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Abstract

The exploration of nanoscale materials for their therapeutic potential against emerging and re-emerging infections has been
increased in recent years. Silver nanoparticles (AgNPs) are known to possess antimicrobial activities against different pathogens
including viruses and provide an excellent opportunity to develop new antivirals. The present study focused on biological
synthesis of AgNPs from Andrographis paniculata, Phyllanthus niruri, and Tinospora cordifolia and evaluation of their antiviral
properties against chikungunya virus. Synthesized plants AgNPs were characterized to assess their formation, morphology, and
stability. The cytotoxicity assays in Vero cells revealed that A. paniculata AgNPs were most cytotoxic with maximum non-toxic
dose (MNTD) value of 31.25 pg/mL followed by P. niruri (MNTD, 125 pg/mL) and T. cordifolia AgNPs (MNTD, 250 pg/mL).
In vitro antiviral assay of AgNPs based on degree of inhibition of cytopathic effect (CPE) showed that A. paniculata AgNPs were
most effective, followed by 7. cordifolia and P. niruri AgNPs. The results of antiviral assay were confirmed by cell viability test
using 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) dye, which revealed that A. paniculata AgNPs
inhibited the virus to a maximum extent. The cell viability of CHIK V-infected cells significantly increased from 25.69% to 80.76
and 66.8%, when treated with A. paniculata AgNPs at MNTD and “aMNTD, respectively. These results indicated that use of
plants AgNPs as antiviral agents is feasible and could provide alternative treatment options against viral diseases which have no
specific antiviral or vaccines available yet.

Keywords Antiviral - Chikungunya virus - Silver nanoparticles - Tinospora cordifolia - Phyllanthus niruri - Andrographis
paniculata

Introduction

Nanoparticles and their use for human healthcare and medi-
cine has been an exciting area of nanotechnology. In recent
years, metallic nanoparticles have been studied extensively for
their medicinal potential as their dimensions are comparable
to the biomolecules. Due to high surface—to-volume ratio,
nanoparticles can interact with the pathogenic microbes effi-
ciently and also play useful roles in drug delivery. Hence,
more research has been focused on development and biolog-
ical applications of ultrafine nanoparticles with sizes ranging
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from 1 to 100 nm (Salata 2004; Galdiero et al. 2011; Zhang
et al. 2016). Among metallic nanoparticles, silver nanoparti-
cles (AgNPs) are of particular medicinal interest because of
antimicrobial properties of the silver metal. AgNPs have been
used efficiently as antimicrobial agents against a wide range of
bacteria and fungi. These properties of AgNPs are utilized in
wound dressing, ointments, medical implants coatings, lining
of food containers, and other applications (Kim et al. 2007).
The broad-spectrum antimicrobial properties of AgNPs have
been used successfully against drug-resistant strains of bacte-
ria (Rai et al. 2012). In the recent decade, silver nanoparticles
have been used as novel antiviral agents (Kim et al. 2007; Lara
et al. 2010).

Green synthesis or phytosynthesis of AgNPs from medic-
inal plants is a cost-effective, eco-friendly, and non-toxic ap-
proach of nanoparticles generation than the physical or chem-
ical approach. Medicinal plants have been very useful in tra-
ditional medicine since old times and are rich source of bio-
active compounds having antiviral activities. Use of medicinal
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plants and their compounds is more effective and safer than
synthetic drugs in treatment of certain diseases. Medicinal
plants are a rich source of bioactive components including
various secondary metabolites like alkaloids, flavonoids, phe-
nolics, saponins, terpenoids, tannins, etc. Medicinal plants like
Andrographis paniculata, Olea eurolaea, Pachyma hoelen,
Phyllanthus niruri, Tinospora cordifolia, Swertia chirata,
etc., have already shown antiviral properties against viruses
like dengue, herpes, and human immunodeficiency virus
(HIV) (Venkateswaran et al. 1987; Kalikar et al. 2008;
Verma et al. 2008; Tang et al. 2012; Lee et al. 2013;
Wintachai et al. 2015).

