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Abstract

Nanotechnology can be effectively used in agriculture to improve crop production. Biosynthesized nanoparticles can enhance
the growth and yield of several crops. In this work, we examine the effect of green synthesized silver nanoparticles from
Pongamia pinnata (L.) Pierre leaf extract on the germination and growth of Black gram (Vigna mungo (L.) Hepper). Upon
treatment with biosynthesized silver nanoparticles, we found a 22% increase in seed germination and a 36% enhancement in
seedling growth. Further, pot experiments revealed a significant increase in root length (33%), pod weight (21%) and grain
weight (26%). A significant increase in phenolics (20%) and carbohydrates (17%) was also observed. Assessment of the
antioxidative enzymes revealed a significant increase in catalase activity (9%), thus indicating a reduced oxidative stress and
associated damage. The results suggest that biocompatibility of the synthesized nanoparticles and efficient ROS scavenging
mechanisms together play an important role in exhibiting an overall positive effect on germination, growth and development
of Black gram (Vigna mungo (L.) Hepper). The evidence also suggests that Pongamia pinnata (L.) Pierre may be a good
source for the biosynthesis of nanoparticles and use as a plant growth enhancer.

Keywords Green silver nanoparticles - Seed priming - Black gram - Plant growth enhancer - ROS scavenging

Introduction

In recent times, advancements in nanotechnology has
resulted in its application in several fields such as agricul-
ture, chemical synthesis, manufacturing, medicine and drug
delivery (Saratale et al. 2018). Enhanced application in agri-
culture is mainly because nanoparticles (NPs) easily pen-
etrate different parts of the plants and interact with multitude

Handling Editor: Durgesh Kumar Tripathi.

P4 Jagan M. Obbineni
jagan.obbineni @vit.ac.in

School of Biosciences and Technology, Vellore Institute
of Technology, Vellore, Tamilnadu, India

School of Agricultural Innovations and Advanced Learning,
Vellore Institute of Technology, Vellore, Tamilnadu, India

School of Biology, Indian Institute of Science Education
and Research Thiruvananthapuram, Thiruvananthapuram,
Kerala, India

@ Springer

of living cells and tissues (Salem and Fouda 2020). NPs
are small particles having a size range of 1-100 nm. Both
metallic and non-metallic NPs have been synthesized from
different materials (Iravani et al. 2014). Such engineered
NPs have been shown to have a high potential for increas-
ing crop yields and also protecting crops (Basavegowda and
Baek 2021).

Metallic NPs have been synthesized using two different
approaches viz., the top-down approach (includes mechani-
cal milling, sputtering, laser ablation, electro-explosion
and chemical etching) and the bottom-up approach (which
includes sol—gel process, spray pyrolysis, aerosol process,
laser pyrolysis, chemical vapour deposition and atomic con-
densation) (Iravani et al. 2014). Irrespective of the approach
used, toxic chemicals and expensive equipment are used,
rendering them disadvantageous. Several chemicals such
as sodium borohydride, hydrazine and dimethylformamide
have been used as reducing agents in chemical synthesis
methods (Iravani et al. 2014). On the other hand, the green
synthesis methods being currently followed do not use toxic
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chemicals and are environmentally friendly as they do not
produce any harmful by-products (Singh et al. 2018). This is
because the stabilizing and reducing agents used are either
microbes (fungi, bacteria and algae) (Ghosh et al. 2021)
or plant sources (such as roots, leaves, fruit, flowers and
seeds) which are non-toxic, cost-effective and eco-friendly
(Jadoun et al. 2021). Compared to microbial synthesis,
plant-mediated synthesis has a higher yield of synthesized
NPs (Rafique et al. 2017). A recent comprehensive review
discusses the methods used for the biological synthesis of
metallic NPs and their applications (Kumar and Seth 2021;
Krishnasamy and Obbineni 2022).

Chemically and biologically synthesized NPs have played
a significant role in the field of agriculture (seed priming,
nano-fertilizer, pesticides etc.) and the effect of these synthe-
sized NPs on plant growth and nutrition has been examined.
The growth of the seedlings of Vigna radiata L. and the soil
microbial community was improved by titanium oxide NPs
synthesized from Aspergillus flavus (Raliya et al. 2015). The
growth of the maize plant was improved by zinc oxide NPs
synthesized from the bacteria, Bacillus subtilis (Sabir et al.
2020). Plant growth has also been boosted by foliar spraying
of biosynthesized sulphur NPs (Salem et al. 2016a, b; Ragab
and Saad-Allah 2020; Najafi et al. 2020) and green synthe-
sized magnesium oxide NPs (Jhansi et al. 2017; Vijai Anand
et al. 2020). The growth of Phaseolus vulgaris was enhanced
using chemically synthesized silver NPs (Das et al. 2018).
Using silver NPs, increased Arbuscular Mycorrhizal Fun-
gal colonization and enhanced growth of pea was obtained
(Rahman et al. 2023). In rice seedlings, silver NPs mediated
stress was relieved by endogenous nitric oxide accumula-
tion and ethylene played a very crucial role in the regulation
(Tripathi et al. 2023).

