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ABSTRACT: Green chemistry and nanobiotechnology have great potential for generating new and
significant products that are favorable to the environment, industry, and consumers. The nanoforms of metals
and nanocomposites are more effective and efficient agents than their bulkier counterparts because of their
distinctive physical, chemical, and optical properties. Green technology is a rapidly growing scientific field
that has recently received attention due to its many applications. Different nanoparticle dimensions, sizes, and
bioactivities will develop as a consequence of changes in the biomaterials employed for synthesis. The
existing understanding of several green synthesis methods, that depend on different plant components and
microorganisms for the production of nanoparticles, is summarized in the current review. Employing these
materials minimizes synthesis costs while minimizing the use of hazardous chemicals and promoting
“biosynthesis.” To produce metal nanoparticles efficiently, bio-reduction is influenced by the abundance of
essential enzymes, proteins, and biomolecules. Rapid biosynthetic regeneration makes this characteristic
sufficient for their employment in a range of situations. In this review, we explore the biosynthesis of
nanomaterials and their potential in sustainable agriculture. Biosynthesized nanofertilizers, or
bionanofertilizers, are a revolutionary new class of fertilizer that has been developed with the help of
nanotechnology. These fertilizers offer many advantages over traditional fertilization methods and can be
used to increase crop yields while reducing the environmental impact of fertilizers. Bionanofertilizer are an
inexpensive way to increase plant growth and production, and to improve the use of nutrients by plants and
the health of the soil. According to our survey, nanotechnology presents a wide range of prospects by offering
a cutting-edge and environmentally friendly alternative in the agricultural sector.

Keywords: Chemical Engineering, Nanotechnology; Nanomaterials; Biosynthesis; Nanofertilizers,
Biofertiliser.

INTRODUCTION

Electronics, energy, health, transportation, space technology, and the biological sciences are just a few of the industries that
have benefited greatly from the development of nanotechnology, an emerging field of research. Nanotechnology has the
potential to solve several problems in forestry, ecology, and agriculture. Nanoparticles (NPs) are universally recognized as
having at least two dimensions and a size between 1 and 100 nm . Since the physicochemical manufacturing of these
nanoparticles necessitates a significant number of dangerous chemicals and harsh circumstances, green techniques make use
of biological sources. The ‘green’ concept and ecological themes have recently been linked to nanotechnology . Green
nanotechnology refers to the application of nanotechnology to enhance the environmental sustainability of processes, and to
lower costs and potential environmental risks from produced negative externalities.

Green nanotechnology can assist in resolving environmental issues by such means as the use of fewer nonrenewable
resources, the production of smaller amounts of greenhouse gases, the reduction of the consumption of fossil fuels, and the
reduction of shipping weights or vehicle weights, which reduces pollution from fuel combustion.

The use of nanofertilizers, which unlike traditional fertilizers can progressively feed plants in a regulated manner, is now one
of the most significant applications of nanotechnology in agriculture. In addition to being easily absorbed, nanofertilizers
also have a slow release and are only required in small amounts, which minimizes the usage of fertilizers and their negative
effects on the environment. The use of nanotechnology in agriculture comprises the regulated delivery of specific
compounds, particularly fertilizer and insecticides; however, the effectiveness of uptake and use as well as the impact of
nanoparticles on plant metabolism differ depending on the species. Plants were examined to determine how they would react
to metallic nanofertilizers such as Cu, Mn, Zn, and Fe as well as to chemical nanoparticles including Al, Ce, La, and Ti .
Metal nanoparticles (MNPs) are widely used as nanopesticides, nanofungicides, nanobiosensors, and nanofertilizers to
increase agricultural production. These nanotechnology-based products can increase agricultural quality and productivity,
reduce chemical contamination, and even protect crops from environmental challenges. These days, the benefit of a targeted,
gradual release of nutrients that control plant growth originates from nano- based solutions. This increases the fertilizer’s
efficiency, prolonging the period that nutrients are available effectively, and lowering leaching and ecotoxicity as a result.
Fertilizers are either sprayed into the leaves of plants or injected into the soil, depending on how well the plant will absorb
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them. The majority of fertilizers that are used to provide plants with additional nutrients are inorganic, and comprise a
significant percentage of fertilizer.

