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Abstract

The demand for quality food is expected to increase with the rising population across the globe. Fruits are a major source of
nutraceuticals, yet nutrient depletion in soils is altering fruit cultivation. Conventional fertilizers have raised food produc-
tion after the green revolution, yet intensive agriculture has induced soil degradation and food contamination by pesticides.
Conventional fertilizers are poorly efficient, and only about 20% or less of the applied fertilizer is used by the crop plant,
the rest being mineralized or leached to groundwater and rivers, causing issues of cost, eutrophication and human health.
Alternatively, nanofertilizers appear promising because nanoparticles display unique properties due to their physicochemical
characteristics at the nanoscale. Here, we review applications of nanoparticles in fruit crops. Benefits include fruit productiv-
ity, quality and shelf life through their positive effects on anatomical, morphological, physiological, physicochemical and
molecular traits. We also discuss the role of nanofertilizers in gene expression, regulation and translocation for mitigating

abiotic stresses.

Keywords Abiotic stress - Nanotechnology - Shelf life - Uptake and transport - Yield and quality

Introduction

The global population will be around 9.1 billion by 2050
that is 34 percent greater than the existing population
(FAO 2009). Ultimately, the demand for food is expected
to rise with the same pace (Kumar et al. 2018). Further-
more, the degradation of arable land is a major bottleneck
in crop production due to lack of resources coupled with the
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urbanization. To overcome this situation, the use of fertiliz-
ers and pesticides, genetically modified crops, insect pests
and disease-resistant varieties has been in great demand with
the farmer communities for the last five decades (Yadav
et al. 2013). In fact, fertilizers have played a pivotal role
in improving the productivity of agricultural crops in gen-
eral and fruits in particular. But, these chemical fertilizers
when used in excess have resulted in the deterioration of
food quality as well as soil health (Zamir 2001; Conley et al.
2009; Bai et al. 2020). Fruits are a good source of healthy
diet, and their consumption helps to prevent major diseases.
Unfortunately, less consumption of fruits and vegetables,
especially in the developing world, is one of the ten risk
factors of mortality. The Global Burden of Disease reports
revealed that about 3.4 million deaths are ascribed to less
consumption of fruits (GBD 2013).

Fruit crops are heavy feeders of nutrients and therefore
a good nutrient management strategy is required for proper
growth and production (Rivero et al. 2009; Ramirez et al.
2011; Kumari et al 2020). The nutritional status varies from
plant to plant, species to species, climatic condition, growth
medium and the availability of nutrients (Cabriales et al.
2002; Benton 2012). The essential nutrient elements for
plants are categories into macro- and micronutrients. Sev-
eral scientists have reported that only 30 percent of applied
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fertilizers are utilized by plants and rest are susceptible to
leaching, mineralization and bioconversions (Bollag et al.
1992). To combat this situation, few strategies have been
devised to increase nutrient use efficiencies, such as preci-
sion fertilization, integrated nutrient management, split or
localized placement, fertigation and use of nanofertilizers
(Chhipa 2017). Nanofertilizers are the important assets of
nanotechnology which might be instrumental in horticul-
tural sector for increasing the productivity (Chhipa and
Joshi 2016) (Fig. 1). Nanofertilizers are the nanomaterials
of 1-100 nm size that supply at least one or more types of
nutrients to the plants (Guo 2004; Liu and Lal 2015; Singh
2017). These have a high surface area, absorption capacity
and controlled release kinetics to active sites with a smooth
delivery system (Guo 2004; Rameshaiah et al. 2015; Chhipa
and Joshi 2016). Based on plant nutrient requirements, nano-
particles can be classified as macro-nanofertilizers, micro-
nanofertilizers, nano-biofertilizers, nanoparticulate fertiliz-
ers and nanocoatings or packaging materials (Table 1).
The various types of nanotechnological materials such
as carbon nanotubes, copper, manganese, molybdenum,
zinc, iron, silicon, their oxides and nanoformulations of

commercially used agricultural inputs like urea, phosphorus
and sulfur are available (Trobisch and Schilling 1970; Lin
and Xing 2007a, b, 2008; Mahajan et al. 2011; Nekrasova
et al. 2011; Ghafariyan et al. 2013; Pradhan et al. 2013;
Taha et al. 2016; Alshaal and Ramady 2017). The above-
mentioned materials can be applied through various modes
of applications, viz., soil application, injection to the plant,
in vitro and the foliar application. The foliar application of
nutrients has been proved as a quick way to rectify nutrient
deficiencies and ameliorate crop productivity (Roemheld
and El-Fouly 1999). The applications of nanofertilizers have
been found to reduce abiotic stresses and improvement in
nutrient utilization by the crop (Abou El-nour et al. 2010).
Furthermore, the nanoparticles can be a promising tool as an
alternative source of nutrients and packaging that enhances
the growth, production, quality and shelf life of the fruits
(Chowdhury et al. 2017; Kaphale et al. 2018). This article
elucidates the current status of the knowledge on the use of
nanoparticles for sustainable fruit production. In addition,
the prospects and the possible value realization of nano-
technology-related techniques in fruit production have also
been discussed.

Improves the leaf area, fruit size and yield ]

[ Improves the quality and shelf ]
life

Less environmentimpact:
abiotic stress tolerance such
as salinity and drought

&4

Application of
nanoparticles to fruit
crop either foliar or soil
application

[ Efficient use of nutrients and water: less leaching losses ]

Fig. 1 Benefits of nanofertilizers for fruit production
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Classification of nanoparticles
Macro-nanofertilizers

Fertilizer is one of the major inputs accounting for nearly
one-third of the cultivation cost. The intensive production
of nitrogenous fertilizers and fast depleting reserves of
phosphatic and potassic fertilizer sources will be of great
concern for various countries where energy security is still
to be achieved (Schader 2009). The rising population con-
cerns will increase the demand for food, thereby increasing
the requirement of macronutrient fertilizers (Wang et al.
2016). Due to its nanosize dimensions, macro-nanofertiliz-
ers are the alternate option to reduce the bulk quantity of
nutrients. There is a need to generate new fertilizers with
high nutrient use efficiencies as well as environmentally
safe. Macronutrients like nitrogen (N), phosphorus (P),
potassium (K), magnesium (Mg), sulfur (S) and calcium
(Ca) are mixed with nanomaterials with the purpose to
supply an optimum amount of nutrients to the plants and
reduce the cost of cultivation (Ditta and Arshad 2016;
Chhipa 2017).

Nitrogen is the key nutrient element that is deficit in
almost all the agricultural soils. Urea is a commercial
nitrogenous fertilizer which is susceptible to rapid vola-
tilization and leaching (Kahrl et al. 2010). The Sri Lankan
Institute of Nanotechnology prepared a sophisticated nitro-
gen nanofertilizer with the help of coated urea hydroxy-
lapatite nanoparticles which is slow release nitrogenous
fertilizer (SRNF) and has better chemical compatibility
with the phosphorus sources (Kottegoda et al. 2017).
Phosphorus is also an essential nutrient element to all bio-
logical organisms. The major issue for phosphatic fertiliz-
ers is low nutrient uptake efficiency. Furthermore, there
are global environmental issues of eutrophication which
is due to increased phosphorus levels in the water (Pote
et al. 1996; Richardson 2001; Shenoy and Kalagudi 2005).
Nanotechnology is a great option which can produce the
phosphorus fertilizers along high phosphorus uptake
efficiency. Biosafe nanofertilizer is the first phosphatic
nanofertilizers with a particle size of 60—120 nm which
is a prime source of phosphorus. Tarafdar et al. (2012)
synthesized fungal-mediated phosphorus nanoparticles
along with tricalcium phosphate of 28 nm size. Liu and
Lal (2015) developed a nanoparticle called carboxymethyl
cellulose-stabilized hydroxyapatite with a size of 16 nm.

These macronutrients can be applied through soil appli-
cation, injection, or foliar spray (Sharonova et al. 2015).
Several researchers have reported the positive effects of
the macro-nanofertilizers on the vegetative growth, pol-
lination, fruit yield and quality of fruit crops (Davarpanah
et al. 2017; Zagzog et al. 2017; Zahedi et al. 2019). The

@ Springer

foliar application of nano-nitrogen at a concentration of
250-500 ppm increased the fruit yield by 17-44 percent
and number of fruits per plant by 15-38 percent in Punica
granatum cv. Ardestani. Physicochemical properties like
fruit size, aril juice, total soluble solids and titratable acid-
ity were also improved (Davarpanah et al. 2017). Likewise,
nanosize calcite product contains 40 percent calcium car-
bonate (CaCO;), 4 percent silicon dioxide, 1 percent mag-
nesium oxide (MgO) and 1% ferric oxide (Fe,0;) which
improve the cluster number, cluster weight, berry weight,
volume and length, total soluble solids and reduce the
acidity in Vitis vinifera (Sabir et al. 2014).

Micronutrient nanofertilizers

Micronutrients are trace elements that are needed in lesser
quantity (< 100 ppm) but essential for the physiological,
anatomical, and morphological processes of the plants
(Broadley 2007; Sharonova et al. 2015; Noreen et al. 2018).
Zinc (Zn) is an essential trace element that is required for
proper growth and development (Vallee and Falchuk 1993).
The maximum cultivated land is Zn deficient because its
availability is only limited to the root zone which reduces
the nutrient uptake by the plants (Lindsay 1972). Due to
ultra small size of ultra-small size and high surface area,
Zn nanoparticles can be transported easily into the plant
system (Lindsay 1972; Pandey et al. 2010; Dimkpa et al.
2013; Raliya et al. 2016; Shankar and Rhim 2019). Iron (Fe)
is an essential nutrient for crop growth and development
because it is having a role in biosynthesis of electron trans-
fer chain (ETC) (Lindsay and Schwab 1982). Nanoparticles
like oxides of Fe have been extensively used for catalytic
processes (Laurent et al 2008; Madhura et al. 2019) and
significantly improve several crop traits such as chlorophyll
content, photosynthesis, light absorption, nitrogen and phos-
phorus metabolisms besides fruit and biomass yields.

Boron (B) is involved in the biosynthesis of cell wall and
various other physiological processes (Davarpanah et al.
2016). Recent advances in micro-nanofertilizer research
are presented in Table 2. Hence, the application of nano-
chelates of boron and zinc to fruit crops is done for get-
ting the higher yield with better quality. A study has shown
that lower amounts of B and Zn nanofertilizers @ 34 and
636 ppm, respectively, enhanced the yield by 30 percent in
P. granatum cv. Ardestani (Davarpanah et al. 2016). The
application of nanoparticles of zinc oxide @ 10 ppm in
Coffea arabica L. boosted the net photosynthetic rate up
to 55 percent and improved the fruit set and quality (Rossi
et al. 2019). Similarly, the nanoiron chelate application @
2000 ppm ameliorated the leaf area, chlorophyll content,
catalase enzyme activity, total soluble solids, ascorbic acid
and total phenol contents in Cydonia oblonga Mill (Rahemi
et al. 2019).
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Nano-biofertilizers

Biofertilizers are the formulations or preparations of living
entities with different strains that moderate soil productivity,
nitrogen fixation and solubilization of phosphorus which are
required for the synthesis of plant growth-regulating sub-
stances. Ultimately, biofertilizers promote the plant growth
and developmental processes (Brahmaprakash and Sahu
2012; Malusa and Vassilev 2014; Singh et al. 2016; Sharma
et al. 2018). Likewise, nano-biofertilizer is a conglomerate
of plant growth-promoting rhizobacteria (PGPR) along with
nanomaterial coatings of silver (Au) (Shukla et al. 2013;
Malusa and Vassilev 2014; Simarmata et al. 2016; Thirug-
nanasambandan 2018). The aforesaid applications are found
to improve the shelf life as they increase the strength of
biofertilizers with respect to desiccation, heat and inacti-
vation of ultraviolet radiation (UV rays) (Simarmata et al.
2016; Jampilek et al. 2017). Significant challenges exist with
the use of nano-biofertilizers. To overcome this situation,
development of production techniques and mass production
will enhance the use of nano-biofertilizers in fruit produc-
tion. The interaction between nanoparticles and biofertilizers
has shown a positive effect on the growth and development
of some fruit crops. The foliar spray, injection into trunk and
soil fertilization of nano-seaweed extract in Phoenix dactyl-
ifera L. triggered the fruit weight, pulp and bunch weight at
variable concentrations ranging from 1 to 4 ppm (Jubeir and
Ahmed 2019). Similarly, the application of nanofertilizers
along with seaweed extract (Ascophyllum nodosum) at a rate
of 500 ppm significantly increased the vine growth and berry
quality attributes of grapes. This was also suggested against
abiotic stresses in V. vinifera L. (Sabir et al. 2014).