Among metallic NPs, silver nanoparticles (AgNPs)
have gained prominence and find several applications in
crop improvement and protection. In the case of biologi-
cal synthesis of silver nanoparticles (AgNPs), silver nitrate
is reduced by proteins present in the extracts, thus caus-
ing a change in the secondary structure of proteins and the
creation of silver nuclei. Later, the silver nuclei expand as
a result of further reduction of silver ions and their aggre-
gation at the nuclei. Flavonoids have been reported to be
responsible for the green synthesis of AgNPs (Mustapha
et al. 2022). Synthesized AgNPs have been used as an
antimicrobial agent, in food packaging, wastewater treat-
ment and biomedical applications (Vanlalveni et al. 2021).
Biosynthesized AgNPs have been shown to have potential
use as fertilizer, and pesticides, to manage diseases and
abiotic stress tolerance (Sangeetha et al. 2021; Al-khattaf
2021; Alabdallah and Hasan 2021). Phyto-functionalized
AgNPs were able to protect the silk worms from Flach-
erie and Sappe microbial diseases (Surendra et al. 2023).
Biologically synthesized AgNPs were shown to increase

physiological growth parameters in water hyacinth plants
(Rani et al. 2016). Seed germination and seedling growth
were increased using biosynthesized AgNPs from seaweed
extracts (Roy and Ananthraman 2017). AgNPs synthesized
using agro-industrial by-products improved seedling devel-
opment in watermelon seed, with no significant variations in
nutritional content between the treated and untreated groups
(Acharya et al. 2020). AgNPs synthesized from the plant
extract of Capparis spinosa have increased the germina-
tion and seedling growth of the wheat plant under salt stress
(Ismail and Abou-Zeid 2018). Biosynthesized AgNPs from
Malva parviflora showed significant differences in carbo-
hydrate and proline content thereby enhancing growth of
hydroponically cultivated Brassica oleracea (Oraibi et al.
2022). Biologically synthesized AgNPs have been shown
to enhance the growth of soybean seedlings by regulating
several proteins involved in degradation as well as ATP gen-
eration (Mustafa et al. 2020).

Pongamia pinnata (L.) Pierre, commonly known as Pon-
gam Tree has been profoundly used in agriculture as green
leaf manure for a long time. The leaves and branches of the
plant are collected and incorporated into the soil well before
the cultivation of a crop. The oil cake from the seed has
been found to contain nitrogen (4—6%) and sulphur (0.2%)
and is used as organic manure. The plant is also known for
its medicinal properties and has been used for relieving
headaches as well as wound healing (Bhandirge et al. 2015;
Balasooriya et al. 2021). Pongam seeds have been used as
a source for the production of lignocelluloses and ethanol
(Radhakumari et al. 2017). The methanolic extract of leaves
has exhibited antimicrobial activity, wound healing in rats
(Dwivedi et al. 2017), and pesticidal activity (Tran et al.
2017). Previously, Pongamia pinnata (L.) Pierre extracts
have been used for the synthesis of silver (Beg et al. 2017;
Kishanji et al. 2020), gold (Khatua et al. 2020) and zinc
(Malaikozhundan et al. 2017; Malaikozhundan and Vino-
dhini 2018) NPs. AgNPs synthesized from an aqueous seed
extract of pongam have shown the ability to bind human
serum albumin (Beg et al. 2017). The dried leaves of pon-
gam were used to synthesize AgNPs and exhibited antibac-
terial activity (Raut et al. 2010). Biosynthesized gold NPs
from an aqueous extract of pongam leaves showed antifungal
activity (Khatua et al. 2020). Zinc NPs synthesized from
pongam leaf extract showed pesticidal (Malaikozhundan
and Vinodhini 2018), antibacterial, and antifungal activity
(Malaikozhundan et al. 2017).

Although, biosynthesized AgNPs have been used for
several biological applications, there has been only one
recent study on yield improvement in a pulse crop using
microbe mediated synthesis of AgNPs (Sambangi and
Gopalakrishnan 2023). There has been no study on yield
improvement in pulse crops using plant mediated synthesis
of AgNPs. In addition, there has been no report of yield
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improvement using Pongamia pinnata (L.) Pierre extract
synthesized AgNPs. In this work, we for the first time report
the use of green synthesized AgNPs from Pongamia pinnata
(L.) Pierre extract to assess the seed germination, growth
and yield of Black gram (Vigna mungo (L.) Hepper) by
priming and treatment.

Methods

Plant Extract Preparation and Silver Nanoparticle
(AgNP) Biosynthesis

Fresh and disease-free Pongamia pinnata (L.) Pierre leaves
were picked from the VIT farm. The leaves were washed
several times with de-ionized water to remove any debris and
dust particles from the surface. Subsequently, the samples
were shade dried for 2 weeks. The dried leaf samples were
then crushed into a fine powder using a mechanical grinder.
10 gms of the powder was mixed with 100 mL of double
distilled water in a beaker and the beaker was placed in a
water bath at 60 °C for 20 min. After 20 min, the beaker
was cooled down to room temperature, and the solution was
filtered using Whatman No. 1 filter paper (GE life sciences)
and stored at 4 °C for subsequent use. Different concentra-
tions of silver nitrate (AgNO;) (0.5 mM, 1 mM, 1.5 mM,
2 mM and 2.5 mM) were mixed with the plant extract in
a ratio of 1:10 (v/v) and placed on a hot plate stirrer with
a constant speed of 500 rpm and temperature of 60 °C for
3 h. At every 15 min, 2 mL of the sample was taken, and
absorbance was measured using a UV—Vis spectrophotom-
eter (Shimadzu UV-1280). After 3 h the sample was cooled
to room temperature and stored at 4 °C. The biosynthesized
Pongamia pinnata (L.) Pierre AgNPs (PpAgNPs) were fur-
ther characterized.

