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Abstract
The speedy progress towards the utilization of nanomaterials (NMs) is being extensively carried out in the fields of agriculture 
and food industry due to their varied properties. In recent years, a number of studies have been accomplished to interrogate 
intricate mechanism by which nanoparticles (NPs) influence plant growth, metabolism and development. Both positive and 
negative impacts of NMs on the growth of plant at various developmental stages are well documented. The effect of NMs 
on plant growth and development differ greatly depending on the concentration, composition, size and various important 
physicochemical properties of NMs. Synthesis as well as utilization of nano-fertilizers is one of the promising approaches 
regarding significant enhancement in the agricultural yield across the world. Application of biosynthesized NMs in the field 
of agriculture has progressed in sustainable development. The biological synthesis of NMs consisting of natural reducing 
agents without the use of toxic chemicals and the consumption of high energy has attracted the focus of scientists towards 
biological methods. This review summarizes the application of NMs on plant growth and development, uptake and trans-
location of NMs within plant tissues. This evaluation also attempts to examine the biological synthesis of NMs and their 
antimicrobial activity as well as their roles in agricultural sector could prove to be a boon for the society in the coming future.
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Introduction

The population of the world is around 6 billion and the 
developing countries are facing daily life challenges for 
food, agriculture, health and pharmaceuticals. Globally, the 
growing anthropogenic activities along with the technical 
advancement have led to the addition of huge waste mate-
rials in the biosphere hampering ecological balance. The 
imbalance in ecosystem environmental stability is progres-
sively increasing the damage to biosphere and ecosystem 
facilities. The increase in population continues to intensify 
the ecosystem degradation in the near future (Lee et al. 
2010). Nanoparticles (NPs) measure up to 100 nanometer 
(nm) at least in one dimension and have certain physical 
properties such as uniformity, conductance and unique opti-
cal properties that make them desirable in material science 
and biology. Nanotechnology and nano-biotechnology are 

the novel fields which have remarkable possibilities to renew 
agriculture and related fields (Shukla and Wattal 2013). 
Nanotechnology targeted farming techniques that involve 
the use of NPs with distinctive properties to boost crop and 
livestock productivity. NPs possess unique physicochemical 
properties viz. lower melting point, higher specific surface 
area, specific optical properties, mechanical strength, and 
specific magnetization properties that might prove attrac-
tive in various industrial applications. NPs are composed of 
three layers i.e. (a) the outer layer, which is functionalized 
with a diversity of small molecules, metal ions, surfactants 
and polymers, (b) the middle shell layer, which possess 
chemically different material from the core and (c) the core, 
which is essentially the central portion of the NP and usually 
referred as the NPs itself (Khan et al. 2017). The NPs have 
various applications in ecology, nourishment, healthcare, 
optics, human services, and so forth. Nanobiotechnology is 
multidisciplinary in nature which evaluates the use of NPs in 
the biological system (Paladini et al. 2015; Das et al. 2019).

Nanotechnology as a pioneer field proved to be a new 
industrial revolution with great potential to improve the 
agriculture and crop productivity. Nanoparticles showed a 
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wide range of application in environmental biotechnology 
like reduction of pollution, water treatment, remediation, 
dye degradation and water purification development (Singh 
et al. 2020).

NP causes several morphological and physiological 
changes in plants, depending on the distinct properties 
(Maurya et al. 2012). Nanotechnology proved in resource 
management of agriculture sector, specific nutrient delivery 
in plants and helps maintaining the fertility of the soil. The 
role of NPs has been evaluated progressively in the utili-
zation of biomass and agro-wastes in food processing and 
packaging as well as risk assessment (Floros et al. 2010). 
Nowadays, the main focus of the research area is the utiliza-
tion of different kinds of NPs and their effects on crops and 
the environment (Singh et al. 2016). Nanotechnology has 
exhibited its great prospects in the achievement of controlled 
release of fertilizer, a specialized bottleneck mechanism uti-
lizing nanostructured or nano-scale materials, for example, 
fertilizer bearers or controlled-discharge for developing 
allegedly called smart fertilizer (Qureshi et al. 2018). Nano-
technology is a smart and intelligent framework that conveys 
exact measure of supplement and different agrochemicals 
required by plants, limiting utilization of pesticides and anti-
infection agents. Nanotechnology plays significant role in 
enhancing crop yields by improving the fertilizers use effi-
ciencies (Choudhary and Kumar 2018).

Synthesis of nanoparticles

In the last couple of decades, demand of different metal-
lic and non-metallic NPs has increased drastically. The 
NPs are synthesized by “top down” and “bottom up” 
approaches (Sepeur 2008). The top–down method follows 
the complex to simpler process i.e. reduction in size of 
bulk material (Meyers et al. 2006; Hussain et al. 2016). 
In this process different chemical, physical treatments 
can be used for the size reduction of the NPs (Fig. 1). In 
the process of bottom–up approach, NPs synthesis takes 
place through joining smaller entities of atoms, molecules 
and simpler particles (Mukherjee et al. 2011; Singh et al. 
2019). This approach includes both chemical and biologi-
cal methods. The green NPs show unique properties and 
thus increase its application in the fields of biomedical, 
pharmaceutical, biotechnology, and agriculture. NPs such 
as gold (Au), silver (Ag), platinum (Pt), and palladium 
(Pd) are commonly used NPs in the industries and prod-
ucts range from cosmetics to pharmaceuticals. Various 
physical, chemical and biological techniques aids in the 
development of NPs of different size, forms, and composi-
tions and among them chemical approaches are the most 
popular. The physical approach systems include laser abla-
tion (Mafune et al. 2001) angle-resolved colloidal lithog-
raphy (Zhang and Wang 2008), high-energy irradiation 
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Fig. 1   A diagrammatic representation of possible mechanism involved in green synthesis of NPs
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through dose rate condition (Treguer et al. 1998), chemical 
vapor deposition (CVD), supercritical fluids, sonochemi-
cal reduction and gamma radiation (Charitidis et al. 2014). 
The chemical method is another approach to synthesize 
NPs which is different from physical method due to the 
difference in techniques and chemical reactions. The tech-
niques involved in chemical methods are chemical reduc-
tion, electrochemical reactions photochemical reduction 
(Eustis et al. 2005) and formation of ions via chemical 
reaction series (Dupas and Lahmani 2007). The conven-
tional NPs synthesis methods are very expensive due to 
consumption of high energy and materials. Furthermore, 
it also causes toxic effects on environment and human 
life. There is no well-established method to detoxify these 
chemicals formed during synthesis. Presently, the scien-
tific community has developed the new green approach 
for synthesis of NPs which is eco-friendly and involves 
synthesis of NPs with the help of living agents like plant 
extract, fungi, bacteria and biological particles. In some 
cases, additional properties are shown by biologically 
synthesized NPs as compared to the conventional meth-
ods. The use of biologically synthesized silver NPs on 
antibacterial activity found to be very effective (Zhang 
et al. 2016). In the green synthesis of NPs different plant 
materials viz. leaf, flower and bark can be used (Fig. 1). 
The leaf extract of Eclipta prostrata by aqueous reduction 
method was used to synthesize TiO2 NPs (Rajakumar et al. 
2012). Leaf extract of Catharanthus roseus was success-
fully used for the extracellular synthesis of ZnO NPs by 
using aqueous zinc acetate which helps increase antimicro-
bial activity against Pseudomonas aeruginosa followed by 
Staphylococcus aureus (Bhumi and Savithramma 2014). 
Synthesis of gold NPs was done using mushroom Volva-
riella volvacea and aqueous solution of chloroauric acid 
tetrahydrate (HAuCl4) (Pushpavanam et al. 2014). The 
extract of marine algae Sargassum muticum (brown sea-
weed) was used for the biological synthesis of iron oxide 
NPs (Fe3O4) (Mahdavi et al. 2013). Green tea extract is 
also helpful for the green synthesis of iron NPs (Hoag 
et al. 2009). Materials used for the synthesis of gold and 
silver NPs are chloroauric acid (HAuCl4) and silver nitrate 
(AgNO3) respectively along with Azadirachta indica leaf 
(Shankar et al. 2004). Synthesis of TiO2 NPs at room tem-
perature using TiO(OH)2 was performed by bacteria Bacil-
lus mycoides (Órdenes-Aenishanslins et al. 2014). Glycine 
max and leaf extract of Hippophae rhamnoides were used 
for production of palladium NPs (Petla et al. 2012). Zinc 
NPs were synthesized by mixing 5 g of zinc nitrate with 
50 ml of aqueous extract of Cassia petals (Ramesh et al. 
2014). The latex of Calotropis procera was used for green 
synthesis of ZnO NPs at room temperature (Singh et al. 
2011).

Application of nanoparticles in agriculture

The characteristics of NPs depend greatly on their chemical 
origin, affecting their fate and behavior in the environment. 
In recent years, application of NPs in the field of agricul-
ture due to its specific property, shape, and size is getting 
more importance. Some devices and tools viz. nanodevices, 
nanocapsules and nanobiosensors developed by nanotech-
nology, etc. are being used for the detection and control of 
diseases in plant, deliver of active components to the desired 
target sites, waste water treatment and also in increasing the 
absorption of nutrients in plants (Tripathi et al. 2017).

The targeted delivery systems of NPs are very effective 
in specific cellular organelles but other parts of plant are not 
affected by these particles (Nair et al. 2010). Due to target 
based specific property, they serve as “magic bullets” con-
taining herbicides, nano-pesticide, nano-fertilizers, or genes, 
target specific cellular organelles in the plant to release their 
contents (Elizabath et al. 2019; Sharma 2013). This process 
also minimizes the number of harmful chemicals that pollute 
the environment. Some NPs have the potential to improve 
the photosynthetic system. Nowadays, scientific community 
is trying to explore the new roles of NPs in the agriculture 
and food production due to its great potential.