Nanoparticulate fertilizers

The consolidation of nanotubes and nanoparticles leads to
form new complex materials that might have several kinds
of applications (Hasobe et al. 2005; Kongkanand et al. 2008;
Mohapatra et al. 2008). Several researchers noticed that car-
bon nanotubes attached to the functional nanostructures act
as nanoparticulate fertilizers (Sun et al. 2004). Recently,
multiple uses of oxide nanoparticles, carbon nanotubes
(CNTs) and titanium dioxide nanoparticles (TiO, NPs)
hybrids have extended their importance due to combined
CNTs with TiO, NPs which can boost the photo-catalytic
activities (Jitianu et al. 2004; Tan et al. 2012). Besides this,
the application of TiO,, silicon dioxide (SiO,) and CNTs
also improved the actions of plant growth regulators (Khoda-
kovskaya et al. 2012). The CNTs application @ 0.6 percent
in V.vinifera cv. Flame Seedless ameliorated the vegetative
characters, yield, physicochemical characteristics, total
carbohydrate content and the leaf nutrient contents (Abdel-
Hak et al. 2018). However, limited information is available

on the TiO,, CNTs and SiO, in fruit crops. Applications of
TiO, and SiO, combination ameliorated the seed germina-
tion (Changmei et al. 2002), but the incorporation of TiO,
alone enhanced the total nitrogen, protein and chlorophyll
contents. The CNTs improved the plant growth and yield and
promoted the water uptake capacity in horticultural crops
(Gao et al. 2006; Lin and Xing 2007a, b; Srinivasan and
Saraswathi 2010; Khodakovskaya et al. 2012).

Nanocoatings and packaging materials

Nanotechnology is a novel tool which helps to attain post-
harvest disease management of fruits. Recently, nanomateri-
als are widely used in various food industries for the packing
purposes (Brandelli et al. 2017; Kuswandi 2017; Sarkar et al.
2017; Kaphale et al. 2018; Rai et al. 2019). The nanomateri-
als in fruit production can improve the quality, shelf life and
freshness (Van Hung et al. 2011; Shi et al. 2013; Flores-
Lopez et al. 2016; Song et al. 2016; Dasgupta et al. 2017;
Yata et al. 2017) . Nanocoating of 5 nm size thin material
reduced the loss of moisture content in fruits and reduced
the gaseous exchange which ultimately improved the shelf
life of product as compared to the conventional packaging
(Azeredo et al. 2009). The nano-packaging materials like
chitosan (nano-silica) and nano-TiO,—~LDPE (titanium diox-
ide—low-density polyethylene) have the capacity to main-
tain the physiological and physicochemical characteristics
as compared to the normal packing material (Li et al. 2016)
because it inhibits the pathogen, mycelia growth, mitochon-
drial reactive oxygen species, matrix metalloproteinase
and adenosine triphosphate (ATP) content of the pathogen
(Van Aken 2015; Malerba and Cerana 2018).

Thus, nanotechnology is an important tool in posthar-
vest technology for management of postharvest diseases and
improvement in packaging appearance with the ease of tag-
ging and labeling (nanobiosensors). Several nanomaterials
have been enumerated along with their potential effects on
the postharvest management of fruit crops in Table 2.

Influence of nanoparticles on fruit growth,
yield, quality and shelf life

The information on the use of nanoparticles for enhancement
of growth, yield, quality and postharvest shelf life of fruit
crops has been reviewed and presented in Table 2.

Impact on the flowering, fruit growth and yield
Nanofertilizers promote the blooming, growth and yield
of the fruit plants, but there is scanty information on their

influence on the flowering of fruit crops. The promotion
of flowering with the application of calcite nanofertilizer
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@ 30 ppm via foliar spray produced upper-quality flowers
than the controlled ones. The combined application of sea-
weed extract and nano-calcite improved the pollen viability
percentage, pollen germination and the flower quality in V.
vinifera (Sabir 2015). Spraying nanochitosan @ 50 m] L~!
on the mango leaves ameliorated the number of panicles and
fruits besides protecting from mango malformation (Zagzog
et al. 2017). The nanofertilizer application also promotes the
growth of fruit crops. Selenium nanoparticles (N-Se) appli-
cation @ 2 puM via foliar application in P. granatum L. cv.
Malase Saveh enhanced the leaf area by 1.22-1.34 percent
and chlorophyll content up to 1.34 percent (Zahedi et al.
2019). Application of trace elements like nano-ZnFeMnB
@ (0.004 percent in date palm cv. sakkoti ameliorated the
leaf area, total chlorophyll content and total carotenoids
and promoted the leaf nutrient contents (El-Sayed 2018).
Foliar application of nanofertilizers as macro- or micro-
nutrients has shown positive yield effects on several fruit
crops. Davarpanah et al. (2016) reported that foliar spray
of zinc @ 120 ppm and boron @ 6.5 ppm in pomegranate
increased the fruit yield by 17-44 percent and number of
fruits per plant by 15-38 percent. The combined application
of wheat seed sprout extract (1.0%) and boron nanoparticles
(B-NPs) (0.05%) also increased the yield and bunch weight
in date palm resulting in better fertilization of these (Refaai,
2014). The spray application of NPKMg-NPs @ 0.1 percent
enhanced the growth, pigments, nutrients, yield and fruit
quality over the control in Mangifera indica (Saied 2018).

Impact on the quality and shelf life of fruit crops

Nanofertilizer applications also improve the quality and
postharvest life of fruit crop. Some studies have shown that
nanofertilizers are better than the traditional fertilizers as
they promote growth yield and fruit quality of different fruit
crops (Table 2).

Davarpanah et al. (2016) applied foliar sprays of zinc @
120 ppm and boron @ 6.5 ppm as nanoparticles in pome-
granate and found optimum fruit quality parameters like
total soluble solids, titratable acidity, maturity index and
total phenolic compounds. Likewise, spray application of
nanochitosan @ 0.1% w/v enhanced growth and metabolic
activity through promotion of protease inhibitors, glucanases
and peroxidase enzymes. The foliar application of boron
nanoparticles applied (0.05%) along with wheat seed sprout
extract (1.0%) in date palm cv. Zaghloul ameliorated the
bunch weight, total soluble solids and the pulp percentage
with decreased seed percentage, acid content and tannins.
The micro-nanofertilizers 0.005-0.04 percent ZnFeMnB
NPs application via foliar spray in sakkoti cultivar of date
palm @ enhanced the fruit yield and quality as compared to
control (El-Sayed 2018).

@ Springer

The fruits are climacteric and non-climacteric in nature
on the basis of ethylene evolution rate (Sanzani et al. 2016)
and regular biological processes like transpiration and res-
piration play an important role after harvesting (Romanazzi
et al. 2016). Accordingly, the fruit quality is deteriorated
due to polyphenol oxidase (PPO) activity (Duan et al. 2016;
Huang et al. 2014), tastelessness (Bastianello et al. 2016),
over ripening (Deng et al. 2019), shrivelling (Lee et al. 1995)
and loss of nutritional value (Caprioli et al. 2016). In fruit
production, the postharvest shelf life is a global concern
because approximately 10—40 percent of horticultural pro-
duce is spoiled due to poor transportation, storage facility
and disease infestation after harvesting (El-Ramady et al.
2015) which makes the produce unacceptable for the market
(Liu et al. 2017). Hence, there is an urgent need of research
on the shelf life of fruit crops. Nanotechnology might be
one of the research areas that can enhance the postharvest
life and decrease the losses in fruit crops (Davarpanah et al.
2016; 2017; Song et al. 2016). Nanomaterials have three
principles that retard the senescence process, via regulation
of respiration, reduction in activity of microorganisms and
reduced water evaporation of the fruit which can be achieved
by maintaining relative humidity of the environment (Song
et al. 2009; Yan et al. 2010; Li et al. 2017).

The advancements made in coating materials like nan-
oparticles of chitosan, silica, titanium dioxide, boron and
zinc nanoparticles are the materials that can increase the
postharvest life of the fruit. Browning index, physiologi-
cal loss in weight, malondialdehyde content and polyphenol
oxidase activity in the fresh fruits of Dimocarpus longan
Lour. cv. Shijia have been reported with the application of
hybrid films like nano-silica or chitosan (2.0% w/v) coating
solution mixed in an aqueous solution of glacial acetic acid
(0.5%, v/v). Besides this, there is a significant reduction in
losses of total soluble solids, titratable acidity and ascor-
bic acid contents of fruit (Shi et al 2013), while the nano-
TiO,~LDPE packaging enhanced anti-oxidative enzymes
activities, ascorbic acid and total phenolic contents in straw-
berry fruits. This packaging retards the decay percentage
and accumulates anthocyanin, ascorbic acid and phenolic
contents (Li et al. 2017).

Regulation and translocation
of nanoparticles

The regulation and translocation of nanofertilizers in the
plant is an advanced field of research. It varies from plant to
plant, species to species, climatic factors, age of plant spe-
cies, biological activity of the plant and the method of appli-
cation of nanoparticles. These materials have smart delivery
systems (Villasefior and Rios 2018). However, the proce-
dures for estimation of nanoparticles within the cell are not
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yet well described. Rico et al. (2011) proposed systematic
regulation, uptake and translocation of nanoparticles along
with their modes of application in plant system (Fig. 2-3).
The nanoparticles penetrate into the cell wall and cell mem-
brane of root epidermis accompanied by a complex series of
events to enter plant vascular bundle (xylem) and move onto
the stele simplistically. They are further translocated to the
leaves (Fig. 2). Further, these move through the pores into
cell membrane (Fleischer et al. 1999; Moore 2006; Navarro
et al. 2008; Ma et al. 2010; Rico et al. 2011).

The nanoparticles move passively through the apoplast
of endodermis (Judy et al. 2011). Xylem serves as the key
carrier in the regulation and translocation of nanoparticles
(Aslani et al. 20144, b) via cell wall that acquiesces the water
molecules and solute particles (Carpita and Gibeaut, 1993).
Many researchers have reported that the uptake of nanopar-
ticles into plant is through binding of transporter proteins

Root hair
Epidermis
g Cortex
Ni(OH), NP Endodermis

Pericycle

(aquaporin) and ion channels (Moore 2006; Nair et al. 2010).
This type of material can also move into the plant through
transporters or root exudates by establishing complex struc-
tures (Kurepa et al. 2010) and via leaf stomata or trichomes
(Eichert et al. 2008; Fernandez and Eichert 2009; Tripathi
et al. 2017).

The uptake and translocation of titanium oxides—aliza-
rin red complex root exudates develop hydrogel complex
of pectin that is the carrier for entry of nanoparticles dye
complex in Arabidopsis thaliana (Kurepa et al. 2010). Sun
et al. (2014) studied the mechanism of nanoparticles uptake
and translocation in mesoporous silica nanoparticles. They
observed that entry of the nanoparticles through symplastic
and apoplastic pathways of roots is through the xylem to
upper parts of the plants. However, the mechanism of nano-
particle uptake by plants is not described yet. After entry
of nanoparticles into the cell, it can move via apoplastic or

B

Fe,0,NP
r o Zn? / Coy fullerenes'”/ 9

/—;/;1 SWONTE 2454
\%‘_j MWONT ! 205508

@B ZnO NP

CeO,NP#52.5)
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? Studies with varied conclusions (indicative of species dependency )
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J Uptake/translocation not confirmmed (varied conclusions)

Uptake by roots; but translocation not studied/ not confirmed due to
very few studies onthe NP

Fig.2 Nanoparticles uptake, translocation and biotransformation
pathways in a plant system: a process of uptake and translocation of
nanoparticles. b Transverse section of root absorption zone present-
ing the distinct nanoparticle interactions. The superscripts illustrate

the references mentioned in the original paper. Reprinted from [Rico
et al. (2011)] with permission of © (2011) American Chemical Soci-
ety
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Fig. 3 Possible modes of cellular uptake of nanoparticles in plants. The superscripts illustrate the references mentioned in the original paper.
Reprinted from [Rico et al. (2011)] with permission of © (2011) American Chemical Society

symplastic pathways (Rico et al. 2011; Tripathi et al. 2017).
There is very limited research information on the fruit crops,
but some work has been done in horticultural crops. The
nanofertilizers applied on the aerial part of the plant via
foliar application in Grapevines cv. ‘Bidaneh Sefid’ medi-
ated plant growth and chlorophyll content. This transporta-
tion could be through leaf stomata or trichomes (Nayereh
Zangeneh and MousaRasouli 2017).