Characterization of AgNPs

To characterize and assess the stability of PpAgNPs,
UV-Vis spectrophotometer (Shimadzu UV-1280) was
used. The absorbance of the solution was measured in the
wavelength range from 300 to 700 nm. Colour change in the
final product after mixing AgNOj; at different concentra-
tions with the plant extract was noted. The size distribution
and zeta potential of PpAgNPs was analyzed using dynamic
light scattering (DLS) (Horiba Scientific SZ100 Nanopar-
tica). The functional groups present in the PpAgNPs sample
were determined using Fourier transform infrared (FTIR)
spectroscopy (Shimadzu IR-Affinity-1). For FTIR, samples
were prepared by first centrifuging at 10,000 rpm for 10 min.
The supernatant was discarded and to the pellet, ethanol was
added. This was centrifuged again at 10,000 rpm for 10 min.
The process was repeated 2 times. Then, the pellet was dried
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overnight at 90 °C in a hot air oven. 1 mg of sample was
mixed with potassium bromide (KBr) and used for analysis
in transmittance mode. The crystalline nature was analyzed
by taking 10 mg of dried PpAgNPs in a powder X-ray dif-
fractometer (XRD) (Bruker, D8 Advance). The morphologi-
cal characteristics such as shape and size of PpAgNPs were
obtained by diluting the sample in double distilled water
(1:10) and imaging in a 120 keV transmission electron
microscope (TEM) (FEI Tecnai G2 Spirit BiocTWIN) with a
4kx4k CCD camera (Gatan US4000).

Seed Germination Test

Black gram (Vigna mungo (L.) Hepper) cv Vamban 6
seeds were surface sterilized by immersing in 4% sodium
hypochlorite (NaOCl) solution for 15 min. The solution was
stirred for 30 s every 5 min. The seeds were then washed
with distilled water to remove any residual sodium hypochlo-
rite from the seed surface. After that, the seeds were soaked
for 3 h in Milli-Q water (control) and various concentra-
tions of PpAgNPs (treatment). Seed germination test was
performed by placing the seeds on top of two sheets of blot-
ting paper in a Petri plate. Nine seeds were placed in each
plate. The blotting paper was soaked with 10 mL of Milli-Q
water in the case of control plate and 10 mL of PpAgNPs
in different concentration in the treatment plates. The Petri
plates were covered with parafilm to avoid moisture loss by
evaporation. Subsequently, the plates were placed at room
temperature and maintained under a normal light/dark cycle.
Germination was recorded every day. After 10 days, the ger-
mination percentage (GP) and vigour index were calculated
using the formula given below —

Ng
GP = —£ x 100
N

where N, is the number of germinated seeds and N is the
total number of seeds.

VI = GP x (RL + SL)

where RL is the root length and SL is the shoot length
(Abdul-Baki and Anderson 1973).

The root and shoot lengths of the seedlings were meas-
ured and recorded. The experiment was repeated 3 times in
duplicate.

Pot Experiment

This experiment was conducted at the greenhouse of the
School of Agriculture, Vellore Institute of Technology,
Vellore, India. A total of 9 PVC (polyvinyl chloride) pots
(30 cm in diameter and 25 cm in height) were used to set up
triplicates with three different conditions viz., control (no
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fertilizer), liquid fertilizer (19:19:19 N:P:K) and PpAgNPs
in a completely randomized design. Each pot was filled with
8000 gms of air-dried and sieved (with a 250-micron mesh
sieve) red soil (pH 7.2). Black gram (Vigna mungo (L.) Hep-
per) cv Vamban 6 seeds were surface sterilized using 4%
sodium hypochlorite for 10 min and subsequently washed
with distilled water for 10 min to remove any residue. Seeds
were primed with distilled water (group A), 19:19:19 N:P:K
liquid fertilizer (group B), and 25 mg/L PpAgNPs (group C).
Eight seeds per pot were sown in each group. After germina-
tion, thinning was done, and only two plants per pot (seed-
lings with equal height across different conditions) were
retained. Soil water content was maintained by watering 1 lit
of tap water 3 times a week. On the 20th, 35th and 50th day
after sowing (DAS), 10 mL of treatment was given by foliar
application for the different groups i.e., only deionized water
for group A, liquid fertilizer (19:19:19 N:P:K) for group B
and 50 mg/L of PpAgNPs for group C. The concentration
of PpAgNPs for treatment by foliar application was chosen
based on a previous reported study (Das et al. 2018).

Physiological Parameters

Several physiological parameters viz., root length and shoot
length, fresh weight and dry weight, as well as flower count
and pod count, were measured and recorded. On the 70th
DAS, two plants per group were uprooted and washed with
tap water to remove any soil on the root surface. The length
of the roots and shoots was measured using a measuring
scale and recorded. The plant samples were spread on a
blotting paper to remove any water molecules on the sur-
face. The weight of each plant sample was measured on a
weighing balance and recorded as the fresh weight of the
sample. The sample was then placed in a hot air oven at
70 °C for 48 h. The weight of the sample was again meas-
ured and recorded as the dry weight of the sample (Khalid
et al. 2017). On the 35th, 45th and 55th DAS, the number
of flowers per plant was counted. The number of pods per
plant was also counted after physiological maturity (black
mature pods), and yield was evaluated by measuring the
overall grain weight.

Biochemical Parameters

After maturity, the total phenol, carbohydrate and protein
content in the leaves was estimated. For total phenol, the
leaf samples were prepared by following a previously pub-
lished method (Karthik et al. 2020) and concentration of
phenol was estimated by Folin—Ciocalteau reagent (Mar-
tins et al. 2021). For total carbohydrate and protein con-
tent, a previously published method by (Mathur et al. 2015)
was followed. Estimation of total carbohydrate was done

by phenol—sulphuric acid method (Chow and Landhdusser
2004) and total protein by Lowry method (LOWRY et al.
1951). The photosynthetic pigments, Chlorophyll a and b
were also estimated by following the method described in
(Karthik et al. 2020). All the experiments were carried out
two times with duplicates.