A fertilizer is a material, whether organic or synthetic, that provides the chemical components required to increase plant
growth and production and enhance natural fertility by compensating for micronutrient deficiencies. Nanofertilizers can be
encapsulated to increase nutrient absorption, which reduces nutrient loss, encourages healthy plant development, and
improves crop quality. The efficiency of conventional fertilizers is naturally limited due to the insufficient availability, in the
soil, of several elements that plants require. Underutilization of the crop at the desired endpoint and inefficient delivery to
the target can both contribute to this. As a potential cure, the use of nanofertilizers has been suggested. These fertilizers boost
crop output while improving plant performance, availability, and the use of macro- and micronutrients. Nanofertilizers are
thought of as intelligent delivery systems because of their huge interfacial area, sorption capacity, and controlled-release
dynamics to specific sites. Using different formulations, three different types of nanofertilizer may be identified: (a)
Nanoscale fertilizer, which is regular fertilizer that often presents as nanoparticles due to its decrease in size. (a), (b)
nanoscale coating fertilizer in which nutrients are intercalated into the nanoscale pores of a host material, and (c) nanoscale
additive fertilizer in which nanoparticles are coated with fertilizer. It is anticipated that the size of the worldwide
nanofertilizer market will rise at a compound annual growth rate (CAGR) of 14.8% from 2022 to 2030 In 2021, the market
was forecast to be worth 2705.5 million US dollars. This rise can be ascribed to the rising demand for agricultural products
with high yields, which is a direct result of the growing global population.

Figure 1. A prediction of the global market for major crops using nanofertilizers for the years 2022-2030.
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The employment of green nanotechnology for the production of metal nanoparticles, their application as nanofertilizers in
agriculture, their effects as growth promoters and nutritional supplements, and their environmental impact assessment are all
covered in the current paper.

BIOGENIC SYNTHESIS OF NANOMATERIALS AS NANOFERTILIZERS

Nanotechnology is critically dependent on the usage of biosynthetic or “green” technologies, which are inexpensive,
environmentally friendly, and produce minimal contamination. By encouraging biological molecules to proceed through
precisely controlled hierarchical assemblages, it is possible to produce metal NPs in an environmentally benign manner. The
biosynthesis of nanoparticles is a bottom-up strategy that is both efficient and enables the rapid creation of significant
quantities of NPs. Nanoparticles manufactured using biological or green technology have many advantages over
conventionally produced ones, including better stability and perfect size. Numerous biological organisms, such as algae,
fungi, bacteria, and various plants with leaves, fruits, roots, flowers, and seeds, are accountable for biosynthesis. These
organisms are considered to be potential mediators of NP synthesis because of their unique ability to absorb and concentrate
metallic ions from their environment.

Microbe-Mediated Synthesis

Microorganisms as nanofactories represent enormous promise as energy- efficient, low-cost, and non-toxic technologies that
can produce MNPs more quickly than physicochemical processes. The nanomaterials are obtained from the microbes via two
different methods including intracellular and extracellular. Intracellular biosynthesis involves unique transport systems in
microorganisms in which the cell wall plays an important role due to its negative charge—positively charged metal ions are
deposited in negatively charged cell walls through electrostatic interactions. After transport into the cells of the
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microorganism, ions are reduced using metabolic reactions mediated by enzymes such as nitrate reductase to form MNPs
While in the extracellular mechanism, the metal ions are converted to their respective NPs via the nitrate-reductase synthesis
method.

Extracellular synthesis is one of the different green MNP production processes, and it is particularly interesting since it
avoids the requirement for expensive and time-consuming subsequent processing steps to recover intracellular nanoparticles.
Microorganisms hold a unique place among the numerous biological sources for the synthesis of MNPs because of their
rapid growth rate, ease of cultivation, and ability to develop under circumstances of ambient temperature, pH, and pressure.
This is known as “green synthesis,” which is mediated by microorganisms. It has been proven that a variety of
microorganisms, including bacteria, fungi, yeasts, and microalgae, can create MNPs either intracellularly or extracellularly.

