
Biogeosystem Technique. 2021. 8(2) 

79 

 

Copyright © 2021 by Cherkas Global University 
 

Published in the USA 
Biogeosystem Technique 
Issued since 2014. 
E-ISSN: 2413-7316 
2021. 8(2): 79-92 
 
 
DOI: 10.13187/bgt.2021.2.79 
https://bgt.cherkasgu.press 

 
 
Nano-Priming Technology for Sustainable Agriculture 
 
Abhishek Singh a, Rakesh Singh Sengar a, Ragini Sharma b, Priyadarshani Rajput c , *, 
Anil Kumar Singh d 
 
a Department of Agricultural Biotechnology, College of Agriculture, Sardar Vallabhbhai Patel 
University of Agriculture and Technology, Meerut, U.P., India 
b Department of Zoology, Panjab Agriculture University, Ludhiana, India 
c The Smart Materials Research Institute, Southern Federal University, Rostov-on-Don, 
Russian Federation 
d Department of Earth & Planetary science, University of Allahabad, Prayagraj Uttar Pradesh, India 
 
Paper Review Summary: Received: 2021, November 14  
Received in revised form: 2021, December 20  
Acceptance: 2021, December 22 

 
Abstract 
Climate change affected crop growth and development which reduced crop production. 

Decreasing crop production can create food security-related problems. Nanotechnology is a new 
era of technology for the solution of climate change-related problems in agriculture we can say the 
"NanoTech-Agril" era that helps the farmer to produce a larger number of crops without any 
problem related to climate change problems like salinity, drought, flood etc. Nanoparticle-based 
seed priming can enhance the seed metabolism and signalling pathways, that not only enhanced 
seed germination but also help in the establishment of plants for the entire lifecycle. Nano-seed 
priming also enhanced the metabolic, biochemical, antioxidant and phytohormone pathways 
resulting in the promotion of abiotic and biotic stresses that cut off the need for pesticides and 
fertilizers. The present review provides an overview of the nanoparticle application for sustainable 
agriculture. 

Keywords: Climate change, food security, nano seed priming, antioxidant, pesticides, 
fertilizers 

 
1. Introduction 
Several difficulties are being expressed by agriculture, including pest-related productivity 

losses, natural resources depletion, and the consequences of global climate change (De La Torre-
Roche et al., 2020; Kah et al., 2019). Another issue is that conventional farming techniques depend 
on the constant use of fertilizers and pesticides, which pollutes the environment (Rajput et al., 
2018). By 2050, the global population is predicted to reach 9-10 billion, suggesting that food 
production would need to expand by 25-70 % from present levels (Scott et al., 2018). As a result, 
new agricultural technology must be used in order to assure sustainability and boost production 
(Fraceto et al., 2016; Panpatte et al., 2016). Seed germination is the beginning of a plant’s life, and 
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good germination is critical for the survival of plant species and its conservation, especially in some 
ecosystems like rangeland and agricultural land (Manjaiah et al., 2018). Furthermore, in terms of 
drought and salt stress, the germination stage is one of the most vulnerable. If a plant can endure 
these challenges, it will go to the next stage of development (Akter et al., 2018). Plant development 
and production are determined by the rate and homogeneity of seedlings, which protect buds from 
damage caused by adverse environmental factors (Rajput et al., 2015). These include drought, 
salinity, temperature, moisture, which have significant impact on seed germination and subsequent 
seedling growth (Friedrichs et al., 2019; Maity et al., 2018; Zahedifar, Zohrabi, 2016). 

Crop protection can benefit from nanomaterials, particularly nanoparticles (Scott et al., 
2018). This is a significant area of study that has piqued the interest of a number of agricultural 
firms, culminating in the use of nanoparticles in formulations (Chau et al., 2019). Pest control, 
plant nutrition, and environmentally friendly production methods can all benefit from the use of 
nanopesticides and nanofertlizers (Acharya et al., 2020; Rajput et al., 2021c). Nanoparticles have 
been demonstrated to have varied impacts on seeds and plants in recent research (Acharya et al., 
2020; Pérez-de-Luque, 2017). Some negative side effects such as phytotoxicity or germination 
suppression may be caused due to nanoparticles (Rajput et al., 2020a). On the other hand, some 
nanoparticles can function as stimulants in cellular signaling pathways, enhancing seed 
metabolism, seedling vigor and plant development (Abbasi Khalaki et al., 2020). The physical and 
chemical features of nanoparticles, such as size, zeta potential, and concentration, are the 
determinants that ultimately dictate biological responses (Abbasi Khalaki et al., 2020; Acharya et 
al., 2019; Singh et al., 2021). These features are important in the absorption and transport of 
nanoparticles in plants. Smaller nanoparticles, for example, are more effective at crossing 
biological barriers (Bombo et al., 2019; Hu et al., 2020; Palocci et al., 2017; Rajput et al., 2022; 
Valletta et al., 2014). The nanoparticles’ surface charge is also important. The leaves may pick up 
both positively and negatively charged nanoparticles and transport them to roots. But only 
negatively charged nanoparticles are immediately absorbed by the roots. Formation of mucilage 
occurs due to positive charges which checks the plants from absorbing them (Avellan et al., 2017; 
Spielman-Sun et al., 2019). To protect seeds during storage, promote germination and its 
synchronization, boost crop tolerance to abiotic and biotic stress, and plant development, 
nanopriming may be applied to seeds which will also assist in minimizing the amounts of pesticides 
and fertilizers required (Malik et al., 2020; Marina Voloshina, 2020). It has been suggested by new 
research that a variety of genes can be activated during germination such as those involved in plant 
stress tolerance by seed nanopriming. Although studies have already demonstrated encouraging 
results (Hussain et al., 2019; Ye et al., 2020), the use of nanotechnology for seed priming is a new 
field of research. Because many nanoparticles contain antimicrobial properties and may thus load 
antimicrobial compounds, seed nano-priming can also be employed for seed protection (Hussain et 
al., 2019; Pirzada et al., 2020). Furthermore, nano-priming may be employed to target seed 
biofortification in order to improve food quality and production (Hussain et al., 2019; Pirzada et 
al., 2020).  

 
2. Results and discussion 
Nanoparticles and nano-enabled products 
Nanotechnology is an emerging technology that have the potential solution for most 

agriculture problems (Singh et al., 2022). Nanoparticles have many unique properties due to their 
tiny size in nanometers 1-100 nm with a large surface area which increase their physical and 
chemical importance (Rajput et al., 2021b; Singh et al., 2022). These favorable features of 
nanoparticles help to formation in various nano-enabled products e.g., nanofertilizer, 
nanoinsecticide, nanopesticides etc. for sustainable agriculture (Table 1). Four basic kinds of NPs 
are defined based on their chemical composition: Carbon-based such as nanofibers and nanotubes 
of carbon; Metal-oxide-based such as Ag, Cu, etc.; Bio-organic-based such as micelles and 
liposomes; Composite based (Lowry et al., 2019). Organic and inorganic types of NPs is another 
classification.  

Organic NPs, such as polymeric NPs, liposomes, carbon-based nanomaterials, lipid-based 
nanocarriers, and solid lipid NPs, are biodegradable. Inorganic NPs are made of inorganic 
materials such as metals and metal oxides, such as silver oxide and zinc oxide. Silver NPs (Ag-NPs) 
are the most commonly used of all the synthesized NPs, with a dominance of more than 25 % in 
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diverse consumer items (Scott et al., 2018). Antifungal, antiviral, and antibacterial medicines are 
the most common uses of Ag-NPs. 