Mitigating abiotic stresses

The abiotic stresses such as drought, flooding, temperature,
salinity, alkalinity and nutrient toxicity/deficiencies are scru-
tinized as chief factors that decline the growth and produc-
tivity of plants (Boyer 1982). The crops might develop their
defense mechanism against environmental stresses at certain
levels by moderating molecular, biological and physico-
chemical pathways. To overcome stresses, plant might adopt

@ Springer

molecular pathways through modification of gene expres-
sions. Nanoparticles are involved in regulation of antioxidant
enzymes like superoxide dismutase, catalase, peroxidase and
proline oxidase (Laware and Raskar 2014) and metabolites
associated with signaling responses having ability to adapt
to the climatic factors. This response arises due to transloca-
tion of adequate amount of essential nutrients delivered to
the plants with the help of bio-stimulants like nanofertiliz-
ers (Cabrera et al. 2018; Juarez et al. 2019). This causes
the biostimulation effect due to integration of nanoparticles
and nanomaterials along with proteins, membranes, nucleic
acids and various metabolites that prompt the redox signals
or transition of metal ions, capable of inducing the oxidative
stress (Morales et al. 2017; Juarez et al. 2019). The optimal
doses of nanofertilizers are helpful to maintain the oxida-
tive stress up to threshold level, and induction of defense
mechanism through activating the resistance genes, defense
proteins, metabolites and antioxidants (Juérez et al. 2019;
Van Aken 2015). This bio-stimulation impact accompanied
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by stress tolerance delivers a summary of different studies
that were reviewed by Juarez et al. (2018). The application
of zinc oxides brings tolerance against water stress due to
which plant defended from desiccation (Sedghi et al. 2013),
while application of oxides of zinc and iron nanoparticles
helps to mitigate the salinity stress (Qu et al. 2012; Solimon
et al. 2015).

The application of calcite nanofertilizers @ 500 ppm
reduced the duration from full bloom to maturity in V. vin-
ifera cv. narince under calcareous conditions (Sabir et al.
2014). The foliar application of selenium nanoparticles (Se-
NPs) @ 10-20 ppm mitigates salt stress by the activation of
salt tolerance mechanism coupled with increased yield in
strawberry plantation. It also improved the photosynthetic
pigments like chlorophyll a and chlorophyll b by 12.19 and
40.47 percent, respectively, and enhanced the free proline
levels (Zahedi et al. 2019). The main problem created by the
drought stress is fruit cracking in pomegranate which can be
reduced with the spray application of Se-NPs @ 1 and 2 pM.
The application of iron nanoparticles (Fe-NPs) and salicylic
acid in Fragaria X ananassa Duch. cv. Queen Elisa cuttings
significantly affected performance of strawberry plantlets
under in vitro condition (Mozafari et al. 2018b).

Cost-effectiveness of nanofertilizer

Nanofertilizers are a unique tool for attaining sustainable
fruit production because it facilitates the nutrient availability
to the plants due to which high yield is achieved (Pitambara
and Shukla 2019). Nanofertilizers have a great role to pro-
vide an income to the farmer because it is cost-effective and
provides more benefits to the farmers. Thus, their application
can improve the socioeconomic status of the farmers. The
efficacy of nanofertilizers depends on doses applied to the
plant and varies from plants to plants. The foliar application
of zinc oxides nanoparticles at the rate of 150 ppm along
with iron oxide nanoparticles concentration of 150 ppm
facilitates the maximum returns and also provides the high-
est benefit/cost ratio of 5.96 (Kumar et al. 2017).

Bottlenecks and future prospects

The fruit crops are chief source of nutrients, vitamins and
fibers. To attain food security with the limited resources
like land, labor and monetary, the perspective of a novel
approach using, nanotechnology for fruit crop management
is of paramount importance. Nanofertilizers intermingled
with macro, micro, and engineered products, and biological
agents like plant growth-promoting rhizobacteria (PGPR)
can provide long-term benefits to the fruit crops. Keeping
both the positive and negative aspects of nanofertilizers in

mind, there is prerequisite to create a broad effort toward
improvisation over the risk associated with nanofertilizers
through advanced research procedure.

Bottlenecks
Mass production

Many studies have elucidated the positive impact of nano-
particles on the fruit production. Therefore, lot of scientific
work has been published on the potential implications of
nanofertilizers. However, nanofertilizers or nanotechnology-
based products have not gained momentum yet as compared
to conventional fertilizers (Cheng et al. 2016). The primi-
tive issue under the implication of nanofertilizers is the
production cost as well as the benefit returns. There are lot
of uncertainties in farmer’s opinions about the use of these
products.

Unavailability of safety standards and risk assessment
protocols

Nanofertilizers are the sources of nutrients to the crops, but
there are lot of chances to release the contaminants as well,
so there is a need to elucidate the impact of these nano-based
technologies on the crops, human as well as microorgan-
isms as depicted in Fig. 4. The increased use of nanoferti-
lizers might show the negative results on the environment.
This safety concern of nanofertilizers is another bottleneck
that can be a hurdle for the commercialization at large scale
(Peralta-Videa et al. 2014; Kaphale et al. 2018), whereas the
toxicity of nanofertilizers chiefly depends on the size of the
particle, doses and mode of application as well as the nature
of the fertilizers (Mahawar et al. 2018). The larger size of
nanoparticles blocks the pores and hinders water absorp-
tion and nutrient uptake. Toxicity can cause a reduction in
plant growth, and thus increased oxidative stress can damage
genetic material (Morales et al. 2017) coupled with reduc-
tion in activity of microflora (Aruoja et al. 2015). It also
changes the properties of cell membrane (Huang et al. 2017),
leading to the absorption of nanoparticles by the cell, and
ultimately the generation of reactive oxygen species (Loria
et al. 2011; Van Aken 2015). The scientific community and
government might legalize the use of nanofertilizers along
with the permissible and safety measures.

Technical challenges and lack of awareness

A systematic experimentation is must in field as well as
under laboratory conditions to find out the environmentally
safe doses of nanofertilizers (Hu et al. 2016). Due to less
commercialization, the use of nanofertilizers by the farmers
is not up to the mark as compared to conventional fertilizers.
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Fig.4 Toxicity issues of nanoparticles in plants, soil microflora and human being

There is a need to disperse the technical demonstration for
the use of nanofertilizers.

Future prospects

Assessment of toxicity and transformation of nanoparticles
in the soil

Various reports are available on the size as well as concen-
tration of nano-based products, but there are limited studies
on the toxicity of nanoparticles. The application of nano-
particles, especially metal oxide, may lead to the discharge
of toxic metal ions to the environment, which might reduce
the soil health. These ions follow the process of integration
or aggregation, resulting in binding with the organic mol-
ecules (Batley et al. 2013; Karimi and Fard 2017; Sengul
and Asmatulu 2020). The nanoparticles may accumulate
in higher quantity whether it is applied in low or higher
doses which lead to the toxic effects to the plant as well
as soil (Hu et al. 2016). The accumulation is dependent on
the soil type and its physicochemical characteristics namely
soil aeration, maximum water holding capacity, soil texture,
soil organic matter, organic carbon and microbial diversity.
These factors also determine the stability and transformation
of nanofertilizers, whereas the degradation of nanoparticles

@ Springer

is also a mode of transformation. The soil biota can decline
or incline toxicity after the degradation which is called as
soil bio-magnification. The transformation of nanofertilizers
may exhibit significant changes in the properties of nanofer-
tilizers, which require careful appraisal. Studies regarding
nanotoxicology are also required.

Need to review the interactions of nanoparticles
with human body and food chain

The application of nanofertilizers in fruit crop production
not only provides a positive impact, but may cause antago-
nistic effects on the crops like conventional fertilizers. Foliar
application of nanofertilizers leads to form aerosol in the
environment and can cause respiration problems in humans
by moving into the different organs of the human body
(Lucarelli et al. 2004; Som et al. 2011). The low concentra-
tion of titanium dioxide may lead to the tumor incidences in
human body (Lee et al. 1986; Heinrich et al. 1989) and also
accumulate in various organs like kidney, brain and spleen
(Sengul and Asmatulu 2020). There is a need to research on
the toxicity-related problems caused by the nanoparticles
and suggest the suitable techniques for reducing the toxicity.
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Appraisal of environmental safe doses

The assessment of safe nanofertilizer doses is a crucial
task to get sustainable production. The optimum doses
can negate the least negative effects on the crop as well
as environment. Boxall et al. (2007) used various tools
to analyze the variable concentrations of nanofertilizers
in soil by direct means. They concluded that appraisal of
environment safe doses is dependent on the mode of appli-
cation, rooting depth of the crop and soil physicochemical
properties.

Adaptation of lethal effects by soil microflora

The regular use of nanofertilizers may lead to adaptability
of soil microflora to a limited extent (Dhas et al. 2014).
This can also be considered as prospects for sustainable
production of crops through adaptation.

Implication under different ecological areas

There is limited research on the nanofertilizers appli-
cations in fruit crops under different ecological areas.
There is a need to conduct the experimental trials in dif-
ferent ecological zones which will provide information
related to the performance of nanofertilizers in different
environments.

Economic analysis of the nanofertilizer against other
conventional fertilizer

There is very limited literature on the cost-effectiveness
of nanofertilizers as compared to conventional fertilizers.
This leads to improvement in commercialization of these
products at large scale because this will provide informa-
tion to the farmers about monetary returns from the crops
after using nanofertilizers. This will also lead to gaining
momentum for the adoption of nanofertilizers.

Conclusion

It can be concluded from the formal deliberations that the
nanoparticles, especially nanofertilizers, are the next-gen-
eration technologies that can work as tool for upgrading
the conventional farming systems. Various nanomaterials
have shown their potential roles in fruit crops with respect
to plant vigor, yield improvements and environmental sta-
bility. But, there is a long way for advocating such tech-
nologies for sustainable fruit production as many chal-
lenges like legal procedures are required to be addressed

for implementation on large scale. The potential uses of
nanofertilizers will definitely create a rebellion under fer-
tilizer industry and will meet out the problem of food inse-
curity in developing world.

Acknowledgements The authors wish to thank pngitem.com for pro-
viding them the high-quality diagrams.

Compliance with ethical standards

Conflict of interest All authors declare that they have no conflict of
interest.

