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The present study is focused on the biogenic synthesis of AgNPs (B-AgNPs) using fruit extract of Phyllanthus
emblica L. and its effect (0, 5, 10, 25, 50 mg/L concentrations) on early seedling growth of two wheat varieties
(HD-2967 and DBW-17). The prepared silver nanoparticles were characterized with several techniques such as
UV-Vis spectroscopy, powder X-ray diffraction as well as high-resolution transmission electron microscopy. The
capping of AgNPs by phytochemicals was confirmed by Fourier transforms infrared (FT-IR) spectroscopy. B-
AgNPs, chemically synthesized AgNPs, chemically synthesized AgNPs+10% fruit extract and AgNO; salt were
compared for phytotoxicity, based on growth parameters, ROS production, cytotoxicity assay and silver accu-
mulation in two wheat varieties (HD-2967 and DBW-17). These effects were more pronounced in the variety HD-
2967 over DBW-17 variety at 10 mg/L B-AgNPs exposure. Root cells viability of treated radicles was studied
using Evans blue dye assay which suggest that 10 mg/L B-AgNPs was effective in promoting early seedling
growth by decreasing ROS toxicity. Lower accumulation of Ag resulting in higher root cell viability than those of
chemically synthesized AgNPs treated seedlings. The findings of the present study clearly indicate that phyto-
chemicals capped AgNPs act as a growth promoter at lower concentrations by delivering a potent antioxidant
during early seedling growth as compared to chemically synthesized AgNPs treated wheat seedlings.

1. Introduction

Seed germination and early seedling development are two important
phases of crop plants for sustainable agriculture. During seed germina-
tion, many biochemical and cellular events trigger the production of
reactive oxygen species (ROS) (Wojtyla et al., 2016). The reactive oxygen
species such as superoxide radical (O5"), hydroxyl radical (OH), hy-
drogen peroxide (H,0,), and singlet oxygen (*O) are byproducts of
many biochemical processes in plants (Sharma et al., 2012). Low levels
of ROS are produced in seeds after imbibition to break dormancy and
initiate seed germination. A negative impact in the absence of an efficient
antioxidant observed on seed germination during seedling growth as
high ROS level result in oxidative stress (Kumar et al., 2015). ROS as well

as different plant hormones such as auxin, cytokinin and ethylene, con-
trol seed germination and early seedling growth (He et al., 2012). Among
these, ROS are key signaling molecule for breaking the dormancy in a
concentration-dependent manner. Studies on Oryza sativa and Arabidopsis
thaliana have shown that suppression of ROS generation inhibited seed
germination (Leymarie et al., 2012). The role of ROS are crucial since
low ROS generation can break seed dormancy, while abundant levels can
inhibit seed germination as well as seedling growth (Bailly et al., 2008).
Therefore, plants have an efficient antioxidant system to fine tune ROS
levels for better seedling growth. Exogenous application of antioxidants
such as ascorbic acid (ASA) promotes seed germination and seedling
growth even under saline stress (Shalata and Neumann, 2001; Wang
et al., 2019).
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In recent years, nanotechnology has become a fast-growing area of
science, that has potential to enhance agriculture production and be
utilized to promote growth and productivity of the plants (Gogos et al.,
2012; Walker et al.,, 2017). Materials synthesized using nano-
technology-such as nano-fertilizers, nano-pesticides, nano-sensors to
detect pathogens (Chhipa and Joshi, 2016). Nanomaterials based
agricultural formulations & devices have been successfully used for
controlling and managing plant diseases (Liu and Lal, 2015). In parti-
cular, silver nanoparticles (AgNPs) have been used in substantially
higher numbers compared to other nanomaterials such as ZnO, TiO,,
and nanosized carbon allotropes (Farkas et al., 2011; McGillicuddy
et al.,, 2017). However, the field of nano-agriculture remains in-
adequately explored as compared to biomedical and pharmaceutical
sciences. Nanomaterials based environmental toxicity is still a point of
controversy and debate. Some studies have been carried out to de-
termine the toxic effects of nanoparticles on seed germination (Barrena
et al., 2009; Lee et al., 2012). It is reported that AgNPs have significant
effects on the growth and yield of crop plants which depend on the
surface, size and capping stability (Lu et al., 2010). Limited studies
show both positive and negative effects of AgNPs on plants (Nair, 2016;
Tripathi et al., 2017). Phytotoxicity in plants depend on the methods of
application and duration of exposure as well as on size, concentration,
solubility, capping, chemical composition and aggregation of nano-
particles (Nel et al., 2006). Utilization of plant extracts for synthesis of
nano-scale metallic particles have received considerable attention over
the chemical and physical methods in last decade (Sathishkumar et al.,
2009; Zahran et al., 2014).

Nowadays, various plant parts Erythrina suberosa leaf extract
(Mohanta et al., 2017a), Phoenix dactylifera root hair extract (Oves
et al.,, 2018), flower extract of Malva sylvestris (Esfanddarani et al.,
2017) and seed extract of Alpinia katsumadai (He et al., 2017) have been
used to synthesize AgNPs. Only few reports are there on synthesis of
silver nanoparticles using fruits (Ahmed et al., 2016). Recently, Masum
et al. (2019) synthesized AgNPs using Phyllanthus emblica fruit extract
and explored them as an attractive and eco-friendly candidate to con-
trol rice bacterial disease. Other scientists have also synthesized silver
nanoparticles using P. emblica and reported their antimicrobial property
(Ankamwar et al., 2005; Ramesh et al., 2015). However, its phytosti-
mulatory effects on seed germination and seedling growth have not
been studied. Thus, the present study aimed to assess (1) environmental
benign green synthesis and characterization of B-AgNPs; (2) optimiza-
tion of the B-AgNPs dose for improved seed germination and seedling
growth in two wheat varieties; (3) a comparative study to demonstrate
the phytotoxicity of other AgNPs i.e, chemically synthesized AgNPs,
chemically synthesized AgNPs +10% fruit extract and bulk AgNOj3 salt
and; (4) bioaccumulation of silver content in all AgNPs treated wheat
seedlings.

