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Abstract

OOT-AND-MOUTH disease (FMD), is an economically significant viral disease on a global scale.
As a result, effective virus control methods must be implemented, including novel FMD antivirals.

Herein, we synthesized silver nanoparticles (Ag-NPs) using green tea (GT) extracts as a reducing agent
and evaluated their anti-FMDV efficacy. Green tea silver nanoparticles (GT Ag-NPs) synthesis was
confirmed using transmission electron microscopy (TEM) analysis, Fourier transform infrared (FT-IR)
spectroscopy, and dynamic light scattering (DLS). The TEM revealed distinctive single spherical NPs,
with a particle size of 15.1-16.9 nm, while DLS revealed an average particle size of 28.86 nm. NPs'
cytotoxicity was initially assessed on the baby hamster kidney cells (BHK-21) using an MTT (3-[4, 5-
dimethylthiazole-2-yl]-2, 5-diphenyl 2H-tetrazolium bromide) colourimetric method. Consequently, a
viral yield reduction assay detected by 50% tissue culture infectious dose (TCIDs), and a cytopathic
effect inhibition assay detected by an MTT was performed to check the non-cytotoxic concentrations'
antiviral potential at different infection times. Results disclosed promising FMDYV inhibitory effects; the
pre-infection led to 31.75% virus titer reduction, and the 50% inhibitory concentration (ICs,) and
selectivity index (SI) values were 2.45 pg/mL and 66.5, respectively. During post-infection, the greatest
viral inhibition activity was detected with a 45.97% reduction; the ICs, and SI values were 2.05 pg/mL
and 79.5, respectively. However, no inhibitory action was observed during the virucidal process,
suggesting that GT Ag-NPs can suppress FMDV replication, particularly in the early phases, and cannot
exert a direct virucidal effect. The current work demonstrates the green synthesized Ag-NPs anti-FMDV
capability in vitro.
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2, SAT 3, and Asia 1) in addition to various subtypes
with no cross-protection [2]. The FMDV infection

Introduction

Foot-and-mouth disease (FMD) is an economically,
socially devastating, and highly contagious viral
disease that affects more than 70 cloven-hoofed
animals (e.g., African buffaloes, sheep, cattle, goats,
and pigs), and many other non-domesticated species
[1]. FMD virus (FMDV) is responsible for FMD,
which is a positive single-stranded RNA virus
belonging to the family Picornaviridae, genus
Aphthovirus, and has been categorized into seven
antigenically different serotypes (O, A, C, SAT 1, SAT

causes an acute disease with significant morbidity but
low mortality, accompanied by fever, lameness, and
vesicles on the feet, mouth, snout, and teats [3].

FMD is still spreading worldwide across many
countries in Asia, Africa, and the Middle East [4]. In
Egypt, the disease is enzootic with three FMDV
serotypes: A, O, and SAT2, posing the greatest threat
to susceptible animals [5]. FMDV spreads mainly by
aerosol droplets via close contact in infected animal
groups. FMD control and eradication are extremely
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difficult due to its high contagiousness, rapid spread,
wide geographical distribution, broad host spectrum,
and serotype diversity [6].

However, disease control is achieved with the
vaccination of susceptible animals with an inactivated
vaccine, animal movement restriction, and early
detection of outbreaks to prevent further spread of the
disease [7].

Nanoparticles (NPs) have evolved as an alternate
option due to their improved diagnostic and
therapeutic uses in medicine. They have significant
advantages, including their small diameter, high
surface area, remarkable physical and chemical
properties, and the potential to incorporate multiple
antiviral medications onto the same nanoparticle.
Consequently, new antiviral therapy techniques based
on Nanomaterials have been presented [8].

Metal NPs have been proposed as prospective
antiviral alternatives because metals may attack a
broad range of viral locations and interrupt infections.
They modulate the host immune system's response to
invading microorganisms, relieve symptoms, and are
less likely to lead to resistance development compared
to typical antivirals [9].