A wide range of microorganisms can be used as potential biofactories to create several MNPs that contain metals such as
silver, gold, copper, zinc, titanium, palladium, and nickel in an environmentally benign and affordable manner. This allows
MNPs with a specific form, size, composition, and particle mono-dispersity to be generated. In general, microorganisms
occurring in metal-rich habitats are very resistant to these metals due to the uptake and chelation of the metals by
intracellular and extracellular proteins. As a result, this technique, which imitates the natural bio-mineralization process,
may be advantageous for the synthesis of MNPs. Microorganisms contain a variety of different components, including
proteins, enzymes, and other biological substances, which are all crucial to the reduction of MNPs. Since bacteria have a
remarkable capacity to reduce heavy metals, they have been widely exploited as nano factories to produce various metal
nanoparticles. To resist pressures such as the toxicity of nanomaterials, several bacterial species have evolved defense
mechanisms. These bacteria are suitable options for nanoparticle synthesis due to their abundance in the environment and
adaptability to harsh circumstances. Franca Bettencourt et al. used 12 bacterium supernatants containing auxin complex
(indole-3-acetic, IAA) to synthesize iron and manganese mono- and bimetallic nanoparticles (NPs) and evaluated them as
plant nanofertilizers. The generated NPs confirmed their suitability as micronutrient fertilizers for agricultural growth. The
use of bimetallic NPs in particular exhibited positive benefits on maize seedling growth by enhancing seed germination, root
growth, and fresh and dry weights.

Nanoparticles can be produced by microalgae either intracellularly or extracellularly. Developing the required microalgae,
allowing them to interact with the precursor solution, and separating and purifying them are all steps in intracellular
synthesis.

It has been discovered that the fungal system is a flexible biological system that can generate metal nanoparticles both
intracellularly and extracellularly. Numerous fungi have been studied for the production of different metal nanoparticles of
varied shapes and sizes due to their broad dispersion in nature and the fact that they are preferred to other biological systems

. Ganoderma lucidum extract was used by Sedefoglu et al. to physiologically generate ZnO nanoparticles. Lepidium sativum,
or garden cress, has been the subject of research into the properties of nanofertilizers. It was discovered that the pure
wurtzite phase with p63 mc space group characterizes the structural features of ZnO NPs. The effect of nanofertilizers on
garden cress, Lepidium sativum, was investigated. ZnO nanoparticles were produced at 250 ppm using a 25 mL extract
concentration, and the contents of the radicle, plumule lengths, fresh weights, and dry weights of L. sativum increased at
rates of 45%, 41%, 16%, and 33%, respectively. This study was the first to report the use of green-generated ZnO with G.
lucidum extracts as a nanonutrient.

2.2 Plant-Mediated Synthesis

In comparison to microbes, plants are easily available natural sources that produce greater quantities of bimolecular reducing
agents. Extracts from a wide range of plant materials, such as stalks, leaflets, roots, blooms, and fruits, have been used to
synthesize metallic NPs). To prepare plant extract, plant matter is cleansed, dried, boiled, and then filtered. The plant filtrate
is then combined with a metallic salt solution and further incubated to produce metallic nanoparticles. Terpenoids, flavones,
quinones, ketones, and aldehydes are some of the phytochemicals found in plant extracts that act as electron donors to
change metal ions into nanoparticles (NPs) in aqueous solutions (Figure 2).
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F.2 Plant-mediated synthesis of nanoparticles from various plant extracts.

Plant extracts contain several reducing agents that also serve as capping agents to stabilize metallic NPs when they are
produced. Elham Rostamizadeh et al. recently created Fe203 nanoparticles utilizing the fruit extract of C. mas. Compared to
equivalent quantities of bulk counterparts, the growth of barley seedlings was improved by synthetic Fe203 nanoparticles.
The nano-form stimulated root biomass by an average of 42%, compared to the bulk counterparts’ average of 18%. Lower
concentrations of Fe203 nanoparticles boosted the transfer of iron from the root to the shoot, according to research by Rui et
al. Additionally, it was noticed that the adsorption of Fe203 nanoparticles to soil particles could decrease nutrient loss and
improve the fertilizer’s cost-effectiveness. Ahmed Shebl et al. have developed a successful green chemistry approach for the
hydrothermal synthesis of Zn, Mn, and Fe nano oxides. Throughout two seasons in 2017 and 2018, they examined the
impact of foliar treatments of micronutrient-oxide nanoparticles of zinc, iron, and manganese as well as combinations of
these oxides on the development, performance, and quality of squash plants. The observed results demonstrated that spraying
the plants with manganese-oxide nanoparticles produced the best fruit and vegetative development characteristics, yield, and
photosynthetic pigment content.