Chikungunya virus (CHIKV) is an enveloped arbovirus be-
longing to the genus Alphavirus of family Togaviridae and is
responsible for the febrile illness called chikungunya fever
(Robinson 1955; Griffin 2013). The disease has emerged as a
global health threat due to high morbidity with maximum cases
reported from Africa and Asia (Schwartz and Albert 2010;
Halstead 2015; Rodrigues et al. 2016). CHIKV is transmitted
in humans by female Aedes aegypti and Aedes albopictus mos-
quitoes in the domestic environment. These mosquitoes are
found biting throughout daylight hours and symptoms of illness
appears usually after 2—4 days of incubation period (Griffin
2013). Clinical manifestations include high fever, headaches,
nausea, fatigue, rash, rashes, and severe joint pain which can
be very debilitating. It is usually a self-limiting disease but in
recent outbreaks, neurological complications as well as heart
and gastrointestinal complications have been reported making
it more severe (Schwartz and Albert 2010; Rodrigues et al.
2016). Moreover, the virus produces proinflammatory factors
in the joint tissue which results in joint pain symptoms lasting
for weeks up to years. Asymptomatic infections also occur
occasionally and have been reported in around 1-15% of total
cases (Schwartz and Albert 2010; Griffin 2013). There are no
specific antivirals or vaccines available against chikungunya
and the treatment is solely based on symptomatic and support-
ive care. So far, the disease control strategies rely on effective
mosquito management programs only. There is a strong need to
investigate and develop noble antiviral agents against
chikungunya which will help in curbing the infection and con-
trolling severe outbreaks.

Considering this, the present study aimed at synthesis of
AgNPs from three medicinal plants viz., A. paniculata,
P. niruri, and T. cordifolia and evaluation of their anti-
chikungunya activities in Vero cells.

Materials and methods
Chemicals and reagents

Various chemicals and reagents used in the study include sil-
ver nitrate (AgNOs) which was procured from Sisco Research
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Laboratories (SRL), India; 3-(4, 5-dimethylthiazol-2-yl)-2, 5-
diphenyltetrazolium bromide (MTT); Dulbecco’s Modified
Eagle’s Medium (DMEM); dimethyl sulfoxide (DMSO); fetal
bovine serum (FBS); and other media supplements which
were procured from HiMedia Laboratories Pvt. Ltd. India.

Preparation of plant extracts

All three plants, A. paniculata, P. niruri, and T. cordifolia were
identified and samples were collected from the Herbal Garden
of Maharshi Dayanand University, Rohtak, India. The stem of
T. cordifolia and leaves of P. niruri and A. paniculata were
selected for the preparation of plant extracts. The plant parts
were cleaned twice with double-distilled water, diced into fine
pieces, and dried at room temperature. Forty grams of stem of
T. cordifolia and 10 g each of leaves of P. niruri and
A. paniculata were added into separate 250-mL Erlenmeyer
flasks along with 100 mL of sterile double-distilled water and
heated for 20 min. The aqueous plant extracts were filtered
through Whatman No.1 filter paper and were stored at 4 °C
until used further.

Green synthesis of plant silver nanoparticles

Silver nanoparticles (AgNPs) were synthesized from respec-
tive plant extract by deploying green synthesis route. The
plant extracts were treated with 1 mM aqueous solution of
AgNO; and were incubated at room temperature for 24 h.
The incubation step was performed in dark to prevent
photoactivation of silver nitrate. The color of each solution
changed from pale yellow to yellowish brown within 10 min
of mixing, showing reduction of AgNO® to Ag" ions. The
aqueous solutions of AgNPs were centrifuged at 10,000xg
for 20 min at room temperature followed by washing with
sterile distilled water. The procedure was repeated three times
to remove any unbound material from AgNPs, and final solu-
tion was lyophilized and stored as powdered form at 4 °C for
further use.

