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Nanotechnology shows high potential in the improvement of agricultural productivity thus aiding future food
security. In horticulture, maintaining quality as well as limiting the spoilage of harvested fruit and vegetables is a
very challenging task. Various kinds of nanomaterials have shown high potential for increasing productivity,
enhancing shelf-life, reducing post-harvest damage and improving the quality of horticultural crops. Antimicrobial
nanomaterials as nanofilm on harvested products and/or on packaging materials are suitable for the storage and
transportation of vegetables and fruits. Nanomaterials also increase the vitality of the cut flower. Nanofertilizers are
target-specific, slow releasing and highly efficient in increasing vegetative growth, pollination and fertility in flowers,
resulting in increased yield and improved product quality for fruit trees and vegetables. Formulated nanopesticides
are target-specific, eco-friendly and highly efficient. Nanosensors facilitate up-to-date monitoring of growth, plant
disease, and pest attack in crop plants under field conditions. These novel sensors are used to precisely identify

the soil moisture, humidity, population of crop pests, pesticide residues and figure out nutrient requirements.

nanoencapsulation biosensor nutrient use efficiency nanofilm

| 1. Introduction

The word ‘nanotechnology’ is coined from the Greek word “nano”, meaning dwarf. The emergence of
nanotechnology is deeply connected to a historic statement by the Nobel Prize winner Richard Phillips Feynman [1I:
“There is plenty of room at the bottom”. The science, engineering, and technology at the nanoscale (about 1 to 100
nanometers) is called nanotechnology [EBIMBIE | fact, nanoparticles demonstrate excitingly different features
than the bulk materials because of their high surface to volume ratio BISIZBI  Fyrthermore, the quantum
phenomena that occur in the nanoscale of any molecule or element or material remarkably increase its catalytic
activity BIDEILOL Therefore, nanoparticles are hugely used in communication technology, electronics, textiles,
the automotive industry, biomedical tools, environmental technology, biotechnology and renewable energy. In
agriculture, novel nanomaterials have shown high potential for the development of new crop varieties through
genetic engineering, hybrid varieties of crops, and novel high efficient agrochemicals for the nutrition and protection
of crop plants 12131 Fyrthermore, the application of nanomaterials improves food processing, packaging, food
safety, plant nutrition, efficiency of pesticides and fertilizers, and the reduction of environmental pollution and the
production of nutraceuticals 24131 The scope of application of specifically designed nanoparticles in agriculture

especially in horticultural crop production is illustrated in Figure 1.
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Figure 1. Scope of nanoparticles in agriculture as well as in productivity and quality of horticultural crops.

Nanotechnology is an emerging technology, which has a history of over 2000 years 1€, |t has been flourishing as
an advanced tool in multiple areas of science including chemistry, physics, medicine, materials science,
aeronautical, pharmaceutical, agriculture, and food and even in horticulture 17, Horticulture can be defined as a
branch of agricultural science and art of cultivation and management of fruits, vegetables, flowers, and ornamental
plants. Ensuring the food and nutritional security of the ever-increasing population of the world is indeed a
formidable challenging task in the changing global climate. Therefore, increasing productivity and decreasing post-
harvest losses by using frontier technological approaches such as nanotechnology and biotechnology are
considered as the best strategies for addressing this challenging task. In horticulture, the application of
nanomaterials seems important for increasing the productivity, quality of the products and reducing the post-
harvest losses of fruits and vegetables. It is determined that up to 30% of horticultural crop products are lost in
developing countries due to microbiological spoilage and physiological processes. By the application of nanofilm
and nano-packaging with antimicrobial nanomaterials, we can significantly decrease this amount of post-harvest
losses to 5-10%, which ultimately saves huge amounts of nutritious foods. Reducing these losses can not only
improve farmers’ income, but could also ensure better quality and nutrition of the food products. The currently used
synthetic fertilizers and pesticides are hazardous to the environment and human health and highly expensive. A
large proportion of these applied chemical inputs are lost through leaching, volatilization, evaporation and
rainwater. On the other hand, the innovative formulations of nanopesticides and nanofertilizers are highly efficient,

target-specific and safe.
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2. Nanomaterials on Growth and Development of
Horticultural Crops

