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Abstract Modern agricultural efforts are now in search of

an efficient, eco-friendly and sustainable approach for

enhanced crop production. Nearly 50–60% of seeds lost

occurs due to improper technical handling. Seed deterio-

ration manifests itself as reduction in the rate of germina-

tion and growth with increased susceptibility to biotic and

abiotic stresses. Furthermore, seed ageing is another eco-

nomic and scientific issue that is associated with an array of

internal (structural, physiological and genetic) and external

(storage temperature and relative humidity) factors. Reac-

tive oxygen species (ROS) are believed to be a key player

in ageing phenomenon. However, hydrated storage, or

ROS blockers are a few of the conventionally used meth-

ods to minimize the ageing process. Recently, exogenous

applications of different inorganic nanoparticles (metal and

metal oxide) are suggested to revitalize and revive aged

seeds. Owing to their special properties of nano-size with

high surface area they easily penetrate the seed coat.

Exposure of nanoparticles has been suggested to neutralize

the excess of ROS to a level that initiates hormonal sig-

naling to support early emergence of radicles from the

seeds. Nanotechnology has been well explored to enhance

the crops nutritional quality, livestock productivity, plant

protection from various stressors and in enhancement of

seed quality via nanopesticides and nanofertilizers. Aiming

at sustainable agriculture practices with fewer inputs,

maximum benefits, ecologically safe and compatible

technique the nanotechnology is an efficient approach to

counteract problems of seed ageing incurring during

storage, which is relatively less explored and unresolved

conventionally, in general.

Keyword Ageing � Deteriorative reactions �
Nanoparticles � Oxidative stress � ROS

Introduction

Seeds represent reproductive stage in the life cycle of

plants. It is used as major planting material for the pro-

duction of next season crop; therefore, high yield and,

production of viable and vigorous seeds are necessary.

Followed by harvesting, crop seeds are stored under

ambient conditions for few weeks to years, depending upon

requirement. Germination is the very first step to determine

seeds viability and vigor, consequently growth in the soil

for successful crop establishment (Panda and Mondal

2020). Seed vigor is an important determinant for rapid and

homogeneous radicle emergence. Longevity determines the

vigor index (VI) that depends upon seeds physiology,

genetic makeup and pace of deterioration that prevails

during storage (Zinsmeister et al. 2020). Additionally,

numerous other factors regulating vigor of seeds, directly

or indirectly, includes environmental temperature, relative

humidity (RH), moisture and oil content, pathogen attack,

mechanical damage, storage time, and gaseous exchange

(Solberg et al. 2020).

Generation and accretion of reactive oxygen species

(ROS) has widely been known as the key issues leading to

seed deterioration during ambient storage (Chandra et al.

2018; Kurek et al. 2019). Inequity in growth hormones and

enzymes, impaired metabolism, disturbed cellular mem-

branes and cytoplasmic glassy state during storage is

caused by over-produced ROS. These physiological
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aspects are chiefly associated with seed water content and

storage environment. In metabolically active seeds, alter-

ation in mitochondrial respiration leads to accumulation of

ROS. This ROS has popularly been known to damage

cellular macromolecules. However, efficient elimination of

ROS is dependent on expression and effective operation of

various non-enzymatic and enzymatic antioxidants (Chan-

dra et al. 2018).

Recently, engineered nanoparticles (NPs) have been

accomplished great attention worldwide, in various sectors

including agriculture due to their beneficial impacts on

plant growth, development and stress resistance. Applica-

tions of several metal based NPs are suggested to revitalize

and revive aged seeds. Nanoparticles have been shown to

promote seed quality by altering deteriorative physiologi-

cal processes through ROS scavenging (Acharya et al.

2019; Kumar et al. 2020a, b). Application of NP in

the agricultural field is a safe and feasible approach as it

can promote plants efficiency to take up more nutrients and

water, and to endure harsh climatic conditions, which

results in better yield (Younis et al. 2019). Nanoparticles

can be synthesized following various procedures; chemical,

electrochemical, photochemical, c-radiation, laser ablation
and green chemistry route (De Souza et al. 2019) However,

the biological route of NP synthesis is most preferred one

now-a-days, as it is eco-friendly, non-toxic, biocompatible

and economical too (Khan et al. 2020). A number of pos-

itive and negative impacts of NPs were observed on plants,

which depend on their shape, size, concentration, surface

coating, dose, duration of exposure, and plant species

(Sharma et al. 2019). This review discussed the insights of

ageing phenomenon and, roles of metal and metal oxide

NPs as revitalizing agents for aged seeds.

Seed ageing

Ageing is a natural time dependent phenomenon and seed

acquire deterioration under long-term storage. Mbofung

et al. (2012) studied the effects of storage conditions

(temperature and RH) on vigor and viability of Glycine

max in view to suggest suitable environment that would

reduce the pace of deterioration. Their findings revealed

that the seeds can be stored for many seasons if the storage

temperature and RH were maintained at 10 �C, and below

40% respectively. After determining storage conditions for

Cajanus cajan, Jaganathan and Liu (2014) hypothesized

that maintenance of low level of seed moisture content

(MC) is more important for extended storage life than the

low temperature. Seed deterioration could be defined as an

inevitable practice which cannot be inverted. Only, the rate

of damage can be slowed down by regulating storage

environment (Solberg et al. 2020). Studies have shown that

the high storage temperature and RH fasten the rate of

deterioration multifold. Moreover, MC plays an important

role in seed deterioration. Seeds with dynamic MC

are damaged faster than the static ones. Thus, the magni-

tudes of variation in temperature and RH along with period

of storage are crucial regulatory factors to determine seed

deterioration (Wawrzyniak et al. 2020).

Researchers have popularly employed accelerated age-

ing (AA) tests to evaluate physiological potential of seeds

of various species. This test provided consistent informa-

tion regarding mechanism(s) involved in seed deteriora-

tion. It is based on accelerated deterioration of seeds

following their brief exposure to comparatively higher

temperature and RH (Somasundaram and Bhaskaran 2017).

These conditions deteriorate weak seeds more rapidly than

the vigorous ones, revealing a differential impact on via-

bility. Similarly, the controlled deterioration (CD) of seed

is another practice of vigor testing for quality control

purposes. In CD test, MC of seed is adjusted to its initial

level, before exposing to higher temperatures and RH

(Damir and Mavi 2008). Unlike the AA test, seed MC in a

CD test is kept constant (18–24%).

Indicators of seed ageing

Physiological indicators

Correlation between ageing and physiological aspects of

seeds such as germination percentage (%G) and germina-

tion index (GI), shoot–root length, MC, and VI were

determined and found that these are the primarily affected

parameters by ageing phenomena. It includes metabolic

inequity, failure of cytoplasmic state and disturbed mem-

brane structure. Changes in seed color and density, alter-

ation in structure of cotyledons and increased hardness of

grains are some of the indicators of ageing (Yin et al. 2015)

(Fig. 1). Seed moisture level and storage environments are

the major determinants of these physiological defects.