2. Materials and methods
2.1. Materials

Fresh and healthy Phyllanthus emblica L. (Hindi-Amla, family
Phyllanthaceae) fruits were collected from the garden of CSIR-NBRI,
thoroughly washed with deionized Milli-Q (MQ) water and air dried.
Two varieties of wheat (Triticum aestivum L.) namely var. ‘HD-2967 and
var. ‘DBW-17’ were selected for this study. Wheat seeds were purchased
from the local market of Lucknow. Silver nitrate and 2,2-diphenyl-1-
picrylhydrazyl were purchased from Sigma Aldrich while acetone and
ethanol from HiMedia (Mumbai, India). MQ water was used throughout
the study. All other chemicals used in this study were purchased from
Sigma Aldrich unless specified.

2.2. Preparation of P. emblica fruit extracts (FE)

P. emblica fruit pieces (25 g) were boiled in 100 mL of MQ water for
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15 min. After cooling, the extract was filtered through Whatman no.1
filter paper (pore size 25 um) twice and stored in a refrigerator at 4 °C
for further studies. The resultant filtrate was used as reducing and
stabilizing agent for silver nanoparticles (AgNPs).

2.3. Synthesis and purification of silver nanoparticles (B-AgNPs)

Silver nanoparticles were synthesized by a green approach as de-
scribed by Geethalakshmi and Sarada (2010) with slight modifications.
Briefly, P. emblica fruit extract (10 mL) was added to 100 mL aqueous
solution of 1 mM silver nitrate and allowed to react at ambient tem-
perature. The color of reaction mixture changes from transparent
yellow to dark brown within 30 min indicating the formation of AgNPs.
The solution was centrifuged at 8000 rpm for 15 min. The solid residue
was re-dispersed in 50 mL MQ and centrifuged at 5000 rpm for 15 min
to isolate the NPs. AgNPs was collected carefully and lyophilized
(LABCONCO) for 24 h to obtain the dry powder of AgNPs, which was
used for characterization and further studies.

2.4. Characterization of synthesized B-AgNPs

The surface plasmon resonance and spectral analysis of the AgNPs
were carried out using UV-Visible spectrophotometer (Agilent Cary
300). The periodic scans of the optical absorbance between 300 and
800 nm were performed to investigate the reduction rate of silver ions
by P. emblica fruit extract. The reaction mixture was diluted 10 times
with MQ before recording the UV-VIS spectra. The size and zeta po-
tential analysis of B-AgNPs were examined by the dynamic light ana-
lyzer (DLS) with zeta potential using Malvern Zetasizer Nano range
instrument (Malvern Instruments Ltd., Malvern, UK). The surface
morphology and size of the synthesized AgNPs were examined by
Scanning electron microscope (SEM) and High-resolution transmission
electron microscopy (HR-TEM). SEM analysis was performed using the
Hitachi S-3700N SEM at an accelerating voltage of 15kV. The SEM
sample was prepared by making a thin film on a carbon tape and dried
under a mercury lamp for 5min. A drop of the sonicated aqueous
suspension of AgNPs was put on carbon-coated copper grid (FEI
Technai S Twin) and dried for TEM analysis. This analysis was carried
out at 200kV voltage and 10-30,000 x magnification. The elemental
analysis was carried out using Energy dispersive X-rays (EDX) attached
with SEM. The phase purity and average crystallite size of the synthe-
sized AgNPs were examined by powder X-ray diffractometer (XRD)
using monochromatic Cu K, radiation with a wavelength (\) of
1.5406 A and scan rate 0.2 s/step (step size 0.02°), fitted with nickel
monochromator at the voltage of 40kV and tube current of 30 mA
(Bruker D8 advance, Germany). The Fourier transform infrared
(FT—1IR) spectroscopy data was collected on Thermo Scientific Nicolet
380 in the transmission mode between 4000 and 500 cm ™ using KBr
pallet. The KBr pallets were prepared by grinding the sample with KBr
powder in 1:100 ratio.

2.5. Antioxidant activity

2.5.1. DPPH (2, 2-diphenyl-1-picrylhydrazyl) free radical scavenging assay

The free radical scavenging activity of B-AgNPs and P. emblica fruit
extract (FE) were determined by DPPH assay developed by Choi et al.
(2002) with some modifications. Briefly, different concentrations of B-
AgNPs and FE (1-50 ug/mL) were mixed with 0.1 mM DPPH metha-
nolic solution in 1:4 ratio. Reaction mixtures (1 mL) were vortexed and
incubated in dark for 30 min at 25 °C before measuring absorbance at
517 nm against a blank (methanol) on the microplate reader. The free
radical scavenging ability of B-AgNPs and FE was expressed as %in-
hibition (I) of DPPH which was calculated using the following equation:

Absorbance of Control — Absorbance of Sample

%l = X 100

Absorbance of Control
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2.6. Phytotoxicity assay

2.6.1. Preparation of different AgNPs suspensions and silver nitrate
solutions

Chemically synthesized AgNPs (C-AgNPs) were obtained from Delhi
Technological University (DTU), Delhi, India. The size of the obtained
C-AgNPs was observed using transmission electron microscopy (Fig.
S1). Five different treatments; Control (untreated), B-AgNPs, C-AgNPs,
C-AgNPs+10% FE and silver nitrate salt with four different con-
centrations (5, 10, 25 and 50 mg/L) were used to determine the phy-
totoxicity on two wheat varieties. For the phytotoxicity assay, different
AgNPs and AgNO; suspensions were prepared in MQ and sonicated (Q
Sonica, 100W, 40 KH,) for 15 min.

