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Abstract: Infectious bursal disease virus (IBDV) is a serious poultry pathogen responsible for causing
major economic losses to the poultry industry globally. The virus is closely related to several other
important viral pathogens of fishes, crabs, and mollusks and evolutionarily related to important viral
pathogens of humans. Previously, we demonstrated the inhibition of this virus by the extracts of
roots of Withania somnifera Dunal, commonly known as Indian ginseng, both in vitro and in vivo.
Furthermore, many studies reported the inhibition of diverse types of viruses by nanoparticles of
silver. In the present study, we investigated the inhibitory effect of silver nanoparticles obtained by
green synthesized with Indian ginseng extract against IBDV. Conditions for the synthesis of silver
nanoparticles were optimized, and the nanoparticles thus obtained (WS AgNPs) were characterized
physically. Thereafter, the maximum non-cytotoxic dose of these nanoparticles for treating chicken
embryo fibroblasts (CEF) was determined. Treatment of IBDV-infected CEF with the WS AgNPs
decreased the infective virus titer by >93%, intracellular viral load by >71%, and virus-induced
cytopathy by >51%, demonstrating the strong inhibitory effect of the WS AgNPs against IBDV, and
encouraging similar applications against related veterinary and human viruses.
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1. Introduction

Infectious bursal disease (IBD) is an acute, highly contagious, and immunosuppressive
viral disease of chickens resulting in severe economic losses [1]. The causative virus (IBDV)
is a member of the genus Avibirnavirus of the Birnaviridae family, represented by non-
enveloped viruses bearing a bipartite, double-stranded RNA genome. Classical IBDV
strains cause 10–50% mortality, whereas hypervirulent strains, causing 50–100% mortality,
incur much higher losses [2]. IBD remains enzootic in most parts of the world despite
the resolution for its global control passed in the year 1995 by the World Organization
for Animal Health [3]. Satisfactory therapeutic interventions are unavailable, and the
determination of the appropriate age for vaccination is a challenge [1]; immunization with
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inactivated or low-virulence virus affords insufficient immunity and vaccination with a
virulent virus itself causes immunosuppression [4]. The virions are very hardy [1], and
facility disinfection is difficult to achieve after outbreaks. Thus, the need for novel agents
for the control of the disease becomes imperative.

Metallic nanoparticles, notably those of silver, have been reported to possess good
antiviral activity [5], and chemically synthesized silver nanoparticles inhibit IBDV in
ovo [6]. Silver nanoparticles exhibit promising cytoprotective activities towards human
immunodeficiency virus (HIV)-infected T cells [7]. Silver nanoparticles have also been
shown to be capable of inhibiting several viruses such as hepatitis B virus [8], monkeypox
virus [9], human simplex virus-1 [10], adenovirus type 3 [11], human parainfluenza virus
type 3 [12], H1N1 influenza virus [13], vaccinia virus [14], H3N2 influenza virus [15], peste
des petits ruminants virus [16], and chikungunya virus [17] in vitro.

Unlike physical methods that tend to be technology- and cost-intensive, and chemical
methods that use noxious chemical agents, the green synthesis of metallic nanoparticles
is a much simpler approach, which utilizes the reducing activity of plant extracts for the
conversion of inorganic salts to metallic particles. Some organic components, such as
polysaccharides or glycoproteins, present in the extract further stabilize the nanoparticles
against aggregation [5]. The green synthesis of metallic nanoparticles has been reported
using a very diverse range of plant extracts and phytoactives [5], which also includes
extracts of leaves of Withania somnifera Dunal (WS) [18,19]. Withania somnifera is recognized
as a wild plant in northwest India [20]. More than 39 active compounds have been identified
after extensive chemical composition research. Recently, many phytochemical components
have been identified, including total phenol, 12 alkaloids, 40 withanolides, and numerous
sitoindosides [21]. In plants of the Solanaceae family, a very potent antioxidant molecule
has been shown to increase three naturally occurring antioxidant enzymes, according
to several studies [22]. Commonly known as Indian ginseng, the roots of WS possess
very strong reducing activity [23] and should likely facilitate the green synthesis of silver
nanoparticles. Moreover, Indian ginseng has been shown to exert good inhibitory activity
against IBDV both in vitro [24,25] and in vivo [26]. The current study aimed to test the
in vitro inhibitory activity of silver nanoparticles green-synthesized with an extract of
Indian ginseng against IBDV.

2. Materials and Methods
2.1. Extract, Cells and Virus

Identical extracts of WS roots, primary chicken embryo fibroblast (CEF) culture, and
infectious bursal disease virus, described previously [25], were used in the present study.