Manpreet Singh et al. reported the green synthesis of zinc-oxide nanoparticles (ZnO NPs) with spherical morphology and an
average size of 50 nm, using an aqueous extract of Azadirachta indica leaves. The peak of UV-visible absorbance was found
near 363 nm. Mung bean seeds were used to test the synthetic nanoparticles’ ability to stimulate seed germination. In
comparison to untreated seeds, a significant improvement in seed germination was seen after the plant was treated with ZnO
nanoparticles. Overall, compared to untreated seeds, seedlings treated with green ZnO NPs displayed longer roots and shoots
by 237 and 168%, respectively.

The extract from the leaves of the Calotropis plant was used in the green production of zinc-oxide nanoparticles. The
maximum UV-Vis absorption maxima were spherical, with a peak near 350 nm. When ZnO nanoparticles were applied
topically to nursery-stage tree seedlings of the neem (Azadirachta indica), karanj (Pongamia pinnata), and milkwood-pine
(Alstonia scholaris), growth was noticeably accelerated. Alstonia scholaris, one of the three treated seedlings, developed to
its maximum height [56]. Varada V. Ukidave and Lalit T. Ingale did work using Coriandrum sativum leaf extract to green
synthesize zinc-oxide nanoparticles . The effects of zinc-oxide nanoparticles as fertilizer on the Bengal gram, Turkish gram,
and green gram plants were studied in vitro. For an evaluation of the growth-stimulating effects of zinc- oxide nanoparticles,
various media’s protein and chlorophyll contents, seed germination rates, root and shoot lengths, fresh weights, and dried
weights were assessed. The green manufacturing of 100 nm-sized zinc-oxide nanoparticles was verified using the
transmission microscopy technique. Plants successfully germinated in MS media and MS media Plus nanoparticles with a
100% success rate. Following MS media, MS media only with nanoparticles, and MS medium without zinc in the current
investigation, it was shown that MS medium + nanoparticles had the maximum root length, shoot length, and weight. It has
been demonstrated that zinc-oxide nanoparticles promote plant growth, aid in seed germination, and increase plant protein
and chlorophyll levels. In media treated with zinc-oxide nanoparticles, green gram and Turkish gram showed significantly
improved growth and development when compared to Bengal gram. According to the findings of the protein examination,
the protein content in green gram (1.26 mg/mL), Turkish gram (1.19 mg/mL), and Bengal gram (1.23 mg/mL) plants were
higher after 7 days than that in the roots and shoots. In prior applications, the plant had seedlings with a chlorophyll content
of 12.6 mg/L, according to the results of the application of MS media + ZnO nanoparticles. On the other side, a zinc
deficiency inhibits plant development and the production of chlorophyll and proteins. This research provides credence to the
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idea that zinc-oxide nanoparticles derived from Coriandrum sativum leaves can be produced sustainably and function as
biofertilizers.

In a green synthesis of TiO2 nanoparticles for crop-farming yield enhancement, Citrus medica L. fruit peel extract was used
as a reduction and capping media, according to Prakashraj et al. . This revealed their crystalline structure and spherical form
with 20-30 nm dimensions. Synthesized TiO2 nanoparticles were found to be effective at improving Capsicum annuum seed
germination and other growth traits. As a result, the agro-food industry can use TiO2 nanoparticles generated
from fruit peel extract of C. medica L as a catalyst and nutrition. Jaspreet et al. created green ZnO NPs by extracting the
leaves of Aloe barbadensis Mill. The average particle size of green ZnO NPs was 35 nm, a far smaller value than that
produced using traditional chemical techniques (e.g., 48 nm). The optimal ZnO NP concentrations for wheat (Triticum
aestivum L.) seedling emergence and germination were then investigated at various NP levels. Compared to the control
seeds, the seeds treated with green ZnO NPs grew better. Additionally, the root and shoot length of the wheat-seed samples
that had been exposed to moderate amounts of green ZnO NPs (e.g., 62 mg/L) were significantly increased (p = 0.005) when
compared with other concentrations or those created chemically (by 50% and 105%, respectively). This has led to the
identification of the potential for green ZnO NPs as a nano- based nutrition source for agricultural applications.