2.6.2. Seed germination experiment

The healthy wheat seeds were sterilized using sodium hypochlorite
solution (10% v/v) for 10 min (USEPA, 1996). After sterilization, the
seeds were washed with distilled water with vigorous shaking to re-
move any traces of hypochlorite from seeds. A gentle shaking for 2h
was carried out by putting sterilized seeds of both the varieties in MQ
(control), different AgNPs suspensions and AgNOj; solution (5, 10, 25,
50 mg/L) for the determination of seed germination assay. Five seeds
from both the wheat varieties were transferred in evenly placed petri
dishes (100 mm X 15 mm) having a piece of filter paper (Whatman no.
1) at the bottom. 5ml of MQ (control), AgNPs, and AgNO; solutions
were added separately to each petri dish. Petri dishes were covered and
sealed with parafilm and incubated at 25°C in dark. All seed germi-
nation were observed after 6 days of the treatment. The radicle and
plumule length were measured. The Seedling vigor index (SVI) was
calculated according to the formula reported by Abdul-Baki and
Anderson (1973). The seed germination parameters i.e., percentage of
relative root elongation (E) and germination index (GI) were calculated
according to the standard methods using Equation (1)—(3) (Tiquia
et al., 1996; US Department of Agriculture and US Composting Council,
2001).

(Mean root length with AgNPs)

Relative root elongation (E) = - X 100
Mean root length with control
(€8]
Germination index (GI)
_ (Relative seed germination) X (Relative root elongation)
B 100 )
Seed inated with AgNP:
Relative seed germination = (See germ.lna ¢ W1 gNPs) 100
(Seed germinated with control) 3

Seedling vigor index (SVI I)
length + Shoot Length)

Germination percentage X (Root

Seedling vigor index (SVI II) = Germination percentage X (Root dry
weight + Shoot dry weight)

Dose-dependent experiments (0, 5, 10, 25, 50 mg/L) were con-
ducted to assess the effects of B-AgNPs, C-AgNPs, C-AgNPs+10% FE
and AgNO; on seed germination, and other important seed germination
parameters like radicle length (RL), Plumule length (PL), radicle dry wt.
(RDW), plumule dry wt. (PDW), seedling vigor index (SVI I), seedling
vigor index (SVI II), relative root elongation (RRE) and germination
index (GI) (Figs. S2, S3, S4, and S5). All the seed germination para-
meters were measured on the sixth day after treatment (DAT) for both
the varieties. Preliminary results obtained by seed germination assay
suggested that the effective dose of B-AgNPs was 10 mg/L on the basis
of RL, PL, SVI, RRE and GI parameters. The optimized concentration of
10 mg/L AgNPs as an early seedling growth promoter was further used
in order to compare the efficacy of B-AgNPs with C-AgNPs, C-AgNPs
+10% FE and AgNOs;.
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2.6.3. Reactive oxygen species (ROS) detection

Intracellular ROS in the plumule and radicle of 6 days old wheat
seedlings were visualized using fluorescent molecular probe 2,7-di-
chlorofluorescein diacetate (H,DCF-DA; Invitrogen; excitation 488 nm,
emission 525 nm). 10 mg/L of AgNPs and AgNO; treated plumule and
radicle of both wheat varieties were segmented and incubated in 20 yM
H,DCFDA [prepared in 10 mM Tris-HCl buffer (pH 7.4) from 20 mM
stock solution, dissolved in dimethyl sulphoxide] for 30 min in dark at
room temperature. Excess dye was removed by washing with MQ water
and fluorescence intensity was recorded using Cell image analyzer
(Thermo Scientific) equipped with 20X lens.

2.7. Cytotoxicity assay

Cytotoxicity assay was determined as per protocol reported by
Tamads et al. (2004), using Evans blue staining. AgNPs, AgNO; treated
and untreated control radicles were stained overnight in aqueous so-
lution of 0.25% w/v Evans blue (Sigma, USA). Stained radicles were
washed with MQ for 30 min and observed under a phase-contrast mi-
croscope (Leica DM- 2500, Wetzlar, Germany) at 40 X magnifications
(scale 50 um) to assess root cell viability.

2.8. Silver content determination

The AgNPs treated seedling with MQ was washed with water thrice
before the silver content detection in order to remove any traces of
AgNPs from the surface of the seedlings. These seedlings were oven
dried at 70 °C for 72 h. Nitric acid (60%):hydrofluoric acid (40%) in the
ratio of 5:1 was added to the 0.1 g of wheat samples. It was digested in
hot block digester (Kjeldhal-Digestion unit) for 6-8 h. The digests were
finally diluted with MQ water and silver analysis was carried out. The
total silver content in seedling was estimated on inductively coupled
plasma mass spectrometry (ICP-MS) (Agilent technologies 7500cx) with
three replicates.

2.9. Microscopy

Radicles were collected after application of 50 mg/L concentration
of B-AgNPs suspension on day 6 for internalization of B-AgNPs at higher
dose and processed for microscopy as described by Gonzalez-Melendi
et al. (2008). Thin sections of radicles were observed under a phase-
contrast microscope (Leica DM- 2500, Wetzlar, Germany) equipped
with Leica Application Suite Version 4.2.0 (Leica Microsystems, Swit-
zerland) at 10x and 40 X magnifications (scale 50 um), respectively.

2.10. Statistical analysis

The data obtained from experiments was expressed as the
mean *+ standard deviation (SD) of three replicates. Statistically sig-
nificant differences between control and different treatments were
analyzed using one-way analysis of variance (ANOVA) with Duncan's
multiple range post hoc tests in all the cases (p < 0.05 was considered
as significant using the SPSS 20.0 package software). The effects of
different AgNPs and AgNO; treatments, varieties and their interaction
with all the measured parameters were analyzed by linear mixed model
multivariate ANOVA (M-ANOVA). Principal component analysis (PCA)
was performed using “PAST” (PAleontological Statistics, Version 3.11)
software.