 
Table 1. Nano-enabled agriculture products (Rajput et al., 2021b) 

 
Nano-enabled 
products 

Company Country Applications 

AZterknot fungicide Vive Crop Protection Canada Use as fungicide 

Nanosulf Drenching Alert Biotech India Use as antifungal  

Natural Pesticide 
Nano-5-011 

Organic Fertilizing Taiwan Use as pesticide 

NeuDelta-2.5EC Neufarm GmbH Germany Use as pesticide 

Groagro 4: Super 
Kalium Catalyst + T. 
E 

Bonding Technology 
Resources SdnBhd 

Malaysia Potassium 
nanofertilizer 

PADI 3 (17: 3 : 25 : 
2) + GROAGRO 4 

Bonding Technology 
Resources SdnBhd 

Malaysia Use as NPK fertilizer 

Nano-urea                        
 

Indian Farmers Fertilizer 
Cooperative Limited (IFFCO) 

India Nano-urea 
replacement of 
traditional urea 
fertilizer 

 
New kinds of NPs with a wide range of applications in numerous industries are generated 

each year employing state of art technology. Two ways are there for synthesis of NPs: i) top-down 
method and ii) bottom-up method (Fraceto et al., 2016; Panpatte et al., 2016). In addition, NPs are 
also synthesized using three distinct methods: physical, chemical and biological. The variance in 
stabilizing and lowering the potential of biomolecules present in the plant results n the synthesis of 
green NPs for seed priming accumulated NPs. Camerel et al., 2002 reported the creation of gold 
NPs inside the live plant alfalfa when the plants were cultivated in an AuCl4 rich environment. Bali 
and Harris discovered Medicago sativa and Brassica juncea plants’ capacity to collect Au NPs 
from aqueous KAuCl4 solutions in a comparable study. The majority of the NPs were found in the 
xylem parenchyma cells, although some were also found in the epidermis, vascular bundles, and 
cortex. Throughout the last several years, the majority of research has concentrated on synthesis of 
NPs utilizing the inactive component of the plants, either in powder form or as an extract 
(Mohamad et al., 2014). Metallic NPs may be made from a variety of plant components, including 
leaves, stems, flowers, fruits, roots, seed coats, seeds, and latex. 

NPs are made at a certain temperature and pH by combining plant biomass/extract and a salt 
solution of metal. The colour change of the solution serves the major conformation of NPs 
synthesis (Mohamad et al., 2014). Plant extracts are made using a variety of techniques including 
Soxhlet apparatus, cold treatment, and hot treatment, which are then used to make NPs. Because 
of it is of scale-up and downstream processing, this technique of NP synthesis is more suited than 
intracellular approach. This approach is also environment friendly, non-toxic, biocompatible and 
renewable (Camerel et al., 2002; Dikshit et al., 2021; Mittal et al., 2013; Mohamad et al., 2014). 
These NPs are recognized to have a variety of biological uses due to their biocompatibility. 
The production of metal NPs begins with the addition of plant extract to a metal precursor solution 
containing metal salts. For the production of Ag, Au, Pt, Cu, Fe, Se, Ni, NPs, metal precursor 
solutions such as AgNO3, HAuCl4, PdCl2, H2PtCl6, Cu(NO3)23H2O, FeCl36H2O, Na2SeO3, and 
(NiNO3)26H2O are often utilized (Dikshit et al., 2021). Metal NPs are synthesized primarily in 
three phases utilizing plant extract. The reduction of metal ions (M+ or M2

+) to metal atoms (M0) 
and subsequent nucleation of the reduced metal atoms happens in the first step (Dikshit et al., 
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2021). The convergence of tiny nearby NPs into bigger particles happens in the second stage, which 
is accompanied by rise in thermodynamic stability. The procedure is completed at the last stage by 
giving the NPs their final form (Makarov et al., 2014; Si, Mandal, 2007). Various functional 
biomolecules are present in the plant extract which help in reduction and stabilization of metal 
ions in the solutions. But, identifying the exact reducing and stabilizing molecules in NP 
production is challenging because the plant extract contains large variety of phytochemicals. 

Germination and Principles of Seed Priming 
For crop quality and plant development in agriculture, germination is a critical phase (Abbasi 

Khalaki et al., 2020). Seedling growth is rapid, resulting in rapid expansion of the leaves and 
elongation of the roots, which favors nutrient intake, biomass production, and translocation 
through transpiration flow (Mahakham et al., 2016). Slow germination exposes the early seedling, 
which is one of the most sensitive phases of the plant life cycle, to a variety of environmental stress 
conditions or diseases, resulting in reduced vigor and crop output, as well as financial losses for 
farmers (Acharya et al., 2019). There are three phases of seed germination (Nonogaki et al., 2010). 
Phase I is imbibition which begins with quick water absorption, basal metabolism of seed, 
mitochondrial activity, transcription and protein synthesis in the seed. The metabolism becomes 
hyperactive in phase II (lag phase or activation), with the generation of enzymes essential for 
reserve mobilization and embryo growth, including as amylases, endoxylanase, and phytase. 
The seeds show rapid water intake in phase III, and embryo expansion culminates in radicle 
protrusion (Nonogaki, 2014). Auxins are responsible for seed germination or dormancy (Wu et al., 
2020). To govern cellular activities associated to seed germination, ROS modulate gene expression 
and phytohormone signaling, as well as the homeostasis of abscisic acid, gibberellins, auxins, and 
ethylene (Wu et al., 2020). When ROS levels are too high, however, substantial oxidative damage 
occurs, causing seed germination to be hampered (Bailly, 2019). To be encompassed in the so-
called oxidative window, which allows appropriate germination completion, ROS level must be 
spatiotemporally managed (Bailly, 2019). 

To increase seed germination and plant development, seed priming is a classical agricultural 
practice based on seed preparation prior to planting (Carrillo-Reche et al., 2018). Its commonly a 
water-based approach in which seeds are soaked in water and then dried or physically by UV 
priming (Lemmens et al., 2019). To initiate pre-germination metabolic pathways (phases I and II), 
water absorption must be sufficient without causing radicle emergence. Seed metabolism is altered 
by this process at the molecular and cellular levels such as increased reverse mobilization capacity, 
transcriptomic reprogramming, loosening of cell wall, higher tendency for translation and post-
translation modifications. It generates a specific physiological state on absorption that increases 
and strengthens the germination and vitality of primed seeds (Carrillo-Reche et al., 2018). 
Antioxidant mechanisms, heat shock proteins and other stress related responses are induced due to 
soaking and subsequent drying due to which cross resistance to additional stressors develops. 
Furthermore, rapid germination reduces the time that germinating seeds are exposed to 
unfavorable soil conditions. To promote seedling vigour, make plants more tolerant to stress 
conditions, and increase and coordinate germination, seed priming has therefore been used and 
thus improving quality of food and increasing yield as a result (Carrillo-Reche et al., 2018; 
Lemmens et al., 2019). 

Seed priming can be done in a variety of ways, such as hydro-priming or hydro-
thermopriming, in which water treatment is given to seeds, typically for 7-14 hours to keep them 
hydrated, allowing germination phase II to proceed (Carrillo-Reche et al., 2018). Temperature 
alteration (cold and hot) can be used with this approach (Noorhosseini et al., 2017). To manage 
hydration (about 10-20 %), and modify seed metabolism via an abiotic stress, low water potential 
solutions are utilized in osmo-priming. Other pre-sowing treatments include using microorganisms 
(Lemmens et al., 2019), solutions containing salts (Saddiq et al., 2019), and plant growth 
regulators (Sytar et al., 2018) for bio-priming, halopriming and hormo-priming respectively.  

For seed priming, a novel approach would be seed nano-priming in which nanomaterials, 
primarily nanoparticles are used (Table 2). 
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Table 2. Use of nanomaterial for seed priming and coating 
 

Nanoparticle Characteristics Crops  Application  References 
Fe-NPs Particle size 

<50nm 
Sorghum 
bicolor 

Enhances germination, 
seeding growth and salinity 
tolerance of S. bicolor 

(Maswada et al., 
2018) 

Biogenic Fe-
NPs 

Particle size of 
19–30 nm 

Citrullus 
lanatus 

Modulate Antioxidant 
Potential and Defense-Linked 
Hormones in C. lanatus 
Seedlings 

(Kasote et al., 
2019) 

Biogenic Ag-
NPs 

Particle size of 
 6-26 nm 

Oryza sativa Enhancing germination and 
starch metabolism of aged O. 
sativa seeds 

(Mahakham et 
al., 2017) 

ZnO-NPs 
and Fe2O4-
NPs 

ZnO-NPs 20–
30 nm 
Fe2O4-NPs 50-
100 nm 
 

Triticum 
aestivum 

Improved the plant growth 
and reduced the oxidative 
stress and cadmium 
concentration in T.aestivum 

(Rizwan et al., 
2019) 

Si-NPs Si-NPs 90nm  T.aestivum Improved the biomass and 
yield while reduced the 
oxidative stress and cadmium 
concentration in T.aestivum 
grains 

(Hussain et al., 
2019) 

