. The study found that AgNPs produced by
F. oxysporum and Curvularia spp., with particle sizes of 4–13 nm
and 5–23 nm respectively, exhibited 80–90% inhibition against
HPIV-3 and HSV-1, with minimal cytotoxicity in Vero cells. In
contrast, AgNPs synthesized from Alternaria and Phoma species
showed lower antiviral activity, highlighting the size-dependent
nature of AgNPs in inhibiting HPIV-3 through virus-cell con-
tact interference.[89] Trefry and Wooley explored the antiviral ef-
fects of AgNPs around 25 nm in size against the Vaccinia virus.
Their experiments revealed that while AgNPs did not directly

kill the virus, they effectively inhibited its replication by prevent-
ing viral entry into cells. The half-maximal inhibitory concentra-
tion for blocking viral entry was found to be 27.4±3.3 mg mL−1.
They also identified that macropinocytosis played a crucial role
in the antiviral mechanism, as blocking this process significantly
reduced the inhibitory effect.[124] *3/-** (PPRV). The nanopar-
ticles, averaging 20 nm in size, were found to significantly re-
duce PPRV replication at a concentration of 11.11 mg mL−1

by interfering with the virus entry phase. Transmission elec-
tron microscopy showed that AgNPs interacted with both the
virion surface and core, blocking the virus from entering tar-
get cells, though without directly killing the virus.[125] Yang et al.
investigated the antiviral effects of curcumin-biosynthesized sil-
ver nanoparticles (cAgNPs) against respiratory syncytial virus
(RSV), a significant cause of respiratory infections. The cAgNPs,
averaging 11.95 nm in size, were evaluated for biocompatibil-
ity in Hep-2 cells. Through various tests, including viral titer
and plaque assays, the study found that cAgNPs effectively in-
activated RSV by blocking its entry and interfering with replica-
tion, outperforming conventional AgNPs and curcumin alone.
Pretreatment with cAgNPs was particularly effective in prevent-
ing RSV attachment to cells and reducing viral infectivity.[126]

Morris et al. explored the antiviral and immunoregulatory prop-
erties of 10 nm PVP-coated AgNPs against RSV. In vitro ex-
periments on HEp-2 and A549 cells showed a dose-dependent
reduction in RSV replication, with the most potent effect ob-
served at 50 μgmL−1. In vivo studies using BALB/cmice revealed
that AgNP treatment significantly reduced viral titers and pro-
inflammatory markers, indicating strong antiviral efficacy.[127]

Borrego et al. assessed the antiviral activity of AgNPs function-
alized with polyvinylpyrrolidone (Argovit) against the Rift Valley
fever virus (RVFV).While in vitro studies showed limited efficacy
due to cytotoxicity, in vivo experiments demonstrated that higher
doses of AgNPs significantly reduced viral infectivity, delayed dis-
ease onset, and improved survival rates in mice[128] Chen et al.
focused on graphene oxide sheets functionalized with AgNPs
(GO-Ag) against feline coronavirus (FCoV). The GO-Ag nanopar-
ticles, sized between 5 and 25 nm, exhibited lower toxicity and
higher antiviral activity than GO alone. GO-Ag achieved a 25%
reduction in FCoV infection, compared to the 16% inhibition
by GO alone, demonstrating enhanced antiviral properties[129]