References

Abdel-Hak RS, El-Shazly SA, El-Gazzar AA, Shaaban EA (2018)
Effects of nano carbon and nitrogen fertilization on growth, leaf
mineral content, yield and fruit quality of flame seedless grape.
Arab Univ J of AgrSci 26:1439-1448. https://doi.org/10.21608
/ajs.2018.34124

Abou El-Nour KM, Eftaiha AA, Al-Warthan A, Ammar RA (2010)
Synthesis and applications of silver nanoparticles. Ara J of chem
3:135-140. https://doi.org/10.1016/j.arabjc.2010.04.008

Ahmed HS, Ahmed MF, Shoala T (2018) Impact of single or fraction-
ated radiation and selenium nano-particles on acid lime (citrus
aurantifolia 1) seed germination ability and seedlings growth.
AdvAgr Environ Sci 1(2):91-100. https://doi.org/10.3088 1/aacoa
.00016

Alshaal T, Ramady H (2017) Foliar application: from plant nutrition
to biofortification. Environ Bio and Soil Secur 1:71-83. https://
doi.org/10.21608/jenvbs.2017.1089.1006

Amin AM, Al-Abbasi GB, Alkurdi HJ (2020) Eftect of foliar spray
with nano-optimus plus and potassium chelated with amino acids
in some growth characters of Citrus aurantifolia L SAPLINGS.
Plant Archives 20:897-900

Aruoja V, Pokhrel S, Sihtmée M, Mortimer M, Médler L, Kahru A
(2015) Toxicity of 12 metal-based nanoparticles to algae, bac-
teria and protozoa. Environ Sci: Nano 2:630-644. https://doi.
org/10.1039/C5EN00057B

Aslani F, Bagheri S, MuhdJulkapli N, Juraimi AS, Hashemi FSG,
Baghdadi A (2014a) Effects of engineered nanomaterials
on plants growth: an overview. The Scien Wor J. https://doi.
org/10.1155/2014/641759

Aslani F, Bagheri S, MuhdJulkapli N, Juraimi AS, Hashemi FSG,
Baghdadi A (2014b) Effects of engineered nanomaterials on
plants growth: an overview. The Sci Wor J, ID 641759:28. https
://doi.org/10.1155/2014/641759

Avestan S, Naseri L, Najafzadeh R (2018) Improvement of in vitro
proliferation of apple (malusdomesticaborkh) by enriched nano
chelated iron fertilizer. Int J of HortiSci and Technol 5(1):43-51.
https://doi.org/10.22059/ijhst.2018.251673.216

Azam F (2002) Added nitrogen interaction in the soil-plant system—
a review. Pakistan J Agron 1:54-59. https://doi.org/10.3923/
ja.2002.54.59

Azeredo HM, Mattoso LHC, Wood D, Williams TG, Avena-Bustillos
RJ, McHugh TH (2009) Nanocomposite edible films from mango
puree reinforced with cellulose nanofibers. J of food Sci 74:31-
35. https://doi.org/10.1111/j.1750-3841.2009.01186.x

Bai YC, Chan YY, Hussain M, Lu B, Zhang JP, Song XB, Lei XS,
Pei D (2020) Soil chemical and microbiological properties are
changed by long-term chemical fertilizers that limit ecosystem

@ Springer


https://doi.org/10.21608/ajs.2018.34124
https://doi.org/10.21608/ajs.2018.34124
https://doi.org/10.1016/j.arabjc.2010.04.008
https://doi.org/10.30881/aaeoa.00016
https://doi.org/10.30881/aaeoa.00016
https://doi.org/10.21608/jenvbs.2017.1089.1006
https://doi.org/10.21608/jenvbs.2017.1089.1006
https://doi.org/10.1039/C5EN00057B
https://doi.org/10.1039/C5EN00057B
https://doi.org/10.1155/2014/641759
https://doi.org/10.1155/2014/641759
https://doi.org/10.1155/2014/641759
https://doi.org/10.1155/2014/641759
https://doi.org/10.22059/ijhst.2018.251673.216
https://doi.org/10.3923/ja.2002.54.59
https://doi.org/10.3923/ja.2002.54.59
https://doi.org/10.1111/j.1750-3841.2009.01186.x

1710

Environmental Chemistry Letters (2021) 19:1693-1714

functioning. Microorganisms 8:694. https://doi.org/10.3390/
microorganisms8050694

Bastianello EF, Montemurro F, Fasolato L, Balzan S, Marchesini G,
Contiero B, Cardazzo B, Novelli E (2016) Volatile compounds
and microbial development in sonicated cloudy apple juices:
preliminary results. CyTA - J of Food 14:65-73. https://doi.
0rg/10.1080/19476337.2015.1045432

Batley GE, Kirby JK, McLaughlin MJ (2013) Fate and risks of nano-
materials in aquatic and terrestrial environments. Acc of chem
res 46:854-862. https://doi.org/10.1021/ar2003368

Benton R (2012) Interaction of engineered nanoparticles with artificial
cell membranes. Chem Int 34:4.1-14

Bollag JM, Myers CJ, Minard RD (1992) Biological and chemical
interactions of pesticides with soil organic matter. Sci of the Tot
Env 123:205-217. https://doi.org/10.1016/0048-9697(92)90146
-J

Boxall A, Tiede K, Chaudhry Q, Aitken R, Jones AD, Jefferson B,
Lewis J (2007) Current and future predicted exposure to engi-
neered nanoparticles. Sci of the Total Environ 390:396—409

Boyer JS (1982) Plant productivity and environment. Science
4571:443-448. https://doi.org/10.1126/science.218.4571.443

Brahmaprakash GP, Sahu PK (2012) Biofertilizers for sustainability. J
of the IndInstit of Sci 92:37-62

Brandelli A, Brum LFW, dos Santos JHZ (2017) Nanostructured bioac-
tive compounds for ecological food packaging. Environ Chem
Lett 15:193-204. https://doi.org/10.1007/s10311-017-0621-7

Broadley MR (2007) Zinc in plants. New Phytol 173:677-702. https://
doi.org/10.1111/.1469-8137.2007.01996.x

Cabrera D, Annelies C, Jonathan L, Emilio JAI, Dupré L, Neil DT,
Francisco JT (2018) Dynamical magnetic response of iron oxide
nanoparticles inside live cells. ACS Nano 12:2741-2752. https
://doi.org/10.1021/acsnano.7b08995

Cabriales JJ, Grageda-Cabrera OA, Vera-Nunez JA (2002) Nitrogen
fertilizer management in Mexico: use of isotopic techniques
(15N). terra: or. official de divulgacién de la sociedad Mexicana
de la Ciencia del Suelo. AC 20:51-56

Caprioli G, Iannarelli R, Cianfaglione K, Fiorini D, Giuliani C,
Lucarini D, Papa F, Sagratini G, Vittori S, Maggi F (2016)
Volatile profile, nutritional value and secretory structures of the
berry-like fruits of Hypericumandrosaemum L. Food Res Int
79:1-10. https://doi.org/10.1016/j.foodres.2015.11.021

Changmei L, Chaoying Z, Junqiang W, Guorong W, Mingxuan T
(2002) Research of the effect of nanometer materials on germina-
tion and growth enhancement of glycine max and its mechanism.
SoybSci 21:168-171

Cheng HN, Klasson KT, Asakura T, Wu Q (2016) Nanotechnology in
agriculture In nanotechnology delivering on the promise. Am
Chem Soc 2:233-242. https://doi.org/10.1021/bk-2016-1224.
ch012

Chhipa H (2017) Nanofertilizers and nanopesticides for agriculture.
Enviro Chem Lett 15:15-22. https://doi.org/10.1007/s1031
1-016-0600-4

Chhipa H, Joshi P (2016) Nanofertilisers, nanopesticides and nanosen-
sors in agriculture. Nanosci in Food and Ag 1:247-282. https://
doi.org/10.1007/978-3-319-39303-2_9

Chowdhury P, Gogoi M, Borchetia S, Bandyopadhyay T (2017) Nano-
technology applications and intellectual property rights in agri-
culture. Environ Chem Lett 15:413—419. https://doi.org/10.1007/
s10311-017-0632-4

Conley DJ, Paerl HW, Howarth RW, Boesch DF, Seitzinger SP, Havens
KE, Lancelot C, Gene EL (2009) Controlling eutrophication:
nitrogen and phosphorus. Science 323:1014-1015. https://doi.
org/10.1126/science.1167755

@ Springer

Dasgupta N, Ranjan S, Ramalingam C (2017) Applications of nano-
technology in agriculture and water quality management.
Environ Chem Lett 15:591-605. https://doi.org/10.1007/s1031
1-017-0648-9

Davarpanah S, Tehranifar A, Abadia J, Val J, Davarynejad G, Aran
M, Khorassani R (2018) Foliar calcium fertilization reduces
fruit cracking in pomegranate (Punicagranatum cv. Ardestani).
Scientiahorticulturae 230:86-91. https://doi.org/10.1016/j.
scienta.2017.11.023

Davarpanah S, Tehranifar A, Davarynejad G, Abadia J, Khorasani
R (2016) Effects of foliar applications of zinc and boron nano-
fertilizers on pomegranate (Punicagranatum cv. Ardestani)
fruit yield and quality. Scihorticul 210:57-64. https://doi.
org/10.1016/j.scienta.2016.07.003

Davarpanah S, Tehranifar A, Davarynejad G, Aran M, Abadia J,
Khorassani R (2017) Effects of foliar nano-nitrogen and
urea fertilizers on the physical and chemical properties of
pomegranate (Punicagranatum cv. Ardestani) fruits. HortSci
52:288-294. https://doi.org/10.21273/hortscil 1248-16

Davarpanah S, Tehranifar A, Zarei M, Aran M, Davarynejad G,
Abadia J (2020) Early season foliar iron fertilization increases
fruit yield and quality in pomegranate. Agronomy 10(6):832.
https://doi.org/10.3390/agronomy 10060832

Deng LZ, Mujumdar AS, Zhang Q, Yang XH, Wang J, Zheng ZA,
Gao ZJ, Xiao HW (2019) Chemical and physical pretreatments
of fruits and vegetables: effects on drying characteristics and
quality attributes—a comprehensive review. Crit Rev Food Sci
Nutr 59:1408-1432

Dhas SP, Shiny PJ, Khan S, Mukherjee A, Chandrasekaran N (2014)
Toxic behavior of silver and zinc oxide nanoparticles on envi-
ronmental microorganisms. J of Basic Microbio 54:916-927.
https://doi.org/10.1002/jobm.201200316

Dimkpa CO, Latta DE, McLean JE, Britt DW, Anderson BMIAJ
(2013) Fate of CuO and ZnO nano-and microparticles in the
plant environment. Environ sci and techno 47:4734-4742. https
://doi.org/10.1021/es304736y

Ditta A, Arshad M (2016) Applications and perspectives of using
nanomaterials for sustainable plant nutrition. Nanotechn Rev
5:209-229. https://doi.org/10.1515/ntrev-2015-0060

Doaa MH, Sefan RF, El-Boray MS (2019) Effect of potassium nano fer-
tilizer on yield and berry qualities of ‘flame seedless’ grapevines.
J Plant Prod 10:929-34. https://doi.org/10.21608/JPP.2019.68553

El-Batal Al, Sidkey NM, Ismail AA, Arafa RA, Fathy RM (2016)
Impact of silver and selenium nanoparticles synthesized by
gamma irradiation and their physiological response on early
blight disease of potato. ] Chem Pharm Res 8:934-951

Li D, Ye Q, Jiang L, Luo Z (2016) Effects of nano-TiO2-LDPE
packaging on postharvest quality and antioxidant capacity of
strawberry (Fragaria ananassaDuch.) stored at refrigeration
temperature. J of the Sci of Food and Agr 97:1116-1123. https
://doi.org/10.1002/jsfa. 7837

Duan X, Liu WC, Ren GY, Liu LL, Liu YH (2016) Browning behav-
ior of button mushrooms during microwave freeze. Drying
Dry Technol 34:1373-1379. https://doi.org/10.1080/07373
937.2015.1117487

Eichert T, Kurtz A, Steiner U, Goldbach HE (2008) Size exclusion
limits and lateral heterogeneity of the stomatal foliar uptake
pathway for aqueous solutes and water-suspended nanopar-
ticles. Physio Plantar 134:151-160. https://doi.org/10.111
1/j.1399-3054.2008.01135.x

El-Ramady HR, Domokos-Szabolcsy E, Abdalla NA, Taha HS, Fari
M (2015) Postharvest management of fruits and vegetables
storage. In: Lichtfouse E (ed) Sustainable agriculture review.
Springer, Cham, pp 65-152

El-Sayed (2018) Effect of spraying some micronutrients via nor-
mal versus nano technology on fruiting of sakkoti date palms.