The development of the nanofertilizer nanoparticles ZnO MnO-NPs and FeO ZnO-NPs and evaluation of their effectiveness
in promoting the growth of Andean lupin (Lupinus mutabilis sweet) and cabbage (Brassica oleracea var. capitata) crops was
carried out by Murgueitio- Herrera et al. [60] using Andean blueberry extract. Both plants contained zinc, which has
advantageous properties for plant growth. Foliar NP sprays were applied at the phenological stage of the vegetative growth
of the Andean lupin or cabbage plants growing in greenhouses. The sizes of the NPs, which are 9.5 nm for ZnO, 7.8 nm for
FeO, and 10.5 nm for MnO, make it easier for plant stomata to bind to them. In Andean lupin, treatment with 270 ppm of
iron and zinc increased height by 6%, root size by 19%, chlorophyll-content index by 3.5%, and leaf area by 300%; however,
treatment with 540 ppm of iron and zinc did not appear to increase any of the variables. At a concentration of 270 ppm, the
ZnO MnO-NPs in cabbage exhibited increases of 10.3% in root size, 55.1% in dry biomass, 7.1% in chlorophyll content, and
25.6% in leaf area. Cabbage plants treated at a dose of 540 ppm produced increases in root size of 1.3% and chlorophyll
content of 1.8%, when compared to the control, which was sprayed with distilled water. Consequently, the spraying of
nanofertilizers at 270 ppm produced a significant improvement in the development of both plants.

One of the essential elements needed to support plant development and metabolism is zinc. Ahmed, et al. reported on the
green production of zinc nanoparticles (Zn NPs) using clove buds (plant material) and examined how the Zn NPs affected
the growth and yield of Pisum sativum L. In comparison to the control and plants treated with zinc sulfate, the greatest
growth and yield were obtained at 400 and 600 ppm. In conclusion, green-produced zinc nanoparticles can improve the
productivity and growth of crop pea plants. Reshma et al. examined the effects of zinc nanoparticles (Zn NPs) produced
biologically using moringa-leaf extract on amaranth seed germination, growth characteristics, and zinc content Plant
metabolites such as amino acids, alkaloids, flavonoids, sugars, and fatty acids are abundant in moringa leaves. The maximum
plant height and fresh weight were obtained with a foliar treatment of 10 ppm biosynthesized zinc NPs. Zinc NPs at a
concentration of 10 ppm resulted in better nutrient recovery and improved yield and productivity relative to the nutrient
input, according to the nutrient-use efficiency indices, even though increasing the concentration of zinc applied via the foliar
route led to higher zinc content in the plant biomass.

Mathew et al. used Cuminum cyminum seed extract for the synthesis of Titanium dioxide nanoparticles (TiO2 NPs) for seed
germination and germination indices of mung bean to promote sustainable and biocompatible nano agriculture (Vigna
radiata) and analyze plant growth parameters such as root length, shoot length, germination percentage, the germination rate.
The results indicated significantly enhanced values of germination indices. Six potential TiO2 NP concentrations (25, 50,
100, 150, 200, and 250 g mL—1) were examined alongside the absolute

control. The mung bean seeds’ ability to germinate and thrive was affected by the TiO2 NPs absorption.

AGRO-APPLICATIONS OF GREEN SYNTHESIZED NANOPARTICLES

The green revolution, which fulfilled the increasing population’s food needs, increased crop yields per unit of land, but it has
also seen an increase in the usage of artificial fertilizers in agriculture . The world’s food security is protected by the
widespread use of these inorganic chemical-based fertilizers, but environmental and human health are seriously endangered .
Continuous use of chemical fertilizers results in massive mineral waste, the annual addition of large amounts of synthetic
nutrients to the soil that is not taken by plants, the production of greenhouse gases, the eutrophication of aquatic ecosystems,
and the salinization of soil . Agricultural techniques must be modified, and perhaps even revolutionized, to successfully
counteract the negative pressure from a changing climate, a growing population, and the loss of arable land. A major
worldwide challenge is achieving and maintaining global food security . In the future, agriculture could be supported
nanotechnology in the following fields: security requirements for food production and distribution systems; intelligent
systems for detecting and treating plant diseases; development of new instruments for cellular and biological research; and
recycling of agricultural waste. As a result, the development of targeted, controlled-release fertilizers is necessary to boost
crop productivity.

By improving the effectiveness of agricultural inputs to enable site-targeted regulated distribution of nutrients and ensure the
least usage of agri-inputs, nanoparticles increase crop productivity . The efficacy of various NPs has been assessed in terms
of plant growth and production, disease suppression, and nutritional enhancement . The uptake of nanoparticles by leaves is
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significantly influenced by the delivery channels for the nanomaterials. By reducing the need for biocides, making plants
more robust and able to withstand abiotic challenges, and by enhancing metabolite production to enhance taste and shelf life,
nanofertilizers can help improve human health and nutrition (Figure 3). In addition to having a rapid absorption rate,
nanofertilizers also have a slow-release rate and are only needed in small quantities, which can reduce fertilizer consumption
and environmental damage . It is important to understand that maximizing profits for a targeted agribusiness feature depends
on selecting the proper concentration of NPs .