Wan et al. investigated the impact of silver nanoparticles (Ag-
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NPs) on tumor cells linked with Kaposi’s sarcoma-associated her-
pesvirus (KSHV) and Epstein-Barr virus (EBV). They found that
AgNPs, averaging 25 nm in size, increased cytotoxicity in cells
latently infected with these viruses by triggering viral lytic repli-
cation. This was due to enhanced reactive oxygen species (ROS)
production and autophagy. AgNPs also effectively inhibited pri-
mary KSHV infection and reduced plaque formation and tumor
growth in a mouse model of KSHV-associated primary effusion
lymphoma.[130] Saadh examined AgNPs synthesized from green
tea leaf extract for their antiviral activity against Newcastle dis-
ease virus (NDV). AgNPs showed inhibition of NDV at concen-
trations from 40 to 1280 mg mL−1, though they became cyto-
toxic to Vero cells at 640 mg mL−1. Noncytotoxic doses of Ag-
NPs significantly blocked NDV entry and replication, with no-
table reductions in viral titers in eggs, suggesting AgNPs could
be a promising therapeutic for NDV.[131] Dung et al. explored the
use of AgNPs against African swine fever virus (ASFV). Their
study showed that AgNPs, applied at a 25 ppm solution, re-
duced microbial contamination in pigs and completely inhib-
ited ASFV at a titer of 103 HAD50. AgNPs were non-toxic to
porcine alveolar macrophage cells at 0.78 ppm, highlighting
their potential as effective disinfectants and antiviral agents for
ASFV control.[132] Garcia-Serradilla and Risco assessed AgNPs
against the Bunyamwera virus (BUNV) and compared them to
ribavirin. AgNPs significantly reduced BUNV infection, decreas-
ing extracellular virus production by up to three orders of mag-
nitude. They localized in mitochondria, nuclei, and lysosome-
like organelles, demonstrating their potential as effective antivi-
ral agents against BUNV infection.[133] Hamouda et al. tested
AgNPs-treated polyester/viscose wipes against MERS-CoV. They
synthesized AgNPs using various methods and found the pho-
tochemically reduced AgNPs with polyacrylic acid to be the least
cytotoxic while showing 48.3% viral inhibition at a concentration
of 0.0625 μL. AgNPs prepared with cotton fabric exhibited even
greater antiviral activity with 51.7% inhibition, suggesting their
potential as effective tools for combating MERS-CoV.[134]

Elshazly et al. evaluated AgNPs derived from Ginkgo biloba
leaf extract against MERS-CoV and human coronavirus 229E
(HCoV-229E). They found that AgNPs reduced MERS-CoV repli-
cation by 61.09% and HCoV-229E replication by 81.05%, in-
dicating their potential effectiveness in treating coronavirus
infections.[135] Saadh further studied AgNPs against Goatpox
virus (GTPV) and avian infectious bronchitis virus (IBV). Ag-
NPs, biosynthesized fromPiper beetle leaf extract, showed signif-
icant antiviral effects against GTPV, reducing viral genome copy
number. They also inhibited IBV by preventing virus entry into
cells and reducing viral RNA levels, highlighting their potential
against poultry infections (Table 7).[131,136]

3. Toxicity of Secondary Silver Particles

Silver nanoparticles (AgNPs) undergo a variety of chemical and
physical transformations in biological and environmental sys-
tems, resulting in the formation of secondary silver by-products
such as silver ions (Ag+), nanoparticle aggregates and agglom-
erates, silver sulfide (Ag2S), silver chloride (AgCl), oxidized sil-
ver species (Ag2O), and surface-coated silver nanoparticles.[138]

These transformations have a significant impact on the stability,
reactivity, antimicrobial efficacy, and toxicity of AgNPs, making

their health and safety effects a critical area of study. One of the
most documented transformations is the dissolution of AgNPs
into silver ions (Ag+) in aqueous environments, particularly in
biological fluids and tissues.[139] Ag+ release is influenced by fac-
tors such as pH, temperature, ionic strength, and interactions
between biomolecules, which in turn influence the bioavailabil-
ity and toxicity of silver. AgNP aggregation and agglomeration
also occur over time due to electrostatic and van der Waals inter-
actions, particularly in biological media, altering their size, sur-
face reactivity, and cellular interactions.[140] In sulfur-rich envi-
ronments, such as biological tissues andwastewater, AgNPs react
with sulfur-containing compounds such as glutathione, cysteine,
and hydrogen sulfide, forming silver sulfide (Ag2S) nanoparti-
cles. These Ag2S particles are more stable and less bioavailable
than their ionic counterparts, potentially reducing toxicity.[141] In
chloride-rich environments, such as blood and gastric fluids, Ag-
NPs react with chloride ions (Cl−), leading to the formation of
silver chloride (AgCl) nanoparticles, which are relatively insolu-
ble and exhibit lower toxicity.[142] Similarly, in air and aqueous
media, AgNPs undergo oxidation, forming silver oxide (Ag2O)
species, which can alter their antimicrobial properties and bio-
logical effects.[143] In addition, AgNPs frequently undergo sur-
face modifications due to interactions with biomolecules, pro-
teins, and environmental macromolecules, leading to the forma-
tion of a protein corona. This protein coatingmodulates their cel-
lular uptake, immune response, and overall biological behavior,
influencing their toxicity and biocompatibility.[144] These trans-
formations play a crucial role in shaping the toxicity, stability, and
biomedical applications of AgNPs, reinforcing the need for fur-
ther research into their safety and long-term effects in both the
medical and environmental fields.[145]