https://doi.org/10.3390/microorganisms8050694
https://doi.org/10.3390/microorganisms8050694
https://doi.org/10.1080/19476337.2015.1045432
https://doi.org/10.1080/19476337.2015.1045432
https://doi.org/10.1021/ar2003368
https://doi.org/10.1016/0048-9697(92)90146-J
https://doi.org/10.1016/0048-9697(92)90146-J
https://doi.org/10.1126/science.218.4571.443
https://doi.org/10.1007/s10311-017-0621-7
https://doi.org/10.1111/j.1469-8137.2007.01996.x
https://doi.org/10.1111/j.1469-8137.2007.01996.x
https://doi.org/10.1021/acsnano.7b08995
https://doi.org/10.1021/acsnano.7b08995
https://doi.org/10.1016/j.foodres.2015.11.021
https://doi.org/10.1021/bk-2016-1224.ch012
https://doi.org/10.1021/bk-2016-1224.ch012
https://doi.org/10.1007/s10311-016-0600-4
https://doi.org/10.1007/s10311-016-0600-4
https://doi.org/10.1007/978-3-319-39303-2_9
https://doi.org/10.1007/978-3-319-39303-2_9
https://doi.org/10.1007/s10311-017-0632-4
https://doi.org/10.1007/s10311-017-0632-4
https://doi.org/10.1126/science.1167755
https://doi.org/10.1126/science.1167755
https://doi.org/10.1007/s10311-017-0648-9
https://doi.org/10.1007/s10311-017-0648-9
https://doi.org/10.1016/j.scienta.2017.11.023
https://doi.org/10.1016/j.scienta.2017.11.023
https://doi.org/10.1016/j.scienta.2016.07.003
https://doi.org/10.1016/j.scienta.2016.07.003
https://doi.org/10.21273/hortsci11248-16
https://doi.org/10.3390/agronomy10060832
https://doi.org/10.1002/jobm.201200316
https://doi.org/10.1021/es304736y
https://doi.org/10.1021/es304736y
https://doi.org/10.1515/ntrev-2015-0060
https://doi.org/10.21608/JPP.2019.68553
https://doi.org/10.1002/jsfa.7837
https://doi.org/10.1002/jsfa.7837
https://doi.org/10.1080/07373937.2015.1117487
https://doi.org/10.1080/07373937.2015.1117487
https://doi.org/10.1111/j.1399-3054.2008.01135.x
https://doi.org/10.1111/j.1399-3054.2008.01135.x

Environmental Chemistry Letters (2021) 19:1693-1714

1711

Researcher 10:39-43. https://doi.org/10.7537/marsrsj101
018.06

FAO (2009) How to Feed the World in 2050. In Executive summary-
proceedings of the expert meeting on how to feed the world
in 2050. Food and agriculture organization. Rome, Italy.https
/Iwww.fao.org/fileadmin/templates/wsfs/docs/expert_paper/
How_to_Feed_the_World_in_2050.pdf.

Farouk HA, Ahmed MMAA, Ahmed YM, Mohamed AZ (2019)
Mango trees to spray boron prepared by nanotechnology tech-
nique. N'Y Sci J 12:46-53. https://doi.org/10.7537/marsnys120
619.06

Fernandez V, Eichert T (2009) Uptake of hydrophilic solutes through
plant leaves: current state of knowledge and perspectives of
foliar fertilization. Cri Revi in Pl Sci 28:36-68. https://doi.
org/10.1080/07352680902743069

Fleischer A, O’Neill MA, Ehwald R (1999) The pore size of non-
graminaceous plant cell walls is rapidly decreased by borate
ester cross-linking of the pectic polysaccharide rhamno galac-
turonan II. Pl Physio 121:829-838. https://doi.org/10.1104/
pp-121.3.829

Flores-Lopez ML, Cerqueira MA, de Rodriguez DJ, Vicente AA (2016)
Perspectives on utilization of edible coatings and nano-laminate
coatings for extension of postharvest storage of fruits and veg-
etables. Food Eng Rev 8:292-305. https://doi.org/10.1007/s1239
3-015-9135-x

Gao F, Hong F, Liu C, Zheng L, Su M, Wu X, Yang F, Wu C, Yang
P (2006) Mechanism of nano-anataseTiO 2 on promoting pho-
tosynthetic carbon reaction of spinach. Biol Trace Elem Res
111:239-253. https://doi.org/10.1385/bter:111:1:239

GBD (ZHn2013) Risk Factors Collaborators (2015) Global, regional,
and national comparative risk assessment of 79 behavioural,
environmental and occupational, and metabolic risks or clusters
of risks in 188 countries, 1990-2013: a systematic analysis for
the global burden of disease study 2013. Lancet 386: 2287-2323
10.1016/S0140-6736(15)00128-2

Ghafariyan MH, Malakouti MJ, Dadpour MR, Stroeve P, Mahmoudi
M (2013) Effects of magnetite nanoparticles on soybean chlo-
rophyll. Env Sci and Technol 47:10645-10652. https://doi.
org/10.1016/j.compstruct.2017.01.035

Guo LJ (2004) Recent progress in nanoimprint tech and its appn. J Phy
37:123. https://doi.org/10.1088/0022-3727/37/11/R01

Hasobe T, Fukuzumi S, Kamat PV (2005) Ordered assembly of proto-
nated porphyrin driven by single-wall carbon nanotubes. J-and
H-aggregates to nanorods. J of the Am Chem Soci 127:11884—
11885. https://doi.org/10.1021/ja050687t

Heinrich U, Muhle H, Hoymann HG, Mermelstein R (1989) Pulmonary
function changes in rats after chronic and subchronic inhalation
exposure to various particulate matter. Exp Patho 37:248-252.
https://doi.org/10.1016/S0232-1513(89)80062-3

Hu J, Guo H, Li J, Gan Q, Wang Y, Xing B (2017) Comparative
impacts of iron oxide nanoparticles and ferric ions on the growth
of Citrus maxima. Environ Pollut 221:199-208. https://doi.
org/10.1016/j.envpol.2016.11.064

Hu X, Li D, Gao Y, Mu L, Zhou Q (2016) Knowledge gaps between
nanotoxicological research and nanomaterial safety. Environ Int
94:8-23. https://doi.org/10.1016/j.envint.2016.05.001

Huang G, Ng TW, An T, Li G, Wang B, Wu D, Yip HY, Zhao H, Wong
PK (2017) Interaction between bacterial cell membranes and
nano-TiO2 revealed by two- dimensional FTIR correlation spec-
troscopy using bacterial ghost as a model cell envelope. Water
Res 2:104-113. https://doi.org/10.1016/j.watres.2017.04.023

Huang M, Wang Q, Zhang M, Zhu Q (2014) Prediction of color and
moisture content for vegetable soybean during drying using
hyperspectral imaging technology. J Food Eng 128:24-30. https
://doi.org/10.1016/j.jfoodeng.2013.12.008

Jampilek J, Kral'ova K (2017) Nanomaterials for delivery of nutrients
and growth-promoting compounds to plants in nanotechnology.
Springer, Singapore, pp 177-226

Jitianu A, Cacciaguerra T, Benoit R, Delpeux S, Beguin F, Bonnamy
S (2004) Synthesis and characterization of carbon nanotubes—
TiO, nanocomposites. Carbon 42:1147-1151. https://doi.
org/10.1016/j.carbon.2003.12.041

Juarez A, Gonzalez-Morales S, Cabrera-De la Fuente M, Medrano-
Macias J, Benavides-Mendoza A (2018) Nanometals as promot-
ers of nutraceutical quality in crop plants in impact of nano-
science in the food industry. Academic Press, Cambridge, pp
277-310

Juérez A, Ortega-Ortiz H, Morales-Diaz AB, Gonzéalez-Morales S,
Morelos-Moreno A, Sandoval-Rangel A, Benavides-Mendoza
A (2019) Nanoparticles and nanomaterials as plant biostimulants.
Int J Mol Sci 20:162. https://doi.org/10.3390/ijms20010162

Jubeir SM, Ahmed WA (2019) Effect of nanofertilizers and application
methods on vegetative growth and yield of date palm. The Ira J
of AgrSci 50:267-274. https://doi.org/10.36103/ijas.v5011.292

Judy JD, Unrine JM, Bertsch PM (2011) Evidence for biomagnification
of gold nanoparticles within a terrestrial food chain. EnvSci and
Technol 45:776-781. https://doi.org/10.1021/es103031a

Kahrl F, Li Y, Su Y, Tennigkeit T, Wilkes A, Xu J (2010) Green-
house gas emissions from nitrogen fertilizer use in China. Envi-
ron Sci and Pol 13:688-694. https://doi.org/10.1016/j.envsc
1.2010.07.006

Kamiab F, Zamanibahramabadi E (2016) The effect of foliar applica-
tion of nano-chelate super plus ZFM on fruit set and some quan-
titative and qualitative traits of almond commercial cultivars. J of
Nuts 7:9-20. https://doi.org/10.22034/JON.2016.522950

Kaphle A, Navya PN, Umapathi A, Daima HK (2018) Nanomaterials
for agriculture, food and environment: applications, toxicity and
regulation. Environ Chem Lett 16:43-58. https://doi.org/10.1007/
s10311-017-0662-y

Karimi E, Mohseni FE (2017) Nanomaterial effects on soil microorgan-
isms. In: Ghorbanpour M, Manika K, Varma A (eds) Nanosci-
ence and plant-soil systems, soil biology. Springer, Cham

Khan OA, Sofi JA, Kirmani NA, Hassan GI, Bhat SA, Chesti MH,
Ahmad SM (2019) Effect of N, P and K Nano-fertilizers in com-
parison to humic and fulvic acid on yield and economics of red
delicious (Malus x domesticaBorukh.). J of Pharma and Phyto-
chem 8:978-981

Khodakovskaya MV, De Silva K, Biris AS, Dervishi E, Villagarcia
H (2012) Carbon nanotubes induce growth enhancement of
tobacco cells. ACS Nano 6:2128-2135. https://doi.org/10.1021/
nn204643g

Kongkanand A, Tvrdy K, Takechi K, Kuno M, Kamat PV (2008)
Quantum dot solar cells. tuning photoresponse through size and
shape control of CdSe— TiO, architecture. J of the Am ChemSoci
130:4007-4015. https://doi.org/10.1021/ja0782706

Kottegoda N, Sandaruwan C, Priyadarshana G, Siriwardhana A,
Rathnayake UA, Berugoda Arachchige DM, Kumarasinghe AR,
Dahanayake D, Karunaratne V, Amaratunga GA (2017) Urea-
hydroxyapatite nanohybrids for slow release of nitrogen. ACS
Nano 11:1214-1221. https://doi.org/10.1021/acsnano.6b07781

Kumar UJ, Bahadur V, Prasad VM, Mishra S, Shukla PK (2017) Effect
of different concentrations of iron oxide and zinc oxide nanopar-
ticles on growth and yield of strawberry (Fragaria x ananassa
Duch) cv. Chandler. Int J of Curr Microbio and App Sci 6:2440—
2445. https://doi.org/10.20546/ijcmas.2017.608.288

Kumar RP, Kumar V, Lee S, Raza N, Kim KH, Ok YS, Tsang DC
(2018) Nanoparticle-plant interaction: implications in energy,
environment, and agriculture. Environ Int 119:1-19. https://doi.
org/10.1016/j.envint.2018.06.012

Kumari R, Kundu M, Das A, Rakshit R, Sahay S, Sengupta S, Ahmad
MF (2020) Long-term integrated nutrient management improves