Ag-NPs, in particular, are gaining popularity due to
their unique physical, chemical, and biological
properties along with powerful antibacterial and
antiviral properties [10], especially against FMDV
[11].  Various methods for the synthesis of NPs have
been developed, each having its own set of advantages
and limitations. The biological approach has been
applied in nanoparticle synthesis to compensate for
these physical and chemical limitations, such as
toxicity and high cost [12].

The green chemistry that involves the use of plant
extracts 1is simple, economical, efficient, and
environmentally safe. Herbal plants provide a wide
range of natural compounds with potent antiviral
action. One of these phytochemicals is GT-derived
polyphenols  Epigallocatechin-3-gallate  (EGCQG),
which has been previously reported to exert antiviral
activities against various viruses, especially positive-
sense single-stranded RNA viruses. In addition, they
have anti-oxidative, anti-inflammatory, and
antibacterial properties [13]. Recently, natural extracts
with antiviral activity have been shown to function as
reducing and stabilizing agents. When combined with
nanotechnology, this provides a novel way to combat
viral diseases [14].

Considering this, the present study aimed to
synthesize Ag-NPs from GT extract as a reducing and
stabilizing agent in nanoparticle formulation in an
environment-friendly method without any additional
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reducing chemical agents. Additionally, it evaluates
the prepared NPs' antiviral efficacy against FMDV
serotype O in BHK-21 cells.

Material and Methods
Green synthesis of GT-Ag NPs

All chemicals and plant extract precursors used in
the synthesis of Ag-NPs were purchased from Sigma-
Aldrich, (UK). GT was obtained from a local market
(Imtenan, Egypt). Silver nitrate (AgNOs), polyethylene
glycol, and sodium hydroxide (NaOH) were purchased
from Sigma-Aldrich, (UK).

GT is extracted by dissolving 2 g of dried, grinded
GT leaves in 100 ml of deionized water. The mixture
was heated for 30 min at 60°C under continuous
magnetic stirring, then cooled at room temperature and
filtered by Whatman No.1 filter paper. GT Ag-NPs
were synthesized by adding 75 ml of AgNO; (0.01 M/
100 mL/ 0.16987 g) to 75 ml of green tea extract in
dropwise under continuous stirring. Before AgNO;
titration, ethylene glycol was added at 0.1% (v/v, 7.5
mL) to the GT solution. The pH of the final solution
was adjusted by dropping NaOH at 1 M until reaching
10.5; the solution was then heated for 30 minutes at
507 to increase the yield of GT Ag-NPs. Finally, the
obtained NPs were centrifuged at (12000 rpm, 15 min),
washed three times with deionized water to purify GT-
Ag-NPs of unreacted materials, and then dried at room
temperature (30C).

Characterization of green tea-silver nanoparticles (GT
Ag-NPs)

The morphology and size of synthesized NPs were
analyzed using a transmission electron microscope
(TEM) (JEOL, JEM-2100, USA). Fourier transform
infrared spectroscopy (FT-IR) at the scanning range of
4000-400 cm™ (Perkin Elmer, UK) was applied for the
green tea and synthesized GT Ag-NPs to identify the
chemical composition and interaction between the
functional groups involved in the synthesis and
capping of Ag-NPs. The particle size and surface
charge potential of the GT Ag-NPs were detected by
dynamic light scattering (DLS), Nanotrac-Wave
Zetasizer (Microtrac, USA).

Cell lines and virus

BHK-21cells (VACSERA Research Foundation,
Giza, Egypt) were cultured in Dulbecco's Modification
of Eagle's Medium (DMEM) supplemented with 10%
or 2% fetal bovine serum (FBS) to prepare growth or
maintenance medium, respectively, and 0.1%
antibiotic/antimycotic  solution. The cells were
maintained at 37°C (5% CO,). All medium components
were filtered and sterilized using a 0.22 pum syringe
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filter. They were provided by (Gibco-BRL, Grand
Island, NY, USA), in addition to trypsin-EDTA.