Au-NPs Au-NPs 10-
30nm 

Zea mays L. promoting Z. mays seed 
germination 

(Mahakham et 
al., 2016) 

Nano-pyrite 
(FeS2) 

FeS2-NPs10-
30nm 

O. sativa Use as NPK fertilizer O. sativa 
production 

(Das et al., 
2018) 

 
Seed priming and seed nano priming are not the same thing, because traditional seed 

priming mostly include hydropriming using water or solutions from which the chemicals are 
adsorbed on the seed and seed coating is formed with these nutrients, biopolymers or hormones. 
Suspensions and nanoformulations are utilized in seed nano-priming, and the nanoparticles may 
or may not be taken up by the seeds (Acharya et al., 2019). Even when nanoparticles are taken up, 
the majority of them remain as coating on the seed surface (Acharya et al., 2019; Montanha et al., 
2020). To defend against diseases while storage or in the fields, fungicides or bactericides are 
combined with such seed coatings (Gross et al., 2020). Khodakovskaya et al. (2009) published one 
of the first studies demonstrating the ability of nanomaterials to alter seed germination. Despite 
the lack of seed priming, these researchers revealed that tomato seeds can absorb carbon 
nanotubes. The water intake was boosted by these nanotubes, leading to 2-fold more blooms on 
tomato plants. Carbon nanotubes have also been shown to improve the gene expression of various 
types of channel proteins for water and alter seed metabolism in plants like barley, soybean, and 
maize (Villagarcia et al., 2012). For seed nano-priming, distinct nanomaterials have been shown to 
have potency such as metallic, biogenic metallic, and polymeric nanoparticles (Siddaiah et al., 
2018). This leads to alteration of gene expression that can change the metabolic processes like 
production of hormones, and cause rapid development of shoot and root. After seed priming, high 
resistance to pests and other biotic and biotic factors in the field develops in the plants due to rise 
in the antioxidant activity and enzymatic activities in the defense system (Itroutwar et al., 2019; 
Siddaiah et al., 2018). 

Application of different Nanoparticlesin seed priming  
Silver nanoparticles (Ag-NPs) 
After carbon nanotubes, Ag-NPs are now one of the most frequently utilized nanoparticles. 

Antimicrobial properties of these NPs are widely employed in a variety of fields, including 
detergents, textiles, and polymers (Awasthi et al., 2017). For their distinct properties such as 
preferred optical, electrical and magnetic properties, Ag-NPs are highly prized. Thus, they can be 
mixed in cryogenic superconducting components, electronic materials, biosensor materials, 
cosmetics, composite fibers, checking the action of ethylene, and antimicrobial applications in 
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plants. They are also suggested to be beneficial in gardening and other agricultural operations 
because of Ag-NPs capacity to prevent seeds from bacterial and fungal attack (Parveen, Rao, 2015). 

Silica nanoparticles (Si-NPs) 
Following oxygen, Silicon (Si) is the most prevalent element on earth contributing around 

31% of earth’s crust (Dietz, Herth, 2011). Nanosilica is a valuable substance with applications in 
variety of disciplines of research and technology, biology and electronics. According to some 
experts, Si might help plants cope with salt stress (Wang et al., 2011). Si helps to enhance the light 
absorption of leaves, photosynthetic activity, plant resistance to biotic or abiotic stress, organ 
longevity, evapotranspiration reduction, and the mechanical strength of leaves. The epidermal 
tissue of the secretory organs of plant contains Si (Rastogi et al., 2019). Improvement in crop 
quantity and quality has been proven by using silicon fertilizers in a variety of climates and soil in 
different plants. Silicon NPs are able to influence plant metabolism because of their unique 
physiological features(Rastogi et al., 2019). Furthermore, DNA and other chemicals may also be 
transported into animal and plant cells by silica NPs (Wang et al., 2011). Germination 
characteristics like speed of germination, dry weight, and radicle height of plant are all improved 
by nanosilica (Rastogi et al., 2019; Wang et al., 2011). 

Copper nanoparticles (Cu-NPs) 
For proper growth and reaction involved in photosynthesis, copper (Cu) is a necessary 

component. It participates in exchange of proteins and hydrocarbons. Various oxidizing enzymes, 
such as ascorbic acid oxidase and polyphenol oxidase, include copper (Leng et al., 2015). For plant 
metabolism and development of plant, Cu is essential. Excess amount of copper can cause toxicity 
but its deficiency is indicated by curled leaves (Leng et al., 2015). Cu-NPs released from a variety of 
goods have the potential to harm individuals and ecological systems (Chen et al., 2012). Copper oxide 
(CuO) NPs have been found to be hazardous to aquatic creatures like crustaceans, algae, zebra fish, and 
protozoa in recent researches (Chen et al., 2012). On the other hand, for Vigna radiata (L.) R. Wiclczek 
seedling development, metabolism and germination, less CuO concentrations were shown to be 
preferable (Singh et al., 2017). However, some past findings are unclear becausethe impact of Cu-NPs 
on plants is still to be examined thoroughly (Leng et al., 2015). 

Iron nanoparticles (Fe-NPs) 
In the earth’s crust, iron (Fe) is the fourth most abundant element and is considered non-

toxic (Li et al., 2006). All organisms require iron as a micronutrient. It is essential for formation of 
chlorophyll, process of photosynthesis, and respiration (Najafi Disfani et al., 2017). Fe-NPs are one 
of the many nanoparticles employed in restoration of wastewater (Fu et al., 2014) and 
environmental applications (Najafi Disfani et al., 2017). In plant germination, proper development, 
and increased output, iron oxide (FeO) NPs play a critical role. Because iron is the most abundant 
component of chlorophyl, elevating FeO-NPs decreases iron insufficiency and boosts levels of 
chlorophyll a and chlorophyll b (Ghafariyan et al., 2013). As a result, iron oxide NPs have a 
significant impact on the advancement of agriculture and other disciplines due to their vital role in 
plants (Li et al., 2006). To improve iron availability to the plants, increase height, biomass and root 
length, and influence the action of hormones and antioxidant enzymes, FeO-NPs are also used as 
nano-fertilizers. 

Zinc oxide nanoparticles (ZnO-NPs) 
Because of its function in formation of chlorophyll and carbohydrates production, zinc is a 

necessary element for plant development. The absorption of harmful heavy metals is reduced when 
zinc levels in plants are increased and thus their toxic effects are reduced. Nanoparticles are 
utilized in a variety of industries including biosensors, electrodes, health and home products. While 
in agriculture, Zinc nanoparticles are mainly used because f their major functions in physiological 
responses and anatomy of plants (Awasthi et al., 2017). ZnO is required for regulating the 
metabolism of phytohormones and numerous enzyme functions, including superoxide dismutase 
and dehydrogenases (Rajput et al., 2021a). Because of their wide surface area, photodegradation, 
low toxicity, extended life duration, high pore volume, nanoparticles of zinc oxide can be employed 
as catalysts, polymer additives, chemical absorbents, and antibacterial. The effect of ZnO-NPs on 
seed germination in a variety of plant species has become the focus of past few researches (Awasthi 
et al., 2017; Gaafar et al., 2020; Sharma et al., 2021). However, due to the biological activity of 
metal-based NPs, the use of ZnO-NPs nano-fertilizer has been observed to have harmful impacts 
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on plants (Itroutwar et al., 2020). According to several studies, nano-ZnO is so poisonous that it 
can halt plant root development. 

Impact of nano-priming in abiotic stress 
Pollution and salinity of soil can substantially reduce quantity of harvests (Maswada et al., 

2018). Owing to direct ionic impacts on metabolism of plants as well as nutrient and water 
shortages, plant development is slowed down due to high salt content (Abdel Latef et al., 2017). 
Anthropogenic causes of heavy metal accumulation include waste disposal and burning, discharges 
from sludge and sewage, industrial operations, and use of fertilizers while natural or geogenic 
causes includesome local geological events or accumulation from air (Qayyum et al., 2017). 

Under high salinity, roots were elongated and germination was enhanced on priming of 
manganese nanoparticles n jalapeno pepper seeds (Capsicum annuum L.). Moreover, on properly 
modifying sodium distribution between shoots and roots, salt stress was reduced via oxidative 
stress control (Ye et al., 2020). Priming of zinc NPs on lupin seeds increased their tendency to 
withstand the effects of salt stress along with the maintenance of pigments involved in 
photosynthesis and growth metrics like fresh and dry weight and root and shoot length. Because of 
higher amounts of organic compounds, antioxidant enzymes, phenols and photosynthetic 
pigments, Zn NPs primed lupin seeds showed promoted plant growth in high salt levels (Figure 1). 