Oxidative Stress Markers

The amount of hydrogen peroxide (H,0,) in the leaf sample
was quantified using a spectrophotometer as done previously
(Velikova et al. 2000; Yadav et al. 2022). Briefly, 5 mL of
pre-chilled 0.1% trichloroacetic acid (TCA) was added to
500 mg of leaf and the mixture homogenized using a pre-
cooled mortar and pestle. The homogenate was centrifuged
at4 °C at 11,500 rpm for 15 min. The supernatant (0.5 mL)
was mixed with 0.5 mL of 10 mM potassium phosphate
buffer (pH 7) and 1 mL of 1 M potassium iodide (KI). The
solution was placed in the dark for 1 h and the absorbance
was recorded at 390 nm. The H,0O, concentration was cal-
culated by applying the formula -

[H,0,] (umolg™") = Aggg + 00043 250 v o Fw

where FW denotes the fresh weight of the leaf gmL~! and V
denotes volume of extract (mL).

Lipid peroxidation was assessed to evaluate the cell
membrane damage. The assessment was done by measur-
ing the concentration of malondialdehyde (MDA), which is
one of the final products of peroxidation. This was assessed
indirectly by estimating the concentration of thiobarbituric
acid reactive substance (TBARS) (Du and Bramlage 1992;
Agnihotri and Seth 2020; Gupta and Seth 2021). Briefly,
5 mL of pre-chilled 80% ethanol was added to 0.2 g of leaf
and homogenized using a pre-chilled mortar and pestle.
The homogenate was then centrifuged at 4 °C, 8200 rpm
for 10 min. The supernatant (1 mL) was added to 4 mL of
20% TCA with 0.67% of 2-thiobituric acid (TBA) and placed
in a water bath for 30 min at 90 °C and subsequently cooled
by placing on ice. The solution was centrifuged once again
and the resulting supernatant was collected. Absorbance
was recorded at three different wavelengths (440, 532 and
600 nm) and the concentration of MDA was calculated using
the formula -

[MDA](nmolg™") =[As32 — Agop = 0.05714 X (A gy — Aaoo)]/
0.157 X FW

where FW denotes the fresh weight of the leaf.
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Antioxidant Activity

To determine the antioxidant activities, enzymes such as
catalase (CAT), superoxide dismutase (SOD), ascorbate
peroxidase (APX) and peroxidase (POD) were estimated
using the plant leaf extract (Singh et al. 2017). Leaf sam-
ples were collected on 37th DAS and stored immediately
at— 80 °C. The leaf sample (100 mg) was homogenized in
1 mL of ice cold 100 mM phosphate buffer (pH 7) con-
taining 0.1 mM ethylenediaminetetraacetic acid (EDTA),
0.2% Triton X-100, 1 mM phenylmethylsulfonyl fluoride
(PMSF) and 2% polyvinylpyrrolidone (PVP). The solu-
tion was centrifuged at 4 °C at 12,000 rpm for 20 min.
The supernatant obtained was used for further analyses.
To evaluate the CAT activity, we followed the method by
(Dutta Gupta and Datta 2004). Briefly, a solution con-
taining 100 pL of enzyme extract and 1.8 mL of 50 mM
phosphate buffer (pH 7) was prepared and absorbance
measured at 240 nm. To this solution, 100 pL of 0.6%
H,0, was added and absorbance was measured every 30 s
for 3 min. A blank without the enzyme extract was also
prepared. H,O, breakdown at 1 umol/min was termed as
one unit of enzyme activity which was estimated using
£=0.036 mM~! cm™! as the extinction-coefficient of H,O,.
SOD activity was estimated by inhibiting the reduction of
nitro blue tetrazolium (NBT) as reported by (Beyer and
Fridovich 1987). In short, a solution containing 100 uL of
extract, 22.5 uM NBT, 0.1 mM EDTA, 2 uM riboflavin,
13 mM L-methionine was prepared and absorbance noted
at 560 nm. The solution was then exposed to light and
after 5 min, another measurement was noted. A blank was
prepared without the enzyme extract. The enzyme concen-
tration sufficient for 50% inhibition in NBT degradation
was considered equivalent to one unit of SOD activity.
APX activity was estimated using the method reported
by (Nakano and Asada 1981). A reaction mixture con-
taining 1 mL of 50 mM phosphate buffer (pH 7), 200 uL
of 5 mM ascorbate and 200 uL. of 1 mM EDTA was pre-
pared. To this mixture, 200 pL of enzyme extract and 200
uL of 1 mM H,O, were added. The decrease in ascorbate
concentration was noted by recording the absorbance at
290 nm for 3 min. One unit of enzyme activity was cal-
culated as the degradation of ascorbate at a rate of 1 mol/
min. To compute the activity, the extinction coefficient of
ascorbate at 290 nm was set at e=2.8 mM~! cm~!. POD
activity was evaluated by monitoring the conversion of
pyrogallol compound to purpurogallin in the presence of
H,0, (Kar and Mishra 1976). Briefly, 10 pL of enzyme
extract was added to 5 mL of pyrogallol solution pre-
pared in 25 mM of phosphate buffer (pH 6.8) containing
50 pL of 3% H,0,. The shift in absorbance at 420 nm
was examined for 4 min. One unit of enzyme activity was
specified as formation of 1 mol purpurogallin per min,
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which was estimated using e=2.47 mM~! cm™! as the
extinction-coefficient.