Nanotechnology has ability to revolutionize the whole 
food industry by changing the food production, processing, 
packaging, transportation and consumption. In future, the 
agriculture fields can prove as a wide area, a bio-factory 
that can be monitored and managed from a work station 
and food can be designed so as to deliver nutrients and 
calories efficiently to the body.

Nano-biotechnology could increase potential of agricul-
ture to harvest feed stocks for industrial processes. Rubber, 
cocoa, coffee and cotton, the major tropical agricultural 
cash crops may touch new targets relevant to a set a new 
nano-economy in cheaper and smarter way. The geneti-
cally modified (GM) crops could lead to new levels of suc-
cess providing several choices to the consumers. With new 
nano-techniques of gene mixing and harnessing, GM plants 
could prove a boon for the society. Pesticides can be more 
specifically packed to remove unwanted pests and artificial 
flavors that may enhance the taste in the plate. Dream of a 
programmed, centrally-controlled industrialized agriculture 
can now be wondered using molecular sensors, automated 
delivery systems and low-cost technology.

Impact of nanoparticles on plant growth 
and development

In recent years, researches and experiments showed that 
the NPs have great significance on the plant growth and 



206	 Vegetos (2020) 33:203–221

1 3

development (Zheng et al. 2005). Ag NPs can be used anti-
bacterial, antiviral, anti-inflammatory and antiangiogenic 
agent due to its unique physical, chemical, and biological 
properties (Gurunathan et al. 2014). Titanium oxide (TiO2) 
NPs favor naturally aged spinach seed germination, dry 
weight and photosynthetic rate (Singh et al. 2011). Seed 
germination depends on the penetration power of NMs 
due to small size as they are more beneficial for germi-
nation as compared to large size (Khodakovskaya et al. 
2009). Due to photo-sterilization and photo-generation of 
“active oxygen like superoxide and hydroxide anions” by 
nano-TiO2 has increased growth rate which could increase 
resistance of seed stress (Shukla et al. 2016). Some metal-
based NPs such as Ag, Pt, Ce, and Zn possess antioxi-
dant and anticancer properties as well (Ganguly et  al. 
2019). It also promotes penetration by capsule for uptake 
of water oxygen and nutrient needed for proper germina-
tion (Anjum and Pradhan 2018). TiO2 showed the positive 
effect on germination (Feizi et al. 2013) and increased the 
absorption of inorganic substance and enhanced the break-
down of organic nutrient (Yang et al. 2007). SiO2 NPs 
improved the seed germination, germination index, seed 
vigor index, fresh weight and dry weight in Solanum lyco-
persicum (Siddiqui et al. 2014) (Table 1). SiO2 in hydro-
ponic culture showed increased germination, dry weight 
and accumulation of silica and nutrient contents in plant 
(Suriyaprabha et al. 2012). SiO2 may improve the defense 
system of the plant exposed to salt stress by the increased 
rate of photosynthesis, stomatal conductance, transpira-
tion rate, water use efficiency, total chlorophyll, proline 
and carbonic anhydrase activity in the leaves of Cucurbita 
pepo (Siddiqui et al. 2014). It is illustrated that metallic 
nanoparticles showed significant growth in vitro condi-
tions of carnation cultivars in a concentration dependent 
manner. It could also be concluded that nanoparticles 
could efficiently increase in vitro shoot multiplication and 
regeneration of plants in floriculture (Zia et al. 2019).

Nano-SiO2 at any concentration could increase the solu-
ble protein, amino acid, micronutrient enzyme activity and 
decrease the malondialdehyde (MDA) content (Li et al. 
2012). TiO2 mixed with SiO2 improves the nitrate reduc-
tase (NR) and antioxidant enzymatic activities. Previous 
studies show that gold NPs increases the toxicity by sup-
pressing the function of aquaporin (Shah and Belozerova 
2009) but have positive effects in lettuce and cucumber 
(Barrena et al. 2009), Brassica juncea (Arora et al. 2012), 
Boswellia ovalifoliolata (Savithramma et  al. 2012a, b), 
Gloriosa superb (Gopinath et al. 2014) by influencing seed 
germination (Table 1). CeO2 NPs increased H2O2 accumu-
lation in the complex tissue of plants, bundle sheath cells 
and epidermal shoot cells up to 2 weeks. In corn shoot the 
activities of catalase (CAT) and ascorbate peroxidase (APX) 
increased due to increased H2O2 levels. CeO2 activated the 

up-regulation of the heat shock protein (HSP70) in root with 
systemic stress response. Some previous studies show that 
ZnO NPs and TiO2 NPs affect the three-parameter, viz. root 
number, seed germination percentage, root length in rice 
(Oryza sativa L.). The NPs do not alter the percentage of 
seed germination but nano-ZnO changed the status of roots 
at early seedling stage, stunting the root length, decrease 
in number where as TiO2 does not affect the root length 
(Boonyanitipong et al. 2011a, b). It has been reported that 
multi-walled carbon nanotubes (MWCNTs) in tomato plants 
increase the growth and germination (Khodakovskaya et al. 
2009). Synthesized MWCNTs in factory having quality-con-
trolled specifications were seen to increase the growth and 
germination but at higher concentration, they show harmful 
effect. CuO NPs have deleterious effect on DNA of crop 
plants and also decrease the growth and influence metabo-
lism of seedlings of crops like Raphanus sativus, Lolium 
rigidum and L. perenne (Atha et al. 2012). In a study, the 
impact of mineral stress (Fe and Zn) on different physiologi-
cal and biochemical parameters on shoot and root tissues of 
Phaseolus vulgaris under in vitro conditions on four differ-
ent MGRL medium was investigated (Urwat et al. 2019).

Uptake and translocation of nanoparticles 
within plant

It is essential to expand our knowledge of the toxicity and 
bioavailability of NMs to achieve the promised benefits of 
synthesized NPs. The interactions between vascular plants 
and synthesized NPs are of particular concern and it is 
essential to forecast their fate in the terrestrial environment 
and their accretion in the food chain (Fig. 2). Size, chemi-
cal composition, and stability play a crucial role in uptake, 
accumulation and translocation of NPs (Wilson et al. 2008). 
There are two basic pathways for the penetrance of NPs into 
the plant through tissues: the apoplast and the symplast. In 
apoplastic movement, particle move across the plasma mem-
brane through the extracellular spaces, xylem vessels and 
cell walls of adjacent cells (Kumar and Pandey 2013). Sieve 
plates and plasmodesmata play a crucial role in symplastic 
transport which involves the translocation of substances and 
water between the cytoplasm of adjacent cells (Concenco 
and Galon 2011). Further translocation takes place into 
stems, roots and leaves by charged ions. Positively charged 
ions are primarily associated with roots and negatively 
charged are found to be translocated more easily into shoots 
(Fig. 2). The apoplast accomplishes the radial movement 
within the plant tissues which allows NPs to reach into the 
central cylinder of root and the vascular tissues for further 
upward movement (Larue et al. 2012).

The NPs follow the transpiration stream after reaching 
central cylinder and move towards the aerial part through 
xylem (Cifuentes et al. 2010; Larue et al. 2012; Wang et al. 
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2012). Casparian strip inhibits the apoplastic pathway which 
acts as a barrier, and further translocation takes place via 
endodermal cells following symplastic way (Larue et al. 
2012; Lv et al. 2015). Another possible symplastic way 
of translocation, distribution towards non-photosynthesis 
apparatus is done by sieve tube elements in the phloem 
(Wang et al. 2012; Raliya et al. 2016). In the lipophilic or 
the hydrophilic pathway NPs must cross cuticle present on 
leaves act as a barrier in foliar treatment (Schonherr 2002). 
Diffusion through cuticular wax takes place in lipophilic 
pathway, whereas polar aqueous pores present facilitates 
the hydrophilic movements of the particles in the cuticles 
or stomata (Eichert and Goldbach 2008; Eichert et al. 2008). 
Pore diameter of cell wall ranging from 5 to 20 nm exhibits 
the sieving properties. Estimated diameter of pores of cuti-
cles is about 2 nm (Eichert and Goldbach 2008) hence, the 
most expected way for NPs and their aggregates entrance 
is stomatal pathway with a size barrier limit above 10 nm 
through which NPs could simply translocate and reach the 
plasma membrane (Eichert et al. 2008). Plasma membrane 
forms a cavity like structure around the NPs and such type of 
internalization is called as endocytosis. They may also cross 
the membrane using embedded transport carrier proteins or 
through ion channels. When NPs are introduced into leaves 
by foliar treatment, they enter leaves through stomatal open-
ings or through trichome bases and then get translocated to 
various tissues (Nair et al. 2010). However, NPs accumula-
tion on the photosynthetic apparatus results in foliar heat-
ing due to which stomatal obstruction changes take place in 

gas exchange that affects different cellular and physiological 
functions of plants.