Germination performance of a seed is characterized mainly

by three factors; onset of germination, speed of germina-

tion, and extent or capacity of germination. Germination

parameters are useful in estimating the switch over from

seed to seedling. Reduction in the rate of germination is the

first hallmark of ageing phenomenon (Fu et al. 2015).

Electrolyte leakage (EL), an indicator of membrane

damage, has been widely opted for evaluation of vigor,

and intensity of ageing. It is an indirect but dependable

determinant of membrane integrity. However, seed

integrity, genotype, size, MC, soaking period and incu-

bation temperature affects EL (Prado et al. 2019). Aged

seeds with disorganized membrane exude more ions,

sugars and other metabolites. From such seeds, more
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amount of EL is permitted due to absence/ineffective

repair mechanisms (Khan et al. 2020). Cell membranes

are particularly rich in lipids, majorly PUFAs (polyun-

saturated fatty acids), which are prime targets of ROS

thus susceptible to peroxidation reactions (Fig. 1). The

ROS reacts with membrane lipids and cause peroxidation,

which can induce irreparable damage in membrane per-

meability and plasticity, ultimately leading to loss of

cellular integrity. Lipid peroxidation could be a predom-

inant damaging process in ageing. Changes in membrane

lipids as well as storage lipids, especially an increase in

the peroxidation products have been reported with natural

and AA (Oenel et al. 2017).

Biochemical indicators

Reactive oxygen species

Free radicals/ROS are chemical species with one or more

unpaired electrons. During normal cellular metabolism,

ROS are produced as by-products and play significant

signaling role in germination and dormancy alleviation.

Many types of ROS are known, among those superoxide

(O2
•-), hydrogen peroxide (H2O2) and hydroxyl (�OH)

radicals are potentially cytotoxic (Kurek et al. 2019;

Wawrzyniak et al. 2020). Over accumulation of ROS leads

to oxidative stress situation, which is detrimental to via-

bility during long term storage of seeds (Fig. 1). Thus, the

efficient antioxidant system is a pre-requisite mechanism to

encounter seed deterioration reactions. Over accumulation

of ROS in AA seed of Acrocomia aculeata has been

reported to be an outcome of lowered antioxidant potential

(Barreto and Garcia 2017).

Lipid peroxidation

Biochemical alterations associated with seed ageing

include impairment in cellular macromolecules. Among

these, membrane lipids, particularly, PUFAs are sensitive

to ROS, and their peroxidation is a major reason for loss of

seed quality, vigor and viability under ambient storage

(Chandra and Keshavkant 2018). Hydroperoxides and

endoperoxides are formed due to the PUFA oxidation,

along with several reactive intermediates. In addition to

ROS, lipoxygenase is also involved with lipid catabolism

by hydroperoxidation of the cis–cis-1,4-pentadiene struc-

tures, and releases lipid hydroperoxide (LOOH). The

LOOH thus formed is further degraded into several other

aldehydic reactive products viz.; 4-hydroxy-2-nonenal (4-

HNE), malondialdehyde (MDA) and conjugated dienes,

which can decrease seed viability (Anjum et al. 2015).

Levels of MDA, lipid peroxides and oxidized triacylglyc-

erols have been shown to increase in aged seeds. Among

various lipid peroxidized products, the 4-HNE is highly

toxic, as it further attacks over proteins, nucleic acids, and

disturb mitochondrial respiration leading to loss of viability

(Fig. 1).

Protein oxidation

Reactive oxygen species also alter protein synthesis and

enzyme activity, consequently cause inactivation, hydrol-

ysis and post-translational modifications of proteins. The

ROS oxidizes proteins by directly attacking specific amino

acids to cause carbonylation, glutathionylation and nitro-

sylation, while indirectly by conjugating with lipid perox-

idized products like MDA (Parkhey et al. 2014). Protein

peroxidized products are highly reactive and unstable.

They easily attack over nucleophilic groups of proteins

Fig. 1 Ageing-induced

physiological and biochemical

alterations in seed (4-HNE-
4-hydroxy-2-nonenal, MDA-
Malondialdehyde, ROS-
Reactive oxygen species)
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resulting in irreversible structural, functional and chemical

modifications (Fig. 1). Accumulation of protein hydroper-

oxide, a well identified derivative of protein oxidation, has

been determined during AA of Cicer arietinum (Ke-

shavkant et al. 2013).

Along with direct attack of ROS, lipid peroxidized

product 4-HNE also forms adducts with proteins by two

pathways; either directly reacting with lysine, cysteine or

histidine residues following Michael reaction or involving

lysine side-chain residues leading to formation of pyrrole

adducts. Alterations in amino acids of proteins by lipid

peroxidation product MDA can result in formation of

MDA-lysine and carboxymethyl-lysine adducts, through

non-enzymatic reactions. Non-enzymatic events such as

Maillard reaction lead to a series of complex reactions,

consequently protein aggregation (Chandra et al. 2020b).

This reaction contributes to seed ageing by chemical

alterations of functional proteins and, metabolic capability

to limit ROS and repair mechanisms during germination.

Ageing-induced deterioration increases protein oxidation

and, causing hindrance in functions of proteins and

enzymes (Wawrzyniak et al. 2020). Dehydrogenases

enzymes are directly related to loss of seed viability.

The decrease in the activity of mitochondrial dehydroge-

nase has also been seen during seed ageing (Mahakham

et al. 2017).

DNA damage

Researchers have shown that seed ageing is intimately

clubbed with chromosomal aberration, alteration in

telomere length, DNA methylation/damage, and abnormal

gene expression (Chandra et al. 2018). Chromosomal

aberration in aged seeds comprises fragmentation, fusion,

bridge and ring formation, and alteration in nuclear size

(Fig. 1). Ageing associated DNA alterations have been

illustrated through DNA profiling of differentially aged

Glycine max and Carthamus tinctorius (Vijay et al. 2009).

Alterations in chromosomes can affect the gene expression

of enzymes involved with seed germination and seedling

emergence. A negative correlation has been observed

between telomere length and ageing phenomena in seeds of

Triticum aestivum (Bucholc and Buchowicz 1992). The

ROS abstracts hydrogen atom from sugar moieties of

DNA, consequently leads to strand breakage and frag-

mentation of DNA which are highly correlated with seed

ageing (Demidchik 2015). Mira et al. (2020) studied the

instability in nucleic acid content of deteriorated seed with

the help of random amplified polymorphic DNA, and

methylation-sensitive amplification polymorphism molec-

ular markers.

Plant defense mechanisms

Seeds have various antioxidative defense strategies to fight

against oxidative stress by scavenging ROS before they

attack cellular components (Barreto and Garcia 2017).