 
Fig. 1. Diagrammatic representation of NPs base seed priming and mitigation of abiotic stress 
(Salinity stress) at germination stage of rice plant 

 
Enhanced germination, higher levels of chlorophyll, and better development in salty 

circumstances were demonstrated by nano-iron treated sorghum seeds (Maswada et al., 2018). 
Such findings suggest that not only to promote germination of seeds but also to prevent stress, this 
technique may be utilized. Rizwan et al. (2019) demonstrated that when wheat seeds were primed 
with zinc and iron nanoparticles in an instance of heavy metal accumulation, cadmium 
concentration was reduced in the grains due to inhibition of cadmium absorption. In shoots, roots, 
and grains, cadmium amounts were decreased by 38 %, 55 %, and 83 % respectively using zinc 
nanoparticles where as it was decreased by 54 %, 56 %, and 84 % in the shoots, roots and grains 
respectively by using iron nanoparticles. After priming of seeds, amount of zinc and iron was 
increased in plants (Rajput et al., 2020b). It was found that when seeds were primed with silicon 
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nanoparticles, cadmium absorption was reduced, production of carotenoids and chlorophyll a and 
chlorophyll b increased, photosynthetic rate and biomass of plant was increased while function of 
antioxidative enzymes and generation of reactive oxygen species was decreased in cadmium 
contaminated soil (Rajput et al., 2020a). The synthesis of phytohormones like jasmonic acid and 
salicylic acid which are produced during plant defense responses might be altered due to deficiencies in 
minerals like zinc and iron (Khan et al., 2017). Onion extracts were used to prime watermelon seeds 
with biogenic iron nanoparticles (Kasote et al., 2019). In the early stage of seedling, stress tolerance was 
boosted in the plants with higher amounts of jasmonic acid and cis-(+)-12-oxo-phytodienic acid 
(its precursor). Using copper nanoparticles for seed priming of maize can improve drought resilience in 
plants. Decreased oxidative stress with increased amounts of chlorophyll, anthocyanin, and carotenoids 
were maintained in the leaves (Nguyen et al., 2020). All this suggests that nano-priming of seeds might 
help plants cope with stress induced by contamination of heavy metals, drought, nutritional 
deprivation, or salty environments. Moreover, metabolism is also regulated to increase plant 
development and resistance to stress. For preventing the negative consequences of the climatic crisis 
and reducing yield losses due to man made as well as natural impacts on the globe, nano-priming of 
seeds can be a viable option to induce resistance to abiotic stress in plants.  

Concerns 
Nanomaterials should be applied with prudence though they have the capacity to be used for 

coating and priming of seeds. not just in agricultural field, but also in other industrial fields, 
the proper use of these technologies necessitates the adoption of suitable laws based on reliable 
research (Kah et al., 2018). Assessment of the outcomes of nanoparticles in the ecosystem taking 
into account their potential of toxicity in the surroundings and lawful guidelines are necessary for 
the commercial production of nanoparticles, their applications in the agriculture, and disposal of 
the industrial discharge.  

Many habitats are linked to agricultural operations, and nanoparticles can have a significant 
influence on them (Lowry et al., 2019). As a result, to produce nanomaterials which are safe for 
land as well as the larger surroundings, it is critical to comprehend their method of action. Prior to 
the treatment of seeds, it is important to assess the conditions for priming including size and 
quantity of nanoparticle, and the time span of treatment. Inhibition of germination, harmful 
changes in metabolism and structure of cell, alteration in interaction between microbiota and 
roots, and decrease in plant growth are some negative impacts which can occur due to improper 
priming conditions (Rahman et al., 2020). To create nanomaterials which are efficient as well as 
having minimum harmful consequences, it is critical to comprehend the influence of chemical and 
physical features of nanoparticles on seeds and related organisms (Camara et al., 2019). Polymeric, 
metallic, and biogenic metallic nanoparticles, all types of nanoparticles discussed above are 
different from one another in their physical, chemical and biological properties. Seed nano-priming 
can be designed for a variety of techniques including developing tolerance in plants to biotic and 
abiotic stressors, biofortification, protection of seeds, or a combination of all factors. 

Significant benefits can be attained by using nanoparticles for seed priming. In comparison 
to applications in soil and foliar, seed treatments decrease the nanoparticle exposure. For seed 
priming, low amounts of nanoparticles are required which is another plus point. It may be 
delivered in a regulated manner by manufacturers, to prevent excessive material discharge into the 
environment. Although, research is needed to figure out how various nanoparticles like polymeric, 
metallic and biogenic metallic behave and interact with the growth of plant, the quantity of 
nanoparticles left in the plant will most likely be negligible, extremely little or perhaps zero. 

 
3. Conclusion 
For modulation in agriculture, nanotechnology is a potential field. One of the techniques that 

may be used to improve sustainability is seed nano-priming. These techniques can enhance plant 
growth and protect them from various stress conditions, leading to improved quality and quantity 
of food. Thus, seed treatment by nanotechnology has the tendency to shift conventional methods 
like using agrochemicals in agriculture to a highly sustainable agriculture. Such features combined 
can lead to a system that ensure reduced environmental damage caused by traditional methods and 
gives a better and secure product for farmers and consumers. 

Many concerns such as priming conditions for seed, scaling up, harmful impacts on plants 
and associated organisms must be evaluated during the formation of these technological materials 
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in the industries and their field applications. But implementing such techniques of nanoparticles 
can change the complete management of crops with safer practices for environment, farmers and 
consumers by reducing pesticide application amounts and their negative impact threats. 

 
4. Acknowledgments 
The authors are thankful to Prof. Tatiana M. Minkina and Dr Vishnu D. Rajput for helping 

during the preparation of this manuscript. 
 
References 
Abbasi et al., 2020 – Abbasi Khalaki, M., Moameri, M., Asgari Lajayer, B., Astatkie, T. 

(2020). Influence of nano-priming on seed germination and plant growth of forage and medicinal 
plants. Plant Growth Regul. 931(93). 13-28. DOI: https://doi.org/10.1007/S10725-020-00670-9 

Abdel et al., 2017 – Abdel Latef, A.A.H., Abu Alhmad, M.F., Abdelfattah, K.E. (2017). 
The Possible Roles of Priming with ZnO Nanoparticles in Mitigation of Salinity Stress in Lupine 
(Lupinus termis) Plants. J. Plant Growth Regul. 36: 60-70. DOI: https://doi.org/10.1007/S00344-
016-9618-X/FIGURES/6 

Acharya et al., 2020 – Acharya, P., Jayaprakasha, G.K., Crosby, K.M., Jifon, J.L., Patil, B.S. 
(2020). Nanoparticle-Mediated Seed Priming Improves Germination, Growth, Yield, and Quality of 
Watermelons (Citrullus lanatus) at multi-locations in Texas. Sci. Reports. 101(10): 1-16. DOI: 
https://doi.org/10.1038/s41598-020-61696-7 

Acharya et al., 2019 – Acharya, P., Jayaprakasha, G.K., Crosby, K.M., Jifon, J.L., Patil, B.S. 
(2019). Green-Synthesized Nanoparticles Enhanced Seedling Growth, Yield, and Quality of Onion 
(Allium cepa L.). ACS Sustain. Chem. Eng. 7: 14580-14590. DOI: https://doi.org/10.1021/ACSSU 
SCHEMENG.9B02180/SUPPL_FILE/SC9B02180_SI_001.PDF 

Akter et al., 2018 – Akter, L., Fakir, O.A., Alam, M.K., Islam, M.U., Chakraborti, P., 
Alam, M.J., Rashid, M.H., Begum, M., Kader, M.A. (2018). Amelioration of Salinity Stress in 
Maize Seed Germination and Seedling Growth Attributes through Seed Priming. Open J. Soil Sci. 
08: 137-146. DOI: https://doi.org/10.4236/OJSS.2018.85011 