FMDV serotype O (O/ME-SA/ Sharquia-72) was
used to investigate the antiviral activity of NPs. The
endpoint dilution, expressed as 50% tissue culture
infectious dose (TCIDsg), was measured with the Reed
and Muench formula [15]. For cytotoxicity and
antiviral assays, GT-Ag NPs were prepared in a
maintenance medium, sonicated for 1 min, and then
sterilized by UV for 30 min before use.

Cytotoxicity determination

To assess the cytotoxicity of synthesized Ag-NPs,
an MTT assay was performed. BHK-21 cells were
seeded into a 96-well culture plate (2x10* cells/ well)
and left at 37°C in a 5% CO, incubator for 24 hours
(hrs) until a confluent sheet was obtained. A range of
concentrations  (0.98-2000 pg/ml) (2-fold serial
dilution) of GT-Ag NPs diluted in maintenance
medium were added in triplicate in parallel with the
cell controls (non-NPs treated cells) and incubated at
37°C (5% CO,) for 48 hr. Next, the medium was
removed, cells were washed with phosphate-buffered
saline (PBS), and 20 pL of 5 mg/mL MTT dissolved in
PBS was added. The formazan crystals were then
dissolved with dimethylsulfoxide (DMSO). The optical
density (OD) was measured at 560 nm, and cell
viability was expressed as the percentage of
absorbance of the treated cells relative to that of the
control cells, taking the mean value performed in
triplicate. The 50% cytotoxic concentration (CCs),
defined as the compound concentrations that reduce
the number of viable cells by 50%, was calculated
through MasterPlex 2010 software pack (MiraiBio
Group, Hitachi Solutions America, Ltd.).

Antiviral activity evaluations

The antiviral activity of NPs was conducted in three
sections: pre-viral infection NPs treatment, post-viral
infection NPs treatment, and virucidal treatment with
some modifications during each process. The GT Ag-
NPs were introduced to BHK-21 cells at different
periods relative to the virus infection cycle in order to
determine at which stage of the virus infection cycle
NPs can act. All the steps were assessed using two
methods: virus yield reduction assay detected by
TCIDs, and cytopathic effect inhibition assay detected
by an MTT.

Virus yield reduction assay

For the pre-viral infection treatment, BHK-21 cells
were cultivated in a 96-well plate at 37°Cina 5% CO,
incubator until confluence. The growth media were
removed. Next, 0.1 ml of GT Ag-NPs (15.63 pg/ml)
was added to cells for 2 hrs at 37°C (5% CO,). The

supernatants were then removed and followed by
infection with 0.1 ml of ten-fold serial dilutions of
virus stock suspension in maintenance media, and
further incubated for 48 hrs at 37°C (5% CO,). To
perform the post-viral infection treatment, BHK-21
cells were infected with various ten-fold serial
dilutions of virus stock suspension in maintenance
media for 2 hrs at 37°C (5% CO,). Next, the
supernatants were removed, and cells were incubated
with 0.1 ml of Ag-NPs (15.63 pg/ml) for 48 hr at 37°C
in a 5% CO, incubator. For the virucidal infection
treatment, 0.1 ml of Ag-NPs (15.63 pg/ml)
concomitant with 0.1 ml of each concentration of virus
ten-fold serial dilutions were incubated for 2 hrs at
37°C (5% CO,). These mixtures have been introduced
to the cells and incubated for 48 hrs at 37°C in a 5%
CO, incubator to recognize the direct effect of NPs on
the virus.

All experiments were conducted in triplicates in
parallel with the virus controls with various ten-fold
serial dilutions (virus-infected, non-NPs-treated cells).
After 48 hrs, the cells were monitored for FMDV-
induced cytopathic effect (CPE). The neutralization
power of the tested NPs was determined by the
reduction of the virus titer related to the control, using
the TCIDs of treated and untreated virus according to
[16] and expressed by the Reed and Muench formula
[15].