These antioxidants include various enzymes like superox-

ide dismutase (SOD), catalase (CAT), guaiacol peroxidase

(POD), glutathione reductase (GR), ascorbate peroxidase

(APX) and glutathione-S-transferase (GST), and non-en-

zymatic members such as ascorbate, glutathione, NADPH,

a-tocopherol and phenolic compounds (Xia et al. 2015). In

addition, few other enzymes viz.; dehydroascorbate

reductase, monodehydroascorbate reductase and glu-

tathione reductase are also required, in sufficient concen-

trations, for regeneration of different antioxidants

(Vellosillo et al. 2010). Superoxide dismutase is first line of

defense. It catalyzes conversion of two molecules of O2
•-

into molecular oxygen and H2O2. Further, CAT, and POD

are implicated in removal of H2O2. Another enzyme, GR

also controls endogenous H2O2 accumulation by an oxi-

dation–reduction of glutathione and ascorbate. Further,

APX reduces H2O2 into water, using ascorbate as an

electron donor (Mittler 2017).

Nanoparticle in revival of ageing

Bulk materials when collapsed to nano size can exhibit

dynamic behavior from their microscale forms because of

surface area and volume effects. Nanomaterials possess

more surface area to volume ratio compared to their

complex forms, consequently have high surface energy.

Increased surface energy of a substance is found to be

associated with enhanced velocity of chemical reaction

(Aslani et al. 2014). Nanoparticles are referred as colloidal

particulate system that ranges from 10 to 100 nm in size in

at least two of their dimensions. Nanomaterials are cate-

gorized into diverse classes: (a) carbon based nanomateri-

als such as carbon nanomaterials, carbon nanotubes,

graphene, fullerene, etc., (b) inorganic metal [aluminum

(Al), cobalt (Co), copper (Cu), gold (Au), iron (Fe), silver

(Ag), titanium (Ti), zinc (Zn), etc.], and (c) metal oxide

(Al2O3-aluminium oxide, CeO2-cerric oxide, CuO-copper

oxide, NiO-nickle oxide, SiO2-silicon dioxide, TiO2-tita-

nium dioxide, ZnO-zinc oxide, Fe3O4-iron oxide, etc.) NPs.

Recently, a variety of NPs has been used either as a pre-

treatment solution or dry dressing for early emergence of

radicles, improvement in seed quality, reduction in patho-

gen infection during storage, improvement in seedling

growth, and mitigation of environmental stress factors

(Verma et al. 2018, 2019). These are reported to enhance

the biological and catalytic activities by inducing chemical
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reactivity, which is required to improve seed quality

(Mahakham et al. 2017; Chandrasekaran et al. 2020).

During pretreatment of seeds, either suspensions or emul-

sions and organic nanopowders are used for improving

germination and growth responses. Effects of different NPs

applied on seeds for ameliorations of ageing associated

damages are discussed below:

Silver nanoparticles

Silver nanoparticles (AgNPs) are the most popular and

highly commercialized among all the NPs. In a study,

decline in %G, shoot–root length and VI of Capsicum

annum due to AA were improved drastically by treatment

of AgNPs (1000 mgkg-1) (Kumar et al. 2020b) (Table 1A).

Several researchers compared the efficiencies of chemi-

cally and biosynthesized NPs, and concluded that the green

manufactured nanomaterials are relatively more suit-

able due to their biocompatibility and stability offered by

phytochemicals (Katiyar et al. 2020; Khan et al. 2020).

Mahakham et al. (2017) applied different concentrations;

10 and 20 ppm of phytosynthesized AgNPs on aged seeds

of Oryza sativa, which significantly improved the germi-

nation by 1.12 and 1.15 folds respectively compared to

those recorded with non-treated ones (Table 1A). Likewise,

Psophocarpus tetragonolobus seed recorded an enhance-

ment in germination by 1.5 folds, and VI by 3.1 folds after

treatment with phytochemically fabricated AgNPs (50

mgL-1) (Kumar et al. 2020a). Study of green and chemi-

cally synthesized AgNPs for amelioration of ageing asso-

ciated damages in Cicer arietinum exhibited 1.6–1.75 folds

increase in %G with 2% concentration (Khan et al. 2020).

Silver NPs have also been used as coating material to

Arachis hypogaea (Shyla and Natarajan 2014), Allium cepa

(Anandraj and Natarajan 2017; Anandraj et al. 2018) and

Glycine max (Dangi et al. 2019) to increase their stora-

bility. Coating with AgNP maintained the germinablity of

seeds without affecting their vigor and emergence rate.

Coating of AgNPs showed 1.3, 1.15, 1.15, 1.02 folds

enhancement in %G of Arachis hypogaea, Allium cepa,

and Glycine max seeds at 1250 mgKg-1, 1000 mgKg-1,

1000 mgKg-1, and 1000 ppm respectively (Table 1A).

Improved germination in nanoprimed seeds has been pos-

itively correlated with faster water uptake consequently

early activation of cellular/metabolic processes hence

growth. Better uptake of water in aged seeds has been

directly linked with up-regulation in aquaporins genes

(Fig. 2). Aquaporins act as membrane channels to facilitate

uptake of water, carbon dioxide, nutrients, ROS and

maintaining water homeostasis. Water uptake transforms

the dry seed to a turgid state followed by cell expansion

and growth of embryonic axis. Reactive oxygen species act

as signaling molecule in germinating seeds (Fig. 2).

Coordinated hormonal (GA and ethylene) signaling is also

associated with water uptake, regulation of turgor pressure,

endosperm weakening, and cell wall loosening during

radicle emergence and seedling establishment. Water influx

is a crucial factor for expansion of cell wall and exerts

adequate pressure to rupture seed coat resulting in protru-

sion of radicles (Hoai et al. 2020). With water imbibition,

H2O2 activates GA in view to induce a-amylase activity for

utilization of starch reserves. Aged Zea mays seeds showed

an abrupt enhancement in a-amylase activity after treat-

ment with AgNP (Maithreyee and Gowda 2015). This a-
amylase hydrolyzes starch reserves by breaking at a-1–4
linked glucose polymers, and releases shorter fragments of

carbohydrate, which plays an active role in maintenance of

respiratory metabolism in germinating seeds and growing

seedlings till the time photosynthesis gets capable to sup-

port growth (Fig. 2). It has also been shown that the

hydrolysis of starch increases total soluble sugars within

the seeds which are primarily required for energy genera-

tion to support speedy germination and seedling growth

(Mahakham et al. 2017).