Statistical Analysis

Statistical analyses of all the data were done using JMP soft-
ware (SAS Institute, 1989). The means of different groups
were compared by performing the Student’s t-test and the
level of significance was set at p <0.05.

Results
Biosynthesis of AGNPs

The aqueous extract of Pongamia pinnata (L.) Pierre leaves
is red in colour and AgNOj is colourless. Upon mixing and
following the protocol for AgNPs synthesis, the colour of the
solution changed to dark brown (Fig. 1A Inset), corroborat-
ing well with previously published observations (Roy and
Ananthraman 2017). The colour change is due to a reduction
of Ag* to Ag® wherein the plant extract acts as a reducing
and stabilizing agent.

Characterization of AgNPs

The product obtained after biosynthesis was analyzed using
UV-Visible spectrophotometer. The maximum absorbance
was observed at 410 nm with a broadening peak indicat-
ing the polydisperse nature of the synthesized particles
(Fig. 1A). Based on previous studies, it is evident that dif-
ferent characterization peaks between 410 and 480 nm typi-
cally indicate AgNP synthesis (Gogoi et al. 2015; Taha et al.
2019) and the various wavelengths can be attributed to the
size and shape of the AgNPs (Hussain et al. 2018).

The DLS particle size distribution of PpAgNPs shows
the polydisperse nature of the particles with a size ranging
from 25 to 200 nm and an average particle size of 54.3 nm
(Fig. 1B). The larger size particles seem to appear due to the
agglomeration of the PpAgNPs. The zeta potential value of
PpAgNPs was -30.8 mV indicating a stable synthesized NP
(Fig. 1C). A zeta potential of minimum + 30 mV is required
for a physically stable suspension stabilized by electrostatic
repulsion (Casula et al. 2021).

FTIR spectrum of PpAgNPs (Fig. 1D) showed dif-
ferent peaks at 3250.05, 2935.66, 1587.68, 1271.09,
1066.64 and 1043.49 cm™". The peak at 3250.05 cm™' and
2935.66 cm™! could be due to O—H group in alcohols and
carboxylic acids, respectively. A peak at 1587.68 cm™!
may be attributed to N—O in nitro compounds. The band
observed at 1271.09 is due to C-O stretching of aro-
matic esters. The peak observed at 1066.64 cm~! and
1043.49 cm™~! may be recognized as stretching of S=0O
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Fig.1 A: UV-Vis Spectrum of PpAgNPs with different concentra-
tion of AgNO; and visual observation of colour change upon bio-
synthesis of AgNPs (Inset). B: Dynamic light scattering particle size
analysis of PpAgNPs (1.5 mM). C: Zeta potential analysis of PpAg-

NPs (1.5 mM). D: FT-IR spectrum of AgNPs and pongam leaves
aqueous extract. E: X-ray Diffraction data of PpAgNPs (1.5 mM). F:

Transmission electron microscopy image of PpAgNPs (1.5 mM)
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in the sulfoxide group. There is a shift in these absorp-
tion peaks after the biosynthesis of AgNPs indicating
the binding of molecules containing these groups to the
AgNPs thereby stabilizing the nanoparticles. Such a shift
has been previously observed (Masum et al. 2019) and
also Pongamia pinnata (L.) Pierre leaf extract has been
reported to contain flavonoids in abundance (Degani et al.
2022) corroborating well with the observations. Reports
also indicate that Ag* ions possibly bind to flavonoid,
alkaloid, terpenoid, aldehyde and amide compounds thus
resulting in bioreduction and formation of capped AgNPs
(Behravan et al. 2019).

Figure 1E shows the XRD pattern of PpAgNPs. The
pattern shows three peaks at 26 values 38°, 45°, and 65°
with corresponding miller index values 111, 200, and
220, respectively. This indicates that the AgNPs are in a
cubic crystalline phase in agreement with previously pub-
lished results (JCPDS card No. 040783, 870,598, 870,720
and 893,722). The size of the particle can be estimated
using the Scherrer formula —

_ 091
h pcosd

where, D is the crystalline size, 4 is the wavelength of X-ray
used, f is the width at half-maximal light (maximum inten-
sity peak) and @ is the Bragg’s angle. Using the formula, the
size was estimated to be about 15 nm.

The shape of nanoparticles was mostly spherical as
visualized in the TEM image (Fig. 1F). Spherical AgNPs
have also been observed previously (Santhosh et al.
2019).

Seed Germination Test

The effect of different concentrations of PpAgNPs on seed
germination and seedling growth was examined. The germi-
nation percentage (GP) of PpAgNPs at 0.5 mM, 1 mM and
1.5 mM AgNO; was found to increase significantly by 13%,
20% and 21%, respectively. In comparison, there was only
a 3% increase in GP for filtered plant extract with respect
to the control (Table 1). The GP was found to increase with
increasing concentrations of PpAgNPs (upto a concentra-
tion of 1.5 mM) but at higher concentrations (greater than
1.5 mM) the GP started to decrease and was even lower than
the control condition at 2.5 mM concentration of AgNPs.
The GP was found to be highest (98.76%) at 1.5 mM concen-
tration of AgNPs, and this was significantly different when
compared to the control group.

After the 10th day, the root and shoot length of the seed-
lings were measured and the seedling vigour index (VI) was
calculated. Table 1 summarizes the parameters, root length,
shoot length and vigour index of the seedlings for the control
and treatment conditions. The seedlings treated with PpAg-
NPs (1 mM AgNO;) showed a 19% increase in root length
whereas that with 1.5 mM AgNO; showed a 23% increase in
shoot length. The seedlings treated with PpAgNPs (1.5 mM
AgNO;) showed a 35% increase in VI.