Characterization of plant silver nanoparticles

Characterization of plant AgNPs was done by using
ultraviolet-visible (UV-Vis) spectroscopy, Fourier transform
infrared (FTIR) spectroscopy, scanning electron microscopy
(SEM), dynamic light scattering (DLS), and zeta potential
measurements. UV-Vis absorbance spectral analysis of aque-
ous suspension of AgNPs was carried out using a spectropho-
tometer (UV-2450, Shimadzu Corp., Japan). The absorbance
of each sample was taken at 300-600 nm with a resolution of
+1 nm. The chemical compositions and potential biomole-
cules of the AgNPs were analyzed by FTIR spectrum, record-
ed by using an ALPHA FT-IR spectrometer (Bruker,
Germany). The lyophilized AgNPs of each plant were
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subjected to FTIR using the potassium bromide (KBr) pellet
technique and the measurements were taken in the region of
500-4000 cm '. Morphology of plant AgNPs was studied
through scanning electron micrograph of the aqueous suspen-
sion of AgNPs. The sample was prepared by mounting
AgNPs suspension on specimen stubs and coated with gold
by ion sputter coater (Hitachi Model-E1010, Japan). The SEM
observations were performed by using EVO 18 special edition
scanning electron microscope (Carl Zeiss Inc., Germany). The
size distribution and stability of synthesized plant AgNPs was
also analyzed by performing DLS and zeta potential measure-
ments. These observations were made by using Malvern
Zetasizer Nano ZS (Malvern Panalytical, UK).

Virus and Vero cells

The stocks of Vero cells were obtained from the Department
of Microbiology, All India Institutes of Medical Sciences
(ATIMS), New Delhi, India. The cells were grown in
DMEM supplemented with 10% FBS by following standard
tissue culture procedure (Ammerman et al. 2008). The cells
were incubated at 37 °C in a humidified incubator with 5%
CO, atmosphere and were sub-cultured at 80-90%
confluency. Chikungunya virus (CHIKV) of Indian Ocean
lineage (IOL) genotype was used in the study and propagated
in Vero cells. The virus was harvested after observation of
cytopathic effect (CPE) or after 5 days postinfection. The virus
stock was collected and stored at — 80 °C until used.

Computation of 50% tissue culture infectious dose

CHIKYV stock was characterized for infectious titer in terms of
50% tissue culture infectious dose (TCID5y/mL). Briefly, 5 x
10° Vero cells were seeded into each well of the 96-well plate
and incubated under standard cell culture conditions for 24 h.
The cells were infected with 100 puL of ten-fold serially dilut-
ed CHIKYV. Ten replicates of each virus dilution were included
and the plate was incubated for 5 days and observed for CPE.
The wells showing CPE were marked as “+” and without CPE
were marked as “—.” The highest dilution of the virus which
demonstrated >50% CPE was considered to calculate
TCIDso/mL of the virus stock by using the Reed-Muench
method (Reed and Muench 1938).

Cytotoxicity assay

Cytotoxic activities of synthesized AgNPs from all three plants
were evaluated on Vero cells and maximum non-toxic dose
(MNTD) was determined for each plant AgNPs. Vero cells
(1% 10* cells per well) were seeded onto 96-well flat-bottom
plate (Nunc, Thermo Fisher Scientific, USA) and incubated at
37 °C with 5% CO, in a humidified incubator for 24 h until 80—
90% confluency was reached. After 24 h, the old media was