3.1. Toxicity at the Microbial Level

AgNPs exhibit potent broad-spectrum antimicrobial properties,
effectively targeting bacteria, fungi, and viruses. Their antibac-
terial mechanism involves disruption of the cell membrane, in-
teraction with thiol groups in proteins, and inhibition of key
metabolic enzymes, ultimately leading to cell dysfunction and
bacterial death. However, the non-selective antimicrobial action
of AgNPs extends beyond pathogenic bacteria, significantly alter-
ing the gut microbiota (GM), potentially leading to dysbiosis and
adverse health consequences. The widespread use of AgNPs in
various consumer products and medical applications increases
the risk of human ingestion and systemic exposure.[146] Several
studies have shown that secondary silver particles, such as silver
ions (Ag+), silver sulfide (Ag2S), silver chloride (AgCl), and oxi-
dized silver species (Ag2O), contribute to microbial toxicity.[147]

Ag+ ions, in particular, play a crucial role in antimicrobial ac-
tivity but also induce oxidative stress, compromising benefi-
cial microbial populations in the gut.[148] Wang et al. reported
that oral administration of AgNPs in mice significantly altered
the composition of the gut microbiota, leading to a reduction
in Firmicutes and Bacteroidetes, two key bacterial phyla essen-
tial for gut homeostasis.[149] Similarly, exposure of zebrafish
to AgNPs functionalized with intestinal abalone hydrolysates
resulted in a decrease in Flavobacterium, Halomonas, Pseu-
domonas alcaligenes, and Plesiomonas shigelloides, while promot-
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Table 7. Characteristics and activity of AgNPs against other enveloped virus.

Type of nanoparticle Synthesis method Viruses Active concentrations Refs.

AgNPs from Lampranthus
coccineus andMalephora
lutea extracts

AgNPs were synthesized by macerating 10 g of air-dried powder
from the aerial parts of L. coccineus andM. lutea in 100 mL of
distilled water at 60 °C for 30 min. After filtration, the extract
was mixed with a 1 mm silver nitrate solution in a 2:10 ratio
and heated in a water bath at 60 °C for 10 minutes to facilitate
the AgNPs biosynthesis.

HSV-1
HAV-10 and

CoxB4
viruses

46.87 μg mL−1

11.71 ng mL−1

12.74 μg mL−1

[92]

AgNPs from marine sponges,
such as Amphimedon spp

A 0.002 g extract of Amphimedon spp. and its petroleum ether
fraction were dissolved in DMSO and 0.4 mL of each solution
was mixed with 10 mL of 1 mm AgNO3 at room temperature
for the formation of AgNPs.

HCV Against the HCV NS3 helicase
with IC50 values of 0.11±0.62
and 1.52±1.18 and against HCV
proteases with IC50 2.38±0.57
and 9.76±0.58

[121]

AgNPs AgNPs were synthesized with gas plasma MPV From 100 to 12.5 mg mL−1 [122]

Uncoated and coated AgNPs
with polysaccharide

AgNPs were synthesized by reducing silver ions in solution using
acacia gum as a polysaccharide-reducing agent.