The way NMs move inside plants play a crucial role, as it 
can give indications about parts of the plant they can reach, 
and parts where they might end and accumulate. NPs could 
likely move from root to shoot and leaves, and not down-
wards, hence they are transported mainly through the xylem 
and not to the phloem (Basiuk et al. 2011).Therefore, in 
order to get a good distribution in the plant they should be 
applied in the roots. The fruits and grains act as a sink where 
NPs translocated through phloem could accumulate and is 
to be considered when trying to avoid further animal and 
human digestion of NMs. However, NPs could move later-
ally between xylem and phloem and translocation is not nec-
essarily constrained to a specific cell type. Translocation and 
accumulation of NPs in plant tissues are greatly influenced 
by their characteristics and nature. The crop species belong-
ing to different families when exposed to either magnetic 
carbon-coated TiO2 or Au NPs exhibited a diverse absorp-
tion and accumulation patterns inside the plants (Cifuentes 
et al. 2010; Larue et al. 2012). Sunflower and wheat show 
low rate of accumulation of carbon-coated iron NPs than 
roots of pea plant (Cifuentes et al. 2010). During reproduc-
tive stage, drought and heat stress cause reduction in yield 
due to rise in temperature in wheat plants (Sarlach et al. 
2013). Sunflower and tomato also show low rate of translo-
cation to the aerial parts as compared to pea and wheat (Zhu 
et al. 2012). Cell walls of plants have negative ions which 
facilitate the accumulation of NPs in the tissues carrying 

Fig. 2   Mechanism of uptake 
and accumulation of NPs in 
plants through shoot and root 
system
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positive charge causing hindrance in its movement through-
out the plant. Transformation and degradation of some NPs 
in plants could take place after sometimes as they simply get 
stored in various tissues that will not be used after harvesting 
(Wang et al. 2012; Zhang et al. 2012; Lv et al. 2015). Vari-
ous researches and studies on the uptake and formation of 
NPs within the plants focus deeper on the further exploration 
use of plants as a source for NPs synthesis. Uptake of NPs 
is enhanced by the foliar release which mitigates the harm-
ful effects of chemical fertilizers (Raliya et al. 2016). Gold 
NPs are used because of inert properties. They are used in 
nanotechnology through DNA adsorption to be delivered to 
cells (Ghosh et al. 2010; Thakor et al. 2011). Copper oxide 
nanoparticles at different concentrations were exposed to 
soybean plants to assess various parameters like germina-
tion percentage, root and shoot length, vigor index and total 
chlorophyll (Gautam et al. 2016).

Nanofertilizers

Recent agricultural practices influenced the green revolu-
tion and had enormously increased the food supply globally. 
They are posing unintentional, negative effect on natural and 
biological systems of organism highlighting the need for 
strategies for more sustainable agriculture (Tillman et al. 
2002). Excessive use of chemical fertilizers and pesticides 
has increased toxicity in ground and surface water reservoirs 
which has adverse effect on human health and water purifica-
tion methods. It has also exposed the aquatic life and fishery. 
Recent agricultural practice applied today humiliates soil 
quality and is responsible for eutrophication of water bodies. 
Increased fertilization, irrigation, energy to maintain pro-
ductivity on degraded soils has increased and needs heavy 
cost. Water irrigation is done in excess amount as compared 
to the rate of irrigation through rain water which resulted in 
decrease in groundwater level (Rodell et al. 2009). The long-
standing irrigation practices increased the rate of reduction 
in the minerals, varied soil pH and salt imbalance hence 
decreased the quality of best agricultural fields (Presley et al. 
2004; Osterholm and Astrom 2004; Mukhopadhyay 2005).

There are few reports on affirmative role of NPs on plants, 
previous studies explored the effect of Ag, Au, ZnO2, TiO2, 
SiO2 NPs, carbon nanotubes, etc. on the improvement of 
plant growth and development and their mechanisms. Now-
adays nanotechnology has become a magical tool for the 
improvement of plant growth, development and crop yields. 
Nanofertilizers balance the release of fertilizer nitrogen and 
phosphorus with the absorption of the plant, thereby pre-
venting the nutrient losses and avoiding unwanted nutrients 
interaction with microorganisms, water and air (Blois and 
Lay-Ekuakille 2018). Nanotechnology in plant used in the 
fertilizer industry, bio-production of vitality, purification of 
water, control of plant diseases and disinfection (Moraru 

et al. 2003; Nair et al. 2010). The various products viz. nano-
herbicide, nano-pesticide, and nanosensor are shaping the 
nature of agriculture production and their protection in the 
field of agriculture. Absorption of nutrients by the plants 
from soil can be maximized using nanofertilizer. Nanoferti-
lizer encapsulated nanosilica can form a binary film on the 
cell wall of fungi or bacteria after absorption of nutrients 
and prevent infections, hence improve plant growth under 
high temperature and humidity and to improve plant resist-
ance to disease (Wang et al. 2002). Silicon-based fertilizers 
used to increase plant resistance as silicon dioxide nanopar-
ticles can improve seedling growth and root development 
(Hutasoit et al. 2013). To increase food production, TiO2 or 
titanium that is non-toxic can be used as additives in fertiliz-
ers. The additives in fertilizers can increase water retention 
(Blois and Lay-Ekuakille 2018). There is no regulatory body 
at any national or international level, no definitions, licens-
ing or declaration requirements related to the use of nano-
technologies. The knowledge about the effect of NPs on the 
ecosystem and human health is to be broadened for the use 
of NPs but precaution is necessary for the used nanotech-
nology in agriculture to increase food production (Jahanban 
and Davaria 2013). The loss of biodiversity, water and wind 
erosion may be controlled with the help of organic farming. 
Use of fossil fuel and greenhouse warming potential can be 
reduced when we adopt relative organic farming in compari-
son to conventional agriculture systems.

Antimicrobial activity of nanoparticles and role 
in disease suppression

NMs are the new drugs that can effectively control infection 
of resistant bacteria (Li et al. 2008). Recent studies reported 
that NMs can be used as strong agents for safe and effica-
cious chemotherapeutics (Rai and Bai 2011; Li et al. 2010). 
NPs have different modes of antimicrobial activity when 
compared to antibiotics. Recently eight broad fields of nano-
technology are reported to be pertinent for the development 
of research in field of biomedicine: synthesis and use of 
nanostructures (Becon et al. 2000). Antimicrobial activity 
of the NPs against microorganisms is specially related to 
its large surface area, unusual crystal morphologies with 
edges and corners and reactive sites (Allaker 2010). The 
smallest NPs possess the strongest antimicrobial activity but 
Mg (OH)2 NPs had the weakest antibacterial effect. Thus, 
the size effect is not the dominant factor hence undoubtedly 
the size of NPs is of great significance (Table 2). This is the 
major reason for consideration of NPs as a real improvement 
in antimicrobial strategy. The NPs of silver, copper, gold, 
aluminum, titanium, iron, zinc, are the most tested metal-
lic NPs (Fig. 3). Recently, ceria, bismuth, and others were 
included in the list (Andreini et al. 2008; Mukherjee et al. 
2011; Sweet et al. 2012; Ivask et al. 2012).
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The utilization of these metals into substrate like poly-
methylmethacrylate (PMMA) or dental restorative mate-
rials are used as another strategy (Stoimenov et al. 2002; 
Boldyryeva et al. 2005; Wang et al. 2012). Most frequent 
used microbes for experiments are Staphylococcus aureus, 
Pseudomonas aeruginosa, Escherichia coli, Klebsiella 
pneumonia, and Bacillus subtilis (Allaker 2010; Azam et al. 
2012; Leid et al. 2012; Brown et al. 2012; Wang et al. 2012). 
The inorganic compounds such as metal oxide and metals 
are reported as more effective and stable antibacterial agents 
as compared to the organic compounds (Sawai 2003). ZnO 
has drawn special position as the antibacterial agent among 
the metal oxides. ZnO in enterocytes are efficient in inhibi-
tion of adhered and internalization enterotoxigenic E. coli 
(ETEC) (Roselli et al. 2003). Antibacterial properties are 
also reported in ZnO NPs which inhibits the attachment and 
viability of microbes on biomedical surfaces. Prokaryotic 
systems are prone to ZnO toxicity, even the killing of cancer 
cells by this is well known (Reddy et al. 2007; Hanley et al. 

2008). ZnO has potential to interact with lipids of the mem-
brane and disrupts the structure of the membrane, resulting 
in loss of membrane integrity, malfunction, and ultimately 
leading to bacterial death (Zhang et al. 2007; Krishnamoor-
thy et al. 2012). Toxic oxygen radicals are synthesized when 
ZnO penetrates the bacterial cell causes damage of genetic 
material, cell membranes or cell proteins, which hinder bac-
terial growth and finally lead to decease of bacterial growth 
(Moody and Hassan 1982; Zhang et al. 2007; Apperlot 
et al. 2009; Irzh et al. 2010). Mechanism for the mode of 
Ag+ action in Vibrio alginolyticus involves the direct FAD 
displacement from the holo-enzyme Na+-translocating 
NADH:ubiquinone oxidoreductase (Na+-NQR) resulting 
in loss of enzyme activities (Steuber et al. 1997). Silver 
treatments affect in various ways i.e. interference with the 
bacterial electron transport chain, blockage replication of 
DNA and suppression of other cellular proteins along with 
ribosomal expression (Bragg et al. 1974; Feng et al. 2000; 
Yamanaka et al. 2005). Ag-based compounds are being 

Fig. 3   Graphical representation of antimicrobial activities of different NPs
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widely used in numerous bactericidal applications because 
of excellent antimicrobial activities and catalysis and sur-
face-enhanced Raman scattering effects (Sastry et al. 2003; 
Yallappa et al. 2015; Dastmalchi et al. 2007) Ag NP can be 
synthesized various plant seed extracts such as Medicago 
sativa (Jagtap and Bapat 2013), Artocarpu sheterophyllus 
(Bar et al. 2009), Jatropha curcas (Kora and Arunachalam 
2013), and Strychnos potatorum (Showmya et al. 2012), 
Foeniculum vulgare (Mohammadinejad et al. 2013), Silybum 
marianum (Venkateswarlu et al. 2014), and Ag possessed 
significant antimicrobial activity against E. coli and mul-
tidrug-resistant bacteria (Fankam et al. 2017). Some of the 
active chemical substances showed good antimicrobial prop-
erties extracted from the berries and bark of Juniper and oak 
respectively (Puišo et al. 2013).The silver NPs synthesized 
via biological methods could enhance these properties. The 
aim of this study is to enhance the antibacterial activity of 
TiO2 by pure plant extracts of Bauhinia variegata and Tino-
spora cordifolia by making a composite of plant extract 
and TiO2 (Maurya et al. 2012). Protection against oxidative 
damage was observed with several extracts as indicated by 
their antioxidant potential.