removed and replaced with 100 puL of new DMEM media
(supplemented with 2% FBS) containing AgNPs concentra-
tions ranging from 1000 to 7.81 pg/mL. Each concentration
of AgNPs was set in triplicates along with negative control
containing DMEM media without AgNPs. The plate was incu-
bated at 37 °C with 5% CO, in a humidified incubator for 72 h
and cell viability was determined by using MTT assay (Denizot
and Lang 1986). Briefly, 10 uL of MTT solution (5 mg/mL,
prepared in PBS) was added into each well of the plate and
incubated for 34 h in optimum conditions. All the contents
were removed from each well and 100 puL. of DMSO solution
was added into each well to dissolve the formazan crystals.
After incubating at room temperature for 30 min, the absor-
bance of the plate was taken at 595 nm using a microplate
reader (Bio-Rad, USA). From absorbance values, percentage
cell viability and toxicity were determined. Cell viability per-
centage was determined by using the following formula:

Absorbancereated celis—Absorbancepank

x 100Absorbanceypeated cells—Absorbancegank

The cytotoxicity assay was repeated twice and triplicates
were included each time.

In vitro antiviral assay

For evaluation of anti-CHIKV activity of the synthesized plant
AgNPs, the Vero cells were treated with the calculated MNTD
and half of the MNTD value of A. paniculata, P. niruri, and
T. cordifolia AgNPs. The assay was initiated by incubating 96-
well plate having a monolayer of Vero cells with 100 puL of
each plant AgNPs at its MNTD and 2MNTD. After 1 h of
incubation, 100 puL of CHIKV at 10°> TCIDsy/mL was added
into each well except in the wells marked as cell control. The
plate setup included cell control (cells only), virus control (cells
and virus only), and the AgNPs-treated cells. Each plant AgNPs
concentration (MNTD and 2MNTD) was tried in triplicates.
The plate was incubated for 5 days under standard culture con-
ditions and observed for the presence of CPE thereafter. The
results of CPE inhibition were analyzed by using the grading
system method (Kudi and Myint 1999). The degree of CPE
inhibition was marked as: ++++ (>7 5%), +++ (50-74%), ++
(25-49%), + (1-24%), and — (no inhibition of CPE). Cell via-
bility percentages for cell control, virus control, and infected
cells treated with plant AgNPs were determined by using MTT
assay as described in the previous section. The antiviral assay
was repeated twice and triplicates were included each time.

Statistical analysis

The experiment data were statistically evaluated using
GraphPad Prism version 7.04 (GraphPad Software, CA,
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USA). One-way analysis of variance (ANOVA) was used to
determine the difference in the mean values of treated and
control samples. For all calculations, a p value of <0.05 was
considered to be significant.

Results
Synthesis and characterization of plant AgNPs
UV-Vis spectroscopy

The plant AgNPs were successfully synthesized from
A. paniculata, P. niruri, and T. cordifolia. The color of each
plant extracts changed from light yellow to yellowish brown
after addition of silver nitrate solution (Fig. 1). This color
change was observed due to reduction of Ag* ions in the
aqueous solution of AgNO; into AgNPs. The UV-Vis absorp-
tion spectra of plant AgNPs were recorded in the range of
300-600 nm (Fig. 2). Synthesized plant AgNPs showed ab-
sorption maxima in the range of 420-455 nm due to the sur-
face plasmon resonance (SPR) phenomenon. A broad SPR
band was observed at 425 nm for AgNPs synthesized from
A. paniculata. The SPR absorption maxima for AgNPs of
P, niruri and T. cordifolia were seen at 424 and 452 nm, re-
spectively. The broad absorption peaks were observed for
synthesized plant AgNPs which showed the polydispersed
nanoparticles in the solution.