TCRV 100, 75, and 50 μg mL−1 [123]

AgNPs from conditioned
media of cultures of
Alternaria species, F.
oxysporum, Curvularia spp.,
C. indicum and Phoma spp.

Fungal biomass of Dryopteris spp.,Musa paradisiaca,
Catharanthus roseus, Selaginella bryopteris, and Syzygium cumini
species was grown in potato dextrose broth at 28 °C for 72 h.
The biomass was filtered, washed, and suspended in distilled
water for 48 h. The resulting cell filtrate was then treated with
1 mm AgNO3 for the formation of AgNPs.

HPIV-3 From 100 to 1 μg mL−1 [89]

AgNPs – Vaccinia virus 27.4/−3.3 mg mL−1 [124]

AgNPs biosynthesized using
curcumin (cAgNPs)

AgNPs were synthesized by reducing silver ions using curcumin
as the reducing agent.

RSV From 0.24 to 0.008 nm [126]

PVP-coated AgNPs AgNPs were acquired by NanoComposix Inc. RSV 50 μg mL−1 [127]

AgNPs functionalized with
polyvinylpyrrolidone
(Argovit)

AgNPs Argovit was provided by Vector-Vita Ltd RVFV 4.8 μg mL−1 [128]

Graphene oxide (GO) sheets
functionalized with AgNPs
(GO-Ag)

Graphene oxide powders were suspended in a solution of 35 mL
of 0.5 m AgNO3 and 70 mL of ethylene glycol. This mixture was
subjected to pulsed microwave-assisted synthesis by heating in
a microwave oven at 160 °C for 5 min to promote the growth of
silver seeds on the surface of graphene oxide.

FCoV 1,56 mg mL−1 [129]

AgNPs AgNPs are produced by liquid chemical synthesis, using
polyvinylpyrrolidone as a stabilizing agent.

KSHV and
EBV

5 and 10 μg mL−1 [130]

AgNPs from green tea leaf
extract

An aqueous extract of green tea leaves (5 g/100 mL) was
prepared and 10 mL of it was combined with 5 mm AgNO3
solution. The mixture was left at room temperature (25 °C) for
4 h and centrifuged at 10 000 rpm for 10 min. The resulting
pellet was washed twice with distilled water (7000 rpm for
2 min) and dried in a vacuum desiccator.

NDV From 40 to 1280 mg mL−1 [131]

AgNPs-treated
polyester/viscose wipes

AgNPs were prepared using four different methods: 1) trisodium
citrate with cotton yarn as a reducing agent, 2) silver
nanoparticles (AgNPs) synthesized using an aqueous PVA
solution with glucose, 3) trisodium citrate with cotton fabric as
a reducing agent, and 4) a photochemical reaction involving
polyacrylic acid and silver nitrate solution.

MERS-CoV From 3.868 to 0.0625 μL [134]

AgNPs from Ginkgo biloba leaf
extract

Two grams of Ginkgo leaf powder were dissolved in 100 mL of
deionized water and sonicated at 80 °C for 40 min. The
aqueous extract was then treated with 5% AgNO3 solution
dropwise (ratio 1:2) at 80 °C and 3000 rpm for one hour,
producing AgNPs. The final solution was dark brown,
indicating the successful formation of AgNPs

MERS-CoV
HCoV-229E

Inibition of replication at
125 mg mL−1;

Reduction of replication at 15.62
mcg mL−1

[135]

AgNPs The P. betle aqueous extract was prepared by mixing 10 g of dried
leaves with 100 mL of purified water and incubating at 8 °C for
72 h. AgNPs were produced by combining 10 mL of the extract
with 5 mmol silver nitrate, incubating at 25 °C for 4 h, followed
by centrifugation. The pellet was washed, vacuum-dried, and
stored at room temperature for analysis.