@ Springer


https://doi.org/10.7537/marsrsj101018.06
https://doi.org/10.7537/marsrsj101018.06
http://www.fao.org/fileadmin/templates/wsfs/docs/expert_paper/How_to_Feed_the_World_in_2050.pdf
http://www.fao.org/fileadmin/templates/wsfs/docs/expert_paper/How_to_Feed_the_World_in_2050.pdf
http://www.fao.org/fileadmin/templates/wsfs/docs/expert_paper/How_to_Feed_the_World_in_2050.pdf
https://doi.org/10.7537/marsnys120619.06
https://doi.org/10.7537/marsnys120619.06
https://doi.org/10.1080/07352680902743069
https://doi.org/10.1080/07352680902743069
https://doi.org/10.1104/pp.121.3.829
https://doi.org/10.1104/pp.121.3.829
https://doi.org/10.1007/s12393-015-9135-x
https://doi.org/10.1007/s12393-015-9135-x
https://doi.org/10.1385/bter:111:1:239
https://doi.org/10.1016/j.compstruct.2017.01.035
https://doi.org/10.1016/j.compstruct.2017.01.035
https://doi.org/10.1088/0022-3727/37/11/R01
https://doi.org/10.1021/ja050687t
https://doi.org/10.1016/S0232-1513(89)80062-3
https://doi.org/10.1016/j.envpol.2016.11.064
https://doi.org/10.1016/j.envpol.2016.11.064
https://doi.org/10.1016/j.envint.2016.05.001
https://doi.org/10.1016/j.watres.2017.04.023
https://doi.org/10.1016/j.jfoodeng.2013.12.008
https://doi.org/10.1016/j.jfoodeng.2013.12.008
https://doi.org/10.1016/j.carbon.2003.12.041
https://doi.org/10.1016/j.carbon.2003.12.041
https://doi.org/10.3390/ijms20010162
https://doi.org/10.36103/ijas.v50i1.292
https://doi.org/10.1021/es103031a
https://doi.org/10.1016/j.envsci.2010.07.006
https://doi.org/10.1016/j.envsci.2010.07.006
https://doi.org/10.22034/JON.2016.522950
https://doi.org/10.1007/s10311-017-0662-y
https://doi.org/10.1007/s10311-017-0662-y
https://doi.org/10.1021/nn204643g
https://doi.org/10.1021/nn204643g
https://doi.org/10.1021/ja0782706
https://doi.org/10.1021/acsnano.6b07781
https://doi.org/10.20546/ijcmas.2017.608.288
https://doi.org/10.1016/j.envint.2018.06.012
https://doi.org/10.1016/j.envint.2018.06.012

1712

Environmental Chemistry Letters (2021) 19:1693-1714

carbon stock and fruit yield in a subtropical mango (Mangifera
indica L.) orchard. J of Soil Sci and Plant Nutr 20:725-737. https
://doi.org/10.1007/542729-019-00160-6

Kurepa J, Paunesku T, Vogt S, Arora H, Rabatic BM, Lu J, Smalle
JA (2010) Uptake and distribution of ultrasmall anatase TiO,
alizarin red S nanoconjugates in arabidopsis thaliana. Nano Lett
10:2296-2302. https://doi.org/10.1021/n1903518f

Kuswandi B (2017) Environmental friendly food nano-packaging.
Environ Chem Lett 15:205-221. https://doi.org/10.1007/s1031
1-017-0613-7

Laurent S, Forge D, Port M, Roch A, Robic C, Vander Elst L, Muller
RN (2008) Magnetic iron oxide nanoparticles: synthesis, stabi-
lization, vectorization, physicochemical characterizations, and
biological applications. Chem rev 108:2064-2110. https://doi.
org/10.1021/cr068445¢

Laware SL, Raskar S (2014) Effect of titanium dioxide nanoparticles
on hydrolytic and antioxidant enzymes during seed germination
in onion.". Int J Curr Microbiol and App Sci 3:749-760

Lee J, Kim Y, Bae E, Lee S, Kwak BK, Choi K, Yi J (1986) Public
and experts perception about nanotechnology hazards in korea.
J Environ Toxicol 23:247-256

Lee L, Arul J, Lencki R, Castaigne F (1995) A review on modified
atmosphere packaging and preservation of fresh fruits and veg-
etables: physiological basis and practical aspects—part I. Packag
Technol and Sci 8:315-331. https://doi.org/10.1002/pts.27700
80605

Li X, Li W, Jiang Y, Ding Y, Yun J, Tang Y, Zhang P (2011) Effect
of nano-ZnO-coated active packaging on quality of fresh-cut
‘Fuji’apple. Int J of Food Sci and Technol 46:1947-1955. https
://doi.org/10.1111/j.1365-2621.2011.02706.x

Lin D, Xing B (2007a) Phytotoxicity of nanoparticles: inhibition of
seed germination and root growth. Environ Poll 150:243-250.
https://doi.org/10.1016/j.envpol.2007.01.016

Lin D, Xing B (2007b) Phytotoxicity of nanoparticles: inhibition of
seed germination and root growth. Enviro Poll 150:243-250.
https://doi.org/10.1016/j.envpol.2007.01.016

Lin D, Xing B (2008) Root uptake and phytotoxicity of ZnO nano-
particles. Env Sci and Technol 42:5580-5585. https://doi.
org/10.1021/es800422x

Lindsay WL (1972) Zinc in soils and plant nutrition. Adv in Agron
24:147-186. https://doi.org/10.1016/S0065-2113(08)60635-5

Lindsay WL, Schwab AP (1982) The chemistry of iron in soils and
its availability to plants. J of Pl Nutr 5:821-840. https://doi.
0rg/10.1080/01904168209363012

Liu R, Lal R (2015) Potentials of engineered nanoparticles as fertiliz-
ers for increasing agronomic productions. Sci of the Tot Env
514:131-139. https://doi.org/10.1016/j.scitotenv.2015.01.104

Liu WC, Duan X, Ren GY, Liu LL, Liu YH (2017) Optimization of
microwave freeze drying strategy of mushrooms (Agaricusbispo-
rus) based on porosity change behavior. Dry Technol 35:1327-
1336. https://doi.org/10.1080/07373937.2017.1319851

Loria H, Pereira-Almao P, Scott CE (2011) Determination of agglomer-
ation kinetics in nanoparticle dispersions. Indust and Eng Chem
Res 50:8529-8535. https://doi.org/10.1021/ie200135r

Lucarelli M, Gatti AM, Savarino G, Quattroni P, Martinelli L, Monari
E, Boraschi D (2004) Innate defence functions of macrophages
can be biased by nano-sized ceramic and metallic particles. Eur
Cytokine Netw 15:339-346

Ma X, Geiser-Lee J, Deng Y, Kolmakov A (2010) Interactions between
engineered nanoparticles (ENPs) and plants: phytotoxicity,
uptake and accumulation. Sci of the Tot Env 408:3053-3061.
https://doi.org/10.1016/j.scitotenv.2010.03.031

Madhura L, Singh S, Kanchi S, Sabela M, Bisetty K (2019) Nanotech-
nology-based water quality management for wastewater treat-
ment. Environ Chem Lett 17:65-121. https://doi.org/10.1007/
s10311-018-0778-8

@ Springer

Mahajan P, Dhoke SK, Khanna AS (2011) Effect of nano-ZnO particle
suspension on growth of mung (Vignaradiata) and gram (Cicer
arietinum) seedlings using plant agar method. J of Nanotechnol.
https://doi.org/10.1155/2011/696535

Mahawar H, Prasanna R, Simranjit K, Thapa S, Kanchan A, Singh
R, Kaushik SC, Singh S, Nain L (2018) Deciphering the mode
of interactions of nanoparticles with mung bean (Vigna radiata
L.). Israel J of P1 Sci 65:74-82. https://doi.org/10.1080/07929
978.2017.1288516

Malerba M, Cerana R (2018) Recent advances of chitosan appli-
cations in plants. Polymers 10:118. https://doi.org/10.3390/
polym10020118

Malusa E, Vassilev N (2014) A contribution to set a legal framework
for biofertilisers. App Microbio and Biotechnol 98:6599-6607.
https://doi.org/10.1007/s00253-014-5828-y

Meng X, Zhang M, Adhikari B (2014) The effects of ultrasound
treatment and nano-zinc oxide coating on the physiological
activities of fresh-cut kiwifruit. Food and Biopro Technol
7:126-132. https://doi.org/10.1007/s11947-013-1081-0

Mohapatra SK, Banerjee S, Misra M (2008) Synthesis of Fe,05/
TiO,nanorod—nanotube arrays by filling TiO2 nanotubes with
Fe. Nanotechnology 19:315601. https://doi.org/10.1088/0957-
4484/19/31/315601

Moore MN (2006) Do nanoparticles present ecotoxicological risks
for the health of the aquatic environment? EnvInt 32:967-976.
https://doi.org/10.1016/j.envint.2006.06.014

Morales AB, Ortega-Ortiz H, Juarez-Maldonado A, Cadenas-Pliego
G, Gonzalez-Morales S, Benavides-Mendoza A (2017) Appli-
cation of nanoelements in plant nutrition and its impact in eco-
systems. Adv in Nat Sci: Nanosci and Nanotechnol 8:013001.
https://doi.org/10.1088/2043-6254/8/1/013001

Mozafari AA, Ghaderi N (2018) Grape response to salinity stress
and role of iron nanoparticle and potassium silicate to miti-
gate salt induced damage under in vitro conditions. Physio
and Molec Bio of Pl 24:25-35. https://doi.org/10.1007/s1229
8-017-0488-x

Mozafari AA, Havas F, Ghaderi N (2018) Application of iron nano-
particles and salicylic acid in in vitro culture of strawberries
(Fragariax ananassaDuch.) to cope with drought stress. P1 Cel
Tis and Org Cul 132:511-523. https://doi.org/10.1007/s1124
0-017-1347-8

Nair R, Varghese SH, Nair BG, Maekawa T, Yoshida Y, Kumar
DS (2010) Nanoparticulate material delivery to plants. PI sci
179:154-163. https://doi.org/10.1016/j.plantsci.2010.04.012

Navarro E, Baun A, Behra R et al (2008) Environmental behavior
and ecotoxicity of engineered nanoparticles to algae, plants,
and fungi. Ecotoxicology 17:372-386. https://doi.org/10.1007/
$10646-008-0214-0

Nekrasova GF, Ushakova OS, Ermakov AE, Uimin MA, Byzov IV
(2011) Effects of copper (II) ions and copper oxide nanoparti-
cles on elodea densa Planch. Rus J of Eco 42:458. https://doi.
org/10.1134/S1067413611060117

Noreen S, Fatima Z, Ahmad S, Ashraf M (2018) Foliar application
of micronutrients in mitigating abiotic stress in crop plants
plant nutrients and abiotic stress tolerance. Springer, Singapore

Pandey AC, Sanjay SS, Yadav RS (2010) Application of zno nano-
particles in influencing the growth rate of Cicer arietinum. ]
Exp Nanosci 5:488-497. https://doi.org/10.1080/1745808100
3649648

Peralta-Videa JR, Hernandez-Viezcas JA, Zhao L, Diaz BC, Ge Y,
Priester JH, Holden PA, Gardea-Torresdey JL (2014) Cerium
dioxide and zinc oxide nanoparticles alter the nutritional value
of soil cultivated soybean plants. P1 Physio and Biochem 80:128—
135. https://doi.org/10.1016/j.plaphy.2014.03.028

Pitambara Archana, Shukla YM (2019) Nanofertilizers: a recent
approach in crop production. In: Panpatte D, Jhala Y (eds)


https://doi.org/10.1007/s42729-019-00160-6
https://doi.org/10.1007/s42729-019-00160-6
https://doi.org/10.1021/nl903518f
https://doi.org/10.1007/s10311-017-0613-7
https://doi.org/10.1007/s10311-017-0613-7
https://doi.org/10.1021/cr068445e
https://doi.org/10.1021/cr068445e
https://doi.org/10.1002/pts.2770080605
https://doi.org/10.1002/pts.2770080605
https://doi.org/10.1111/j.1365-2621.2011.02706.x
https://doi.org/10.1111/j.1365-2621.2011.02706.x
https://doi.org/10.1016/j.envpol.2007.01.016
https://doi.org/10.1016/j.envpol.2007.01.016
https://doi.org/10.1021/es800422x
https://doi.org/10.1021/es800422x
https://doi.org/10.1016/S0065-2113(08)60635-5
https://doi.org/10.1080/01904168209363012
https://doi.org/10.1080/01904168209363012
https://doi.org/10.1016/j.scitotenv.2015.01.104
https://doi.org/10.1080/07373937.2017.1319851
https://doi.org/10.1021/ie200135r
https://doi.org/10.1016/j.scitotenv.2010.03.031
https://doi.org/10.1007/s10311-018-0778-8
https://doi.org/10.1007/s10311-018-0778-8
https://doi.org/10.1155/2011/696535
https://doi.org/10.1080/07929978.2017.1288516
https://doi.org/10.1080/07929978.2017.1288516
https://doi.org/10.3390/polym10020118
https://doi.org/10.3390/polym10020118
https://doi.org/10.1007/s00253-014-5828-y
https://doi.org/10.1007/s11947-013-1081-0
https://doi.org/10.1088/0957-4484/19/31/315601
https://doi.org/10.1088/0957-4484/19/31/315601
https://doi.org/10.1016/j.envint.2006.06.014
https://doi.org/10.1088/2043-6254/8/1/013001
https://doi.org/10.1007/s12298-017-0488-x
https://doi.org/10.1007/s12298-017-0488-x
https://doi.org/10.1007/s11240-017-1347-8
https://doi.org/10.1007/s11240-017-1347-8
https://doi.org/10.1016/j.plantsci.2010.04.012
https://doi.org/10.1007/s10646-008-0214-0
https://doi.org/10.1007/s10646-008-0214-0
https://doi.org/10.1134/S1067413611060117
https://doi.org/10.1134/S1067413611060117
https://doi.org/10.1080/17458081003649648
https://doi.org/10.1080/17458081003649648
https://doi.org/10.1016/j.plaphy.2014.03.028