Improve Crop
Productivity and
stimulate Crop
Growth

'Enhance seed

F3. Different applications of nanobiofertilizers in the field of agriculture.

Silver NPs as Nanofertilizers

It was generally recognized that silver prevents disease-causing bacteria from surviving. Highly effective at killing germs,
silver is also completely safe for use on people and is used in the treatment of an incredible range of bacterial, viral, and
fungal diseases. Numerous nanoparticles have already been found to directly influence microorganisms through their anti-
microbial characteristics. Since green silver nanoparticles (Ag NPs) have a larger surface area accessible for contact, they
would have a greater bactericidal effect .

However, it’s also plausible that Ag NPs do not just interact with membrane surfaces; they can also enter the bacteria itself .
The antibacterial, antifungal, and agricultural applications of green-produced AgNPs make them promising active
substances. Plant growth and development are positively impacted by Ag NPs . According to recent research, silver
nanoparticles collect in the Escherichia coli cell wall and damage it, increasing cell permeability and ultimately cell death .
Application of green-produced silver nanoparticles caused a progressive decrease in nutrient usage, raised chlorophyll
content significantly, increased leaf area, and improved yield while also dramatically increasing N, P, and K use efficiency .
When compared to regular fertilizers, application of a control-release fertilizer coated with nanomaterials boosted the
production of Chinese cabbage and greatly increased nutrient usage efficiency . The status of nitrogen, phosphorus, and
potassium in tomato fruit is significantly impacted by the addition of Ag NPs in plant media when compared to the control.
The highest values were achieved at 20 ppm nanosilver [9

Chitosan Nanoparticles
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Bionanofertilizer impact on plant development

Nanocomposite films were investigated by Hartoyo as favorable growth media for rice seedlings produced in tropical
peatland. Chitosan was reinforced with lignocellulose nanofibers, activated carbon nanoparticles, and non-activated carbon
nanoparticles to create chitosan nanocomposites (LCNFs). In a germination test, chitosan nanocomposites produced, in the
Dendang paddy variety, the best growth patterns, whilst in a greenhouse test, the nanocomposites produced, in the Indragiri
paddy variety, the best growth patterns. On fungi and mycorrhiza, all chitosan nanocomposites showed a synergistic
biofertilizing effect. Chitosan nanocomposites can speed up peatland restoration in tropical locations and be utilized as a
growth regulator for peatland paddy varieties.

The tripolyphosphate and chitosan solution underwent ionic gelation to produce chitosan nanoparticles. Coffee seedlings
were treated with the nanofertilizer in a greenhouse environment. The findings demonstrated that the nanofertilizer improved
nutrient uptake, photosynthesis, and coffee-plant development. The amount of nitrogen, phosphorus, and potassium in the
leaves of treated plots increased by 17.04%, 16.31%, and 67.50%, respectively, compared to the control, while the amount of
total chlorophyll rose by 30.68% and the net rate of photosynthesis increased by 71.7% after the application of the
nanofertilizer. Application of nanofertilizer also increased plant height, leaf area, and leaf number of coffee seedlings.
Enhancing the use efficiency of fertilizers for coffee plants may be achieved by using nanofertilizers