3. Results and discussion
3.1. Mechanism of silver nanoparticles formation and stabilization
The stability of colloidal solution of silver nanoparticles is an im-

portant factor for their application. In order to prevent agglomeration,
different types of stabilizing agents were used. The B-AgNPs suspension
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used in present study was stable for more than 1 month without any
sedimentation (Fig. S6). The well-dispersed B-AgNPs prepared by the
reduction of Ag* using P. emblica extract which contain several bio-
molecules especially ascorbic acid which acts as reducing as well cap-
ping agent. The plausible mechanism of reduction and capping of silver
nanoparticles by ascorbic acid is given in Supplementary data (Scheme
S1). Xiong et al. (2011) reported that the lone pair of the hydroxyl
group, m-electrons of the double bond and carbonyl group of lactone
system in ascorbic acid molecule, provides enough reducing power to
convert Ag" to AgNPs. Ascorbic acid acts as an electron as well as
proton donor during reduction resulting in a radical species known as
semidehydroascorbic acid which finally convert to dehydroascorbic
acid. This ascorbic acid and dehydroascorbic acid form a redox system
that had enough potential (~0.06 V) to reduce Ag* to Ag°. Thsese
silver nanoparticles were highly stabilized due to effective capping
provided by biomolecules especially ascorbic acid as shown in Scheme
S2 (Supplementary data).

3.2. UV-VIS spectral analysis

Bioreduction of Ag* to Ag® was studied as a function of time using
UV-VIS spectrophotometer. Fig. 1a shows the UV-VIS spectra of diluted
(X10) aqueous B-AgNPs solution at different time intervals
(0-290 min). The surface plasmon resonance (SPR) band was centered
at 420-440 nm. The increase in the intensity of SPR with time suggests
the increase in concentration of B-AgNPs in solution which reached
saturation after 290 min indicating the completion of the reaction.

The color of AgNO;3; aqueous solution changed from colorless to
yellow and finally to dark brown upon addition of P. emblica fruit ex-
tracts (Fig. 1b). This characteristic color variation and A at
420-440 nm are due to the excitation of the SPR confirm the formation
of AgNPs. These results are in concurrence with earlier findings by
Mohanta et al. (2016a); Nayak et al. (2016).

3.3. Scanning electron microscopy and EDX analysis

Fig. S7 (a) and S7 (b) show the SEM images of synthesized silver
nanoparticles at different magnifications. The image displays the
spherical morphology of aggregated nanoparticle. The particles are
separated by each other which is due to effective capping. EDX analysis
is carried out to study the elemental composition B-AgNPs and result is
shown in Fig. S7 (c). A peak at 3keV confirms the formation of nano-
particles. The high intensity of the peak in EDX graph shows the purity
of synthesized B-AgNPs (Vijayakumar et al., 2013). The other peak is
due to the carbon of carbon tape used for sample preparation.

3.5
;f = 0min
i
o ——5min
o
5 e 15N
o=
o 15 = 30min
o
< = GO0min
.S = 230min
290min
300 400 500 600 700 800
Wave lenght {nm)}

Fig. 1a. UV-VIS absorption spectra of synthesized B-AgNPs using Phyllanthus
emblica L. (Amla) fruit extract at different time intervals.
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3.4. High-resolution transmission electron microscopy (HR-TEM)

The morphology and particle size of B-AgNPs was analyzed by HR-
TEM. HR-TEM study suggest the irregular shape with smooth edge
morphology of B-AgNPs (Fig. 2). The particle size was in the range
10-35nm, with an average size ~20 nm, which is in good agreement
with the average crystallite size calculated from X-ray diffraction ana-
lysis. Leaf extract of Memecylon umbellatum used for the synthesis of
silver nanoparticles and their size were found in the range of 15-20 nm
(Arunachalam et al., 2013). Silver nanoparticles in the range of
1-30 nm are good candidate for bioactivity such as antimicrobial, an-
tioxidant and anticancer as reported earlier (Mohanta et al., 2017b,
2018).

3.5. Zeta potential and dynamic light scattering (DLS)

Zeta potential and DLS measurements were carried out for B-AgNPs
(Fig. S8 a, b). The zeta potential of B-AgNPs was found to be —23.8 mV
(Fig. S8 a) indicating moderate stability and a good dispersion of AgNPs
due to efficient capping. It has been reported that surface charge of pure
AgNPs prepared by chemical route is about —27 mV (Mukherjee et al.,
2014). The downward shifting of surface charge in B-AgNPs is due to
the presence of capping molecules. The average size of B-AgNPs was
between 25 and 40 nm (Fig. S8 b) as determined by DLS analysis. The
size of B-AgNPs obtained by DLS measurement is in good agreement
with the size obtained by HR-TEM analysis.

3.6. X-ray diffraction analysis

The XRD pattern of the biogenic AgNPs is given in Fig. 3. The well
resolved peaks at 20: 38.18°, 44.42°, 64.18° and 70.38° corresponding
to (111), (200), (220), and (311) planes respectively, suggest the cubic
structure of B-AgNPs (space group Fm3m; a = 4.0740 A, b = 4.0740 A,
¢ =4.0740A, a =P =y =90% JCPDS file no. 00-003-0921). The
average crystallite size of B-AgNPs was calculated using the Debye-
Scherrer formula (Eq. a) after subtracting the Cu K, contribution and
making allowance for instrumental broadening (Cullity, 1978).

D = KA/} cosb (a)

Where D is the crystallite size of B-AgNPs, A is the wave length of the X-
ray source (0.1541 nm), (3 is the full width at half maximum of the
diffraction peak, K is the Scherrer constant with a value from 0.9 to 1,
and 0 is the Bragg's angle. The average crystallite size was found to be
20 nm, which is in good agreement with the size obtained by SEM and
HR-TEM technique.