Avellan et al., 2017 – Avellan, A., Schwab, F., Masion, A., Chaurand, P., Borschneck, D., 
Vidal, V., Rose, J., Santaella, C., Levard, C. (2017). Nanoparticle Uptake in Plants: Gold 
Nanomaterial Localized in Roots of Arabidopsis thaliana by X-ray Computed Nanotomography and 
Hyperspectral Imaging. Environ. Sci. Technol. 51: 8682-8691. DOI: https://doi.org/10.1021/ 
ACS.EST.7B01133/SUPPL_FILE/ES7B01133_SI_001.PDF 

Awasthi et al., 2017 – Awasthi, A., Bansal, S., Jangir, L.K., Awasthi, G., Awasthi, K.K., 
Awasthi, K. (2017). Effect of ZnO Nanoparticles on Germination of Triticum aestivum Seeds. 
Macromol. Symp. 376. DOI: https://doi.org/10.1002/MASY.201700043 

Bailly et al., 2019 – Bailly, C. (2019). The signalling role of ROS in the regulation of seed 
germination and dormancy. Biochem. J. 476, 3019-3032. DOI: https://doi.org/10.1042/BCJ20190159 

Bomboet al., 2019 – Bombo, A.B., Pereira, A.E.S., Lusa, M.G., De Medeiros Oliveira, E., 
De Oliveira, J.L., Campos, E.V.R., De Jesus, M.B., Oliveira, H.C., Fraceto, L.F., Mayer, J.L.S. 
(2019). A Mechanistic View of Interactions of a Nanoherbicide with Target Organism. J. Agric. 
Food Chem. 67, 4453-4462. DOI: https://doi.org/10.1021/ACS.JAFC.9B00806/ASSET/IMAGES/ 
ACS.JAFC. 9B00806.SOCIAL.JPEG_V03 

Camara et al., 2019 – Camara, M.C., Campos, E.V.R., Monteiro, R.A., Do Espirito Santo 
Pereira, A., De Freitas Proença, P.L., Fraceto, L.F. (2019). Development of stimuli-responsive 
nano-based pesticides: Emerging opportunities for agriculture. J. Nanobiotechnology. 17: 1-19. 
DOI: https://doi.org/10.1186/S12951-019-0533-8/FIGURES/4 

Camerel et al., 2002 – Camerel, F., Gabriel, J.C.P., Batail, P., Davidson, P., Lemaire, B., 
Schmutz, M., Gulik-Krzywicki, T., Bourgaux, C. (2002). Original Single Walled Nanotubules Based 
on Weakly Interacting Covalent Mineral Polymers, 1∞[Nb2PS10-] in N-Methylformamide. Nano 
Lett. 2: 403-407. DOI: https://doi.org/10.1021/NL010090L 

Carrillo et al., 2018 – Carrillo-Reche, J., Vallejo-Marín, M., Quilliam, R.S. (2018). 
Quantifying the potential of ‘on-farm’ seed priming to increase crop performance in developing 
countries. A meta-analysis. Agron. Sustain. Dev. 38: 1-14. DOI: https://doi.org/10.1007/S13593-
018-0536-0/FIGURES/4 

 



Biogeosystem Technique. 2021. 8(2) 

88 

 

Chau et al., 2019 – Chau, N.H., Doan, Q.H., Chu, T.H., Nguyen, T.T., Dao Trong, H., Ngo, 
Q.B. (2019). Effects of Different Nanoscale Microelement-Containing Formulations for Presowing 
Seed Treatment on Growth of Soybean Seedlings. J. Chem. DOI: https://doi.org/10.1155/2019/ 
8060316 

Chen et al., 2012 – Chen, Y., Wang, D., Zhu, X., Zheng, X., Feng, L. (2012). Long-term effects 
of copper nanoparticles on wastewater biological nutrient removal and N2O generation in the 
activated sludge process. Environ. Sci. Technol. 46: 12452-12458. DOI: https://doi.org/10.1021/ES 
302646Q 

Das et al., 2018 – Das, C.K., Jangir, H., Kumar, J., Verma, S., Mahapatra, S.S., Philip, D., 
Srivastava, G., Das, M. (2018). Nano-pyrite seed dressing: a sustainable design for NPK equivalent 
rice production. Nanotechnol. Environ. Eng. 31 3: 1-14. DOI: https://doi.org/10.1007/S41204-
018-0043-1 

Deet al., 2020 – De La Torre-Roche, R., Cantu, J., Tamez, C., Zuverza-Mena, N., Hamdi, H., 
Adisa, I.O., Elmer, W., Gardea-Torresdey, J., White, J.C. (2020). Seed Biofortification by 
Engineered Nanomaterials: A Pathway to Alleviate Malnutrition? J. Agric. Food Chem. 68:                   
12189-12202. DOI: https://doi.org/10.1021/ACS.JAFC.0C04881/ASSET/IMAGES/ACS.JAFC.0C0 
4881.SOCIAL.JPEG_V03 

Dietz, Herth, 2011 – Dietz, K.J., Herth, S. (2011). Plant nanotoxicology. Trends Plant Sci. 16: 
582-589. DOI: https://doi.org/10.1016/J.TPLANTS.2011.08.003 

Dikshit et al., 2021 – Dikshit, P.K., Kumar, J., Das, A.K., Sadhu, S., Sharma, S., Singh, S., 
Gupta, P.K., Kim, B.S. (2021). Green Synthesis of Metallic Nanoparticles: Applications and 
Limitations. Catal. 11: 902. DOI: https://doi.org/10.3390/CATAL11080902 

Fraceto et al., 2016 – Fraceto, L.F., Grillo, R., de Medeiros, G.A., Scognamiglio, V., Rea, G., 
Bartolucci, C. (2016). Nanotechnology in agriculture: Which innovation potential does it have? 
Front. Environ. Sci. 4, 20. DOI: https://doi.org/10.3389/FENVS.2016.00020/BIBTEX 

Friedrichs et al., 2019 – Friedrichs, S., Takasu, Y., Kearns, P., Dagallier, B., Oshima, R., 
Schofield, J., Moreddu, C. (2019). An overview of regulatory approaches to genome editing in 
agriculture. Biotechnol. Res. Innov. 3: 208-220. DOI: https://doi.org/10.1016/J.BIORI. 2019.07.001 

Gaafar et al., 2020 – Gaafar, R.M., Diab, R.H., Halawa, M.L., El-Shanshory, A.R., El-Shaer, 
A., Hamouda, M.M. (2020). Role of Zinc Oxide Nanoparticles in Ameliorating Salt Tolerance in 
Soybean. Egypt. J. Bot. 60: 733-747. DOI: https://doi.org/10.21608/EJBO.2020.26415.1475 

Ghafariyan et al., 2013 – Ghafariyan, M.H., Malakouti, M.J., Dadpour, M.R., Stroeve, P., 
Mahmoudi, M. (2013). Effects of Magnetite Nanoparticles on Soybean Chlorophyll. Environ. Sci. 
Technol. 47: 10645-10652. DOI: https://doi.org/10.1021/ES402249B 

Gross et al., 2020 – Gross, M.S., Bean, T.G., Hladik, M.L., Rattner, B.A., Kuivila, K.M. 
(2020). Uptake, Metabolism, and Elimination of Fungicides from Coated Wheat Seeds in Japanese 
Quail (Coturnix japonica). J. Agric. Food Chem. 68: 1514-1524. DOI: https://doi.org/10.1021/ 
ACS.JAFC.9B05668/SUPPL_FILE/JF9B05668_SI_001.PDF 

Hu et al., 2020 – Hu, P., An, J., Faulkner, M.M., Wu, H., Li, Z., Tian, X., Giraldo, J.P. 
(2020). Nanoparticle Charge and Size Control Foliar Delivery Efficiency to Plant Cells and 
Organelles. ACS Nano. 14: 7970-7986. DOI: https://doi.org/10.1021/ACSNANO.9B09178/SUP 
PL_FILE/NN9B09178_SI_017.AVI 

Hussain et al., 2019 – Hussain, A., Rizwan, M., Ali, Q., Ali, S. (2019). Seed priming with 
silicon nanoparticles improved the biomass and yield while reduced the oxidative stress and 
cadmium concentration in wheat grains. Environ. Sci. Pollut. Res. 268(26): 7579-7588. DOI: 
https://doi.org/10.1007/S11356-019-04210-5 