Biosynthesized AgNPs have previously been shown to
promote seed germination in several plant species (Gupta
et al. 2018). This has mainly been attributed to the abil-
ity of biosynthesized AgNPs to penetrate the seed coat and
stimulate the growth of the embryo (Al-Hugqail et al. 2018).
In addition, some studies have shown that biosynthesized
AgNPs have influenced the activities of several enzymes,

Table 1 Germination

Parameter/treatment group ~ Germination Root length (cm)  Shoot length (cm)  Vigour index
percentage, root length, shoot
. . percentage (%)
length and vigour index of
the seedlings in the different Control 81.26+2.1 5.84+27 13.42+12 1631.469
treatment groups (only water)
Pongamia pinnata (L.) 83.94+14 6.14+2.4 12.24+14 1542.817
Pierre leaf extract
PpAgNP 92.57£1.6* 4.89+1.9 1385+£1.8 1734.761
(0.5 mM AgNO;)
PpAgNP 97.53 £ 1.1%* 6.95 + 1.5%* 14.68+24 2109.574%*
(1 mM AgNO;)
PpAgNP 98.76 + 0.5%* 6.51+1.3%* 16.6 +2.7%* 2216.174%*
(1.5 mM AgNO;)
PpAgNP 83.94+1.2 4.49+2.6 11.32+24 1327.091
(2 mM AgNO;)
PpAgNP 71.59+2.6 4.46+2.2 10.66+2.5 1082.440

(2.5 mM AgNOy)

The highest value in the case of each parameter is boldfaced

* and ** indicate p <0.05 and p <0.01 respectively, the level of significance when compared to the control

group
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thereby promoting seed germination (Roy and Ananthra-
man 2018).

Pot Study Experiment
Physiological Parameters

As the PpAgNPs (1.5 mM AgNO;) showed the highest VI,
pot study experiments were conducted using these synthe-
sized AgNPs to assess the effect on overall growth and yield.
After the 70th day, the plants were uprooted, and several
growth parameters, viz. root length, shoot length, fresh
weight, dry weight, flower count, pod count, the number of
nodules, pod weight and grain weight, were estimated. Fig-
ure 2A shows the uprooted plants. Plants treated with PpAg-
NPs had a root length and shoot length of 68.53 +£1.75 cm
and 38.7 + 1.85 cm. The root length was found to be 33%
higher and shoot length 20% lower when compared to plants
treated with the liquid fertilizer. The root length showed a
77% increase and shoot length a 78% increase as compared
to plants in the control group (Fig. 2B and C). The plants
treated with PpAgNPs showed similar fresh and dry weights
when compared to the plants treated with liquid fertilizer
(Fig. 2D and E). The plants treated with PpAgNPs showed
a sixfold increase in fresh weight and threefold increase in
dry weight as compared to the control plants.

The number of flowers was counted on the 35th, 45th and
55th day after sowing whereas the number of nodules and
pods per plant were examined after the 70th day i.e., when
the plants were uprooted. Plants treated with PpAgNPs had
the greatest number of flowers, nodules and pods per plant
when compared to the other treatment groups (Fig. 3A-C).
Black gram (Vigna mungo (L.) Hepper) cv Vamban 6 plants
treated with PpAgNPs yielded pods and grains with a total
weight of 78.14+0.84 gms and 75.6 +0.57 gms, respec-
tively. This was found to be significantly greater than the
plants treated with liquid fertilizer (by onefold) as well as
the control group (by twofold) (Fig. 3D and E).

Biosynthesized AgNPs have previously been shown to
promote seedling and plant growth (Sadak 2019). Studies
have shown that the biosynthesized AgNPs influence the
activity of several enzymes which are involved in plant
growth and metabolism (Igbal et al. 2019; Tripathi et al.
2020; Azeez et al. 2022).

Biochemical Parameters

The effect of treatment of PpAgNPs on the concentration
of biochemical parameters such as total phenol, carbohy-
drate, protein, chlorophyll a, chlorophyll b and carotenoid
was assessed. The total phenol content was high in PpAg-
NPs treated group (0.66 +0.019 mg/ml) and was found to
be 20% higher when compared to liquid fertilizer group and

81% higher when compared to the control group (Fig. 4A).
The carbohydrate and protein content in the AgNPs treated
sample was 0.69 +0.016 mg/ml and 0.82 +0.022 mg/ml
respectively. The carbohydrate and protein content were
86% and 81% higher than the control group whereas they
were 17% and 10% higher than the liquid fertilizer treated
group (Fig. 4B and C). The content of photosynthetic pig-
ments such as chlorophyll a and chlorophyll b were higher in
AgNPs treated sample (1.06+0.02 pg/ml and 2.69 +0.08 g/
ml). Chlorophyll a was found to be 18% higher in PpAgNPs
treated sample as compared to liquid fertilizer treated sample
and 91% higher as compared to control samples (Fig. 4D).
Chlorophyll b was 32% higher in PpAgNPs treated samples
with respect to the control samples (Fig. 4E). Carotenoid
content in PpAgNPs group was 0.06 +0.006 pg/ml and this
was 15% higher when compared to the liquid fertilizer group
(Fig. 4F).

Oxidative Stress Markers

The concentration of oxidative stress markers was assessed
upon treatment. There was a 34% decrease in hydrogen
peroxide (H,O,) and a 60% decrease in malondialdehyde
(MDA) in PpAgNPs treated sample with respect to the con-
trol group. The decrease in concentration of H,O, and MDA
in PpAgNPs treated sample was 27% and 33% in comparison
to the liquid fertilizer treated group (Fig. SA and B).