GTPV
IBV

−100 μg mL−1

−10 μg mL−1
[136,137]
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ing the overgrowth of Actinobacteria, Burkholderia, Proteobac-
teria, and Sphingomona.[150] The impact of AgNPs on the gut
microbiota extends beyond microbial composition, influencing
metabolic functions and immune homeostasis. A study by Wang
et al. examined the effects of AgNPs after oral administration
(0.5 mg kg−1 and 2.5 mg kg−1 for 14 and 28 days), revealing that
short-term exposure inhibited the proliferation of Gram-negative
bacteria and reduced the diversity of the gut microbiota. Inter-
estingly, microbial communities showed partial recovery after
28 days, suggesting some degree of resilience; however, signif-
icant metabolic alterations persisted, including increased levels
of 1H-indole-3-carboxylic acid and elevated serotonin in the gut
and bloodstream, highlighting the potential for long-term host
metabolic disruption.[151] Disruptions to the gut microbiota may
impair immune regulation, as commensal bacteria play a crucial
role in modulating toll-like receptors (TLRs), activating T cells,
and regulating antimicrobial peptide production via the NF-𝜅B
signaling pathway. AgNP-induced microbial alterations may pre-
dispose the host to immune dysregulation, increased suscepti-
bility to infections, and chronic inflammatory states.[152] Due to
the widespread use of AgNPs, further research is needed to as-
sess their long-term impact on microbiota stability and immune
function. Although AgNPs remain a valuable antimicrobial tool,
their potential to drive bacterial resistance and disrupt gut micro-
bial ecosystems requires careful regulation of their use. Strate-
gies such as targeted functionalization of AgNPs, controlled dos-
ing, and biocompatible coatings may help mitigate adverse ef-
fects while maintaining antimicrobial efficacy.[153] Future studies
should focus on assessing long-term microbiome alterations to
balance the clinical benefits of AgNPs with the need to preserve
microbial homeostasis and host immune integrity.

3.2. Toxicity on Mammalian Cells

Although AgNPs exhibit significant antimicrobial potential, their
effects on mammalian cells raise serious safety concerns. Sec-
ondary silver particles can increase bioavailability and toxic-
ity, leading to oxidative stress, mitochondrial dysfunction, DNA
damage, and inflammatory responses that ultimately result in
apoptosis or necrosis.[153]

A major mechanism of AgNP toxicity is the overproduction
of reactive oxygen species (ROS), which disrupts cellular home-
ostasis and activates the inhibitory kappa B kinase (IKK)/nuclear
factor-kappa B (NF-𝜅B) signaling pathway. This leads to cy-
toskeletal disruption, impairedDNA repair, and activation of p53-
and mitochondria-dependent apoptosis pathways, ultimately in-
ducing cell death. Even at low doses, AgNPs can alter energy
metabolism, cell cycle, and gene expression, particularly in fi-
broblasts, contributing to long-term cytotoxic effects.[20]

AgNPs also disrupt cell membrane integrity and ion trans-
port by interacting with membrane proteins and ion chan-
nels, especially Na+ and K+ channels, causing membrane po-
tential imbalances. Their interaction with sulfhydryl (─SH)
groups in membrane proteins impairs barrier function and ma-
terial exchange, leading to membrane disruption and necro-
sis. Structural changes in membrane phospholipids, peptides,
and sugar-phosphate groups, detected using attenuated total re-
flection Fourier transform infrared (ATR-FTIR) spectroscopy,

indicate that AgNPs severely affect membrane stability and
permeability.[154]

Once internalized, AgNPs undergo endocytosis through
macropinocytosis, clathrin-mediated, caveolae-mediated, and
non-clathrin/non-caveolin pathways. After cellular uptake, Ag-
NPs migrate to mitochondria and nucleus, where they cause
DNA fragmentation, genotoxicity, mitochondrial dysfunction,
and apoptosis. Furthermore, AgNPs accumulate in lysosomes,
where acidic conditions promote oxidative dissolution, releas-
ing silver ions (Ag+) that increase ROS levels, damage lysosomal
membranes, and trigger cytoplasmic leakage of toxic nanoparti-
cles, leading to increased cytotoxicity.[155]