The synthesis of silver NPs using oak bark and Juniper 
berry extracts buttressed antimicrobial properties of these 
NPs against Gram-positive and Gram-negative reference cul-
tures, and food-borne enterotoxin and non-enterotoxic Bacil-
lus cereus were investigated. Previous literature suggests that 
tannic acid does not act as a stabilizer of silver. Therefore, 
silver NPs formed are mostly through biological methods. 
Antibacterial effect of silver against Shigella and Bacillus sp. 
has been studied (Prema and Raju 2009). Inhibitory effect of 
silver is associated with the concentration and size. Decrease 
in the number of feasible cells takes place corresponding 
to the increase in number of cells in solutions (Suriya et al. 
2012).The unique property of NPs mediated targeting has 
become a significant focus in biological research in recent 
years. The emerging field of nanotechnology is nano-bio-
technology which provides a new method for plant genetic 
engineering (Gogos et al. 2012). NPs mediated gene delivery 
gained significant advantages as compared to conventional 
carriers. NPs are applicable to monocot and dicot plants and 
plant organs. The gene carriers can effectively overcome 
transgenic silencing via controlling the copies of DNA com-
bined to NPs.

The NPs can be made functional easily so as to further 
enhance transformation efficiency. NPs-mediated multi-gene 
transformation can be achieved without involving traditional 
building method of complex carrier. In comparison to mam-
malian systems, the gene delivery to plant cells is much 
more challenging because of the presence of cell walls and 
variety of factors including the plant receptor types. Thus, 
NPs as plant gene carrier can be useful option. The uptake of 
certain types of NPs exhibits phytotoxicity through vascular 

blockage, oxidative stress, or DNA structural damage (Trip-
athi et al. 2017). Trade-off between phytotoxicity and growth 
enhancement as a function of species, growth conditions, NP 
properties, and dosage are not well understood and require 
further studies with a focus on physical and chemical proper-
ties of NPs (Cunningham et al. 2018).

Plant diseases caused by various pathogens resulting in 
infestation causes economic loss by decreased quality and 
quantity of products (Patel et al. 2014). Various pesticides 
and fertilizers are inefficient and expensive currently used 
to increase crop yield. Out of necessity, larger quantities of 
these formulations must be used by the cultivator to effec-
tively control pathogens to attain acceptable yield. The 
effectiveness and solubility of these agrochemical products 
could be improved through the use of NP additives as well 
as by the NPs themselves as an active ingredient (Naderi 
and Danesh-Shahraki 2013). This approach would increase 
nutrient availability and minimize wasteful interactions with 
soil or air that result in nutrient losses from the agricultural 
system. NPs alone can possibly be specifically related to 
plant seeds, foliage, or roots for insurance against pest and 
pathogens, i.e. insects, microscopic organisms, parasites, 
and infections. Metal NPs, silver, copper, zinc oxide, and 
titanium dioxide have been completely looked into for their 
antibacterial and antifungal properties, and are known for 
their antiviral properties (Kah and Hofmann 2014; Kim et al. 
2018). Silver NPs have been demonstrated as antifungal con-
trol of Alternaria alternata, Sclerotinia sclerotiorum, Mac-
rophomina phaseolina, Rhizoctonia solani, Botrytis cinerea 
and Curvularia lunata by well diffusion test. A reduction 
of 50% was observed in fungal colonies that cause disease 
in Lolium perenne when treated with 200 mg/L Ag NPs (Jo 
et al. 2009). In crop field Ag NPs inhibited the activity of 
Colletotrichum spp. (anthracnose pathogen) (Lamsal et al. 
2011).

Several studies reported that combined activity of Ag 
NPs with the fungicide fluconazole had a greatest antifungal 
activity, attaining maximum activity against Candida albi-
cans, followed by Trichoderma sp and Phoman glomerata. 
Zn NPs is another agent to have clear advantages over Ag 
for controlling fungal pathogen (Dimkpa et al. 2013). Appli-
cation of ZnO NPs (3–12 m mol) in a mungbean control 
growth of Fusarium graminearum by 26% over bulk oxide 
and control. Botrytis cinerea (63–80%) and Penicillium 
expansum growth considerably prevented in plating assay 
under ZnO NPs treatment (He et al. 2011; Dimkpa et al. 
2013). Green synthesized ZnO and MgO NPs (25 mg/L) 
suppress pathogenic bacteria (Pseudomonas aeruginosa) 
and fungus at its lowest concentration (100 mg/L). Germina-
tion rate of fungal spores of Alternaria alternata, Fusarium 
oxysporum, Rhizopus stolonifer and Mucor plumbeus were 
significantly inhibited by the treatment with NPs. (Jayasee-
lan et al. 2012; Wani and Shah 2012). TiO2 have shown 
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photo-catalytic and antimicrobial properties and inhibits 
infection of cucumber caused by Psilocybe syringae pv. 
lachrymans and P. cubensis by 69 and 91% respectively. 
Reduced atmospheric nitrogen is converted to ammonia 
by TiO2 NPs directly, which consequently promoted plant 
growth (Yang et al. 2007).

Conclusion and future prospects

The developing new science and innovation, working with 
the smallest molecule, the nanotechnology raises the new 
advancements in the field of science, particularly in agri-
culture. More advanced research is required in the area of 
energy production, environment management, crop produc-
tion, disease diagnosis and effective use of the resources 
and utilization for high yield without altering the natural 
environment. The green revolution is responsible for the 
usage of pesticides and chemical fertilizers which cause 
the infertility of soil and plant develop adaptive mecha-
nism against the pathogen. This article focused mainly on 
the potential of nanotechnology in field of agriculture. The 
cutting-edge nanotechnology-based tool and systems can 
possibly address the different issues of regular farming and 
can reform this field. This review compiles the significance 
for different agricultural applications; further research is 
needed to explore their applications and their future pros-
pects in agriculture. In the near future, nanotechnology can 
improve nutrient absorption capacity through use of nano 
based fertilizers, yield and nutritional quality. The scrutiny 
and management of pests and diseases, resolving the mecha-
nism of host–parasite interactions, preservation and pack-
aging of food, deduction of pollutants from soil and water 
bodies hence increasing soil quality of the fields. A thorough 
understanding of nano-science is essential along with the 
broad knowledge of the agricultural system. Nanotechnol-
ogy in agriculture might take a few more years to progress 
from laboratory to land and for this to happen, sustainable 
funds and plans should be provided for this hopeful field to 
blossom.

Acknowledgements  The authors are thankful to the Council of Scien-
tific and Industrial Research (CSIR) (Grant 370716), University Grant 
Commission (UGC), New Delhi, India and University of Allahabad, 
India for providing financial assistance to Ravi Kumar Yadav.

Author contributions  RKY contributed in writing, drawing the fig-
ures and tables in this review article. VY, CB, SK and N designed 
all the content of the article, AS and NBS drafted and reviewed the 
manuscript.

Compliance with ethical standards 

Conflict of interest  The authors declared no conflict of interest with 
respect to the research, authorship and publication of this article.

References

Allaker RP (2010) The use of nanoparticles to control oral biofilm 
formation. J Dent Res 89:1175–1186

Andreini C, Bertini I, Cavallaro G, Holliday GL, Thornton JM 
(2008) Metal ions in biological catalysis from enzyme data-
bases to general principles. J Biol Inorg Chem 13:1205–1218

Anjum M, Pradhan SN (2018) Application of nanotechnology in 
precision farming: a review. IJCS 6(5):755–760

Apperlot G, Lipovsky A, Dror R, Perkas N, Nitzan Y, Lubart R, 
Gedanken A (2009) Enhanced antibacterial activity of 
nanocrystalline ZnO due to increased ROS-mediated cell 
injury. Adv Funct Mater J 19:842–852

Arora S, Sharma P, Kumar S, Nayan R, Khanna PK, Zaidi MGH 
(2012) Gold-nanoparticle induced enhancement in growth and 
seed yield of Brassica juncea. Plant Growth Regul 66:303–310

Atha DH, Wang H, Petersen EJ, Cleveland D, Holbrook RD, Jaruga 
P, Dizdaroglu M, Xing B, Nelson BC (2012) Copper oxide 
nanoparticle mediated DNA damage in terrestrial plant models. 
Environ Sci Technol 46(3):1819–1827

Azam A, Ahmed AS, Oves M, Khan MS, Memic A (2012) Size-
dependent antimicrobial properties of CuO nanoparticles 
against Gram-positive and negative bacterial strains. Int J Nano 
Med 7:3527–3535

Bar H, Bhui DK, Sahoo GP, Sarkar P, Pyne S, Misra A (2009) Green 
synthesis of silver nanoparticles using seed extract of Jatropha 
curcas. Colloids Surf A Physicochem Eng Asp 348:212–216

Barrena R, Casals E, Colón J, Font X, Sánchez A, Puntes V (2009) 
Evaluation of the ecotoxicity of model nanoparticles. Chem-
osphere 75:850–857

Basiuk EV, Ochoa-Olmos OE, De la Mora-Estrada LF (2011) Eco-
toxicological effects of carbon nanomaterials on algae, fungi 
and plants. J Nanosci Nanotechnol 11(4):3016–3038

Becon Nanoscience and Nanotechnology Symposium Report, Becon 
A (2000) National Institutes of Health Bioengineering Consor-
tium. NIH, Bethesda

Bhumi G, Savithramma N (2014) Biological synthesis of zinc oxide 
NPs from Catharanthus roseus (L.) G. Don. Leaf extract 
and validation for antibacterial activity. Int J Drug Dev Res 
6(1):208–214