FTIR spectroscopy

The FTIR analysis of synthesized plant AgNPs was car-
ried out to identify the functional groups of the active
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¢

AgNPs
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Fig. 1 Bioreduction of silver nitrate solution (1 mM) by aqueous plant
extract and formation of plant silver nanoparticles (AgNPs)
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Fig. 2 UV-Vis spectroscopy analyses of silver nanoparticles synthesized
from A. paniculata, P. niruri, and T. cordifolia

biomolecules playing roles of reducing as well as capping
agents in the synthesis of nanoparticles. The FTIR spectra
of lyophilized plant AgNPs are shown in Fig. 3, in which
spectrum of A. paniculata AgNPs showed prominent
transmittance bands at 3240 cm ! (-O-H- or -N-H-),
2929 ¢m ! (-C-H-), 1391 cm ' (-C-N-), 1575 cm ' (-N-
H-), and 1032 and 1075 cm ' (-C-N-) (Fig. 3a). The spec-
trum of P. niruri showed distinct transmittance peaks at
3268 cm ! (-O-H- or -N-H-), 2920 cm ™! (-C-H-), 1513 (-
N-H-), 1633 cm ! (-C=0), and 1000 and 1149 cm ™! (-C-
N-) (Fig. 3b). The FTIR spectrum of T. cordifolia
displayed sharp bands at 3319 c¢cm ' (-O-H- or -N-H-),
2831 and 2943 cm™' (-C-H-), 1418 and 1449 cm™' (-C-
H-), and 1021 cm™' (-C-N-) (Fig. 3c).

Scanning Electron microscopy

The plant AgNPs were also characterized for their size and
morphology by SEM. Figure 4 shows the SEM images of the
plant AgNPs along with their size. The average size of
A. paniculata AgNPs were found to be in the range of 70—
95 nm (Fig 4a). The AgNPs synthesized from P. niruri dem-
onstrated a range of particle size from 70 to 120 nm (Fig. 4b)
and AgNPs of 7. cordifolia were found to be in the range of
50-70 nm (Fig. 4c).

Dynamic light scattering and zeta potential measurements

The average size distribution and stability of synthesized plant
AgNPs were measured by DLS and zeta potential measure-
ments as shown in Fig. 5. All synthesized plant AgNPs were
of negative polarity and were stable at room temperature. The
size measurements by DLS showed that all of the plant
AgNPs were polydispersed and having a particle size less than
100 nm. The DLS of A. paniculata AgNPs showed the aver-
age size of 68.06 nm (Fig. 5a) and zeta potential measurement
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Fig. 3 FTIR graphs of
lyophilized plant AgNPs: a

A. paniculata, b P. niruri, and ¢
T. cordifolia
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showed that particles carry a potential of —21.4 mV (Fig. 5d).
The size of P. niruri AgNPs was found to be in the range of 7
to72 nm with an average size of 28.38 nm (Fig. 5b) and these
carry a potential of —20 mV (Fig. 5e). Likewise, the size of

Wavenumber (cm'')

T cordifolia AgNPs was in the range of 4-54 nm with an
average size of 37.10 nm (Fig. 5¢) and zeta potential measure-
ments showed that these AgNPs were of negative polarity
with a potential of —17.0 mV (Fig. 5f). The results of SEM
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Fig. 4 Scanning electron micrographs of synthesized AgNPs: a
A. paniculata, b P. niruri, and ¢ T. cordifolia

and DLS were in agreement for the size measurement of syn-
thesized plant AgNPs.

Cytotoxicity assays of plant AgNPs

The cytotoxicity of synthesized plant AgNPs were evaluated
on the Vero cells before determining anti-CHIKV activity. The
MNTD for synthesized plant AgNPs were determined by ob-
serving the cytopathic effect of ten-fold serial dilutions of
plant AgNPs on Vero cells. As shown in Fig. 6, the MNTD
value for AgNPs of T. cordifolia was found to be 250 pg/mL,
which was highest among all three plant AgNPs (Fig. 6¢). The
MNTD values for AgNPs of A. paniculata and P. niruri were
31.25 and 125 pg/mL, respectively (Fig. 6a, b). From the
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cytotoxicity assay, we found that among all three plants,
A. paniculata AgNPs were highly toxic while 7. cordifolia
AgNPs were least toxic to Vero cells. The calculated MNTD
of these plant AgNPs were selected further for in vitro antivi-
ral studies.