Cytopathic effect inhibition assay

The antiviral activity of synthesized Ag-NPs against
FMDV was determined using an MTT-based
cytopathic effect inhibition assay, which monitored
CPE and allowed the percentage of cell viability to be
calculated according to [17] through the following
protocol: For the pre-viral infection treatment, a
confluent monolayer of BHK-21 cells was allowed to
grow for 24 hrs in a 96-well plate. Cells then were
incubated with 0.1 ml of GT Ag-NPs (two-fold diluted
concentration range of 15.63-1.95 pg/ml) in triplicates
for 2 hrs at 37°C (5% CO,). The supernatants were
then removed and followed by infection with 0.1 ml of
diluted virus suspension containing the TCIDs, of virus
stock. This dose was selected to produce the desired
CPE 48 hrs after infection.

In parallel, the virus controls (virus-infected, non-
NP-treated cells) and cell controls (non-infected, non-
NP-treated cells) were incubated at 37°C in 5% CO,
for 48 hrs. For the post-viral infection treatment,
confluent BHK-21 cells in a 96-well plate were
infected at 37°C (5% CO,) for 2 hrs with 0.1 ml of
virus dilution suspension to allow virus penetration.
The supernatants were removed, and then overlaid
with 0.1 ml of GT-Ag NPs in various concentrations
(two-fold diluted concentration range of 15.63-1.95
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pg/ml); the plate was incubated at 37°C in 5% CO, for
48 hrs. For the virucidal treatment, 0.1 ml of GT Ag-
NPs concentrations (two-fold diluted concentration
range of 15.63-1.95 pg/ml) were incubated for 2 hrs at
37°C (5% CO,) with an equal volume of virus dilution
suspension. Next, mixed suspensions were added to
confluent BHK-21. In each treatment, the culture
plates were incubated for 48 hr. After 48 hrs, the cells
were monitored for CPE.

After each treatment, the cells were washed with
PBS, and 20 pl of MTT solution (5 mg/ml stock
solution) was added for 4 hr at 37 C. The medium was
aspirated, and the formed formazan crystals were
dissolved with DMSO. OD was detected at 560 nm.
Data were presented as the mean values of triplicate
wells. The MTT technique quantitatively assessed the
cytopathic effect caused by virus infection at 48 hr
post-infection and allowed the cell viability percentage
to be calculated. The 50% inhibitory concentration
(ICs0), the dose achieving 50% protection, was
calculated through the MasterPlex 2010 software pack
(MiraiBio Group, Hitachi Solutions America, Ltd.).
The ratio of CCsy/ICsq was calculated to measure the
selectivity index (SI) to determine the therapeutic
window.

Statistical analyses

Data were reported as mean + standard deviation
(SD) and performed in triplicate. The significance of
differences was analyzed using the Student t-test.
Values with (P-value < 0.05) were considered
statistically ~significant. Microsoft Excel (2010)
software produced all statistical analysis and graphical
illustrations .

Results
Characterization of synthesized (GT Ag-NPs)
Average particle size and zeta potential

The obtained results of Dynamic Light Scattering
(DLS) demonstrate that the average particle size of
synthesized Ag-NPs is 28.86 nm with a narrow size
distribution (polydispersity index [PDI] is 0.12), and
surface charges of + 18.9 mV (Fig. 1A).

FT-IR spectra

FTIR spectra of green tea extract and synthesized
GT Ag-NPs were evaluated by linking the absorption
bands to the corresponding compounds to investigate
the possible phytochemical components and functional
groups involved in Ag-NPs reduction and capping.