3.7. Fourier transform infrared spectroscopy

FT-IR analysis of P. emblica extract was performed to identify the
biomolecules responsible for reduction and stabilization of AgNPs. The
FT-IR spectrum showed strong bands at 3348, 1637, 1138 and
1040 cm ! (Fig. S9). The broad absorption band at 3348 cm ™ ! is due to
O-H stretching of the phenol group while the band at 1638 cm ™"
dicates the presence of conjugated carbonyl group (Isaac et al., 2013).
The band at 1040-1086 cm ™! corresponds to C-N stretching vibration
of aliphatic amines or C-O of alcohols/phenol (Mohanta et al., 2016b).
B-AgNPs showed bands at 3450, 1637, 1383 and, 1086 cm ™~ !. The -OH
stretching frequency appeared at 3450 cm ™! became less intense as
compared to pure fruit extract probably due to the reduction in hy-
drophilicity, which confirms the capping of B-AgNPs.

in-

3.8. DPPH (1,1-diphenyl-2-picryl hydroxyl) radical scavenging

The antioxidant activity of B-AgNPs and P. emblica fruit extract (FE)
was evaluated by DPPH assay. DPPH free radical method is an
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Fig. 1b. Visible observations of color change of reaction mixture during biosynthesis of AgNPs. (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)
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Fig. 2. HR-TEM images of biogenic silver nanoparticles (B-AgNPs).
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Fig. 3. X-ray diffraction spectrum (XRD) of stabilized biogenic silver nano-
particles.

antioxidant assay for rapid detection of antioxidants. Ascorbic acid was
used as a positive control. The addition of FE and B-AgNPs in the DPPH
solution led the color to change from purple to yellow, which might be
attributed to the reduction of nitrogen-free radical to hydrazine. This is
due to the presence of several phyto-reductant (natural antioxidants)
present in the P. emblica fruit extract. The variation in % inhibition of
DPPH radical with different concentrations of FE, B-AgNPs, and ASA
are shown in Table S1. The increase in concentration from 1 to 50 ug/
mL resulted in an increase in the % inhibition. This value was found to
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be 35.35-91.49% for ascorbic acid, 26.4-90% for FE, & 35.48-91.93%
for B-AgNPs (Table S1).

The ICs¢ (ug/ml) values of control, P. emblica fruit extract, and B-
AgNPs were found to be 9.88 + 0.71, 14.51 + 0.31 and
10.02 * 0.79, respectively (Table S1). The ICs, value for B-AgNPs was
lower which represent the higher potential antioxidant activity. The
radical scavenging ability of B-AgNPs further confirmed the presence of
natural antioxidant on the surface of AgNPs which plays an important
role in mitigating the ROS stress of the wheat seedlings.

3.9. Effect of different AgNPs and AgNOj treatments on reactive oxygen
species (ROS)

ROS are generated as a byproduct of several metabolic activities
during seed germination, growth of seedling and whole life cycle of the
plant. The high production of ROS can lead to toxicity in plants (Sharma
et al., 2012; Gomes and Garcia, 2013). Keeping this in view, we studied
the effect of optimized dose of B-AgNPs (10 mg/L) on ROS generation in
the germinating seeds of two wheat varieties using DCF-DA stain
(Figs. 4 and 5). The B-AgNPs treated plumule and radicles showed
minimum production of ROS as compared to other AgNPs (Fig. 4 B, G;
Fig. 5B, G). AgNO; treated seeds showed the strongest green fluores-
cence compared to other AgNPs treated seeds for both the varieties
[Fig. 4 (E, J) and Fig. 5 (E, J)]. The increase in ROS accumulation in
radicles and plumules was found in the order AQNO; > C-AgNPs > C-
AgNPs+10% FE > control > B-AgNPs for both varieties. However,
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Radicle with DCF-DA Plumule with DCF-DA

Plant Physiology and Biochemistry 142 (2019) 460-471

Fig. 4. Effect of AgNPs and AgNO5 treatment (10 mg/L concentration) on reactive oxygen species (ROS) production in plumule and radicles of wheat seedlings (HD-
2967) at 6 DAT (A, F represent control, B, G represent B-AgNPs, C, H represent C-AgNPs, D, I represent C-AgNPs +10FE and E, J represent AgNOj3 treatments for

plumules and radicles, respectively).

Radicle with DCF-DA  Plumule with DCF-DA

Fig. 5. Effect of AgNPs and AgNO; treatment (10 mg/L concentration) on reactive oxygen species (ROS) production in plumule and radicles of wheat seedlings
(DBW-17) at 6 DAT (diagram A, F, represent control, B, G, represent B-AgNPs, C, H, represent C-AgNPs, D, I, represent C-AgNPs + 10FE and E, J, represent AgNO3

treatments for plumules and radicles, respectively).

ROS production in DBW-17 was higher as compared to HD-2967 when
they treated with B-AgNPs. Untreated, C-AgNPs as well as AgNO;
treated DBW-17 variety produced higher ROS which resulted in re-
duced seedling growth. In the case of C-AgNPs and AgNO; treatments,
over production of ROS could be due to the intracellular agglomeration
of Ag™ in seedlings which resulted in increased oxidative stress (Yasur
and Rani, 2013). A similar observation was reported by Cvjetko et al.
(2018) where ROS accumulation was higher in Tobacco root tips
treated with AgNO3 as compared to AgNPs. However, in control (un-
treated seeds), excessive ROS accumulation and reduction in seedling
growth was found, possibly due to disturbance or inadequate anti-
oxidative defense mechanism. Such observations were also reported by
Sharma et al. (2012). Maximum seedling growth and minimum ROS
generation were observed in B-AgNPs treatment which is due to ef-
fective antioxidative defense induced by phytochemicals capped AgNPs
(Gupta et al., 2018). These results concur with the findings of Ma et al.
(2015), who also observed that AgNPs induced nanotoxicity in Crambe
abyssinica can be reduced by the enhanced expression of glutathione
(GSH) and related peptides.