Itroutwar et al., 2019 – Itroutwar, P.D., Govindaraju, K., Tamilselvan, S., Kannan, M., Raja, 
K., Subramanian, K.S. (2019). Seaweed-Based Biogenic ZnO Nanoparticles for Improving Agro-
morphological Characteristics of Rice (Oryza sativa L.). J. Plant Growth Regul. 392(39): 717-728. 
DOI: https://doi.org/10.1007/S00344-019-10012-3 

Itroutwar et al., 2020 – Itroutwar, P.D., Kasivelu, G., Raguraman, V., Malaichamy, K., 
Sevathapandian, S.K. (2020). Effects of biogenic zinc oxide nanoparticles on seed germination and 
seedling vigor of maize (Zea mays). Biocatal. Agric. Biotechnol. 29. DOI: https://doi.org/  
10.1016/J.BCAB.2020.101778 

 
 



Biogeosystem Technique. 2021. 8(2) 

89 

 

Kah et al., 2018 – Kah, M., Kookana, R.S., Gogos, A., Bucheli, T.D. (2018). A critical 
evaluation of nanopesticides and nanofertilizers against their conventional analogues. Nat. 
Nanotechnol. 138(13): 677-684. DOI: https://doi.org/10.1038/s41565-018-0131-1 

Kah et al.,  2019 – Kah, M., Tufenkji, N., White, J.C. (2019). Nano-enabled strategies to 
enhance crop nutrition and protection. Nat. Nanotechnol. 146(14): 532-540. DOI: 
https://doi.org/10.1038/s41565-019-0439-5 

Kasote et al., 2019 – Kasote, D.M., Lee, J.H.J., Jayaprakasha, G.K., Patil, B.S. (2019). Seed 
Priming with Iron Oxide Nanoparticles Modulate Antioxidant Potential and Defense-Linked 
Hormones in Watermelon Seedlings. ACS Sustain. Chem. Eng. 7: 5142–5151. DOI: https://doi.org/ 
10.1021/ACSSUSCHEMENG.8B06013/SUPPL_FILE/SC8B06013_SI_001.PDF 

Khan et al., 2017 – Khan, M.N., Mobin, M., Abbas, Z.K., AlMutairi, K.A., Siddiqui, Z.H. 
(2017). Role of nanomaterials in plants under challenging environments. Plant Physiol. Biochem.  
PPB 110: 194-209. DOI: https://doi.org/10.1016/J.PLAPHY.2016.05.038 

Khodakovskaya et al., 2009 – Khodakovskaya, M., Dervishi, E., Mahmood, M., Xu, Y., Li, Z., 
Watanabe, F., Biris, A.S. (2009). Carbon nanotubes are able to penetrate plant seed coat and 
dramatically affect seed germination and plant growth. ACS Nano 3: 3221-3227. DOI: 
https://doi.org/10.1021/NN900887M/ASSET/IMAGES/NN900887M.SOCIAL.JPEG_V03 

Lemmenset al., 2019 – Lemmens, E., Deleu, L.J., De Brier, N., De Man, W.L., De Proft, M., 
Prinsen, E., Delcour, J.A. (2019). The Impact of Hydro-Priming and Osmo-Priming on Seedling 
Characteristics, Plant Hormone Concentrations, Activity of Selected Hydrolytic Enzymes, and Cell Wall 
and Phytate Hydrolysis in Sprouted Wheat (Triticum aestivum L.). ACS Omega 4: 22089-22100. DOI: 
https://doi.org/10.1021/ACSOMEGA.9B03210/SUPPL_FILE/AO9B03210 _SI_001.PDF 

Leng et al., 2015 – Leng, X., Jia, H., Sun, X., Shangguan, L., Mu, Q., Wang, B., Fang, J. 
(2015). Comparative transcriptome analysis of grapevine in response to copper stress. Sci. Rep. 5. 
DOI: https://doi.org/10.1038/SREP17749 

Liet al., 2006 – Li, L., Fan, M., Brown, R.C., Van Leeuwen, J., Wang, J., Wang, W., Song, Y., 
Zhang, P. (2006). Synthesis, properties, and environmental applications of nanoscale iron-based 
materials: A review. Crit. Rev. Environ. Sci. Technol. 36: 405–431. DOI: https://doi.org/ 
10.1080/10643380600620387 

Lowry et al., 2019 – Lowry, G.V., Avellan, A., Gilbertson, L.M. (2019). Opportunities and 
challenges for nanotechnology in the agri-tech revolution. Nat. Nanotechnol. 146(14): 517-522. 
DOI: https://doi.org/10.1038/s41565-019-0461-7 

Mahakham et al., 2017 – Mahakham, W., Sarmah, A.K., Maensiri, S., Theerakulpisut, P. 
(2017). Nanopriming technology for enhancing germination and starch metabolism of aged rice 
seeds using phytosynthesized silver nanoparticles. Sci. Reports 71(7): 1-21. DOI: https://doi.org/ 
10.1038/s41598-017-08669-5 

Mahakham et al., 2016 – Mahakham, W., Theerakulpisut, P., Maensiri, S., Phumying, S., 
Sarmah, A.K. (2016). Environmentally benign synthesis of phytochemicals-capped gold 
nanoparticles as nanopriming agent for promoting maize seed germination. Sci. Total Environ. 
573: 1089-1102. DOI: https://doi.org/10.1016/J.SCITOTENV.2016.08.120 

Maity et al., 2018 – Maity, A., Natarajan, N., Pastor, M., Vijay, D., Gupta, C.K., Wasnik, V.K. 
(2018). Nanoparticles influence seed germination traits and seed pathogen infection rate in forage 
sorghum (Sorghum bicolour) and cowpea (Vigna unguiculata). Indian J. Exp. Biol. 56: 363-372. 

Makarov et al., 2014 – Makarov, V.V., Love, A.J., Sinitsyna, O. V., В., Makarova, S.S., 
Yaminsky, I. V., Taliansky, M.E., Kalinina, N.O. (2014). “Green” Nanotechnologies: Synthesis of 
Metal Nanoparticles Using Plants. Acta Naturae 6: 35-44. DOI: https://doi.org/10.32607/ 
20758251-2014-6-1-35-44 

Maliket al., 2020 – Malik, A., Mor, V.S., Tokas, J., Punia, H., Malik, S., Malik, K., Sangwan, 
S., Tomar, S., Singh, P., Singh, N., Himangini, Vikram, Nidhi, Singh, G., Vikram, Kumar, V., 
Sandhya, Karwasra, A. (2020). Biostimulant-Treated Seedlings under Sustainable Agriculture: 
A Global Perspective Facing Climate Change. Agron. 11: 14. DOI: https://doi.org/10.3390/ 
AGRONOMY11010014 

Manjaiah et al., 2018 – Manjaiah, K.M., Mukhopadhyay, R., Paul, R., Datta, S.C., 
Kumararaja, P., Sarkar, B. (2018). Clay minerals and zeolites for environmentally sustainable 
agriculture. Modif. Clay Zeolite Nanocomposite Mater. Environ. Pharm. Appl. 309-329. DOI: 
https://doi.org/10.1016/B978-0-12-814617-0.00008-6 



Biogeosystem Technique. 2021. 8(2) 

90 

 

Singh et al., 2020 – Singh, A., Rajput, V., Rawat, S., Singh, A.K., Bind, A., Singh, Al.K., 
Chernikova, N., Voloshina, M., Lobzenko, I. 2020. Monitoring Soil Salinity and Recent Advances in 
Mechanism of Salinity Tolerance in Plants. Biogeosystem Technique 7(2): 66-87. DOI: 10.13187/ 
bgt.2020.2.66 

Maswada et al., 2018 – Maswada, H.F., Djanaguiraman, M., Prasad, P.V.V. (2018). Seed 
treatment with nano-iron (III) oxide enhances germination, seeding growth and salinity tolerance 
of sorghum. J. Agron. Crop Sci. 204: 577-587. DOI: https://doi.org/10.1111/JAC.12280 

Mittal et al., 2013 – Mittal, A.K., Chisti, Y., Banerjee, U.C. (2013). Synthesis of metallic 
nanoparticles using plant extracts. Biotechnol. Adv. 31: 346-356. DOI: 
https://doi.org/10.1016/J.BIOTECHADV.2013.01.003 

Mohamad et al., 2014 – Mohamad, N.A.N., Arham, N.A., Jai, J., Hadi, A. (2014). Plant 
Extract as Reducing Agent in Synthesis of Metallic Nanoparticles: A Review. Adv. Mater. Res. 832: 
350-355. DOI:https://doi.org/10.4028/WWW.SCIENTIFIC.NET/AMR.832.350 