Nanoparticles are solid colloidal particles that consist of macromolecular materials. Active ingredients such as
bioactive materials or drug molecules are entrapped, dissolved, encapsulated or absorbed in the nanoparticles.
Nanofertilizers are cost-effective and environment-friendly inputs that promote highly efficient plant nutrition and
ultimately increase the yield of crop plants. Nanofertilizers supply nutrients to crop plants in the following three
ways: (i) the nutrient can be covered by the nanoparticles in the form of nanoporous materials or nanotubes; (ii)
wrapped by a thin defensive film of polymer; and (i) provided as emulsion or particles of nanoscale
measurements. Nanofertilizers are slowly, target-specifically and efficiently released to the plants. For example,
ZnO nanoparticles improve the vyield of peanuts (Arachis hypogaea) 8. Similarly, the application of
SiO, nanoparticles enhances plant biomass and the contents of biomolecules such as chlorophyll, proteins, and
phenols in the grains of maize 19, Nanotubes of carbon at a low concentration enhance the root growth of
hexaploidy wheat 29 seed germination and seedling growth of mustard (Brassica juncea) [, black gram
(Phaseolus mungo) 22, rice (Oryza sativa) 23! and cell growth (16% increase) of tobacco (Nicotiana tabacum) 241,
The use of TiO, and SiO, nanomaterials enhances nitrate reductase activity and apparently hastens seed
germination and seedling growth of soybean 22, Similar to field crops, the application of nanomaterials also

promotes the growth and development of horticultural crops.

In horticulture, nanofertilizers are used to increase vegetative growth, pollination and fertility of flowers, resulting in
increased yield and improved product quality for fruit trees 281271 Exogenous supplementation of nano-Ca on
blueberries under saline stress conditions result in increased vegetative growth and increased chlorophyll content
in the leaf 28] Similarly, nano-boron spray on the leaves of mango trees shows a positive effect in increasing the
overall yield and chemical properties of fruits likely to be linked with the enhancement of contents of chlorophyll
and essential nutrient elements e.g., nitrogen (N), phosphorus (P), potassium (K), manganese (Mn), magnesium
(Mg), boron (B), zinc (Zn) and iron (Fe) in the leaves 22, The spraying of mango trees with nano-zinc also leads to
increase in fruit weight, fruit number and yield, contents of leaf chlorophyll and carotene, and concentrations of
several nutrient elements including N, P, K, and Zn 28 Similarly, the application of nano-boron and nano-zinc
fertilizers improves the quality of fruits, increases the number of fruits, the ratio of total soluble sugars (TSS) and

maturity index, total sugars and total phenols in pomegranates 39,

2.1. Nanofertilizers

A fertilizer can be defined as any synthetic or natural substance (other than liming materials) that is mixed into the
soil or sprayed on plant tissues to provide one or more essential nutrient element(s) to promote the nutrition of crop
plants B2 There are diverse sources of fertilizers available, either natural or synthetically produced. The
application of fertilizers is indispensable for the higher productivity of crops in modern agriculture. One of the big
bottlenecks of fertilization in crops is that substantial parts of the used fertilizers are lost in various ways and
ultimately pollute the environment and increase the production cost. A notable recent progress in reducing the loss

of applied fertilizers to the environment is the application of nanofertilizers. Nanofertilizers are being formulated by
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incorporating with plant nutrients into nanomaterials, applying a fine layer of nanomaterials on nutrient molecules,
and producing nanosized emulsions. Nanofertilizers and nanobiofertilizers encompass both natural and synthetic
materials, respectively, thus judiciously improve the bioavailability and soil fertility compared to the traditional
fertilizers (33, Nevertheless, the most important characteristics of nanofertilizers are (i) the individual size of the
particles <100 nm; (ii) a bulk size of approximately 100 nm; and (iii) the nanoproduct must be environmentally safe
and durable. Another property of a nano-fertilizer is the retention of its nanosize and aggregates during interactions
with the soil particles or the roots of crop plants. The reactivity of nanofertilizers is fully dependent on the shape
and size of nanoparticles 4. The escalation of nutrient use efficiency, regulating the active ingredients and
minimum residual impact on biodiversity in soil are the most crucial components of nanofertilizers 23], According to
their distribution, nutrient balance and the amount required by the plant, the nanofertilizers are mainly

subcategorized as macronutrient and micronutrient nanofertilizers (Figure 2).