FT-IR spectra of green tea and synthesized GT-Ag
NPs were shown in (Fig. 1B). For GT, the peak at
3428 cm’ showed the presence of N-H bond in
stretching mode present in amines. The peak at 2918
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cm’' showed the presence of O-H bond stretching
mode in carboxylic acid, while the peak at 2852 cm™
referred to the presence of C-H stretching in alkanes
and O-H stretching in carboxylic acid. The peak at
1635 cm” showed the presence of the C=C bond
aromatic group and the primary amine group of
proteins, while the peak at 1439 cm showed the
presence of the C-O-H bond in bending mode. The
peak at 1031 cm” showed the presence of the C-O
bond in the stretching mode of alcohol in polyphenols
and ether, while the peak at 572 cm™ represented the
C-Cl stretching bond. However, for synthesized GT-
Ag NPs, the N-H bond in stretching mode was
represented in the peak of 3429 cm™. The peak at 2918
cm’ showed the presence of O-H bond stretching
mode (carboxylic acid), while the peak at 2852 cm™
referred to the presence of C-H stretching in alkanes
and O-H stretching bonds in carboxylic acid. The peak
at 1632 cm™ referred to the presence of the C=C bond
of the aromatic group, while the peak at 1052 cm™
indicated the presence of the C-O bond in the
stretching mode of alcohol and ether. The peak at 607,
452, and 417 cm™ showed the presence of a C-Cl bond
in stretching mode.

Morphological characters

TEM images of stabilized GT Ag-NPs were shown
in (Fig. 1C). Distinctive single NPs without
aggregation were observed, as well as a spherical
shape. The size ranged from 15.1 to 16.9 nm.

Nanoparticles non-toxic concentrations

Cytotoxic effects of synthesized GT Ag-NPs on
BHK-21 cells were evaluated by the colourimetric
MTT assay based on the intensity of color change after
the reduction of tetrazolium dyes by mitochondrial
enzymes. This was done to ensure that the tested GT
Ag-NPs concentrations are not toxic and to exclude the
probability that NPs cytotoxicity affects FMDV
infectivity. The cell viability percentage was
determined to be greater than 90% when the cells were
treated with Ag-NPs concentrations of 31.25, 15.63,
7.81, 3.91, 1.95, and 0.98 pg/mL with no significant
cytotoxic effects toward BHK-21 cell line. The 50%
cytotoxicity concentration (CCsy) for GT Ag-NPs was
obtained at 163pug/mL (Fig. 2).

Antiviral activity
Virus yield reduction assay

To explore the reduction in FMDV yield by
synthesized GT Ag-NPs, the tested NPs concentration
(15.63 ng/ml) was added to ten-fold serial dilutions of
virus in three different treatments as discussed above
and assessed by the TCIDs, with the Reed and Muench
method. The results of the pre-viral infection



GREEN SYNTHESIS OF SILVER NANOPARTICLES USING GREEN TEA EXTRACT AND EVALUATION... 5

experiment showed a significant reduction in the virus
yield with a titer reduction of 2.01 log;y TCIDs, (from
10%% to 10*% TCIDsy/mL) and a 31.75% reduction per
cent when compared to the virus control. Also, the
post-viral infection experiment showed a significant
reduction in the virus yield with a titer reduction of
2.91 log;y TCIDs, (from 10°%* to 10*** TCIDsy/mL)
and a 45.97% reduction per cent when compared to the
virus control. Meanwhile, the virucidal infection
experiment did not show any significant differences
compared to the control group with a titer reduction of
0.23 log,o TCIDs, (from 10°** to 10*! TCIDsy/mL) and
3.63% reduction percent (Fig. 3). Taken together, these
results showed significant antiviral activity against
FMDV in pre- and post-treatment (P-value < 0.05). In
contrast, the anti-FMDV activity of Ag-NPs was more
prominent during the post-infection stage of the virus
than at the pre-infection stage, suggesting that the
synthesized Ag-NPs exert an inhibitory effect on
FMDV replication in the target cells. However, no
antiviral activity was in the virucidal treatment,
proposing that the NPs did not exhibit direct
inactivation on the free virus.