Blois L, Lay-Ekuakille A (2018) Reliability and metrology features 
for manufacturing process of nanoelements for geo-environ-
mental protection. In: 2018 nanotechnology for instrumenta-
tion and measurement (NANOfIM), pp 1–4. IEEE, New York

Boldyryeva H, Umeda N, Plaskin OA, Takeda Y, Kishimoto N (2005) 
High-influence implantation of negative metal ions into poly-
mers for surface modification and nanoparticle formation. Surf 
Coat Technol 196:373–377

Boonyanitipong P, Kositsup B, Kumar P, Baruah S, Dutta J (2011a) 
Toxicity of ZnO and TiO2 nanoparticles on germinating 
rice seed Oryza sativa L. Int J Biosci Biochem Bioinform 
1(4):282–285

Boonyanitipong P, Kumar P, Kositsup B, Baruah S, Dutta J (2011b) 
Effects of zinc oxide nanoparticles on roots of rice Oryza 
sativa L. In: International conference on environment and bio-
science IPCBEE, 21st edn. IACSIT Press, Singapore

Bragg PD, Rainnie DJ (1974) The effect of silver ions on the respira-
tory chain of Escherichia coli. Can J Microbiol 20:883–889

Brown AN, Smith K, Samuels TA, Lu J, Obare SO, Scott ME (2012) 
Nanoparticles functionalized with ampicillin destroy multiple 
antibiotic-resistant isolates of Pseudomonas aeruginosa and 
Enterobacter aerogenes and methicillin-resistant Staphylococ-
cus aureus. Appl Environ Microbiol 78:2768–2774

Burklew CE, Ashlock J, Winfrey WB, Zhang B (2012) Effects of alu-
minum oxide nanoparticles on the growth, development, and 



217Vegetos (2020) 33:203–221	

1 3

microRNA expression of tobacco (Nicotiana tabacum). PloS 
One 7(5):e34783

Chang G, Luo Y, Lu W, Qin X, Asiri AM, Al-Youbi AO, Sun X (2012) 
Ag nanoparticles decorated polyaniline nanofibers: synthesis, 
characterization, and applications toward catalytic reduction of 
4-nitrophenol and electrochemical detection of H2O2 and glu-
cose. Catal Sci Technol 2(4):800–806

Charitidis CA, Georgiou P, Koklioti MA, Trompeta AF, Markakis V 
(2014) Manufacturing nanomaterials, from research to industry. 
Manuf Rev 1(11):119

Choudhary D, Kumar S (2018) Nanotechnology applications in agri-
cultural and biological engineering. In: Sustainable biologi-
cal systems for agriculture, pp 59–92. Apple Academic Press, 
Florida

Cifuentes Z, Custardoy L, Fuente JM, Marquina C, Ibarra MR, Rubi-
ales D et al (2010) Absorption and translocation to the aerial 
part of magnetic carbon-coated nanoparticles through the root 
of different crop plants. J. Nanobiotechnol 8:26

Concenco G, Galon L (2011) Plasmodesmata: symplastic transport of 
herbicides within the plant. Herbic Theory Appl 455–470

Cunningham FJ, Goh NS, Demirer GS, Matos JL, Landry MP (2018) 
Nanoparticle-mediated delivery towards advancing plant genetic 
engineering. Trends Biotechnol 36(9):882–897

Das A, Kamle M, Bharti A, Kumar P (2019) Nanotechnology and it’s 
applications in environmental remediation: an overview. Vegetos 
1–11

Dastmalchi K, Damien-Dorman HJ, Laakso I, Hiltunen R (2007) 
Chemical composition and antioxidative activity of Molavian 
balm (Dracocephalum moldavica L.) extracts. LWT Food Sci 
Technol 40:1655–1663

Dey S, Bakthavatchalu V, Tseng MT, Wu P, Florence RL, Grulke EA, 
Yokel RA, Dhar SK, Yang HS, Chen Y, St Clair DK (2008) 
Interactions between SIRT1 and AP-1 reveal a mechanistic 
insight into the growth promoting properties of alumina (Al2O3) 
nanoparticles in mouse skin epithelial cells. Carcinogenesis 
29:1920–1929

Dimkpa CO, McLean JE, Britt DW, Anderson AJ (2013) Antifungal 
activity of ZnO nanoparticles and their interactive effect with a 
biocontrol bacterium on growth antagonism of the plant patho-
gen Fusarium graminearum. Biometals 26(6):913–924

Dupas C, Lahmani M (2007) Nanoscience: nanotechnologies and nano-
physics. Springer, Berlin

Eichert T, Goldbach HE (2008) Equivalent pore radii of hydrophilic 
foliar uptake routes in stomatous and astomatous leaf surfaces—
further evidence for a stomatal pathway. Physiol Plant 132:491–
502. https​://doi.org/10.1111/j.1399-3054.2007.01023​.x

Eichert T, Kurtz Steiner U, Goldbach HE (2008) Size exclusion limits 
and lateral heterogeneity of the stomatal foliar uptake pathway 
for aqueous solutes and water suspended nanoparticles. Physiol 
Plant 134:151–160

Elizabath A, Babychan M, Mathew AM, Syriac GM (2019) Applica-
tion of nanotechnology in agriculture. Int J Pure Appl Biosci 
7(2):131–139

Eustis S, Hsu HY, El-Sayed MA (2005) Gold nanoparticle formation 
from photochemical reduction of Au3 by continuous excitation 
in colloidal solutions. A proposed molecular mechanism. J Phys 
Chem A B 109:4811–4815

Fankam Gabriel A, Kuiate JR, Kuete V (2017) Antibacterial and anti-
biotic resistance modulatory activities of leaves and bark extracts 
of Recinodindron heudelotii (Euphorbiaceae) against multidrug-
resistant Gram-negative bacteria. BMC Complem Altern Med 
17(1):168

Feizi H, Kamali M, Jafari L, Rezvani Moghaddam P (2013) Phyto-
toxicity and stimulatory impacts of nanosized and bulk titanium 
dioxide on fennel (Foeniculum vulgare Mill). Chemosphere 
91(4):506–511

Feng QL, Wu J, Chen GQ, Cui FZ, Kim TN, Kim JO (2000) A 
mechanistic study of the antibacterial effect of silver ions on 
Escherichia coli and Staphylococcus aureus. J Biomed Mater 
Res 52:662–668

Floros JD, Newsome R, Fisher W, Barbosa-Cánovas GV, Chen H, 
Dunne CP et al (2010) Feeding the world today and tomor-
row: the importance of food science and technology. Compr 
Rev Food Sci Food Saf 9:572–599. https​://doi.org/10.111
1/j.1541-4337.2010.00127​.x

Frankart C, Eullaffroy P, Vernet G (2002) Photosynthetic responses of 
Lemna minor exposed to xenobiotics, copper, and their combina-
tions. Ecotoxicol Environ Saf 53(3):439–445

Gajjar P et al (2009) Antimicrobial activities of commercial nanoparti-
cles against an environmental soil microbe, Pseudomonas putida 
KT2440. J Biol Eng 3:9

Ganguly R, Singh AK, Kumar R, Gupta A, Pandey AK, Pandey AK 
(2019) Nanoparticles as modulators of oxidative stress. In: Nano-
technology in modern animal biotechnology, pp 29–35. Elsevier, 
New York

Gautam S, Misra P, Shukla PK, Ramteke PW (2016) Effect of copper 
oxide nanoparticle on the germination, growth and chlorophyll 
in soybean (Glycine max L.). Vegetos Int J Plant Res 29:157–160

Ghosh M, Bandyopadhyay M, Mukherjee A (2010) Genotoxicity of 
titanium dioxide (TiO2) nanoparticles at two trophies levels. 
Plant and human lymphocytes. Chemosphere 9:22

Gogos A, Knauer K, Bucheli TD (2012) Nanomaterials in plant protec-
tion and fertilization: current state, foreseen applications, and 
research priorities. J Agric Food Chem 60(39):9781–9792

Gopinath K, Gowri S, Karthika V, Arumugam A (2014) Green synthe-
sis of gold nanoparticles from fruit extract of Terminalia arjuna, 
for the enhanced seed germination activity of Gloriosa superba. 
J Nanostruct Chem 4:1–11

Gubbins EJ, Batty LC, Lead JR (2011) Phytotoxicity of silver nano-
particles to Lemna minor L. Environ Pollut 159(6):1551–1559

Gurunathan S, Han JW, Kwon DN, Kim JH (2014) Enhanced antibac-
terial and anti-biofilm activities of silver nanoparticles against 
Gram-negative and Gram-positive bacteria. Nanoscale Res Lett 
9(1):373

Hanley C, Janet L, Alex P, Reddy KM, Coombs I, Andrew C, Kevin 
F, Denise W (2008) Preferential killing of cancer cells and acti-
vated human T cells using ZnO nanoparticles. Nanotechnology 
19:295103

He L, Liu Y, Mustapha A, Lin M (2011) Antifungal activity of zinc 
oxide nanoparticles against Botrytis cinerea and Penicillium 
expansum. Microbiol Res 166(3):207–215

Hebbalalu D, Lalley J, Nadagouda M, Varma R (2013) Greener 
techniques for the synthesis of silver nanoparticles using plant 
extracts, enzymes, bacteria, biodegradable polymers, and micro-
waves. ACS Sustain Chem Eng 1:703–712

Hoag GE, Collins JB, Holcomb JL, Hoag JR, Nadagouda MN, Varma 
RS (2009) Degradation of bromothymol blue by ‘greener’ nano-
scale zero-valent iron synthesized using tea polyphenols. J Mater 
Chem 19:8671–8677

Hussain SM, Hess KL, Gearhart JM, Geiss KT, Schlager JJ (2005) 
In vitro toxicity of nanoparticles in BRL 3A rat liver cells. Toxi-
col In Vitro 19(7):975–983