3.10. 10. Impact of AgNPs and AgNO3 on seed germination and early
seedling growth in wheat

3.10.1. Effect of different AgNPs and AgNO; treatments on seed
germination percentage of two wheat varieties
Seed germination percentage was not affected by B-AgNPs

treatment as compared to untreated in wheat varieties (Fig. S10). Both
varieties showed 100% germination for both control as well as B-AgNPs
treated seeds. The only difference was found in AgNO; treated seeds
where 80% and 50% germination was found for HD-2967 and DBW-17,
respectively. In case of other AgNPs treated seeds, there was significant
reduction (P < 0.05) in germination percentage which was found to be
23.25%, 10.0% for HD-2967 treated with C-AgNPs and C-AgNPs+10%
FE respectively. A significant reduction (P < 0.05) was recorded in
variety DBW-17 as compared to control (Fig. S10). AgNPs having a the
size less than 100 nm are known to adversely affect the growth of Cu-
curbita pepo plant resulting in the reduction of biomass (Stampoulis
et al., 2009). Furthermore, Amooaghaie et al. (2015) found that
0.2-1.6 mg/L AgNPs were sufficient to suppress the seed germination of
Brassica nigra seeds and seedlings. The observed phytotoxic effects of
the silver nanoparticles were due to the re-oxidation of Ag® to Ag* ions.
It is reported that Ag* has inhibitory effects on seed germination and
seedling growth since it can inactivate proteins and enzymes (Vannini
et al., 2014).

3.10.2. Impact of biogenic AgNPs (B-AgNPs) treatment on seedling growth
of two wheat varieties

Effects of different concentrations (0, 5, 10, 25 and 50 mg/L) of B-
AgNPs on seed germination percentage and early seedling growth on
both varieties are shown in Figs. S11-S12. Maximum increments in all
seed germination parameters were recorded at the concentration of
10 mg/L. It was also found that the increments were higher in HD- 2967
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than DBW-17. At 6 DAT, the radicle length (RL) of HD-2967 treated
with 5, 10 and 25 mg/L B-AgNPs solutions, was increased (P < 0.001)
by 66.02%, 83.7% and 73.75%, respectively. While in case of DBW-17,
it was increased by 48.97%, 40.40%, and 9.79%, respectively as com-
pare to control (Fig. S11B). Relative root elongation (RRE) was in-
creased significantly in both the varieties. It was found to be 68.12%,
82.13%%, 65.77% for HD-2967, and 39.92%, 53.63%, and 12.84% for
DBW-17 variety respectively after treatment with 5, 10 and 25 mg/L B-
AgNPs (Fig. S12G). B-AgNPs treated seeds showed a significant en-
hancement in germination index (GI). It was found to be 68.13%,
82.13% and 65.77% for HD-2967 and 53.62%, 55.46% and 25.38% for
DBW-17 as compared to control (Fig. S12H). It was also observed that
the RL, PL SB, SVI, RRE, and GI were insignificantly reduced in HD-
2967 seeds treated with 50 mg/L B-AgNPs. However, in variety DBW-
17, these parameters significantly decreased (P < 0.01) and found to
be 44.48%, 43.12%, 25.91%, 36.84%, 43.28%, and 36.97% respec-
tively as compared to the control at 6 DAT (Figs. S3, S4, S5). These
results suggest that the phytochemicals capped AgNPs are non-toxic
due to the surface coating of B-AgNPs with natural antioxidant which
may promote root elongation and seedling growth. Similar results were
reported for seeds treated with biosynthesized AgNPs by Yasur and Rani
(2013); Ushahra et al. (2014); Gupta et al. (2018). Natural antioxidants
of P. emblica such as ascorbic acid and hydrolyzable tannins are known
to be effective for scavenging ROS (Scartezzini et al., 2006). The
bioactive constituents present in the plant extract not only acts as a
stabilizing agent but also enhances the biocompatibility of AgNPs
(Moulton et al., 2010). At a crucial phase of seed germination, anti-
oxidants play an important role as they balance redox status and mi-
tigate oxidative stress (De Tullio and Arrigoni, 2003). It is quite possible
that natural antioxidant capped AgNPs might penetrate the seed coat
due to the small size and deliver the desired amount of natural anti-
oxidants that results in a significant increase in seed germination.

466

Khodakovskaya et al. (2009) also reported that carbon nanotubes (CNT)
were able to penetrate the thick seed coat of tomato seeds and enhanced
the water uptake inside seed which effect seed germination and seed-
ling growth. Recently, Mahakham et al. (2016) reported that phyto-
chemically capped GNPs act as nano priming agent and promoted seed
germination and seedling growth of maize plants. It is interesting to
note that B-AgNPs exhibited dose-dependent seed germination and
seedling growth for both wheat varieties. Maximum growth of the
seedlings in both the varieties was found at 10 mg/L concentration of B-
AgNPs. Beyond this concentration, reduction in seed germination
parameters wasinsignificant (50 mg/L). The reduction in seed germi-
nation parameters at high AgNPs concentration could be due to the
aggregation of NPs (Ma et al., 2010). Agglomeration of B-AgNPs at
50 mg/L in the cortex region of roots is shown in Fig. S13 D and 13E.
These B-AgNPs agglomeration may hinder the movement of nutrients
and biomolecules which are essential for normal growth of seedlings.
Razack et al. (2016) reported that at higher concentrations, the ag-
glomeration of AgNPs hindered the galactose metabolism pathway ul-
timately resulting in cell wall damage. Furthermore, EDX analysis
showed a characteristic peak at 3KeV, confirming the presence of
AgNPs aggregates in radicals of wheat seedling treated with B-AgNPs
solution (concentration; 50 mg/L) (Fig. S13 C, F). Several other studies
have shown the internalization, accumulation, and translocation of
nanoparticles in plants (Gonzalez-Melendi et al., 2008; Mahakham
et al., 2016; Palocci et al., 2017). Gonzalez-Melendi et al. (2008) re-
ported the presence of carbon-coated Fe nanoparticles inside Cucurbita
pepo by using several microscopic techniques, including phase contrast
microscopy. Furthermore, Cifuentes et al. (2010) reported accumula-
tion of magnetic carbon coated nanoparticles in four crops i.e. sun-
flower, tomato, pea, and wheat.
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Table 1 C-AgNPs+10% FE treated HD-2967 seeds showed significant en-

F values and significance levels for different AgNPs treatments and AgNO3
treatment at 10 mg/L concentration for various seed germination parameters in
two wheat (Triticum aestivum L.).