Figure 2. Schematic overview of improvements of germination of seeds, growth of plants, and production of higher

biomass or yield by the application of various kinds of nano-fertilizers (adapted and redrawn from Zhao et al. [28)).

2.2. Nano-Plant Growth Stimulator

The application of NMs in horticulture is remarkably increased in the last few decades BZ[38l The form and
constituents of the NMs are used in pest and disease management to enhance the growth and productivity of
plants (4. Nevertheless, both beneficial and detrimental effects of application of nanomaterials on plants have also
been reported (Table 2). The impacts of NMs on the germination of seeds, growth, development and yield of
horticultural plants are summarized and presented in Table 2. Although the mechanisms are not fully understood,

reports showed that higher doses of nanoparticles are toxic for plants.

Table 2. Influence of nanoparticles (NPs) on germination, growth, development and yield of horticultural crops.
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125 to
4000

1000 to
2000

10-40

10-40
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1000 or
5000

0.67
100-
1000

800

0, 125,
250, 500

Crop

Cucumber

Spinach

Tomato

Onion and cucumber

Zucchini, tomato,
corn, soybean

Lettuce, spinach,
radish, cucumber,
tomato, peppers

Garden pea

Faba bean

Radish

Effect on Plant Growth and

Reference
Development

Negative impacts at the molecular and 39]

biochemical levels in plants.

Promotes growth and photosynthesis. [40][41]
Enhances germination and growth rate [42][43]
but inhibits elongation of root in tomato.

Enhances elongation of root. [43]

Reduces biomass in corn and soybean
(500 mg/kg), but the development of [44]
tomato and zucchini unaffected.

Inhibits seed germination. [44]
No effect on seed germination but [45]

affects nodulation and root length

Declines germination [46]147]

No effect on germination

2.3. Nutrient Uptake and Subsequent Translocation in Plant

Nanopatrticles are easily absorbed to plant surfaces and uptaken by plants via nano- to micrometre-scale natural

openings of plants. Nanoparticles (NPs) uptake into the plant body can use different pathways (Figure 3). Uptake

rates depend on the surface properties and size of the NPs. Very small-sized NPs can be penetrated via the

cuticle. Large size NPs can enter via non-cuticle areas e.g., hydathodes, stomata, and the stigma of flowers.

Nanoparticles must traverse the cell wall to enter into the protoplast of the plant cell. Several lines of evidence

suggest that NPs less than 5 nm in diameter are efficient in traversed the wall of the undamaged plant cell (Figure

3) 48],
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Figure 3. Putative pathways of nanoparticle uptake and translocation in plants. Redrawn and adapted from
Tarafdar (48],

2.4. Nanopesticide

Pests are the most important limiting factors for crop yield and need to be efficiently controlled. Pest control by
traditional means involves the use of large quantities of chemical pesticides, which results in environmental
problems and increases the cost of production 2, Pesticide dilution with nanotreated water could greatly improve
their efficiency and reduce the quantity of chemicals used. Nanopesticides are more efficient than conventional

pesticides in controlling pests. There use also reduces the cost by half compared to conventional pesticides 29,

Most nanopesticides are eco-friendly, and the majority of nano-pesticide formulations are highly target-specific and
controlled release. These properties of nano-pesticides enhance the utilization of pesticides and remarkably
decrease residue levels and environmental pollution. For example, highly polymeric nanomicrocapsule
formulations have slow release and protection performance because they have been formulated employing light-
sensitive, humidity-sensitive, temperature-sensitive, enzyme-sensitive and soil pH-sensitive materials.
Nanopesticide formulations improve the adhesion of droplets on plant surfaces, which improves the dispersion and
bioactivity of the active ingredient of pesticide formulations. Therefore, nanopesticides have a higher efficacy
compared to conventional pesticide formulations. The higher efficacy of nanopesticides is associated with their
small size, wettability, improvable pesticide droplet ductility and target adsorption. Insecticidal value can also be
developed by using nanoencapsulation. In this method, the nanosized active pesticide ingredient is sealed off by a
thin protective coating. This approach greatly improves the effectiveness and reduces the amount of pesticide
required and related environmental pollution. The clay nanotubes known as “Halloysite” are an example of

pesticide carrier, which greatly reduces the amounts of required pesticides for controlling target pests 211,

2.5. Enhancement of Shelf-Life of Horticultural Crops by Nanomaterials
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Owing to their perishable attributes, the satisfactory shelf-life periods of most fruits and vegetables are at risk when
stored under normal conditions. There are several traditional preservation techniques, however, all these
techniques are expensive and barely efficient in the enhancement of shelf-life or limited by an undesirable residue.
Because of several regulatory characteristics of nanomaterials, nanotechnology-based exploitation of shelf-life

expansion techniques has the power to lessen the drawbacks of classical methods.