Montanha et al., 2020 – Montanha, G.S., Rodrigues, E.S., Marques, J.P.R., de Almeida, E., 
Colzato, M., Pereira de Carvalho, H.W. (2020). Zinc nanocoated seeds: an alternative to boost 
soybean seed germination and seedling development. SN Appl. Sci. 2: 1-11. DOI: https://doi.org/ 
10.1007/S42452-020-2630-6/FIGURES/6 

Najafi et al., 2017 – Najafi Disfani, M., Mikhak, A., Kassaee, M.Z., Maghari, A. (2017). 
Effects of nano Fe/SiO2 fertilizers on germination and growth of barley and maize. Arch. Agron. 
Soil Sci. 63: 817-826. DOI:https://doi.org/10.1080/03650340.2016.1239016 

Nguyen et al., 2020 – Nguyen, D. Van, Nguyen, H.M., Le, N.T., Nguyen, K.H., Le, H.M., 
Nguyen, A.T., Dinh, N.T.T., Hoang, S.A., Ha, C. Van (2020). Copper nanoparticle application 
enhances plant growth and grain yield in maize under drought stress conditions. bioRxiv 
2020.02.24.963132. DOI: https://doi.org/10.1101/2020.02.24.963132 

Nonogaki, 2014 – Nonogaki, H. (2014). Seed dormancy and germination-emerging 
mechanisms and new hypotheses. Front. Plant Sci. 5: 233. DOI: https://doi.org/10.3389/ 
FPLS.2014.00233/BIBTEX 

Nonogaki et al., 2010 – Nonogaki, H., Bassel, G.W., Bewley, J.D. (2010). Germination—Still 
a mystery. Plant Sci. 179: 574-581. DOI: https://doi.org/10.1016/J.PLANTSCI.2010.02.010 

Noorhosseini et al., 2017 – Noorhosseini, S.A., Jokar, N.K., Damalas, C.A. (2017). Improving 
Seed Germination and Early Growth of Garden Cress (Lepidium sativum) and Basil (Ocimum 
basilicum) with Hydro-priming. J. Plant Growth Regul. 371(37): 323-334. DOI: https://doi.org/ 
10.1007/S00344-017-9728-0 

Palocci et al 2017 – Palocci, C., Valletta, A., Chronopoulou, L., Donati, L., Bramosanti, M., 
Brasili, E., Baldan, B., Pasqua, G. (2017). Endocytic pathways involved in PLGA nanoparticle 
uptake by grapevine cells and role of cell wall and membrane in size selection. Plant Cell Reports 
3612(36): 1917-1928. DOI:https://doi.org/10.1007/S00299-017-2206-0 

Panpatte et al., 2016 – Panpatte, D.G., Jhala, Y.G., Shelat, H.N., Vyas, R. V. (2016). 
Nanoparticles: The Next Generation Technology for Sustainable Agriculture. Microb. Inoculants 
Sustain. Agric. Product. 2 Funct. Appl. 289-300. DOI: https://doi.org/10.1007/978-81-322-
2644-4_18 

Parveen, Rao, 2015 – Parveen, A., Rao, S. (2015). Effect of Nanosilver on Seed Germination 
and Seedling Growth in Pennisetum glaucum. J. Clust. Sci. 26: 693-701. DOI: https://doi.org/ 
10.1007/S10876-014-0728-Y 

Pérez-de-Luque, 2017 – Pérez-de-Luque, A. (2017). Interaction of nanomaterials with plants: 
What do we need for real applications in agriculture? Front. Environ. Sci. 5(12). DOI: 
https://doi.org/10.3389/FENVS.2017.00012/BIBTEX 

Pirzada et al., 2020 – Pirzada, T., de Farias, B. V., Mathew, R., Guenther, R.H., Byrd, M. V., 
Sit, T.L., Pal, L., Opperman, C.H., Khan, S.A. (2020). Recent advances in biodegradable matrices 
for active ingredient release in crop protection: Towards attaining sustainability in agriculture. 
Curr. Opin. Colloid Interface Sci. 48: 121-136. DOI: https://doi.org/10.1016/J.COCIS.2020.05.002 

Qayyum et al., 2017 – Qayyum, M.F., ur Rehman, M.Z., Ali, S., Rizwan, M., Naeem, A., 
Maqsood, M.A., Khalid, H., Rinklebe, J., Ok, Y.S. (2017). Residual effects of monoammonium 
phosphate, gypsum and elemental sulfur on cadmium phytoavailability and translocation from soil 
to wheat in an effluent irrigated field. Chemosphere 174: 515-523. DOI: https://doi.org/ 
10.1016/J.CHEMOSPHERE.2017.02.006 

http://dx.doi.org/10.13187/bgt.2020.2.66
http://dx.doi.org/10.13187/bgt.2020.2.66


Biogeosystem Technique. 2021. 8(2) 

91 

 

Rahman et al., 2020 – Rahman, M.S., Chakraborty, A., Mazumdar, S., Nandi, N.C., 
Bhuiyan, M.N.I., Alauddin, S.M., Khan, I.A., Hossain, M.J. (2020). Effects of 
poly(vinylpyrrolidone) protected platinum nanoparticles on seed germination and growth 
performance of Pisum sativum. Nano-Structures & Nano-Objects 21: 100408. DOI: https:// 
doi.org/10.1016/J.NANOSO.2019.100408 

Rajput et al., 2018 – Rajput, V., Minkina, T., Fedorenko, A., Sushkova, S., Mandzhieva, S., 
Lysenko, V., Duplii, N., Fedorenko, G., Dvadnenko, K., Ghazaryan, K. (2018). Toxicity of copper 
oxide nanoparticles on spring barley (Hordeum sativum distichum). Sci. Total Environ. 645:                   
1103-1113. DOI: https://doi.org/10.1016/J.SCITOTENV.2018.07.211 

Rajput et al., 2020a – Rajput, V., Minkina, T., Mazarji, M., Shende, S., Sushkova, S., 
Mandzhieva, S., Burachevskaya, M., Chaplygin, V., Singh, A., Jatav, H. (2020a). Accumulation of 
nanoparticles in the soil-plant systems and their effects on human health. Ann. Agric. Sci. 65:                   
137-143. DOI: https://doi.org/10.1016/J.AOAS.2020.08.001 

Rajputet al., 2020b – Rajput, V., Minkina, T., Sushkova, S., Behal, A., Maksimov, A., 
Blicharska, E., Ghazaryan, K., Movsesyan, H., Barsova, N. (2020b). ZnO and CuO nanoparticles: 
a threat to soil organisms, plants, and human health. Environ. Geochem. Health 42: 147-158. DOI: 
https://doi.org/10.1007/S10653-019-00317-3 

Rajput et al., 2015 – Rajput, V.D., Chen, Y., Ayup, M. (2015). Effects of high salinity on 
physiological and anatomical indices in the early stages of Populus euphratica growth. Russ. J. 
Plant Physiol. 622(62): 229-236. DOI: https://doi.org/10.1134/S1021443715020168 

Rajput et al., 2021 – Rajput, V.D., Minkina, T., Fedorenko, A., Chernikova, N., Hassan, T., 
Mandzhieva, S., Sushkova, S., Lysenko, V., Soldatov, M.A., Burachevskaya, M. (2021a). Effects of 
Zinc Oxide Nanoparticles on Physiological and Anatomical Indices in Spring Barley Tissues. 
Nanomater. 11: 1722. DOI: https://doi.org/10.3390/NANO11071722 

Rajput et al., 2021b – Rajput, V.D., Singh, A., Minkina, T., Rawat, S., Mandzhieva, S., 
Sushkova, S., Shuvaeva, V., Nazarenko, O., Rajput, P., Komariah, Verma, K.K., Singh, A.K., 
Rao, M., Upadhyay, S.K. (2021). Nano-enabled products: Challenges and opportunities for 
sustainable agriculture. Plants 10. DOI: https://doi.org/10.3390/PLANTS10122727 

Rajput et al., 2021c – Rajput, V.D., Singh, A., Minkina, T.M., Shende, S.S., Kumar, P., 
Verma, K.K., Bauer, T., Gorobtsova, O., Deneva, S., Sindireva, A. (2021c). Potential Applications 
of Nanobiotechnology in Plant Nutrition and Protection for Sustainable Agriculture. Nanotechnol. 
Plant Growth Promot. Prot. 79-92. DOI: https://doi.org/10.1002/9781119745884.CH5 