Generation/accumulation of ROS is a hallmark of AgNP

on treated models, however; level of ROS within the seeds

is under the strict control of antioxidants. As membrane

lipids are the prime targets of attack by ROS in aged seeds,

it results membrane disintegration and reduces the mem-

brane stability index (MSI). Such an event increases EL

from the cell. An increase in the MSI was observed on

exogenous application of AgNPs in AA seeds of Cicer

arietinum (Khan et al. 2020) (Table 1A). Nanoparticles

regulate the levels of ROS thereby reducing the rate of lipid

peroxidation and enhance the MSI. Nanoprimed seeds

possess more robust antioxidant system, thus aid the seed

to overcome ageing phenomenon leading to better seedling

growth. Nanoparticle would induce the oxidation–reduc-

tion reaction in germinating seeds resulting in quenching of

generated free radicals. The reason of successful scav-

enging of free radicals was attributed to donation of extra

electrons in aged seeds (Shyla and Natarajan 2014). Down-

regulation in gene expressions of various antioxidants

(SOD, CAT, GST, APX) is widespread phenomena in aged

seeds. High storage temperature inactivates and thus neg-

atively affects the levels of antioxidants within the seed and

accelerates ageing. Pretreatment of aged seeds with NPs

elevates the expression levels of these enzymes which

suppresses the toxic level of ROS below damaging con-

centration and abet in repairing ageing associated damages

in cells (Khan et al. 2020). Among various antioxidants,

CAT plays role in recovery of vigor of aged seeds. In a

study, 10 ppm AgNP pretreated aged seeds showed 71%

increase in the CAT activity which coincided with early

radicle protrusion. Proline is an important stress marker in

abiotic stress conditions and seed ageing. It serves as an
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Table 1 Implication of different nanoparticles for reversal of ageing associated damages in plants

S.

No.

Species Ageing/

storage

treatments

Nanoparticles Fold

change

in %G

after NP

treatment

Key implications References

Size (nm) Shape Concentration

(A) Silver nanoparticles

1 Cicer arietinum Artificial

ageing

(40 �C for

24 h)

15–60 – Green NP 2%

Chemical NP

2%

1.75

1.66

Improved seed health with

upliftment in physiological

parameters and MSI along with

up-regulation in enzymatic

antioxidants, and proline

Khan et al.

2020

2 Psophocarpus
tetragonolobus

Natural

storage

(3

Months)

15.4–20.98 Oval 10 mg

50 mg

100 mg

250 mg

1.31

1.53

1.33

1.32

Enhancement in germinability,

antioxidant enzymes and

biochemical activity, with

genetic stability

Kumar

et al.

2020a

3 Allium cepa Natural

storage

(10

Years)

19–37 Spherical

and

ellipsoidal

31.3 ppm 1.5 (6th

day)

1.08 (21st

day)

Improved seedling emergence,

growth parameters and higher

chlorophyll content

Acharya

et al. 2019

4 Glycine max Natural

storage

(10

Months)

– – 500 ppm

1000 ppm

1500 ppm

1.13

1.16

1.06

Maintenance of seed quality with

high vigor and viability, lower

EC

Dangi et al.

2019

5 Capsicum
annum

Natural

ageing

85 Needle 750 mgkg-1

1000 mgkg-1

1250 mgkg-1

1.01

1.09

1.03

Enhanced %G, root and shoot

length, VI, along with minimal

pathogen infection

Kumar

et al.

2020b

6 Allium cepa Natural

storage

(10

Months)

50–100 Spherical 750 mgkg-1

1000 mgkg-1

1250 mgkg-1

1500 mgkg-1

1.08

1.15

1.11

1.1

Promoted germination and vigor

of seeds

Anandraj

et al. 2018

7 Allium cepa Natural

storage

(9

Months)

50–100 Spherical 750 mgkg-1

1000 mgkg-1

1250 mgkg-1

1500 mgkg-1

1.08

1.15

1.11

1.1

Augmented germination and VI Anandaraj

and

Natarajan

2017

8 Oryza sativa Natural

ageing

(3 years)

6–36 Spherical

and

ellipsoidal

10 mgL-1

20 mgL-1

1.12

1.15

Improved germination and vigor

performance with up-regulation

in gene expressions of a-
amylase, aquaporins, and

antioxidants

Mahakham

et al. 2017

9 Arachis
hypogaea

Natural

storage

(12

Months)

40 Spherical 750 mgkg-1

1000 mgkg-1

1250 mgkg-1

1.04

1.30

1.38

Maintenance of seed qualities

during storage

Shyla and

Natarajan

2016

10 Zea mays Natural

storage

\ 50 – 1250 mgkg-1 1.15 Increased germination percentage

with high protein and

carbohydrate contents

Maithreyee

and

Gowda

2015

11 Arachis
hypogaea

Natural

storage

(13

Months)

100 Cylindrical 500 mgkg-1

750 mgkg-1

1000 mgkg-1

1250 mgkg-1

1.01

1.12

1.25

1.32

Improvements in seed %G, VI,

root and shoot length

Shyla and

Natarajan

2014
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Table 1 continued

(B) Gold nanoparticles

1 Allium cepa Natural

storage

(10 Years)

30–113 Spherical 5.4 ppm 1.68 Enhanced seed germination, seedling

growth and chlorophyll content

Acharya et al.

2019

2 Zea mays Natural

storage

(10 years)

10–30 Spherical 5 ppm

10 ppm

15 ppm

1.92

1.84

1.69

Improved physiological and

biochemical properties of seedlings

Mahakham

et al. 2016

(C) Titanium dioxide nanoparticles

1 Capsicum
annum

Natural

ageing

100 Cylindrical 750 mgkg-1

1000 mgkg-1

1250 mgkg-1

1

1.03

1.01

Enhanced germination, shoot length and

VI

Kumar et al.

2020b

2 Zea mays Natural

storage

100 – 200 mgkg-1

400 mgkg-1

600 mgkg-1

800 mgkg-1

1.25

1.25

1.18

1.14

Lower EC with higher dehydrogenase

and peroxidase activity

Vijayalakshmi

et al. 2018b

3 Arachis
hypogaea

Natural

storage

(12 months)

100 Cylindrical 750 mgkg-1

1000 mgkg-1

1250 mgkg-1

1.02

1.33

1.19

Enhancement in germination, VI and

CAT activity of aged seeds

Shyla and

Natarajan

2016

4 Arachis
hypogaea

Natural

ageing

(13 months)

85–100 Spherical 500 mgkg-1

750 mgkg-1

1000 mgkg-1

1250 mgkg-1

1

1.09

1.29

1.21

Improved germination, root and shoot

length along with vigor

Shyla and

Natarajan

2014

5 Spinacia
oleracea

Natural

ageing

(3 years)

– – 0.25%

0.5%

1.0%

1.5%

2.0%

2.5%

4.0%

6.0%

1.06

1.09

1.17

1.42

1.52

1.75

1.64

-1.22

Improved growth potential and

photosynthetic rate

Zheng et al.