Cytopathic inhibition assay

The antiviral potential of synthesized GT Ag-NPs
on FMDYV infection in BHK-21 cells was calculated by
measuring cell viability percentage using the results of
the MTT assay. In the pre-viral infection stage, the
cells were treated with NPs before virus inoculation.
Significant increases in cell viability percentages were
obtained at 67.86%, 64.62%, 58.87%, and 46.26% in
the cells treated with 15.63, 7.82, 3.91, 1.95 pg/mL,
respectively, when compared to the virus control (P-
value < 0.05) (Fig. 4A). In the post-viral infection
stage, the cells were treated with NPs 2 hrs. after
infection. Significant increases in cell viability
percentages were obtained at 84.92%, 66.66%,
59.52%, and 49.60%, in the cells treated with 15.63,
7.82, 391, and 195 pg/mL, respectively, when
compared to the virus control (P < 0.05) (Fig. 4B).
However, virucidal treatment did not show a
significant cell viability percentage. Cell viability
percentages of 31.33%, 30.32%, 29.94%, and 29.85%
were obtained in cells treated with 15.63, 7.82, 3.91,
and 1.95 pg/mL, respectively, when compared to the
virus control (P < 0.05) (Fig. 4C). Cell viability
percentages in the negative control (untreated cells)
and viral control were 100% and 28.65%, respectively.
The ICsy and SI values were calculated to be 2.45
pg/mL and 66.5, respectively, in the pre-treatment,
while 2.05 pg/mL and 79.5, respectively, in the post-
treatment.

The results of the cytopathic inhibition assay
indicated that antiviral activity in the pre- and post-

viral infection treatment had a dose-dependent effect.
However, the anti-FMDV activity of GT Ag-NPs was
greater in the post-viral infection treatment than the
pre-treatment, suggesting that GT Ag-NPs have an
antiviral effect at the early stages of FMDV
replication. Meanwhile, virucidal activity was not
recorded at any NPs concentrations, proposing that
NPs could not act directly against FMDYV, resulting in
viral inactivation. In all steps, the results of the virus
yield reduction assay were concurrent with those of the
cytopathic inhibition assay detected by an MTT.

Discussion

Ag-NPs have antimicrobial properties and are
excellent candidates for the development of new
antivirals [18]. GT has been shown to have antiviral
properties, and involving GT in NPs synthesis as a
natural and readily available source could be a step
forward in antiviral therapies [19]. Based on this, the
current study was designed to synthesize Ag-NPs
utilizing GT as a reducing agent and investigate their
potential antiviral activity for FMDV in vitro.

Synthesized GT Ag-NPs were characterized to
determine their formation, morphology, and stability.
The most important features of an NPs system are
particle size and size distribution, as they determine
NPs intracellular absorption and toxicity [20], in
addition to Z potential, which affects NPs stability
[21]. DLS showed a narrow size distribution (PDI) of
0.12, and surface charges of + 18.9 mV (Fig. 1A).
TEM confirmed the presence of non-aggregated
distinctive single NPs with spherical morphology and a
size ranging from 15.1-16.9 nm (Fig. 1C). Previous
researchers have identified green synthesized Ag-NPs
within a size range of 15-33 nm [22]. The antiviral
efficacy of NPs is size-dependent; the smaller the size
of NPs, the greater their viral interaction and
inhibition, due to their larger surface area as well as
their ability to enter the host cell and virus genome,
thereby blocking replication.

However, the separate single NPs without
agglomeration detected by TEM can be explained by
the stabilizing action of phytochemicals present in the
GT extract [22, 23] as well as polyethylene glycol that
was added as a capping agent. Capping agents increase
NPs' efficacy and ensure higher interaction than bare
ones, as they improve stability and reduce
agglomeration and potential cytotoxicity by preventing
direct contact of the metal with the cells [24].

The FTIR data denote the presence of bioactive
compounds that mediate the GT Ag-NP synthesis and
stabilization, like polyphenols, amines, alkanes,
polysaccharides, and proteins. However, by comparing
the GT and synthesized Ag-NPs FTIR spectra (Fig.
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1B), changes in their chemical components can be
identified as the nanoparticles were encapsulated.
These characterization results are in line with a related
study involving the green synthesis of Ag-NPs using
GT extract [22].