Environmental Chemistry Letters (2021) 19:1693-1714

1713

Nanotechnology for agriculture: crop production and protection.
Springer, Singapore, pp 25-58

Pote DH, Daniel TC, Moore PA Jr, Nichols DJ, Sharpley AN, Edwards
DR (1996) Relating extractable soil phosphorus to phosphorus
losses in runoff. Soil Sci Soc Am J 60:855-859. https://doi.
org/10.2136/ss52j1996.03615995006000030025x

Pradhan S, Patra P, Das S, Chandra S, Mitra S, Dey KK, Goswami A
(2013) Photochemical modulation of biosafe manganese nano-
particles on Vignaradiata: a detailed molecular, biochemical, and
biophysical study. Envsci and techn 47:13122-13131. https://doi.
org/10.1021/es402659t

Prasad R, Bhattacharyya A, Nguyen QD (2017) Nanotechnology in
sustainable agriculture: recent developments, challenges, and
perspectives. Fron in micro 8:1014. https://doi.org/10.3389/
fmicb.2017.01014

Qu J, Luo C, Cong Q (2012) Yuan X (2012) Carbon nanotubes and
Cu-Zn nanoparticles synthesis using hyperaccumulator plants.
Environ chem lett 10:153-158. https://doi.org/10.1007/s1031
1-011-0335-1

Rahemi M, Gharechahi SR, Sedaghat S (2019) The application of
nano-iron chelate and iron chelate to soil and as foliar applica-
tion: treatments against chlorosis and fruit quality in quince. Int
J of Fruit Sci. https://doi.org/10.1080/15538362.2019.1628684

Rai M, Ingle AP, Gupta I, Pandit R, Paralikar P, Gade A, Chaud MV,
dos Santos CA (2019) Smart nanopackaging for the enhancement
of food shelf life. Environ Chem Lett 17(1):277-290. https://doi.
org/10.1007/s10311-018-0794-8

Raliya R, Tarafdar JC, Biswas P (2016) Enhancing the mobilization
of native phosphorus in the mung bean rhizosphere using ZnO
nanoparticles synthesized by soil fungi. J Agric Food Chem
64:3111-3118

Rameshaiah GN, Pallavi J, Shabnam S (2015) Nano fertilizers and nano
sensors—an attempt for developing smart agriculture. Int J Eng
Res Gen Sci 3:314-320

RamirezLegarreta MR, Ruiz Corral JA, Medina Garcia G, JacoboCuél-
lar JL, Parra Quezada RA, Avila Marioni MR, Amado Alvarez
JP (2011) Perspectivas del sistema de produccion de manzanoen
Chihuahua, ante el cambiocliméatico. Revi Mexi de cie Agric
2:265-279

Ranjbar S, Ramezanian A, Rahemi M (2020) Nano-calcium and its
potential to improve ‘Red Delicious’ apple fruit characteristics.
Hort, Env, and Biotech 61:23-30. https://doi.org/10.1007/s1358
0-019-00168-y

Rastogi A, Zivcak M, Sytar O, Kalaji HM, He X, Mbarki S, Brestic M
(2017) Impact of metal and metal oxide nanoparticles on plant: a
critical review. Fron in chem 5:78. https://doi.org/10.3389/fchem
.2017.00078

Refaai MM (2014) Response of zaghloul date palms grown under minia
region conditions to spraying wheat seed sprout extract and nano-
boron. Stem Cell 5:22-28

Richardson AE (2001) Prospects for using soil microorganisms to
improve the acquisition of phosphorus by plants. Func Pl Bio
28:897-906. https://doi.org/10.1071/PP01093

Rico CM, Majumdar S, Duarte-Gardea M, Peralta-Videa JR, Gardea-
Torresdey JL (2011) Interaction of nanoparticles with edible
plants and their possible implications in the food chain. J of agr
and food chem 59:3485-3498. https://doi.org/10.1021/j£104517j

Rivero ST, Moorillén VN, Borunda EO (2009) Growth, yield, and
nutrient status of pecans fertilized with biosolids and inoculated
with rhizosphere fungi. Biore Tech 100:1992-1998. https://doi.
org/10.1016/j.biortech.2007.12.078

Roemheld V, El-Fouly MM (1999) Foliar nutrient application: chal-
lenges and limits in crop production. In: Suriyaphan O et al (eds)
Proc. 2nd international workshop on foliar fertilization, April
4-10 (1999) Bangkok, Thailand, pp 1-32

Romanazzi G, Sanzani SM, Bi Y, Tian S, Alkan MPGN, N, (2016)
Induced resistance to control postharvest decay of fruit and
vegetables. Posthar Bio and Technol 122:82-94. https://doi.
org/10.1016/j.postharvbio.2016.08.003

Roshdy KA, Refaai MM (2016) Effect of nanotechnology fertilization
on growth and fruiting of Zaghloul date palms. J of Pl Produ
7:93-98. https://doi.org/10.21608/jpp.2016.43478

Rossi L, Fedenia LN, Sharifan H, Ma X, Lombardini L (2019) Effects
of foliar application of zinc sulfate and zinc nanoparticles in cof-
fee (Coffeaarabica L.) plants. PI Physiol and Biochem 135:160—
166. https://doi.org/10.1016/j.plaphy.2018.12.005

Saba MK, Amini R (2017) Nano-ZnO/carboxymethyl cellulose-based
active coating impact on ready-to-use pomegranate during cold
storage. Food chem 232:721-726. https://doi.org/10.1016/j.foodc
hem.2017.04.076

Sabir A (2015) Improvement of the pollen quality and germination
levels in grapes (Vitis vinifera L.) by leaf pulverizations with
nanosize calcite and seaweed extract (Ascophyllum nodosum). J
Anim Plant Sci 25:1599-1605

Sabir A, Yazar K, Sabir F, Kara Z, Yazici MA, Goksu N (2014) Vine
growth, yield, berry quality attributes and leaf nutrient content of
grapevines as influenced by seaweed extract (Ascophyllum nodo-
sum) and nanosize fertilizer pulverizations. Sci Hortic 175:1-8.
https://doi.org/10.1016/j.scienta.2014.05.021

Saied HHM (2018) Response of keitte mango trees to spraying nano
NPK Mg fertilizers. Researcher 10:1-5. https://doi.org/10.7537/
marsrsj101218.01

Salem MA, Wasef AZ, Schulze HF, Cheruth AJ (2013) Effect of nano-
hydrophobic sand layer in datepalm (Phoenix dactylifera L.) cul-
tivation in arid lands. J of Food Agr and Envi 11:591-595. https
://doi.org/10.1234/4.2013.4367

Sanzani SM, Reverberi M, Geisen R (2016) Mycotoxins in harvested
fruits and vegetables: Insights in producing fungi, biological
role, conducive conditions, and tools to manage postharvest
contamination. Posthar Bio and Technol 122:95-105. https://
doi.org/10.1016/j.postharvbio.2016.07.003

Sarkar P, Choudhary R, Panigrahi S, Syed I, Sivapratha S, Dhumal CV
(2017) Nano-inspired systems in food technology and packaging.
Environ Chem Lett 15:607-622. https://doi.org/10.1007/s1031
1-017-0649-8

Schader C (2009) Cost-effectiveness of organic farming for achieving
environmental policy targets in Switzerland. Ph D Thesis. Insti-
tute of Biological, Environmental and Rural Sciences Aberyst-
wyth University, Aberystwyth Wales, 175 p

Sedghi M, Hadi M, Toluie SG (2013) Effect of nano zinc oxide on the
germination parameters of soybean seeds under drought stress.
Ann of West Uni of Timi Ser of Biol 16:73-78

Sengul AB, Asmatulu E (2020) Toxicity of metal and metal oxide
nanoparticles: a review. Environ Chem Lett 23:1-25. https://doi.
org/10.1007/s10311-020-01033-6

Shalan AM (2020) Fertilization by nano-powder potassium sulfate
enhancing production of grapevines cv. Crimson Seedless J of
P1 Produc 11:207-213. https://doi.org/10.21608/jpp.2020.79600

Shankar S, Rhim JW (2019) Effect of Zn salts and hydrolyzing agents
on the morphology and antibacterial activity of zinc oxide
nanoparticles. Environ Chem Lett 17:1105-1109. https://doi.
org/10.1007/s10311-018-00835-z

Sharma S, Rana VS, Kumari M, Mishra P (2018) Biofertilizers: boon
for fruit production. J] PharmacognPhytochem 7(5):3244-3247

Sharonova NL, Yapparov AK, Khisamutdinov NS, Ezhkova AM, Yapp-
arov [A, Ezhkov VO, Babynin EV (2015) Nanostructured water-
phosphorite suspension is a new promising fertilizer. Nanotechn
in Rus 10:651-661. https://doi.org/10.1134/S1995078015040187

@ Springer


https://doi.org/10.2136/sssaj1996.03615995006000030025x
https://doi.org/10.2136/sssaj1996.03615995006000030025x
https://doi.org/10.1021/es402659t
https://doi.org/10.1021/es402659t
https://doi.org/10.3389/fmicb.2017.01014
https://doi.org/10.3389/fmicb.2017.01014
https://doi.org/10.1007/s10311-011-0335-1
https://doi.org/10.1007/s10311-011-0335-1
https://doi.org/10.1080/15538362.2019.1628684
https://doi.org/10.1007/s10311-018-0794-8
https://doi.org/10.1007/s10311-018-0794-8
https://doi.org/10.1007/s13580-019-00168-y
https://doi.org/10.1007/s13580-019-00168-y
https://doi.org/10.3389/fchem.2017.00078
https://doi.org/10.3389/fchem.2017.00078
https://doi.org/10.1071/PP01093
https://doi.org/10.1021/jf104517j
https://doi.org/10.1016/j.biortech.2007.12.078
https://doi.org/10.1016/j.biortech.2007.12.078
https://doi.org/10.1016/j.postharvbio.2016.08.003
https://doi.org/10.1016/j.postharvbio.2016.08.003
https://doi.org/10.21608/jpp.2016.43478
https://doi.org/10.1016/j.plaphy.2018.12.005
https://doi.org/10.1016/j.foodchem.2017.04.076
https://doi.org/10.1016/j.foodchem.2017.04.076
https://doi.org/10.1016/j.scienta.2014.05.021
https://doi.org/10.7537/marsrsj101218.01
https://doi.org/10.7537/marsrsj101218.01
https://doi.org/10.1234/4.2013.4367
https://doi.org/10.1234/4.2013.4367
https://doi.org/10.1016/j.postharvbio.2016.07.003
https://doi.org/10.1016/j.postharvbio.2016.07.003
https://doi.org/10.1007/s10311-017-0649-8
https://doi.org/10.1007/s10311-017-0649-8
https://doi.org/10.1007/s10311-020-01033-6
https://doi.org/10.1007/s10311-020-01033-6
https://doi.org/10.21608/jpp.2020.79600
https://doi.org/10.1007/s10311-018-00835-z
https://doi.org/10.1007/s10311-018-00835-z
https://doi.org/10.1134/S1995078015040187

1714

Environmental Chemistry Letters (2021) 19:1693-1714

Shenoy VV, Kalagudi GM (2005) Enhancing plant phosphorus use effi-
ciency for sustainable cropping. Biotechnol Advan 23:501-513.
https://doi.org/10.1016/j.biotechadv.2005.01.004