2005

(D) Zinc/Zinc oxide nanoparticles

Zinc nanoparticles

1 Capsicum
annum

Natural

ageing

35–40 Spherical 750 mgkg-1

1000 mgkg-1

1250 mgkg-1

1.06

1.13

1.10

Increased germination parameters, EC

and antioxidant system

Kumar et al.

2020b

2 Allium cepa Natural

storage

(6 months)

16 Rod 750 mgkg-1

1000 mgkg-1

1250 mgkg-1

1500 mgkg-1

1.06

1.2

1.16

1.1

Enhanced germination, seed vigor and

physiological parameters

Anandraj et al.

2018

3 Allium cepa Natural

ageing

(6 months)

50–80 Rod 750 mgkg-1

1000 mgkg-1

1250 mgkg-1

1500 mgkg-1

1.06

1.2

1.16

1.1

Enhanced germination, shoot and root

length with VI

Anandaraj and

Natarajan

2017

4 Lycopersicon
esculentum

Accelerated

ageing

– Rod 400 mgkg

600 mgkg

800 mgkg

1000 mgkg

1.07

1.10

1.10

1.07

Improvement in germination and VI Tamilkumar

et al. 2016

5 Zea mays Natural

storage

\ 50 – 1500 mgkg-1 1.12 Boosted seed quality and biochemical

activity

Maithreyee and

Gowda 2015
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Table 1 continued

6 Arachis
hypogaea

Natural ageing

(13 months)

35–40 Rod 500 mgkg-1

750 mgkg-1

1000 mgkg-1

1250 mgkg-1

1.05

1.14

1.36

1.29

Improved VI with germination, root and shoot

length

Shyla and

Natarajan

2014

Zinc oxide nanoparticles

7 Arachis
hypogaea

Natural storage 25 – 50 ppm

100 ppm

250 ppm

500 ppm

750 ppm

1000 ppm

1.12

1.19

1.21

1.23

1.33

1.27

Promoted seed germination, root and shoot

length, and VI

Harish et al.

2019

8 Cajanus
cajan

Natural storage

(10 months)

– – 500 ppm

750 ppm

1.26

1.29

Lowered insect infestation with higher

germination and VI

Korishettar

et al. 2017

9 Arachis
hypogaea

Natural storage

(12 months)

35–45 Rod 750 mgkg-1

1000 mgkg-1

1250 mgkg-1

1.04

1.38

1.33

Enhanced seed germination, VI and CAT

activity

Shyla and

Natarajan

2016

(E) Iron/Iron oxide nanoparticles

Iron nanoparticles

1 Glycine
max

Natural storage

(10 months)

– – 500 ppm

1000 ppm

1500 ppm

1.22

1.18

1.09

Augmentation in seed germination, root and

shoot length, seedling growth, dry weight,

VI and MSI

Dangi et al.

2019

2 Arachis
hypogaea

Natural storage – – 50 ppm

100 ppm

250 ppm

500 ppm

1000 ppm

2000 ppm

1.11

1.13

1.18

1.16

1.15

1.11

Improvement in germination, VI and seed

viability

Harish et al.

2019

3 Cajanus
cajan

Natural ageing

(10 months)

– – 250 ppm

500 ppm

1.24

1.27

Increased germination, seedling length, field

emergence, dry weight, a-amylase and

dehydrogenase activities

Korishettar

et al. 2017

Iron oxide nanoparticles

4 Glycine
max

Natural storage \ 50 – 1250 mgkg-1 1.15 Improved seedling VI Maithreyee

and

Gowda

2015

(F) Silica nanoparticles

1 Oryza
sativa

Natural storage

(1 month)

93.14 Spherical 25 mgL-1

50 mgL-1

75 mgL-1

100 mgL-1

125 mgL-1

150 mgL-1

175 mgL-1

200 mgL-1

1

1

1.01

1.04

1.11

1.07

1.06

1.05

Improved physiological performance and

minimized pathogen infection

Patil et al.

2018

2 Glycine
max

Accelerated

ageing (41 �C
for 24–48 h)

– – 40 ppm

60 ppm

– Increased germination rate, and reduced the

time lapse of germination

Gandomani

and Omidi

2017
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osmoregulator, protein stabilizer and ROS scavenger.

Artificial ageing-induced decline in the proline content due

to down-regulation of expression of pyrroline-5-carboxy-

late synthetase (proline synthesizing enzyme) in Cicer

arietinum was further enhanced (8.8–34%) by application

of green and chemically synthesized AgNPs (Khan et al.

2020) (Table 1A).

During prolonged storage, seeds suffer molecular dam-

ages such as DNA breaks, and reduced DNA synthesis

resulting into chromosomal aberration and, variations in

chromosomal structure and number (Chandra et al. 2018).

Younis et al. (2019) assessed the effects of AgNPs on

seven year old Vicia faba seeds (Table 1A). Their results

suggested that the application of different concentrations

(10, 50 and 100 ppm) of AgNP-induced considerable effect

on mitotic indices in comparison to control. Mitotic index

reflects frequency of cell division and coincided with

higher root growth in treated samples. Germination and

growth of aged seeds were due to simultaneous support of

different processes such as DNA repair, gene transcription

and translation, and various other metabolic processes

(Varier et al. 2010). Pretreatment of aged seeds with AgNP

significantly reduced the frequency of chromosomal

abnormalities. Inter Simple Sequence Repeats analysis of

AgNP treated stored seeds of Psophocarpus tetra-

gonolobus did not exhibited any toxicity symptoms, rather

Table 1 continued

(G) Copper oxide nanoparticles

1 Allium cepa Natural

storage

(6 month)

80–140 Crystalline 750 mgkg-1

1000 mgkg-1

1250 mgkg-1

1500 mgkg-1

1

1.1

1.1

1.01

Improved germination and

physiological traits

Anandraj and

Natarajan 2017

2 Zea mays Natural

storage

\ 50 – 1500 mgkg-1 1.13 Increased amylase activity

consequently germinability

Maithreyee and

Gowda 2015

(H) Calcium carbonate nanoparticles

1 Arachis
hypogaea

Natural

storage

– – 50 ppm

100 ppm

250 ppm

500 ppm

1000 ppm

2000 ppm

1.12

1.17

1.15

1.10

1.09

1.07

Improved germination and

physiological parameters

Harish et al. 2019

(I) Nanoformulated materials

Organic nanoparticle

1 Solanum
lycopersicum

Accelerated

ageing

Annona muricata
Leaf,

Trigonella foenum-
graecum Seed,

Curcuma longa
rhizome

100–400 – 0.10%

0.25%

0.5%

1%

Improvement in seed qualities Vijayalakshmi

et al. 2018a

2 Cajanus cajan Accelerated

ageing

(40 �C for

3 days)

Sargassum
myricocystum,

Caulerpa
racemose,

Gracilaria edulis

– – 1% Enhancement in seed quality

and germinability

Ambika and

Sujatha 2016

Nanoemulsion

3 Allium cepa Natural

storage

(10 years)

Curcuma longa

Citrus limon

141.3

139.8

– – Increased germination, plant

height and leaf number

Acharya et al.