Synthesized GT-Ag NPs were safe at a
concentration of up to 31.25 pug/ml and CCsy 163
pg/ml (Fig. 2). Our results were in line with the
outcomes of [18], who reported no significant toxicity
at similar concentrations of green synthesized Ag-NPs
from medicinal plants; however, the reason of Ag-NPs
cytotoxicity may be attributed to the release of silver
ions and formation of reactive oxygen species that led
to cell apoptosis, as well as the NPs size; smaller
particles are more toxic because of the increased
surface area of interaction and their easy diffusion into
the cells [25]. Generally, the variability of Ag-NPs
cytotoxicity is dependent on the cell type, method of
preparation, concentrations, coating, and
characterization of NPs [16].

Free FMD viruses attach to cell receptors and then
lose their capsid upon cell entrance. The single-
stranded RNA genome is transported to the cytoplasm
to be a template for creating a new genome, as well as
for protein synthesis. The new viral genome replicates
are subsequently encased in a new capsid, giving
newly generated virions that gather in the cytoplasm,
lyse the cell, and are eventually expelled [26]. To
explore the effect of synthesized GT Ag-NPs on
extracellular and intracellular FMDYV, the virus was
treated at various phases of replication with NPs. At
each phase, the antiviral activities of NPs were
measured in terms of inhibition of virus replication and
increase of cell viability percentage.

In the pre-treatment assay, cells were treated with
GT Ag-NPs before virus infection to assess the ability
of Ag-NPs' pre-treated cells to resist the viral infection,
and effective results were obtained, as evidenced by
the significant drop in viral load (31.75% reduction
percent) along with significant protection for cells
from CPE (ICs, of 2.45 ng/mL and SI of 66.5) (Fig. 3;
Fig. 4A). Accordingly, it may be hypothesized that
Ag-NPs may alter the virus's attachment to the cell
receptor by covering the cell surface or interfere with
the virus's passageway into cells, reducing its ability to
infect the host cells [16].

In the post-treatment assay, the cells were treated
with GT Ag-NPs 2 hr after infection to determine Ag-
NPs' capability to inhibit the virus in previously
infected cells. In this step, the highest anti-FMDV
activity was recorded than the pre-viral infection, with
significant decrease in viral load (45.97% reduction
per cent) and the lowest ICsy of 2.05 pug/mL and SI of
79.5 (Fig. 3, Fig. 4B), postulating that Ag-NPs exert

Egypt. J. Vet. Sci.

potent antiviral activity in vitro at the initial phase of
FMDV infection cycle, by targeting an event after viral
entry in BHK-21 cells, or may correspond with the
onset of intracellular viral RNA production according
to results obtained by [26].

Meanwhile, the virucidal infection assay can
elucidate if the Ag-NPs can directly inactivate free
viruses. Unlike earlier steps, the results revealed no
significant reduction in viral infectivity or significant
increase in cell viability percentage in the treated cells
at any non-toxic concentrations of GT Ag-NPs (Fig. 3;
Fig. 4C), implying that GT Ag-NPs cannot directly
inhibit the free extracellular FMDV. Similar findings
were recorded in the case of [27], who reported the in-
vitro antiviral activity of green-synthesized Ag-NPs
against PPRV where a significant viral titers reduction
was detected only when the NPs were applied in the
pre-viral infection step, or at 1- 2 hrs post-infection
with no virucidal effect, indicating that the green-
synthesized Ag-NPs exclusively affect the early stages
of the PPRV life cycle. SI measures the drug's safety
margin. When the index value approaches one, safety
is reduced, and hence, drug usage is extremely
dangerous [21]. Herein, the results are promising
because of the low ICs, and high SI achieved against
FMDV.