In vitro antiviral assay

The antiviral potential of synthesized plant AgNPs was eval-
uated against CHIKV using Vero cells. The antiviral activities
of AgNPs were measured in terms of inhibition of CPE as well
as increase of percentage cell viability. AgNPs of
A. paniculata and T. cordifolia showed significant inhibition
of CPE in comparison to virus control (Table 1). A. paniculata
AgNPs at MNTD and 2aMNTD brought about 75-100% and
25-49% inhibition of CPE, respectively. 7. cordifolia AgNPs
at both MNTD and 2AMNTD showed 25-49% inhibition of
CPE whereas P. niruri AgNPs did not show any significant
inhibition of CPE in comparison to the virus control. These
results were further compared with cell viability calculations
using the MTT assay (Fig. 7). The wells marked as negative
control (untreated cells) and virus control showed cell viability
of 100% and 25.69% = 1.53%, respectively. As shown in
Fig. 7, MNTD and 2MNTD treatments of AgNPs of
A. paniculata and T. cordifolia displayed significant increase
in cell viability in comparison to virus control. A. paniculata
AgNPs at MNTD and 2AMNTD exhibited cell viability of
80.76% +1.5% and 66.8% +2.1%, respectively. Similarly,
T. cordifolia AgNPs showed cell viability of 75.35% + 3.4%
and 55.98% +4.35% at MNTD and AMNTD, respectively.
However, treatment of infected cells with P. niruri AgNPs at
MNTD and /2aMNTD showed a small increase in cell viability
as compared to the other two plant AgNPs. For MNTD and
VLMNTD of P. niruri AgNPs, cell viability of 30.56% + 1.1%
and 26.47% £ 1.3% were recorded.

Discussion

The medicinal plants A. paniculata, P. niruri, and T. cordifolia
are known to possess antiviral properties (Venkateswaran
et al. 1987; Kalikar et al. 2008; Wintachai et al. 2015). In
the present study, plant AgNPs were synthesized from aque-
ous extracts of A. paniculata, P. niruri, and T. cordifolia and
their antiviral activities were evaluated against CHIKV in vitro
using Vero cells. The formation of AgNPs was confirmed by
visual inspection of change in color from light yellow to dark
colloidal brown after 10 min of mixing of silver nitrate solu-
tion and aqueous extracts. This color change was observed
because of excitation of surface plasmon vibrations which is
a characteristic feature of silver nanoparticles in solution
(Mulavney 1996; Chung et al. 2016). During the synthesis
of AgNPs, silver ions are reduced to form metallic silver
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Fig. 5 Dynamic light scattering and zeta potential measurement graphs of plant AgNPs: a, d A. paniculata; b, e P. niruri; and ¢, £ T. cordifolia

particles. The bioactive compounds present in the plant extract
help in reduction of silver ions as well as stabilization of newly
formed silver nanoparticles by preventing their aggregation
(Chung et al. 2016). UV-Vis spectroscopy is used to monitor
formation and stability of AgNPs in solution. The free elec-
trons of metal nanoparticles absorb energy of the light waves
and produce surface plasmon resonance (SPR) bands which
are the characteristics of AgNPs. The position and intensity of
these SPR bands rely on shape and size of AgNPs as well as
dispersion medium used (Pileni 1998; Chung et al. 2016). The
UV-Vis spectra of all three plant AgNPs showed the SPR
absorption maxima within 400-500 nm. The broad peaks in
UV-Vis spectra indicated that nanoparticles were
polydispersed in nature due to slow reduction of silver ions.
None of the AgNPs showed SPR maxima above 500 nm,
indicating that the particles were similar in size and shape.