Hussain I, Singh NB, Singh A, Singh H, Singh SC (2016) Green syn-
thesis of nanoparticles and its potential application. Biotechnol 
Lett 38(4):545–560

Hutasoit S, Suada IK, Susrama IGK (2013) Antifungal activity test 
extract some type of marine life link to Aspergillus flavus and 
Penicillium sp. E-J Trop Agroecotechnol 2:27–38

Irzh A, Genish I, Klein L, Solovyov LA, Gedanken A (2010) Synthe-
sis of ZnO and Zn nanoparticles in microwave plasma and their 
deposition on glass slides. Langmuir 26:5976–5984

https://doi.org/10.1111/j.1399-3054.2007.01023.x
https://doi.org/10.1111/j.1541-4337.2010.00127.x
https://doi.org/10.1111/j.1541-4337.2010.00127.x


218	 Vegetos (2020) 33:203–221

1 3

Ivask A, George S, Bondarenko O, Kahru A (2012) Metal-containing 
nano-antimicrobials, differentiating the impact of solubilized 
metals and particles. In: Cioffi N, Rai M (eds) Nano-antimicro-
bials progress and prospect. Springer, Berlin, pp 253–290

Jacob DL, Borchardt JD, Navaratnam L, Otte ML, Bezbaruah AN 
(2013) Uptake and translocation of Ti from nanoparticles in 
crops and wetland plants. Int J Phytoremediat 15(2):142–153

Jagtap UB, Bapat VA (2013) Green synthesis of silver nanoparticles 
using Artocarpus heterophyllus Lam. seed extract and its anti-
bacterial activity. Int J Phytoremediat 46:132–137

Jahanban L, Davaria M (2013) Organic agriculture and nanotechnol-
ogy, ‘building organic bridges’, at the Organic World Congress, 
Istanbul (eprint ID 23620)

Janmohammadi M, Sabaghnia N (2015) Effect of pre-sowing seed 
treatments with silicon nanoparticles on germinability of sun-
flower (Helianthus annuus). Bot Lith 21(1):13–21

Jayaseelan C et al (2012) Novel microbial route to synthesize ZnO 
nanoparticles using Aeromonas hydrophila and their activity 
against pathogenic bacteria and fungi. Spectrochim Acta A 
90:78–84

Jo YK, Kim BH, Jung G (2009) Antifungal activity of silver ions 
and nanoparticles on phytopathogenic fungi. Plant Dis 
93(10):1037–1043

Kah M, Hofmann T (2014) Nanopesticide research: current trends and 
future priorities. Environ Int 63:224–235

Kalteh M, Alipour ZT, Ashraf S, Aliabadi MM, Nosratabadi AF et al 
(2018) Effect of silica nanoparticles on basil (Ocimum basilicum) 
under salinity stress. J Chem Health Risks 4(3)

Khan I, Saeed K, Khan I (2017) Nanoparticles: properties, applications 
and toxicities. Arab J Chem

Khodakovskaya M, Dervishi E, Mahmood M, Xu Y, Li Z, Watanabe 
F, Biris AS (2009) Carbon nanotubes are able to penetrate plant 
seed coat and dramatically affect seed germination and plant 
growth. ACS Nano 3(10):3221–3227

Kim DY, Kadam A, Shinde S, Saratale RG, Patra J, Ghodake G (2018) 
Recent developments in nanotechnology transforming the agri-
cultural sector: a transition replete with opportunities. J Sci Food 
Agric 98(3):849–864

Kora A, Arunachalam J (2013) Biosynthesis of silver nanoparticles by 
the seed extract of Strychnos potatorum. A natural phytocoagu-
lant. IET Nanobiotechnol 7:83–89

Krishnamoorthy V, Hiller DB, Ripper R, Lin B, Vogel SM, Feinstein 
DL, Oswald S, Rothschild L, Hensel P, Rubinstein I, Minshall 
R, Weinberg GL (2012) Epinephrine induces rapid deteriora-
tion in pulmonary oxygen exchange in intact, anesthetized rats, a 
flow and pulmonary capillary pressure-dependent phenomenon. 
Anesthesiology 117:745–754

Kumar Shashank, Pandey Abhay K (2013) Phenolic content, reducing 
power and membrane protective activities of Solanum xanthocar-
pum root extracts. Vegetos Int J Plant Res 26(1):301–307

Lamsal K, Kim SW, Jung JH, Kim YS, Kim KS, Lee YS (2011) Appli-
cation of silver nanoparticles for the control of Colletotrichum 
species in vitro and pepper anthracnose disease in field. Myco-
biology 39(3):194–199

Larue C, Veronesi G, Flank AM, Surble S, Herlin-Boime N, Carrière 
M (2012) Comparative uptake and impact of TiO2nanoparticles 
in wheat and rapeseed. J Toxicol Environ Health A 75:722–734

Lawre S, Raskar S (2014) Influence of zinc oxide nanoparticles on 
growth, flowering and seed productivity in onion. I JASBT 
3(7):874–881

Le AT, Tam PD, Huy PT, Huy TQ, Van Hieu N, Kudrinski AA, Kru-
tyakov YA (2010) Synthesis of oleic acid-stabilized silver nano-
particles and analysis of their antibacterial activity. Mater Sci 
Eng 30(6):910–916

Lee WM, Kwak JI, An YJ (2008) Effect of silver nanoparticles in crop 
plants Phaseolus radiatus and Sorghum bicolor: media effect on 
phytotoxicity. Chemosphere 86(5):491–499

Lee CW, Mahendra S, Zodrow K, Li D, Tsai YC, Braam J et al (2010) 
Developmental phytotoxicity of metal oxide nanoparticles to 
Arabidopsis thaliana. Environ Toxicol Chem 29(3):669–675

Leid JG, Ditto AJ, Knapp A, Shah PN, Wright BD, Blust R, Chris-
tensen L, Clemons CB, Wilber JP, Young GW, Kang AG, Pan-
zner MJ, Cannon CL, Yun YH, Youngs WJ, Seckinger NM, Cope 
EK (2012) In vitro antimicrobial studies of silver carbene com-
plexes, activity of free and nanoparticle carbene formulations 
against clinical isolates of pathogenic bacteria. J Antimicrob 
Chemother 67:138–148

Li Q, Mahendra S, Lyon DY, Brunet L, Liga MV, Li D, Alvarez PJJ 
(2008) Antimicrobial nanomaterials for water disinfection and 
microbial control. Potential applications and implications. Water 
Res 42:4591–4602

Li B, Tao G, Xie Y, Cai X (2012) Physiological effects under the 
condition of spraying nano-SiO2 onto the Indocalamus barba-
tus McClure leaves. J Nanjing Univ (natural science edition) 
36:161–164

Liu R, Zhang H, Lal R (2016a) Effects of stabilized nanoparticles of 
copper, zinc, manganese, and iron oxides in low concentrations 
on lettuce (Lactuca sativa) seed germination, nanotoxicants or 
nanonutrients? Water Air Soil Pollut 227(1):1

Liu Ruiqiang, Zhang Huiying, Lal Rattan (2016b) Effects of stabilized 
nanoparticles of copper, zinc, manganese, and iron oxides in low 
concentrations on lettuce (Lactuca sativa) seed germination: 
nanotoxicants or nanonutrients? Water Air Soil Pollut 227(1):42

Lv J, Zhang S, Luo L, Zhang J, Yangc K, Christie P (2015) Accumu-
lation, speciation and uptake pathway of ZnO nanoparticles in 
maize. Environ Sci Nano 2:68–77

Ma H, Williams PL, Diamond SA et al (2013) Ecotoxicity of manufac-
tured ZnO nanoparticles—a review. Environ Pollut 172:76–85

Mafune F, Kohno J, Takeda Y, Kondow TJ (2001) Dissociation and 
aggregation of gold nanoparticles under laser irradiation. J Phys 
Chem B 105:9050–9056

Mahdavi M, Namvar F, Ahmad MB, Mohamad R (2013) Green biosyn-
thesis and characterization of magnetic iron oxide (Fe3O4) nano-
particles using seaweed (Sargassum muticum) aqueous extract. 
Molecules 18(5):5954–5964

Marusenko Y, Shipp J, Hamilton GA, Morgan JLL, Keebaugh M, Hill 
H, Dutta A, Zhuo X, Upadhyay N, Hutchings J, Herckes P, Anbar 
AD, Shock E, Hartnett HE (2013) Environ Pollut 174:150–156

Maurya A, Chauhan P, Mishra A, Pandey AK (2012) Surface function-
alization of TiO2 with plant extracts and their combined antimi-
crobial activities against E. faecalis and E. coli. J Res Updates 
Polym Sci 1(1):43–51

Meyers MA, Mishra A, Benson D (2006) Mechanical properties of 
nanocrystalline materials. Prog Mater Sci 51(4):427–556

Mirzajani F, Askari H, Hamzelou S, Farzaneh M, Ghassempour A 
(2013) Effect of silver nanoparticles on Oryza sativa L. and its 
rhizosphere bacteria. Ecotoxicol Environ Saf 88:48–54

Mohammadinejad R, Pourseyedi S, Baghizadeh A, Ranjbar S, Man-
soori GA (2013) Synthesis of silver nanoparticles using Silybum 
marianum seed extract. J Nanosci Nanotechnol 9:221–226

Moody C, Hassan H (1982) Mutagenicity of oxygen free radicals. Proc 
Natl Acad Sci USA 72:2855–2859

Moraru CI, Panchapakesan CP, Huang Q, Takhistov P, Liu S, Kokini 
JL (2003) Nanotechnology: a new frontier in food science under-
standing the special properties of materials of nanometer size 
will allow food scientists to design new, healthier, tastier, and 
safer foods. Nanotechnology 57(12)