The antiviral activity of green-synthesized NPs has
primarily been studied using Ag-NPs [14, 18]. Ag-NPs
have been reported to inhibit several stages of the
virus-host cell interaction and may act on many targets
at the same time [27]. Herein, the antiviral results
suggested that early stages of the FMDV replication
cycle (from the time of pre-infection until 2 hrs after
infection) are affected by the Ag-NPs, observing a
greater significant effect at 2 hrs after infection.
Considering the Ag-NPs' probable mechanism against
RNA viruses as demonstrated by other authors, these
antiviral findings may be hypothesized due to the
blocking of cellular receptors, disrupting the adhesion
of viral particles to host cells, thus inhibiting infection,
impeding the critical pathways needed for virus
replication, as well as interaction with virus genome
[14, 25, 28]. Additionally, the observed anti-FMDV
effect is due to the GT, which has reducing, capping,
and antiviral  properties. EGCG, a main
phytoconstituent found in GT, is a broad-spectrum
antiviral drug with distinct mechanisms at different
stages of the viral cycle.

Furthermore, it exhibits anti-inflammatory and
prophylactic properties. Some researchers suggest
encapsulating EGCG with nanoparticles to improve its
efficacy and bioavailability [29]. To summarize, the
remarkable efficacy of green-synthesized NPs provides
new promise for the development of new antiviral
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therapies against different viruses, and the exact
mechanism of action should be explored further in
detail for better efficacy.

Conclusion

Stable GT Ag-NPs were synthesized in a clean,
cost-effective manner utilizing GT as a reducing agent.
Evaluating the NPs' antiviral capability indicated that
GT Ag-NPs could suppress FMDV replication
primarily during the early phases of infection,
including the pre-viral infection phase and 2 hrs post-
infection, with striking antiviral effects during post-
infection. Thus, it is proposed that the early time of the
FMDV replication stage is the target for the antiviral
effect of GT Ag-NPs. However, it cannot exert a direct
extracellular virucidal effect, anticipating its role as a
potential anti-FMDV agent. Our findings expand the
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scope of future in vivo research, as well as exploring
GT Ag-NPs' ability to suppress other RNA viruses.
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Fig. 1. Characterization of GT AgNPs. (A) Particle size pattern of synthesized NPs showing size distribution of 28.86 nm
and PDI of 0.12. (B) FT-IR spectra of GT Ag- NPs compared with GT (green tea) at the scanning range of 4400-

400 cm™. (C) TEM imaging showed well- dispersed nanosphere particles and a size ranging from 15.1 to 16.9 nm,

Scale bar = 100 nm.
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Fig. 2. The cytotoxic effects of tested NPs concentrations against the BHK-21 cell line. The cells were treated with
different concentrations of synthesized Ag-NPs (2-fold serial dilutions) for 48 h, in parallel with the cell controls
(non-NPs treated cells). Relative cell viability percentage was determined by MTT assay. Concentrations were
plotted against cell viability response. Data are expressed as the mean = SD performed in triplicate. Error bars

represent the confidence interval for the mean (n = 3). * Statistically significant (p < 0.05).

Fig. 3. Virus Yield Reduction assay; determination of viral titers on BHK-21 cells in three different NPs treatments. Virus

control (virus-infected, non-NPs-treated cells). TCIDs, was analyzed by the Reed and Muench method. Data are
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Fig. 4. Effect of synthesized Ag-NPs on inhibition of FMDV in BHK-21 cell line, antiviral effects were detected by a
cytopathic inhibition assay using the MTT (A) Pre-treatment assay: confluent BHK-21 cells treated with non-
cytotoxic concentrations of synthesized Ag-NPs for 2 hrs at 37 °C and then infected with virus suspension (B) Post-
treatment assay: confluent BHK-21 cells infected with virus for 2 hrs at 37 °C and then treated with synthesized
Ag-NPs concentrations and (C) Virucidal treatment assay: synthesized Ag-NPs concentrations were mixed with
the virus and incubated for 2 hrs at 37 °C then introduced to cells. Results are expressed as mean + SD performed
in triplicates. Error bars represent the confidence interval for the mean (n = 3). * Statistically significant (p <
0.05).
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