Copper NPs as Nanofertilizers

Macronutrients and micronutrients are important mineral components in the agricultural system for the proper development
of vegetative and reproductive tissues in plants. Plants need to have a higher concentration of the macronutrients calcium,
magnesium, potassium, nitrogen, sulfur, and phosphorus. As opposed to macronutrients, which are needed in higher
amounts, micronutrients such as copper, nickel, iron, molybdenum, manganese, boron, zinc, and chlorine are needed in
lower amounts . As a micronutrient, Cu is crucial for the production of chlorophyll and other plant pigments, as well as for
the metabolism of proteins and carbohydrates . The straightforward and environmentally safe Azadirachta indica leaf broth is
used to generate copper nanoparticles (Cu NPs). In addition to reducing the metal ions, the biomolecules in the leaf broth
help to stabilize the metal nanoparticles. This green synthesis method is simple, affordable, and free of toxic and dangerous
substances . Different Cu NPs concentrations improved productivity, quality, bioactive chemical content, protein content,
plant height, root length, weight, and seedling germination . Cu NPs had an impact on maize crops; the results showed
improved growth in normal conditions and decreased curling and wilting of leaves in water-shortage areas. Additionally,
maize plants under stress were observed to have enhanced pigments, seed quantity, yield, and water retention . When Cu NPs
were added to the soil, the copper ions (Cu2+) were leached off. The ions are transported from the root system to other plant
parts through the stem. Because copper is a major component of the plastocyanin pigment of chlorophyll, it participates in a
variety of metabolic activities in plant cells, including photosynthesis . Cu NPs showed antibacterial action against
hazardous microorganisms such as Vibrio cholerae, Bacillus subtilis, Pseudomonas aeruginosa, and Staphylococcus aureus .
Respiratory oxygen species are a result of aerobic metabolism and an activated form of atmospheric oxygen. If ROS levels
rise in cells, this results in oxidative damage to proteins, RNA, and DNA molecules as well as membranes (lipid
peroxidation), and it can even cause the cell to die due to oxidative stress . When applied to E. coli, copper nanoparticles
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cause a significant amount of reactive oxygen species (ROS) to be released, which in turn causes DNA degeneration, lipid
oxidation, and finally, tissue damage .

Iron Nanoparticles as Nanofertilizers

Several metabolic functions, including respiration, photosynthesis, and chlorophyll production, depend on iron (Fe), as an
important element . The employment of plant extracts along with bacteria, fungi, algae, yeast, and other microorganisms as
well as enzymes during the process known as “green synthesis” of NPs is crucial since it lowers the danger of additional
contamination. When utilized as a reducing and capping agent, Azadirachta Indica leaf extract can yield exceptionally stable
Fe NPs . Because of their magnetic properties and nanoscale size, iron nanoparticles (Fe NPs) are handled as special
nanofertilizers. Various plant species can develop more quickly and be more resilient to stress when given an optimal amount
of iron nanoparticles . Iron-oxide nanoparticles’ effectiveness as nanofertilizers can replace chemical Fe fertilizers, which
have multiple inadequacies . Investigations have shown that providing peanut (Arachis hypogaea) plants with Fe203 NPs as
nanofertilizer enhances the plants’ root and stem length, biomass, height, and antioxidant enzyme and phytohormone
contents . Iron nanoparticles have many benefits when used as a reactive material in permeable reactive barriers, including
an increase in the rate of reductive degradation reaction, a reduction in the reductant dosage, control over the risk of release
of toxic intermediates, and the production of a nontoxic end-product . By changing the arrangement of the leaves, raising the
number of chloroplasts and grana, controlling the formation of vascular bundles, and increasing the number of chloroplasts,
various concentrations of Fe NPs stimulated plant growth at the cellular level .

Zinc Nanoparticles as Nanofertilizers

For plants to function normally, nutrients are essential, particularly as they grow and develop. In the absence of essential
nutrients, plants cannot complete their life cycles and carry out their physiological tasks, which slows plant development and
reduces agricultural yield. The most typical micronutrient deficiency limiting agricultural productivity globally is zinc
insufficiency. The development and use of fertilizers in nanoforms is one of the most practical ways to significantly raise
global agricultural yields. ZnO NPs, or zinc-oxide nanoparticles, are regarded as safe substances for use with living things.
Due to their antibacterial action, previous research has demonstrated the potential of ZnO NPs in promoting seed
germination and plant growth as well as in the prevention of plant disease and in the protection of plants . In the green
synthesis of ZnO NPs, compounds present in the plant extract react with a zinc salt to reduce or form complexes with the
metal . In addition to having an impact on plant development and growth, biologically produced ZnO nanoparticles also
made soil enzymes including phytase, acid phosphatase, and alkaline phosphatase more active . There has been extensive
research on the impact of ZnO NPs on agricultural plants and, in addition to having an impact on plant development and
growth, biologically produced ZnO nanoparticles have been shown to make soil enzymes including phytase, acid
phosphatase, and alkaline phosphatase more active.