2.2. Nanosynthesis and Yield Optimization

Briefly, 10 mL of methanol:chloroform:water (12:5:3, v/v) (MCW extract) (10 µg/mL)
of WS roots were added to 100 mL of 10 mM solution of silver nitrate. The solution was
placed in a microwave (80 MHz) oven for 30 s and allowed to stand overnight in the dark.
The visible appearance of a characteristic cola-colored suspension was considered the first
indication of the successful synthesis of silver nanoparticles (WS AgNPs); the reaction
conditions for nanosynthesis were further optimized for better quality and quantity of WS
AgNPs. A two-step approach was used to determine the optimum conditions of nanosyn-
thesis; first, the concentration of the extract was varied (5, 7.5, 10, 12.5, and 15 µg/mL),
maintaining a constant volume (10 mL). Thereafter, the volume of the extract was varied
(5, 8, 10, 12, and 15 mL), maintaining a constant concentration (12.5 µg/mL). The WS
AgNPs synthesized during each reaction were characterized by UV-Vis spectrophotometry
to determine the reaction conditions for optimum yield, according to Ganguly et al. [23].

2.3. Characterization of Nanoparticles

The WS AgNPs were preliminarily characterized by UV-Vis spectrophotometry. The
absorbance of the suspension of WS AgNPs was recorded against distilled water over a
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wavelength range of 250–700 nm at a resolution of 1 nm. WS AgNPs were precipitated
from the suspension through repeated centrifugation (16,000 rpm) until the supernatant
turned visibly clear. Excess moisture was blotted off the precipitated nanoparticles, which
were weighed thereafter to derive the yield.

For further characterization, Fourier transform infrared (FTIR) spectra of nanoparticles
were recorded in transmittance mode from 4000 to 400 cm−1 on a Thermo Nicolet 6700
FT-IR spectrometer at a resolution of 4 cm−1 and the spectra, representing the average of
32 scans, were plotted. Thereafter, X-ray diffraction (XRD) scans were acquired on a Rigaku
D/Max-2200 diffractometer at room temperature using monochromatic Cu-Kα radiation
(λ = 0.154 nm) operated at 40 kV and 30 mA at a 2θ angle pattern. Finally, the suspension
of nanoparticles was bath-sonicated for 30 min and filtered through a 0.22 µ filter. A small
droplet of the filtrate was placed on a copper grid, and the excess was blotted off. After
drying, the grid was observed in a Jeol JEM 1011 transmission electron microscope; the
size–distribution of the nanoparticles was derived based on the sizes of 200 nanoparticles
measured using the in-built software.

2.4. In Vitro Cytotoxicity

The maximum non-cytotoxic dose of WS AgNPs for treating CEF was determined
using five different methods. An alamarBlue assay was performed using a commercial ala-
marBlue cytotoxicity assay kit (HiMedia Labs, India) as per the manufacturer’s recommen-
dations. A diphenylamine (DPA) assay was performed as described by Chang et al. [27],
and a combined crystal violet (CV), MTT assay, and neutral red (NR) assay were performed
as described by Pretorius et al. [28]. The cytotoxicity assays were performed in triplicate.

2.5. Viral Inhibition Assays

Virus titration was performed as per Kibenge et al. [29], and the titer was expressed
as median tissue culture infective doses (TCID50) per mL of the culture supernatant. In
total, 100 µL of log10 dilutions of the culture supernatant, obtained 48 h post-infection (hpi)
by repeated freeze–thaw, were prepared in EMEM and added to 80–90% confluent CEF
monolayers grown in 96-well cell culture plates. The TCID50 of the virus was determined
by the modified Spearman–Kaerber method [30]. Next, a microtiter plate viral inhibition
assay was used to determine the reduction in TCID50 of the virus in the presence of the
nanoparticles. A ‘constant inhibitor—decreasing virus’ approach was used; 96-well plates
with 80–90% confluent CEF monolayers were taken, and the spent growth medium was
replaced with fresh maintenance medium along with the virus and nanoparticle suspension.
The inhibition of the virus was expressed as a percentage decrease in the virus titer at 48 hpi
in the presence of the nanoparticles.

RT-PCR was also performed for the comparison of viral loads in IBDV-infected CEF
treated with either WS AgNPs, MCW extract, or silver nitrate for 48 h. Total RNA was
extracted from the CEF at 48 hpi using a HiPurA Total RNA miniprep kit (HiMedia Labs,
India) according to the manufacturer’s recommendations. RT-PCR was performed using a
HiScript One-Step RT-PCR Kit (HiMedia Labs, India), and semi-quantification of viral load
was performed in terms of relative expression of vp2 based on integrated densitometric
values (IDV) determined by Image J v.1.48 as described previously [26].