2019

(J) Chitosan nanoparticles

1 Capsicum
annum

Accelerated

ageing

– Cubic with

sharp edges

20 ppm

100 ppm

1.19

1.30

Lowered the pathogen

infection

Chookhongkha

et al. 2012

*%G: germination percentage; CAT: catalase; EC: electrical conductivity; NP: nanoparticle; MSI: membrane stability index; VI: vigor index
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showed phytostimulatory effects on germination and

antioxidants (APX, POD, CAT, SOD) (Kumar et al. 2020a)

(Table 1A).

Gold nanoparticles

Comparatively limited research has been carried out on

application of AuNPs in agriculture sector. Gold NP has

huge potential to improve quality of aged seeds, because

it’s inert property makes this material less toxic and highly

biocompatible towards biological systems compared to

other metallic NPs (Wang et al. 2015). Aged seeds are

characterized by reduced %G and slower seedling estab-

lishment due to decreased activity of plasma membrane

H?-ATPase. Priming with optimum concentration of

AuNP might loosen the walls of seed coat and help in the

process of radicle protrusion. Gold NPs aids ageing revival

by improving radicle emergence index and shortening

germination time. This exhibited significant (1.9 fold)

improvement on germination of naturally aged Zea mays

seeds as compared to control (Mahakham et al. 2016)

(Table 1B). Pretreatment of these seeds with AuNPs caused

cell wall loosening and triggered early metabolic events

inside the cells. Additionally, this treatment opened many

small pores in seed coat which increased water absorption.

Alongside, AuNPs entered inside the seeds and induced

ROS generation at moderate level, which is an essential

factor for activation of cell metabolism required in pre-

germinative processes (Paparella et al. 2015).

Phytosynthesized AuNPs have been shown to induce

relatively better impact on traits like rate of germination

and radicle length than those posed by their chemical

Fig. 2 Schematic diagram

representing nanoparticle

mediated revitalization events in

aged seed (GA-Gibberellic acid,
NP- Nanoparticle)
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manufactured ones. Differences in physiochemical prop-

erties such as size, coating, shape, surface chemistry, and

crystalline facets present on the biosynthesized AuNPs are

some of the suggested reasons for their better performance

(Mahakham et al. 2016). Likewise, Acharya et al. (2019)

noted comparatively early seedling emergence from ten

years old Allium cepa seeds after treatment with biosyn-

thesized AuNPs (5.4 ppm), which may be due to the

modulation in antioxidant enzymes (Table 1B). Peroxidase

(POX) is a primary antioxidant enzyme involved in the

conversion of H2O2 into water, which was seen to be

increased in AuNP primed seeds as compared to hydro-

primed ones. Increased POX activity coincided with the

rapid seed germination due to faster water imbibitions

(Mahakham et al. 2017). Additionally, AuNP treatment

also resulted in higher vegetative growth, number, length

and area of leaves, chlorophyll thereby photosynthesis, and

bulb yield (23.9%) from those seedlings which were

emerged out of non-treated seeds (Acharya et al. 2019).

Titanium/Titanium dioxide nanoparticles

Among others, TiO2NP is a major engineered material that

is popularly utilized in reactivation of aged seeds. It is

considered as a beneficial element for nitrogen fixation

(Carvajal and Alcaraz 1998). Pretreatment of seeds with

TiO2NPs before sowing could significantly reverse poor

effects of ageing. Its treatment appreciably increased the

%G and VI of aged Spinacia oleracea seeds by 1.75 and

3.91 folds respectively at 2.5% concentration (Zheng et al.

2005) (Table 1C). Moreover, penetration of seed capsules

by TiO2NPs facilitates water and dioxygen uptake into

cells resulting in better metabolism and early germination.

Compared to control, a 1.2 fold enhancement in %G was

observed in aged seeds of Arachis hypogaea after the

treatment of 500 ppm TiO2NPs (Harish et al. 2019)

(Table 1C). Recently, Kumar et al. (2020b) assessed

the comparative impacts of AgNPs, ZnONPs and TiO2NPs

in improving AA Capsicum annum seeds (Table 1C).

Nanoparticles of TiO2 showed strong potential in enhanc-

ing %G (1.7 folds) and VI (2 folds) than those reflected by

bulk material of it at 1000 mgKg-1. Assessments of %G

and seedling vigor of aged Zea mays seeds were done after

application of 200 mgKg-1 TiO2NP, which exhibited 1.25

folds increase in %G with lower EC, high dehydrogenase

and POX activity (Vijayalakshmi et al. 2018b) (Table 1C).

Shyla and Natarajan (2014, 2016) also used TiO2NP for

quality improvement of Arachis hypogaea seeds. Titanium

NPs have been reported to improve the rate of germination

by inducing ROS generation to meet the required quantity

that leads this process, repaired cellular membranes thereby

improved stability, and boosted the antioxidant system

(Hoai et al. 2020). Specifically, TiO2NPs have been

observed to be involved with stimulation of photosynthetic

reactions like enhanced activity of RuBisCo, and a higher

level of carbon fixation resulting in increased biomass of

plants (Zheng et al. 2005; Xu et al. 2019).

Zinc/Zinc Oxide nanoparticles

Zinc (Zn) is an essential micronutrient for plant growth and

development. It is involved in various enzymatic oxida-

tion–reduction reactions, and metabolic processes. Despite

its role in maintaining functions of important enzymes, Zn

also plays a vital role in promoting the viability of aged

seeds. Seed storage potential of Cajanus cajan has been

extended for ten months by the coating of 500 and

750 ppm ZnNPs (Korishettar et al. 2017) (Table 1D).

Studies suggested that the nanoscale ZnO gets easily

absorbed by plant systems as compared to zinc sulphate or

any other form of it. Nano sized ZnO actively penetrates

seeds through cracks present on their coat (Kumar et al.

2020b). The ZnONP has been reported to be used as pre-

treatment agent to promote seed germination, seedling

growth, and abiotic stress tolerance. In a study, treatment

of Capsicum annum seeds with 1000 ppm ZnONP has been

shown to increase the rate of germination (1.13 folds),

shoot–root length (1.17–1.36 folds), and VI (1.49 folds)

considerably (Kumar et al. 2020b) (Table 1D). Prasad et al.

(2012) reported that higher concentration of Zn within the

seeds positively affects health status of seedlings growing

out of these. It donates electrons to scavenge ROS gener-

ated in the aged seeds thus enhance seedling VI thereby

faster emergence of radicles. Zinc oxide nano rods

enhanced the physiological and biochemical properties

resulting in improved vigor and viability of aged Vigna

mungo seeds (Senthilkumar 2011). Treatment of ZnONPs

could reduce the extent of deterioration in aged seeds of

Lycopercion esculentum with 1.9 folds increase in %G and

VI at 1000 mgKg-1 concentration (Tamilkumar et al.