In a related study involving green synthesis of AgNPs from
A. paniculata, Sinha and Paul (2015) reported the absorption
maxima at 432 nm (Sinha and Paul 2015). In another study on
AgNPs from P, niruri, broad absorption peak was reported at
420 nm (Suresh et al. 2015). Similar observations have been
made in the previous studies involving green synthesis of
AgNPs (Banerjee et al. 2014; Singh et al. 2014). The FTIR
analysis of synthesized AgNPs revealed the possible bioactive
molecules which acted as reducing and capping agents during
nanoparticle synthesis. The FTIR spectra of A. paniculata
AgNPs exhibited broad transmittance peaks at 3240 cm '
due to stretching vibrations of the -O-H- or —N-H- group
and at 2929 cm ' due to -C-H- stretching vibrations. These
stretchings indicated the presence of alcoholic or amino and
aldehydic groups associated with AgNPs. The presence trans-
mittance peaks at 1391 and 1575 cm ! confirmed the presence
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Fig. 6 Cytotoxicity evaluation of plant AgNPs on Vero cells and
determination of MNTD: a A. paniculata, b P. niruri, and ¢
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of aliphatic amine (-C-N-) and aromatic ring (-C=C-), respec-
tively. The other two prominent peaks at 1032 and 1075 cm ™
were due to stretching vibrations of aliphatic amine or
alcoholic/phenolic groups. Likewise, FTIR spectra of

AgNPs of P niruri and T. cordifolia indicated the presence
of -OH, -NH, -CO,-C=C-, and -C-N- groups. These FTIR
spectra denote the presence of bioactive compounds like
polyols, flavonoids, polyphenols, and terpenoids, which are
responsible for synthesis and stabilization of AgNPs
(Banerjee et al. 2014; Singh et al. 2014; Sinha and Paul
2015; Chung et al. 2016). It has been reported that in
phytosynthesis of AgNPs, flavonoids play a role in reduction
of'silver ions whereas phenolics, terpenoids, and amines act as
capping agents (Iravani 2011). Further characterization of size
and shape of plant AgNPs was done by SEM analysis. The
plant AgNPs were primarily spherical in shape with an aver-
age size which ranged from 50 to 120 nm. Previous studies
have reported that commonly nanoparticles are spherical in
shape but for some plants, they may be cuboidal, flat, or tri-
angular in appearance (Banerjee et al. 2014; Singh et al. 2014;
Sinha and Paul 2015). The in vitro estimation of safe thera-
peutic dose of plant AgNPs is essential before checking their
effect in vivo. The cytotoxicity of biosynthesized AgNPs were
examined on the Vero cells in terms of cytopathic effect and
MNTD of each plant AgNPs was determined. In our study,
MNTD of A. paniculata AgNPs was found to be 31.25 nug/
mL, which was lowest among all three plant AgNPs. The
MNTD values of AgNPs of P. niruri and T. cordifolia were
found to be 125 and 250 pg/mL, respectively. These results
indicated that A. paniculata AgNPs were most toxic while
T cordifolia AgNPs were least toxic when tested in Vero cells.
The cytotoxicity of AgNPs may be attributed to release of
silver ions and generation of reactive oxygen species (Zhang
et al. 2016). The level of cytotoxicity was also affected by the
size of nanoparticles and smaller sized being more toxic than
the larger ones (Liu et al. 2010).

The antiviral activities of synthesized plant AgNPs were
determined by assessing the cell viability of Vero cells after
treating with MNTD and /2aMNTD of plant AgNPs and infect-
ing with CHIKV. The results indicated that AgNPs synthe-
sized from aqueous extract of A. paniculata has significant
anti-chikungunya potential. The untreated infected cells
showed about 25% cell viability which increased to about 81
and 67% after treatment with MNTD and 2 MNTD of
A. paniculata AgNPs, respectively. Andrographolide is the

Table 1 In vitro anti-CHIKV

activity of plant AgNPs denoted Treatment with AgNPs MNTD (pg/mL) Degree of CPE inhibition*
by inhibition of cytopathic effect
MNTD %> MNTD
Andrographis paniculata 31.25 ++++ ++
Phyllanthus niruri 125.00 + +
Tinospora cordifolia 250.00 ++ ++
Positive control (cells infected with CHIKV) +
Negative control (healthy cells) R,