Lastly, virion stability studies were performed. The viral suspension was incu-
bated with WS AgNPs for 0, 3, or 6 h. Nanoparticles were separated by centrifuging
at 16,000× g rpm for 10 min, and the treated virus was used to infect CEF cells. The plate
was allowed to incubate, and an MTT assay was performed at 48 hpi. Mock infection or
mock treatment with fresh culture medium served as a control in the respective assays. All
virological assays were performed in triplicate.
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2.6. Statistical Analyses

All statistical operations were performed using Daniel’s XL Toolbox v.6.53. Statisti-
cal comparison between different groups was determined based on analysis of variance
(ANOVA) followed by Tukey’s multiple comparisons as a post hoc test.

3. Results and Discussion

The visible color change in silver nitrate solution, indicative of successful nanonization,
is shown in Figure 1. Figure 1c shows the color of the nanoparticle suspension obtained
upon the optimization of reaction conditions. UV-Vis spectrophotometry was performed
to confirm the formation of nanoparticles. AgNPs, upon UV-Vis spectrophotometry, are
known to exhibit a surface plasmon resonance (SPR) peak in the wavelength range of
approximately 400–450 nm; a single, sharp peak represents monodisperse nanoparticles of
uniform size [31]. Optimum nanosynthesis, which can be influenced by several factors [23],
was achieved when 12 mL of MCW extract (12.5 µg/mL; w/v in water) was used per
100 mL of 10 mM silver nitrate (Figure 2). The yield of freshly precipitated WS AgNPs was
approximately 81.3 mg/mL on a wet weight basis. Previously, Marslin et al. [19] obtained
silver nanoparticles with an aqueous extract of WS leaves but not its roots. In addition
to the factors such as the geographical source, altitude, climatic conditions [32], and the
stage of harvesting that influence the composition of the plant parts, a significant difference
in the reducing activities of aqueous and MCW extracts [23] may also be responsible
for such results. Roots are the most commonly used plant part of WS in indigenous
medicinal practices [26] and successful nanonization with root extracts has encouraging
commercial implications.

Figure 1. Change in color during the transition from a solution of silver nitrate to a suspension
of silver nanoparticles; (a) near-colorless, 10 mM AgNO3 solution with 10 mL of MCW extract;
(b) brown, colloidal suspension of WS AgNPs obtained after successful nanonization; (c) intense
cola-colored suspension of WS AgNPs obtained after optimization of nanonization conditions.
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Figure 2. Optimization of reaction conditions for the yield of nanoparticles. (a) Effect of varying
concentration of MCW extract on the formation of WS AgNPs: the dark blue curve (10 µg/mL) shows
the UV-Vis absorption characteristics of the colloid of AgNPs obtained with the initial non-optimized
reaction conditions; maximum yield of AgNPs was obtained when MCW extract was used at a
concentration of 12.5 µg/mL. (b) Effect of varying volume of MCW extract on the formation of WS
AgNPs: maximum AgNPs were obtained when 12 mL of MCW extract was used; the inset shows the
AgNPs precipitated by centrifugation from 2 mL colloid when 12 mL of MCW extract (12.5 µg/mL)
was used per 100 mL of 10 mM AgNO3 for nanosynthesis.