Mitochondrial dysfunction is another critical factor in AgNP
toxicity. Exposure to AgNPs induces mitochondrial swelling, in-
creased ROS production, and loss of mitochondrial membrane
potential, leading to cytochrome C release and activation of apop-
totic pathways. Studies show that AgNPs positively regulate the
mitochondrial fission protein p-Drp1 while negatively regulating
the mitochondrial biogenesis regulator PGC-1𝛼, disrupting mi-
tochondrial function and biogenesis. Furthermore, AgNPs alter
mitochondrial redox homeostasis, leading to protein oxidation,
cellular stress, and eventual apoptosis.[156]

Furthermore, AgNP exposure induces endoplasmic reticulum
(ER) stress, disrupting protein folding and triggering the un-
folded protein response (UPR) via the PERK, IRE1, and ATF6
signaling pathways. In drug-resistant cells, AgNPs interfere with
P-glycoprotein (P-gp) expression, impairing protein folding and
contributing to multidrug resistance. AgNPs also reduce ER cal-
cium levels, which affects calnexin/calreticulin cycles and pro-
motes ER stress-mediated apoptosis.[157]

Autophagy, a cellular defense mechanism, is initially acti-
vated by AgNP exposure. However, prolonged exposure results
in defective autophagosome-lysosome fusion, increasing cellu-
lar toxicity. Furthermore, AgNPs interfere with the ubiquitin-
proteasome pathway, disrupting protein degradation and cellular
homeostasis, further amplifying cytotoxic effects.[154]

Lysosomal dysfunction is a major consequence of AgNP expo-
sure, as the nanoparticles accumulate in lysosomes where acidic
environments promote oxidative dissolution, leading to ROS
generation and lysosomal disruption. This results in the release
of proteolytic enzymes, causing autophagic stress, inflammation,
and cell death. Furthermore, AgNPs activate the NOD-like recep-
tor protein 3 (NLRP3) inflammasome, leading to caspase-1 activa-
tion and secretion of pro-inflammatory cytokines (IL-1𝛽, IL-18),
contributing to chronic inflammation and tissue damage.[158]

The cytotoxic effects of AgNPs are influenced by factors such
as size, surface charge, coating, and duration of exposure. Un-
derstanding these mechanisms is crucial to minimize the toxic-
ity of AgNPs and optimize their biocompatibility for biomedical
applications. Future research should focus on safer AgNP formu-
lations, targeted delivery systems, and long-term toxicity assess-
ments to ensure their safe integration intomedical and industrial
settings.

4. Discussion

Enveloped viruses pose a significant and ongoing threat to pub-
lic health, as demonstrated by their role in major pandemics
and epidemics. Filoviruses such as Ebola and Marburg viruses
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have caused major hemorrhagic fever outbreaks, while coron-
aviruses have been responsible for global health crises, includ-
ing the SARS outbreak in 2003, the MERS outbreak in 2012,
and theCOVID-19 pandemic.[159] Considering the high transmis-
sion, rapid mutation rates, and the lack of broad-spectrum ther-
apies, the potential for future pandemics remains high.[160] This
underscores the urgent need for new antiviral drugs and the im-
plementation of effective preventive strategies. Widespread im-
pact of enveloped viruses broad-spectrum antiviral therapies are
lacking, requiring innovative approaches to combat dangerous
pathogens.
AgNPs are promising candidates for combating enveloped

viruses due to theirmultifacetedmechanisms of action. First, Ag-
NPs disrupt the viral envelope by interacting with its lipid bilayer,
resulting in structural damage and loss of viral.[54]