2016). Likewise, 1.2 and 1.16 fold increase in germination

was observed at 1000 mgKg-1 ZnONP in Allium cepa

(Anandaraj et al. 2018) and Arachis hypogaea (Shyla and

Natarajan 2016) seeds respectively (Table 1D). Higher %G

of ZnONP treated seeds could also be attributed due to

increased auxin production, as Zn plays a crucial role in

tryptophan synthesis, a precursor of indole acetic acid

(IAA) (Anandraj and Natarajan 2017). Auxin signaling

pathway has an essential role in the initiation of lateral-root

formation. Zinc can increase the activities of enzymes

involved in the transformation of proteins into amino acids,

starch into simple sugars and, fat into a source of providing

abundant nutrients and energy for enhanced germination

(Adhikari et al. 2016).

Treatment of ZnONP showed lower EC which can be

attributed due to improved membrane integrity compared
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to non-treated seeds. A significant (1.09 fold) decline in

EC was recorded in Arachis hypogaea after treatment with

1000 mgKg-1 ZnONP (Shyla and Natarajan 2016). Zinc

oxide NPs quench the ROS through induction of various

antioxidants and maintains cellular integrity (Chan-

drasekaran et al. 2020). Oxygen released during

the quenching of ROS is further used in the respiration

process which is beneficial for seed germination and

seedling growth. Pretreatment of aged Zea mays seeds with

ZnONP improved both the physiological and biochemical

attributes (Maithreyee and Gowda 2015). Additionally,

significant enhancement in the VI of aged Arachis hypo-

gaea seeds was observed after treatment of 1000 ppm

ZnONP (Harish et al. 2019).

Iron/Iron dioxide nanoparticle

Iron plays an important role in various physiological,

biochemical, and metabolic processes like photosynthesis,

respiration, nitrogen fixation, etc., thus a prerequisite for

plant growth and development. Ghafari and Razmjoo

(2013) have been used FeNP for quality improvement of

Triticum aestivum seed. Studies showed that foliar appli-

cation of FeONP (2 gL-1) improved the yield and quality

of grains, foliar chlorophyll, and carotenoid contents, and

POX, CAT and APX activities. Sheykhbaglou et al. (2018)

used Fe3O4NP for enhancement of nutritional quality of

Glycine max. Foliar spraying of 0.75 gL-1 of nano FeO

leads to 1.21–1.28 folds enhancement in protein and lipid

respectively, compared to control. Iron NP has also been

successfully used for the storage and quality enhancement

of aged seeds. About 1.18 folds germination enhancement

was observed in aged seeds of Arachis hypogaea compared

to control, after treatment of 250 ppm FeONP (Harish et al.

2019) (Table 1E). Iron oxide NPs also enhanced the length

of root and shoot with higher VI. Coating of seeds with

polymer of FeNPs (500 ppm) maintained the quality of

Cajanus cajan seeds even after ten months of storage due

to capability of scavenging the free radicals generated

during storage, thus maintained the vigor (Korishettar et al.

2017) (Table 1E). Dangi et al. (2019) studied the storability

of Glycine max seeds after FeNP treatment (Table 1E). Iron

NP of 500 ppm has been seen to improve pace of germi-

nation, shoot–root length, seedling VI, and lowered EC

compared to control seeds. Reduction in EC is possibly due

to repair of the cell membrane.

Silicon dioxide nanoparticle

Silicon dioxide NPs have also been used to enhance plant

growth and development. In recent studies effect of SiNP

on Cicer arientinum under Al toxicity was assessed.

Results showed that the SiNP was efficient in providing

tolerance by compensating the cellular redox balance via

enhancement of antioxidants gene expressions (Chandra

et al. 2020a). Siddiqui and Al-Whaibi (2014) demonstrated

that the application of SiO2NPs significantly enhanced the

characteristics of seed germination in Solanum lycoper-

sicum. Similarly, Gandomani and Omidi (2017) studied the

effect of SiO2NP in improving germination of AA Glycine

max seeds (Table 1F). Silica dioxide NPs had significant

effect on traits like %G, germination rate, seedling number

and fresh weight, root to shoot ratio, relative water content

and chlorophyll. Pretreatment with 60 ppm SiO2NP

increased the germination by 20% and reduced the time

required to lead this process. Silica NP showed concen-

tration dependant response; 125 ppm concentration has

been improved germination quality parameters in Oryza

sativa (Patil et al. 2018) (Table 1F). Silica NPs enhanced

the germination by 1.11 folds, shoot–root length

by 1.22–1.44 folds, seedling length by 1.28 folds, and dry

weight by 1.05 folds, with higher VI I and II (1.42 and 1.18

folds) compared to control. Higher vigor was seen to

reduce the level of infection by seed born fungi to control

samples. Improvement in seed quality parameters might be

due to faster imbibition of water resulting in activation of

essential metabolic reactions to enhance the germination.

Higher concentration (150 to 200 ppm) of SiO2NP had

toxic effect on seed quality parameters.

Copper/Copper oxide nanoparticle

Copper is an important structural component of various

enzymes and regulatory proteins associated with mito-

chondrial respiration, photosynthetic electron transport,

oxidative stress responses, hormone signaling, and cell wall

metabolism (Solymosi and Bertrand 2012). Gautam et al.

(2016) studied the influence of CuONP on growth,

chlorophyll content, and germination of Glycine max. A

positive change in total chlorophyll by 1.2 folds was

observed at 200 ppm concentration of CuONP compared to

control. Moreover, higher concentrations had an inhibitory

effect on germination. Anandraj and Natarajan (2017)

compared the effect of CuONP with other NPs at con-

centration of 750, 1000, 1250 and 1500 mgKg-1 (-

Table 1G). Copper oxide NPs (1250 mgKg-1) enhanced

the germination (1.1 folds) and VI (1.15 folds) compared to

control. Moreover, Maithreyee and Gowda (2015) used

CuONP to enhance the quality of aged Zea mays

(Table 1G). They recorded the highest germination (1.13

folds), shoot and root length (1.47–1.27 folds), seedling

length (1.35 folds), dry weight (1.54 folds) and, VI I and II

(1.58 and 1.81 folds) respectively at 1500 mgKg-1 con-

centration. Seeds treated with CuONP had highest a-
amylase activity (1440 mg maltose liberated h-1 mg-1 of
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protein) compared to control, thus enhanced the biochem-

ical activity and %G.

Calcium carbonate nanoparticle

Calcium is an essential plant nutrient, required for

the structural maintenance of cell wall and membrane.