FTIR spectroscopy was performed to confirm the inclusion of MCW extract in the
nanoparticles. Figure 3a shows the FTIR transmittance of WS AgNPs. Spikes characteristic
of the alcoholic group (hydrogen-bonded −OH stretch, 3625–3540 cm−1), phenols (−OH
stretch, 3625–3540 cm−1; aromatic group C-C=C asymmetric stretch, ~1550–1450 cm−1),
coumarins (−OH stretch, 3625–3540 cm−1; C=O group, 1080 cm−1), terpenoids (−OH
group, ~3400 cm−1), flavonoids (C=O stretching, 1649 cm−1), proteins (C-N group stretch-
ing and amide I band, 1382 cm−1), and silver (broad peak, 1654 cm−1) (Raut et al., 2014)
were recorded. Figure 3b shows the X-ray diffraction pattern of the WS AgNPs; Bragg
reflections with 2θ values corresponding to the 111, 200, and 220 sets of the lattice planes,
respectively, were obtained. The average size of the green-synthesized WS AgNPs, assessed
using the Debye–Scherrer equation [33] on the predominant Bragg reflection (2θ) 38.1, was
determined as 9 nm. Similar findings were reported for the AgNPs obtained upon green
synthesis with several plant extracts, including ginseng [34] and Indian ginseng [18,19].
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Figure 3. Characterization of WS AgNPs by FT-IR and XRD analyses. (a) FT-IR analysis shows the
characteristic spikes of the alcoholic group (hydrogen-bonded –OH stretch, 3625–3540 cm−1), phe-
nols (–OH stretch, 3625–3540 cm−1; aromatic group C-C=C asymmetric stretch, ~1550–1450 cm−1),
coumarins (–OH stretch, 3625–3540 cm−1; C=O group, 1080 cm−1), terpenoids (–OH group,
~3400 cm−1), flavonoids (C=O stretching, 1649 cm−1), alkanes (C-H group stretching, 1382 cm−1),
and silver (broad peak, 1654 cm−1); the inset shows the FT-IR spectra of WS extract for comparison.
(b) The X-ray diffraction pattern of AgNPs green-synthesized with extract of Indian ginseng shows
diffraction peaks characteristic of 111, 200, 220, and 311 sets of lattice planes were observed in the 2 h
range of 30–80, indicating the face-centered cubic (fcc) crystalline symmetry of the metallic silver in
the nanoparticles.

Figure 4a shows the ultrastructure of the WS AgNPs from transmission electron
microscopy of the nanoparticles; the uniformity of size and monodispersity of the AgNPs
can be appreciated. The size–frequency of the WS AgNPs under TEM was plotted in a
histogram (Figure 4b). Most (63%) of the WS AgNPs were in the 90–110 nm range. In total,
92% of the WS AgNPs were within the range of 80–120 nm, the mean size being 101.10 nm.
Thus, the WS AgNPs were found to be of fairly uniform size. The apparent disparity in the
size determination of AgNPs by XRD and TEM is common [18,19,33].

The results of the different assays performed for determining the cytotoxicity of
WS AgNPs in CEF showed a good correlation. The non-cytotoxic doses of WS AgNPS
determined by the AB, DPA, CV, MTT, and NR assays were 123.44 µg/mL, 69.30 µg/mL,
100.07 µg/mL, 105.99 µg/mL, and 113.60 µg/mL, respectively. The differences in the
cytotoxicity of WS AgNPs determined by the assays were non-significant; however, the
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differences in cytotoxicity of WS AgNPs at different concentrations were highly significant
(p < 0.01). Based on a consensus of these assays, the maximum non-cytotoxic concentration
of WS AgNPs for CEF was determined at 69.30 µg/mL. However, for the ease of dispensing
and dilution, WS AgNPs were chosen to be used at a concentration of 65 µg/mL. The
in vitro cytotoxicity of AgNPs is known to vary a lot depending on the particle size [8],
method of synthesis [12], and cell type [35]. Seemingly contrary to previous studies, where
AgNPs and silver ions were found not to induce DNA damage at non-cytotoxic doses [36],
the DPA assay that measures cytotoxicity based on DNA content in the cells appeared to be
most sensitive in our study. It is important to appreciate that the content of DNA need not
necessarily correlate with the extent of DNA damage.

Figure 4. Transmission Electron Micrography of WS AgNPs. (a) Transmission electron micrograph of
WS AgNPs. (b) The size distribution of WS AgNPs from TEM studies is shown; the mean diameter
of the WS AgNPs based on the frequency distribution was 101.10 nm.

In the microtiter plate virus inhibition assay, the titer of the stock virus in CEF at
48 hpi was determined at 6.839 × 104 TCID50/mL. CEF are a classical model for studying
IBDV replication and cytopathy [37,38]. Kibenge et al. [29] reported titers varying from
2.238 × 105 TCID50/ mL to 1.259 × 106 TCID50/mL 25–30 hpi, albeit with a very different
virus strain. In the presence of WS AgNPs, the titer at 48 hpi reduced significantly (p < 0.01)
by nearly one order of magnitude to 4.704 × 103 TCID50/mL, representing a decrease of
approximately 93.12% (Figure 5a).
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Figure 5. Results of virus inhibition assays. (a) Comparison of virus titer in IBDV-infected mock-
treated control CEF and IBDV-infected CEF treated with WS AgNPs, MCW extract, or AgNO3 solution;
infected CEF were treated with 65 µg/mL WS AgNPs, 160 µg/mL MCW, or 5 mM AgNO3 final
concentration. (b) Relative semi-quantification of viral load in IBDV-infected mock-treated control
CEF and IBDV-infected CEF treated with AgNPs, MCW extract, or AgNO3 solution; integrated
densitometric value (IDV) of RT-PCR product of vp2 gene transcript segment was used for the relative
semi-quantification of viral load whereas IDV of RT-PCR product of β-actin transcript (shown in inset)
served as the control; infected CEF were treated with 65 µg/mL AgNP, 160 µg/mL MCW, or 5 mM
AgNO3 final concentration. (c) Effect of WS AgNP treatment on the ability of the virus to induce
cytopathy in CEF; mock-treated virus or virus treated with WS AgNPs for 0, 3, or 6 h was allowed
to infect CEF and cytopathy was determined at 48 hpi on the basis of MTT assay. All assays were
performed in triplicate, and means were compared by ANOVA followed by Tukey’s post hoc test.
Values bearing a different number of asterisks differ significantly (p < 0.01) from each other.
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Relative semi-quantification of the intracellular viral load was performed based on
the integrated densitometric values (IDV) of the vp2 gene using β-actin gene transcript
as a control (Figure 5b). The differences between the groups were highly significant
(p < 0.01), with AgNP-treated CEF revealing a 71.36% decrease in viral load compared to
mock-treated CEF.