Mukherjee A, Mohammed Sadiq I, PrathnaTC, Chandrasekaran N 
(2011) Antimicrobial activity of aluminium oxide nanoparti-
cles for potential clinical applications. In: Méndez-Vilas A (ed) 



219Vegetos (2020) 33:203–221	

1 3

Science against microbial pathogens communicating current 
research and technological advances Formatex. Microbiology 
(Badajoz, Spain) 1(3):245–251

Mukhopadhyay SS (2005) Weathering of soil minerals and distribution 
of elements: pedochemical aspects. Clay Res 24:183–199

Naderi MR, Danesh-Shahraki A (2013) Nanofertilizersand their roles 
in sustainable agriculture. Int J Agric Crop Sci 5(19):2229–2232

Nair R, Varghese SH, Nair BG, Maekawa T, Yoshida Y, Sakthi Kumar 
D (2010) Nanoparticulate material delivery to plants. Plant Sci 
179(3):154–163

Narayanan KB, Park HH (2014) Antifungal activity of silver nano-
particles synthesized using turnip leaf extract (Brassica 
rapa L.) against wood rotting pathogens. Eur J Plant Pathol 
140(2):185–192

Narendhran S, Rajiv P, Sivaraj R (2016) Toxicity of ZnO nanoparticles 
on germinating Sesamum indicum (Co-1) and their antibacterial 
activity. Bull Mater Sci 39(2):415–421

Oesterling E, Chopra N, Gavalas V, Arzuaga X, Lim EJ, Sultanab R, 
Butterfield DA, Bachas L, Hennig B (2008) Alumina nanopar-
ticles induce expression of endothelial cell adhesion molecules. 
Toxicol Lett 178:160–166

Órdenes-Aenishanslins NA, Saona LA, Durán-Toro VM, Monrás JP, 
Bravo DM, Pérez-Donoso JM (2014) Use of titanium dioxide 
nanoparticles biosynthesized by Bacillus mycoides in quantum 
dot sensitized solar cells. Microb Cell Factories 13(1):90

Osterholm P, Astrom M (2004) Quantification of current and future 
leaching of sulfur and metals from boreal acid sulfate soils, west-
ern Finland. Aust J Soil Res 42:547–551

Paladini Federica, Pollini M, Sannino A, Ambrosio A (2015) Metal-
based antibacterial substrates for biomedical applications. Bio-
macromolecules 16(7):1873–1885

Patel N, Desa P, Pael N, Jha A, Gautam HK (2014) Agronatechlogy for 
plant fungal disease management: a review. Int J Curr Micobiol 
Appl Sci 3(10):71–84. https​://doi.org/10.3923/jbs.2010.273.290

Perreault F, Oukarroum A, Pirastru L, Sirois L, GersonMatias W, Popo-
vic R (2010) Evaluation of copper oxide nanoparticles toxicity 
using chlorophyll fluorescence imaging in Lemnagibba. J Bot 
763142:9

Petla RK, Vivekanandhan S, Misra M, Mohanty AK, Satyanarayana N 
(2012) Soybean (Glycine max) leaf extract based green synthesis 
of palladium nanoparticles. J Biomater Nanobiotechnol 14–19:3

Pokhrel LR, Dubey B (2013) Evaluation of developmental responses 
of two crop plants exposed to silver and zinc oxide nanoparticles. 
Sci Total Environ 452(453):321–332

Prema P, Raju R (2009) Fabrication and characterization of silver 
nanoparticle and its potential antibacterial activity. Biotechnol 
Bioproc E 14:842–847

Presley DR, Ransom MD, Kluitenberg GJ, Finnell PR (2004) Effect of 
thirty years of irrigation on the genesis and morphology of two 
semi-arid soils in Kansas soil. Soil Sci Soc Am 68:1916–1926

Puišo IJ, Mačionienė JD, Šalomskienė J (2013) Antimicrobial activ-
ity of silver nanoparticles synthesized using plant extracts. Vet 
Zootech 65(87)

Pushpavanam Karthik, Santra S, Rege Kaushal (2014) Biotemplating 
plasmonic nanoparticles using intact microfluidic vasculature of 
leaves. Langmuir 30(46):14095–14103

Qureshi A, Singh DK, Dwivedi S (2018) Nano-fertilizers: a novel way 
for enhancing nutrient use efficiency and crop productivity. Int J 
Curr Microbiol Appl Sci 7:3325–3335

Rai VR, Bai AJ (2011) Nanoparticles and their potential application as 
antimicrobials. In: Méndez-Vilas A (ed) Science against micro-
bial pathogens: communicating current research and techno-
logical advances. Microbiology series no. 3, vol 1, Badajoz, pp 
197–209. Formatex, Mysore

Rajakumar G, Rahuman AA, Priyamvada B, Khanna VG, Kumar 
DK, Sujin PJ (2012) Eclipta prostrata leaf aqueous extract 

mediated synthesis of titanium dioxide nanoparticles. Mater 
Lett 68:115–117

Raliya R, Tarafdar JC (2013) ZnO nanoparticle biosynthesis and its 
effect on phosphorous-mobilizing enzyme secretion and gum 
contents in cluster bean (Cyamopsis tetragonoloba L.). Agric 
Res J 2:48–57

Raliya R, Franke C, Chavalmane S, Nair R, Reed N, Biswas P (2016) 
Quantitative understanding of nanoparticle uptake in watermelon 
plants. Front Plant Sci 7:1288

Ramesh P, Rajendran A, Meenakshisundaram M (2014) Green syn-
thesis of zinc oxide nanoparticles using flower extract Cassia 
auriculata. J NanoSci Nano Technol 2(1):41–45

Reddy KM, Feris K, Bell J, Wingett DG, Hanley C, Punnoose A (2007) 
Selective toxicity of zinc oxide nanoparticles to prokaryotic and 
eukaryotic systems. Appl Phys Lett 90:2139021–2139023

Rodell M, Velicogna I, Famiglietti JS (2009) Satellite-based estimates 
of groundwater depletion in India. Nature 460:999–1002. https​
://doi.org/10.1038/natur​e0823​8

Roselli M, Finamore A, Garaguso I, Britti MS, Mengheri E (2003) Zinc 
oxide protects cultured enterocytes from the damage induced by 
E. coli. J Nutr 133:4077–4082

Sarlach RS, Achlam S, Bains NS, Gill MS (2013) Effect of foliar 
application of osmoprotectants and ethylene inhibitor to 
enhance heat tolerance in wheat (Triticum aestivum L.). Vegetos 
26(1):266–271

Sastry M, Ahmad A, Khan MI, Kumar R (2003) Biosynthesis of 
metal nanoparticles using fungi and actinomycete. Curr Sci 
85(2):162–170

Savithramma N, Ankanna S, Bhumi G (2012a) Effect of nanoparticles 
on seed germination and seedling growth of Boswellia ovalifo-
liolata an endemic and endangered medicinal tree taxon. Nano 
Vis 2:61–68

Savithramma N, Ankanna S, Bhumi G (2012b) Effect of nanoparticles 
on seed germination and seedling growth of Boswellia ovalifo-
liolata an endemic and endangered medicinal tree taxon. Nano 
Vis 2(1):2

Sawai J (2003) Quantitative evaluation of antibacterial activities of 
metallic oxide powders (ZnO, MgO and CaO) by conductimetric 
assay. J Microbiol Methods 54:177–182

Schönherr J (2002) A mechanistic analysis of penetration of glyphosate 
salts across astomatous cuticular membranes. Pest Manag Sci 
58:343–351. https​://doi.org/10.1002/ps.462

Sepeur S (2008) Nanotechnology: technical basics and applications. 
Vincentz Network GmbH & Co KG, Hannover

Shah V, Belozerova I (2009) Influence of metal nanoparticles on the 
soil microbial community and germination of lettuce seeds. 
Water Air Soil Poll 197(1–4):143–148

Shankar SS, Rai A, Ahmad A, Sastry M (2004) Rapid synthesis of 
Au, Ag, and bimetallic Au core–Ag shell nanoparticles using 
Neem (Azadirachta indica) leaf broth. J Colloid Interface Sci 
275(2):496–502

Sharma Vinay (2013) Pathogenesis related defence functions of plant 
chitinases and β-1, 3-glucanases. Vegetos 26(2s):205–218

Showmya J, Harini K, Pradeepa M, Thiyagarajan M, Manikandan R, 
Venkatachalam P, Geetha N (2012) Rapid green synthesis of 
silver nanoparticles using seed extract of Foenculum vulgare 
and screening of its antibacterial activity. Plant J Plant Mol Biol 
13:31–38

Shukla M, Wattal DD (2013) Biotechnological potentials of microal-
gae: past and present scenario. Vegetos 26(2s):229–237

Shukla N, Shukla PK, Verma Y, Misra P (2016) Effect of drought 
stress on biochemical changes in drought tolerant and drought 
sensitive barley (Hordium vulgare L.) cultivars. Vegetos Int J 
Plant Res 29:152–156

https://doi.org/10.3923/jbs.2010.273.290
https://doi.org/10.1038/nature08238
https://doi.org/10.1038/nature08238
https://doi.org/10.1002/ps.462


220	 Vegetos (2020) 33:203–221

1 3

Siddiqui MH, Al-Whaibi MH, Faisal M, Al Sahli AA (2014) Nano-
silicon dioxide mitigates the adverse effects of salt stress on 
Cucurbita pepo L. Environ Toxicol Chem 33(11):2429–2437

Simon-Deckers A, Loo S, Mayne-L’hermite M, Herlin-Boime N, Men-
guy N, Reynaud C, Gouget B, Carriere M (2009) Size-, compo-
sition-and shape-dependent toxicological impact of metal oxide 
nanoparticles and carbon nanotubes toward bacteria. Environ Sci 
Technol 43(21):8423–8429