Parameters Trt (TRT) Varieties (VR) TRT x VR
RL (cm) 89.319%** 72.166%** 46.853***
PL (cm) 80.533*** 141.127%*** 52.719%**
RDW (mg) 5.772% 8.172* 3.099*
PDW (mg) 7.595%* 1.679™ 2.421 ™

SB (mg) 10.716** 0.700 ™ 3.106*

SVI (%) 234.353%** 422.736*** 110.651%***
RRE (%) 341.957+** 6.454* 107.593***
GI 357.783*** 38.821*** 96.873***

VR variety; TRT treatment; RL radicle length; PL plumule length; RWD radicle
dry, PDW plumule dry weight, SB Seedling biomass, SVI seedling vigor index;
RRE relative root elongation; GI germination index; ***p < 0.001;
**p < 0.01; *p < 0.05 (level of significance); ns non-significant.

3.10.3. Phytotoxicity evaluation of biologically synthesized AgNPs vs
chemically synthesized AgNPs, and AgNO3 in terms of growth parameters

Phytotoxicity of silver nanoparticles (B-AgNPs, C-AgNPs, C-AgNPs
+10% FE and AgNO; salt) on seed germination and early seedling
growth was studied on two wheat varieties after 6 days of treatment
(Figs. 6 and 7). B-AgNPs (concentration; 10 mg/L) treated seeds showed
significant enhancement (P < 0.001) in RL, PL, RDW, PDW, SVI- [,
SVI- II, RRE and GI by 194.90%, 110%, 102.27%, 241%, 243.93%,
239.73%, 197.67% and 296.87% respectively for HD-2967 (Figs. 6 and
7), whereas C-AgNPs treated DBW-17 seeds showed an increment
(P < 0.01) in RL, PL,RDW, PDW,SVI- I, RRE and GI by 31.37%,
26.10%, 72.08%, 62.31%, 41.73%, 43.76% and 63.67% (Figs. 6 and 7)
respectively. C-AgNPs treated HD-2967 seeds showed significant
(P < 0.001) decrease in RL, PL, RDW, PDW, SVI-I, SVI-II, RRE and GI
(Figs. 6 and 7) by 37.70%, 37%, 60.81%, 44.16%, 58.12%, 38.81%,
54.10% and 23.25% respectively as compared to the control. In DBW-
17 significant reduction was recorded only in RDW, PDW, SVI-II
parameters (Table S2).

hancement (P < 0.05) in RL, SVI-I, RRE, and GI by 35.91%, 10.63%,
30.64% and 17.58% respectively. However decrease was recorded in
case of RDW, PDW, SB, and SVI-II. An increase in RL, SL, SDL, SVI-I,
RRE, and GI by 35.91%, 22.74%, 29.82%, 29.82%, 31.7% and 31.71%
respectively observed in DBW-17 treated seeds (Figs. 6 and 7). All seed
germination parameters were significantly (P < 0.05) decreased in
case of AgNO; treated seeds (Figs. 6 and 7). It is reported that chemi-
cally synthesized AgNPs induces toxicity in terms of decrease in the size
of roots and shoot growth, excessive generation of ROS, increased
oxidative stress and cell damage in rice seedlings (Oryza sativa L.),
(Mirzajani et al., 2014; Thuesombat et al., 2014). The toxicity in plants
can be caused by the adsorption of harmful chemicals on the surface of
nanoparticles during their chemical synthesis (Krishnaraj et al., 2012).
In contrast to these negative impacts, B-AgNPs showed a positive
growth effect on wheat seedlings. Similar phytostimulatory effect of
biosynthesized AgNPs on rice seedling growth has also reported by
Gupta et al. (2018).

Results of multivariate ANOVA clearly depict that both varieties
showsignificant variations in response to different AgNPs and AgNO3
treated seeds as compared to control (Table 1). Under different AgNPs
and AgNO; exposure, the result of multivariate ANOVA showed that
RL, PL, SVI, RRE and GI varied significantly (p < 0.001) due to TRT,
VR, and their interactions. RDW varied significantly (p < 0.05) due to
TR, VR, and TRT x VR. PDW and SB varied significantly due to TRT
(p < 0.01) (Table 1).

PCA analysis was carried out to compare and validate the findings of
seed germination percentage and seedling growth after treatment of
AgNPs and AgNOs solution (concentration; 10 mg/L) in both wheat
varieties. Fig. S14 shows the biplot for wheat varieties and their in-
teraction with different treatments. PCA analysis revealed the two
principal components which were responsible for the 96.96% variance
in both the wheat varieties. The first principal component (PC1) shares
90.13% while the second (PC2) shares 6.83% of the data matrix (Fig.
S14). The maximum positive loadings on PC1 were of germination
index (GI), seedling vigor index (SVI), relative root elongation (RRE),
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Fig. 8a. Cytotoxicity assay in radicles stained with Evans blue dye indicates root cell viability in wheat varieties (HD-2967 and DBW-17) at 6 DAT under different
treatments. Diagram A, D, represent B-AgNPs, B, E, represent C-AgNPs, and C, F, represent AgNO; treatments, respectively). (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)

DBW-1~

AghOy {10 mg/L)

Fig. 8b. Enlarge microscopic view (40x) of Evans blue stained radicles (dark blue spots) in wheat varieties (HD-2967 and DBW-17) at 6 DAT. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 2

Bioaccumulation of Ag content (mg Kg~* dry weight) in seedlings of two wheat
varieties (Triticum aestivum L.) different AgNPs and AgNO3 (10 ppm conc.) for 6
DAT compared to control.

Ag Content (mg Kg™ ')

HD-2967 DBW-17
Control 0.0051 =+ .002 0.0037 + .002
B-AgNPs 1.86 + 0.133*** 1.76 = 0.119***
C-AgNPs 7.14 £ 0.085%** 1413 + 1.94**
C-AgNPs + 10%FE 5.19 £ 0.104*** 5.02 * 0.092%**
AgNO3 20.33 * 1.93** 12.52 + 2.08**

Data are means *+ standard deviation, n
%P < 0.001.