Co-incubation studies (Figure 5c) revealed that the virus co-incubated with WS AgNPs
for 6 h exerted 51.14% lesser cytopathy as compared to the mock-treated virus. Moreover,
the virus co-incubated with the WS AgNPs for a shorter duration induced significantly
higher (p < 0.01) cytopathy than the virus co-incubated with WS AgNPs for a longer
duration, possibly indicating a direct inhibitory effect of the WS AgNPs on the virion,
which needs further validation. The few existing studies on the mechanism of virus
inhibition by nanoparticles uphold this possibility since AgNPs have been shown to inhibit
the virus by directly binding either to viral nucleic acids or to structural components such
as glycoproteins [8,35,39].

IBDV is known to upset the apoptotic machinery of host cells, including CEF. During
its replication in the bursal cells of chickens, cells infected by IBDV remain protected from
undergoing apoptosis, whereas bystander cells undergo severe apoptotic changes [40].
AgNPs can have multiple cellular targets depending upon the cell type; AgNPs induce
the mitochondrial apoptosis pathway in NIH3T3 fibroblast cells via ROS and JNK. AgNPs
decrease intracellular glutathione, increase nitric oxide secretion, increase TNF-α transcript
and protein levels, and increase the gene expression of matrix metalloproteinases (MMP),
such as MMP-3, MMP-11, and MMP-19 [41]. WS is also a well-known regulator of apoptosis;
brought about by diverse mechanisms, it is capable of balancing pro- and anti-apoptotic
mechanisms [25]. The synergistic activity of WS and nanosilver could be responsible for
the anti-IBDV effect of WS AgNPs seen in the present study. All the previous reports on the
virus-inhibitory effects of AgNPs were against enveloped RNA viruses, and the present
study is novel because the IBD virus was non-enveloped. The presence of Indian ginseng
extract, known to be inhibitory to IBDV [24–26], in the WS AgNPs may be responsible
for this inhibitory activity. Some other viruses included in the family Birnaviridae are the
infectious pancreatic necrosis virus, Tellina virus, oyster virus, yellow tail ascites virus and
crab virus of the genus Aquabirnavirus, blotched snakehead virus of the genus Blosnavirus,
and drosophila X virus of the genus Entomobirnavirus [42]; many of these are economically
important pathogens. Birnaviruses also bear distinct evolutionary relationships to some
other important viral pathogens, rotaviruses (Reoviridae) and picornaviruses (Picornaviridae),
for example [43]. The results of the present study suggest that WS AgNPs may also inhibit
such viruses. Nevertheless, all such mechanistic aspersions and extrapolative assumptions
warrant further validation.

4. Conclusions

We studied the inhibitory effect of silver nanoparticles, green synthesized with an
extract of Withania somnifera roots, against the infectious bursal disease virus of chickens
using an in vitro chicken embryo fibroblast infection model. The optimum concentration
and volume of root extract required for optimum nanosynthesis were determined by a
two-step approach. The nanoparticles were characterized, and the non-cytotoxic dose of
the nanoparticles for chicken embryo fibroblasts was determined. Co-incubation with
the silver nanoparticles reduced the viral infectivity, decreased the intracellular viral load,
and inhibited the cytopathy normally exerted by the virus. To the best of our knowledge,
this is the first report on the inhibitory activity of green-synthesized silver nanoparticles
against a non-enveloped virus. Our findings should encourage similar applications of the
nanoparticles against other related veterinary and human viral pathogens.
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