Calcium carbonate (CaCO3) is widely used for the neu-

tralization of acidic soil. Yugandhar and Savithramma

(2013) studied the effect of CaCO3NP on the germination

of Vigna mungo seeds. Under the influence of CaCO3NP an

enhancement in germination (1.04 folds) was observed

compared to control. Nanoparticles positively affected the

seedling VI along with shoot and root length. In a study,

different concentrations (50, 100, 250, 500, 1000 and

2000 ppm) of CaCO3NP were tested for quality improve-

ment of Arachis hypogaea seeds (Harish et al. 2019)

(Table 1H). Calcium carbonate NPs (100 ppm) increased

the germination (1.17 folds) and VI (1.4 folds). Enhance-

ment in germination attributes was an outcome of enhanced

biochemical activities in seeds. Activities of a-amylase,

and antioxidants (CAT, SOD and POX) were significantly

higher in treated seeds compared to un-treated ones (Harish

2017).

Nanoformulations

Nanoemulsion (NE) is the emulsion of nano sized (20 to

200 nm) materials (Wang et al. 2007). Nanotechnology has

been utilized in the formulation of emulsions with a pur-

pose to refine their function and stability. Acharya et al.

(2019) utilized NEs of Curcuma longa oil and Citrus limon

for the quality enhancement of Allium cepa seeds

(Table 1I). Internalization of NE within the seeds was

confirmed by assessment of Ar-turmerone and fatty acid

methyl esters, respectively. Owning to NE interanalization,

seed showed enhanced germination, faster radicle emer-

gence, growth and yield compared to unprimed and

hydroprimed controls. Polyphenols present in plant extract

readily react with cellular ROS and cause loosening of cell

walls, thereby growth.

Organic NPs have been used for the amelioration of

ageing in Solanum lycopersicum seeds (Vijayalakshmi

et al. 2018a) (Table 1I). Three different organic solutions

of powders of Annona muricata leaf, Trigonella foenum-

graecum seed, and Curcuma longa rhizome, with a range

of concentrations (0.10, 0.25, 0.5 and 1%) were used to

study their impacts on aged seeds. Organic compounds are

rich in polyphenolics and flavonoids which possess high

antioxidant activity. Higher antioxidant activities quench

the excess free radicals generating in deteriorating seed and

thus enhance rate of germination. Enhancement in seed

quality was observed by treatment of 0.25% Trigonella

foenum-graecum nano powder. Ambika and Sujatha (2016)

studied the effects of nano powders of Sargassum myric-

ocystum, Caulerpa racemosa, and Gracilatia edulis on

physiological quality and enzyme activity of ageing Ca-

janus cajan seed during storage (Table 1I). Among these,

Sargassum myricocystum (1%) nano powder-induced

maximum improvement in %G, pace of germination,

seedling length, seed vigor, a-amylase and POX activity.

The promotary effect exhibited by this on seed quality is

due to the presence of antioxidants, growth promoting

substances, metabolic enhancers and, micro and macro

elements. Nano powders promote water uptake in seeds

thereby utilization of stored starch reserves for energy

generation, leading to germination.

Chitosan nanoparticle

Chitosan is a proven second most abundant bio-functional

material that induces many biological responses in plants.

Chemically chitosan is a polycationic polymer of b-1,4
linked-glucosamine, which is known to be antifungal. It is

a well accepted nanomaterial owing to its non-toxicity,

versatility, biocompatibility, excellent physiochemical

properties and biodegradability (Divya and Jisha 2018). Li

et al. (2019) showed a positive effect of chitosan NP

(ChNP) on seed germination and seedling growth of Tri-

ticum aestivum. Low concentration of ChNP (5 lgmL-1)

induced the auxin-related gene expression and, enhanced

IAA biosynthesis and transport, while reduced the activity

of IAA oxidase, resulting in an abrupt increase of IAA

concentration in Triticum aestivum shoots and roots. Divya

et al. (2019) applied the ChNP as elicitor of germination in

Oryza sativa. Chitosan NP was found to induce the activ-

ities of enzymes responsible for the conversion of stored

complexes in simpler forms for successful seedling estab-

lishment of Zea mays (Saharan et al. 2016). Stored seeds

are prone to fungal infections, and ChNP has been used as

an effective material to overcome this problem. Choo-

khongkha et al. (2012) compared the effects of ChNP and

chitosan solution on fungal growth and quality control of

AA Capsicum annum seeds and observed that the ChNP

acts as an antifungal agent thereby control deterioration

(Table 1J).

Conclusions and future perspectives

Seeds exhibit high genetic variability, thus believed to be

the best alternative for conservation of natural genetic

diversity, compared to somatic tissues. However, the

longevity of seeds is crucial for sustainable agricultural

practices. Decline in viability due to ageing poses a sig-

nificant challenge to seed storage phenomenon. Various
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studies have documented the potential physiological, bio-

chemical, and genetic markers which can be used to assess

the degree of ageing/quality of seeds. Ageing considerably

affects genome stability, reduces efficiency of repair

mechanisms and, diminishes seed vigor and viability.

Therefore, immense study is required to know the exact

mechanisms that regulate ageing phenomenon, and to

understand the genetic basis of it. Exogenous application of

metal NPs on aged seeds has recently been demonstrated to

revive the damaging reactions by stimulating the repair

mechanisms. Nanoparticle triggers seed machinery to enter

into the germination phase and promote faster radicle

emergence. It improves the vigor of aged seeds by main-

taining the cellular redox homeostasis. Seed germination is

triggered by ROS signaling, and H2O2 is identified as a

profound signaling molecule that stimulates the onset of

early germination of aged seeds. Reversal of ageing in

seeds is regulated by stimulated a-amylase activity which

controls germination by hydrolyzing stored carbohydrates.

Treatment of NP has prolonged effect on germinated

seedlings. It promotes root-shoot elongation by increasing

mitotic index along with biomass.

Since nanotechnology is assuring betterment in agri-

cultural practices, an enormous consideration should be

taken into account to make sure that it cannot be tinkering

with the environment. Use of NPs must be within nature

threshold limits. Newer goals should be set to look into the

depth of whole germination process controlled by NPs.

Analysis of whole spectrum of growth in terms of germi-

nation of aged seeds is required. Limited studies have been

done in this area, thus robustness of technology relies on

how easily it can be translatable to fields with reproducible

results. Studies are also required to be focused on cost-

effective syntheses of NPs for bulk application. Large scale

application must be free from any sort of stoichiometric

defect. Focus must be drawn on uptake, transport and

accumulation of NPs for prolonged effect. Significant

attention is required to observe the interaction and signal-

ing pathways. Each type of NP has some special properties,

hence; in depth studies are required in context to revival of

ageing in seeds. Lastly, with the increase in global popu-

lation we cannot afford to waste our stored foods/seeds,

therefore; nanotechnology imposed improvement in seed

quality has been proven to be boon for solving this

problem.
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