3. *P < 0.05; **P < 0.01,

and radicle length (RL) (Fig. S14 b&c). It is evident that control, B-
AgNPs and C-AgNPs + 10%FE were falling in one group for HD-2967
variety, whereas it have similar responses for DBW-17 variety (Fig. S14
a). AgNO; and C-AgNPs treated seeds were differ from each other.
However, C-AgNPs and AgNO; treated seeds showed variations in both
the varieties. PCA analysis suggested that the variables such as radicle
length (RL), seedling vigor index (SVI), relative root elongation (RRE),
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and germination index (GI) are responsible for cluster separation.

It was interesting to note that C-AgNPs treated seeds showed in-
hibitory effect on root elongation and seedling growth in both the
varieties as compared to control. However, the addition of 10% P.
emblica fruit extract to C-AgNPs significant improvement was obsorved
in seed germination percentage, radicle length, and plumule length
(P < 0.05). This clearly shows that P. emblica extract act as an efficient
ROS scavenger. The major causes for the reduction in seedling growth
and seedling biomass in both the varieties in the case of C-AgNPs are
back oxidation of Ag to Ag* ions which arises due to lack of capping
and higher ROS generation. Thwala et al. (2013) reported the toxicity
of AgNPs and ZnO due to the dissolution of particular ions in Spirodela
punctuta. Tt is reported that Ag™ ions cause very toxic effects on the
growth of the seedlings as they form complex with several essential
biomolecules that disrupt normal physiology and growth of the seed-
lings (Stampoulis et al., 2009; Vannini et al., 2013). The process of
dissolution of AgNPs to Ag* depends on some important physiochem-
ical parameters such as size and concentration of nanoparticles, pH,
temperature, ionic strength and presence of ligands (McGillicuddy
et al., 2017). Present results indicated that two wheat varieties showed
different response towards AgNPs treatments as HD-2967 variety was
highly responsive to B-AgNPs treatments as compared to DBW-17



R. Kannaujia, et al.

variety. B-AgNPs can act as a growth promoter at 10 mg/L concentra-
tion by alleviating harmful ROS generation as compared to control in
both wheat varieties. Further studies will be required to understand the
complex interaction of AgNPs at molecular and physiological levels
during seed germination and seedling growth.

3.10.4. Cytotoxicity assay by Evans blue dye

Cytotoxicity of treated and untreated root cells of wheat was studied
by root cell viability assay using Evans blue dye. This dye is a marker of
membrane cells integrity (Gaff and Okongo’ogola, 1971). Fig. 8 (a) and
8 (b) depicts Evans blue dye stained images of control radicle as well as
radicle treated with 5mg/L & 10 mg/L concentrations of B-AgNPs, C-
AgNPs and AgNOj3. Root cell viability was found maximum in case of B-
AgNPs treated HD-2967 radicles followed by control, C-AgNPs and
AgNOs;, respectively. However in DBW-17, maximum root cell viability
was found in control close to B-AgNPs treated radicle. It might be due to
the surface coating of B-AgNPs by phytochemicals present in P. emblica
fruit extract. Higher uptake of dye by radicles of both the wheat vari-
eties treated with 10 mg/L AgNOs; solution as compared to control in-
dicates significant root cell death (Fig. 8 b). Wang et al. (2011) found
that chemically synthesized CuO nanoparicles causes loss of cell in-
tegrity in maize roots. Suspension of CuO nanoparticles (1.5 mM) also
showed a detrimental effect on rice root cells stained with Evans blue
(Shaw and Hossain, 2013).

3.10.5. Silver content (Ag) accumulation studies in wheat seedlings
Wheat seedlings of untreated seeds, as well as seeds treated with
different solutions (10 mg/L) of B-AgNPs, C-AgNPs, C-AgNPs + 10%FE
and AgNOs3, were digested (HNO3:HF) for silver content detection by
ICP-MS analysis at 6 DAT. Accumulation of silver content in B-AgNPs
was lower than those of C-AgNPs and C-AgNPs+ 10%FE treated seed-
lings (Table 2). In HD-2967 variety, silver content was found to be
1.86mgkg ™!, 7.14mgkg~!, 5.19mgkg~?, 20.33mgkg~' for B-
AgNPs, C-AgNPs, C-AgNPs+10%FE and AgNO; treated seedlings re-
spectively. However, in case of DBW-17, it was 1.76 mgkg™?,
14.13mgkg !, 5.02mgkg !, 12.52 mg kg~ ! for B-AgNPs, C-AgNPs, C-
AgNPs+ 10%FE and AgNO; treatments respectively. The highest silver
content was detected in AgNOj treatment, while in untreated (control)
amount of accumulated Ag was below the detection limit of ICP-MS.
These results are similar to the findings reported by other researchers.
Pokhrel and coworker reported that the higher phytotoxicity of AgNO5
than AgNPs and ZnO nanoparticles in maize (Pokhrel and Dubey,
2013), Allium (Cvjetko et al., 2017) plants. In present study, higher Ag
content was found in seed treated with AgNOs is due to fact that Ag™
ions form stable complex with biomolecules that induce oxidative stress
in seeds (Fig. 4 (E, J) & Fig. 5 (E, J)). It is also reported by Xu et al.
(2010) that higher ROS content results in reduced seedling growth.

4. Conclusion

Biogenic silver nanoparticles have been successfully synthesized
and characterized. The results of present study demonstrates the po-
tential role of biogenic AgNPs in wheat as a growth promoter without
any toxic effect which is generally associated with chemically synthe-
sized AgNPs. Exogenous application of phytochemicals capped AgNPs
(concentration; 10 mg/L) promotes the growth of the wheat seedlings
by providing protection against oxidative stress as concluded from in-
creased biomass, relative root elongation, and higher root cell viability.
Enhancement in the seed germination by administrating natural anti-
oxidant through the B-AgNPs will open a new way for the delivery of
active molecules to mitigate ROS toxicity for sustainable agriculture
production.
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