*++++ 75-100% CPE inhibition, +++ 50-74% CPE inhibition, ++ 25-49% CPE inhibition, + 1-24% CPE

inhibition
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Fig. 7 Effect of synthesized plant 150
AgNPs on inhibition of CHIKV
in Vero cells. The results are 125-
expressed as mean =+ standard —
deviation. *p < 0.05 using one- é 1004
way ANOVA >
g 75+
>
3 50-
(&)
25+
0-

A. paniculata

main phytoconstituent found in extract of A. paniculata and is
known to have antiviral activity against a number of viruses
(Lin et al. 2008; Gupta et al. 2017). In a previous study,
Wintachai et al. (2015) have reported that andrographolide
has potential to inhibit CHIKV genome replication in
HepG2 cells (Wintachai et al. 2015). In our study,
T cordifolia AgNPs also showed anti-chikungunya activity
and increased the viability of virus-infected Vero cells to about
75 and 56% when treated with AgNPs at MNTD and
2MNTD, respectively. T. cordifolia is known to possess im-
munomodulatory and immunostimulant properties due to the
presence of different bioactive compounds including alka-
loids, diterpenoid lactones, glycosides, and steroids (Kalikar
et al. 2008). The crude extract of T_ cordifolia has been report-
ed to have anti-HIV potential and inhibited HIV reverse tran-
scriptase activity (Estari et al. 2012). The extract of P. niruri
has been reported to inhibit woodchuck hepatitis virus, hepa-
titis B virus, HIV, and dengue virus (Venkateswaran et al.
1987; Ogata et al. 1992; Lee et al. 2013). In our study,
AgNPs of P, niruri were also inspected for anti-chikungunya
activity and were found to inhibit CHIKV to a lesser extent
than AgNPs of 7. cordifolia and A. paniculata. The antiviral
activities of AgNPs have been reported against a number of
viruses such as herpes simplex virus, vaccinia virus, influenza
virus, respiratory syncytial virus, monkey pox virus, human
immunodeficiency virus, and hepatitis B virus (Rogers et al.
2008; Lara et al. 2010; Galdiero et al. 2011; Mori et al. 2013;
Trefry and Wooley 2013; Hu et al. 2014; Yang et al. 2016;
Shevtsov et al. 2017). AgNPs are known to interfere with the
binding of virus particles to host cell and thereby preventing
their entry but the exact mechanism of their antiviral action
has not been well understood. Moreover, the interaction of
AgNPs with different types of cells is a complex issue which
requires further research in order to elucidate antiviral activi-
ties as well as cytotoxic potential of the nanoparticles.

In conclusion, AgNPs were successfully synthesized from
aqueous extracts of A. paniculata, P. niruri, and T. cordifolia.

## Virus Control
== MNTD

[ 1/2MNTD
Il Cell Control

P. niruri T. cordifolia

AgNPs Treatment

The characterization of plant AgNPs showed the formation of
stable nanoparticles having bioactive phytoconstituents linked
to them. The AgNPs synthesized from A. paniculata and
T. cordifolia showed excellent antiviral activity against
CHIKYV when tested on Vero cells. The biosynthesis of
AgNPs using plant extract is simple, efficient, cost-effective,
and an environment friendly alternative to develop broad-
spectrum antiviral agents which could provide the alternative
for treatment of viral diseases against which no specific anti-
virals or vaccines are available. The development of plant
AgNPs with therapeutic potential could also combat with the
problem of developing resistance as observed with conven-
tional antivirals. However, before using plant AgNPs as ther-
apeutic agents and safely design antiviral drugs, detailed
in vivo studies are needed to understand their effects and
mechanism of action at the molecular level.
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