Antioxidant Activity

In tandem with the assessment of oxidative stress markers,
the activity of enzymes involved in relieving oxidative stress
was also assessed. There was a onefold increase in catalase
(CAT) enzyme activity in PpAgNPs treated group com-
pared to both liquid fertilizer and control group (Fig. 5C).
Superoxide dismutase (SOD), ascorbate peroxidase (APX)
and peroxidase (POD) activities were also onefold higher in
PpAgNPs treated group but the difference was not signifi-
cant (Fig. 5SD-F).

Discussion

Plants have several biomolecules viz. phenols, polysaccha-
rides, flavonoids, terpenes and alkaloids (Teoh 2016; Erb
and Kliebenstein 2020) and many of them have a growth
stimulatory effect (Erb and Kliebenstein 2020; Pang
et al. 2021). Hence, plant parts can be used to biosyth-
esize metallic nanoparticles. In this study, we synthesized
spherical AgNPs with an average particle size of 54 nm
using Pongamia pinnata (L.) Pierre leaf extract. Further
to that, the biosynthesized PpAgNPs (1.5 mM AgNO,)
were used for nano-priming of black gram (Vigna mungo
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Fig.2 A: Morphological differ-
ences in Black gram (Vigna
mungo (L.) Hepper) cv Vam-
ban 6 plants grown under a.
(control)—treated with water,
b. liquid fertilizer (19:19:19)
and c. PpAgNPs (1.5 mM
AgNO;). B: Root length, C:
Shoot length, D: Fresh weight
and E: Dry weight examina-
tion of black gram plant treated
with liquid fertilizer (19:19:19)
and 50 mg/L PpAgNPs

(1.5 mM) in pot study.

* and ** indicate p <0.05 and
p <0.01 respectively
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Fig. 3 Differences in growth and yield attributing characters in Black
gram (Vigna mungo (L.) Hepper) cv Vamban 6 plants treated with
water (control), liquid fertilizer (19:19:19), and 50 mg/L PpAgNPs

(L.) Hepper) seeds. We observed a 21% enhancement in
seed germination when compared to hydro primed seeds.
In addition, seedling growth as estimated using the vigour
index improved by 35%. This effect could be attributed to
the loosening of seed coat by OH™ radicals (Feizi et al.
2013), subsequent formation of nanopores on the seed coat
for increased water uptake (Hussain et al. 2016) and eleva-
tion of the starch-hydrolyzing enzyme activity (Singh et al.
2020). In addition, increased germination may be because

(1.5 mM AgNO;) in pot study. A: flowers per plant, B: nodules per
plant, C: pods per plant, D: pod weight and E: grain weight. * and
** indicate p <0.05 and p <0.01 respectively

of breaking of seed dormancy where ROS play a crucial
role by interacting with gibberellic acid and abscisic acid,
the two plant hormones which are linked to germination
and dormancy (Bailly 2019). H,0, is also known to break
the bonds within polysaccharides in seed endosperm
(Guha et al. 2018). Hence, biosynthesized AgNPs could
induce production of optimum ROS levels (Mittler 2017)
thereby breaking seed dormancy and enhancing seed ger-
mination. Enhanced seed germination and seedling growth
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Fig.4 Concentration of biomolecules in Black gram (Vigna mungo
(L.) Hepper) cv Vamban 6 plants treated with liquid fertilizer
(19:19:19) vs 50 mg/L PpAgNPs (1.5 mM) in pot study. A: Phenol,

using biosynthesized AgNPs has also been seen earlier in
chick pea (Sambangi and Gopalakrishnan 2023).

Pot experiments revealed a significant increase in several
morphological and physiological parameters. Notably there
was an increase in root length (77%), shoot length (78%),
fresh weight (sixfold) and dry weight (threefold) when com-
pared to the plants treated with only water. There was also
an increase in plant photosynthetic pigments such as chlo-
rophyll a (91%), chlorophyll b (32%) and carotenoid (two-
fold). An elevation in biomolecules such as phenols (81%),
carbohydrate (86%) and protein (81%) were observed. An
important measure of plant health is the chlorophyll content

@ Springer

B: Total carbohydrate, C: Total protein, D: Chlorophyll a, E: Chlo-
rophyll b and F: Carotenoid. * and ** indicate p <0.05 and p<0.01
respectively

(Pavlovi¢ et al. 2014) and this can be directly correlated
to the photosynthetic rate (Fleischer 1935). Increased chlo-
rophyll content in PpAgNPs-treated samples can be attrib-
uted to an enhanced nutrient absorption thereby leading to
production of soluble proteins as well as sugars due to an
accelerated CO, fixation (Young 1991). As a result, plants
treated with PpAgNPs show higher biomass as evident from
the fresh and dry weights. Such an effect has been observed
previously in AgNPs-treated seedlings of Brassica juncea
(Sharma et al. 2012), Oryza sativa (Gupta et al. 2018), Pha-
seolus vulgaris (Verma et al. 2020), and Withania coagu-
lans (Tripathi et al. 2021). Carbohydrates act as important
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Fig.5 Differences in concentration of oxidative stress markers and
antioxidant activity in Black gram (Vigna mungo (L.) Hepper) cv
Vamban 6 plants treated with liquid fertilizer (19:19:19) vs 50 mg/L
PpAgNP (1.5 mM) in pot study. A: Concentration of H,0,, B: Con-

source of energy and are involved in synthesis of several
organic compounds in plants. Additionally, they are involved
in signalling and are key molecules that connect metabo-
lism in plants to their growth and development (Trouvelot
et al. 2014). Evidence also suggests that sugars can act as
antioxidants and have a role in ROS scavenging (Keunen
et al. 2013).