2.6. Enhancing the Vitality of Cut Flowers

Cut flowers have ornamental value and are commercially very important, but the flowers’ shelf-life is very short 52,
due to higher microbial contamination B3l The early wilting of the flowers is due to microbial and stem barrier
infection that causes stem blockage which limits the uptake and transport of water, leading to water imbalances 24!
B3l Hence, it is important to overcome stem blockage by controlling microbial infections. Several reports have
suggested that nano-silver has the potential to broaden the vase life of cut flowers B3E6IB758] The most important
nanoparticle, graphene oxide (GO) is a graphene imitating carbon-based NPs containing enormous quantities of
oxygenated groups with an extensive surface area that contributes a first-rate capability to transfer nourishment for

sluggish-discharge fertilizers 52,

2.7. Nanomaterials in Food Processing

Food processing techniques are employed for the enhancement of the flavour as well as the quality of the food
product for a longer period. Radioactivity, high hydrostatic force and ohmic warming are insufficient conservation
techniques used of food processing 89, Nowadays, the use of different NPs and their technology in the food

processing industry are rapidly increasing and some of the current trends are summarized in Table 4.

Table 4. Roles and mechanisms of nanomaterials for the enhancement of food processing.

Effects of the Technique on Food

Nano-Technique Example and Composition . Reference
Processing
Nanoencapsulation « Enhanced stability, protection against
oxidation, and safeguarding of uneven
constituents.
» Flavour creation and moistness
activated measured release. 61]

Nano-capsules

» pH directs to control for slow release.

» Boosted bioavailability and

effectiveness.
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Effects of the Technique on Food

Nano-Technique Example and Composition Processing Reference
e The sting of the odour and undesirable
constituents in food items.
Nano-liposomes » Distribution of enzymes, flavours, and (62]
so-forth for improving the quality of
food.
» Supply indispensable vitamins and
minerals in the food.
Colloidosomes ) ) ) [63]
» Aggregate the essential nutrients in
desirable food.
« Assist to enlighten the superiority of
Nano-cochleate desirable processed foodstuffs. el
» Used for the nano-encapsulation of
Nano-emulsions . invigorated desirable vitamins and [65]
Daily Boost
bioactive components in foods.
» For improving food safety and quality,
nano-emulsions use in a salad,
. _ 66
Nano-emulsions flavoured oils, sweets, beverages, and 55l
other desirable foods.
Brominated vegetable oil, e Assist to spread and obtainability of the
ester gum, dammar gum and nutrients in the processed food. e
sucrose-acetate isobutyrate )
lavior and

characteristics of NPs at the nanoscale level to the macroscopic level 8. Nanosensors are necessary for
facilitating real-time tracking of field crop, crop growth, and pest and disease incidence. Nanosized materials which
can be used for sensor manufacturing are metal nanotubes, nanowires, nanofibers, nanocomposites, nanorods,
and nanostructured polymers, different allotropes of carbon including carbon nanotubes, graphene, and fullerenes
(691 Real-time monitoring can minimize the excess use of pesticides and fertilizers in crop production, which is
helpful in the reduction of environmental pollution and production costs. Application of nanosensors changes
conventional agriculture into smart agriculture, which is more energy-efficient and eco-friendly for sustainable
agricultural practices. Smart agricultural practices in horticultural crop production involve: (i) nanoformulation-based

fertilizers or pesticide delivery systems, which increase the dispersion and wettability of nutrients Z9: (ii)
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nanodetectors for pesticide or fertilizer residues; and (iii) remote-sensing-based monitoring systems for disease

incidence and crop growth. Nanosensors are used in horticulture to identify the moisture content of the soil,

pesticide residues, nutrient requirements and crop pest detection.
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