Rajput et al., 2022 – Rajput, V.D., Minkina, T., Kumari, A., Shende, S.S., Ranjan, A., 
Faizan, M., Barakvov, A., Gromovik, A., Gorbunova, N., Rajput, P., Singh, A., Khabirov, I., 
Nazarenko, O., Sushkova, S., Kızılkaya, R. (2022). A review on nanobioremediation approaches 
for restoration of contaminated soil. Eurasian J. Soil Sci. 11: 43-60. DOI: https://doi.org/10. 
18393/EJSS.990605 

Rastogi et al., 2019 – Rastogi, A., Tripathi, D.K., Yadav, S., Chauhan, D.K., Živčák, M., 
Ghorbanpour, M., El-Sheery, N.I., Brestic, M. (2019). Application of silicon nanoparticles in 
agriculture. 3 Biotech. 9. DOI:https://doi.org/10.1007/S13205-019-1626-7 

Rizwan et al., 2019 – Rizwan, M., Ali, S., Ali, B., Adrees, M., Arshad, M., Hussain, A., Zia ur 
Rehman, M., Waris, A.A. (2019). Zinc and iron oxide nanoparticles improved the plant growth and 
reduced the oxidative stress and cadmium concentration in wheat. Chemosphere. 214: 269-277. 
DOI: https://doi.org/10.1016/J.CHEMOSPHERE.2018.09.120 

Saddiq et al., 2019 – Saddiq, M.S., Iqbal, S., Afzal, I., Ibrahim, A.M.H., Bakhtavar, M.A., 
Hafeez, M.B., Jahanzaib, Maqbool, M.M. (2019). Mitigation of salinity stress in wheat (Triticum 
aestivum L.) seedlings through physiological seed enhancements. J. Plant Nutr. 42: 1192-1204. 
DOI: https://doi.org/10.1080/01904167.2019.1609509 

Scott et al., 2018 – Scott, N.R., Chen, H., Cui, H. (2018). Nanotechnology Applications and 
Implications of Agrochemicals toward Sustainable Agriculture and Food Systems. J. Agric. Food 
Chem. 66: 6451-6456. DOI: https://doi.org/10.1021/ACS.JAFC.8B00964/ASSET/IMAGES/ 
ACS.JAFC.8B00964.SOCIAL.JPEG_V03 

Sharma et al., 2021 – Sharma, D., Afzal, S., Singh, N.K. (2021). Nanopriming with 
phytosynthesized zinc oxide nanoparticles for promoting germination and starch metabolism in 
rice seeds. J. Biotechnol. 336: 64-75. DOI: https://doi.org/10.1016/J.JBIOTEC.2021.06.014 

 



Biogeosystem Technique. 2021. 8(2) 

92 

 

Si, Mandal, 2007 – Si, S., Mandal, T.K. (2007). Tryptophan-Based Peptides to Synthesize 
Gold and Silver Nanoparticles: A Mechanistic and Kinetic Study. Chem. A Eur. J. 13: 3160-3168. 
DOI: https://doi.org/10.1002/CHEM.200601492 

Siddaiah et al., 2018 – Siddaiah, C.N., Prasanth, K.V.H., Satyanarayana, N.R., Mudili, V., 
Gupta, V.K., Kalagatur, N.K., Satyavati, T., Dai, X.F., Chen, J.Y., Mocan, A., Singh, B.P., 
Srivastava, R.K. (2018). Chitosan nanoparticles having higher degree of acetylation induce 
resistance against pearl millet downy mildew through nitric oxide generation. Sci. Reports. 81(8): 
1-14. DOI: https://doi.org/10.1038/s41598-017-19016-z 

Singh et al., 2021 – Singh, A., Rajput, V., Singh, A.K., Sengar, R.S., Singh, R.K., Minkina, T. 
(2021). Transformation Techniques and Their Role in Crop Improvements: A Global Scenario of 
GM Crops. Policy Issues Genet. Modif. Crop. 515-542. DOI: https://doi.org/10.1016/B978-0-12-
820780-2.00023-6 

Singh et al., 2022 – Singh, A., Rajput, V.D., Rawat, S., Sharma, R., Singh, Anil Kumar, 
Kumar, P., Singh, Awani Kumar, Minkina, T., Singh, R.P., Singh, S. (2022). Geoinformatics and 
Nanotechnological Approaches for Coping Up Abiotic and Biotic Stress in Crop Plants. Sustain. 
Agric. Syst. Technol. 337-359. DOI: https://doi.org/10.1002/9781119808565.CH17 

Singh et al., 2017 – Singh, A., Singh, N.B., Hussain, I., Singh, H., Yadav, V. (2017). Synthesis 
and characterization of copper oxide nanoparticles and its impact on germination of Vigna radiata 
(L.) R. Wilczek. DOI: https://doi.org/10.22271/tpr.2017.v4.i2.034 

Spielman-Sun et al., 2019 – Spielman-Sun, E., Avellan, A., Bland, G.D., Tappero, R.V., 
Acerbo, A.S., Unrine, J.M., Giraldo, J.P., Lowry, G. V. (2019). Nanoparticle surface charge 
influences translocation and leaf distribution in vascular plants with contrasting anatomy. 
Environ. Sci. Nano 6: 2508-2519. DOI: https://doi.org/10.1039/C9EN00626E 

Sytar et al., 2018 – Sytar, O., Kumari, P., Yadav, S., Brestic, M., Rastogi, A. (2018). 
Phytohormone Priming: Regulator for Heavy Metal Stress in Plants. J. Plant Growth Regul. 
382(38): 739-752. DOI:https://doi.org/10.1007/S00344-018-9886-8 

Valletta et al., 2014 – Valletta, A., Chronopoulou, L., Palocci, C., Baldan, B., Donati, L., 
Pasqua, G. (2014). Poly(lactic-co-glycolic) acid nanoparticles uptake by Vitis vinifera and 
grapevine-pathogenic fungi. J. Nanoparticle Res. 1612(16): 1-14. DOI: https://doi.org/10.1007/ 
S11051-014-2744-0 

Villagarcia et al., 2012 – Villagarcia, H., Dervishi, E., De Silva, K., Biris, A.S., 
Khodakovskaya, M.V. (2012). Surface Chemistry of Carbon Nanotubes Impacts the Growth and 
Expression of Water Channel Protein in Tomato Plants. Small 8: 2328-2334. DOI: https://doi.org/ 
10.1002/SMLL.201102661 

Wang et al., 2011 – Wang, H., Kou, X., Pei, Z., Xiao, J.Q., Shan, X., Xing, B. (2011). 
Physiological effects of magnetite (Fe3O4) nanoparticles on perennial ryegrass (Lolium perenne L.) 
and pumpkin (Cucurbita mixta) plants. Nanotoxicology. 5: 30-42. DOI: https://doi.org/ 
10.3109/17435390.2010.489206 

Wu et al., 2020 – Wu, M., Wu, J., Gan, Y. (2020). The new insight of auxin functions: 
transition from seed dormancy to germination and floral opening in plants. Plant Growth Regul. 
912(91): 169-174. DOI: https://doi.org/10.1007/S10725-020-00608-1 

Ye et al., 2020 – Ye, Y., Cota-Ruiz, K., Hernández-Viezcas, J.A., Valdés, C., Medina-Velo, 
I.A., Turley, R.S., Peralta-Videa, J.R., Gardea-Torresdey, J.L. (2020). Manganese Nanoparticles 
Control Salinity-Modulated Molecular Responses in Capsicum annuum L. Through Priming: 
A Sustainable Approach for Agriculture. ACS Sustain. Chem. Eng. 8: 1427-1436. DOI: 
https://doi.org/10.1021/ACSSUSCHEMENG.9B05615/SUPPL_FILE/SC9B05615_SI_001.PDF 

Zahedifar, Zohrabi, 2016 – Zahedifar, M., Zohrabi, S. (2016). Germination and seedling 
characteristics of drought-stressed corn seed as influenced by seed priming with potassium nano-
chelate and sulfate fertilizers. Acta Agric. Slov. 107: 113-128. DOI: https://doi.org/ 
10.14720/AAS.2016.107.1.12 
 