Singh RP, Shukla VK, Yadav RS, Sharma PK, Singh PK, Pandey AC 
(2011) Biological approach of zinc oxide nanoparticles formation 
and its characterization. Adv Mater Lett 2(4):313–317. https​://
doi.org/10.5185/amlet​t.india​s.204

Singh A, Singh NB, Hussain I, Singh H, Yadav V, Singh SC (2016) 
Green synthesis of nano zinc oxide and evaluation of its impact 
on germination and metabolic activity of Solanum lycopersicum. 
J Biotechnol S0168–1656(16):31400–31406

Singh A, Hussain I, Singh NB, Singh H (2019) Uptake, translocation 
and impact of green synthesized nanoceria on growth and anti-
oxidant enzymes activity of Solanum lycopersicum L. Ecotoxicol 
Environ Saf 182:109410

Singh AK, Rana HK, Yadav RK, Pandey AK (2020) Dual role of 
microalgae: phycoremediation coupled with biomass generation 
for biofuel production. In: Restoration of wetland ecosystem: 
a trajectory towards a sustainable environment, pp 161–178. 
Springer, Singapore

Sinha R, Karan R, Sinha A, Khare SK (2011) Interaction and nanotoxic 
effect of ZnO and Ag nanoparticles on mesophilic and halophilic 
bacterial cells. Bioresour Technol 102(2):1516–1520

Steuber J, Krebs W, Dimroth P (1997) The Na+-translocating NADH: 
ubiquinone oxidoreductase from Vibrio alginolyticus. Eur J Bio-
chem 249:770–776

Stoimenov PK, Klinger RL, Marchin GL, Klabunde KJ (2002) 
Metal oxide nanoparticles as bactericidal agents. Langmuir 
18:6679–6686

Suriya J, Bharathi RS, Sekar V, Rajasekaran R (2012) Biosynthesis 
silver nanoparticles and its antibacterial activity using seaweeds 
Urospora sp. Afr J Biotechnol 11(58):12192–12198. https​://doi.
org/10.5897/AJB12​.452

Suriyaprabha R, Karunakaran G, Yuvakkumar R, Rajendran V, Kannan 
N (2012) Silica nanoparticles for increased silica availability in 
maize (Zea mays L.) seeds under hydroponic conditions. Curr 
Nanosci 8:902–908

Sweet MJ, Chesser A, Singleton I (2012) Review: metal-based nano-
particles; size, function, and areas for advancement in applied 
microbiology. Adv Appl Microbiol 80:113–142

Thakor AS, Jokerst J, Zavaleta C, Massoud TF, Gambhir SS (2011) 
Gold nanoparticles: a revival in precious metal administra-
tion to patients. Nanotechnol Lett 11:4029–4036. https​://doi.
org/10.1021/nl202​559p

Tillman D, Cassman KG, Matson PA, Naylor R, Polasky S (2002) 
Agricultural sustainability and intensive production practices. 
Nature 418:671–677

Treguer M, Cointet C, Remita H, Khatouri J, Mostafavi M, Amblard 
J, Belloni JJ (1998) Dose rate effect on radiolytic synthesis of 
gold–silver bimetallic clusters in solution. J Phys Chem Biophys 
B 102:4310–4321

Tripathi DK, Singh S, Singh S, Pandey R, Singh VP, Sharma NC, 
Prasad SM, Dubey NK, Chauhan DK (2017) An overview on 
manufactured nanoparticles in plants: uptake, translocation, 
accumulation and phytotoxicity. Plant Physiol Biochem 110:2–12

Urwat U, Zargar SM, Manzoor M, Ahmad SM, Ganai NA, Murtaza 
I, Khan I, Nehvi FA (2019) Morphological and biochemi-
cal responses of Phaseolus vulgaris L. to mineral stress under 
in vitro conditions. Vegetos 32(3):431–438

Venkateswarlu S, Kumar BN, Prasad CH, Venkateswarlu P, Jyothi 
NVV (2014) Bioinspired green synthesis of Fe3O4 spherical 

magnetic nanoparticles using Syzygium cumini seed extract. 
Phys B Condens Matter 449:67–71. https​://doi.org/10.1016/j.
physb​.2014.04.031

Wang Li-Jun, Wang Yun-Hua, Li Min, Fan Ming-Sheng, Zhang Fu-
Suo, Xue-Min Wu, Yang Wen-Sheng, Li Tie-Jin (2002) Synthe-
sis of ordered biosilica materials. Chin J Chem 20(1):107–110

Wang C, Wang L, Wang Y, Liang Y, Zhang J (2012) Toxicity effects 
of four typical nanomaterials on the growth of Escherichia coli, 
Bacillus subtilis and Agrobacterium tumefaciens. Environ Earth 
Sci 65:1643–1649

Wani AH, Shah MA (2012) A unique and profound effect of MgO 
and ZnO nanoparticles on some plant pathogenic fungi. J Appl 
Pharm Sci 2(3):40–44

Wilson MA, Tran NH, Milev AS, Kannangara GSK, Volk H, Lu GHM 
(2008) Nanomaterials in soils. Geoderma 146:291–302

Wu B, Huang R, Sahu M, Feng X, Biswas P, Tang YJ (2010) Bacterial 
responses to Cu-doped TiO2 nanoparticles. Sci Total Environ 
408(7):1755–1758

Xia T, Kovochich M, Liong M, Madler L, Gilbert B, Shi H, Yeh JI, 
Zink JI, Nel AE (2008) Comparison of the mechanism of toxicity 
of zinc oxide and cerium oxide nanoparticles based on dissolu-
tion and oxidative stress properties. ACS Nano 2(10):2121–2134

Yallappa S, Manjanna J, Dhananjaya BL (2015) Phytosynthesis of 
stable Au, Ag and Au–Ag alloy nanoparticles using J. samba 
cleaves extract, and their enhanced antimicrobial activity in 
presence of organic antimicrobials. Spectrochim Acta Part A 
137:236–243

Yamanaka M, Hara K, Kudo J (2005) Bactericidal actions of a sil-
ver ion solution on Escherichia coli, studied by energy-filtering 
transmission electron microscopy and proteomic analysis. Appl 
Environ Microbiol 71:7589–7593

Yang F, Liu C, Gao F, Su M, Wu X, Zheng L, Hong F, Yang P (2007) 
The improvement of spinach growth by nano-anatase TiO2 treat-
ment is related to nitrogen photoreduction. Biol Trace Elem Res 
119(1):77–88. https​://doi.org/10.1007/s1201​1-007-0046-4

Yang J, Han S, Zheng H, Dong H, Liu J (2015) Preparation and appli-
cation of micro/nanoparticles based on natural polysaccharides. 
Carbohydr Polym 123:53–66

Yanık F, Vardar F (2015) Toxic effects of aluminum oxide (Al2O3) 
nanoparticles on root growth and development in Triticum aes-
tivum. Water Air Soil Pollut 226(9):296

Yin L, Colman BP, McGill BM, Wright JP, Bernhardt ES (2012) 
Effects of silver nanoparticle exposure on germination and early 
growth of eleven wetland plants. PLoS ONE 7(10):47674

Zafar H, Ali A, Ali JS, Haq IU, Zia M (2016) Effect of ZnO nano-
particles on Brassica nigra seedlings and stem explants: growth 
dynamics and antioxidative response. Front Plant Sci 7:535

Zhang G, Wang DJ (2008) Fabrication of heterogeneous binary 
arrays of nanoparticles via colloidal lithography. J Med Chem 
130:5616–5617

Zhang L, Jiang Y, Ding Y, Povey M, York D (2007) Investigation into 
the antibacterial behaviour of suspensions of ZnO nanoparticles 
(ZnO nanofluids). J Nanoparticle Res 9(3):479–489

Zhang X, Zhao H, Xue Y, Wu Z, Zhang Y, He Y, Li X, Yuan Z (2012) 
Colorimetric sensing of clenbuterol using gold nanoparticles in 
the presence of melamine. Biosens Bioelectron 34(1):112–117

Zhang XF, Liu ZG, Shen W, Gurunathan S (2016) Silver nanoparticles: 
synthesis, characterization, properties, applications, and thera-
peutic approaches. Int J Mol Sci 17(9):1534

Zheng L, Hong F, Lu S, Liu C (2005) Effect of nano-TiO2 on strength 
of naturally aged seeds and growth of spinach. Biol Trace Elem 
Res 104(1):83–91

Zhu ZJ, Wang H, Yan B, Zheng H, Jiang Y, Miranda OR et al (2012) 
Effect of surface charge on the uptake and distribution of 
gold nanoparticles in four plant species. Environ Sci Technol 
46:12391–12398

https://doi.org/10.5185/amlett.indias.204
https://doi.org/10.5185/amlett.indias.204
https://doi.org/10.5897/AJB12.452
https://doi.org/10.5897/AJB12.452
https://doi.org/10.1021/nl202559p
https://doi.org/10.1021/nl202559p
https://doi.org/10.1016/j.physb.2014.04.031
https://doi.org/10.1016/j.physb.2014.04.031
https://doi.org/10.1007/s12011-007-0046-4


221Vegetos (2020) 33:203–221	

1 3

Zia M, Yaqoob K, Mannan A, Nisa S, Raza G, ur Rehman R (2019) 
Regeneration response of carnation cultivars in response of silver 
nanoparticles under in vitro conditions. Vegetos 2019:1–10

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Expanding the horizons of nanotechnology in agriculture: recent advances, challenges and future perspectives
	Abstract
	Introduction
	Synthesis of nanoparticles
	Application of nanoparticles in agriculture
	Impact of nanoparticles on plant growth and development
	Uptake and translocation of nanoparticles within plant
	Nanofertilizers
	Antimicrobial activity of nanoparticles and role in disease suppression

	Conclusion and future prospects
	Acknowledgements 
	References