To understand the underlying mechanism of growth
enhancement, the study assessed the production of ROS and
subsequent ROS scavenging by antioxidative enzymes. The
present study showed a lower H,O, levels and also decreased

centration of MDA, C: CAT enzyme activity, D: SOD enzyme activ-
ity, E: APX enzyme activity and F: POD enzyme activity. * and
** indicate p <0.05 and p <0.01, respectively

lipid peroxidation. Plants use several antioxidative enzymes
to safely dissipate ROS. These include catalase (CAT),
superoxide dismutase (SOD), ascorbate peroxidase (APX)
and peroxidase (POD). Changes in the activity of these
enzymes may represent plant’s ability to efficiently scav-
enge ROS. In this study, we observed a significant increase
in CAT (20%), SOD (20%) and POD activity (11%) as well
as an increase in APX activity (7%). The increase in anti-
oxidative enzyme activities indicates a fine balance between
the ROS levels which have decreased and ROS scavenging
activity thus promoting plant growth and development. A
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similar trend has been observed earlier in tobacco (Cvjetko
et al. 2018) and rice (Gupta et al. 2018) and has been attrib-
uted to lower toxicity and stable nature of the AgNPs.

Phenols are secondary metabolites that protect the plants
from stress, bacterial and fungal pathogens (Dakora and
Phillips 1996; Lattanzio et al. 2006). Plant phenolics have
also been implicated in attracting symbiotic microbes and
pollinators (Ndakidemi and Dakora 2003; Bhattacharya et al.
2010). Several studies have shown the increase in phenolics
upon treatment of AgNPs. In this study, elevated levels of
phenols (by 81%) have been observed when treated with
PpAgNPs. This could explain the increase in root nodule
formation in PpAgNPs treated plants as well as improved
efficiency in ROS scavenging.

Several studies have shown the negative impact of AgNPs
on plant growth and development (Yin et al. 2011; Vannini
et al. 2014; Tripathi et al. 2017; Matras et al. 2022; Iannelli
et al. 2022). This may be related to the nature of particles
synthesized, methods used for synthesis and concentrations
of nanoparticles applied. In this study, we see an effect
of PpAgNPs on germination, growth and development of
Black gram (Vigna mungo (L.) Hepper). This is probably
due to the enhanced stability, capping and biocompatibility
of the synthesized AgNPs as suggested earlier (Leela and
Vivekanandan 2008; Moulton et al. 2010). An increase in
germination, root length, vigour index and physiological
as well as biochemical parameters indicate an overall posi-
tive effect. However, we also see a decrease in shoot length
with respect to the liquid fertilizer treated samples which
may be because of an interplay between the plant hormones
auxin and cytokinin (Ongaro and Leyser 2008; Kurepa et al.
2019). Increase in root nodule formation may be because of
phenolic chemo-attractants (Bhattacharya et al. 2010). Gene
expression studies will provide further insights into ROS
scavenging and plant regulatory signalling networks upon
treatment of PpAgNPs. These are all aspects that warrant
further investigation and will be of particular interest for
future studies.

Conclusion

In summary, our investigation successfully demonstrated
the synthesis of AgNPs using the aqueous leaf extract of
Pongamia pinnata (L.) Pierre. Characterized by a spherical
morphology and an average particle size of 54 nm, these
nanoparticles exhibited remarkable effects on the germi-
nation, growth, and development of black gram (Vigna
mungo (L.) Hepper) seeds. Germination tests revealed a
substantial 21% increase in germination when black gram
seeds were treated with PpAgNPs (1.5 mM AgNO3).
Furthermore, seedling growth, evaluated through the
vigour index, exhibited a noteworthy 35% enhancement,

@ Springer

highlighting the positive impact of PpAgNPs. Pot stud-
ies with black gram plants demonstrated enhanced growth
and yield post-seed priming and treatment, surpassing the
effects of 19:19:19 (N:P:K) liquid fertilizer. This enhance-
ment manifested in increased root length, pod weight, and
grain weight, underscoring the potential of PpAgNPs in
promoting plant growth. Biochemical analyses provided
insights into the molecular changes induced by PpAgNPs
treatment. Notably, there was a significant increase in total
phenol and carbohydrate concentrations, indicative of the
stimulatory effects on plant metabolism. A decrease in
ROS levels were observed, the rise in catalase activity sug-
gested an effective antioxidative response, maintaining a
delicate balance conducive to plant growth. However, fur-
ther research is needed to investigate the specific mecha-
nisms involved in growth promotion. A deeper understand-
ing into hormonal interplay and assessment of hydrolytic
enzyme activity in the seed as well as plant treated with
PpAgNPs will be of interest. In addition, investigations
into the expression levels of genes involved in efficient
ROS scavenging as well as primary and secondary metab-
olite synthesis will reveal the exact mechanism of growth
promotion.

The biocompatibility and efficient ROS scavenging
observed in this study collectively contribute to an over-
all positive effect of PpAgNPs on the germination, growth,
and development of black gram. This implies that Ponga-
mia pinnata (L.) Pierre holds promise as a reliable source
for the biosynthesis of AgNPs, capable of inducing growth
stimulatory effects in diverse plant species. As we conclude,
the findings encourage further exploration into the potential
applications of PpAgNPs in agriculture and plant science.
Assessment of the long-term impact of PpAgNPs on plant
growth and soil health will be crucial for deeming its use
as a sustainable and eco-friendly approach to enhance crop
productivity.
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