Shi S, Wang W, Liu L, Wu S, Wei Y, Li W (2013) Effect of chitosan/
nano-silica coating on the physicochemical characteristics of lon-
gan fruit under ambient temperature. J of Food Eng 118:125—
131. https://doi.org/10.1016/j.jfoodeng.2013.03.029

Shukla SK, Anand P, Rajesh K, Mishra RK, Anupam D (2013) Pros-
pects of nano-biofertilizer in horticultural crops of Fabaceae. Agr
Situ in India 70:45-50

Simarmata T, Turmuktini T, Fitriatin BN, Setiawati MR (2016) Appli-
cation of bioameliorant and biofertilizers to increase the soil
health and rice productivity. Hay J of Biosci 23:181-184. https
://doi.org/10.1016/j.hjb.2017.01.001

Singh NA (2017) Nanotechnology innovations, industrial applica-
tions and patents. Environ Chem Lett 15:185-191. https://doi.
org/10.1007/s10311-017-0612-8

Singh M, Dotaniya ML, Mishra A, Dotaniya CK, Regar KL, Lata M
(2016) Role of biofertilizers in conservation agriculture in con-
servation agriculture. Springer, Singapore, pp 113-134

Sogvar OB, Saba MK, Emamifar A, Hallaj R (2016) Influence of nano-
ZnO on microbial growth, bioactive content and postharvest
quality of strawberries during storage. Inno Food Sci and Emerg
Technol 35:168-176. https://doi.org/10.1016/j.ifset.2016.05.005

Soliman AS, El-feky SA, Darwish E (2015) Alleviation of salt stress
on Moringaperegrina using foliar application of nanofertilizers.
J of Hort and For 7:36—47. https://doi.org/10.5897/jhf2014.0379

Som C, Wick P, Krug H, Nowack B (2011) Environmental and health
effects of nanomaterials in nanotextiles and facade coatings.
Environ Int 37:1131-1142. https://doi.org/10.1016/j.envin
t.2011.02.013

Song H, Yuan W, Jin P, Wang W, Wang X, Yang L, Zhang Y (2016)
Effects of chitosan/nano-silica on postharvest quality and anti-
oxidant capacity of loquat fruit during cold storage. Posthar
Bio and Tech 119:41-48. https://doi.org/10.1016/j.postharvbi
0.2016.04.015

Song XJ, Zhang M, Mujumdar AS, Fan L (2009) Drying characteristics
and kinetics of vacuum microwave—dried potato slices. Drying
Technol 27:969-974. https://doi.org/10.1080/073739309029020
99

Srinivasan C, Saraswathi R (2010) Nano-agriculture-carbon nanotubes
enhance tomato seed germination and plant growth. Curr Sci
99:274-275

Sun LT, Gong JL, Zhu DZ, Zhu ZY, He SX (2004) Diamond nanorods
from carbon nanotubes. Advan Mat 16:1849-1853. https://doi.
org/10.1002/adma.200400429

Sun D, Hussain HI, Zhifeng Y, Siegele R, Cresswell T, Kong L, David
MC (2014) Uptake and cellular distribution, in four plant species,
of fluorescently labeled mesoporous silica nanoparticles. P1 Cell
Rep 33:1389-1402. https://doi.org/10.1007/s00299-014-1624-5

Taha RA, Hassan MM, Ibrahim EA, Abou Baker NH, Shaaban EA
(2016) Carbon nanotubes impact on date palm in vitro cultures.
P1 Cell Tiss and Org 127:525-534. https://doi.org/10.1007/s1124
0-016-1058-6

Tan CW, Tan KH, Ong YT, Mohamed AR, Zein SH, Tan SH (2012)
Energy and environmental applications of carbon nanotubes.
Environ Chem Lett 10:265-273. https://doi.org/10.1007/s1031
1-012-0356-4

Tarafdar JC, Raliya R, Rathore I (2012) Microbial synthesis of phos-
phorous nanoparticle from tri-calcium phosphate using Asper-
gillus tubingensis TFR-5. J of Bionanosci 6:84—89. https://doi.
org/10.1166/jbns.2012.1077

Thirugnanasambandan T (2018). Adv and Trends in Nano-biofertiliz-
ers. https://doi.org/10.2139/ssrn.3306998

Tripathi DK, Singh S, Singh S, Pandey R, Singh VP, Sharma NC,
Chauhan DK (2017) An overview on manufactured nanoparticles
in plants: uptake, translocation, accumulation and phytotoxicity.

@ Springer

P1 Physio and Biochem 110:2-12. https://doi.org/10.1016/j.plaph
y.2016.07.030

Trobisch S, Schilling G (1970) Contribution to the clarification of the
physiological foundations of seed formation in annual plants
and to the effect of additional N-additions to this process on
the example of Sinapis alba L. Arc Agron Soil Sci 14:253-265

Vallee BL, Falchuk KH (1993) The biochemical basis of zinc physi-
ology. Physio rev 73:79-118. https://doi.org/10.1152/physr
ev.1993.73.1.79

Van Aken (2015) Gene expression changes in plants and microorgan-
isms exposed to nanomaterials. Curr Op Biotechnol 33:206-219.
https://doi.org/10.1016/j.copbio.2015.03.005

Van Hung D, Tong S, Tanaka F, Yasunaga E, Hamanaka D, Hiruma
N, Uchino T (2011) Controlling the weight loss of fresh produce
during postharvest storage under a nano-size mist environment.
J of Food Eng 106:325-330. https://doi.org/10.1016/j.jfood
eng.2011.05.027

Villasefior MJ, Rios A (2018) Nanomaterials for water cleaning and
desalination, energy production, disinfection, agriculture and
green chemistry. Environ Chem Lett 16:11-34. https://doi.
0rg/10.1007/s10311-017-0656-9

Vishekaii ZR, Soleimani A, Fallahi E, Ghasemnezhad M, Hasani A
(2019) The impact of foliar application of boron nano-chelated
fertilizer and boric acid on fruit yield, oil content, and quality
attributes in olive (Oleaeuropaea L). Scientia Horticulturae
257:108689. https://doi.org/10.1016/j.scienta.2019.108689

Wang Z, Xu L, Zhao J, Wang X, White JC, Xing B (2016) CuO nano-
particle interaction with Arabidopsis thaliana: toxicity, parent-
progeny transfer, and gene expression. Environ Sci Technol
50:6008—6016. https://doi.org/10.1021/acs.est.6b01017

Xiao L, Wang S, Yang D, Zou Z, Li J (2019) Physiological effects of
MgO and ZnO nanoparticles on the Citrus maxima. J of Wu Uni
of Tech 34:243-253. https://doi.org/10.1007/s11595-019-2042-x

Yadav SK, Babu S, Yadav MK, Singh K, Yadav GS, Pal S (2013)
A review of organic farming for sustainable agriculture
in Northern India. Int J of Agron 2013:1-8. https://doi.
org/10.1155/2013/718145

Yan WQ, Zhang M, Huang LL, Tang J, Mujumdar AS, Sun JC (2010)
Studies on different combined microwave drying of carrot pieces.
Int J of Food Sci and Technol 45:2141-2148. https://doi.org/10.
1111/j.1365-2621.2010.02380.x

Yata VK, Tiwari BC, Ahmad I (2017) Nanoscience in food and agri-
culture: research, industries and patents. Environ Chem Lett
16:79-84. https://doi.org/10.1007/s10311-017-0666-7

Zagzog O, Gad M, Hafez N (2017) Effect of nano-chitosan on vegeta-
tive growth, fruiting and resistance of malformation of mango.
Tre Horti Res 6:1-8

Zahedi SM, Hosseini MS, Meybodi NDH, da Silva JAT (2019) Foliar
application of selenium and nano-selenium affects pomegran-
ate (Punica granatum cv. MalaseSaveh) fruit yield and qual-
ity. S African J of Bot 124:350-358. https://doi.org/10.1016/j.
$ajb.2019.05.019

Zamir D (2001) Improving plant breeding with exotic genetic libraries.
Nat rev gen 2:983-989. https://doi.org/10.1038/35103590

Zangeneh N, Rasouli M (2017) Effect of potassium fertilizers and
humic acid on the pigments and activity of antioxidants in
grape “Bidaneh Sefid”. Ira J HortSci 48:701-714. https://doi.
0rg/10.22059/ijhs.2017.229264.1202

Zarafshar M, Akbarinia AH, Hosseini SM, Rahaie M, Struve D (2015)
Toxicity assessment of SiO, nanoparticles to pear seedlings. Int
J of Nanosci and Nanotechnol 11:13-22

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


https://doi.org/10.1016/j.biotechadv.2005.01.004
https://doi.org/10.1016/j.jfoodeng.2013.03.029
https://doi.org/10.1016/j.hjb.2017.01.001
https://doi.org/10.1016/j.hjb.2017.01.001
https://doi.org/10.1007/s10311-017-0612-8
https://doi.org/10.1007/s10311-017-0612-8
https://doi.org/10.1016/j.ifset.2016.05.005
https://doi.org/10.5897/jhf2014.0379
https://doi.org/10.1016/j.envint.2011.02.013
https://doi.org/10.1016/j.envint.2011.02.013
https://doi.org/10.1016/j.postharvbio.2016.04.015
https://doi.org/10.1016/j.postharvbio.2016.04.015
https://doi.org/10.1080/07373930902902099
https://doi.org/10.1080/07373930902902099
https://doi.org/10.1002/adma.200400429
https://doi.org/10.1002/adma.200400429
https://doi.org/10.1007/s00299-014-1624-5
https://doi.org/10.1007/s11240-016-1058-6
https://doi.org/10.1007/s11240-016-1058-6
https://doi.org/10.1007/s10311-012-0356-4
https://doi.org/10.1007/s10311-012-0356-4
https://doi.org/10.1166/jbns.2012.1077
https://doi.org/10.1166/jbns.2012.1077
https://doi.org/10.2139/ssrn.3306998
https://doi.org/10.1016/j.plaphy.2016.07.030
https://doi.org/10.1016/j.plaphy.2016.07.030
https://doi.org/10.1152/physrev.1993.73.1.79
https://doi.org/10.1152/physrev.1993.73.1.79
https://doi.org/10.1016/j.copbio.2015.03.005
https://doi.org/10.1016/j.jfoodeng.2011.05.027
https://doi.org/10.1016/j.jfoodeng.2011.05.027
https://doi.org/10.1007/s10311-017-0656-9
https://doi.org/10.1007/s10311-017-0656-9
https://doi.org/10.1016/j.scienta.2019.108689
https://doi.org/10.1021/acs.est.6b01017
https://doi.org/10.1007/s11595-019-2042-x
https://doi.org/10.1155/2013/718145
https://doi.org/10.1155/2013/718145
https://doi.org/10.1111/j.1365-2621.2010.02380.x
https://doi.org/10.1111/j.1365-2621.2010.02380.x
https://doi.org/10.1007/s10311-017-0666-7
https://doi.org/10.1016/j.sajb.2019.05.019
https://doi.org/10.1016/j.sajb.2019.05.019
https://doi.org/10.1038/35103590
https://doi.org/10.22059/ijhs.2017.229264.1202
https://doi.org/10.22059/ijhs.2017.229264.1202

	Nanofertilizers for sustainable fruit production: a review
	Abstract
	Introduction
	Classification of nanoparticles
	Macro-nanofertilizers
	Micronutrient nanofertilizers
	Nano-biofertilizers
	Nanoparticulate fertilizers
	Nanocoatings and packaging materials

	Influence of nanoparticles on fruit growth, yield, quality and shelf life
	Impact on the flowering, fruit growth and yield
	Impact on the quality and shelf life of fruit crops

	Regulation and translocation of nanoparticles
	Mitigating abiotic stresses
	Cost-effectiveness of nanofertilizer
	Bottlenecks and future prospects
	Bottlenecks
	Mass production
	Unavailability of safety standards and risk assessment protocols
	Technical challenges and lack of awareness

	Future prospects
	Assessment of toxicity and transformation of nanoparticles in the soil
	Need to review the interactions of nanoparticles with human body and food chain
	Appraisal of environmental safe doses
	Adaptation of lethal effects by soil microflora
	Implication under different ecological areas
	Economic analysis of the nanofertilizer against other conventional fertilizer


	Conclusion
	Acknowledgements 
	References