In addition, AgNPs can bind to viral surface glycoproteins,
preventing viral attachment and entry into host cells.[21] In ad-
dition, AgNPd can interfere with the cellular pathways of the
virus and alter the cellular response.[161] They interact with the
viral genome and inhibit its replication. They can also influence
protein production or other cellular factors important for viral
replication.[137] These mechanisms make AgNPs a reliable and
versatile option in the fight against enveloped viruses.
Several advantages favor their use including broad-spectrum

antiviral activity against influenza viruses (H1N1, H7N3, H9N2),
coronaviruses (SARS-CoV-2), herpes viruses, human immunod-
eficiency virus (HIV), hepatoviruses and dengue viruses. Due to
their multiple mechanisms of action, AgNPs show a lower ten-
dency to induce viral resistance, compared to conventional an-
tiviral drugs. Furthermore, they exhibit synergistic effects when
used in combination with existing antiviral treatments, poten-
tially improving efficacy while reducing the required dosage of
standard antiviral agents[162] Despite their potential, large-scale
clinical implementation of AgNPs remains limited due to toxic-
ity concerns. Factors such as the size, shape, coating, andmethod
of production of AgNPs significantly influence their biocompati-
bility and safety profileAddressing these challenges is crucial for
the safe and effective clinical use of AgNPs and ongoing clin-
ical trials are evaluating their efficacy and safety in several an-
tiviral applications.[163] Clinical research has explored the appli-
cation of AgNPs in the treatment of various viral infections, in-
cluding human papillomavirus (HPV), SARS-CoV-2, and herpes
simplex virus (HSV). A Phase I/II clinical trial (NCT02338336)
conducted by Nowarta Biopharma in 2015 evaluated the effi-
cacy of Nowarta110, a fig extract formulation with AgNPs for the
treatment of plantar warts (HPV-related). Among 54 patients en-
rolled, 28 received Nowarta110, of which 18 achieved complete
clearance of warts while 10 showed a reduction in lesions of 20–
80%. The study found Nowarta110 to be highly effective, well
tolerated, and with minimal side effects, justifying its Phase III
study in 2024.[164]

A prospective randomized study (NCT04894409) during the
COVID-19 pandemic evaluated Argovit, an AgNP-based antivi-
ral formulation, for the prevention of infections in high-risk
healthcare workers. Among 231 participants, those who used
Argovit mouthwashes and nasal rinses (1% w/w AgNP) for 9
weeks had a significantly lower infection rate (1.8%) compared
to the control group (28.2%), demonstrating an 84.8% risk re-
duction. These results suggest that AgNP-based nasal and oral

rinses may help reduce SARS-CoV-2 transmission in high-risk
populations.[165]

A clinical trial at Hôpital Universitaire Sahloul (Tunisia)
(NCT04978025) evaluated AgNP therapy in patients infectedwith
SARS-CoV-2, administering AgNPs via inhalation (5 mL nebu-
lized dose) or oral solution (30 mL dose) three times daily for
5 days. Control groups received a placebo orally or via inhala-
tion, and patient outcomes were assessed on day 10, with ad-
verse effects monitored for one month. The study showed that
AgNPs could reduce disease severity and improve recovery rates
in COVID-19 patients.[166]

Although these clinical studies highlight the significant po-
tential of AgNPs in antiviral applications, several challenges re-
main before their widespread adoption. AgNP toxicity is a ma-
jor concern, as high doses or prolonged exposure can induce ox-
idative stress, inflammation, and cytotoxicity. Strategies to im-
prove biocompatibility, such as surfacemodifications, controlled-
release formulations, and targeted delivery systems, are critical
to mitigate these risks. Another challenge is the standardization
of AgNP formulations, as differences in synthesis methods, coat-
ings, and particle sizes can lead to variability in efficacy and safety
profiles.[167]

In conclusion, AgNPs have shown great promise as broad-
spectrum antiviral agents, demonstrating efficacy against multi-
enveloped viruses while minimizing the risk of viral resistance.
Their unique mechanisms of action make them a compelling
alternative to existing antiviral therapies. However, further re-
search and development is needed to fully realize their poten-
tial, particularly in optimizing biocompatibility, safety, and clini-
cal applicability. By refining formulations to improve efficacy and
minimize toxicity, AgNPs could become a valuable addition to
the healthcare system, offering significant therapeutic benefits
for the prevention and treatment of viral infections.[160]
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Duraczyńska, J. Szaleniec, M. Szaleniec, M. Oćwieja, Biomolecules
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