CONCLUSIONS

In the drive for more ecologically friendly processes, green chemistry is a cutting-edge and emerging resource. Due to its
advantages over conventional physicochemical approaches, using green extracts for the synthesis of metal NPs has recently
attracted more attention. This review focuses on the diverse microorganisms and plant components’ ability to create metal
nanoparticles. Functional groups play a dual role as reducing and capping agents in the biologically active compounds that
are released by microbes and plants. MNPs produced through green synthesis have prospective uses in agribusiness,
particularly as nanofertilizers, and their performance has been proven in research. Green chemistry has been used to
successfully create iron, manganese, silver, zinc, and manganese nanoparticles, which have then been used as foliar
nanofertilizers for crop growth. Nanoparticles laden with organic fertilizers have promise as “nutrient boosters,” allowing for
the delayed and continuous release of nutrients to plants, guaranteeing appropriate nutrition throughout growth. The primary
benefit of using bionanofertilizer is their ability to reduce the amount of chemical fertilizer required for crops by providing
targeted delivery systems that deliver nutrients directly into plant cells, where they can be absorbed more efficiently than
through traditional methods such as broadcast applications, seed dressing, or foliar sprays. This reduces energy costs
associated with production since less fuel is needed for transport between fields, storage facilities, etc., resulting in lower
carbon emissions overall making it a much more environmentally friendly option compared to other forms of fertilizer
application. Additionally, because these synthetic nanoparticles are smaller than conventional particles, they require less
water, which helps conserve resources even further during times when water availability may be limited due to drought
conditions or other factors affecting local weather patterns.

Finally, one major advantage offered by biosynthesized nanofertilizers lies in their ability to improve nutrient-use efficiency,
meaning not only do you get higher yields but also better-quality produce since fewer nutrients are lost in transit from field-
to-table, thanks again, largely, in part, to their size, which allows them access into areas that larger molecules cannot reach,
thus increasing their absorption rate significantly when applied correctly. All this makes them an ideal choice for farmers
looking to increase productivity without compromising on quality while, at the same time, also helping protect the
environment from potential damage caused by excessive amounts of chemicals being released into the atmosphere each year
via agricultural practices worldwide. Better knowledge of the mechanisms involved in metal- nanoparticle creation and
managing the morphology, size, and dispersion should be the main goals of future research. New opportunities could soon be
accompanied by novel approaches to problems

ATOMIC SPECTROSCOPY 237 Ar. Spectrosc. 2024, 45(1)
ISSN: 2708-521X



REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

Solanki, P.; Bhargava, A.; Chhipa, H.; Jain, N.; Panwar, J. Nano-fertilizers and Their Smart Delivery System. In
Nanotechnologies in Food and Agriculture; Rai, M., Ribeiro, C., Mattoso, L., Duran, N., Eds.; Springer: Cham,
Switzerland, 2015; pp. 81-101. [Google Scholar] [CrossRef]

Ball, P. Natural strategies for the molecular engineer. Nanotechnology 2002, 13, R15-R28. [Google Scholar]
[CrossRef]

Snehal, S.; Lohani, P. Silica nanoparticles: Its green synthesis and importance in agriculture. J. Pharmacogn.
Phytochem. 2018, 7, 3383-3393. [Google Scholar]

Carbone, K.; Paliotta, M.; Micheli, L.; Mazzuca, C.; Cacciotti, I.; Nocente, F.; Ciampa, A.; Dell’Abate, M.T. A
completely green approach to the synthesis of dendritic silver nanostructures starting from white grape pomace as
a potential nanofactory. Arab. J. Chem. 2019, 12, 597-609. [Google Scholar] [CrossRef]

Nasrollahzadeh, M.; Sajjadi, M.; Sajadi, S.M.; Issaabadi, Z. Green nanotechnology. In Interface Science and
Technology; Elsevier: Amsterdam, The Netherlands, 2019; VVolume 28, pp. 145—

198. [Google Scholar]

Khan, S.H.; Alaie, S.A. Green nanomaterials for environmental applications. In Green Nanomaterials for Industrial
Applications; Elsevier: Amsterdam, The Netherlands, 2022; pp. 365-396. [Google Scholar] [CrossRef]

Aithal, S.; Aithal, P.S. Green Nanotechnology Innovations to Realize UN Sustainable Development Goals 2030.
Int. J. Appl. Eng. Manag. Lett. 2021, 5, 96-105. [Google Scholar] [CrossRef]

Makarov, V.V.; Love, A.J.; Sinitsyna, O.V.; Makarova, S.S.; Yaminsky, 1.V.; Taliansky, M.E.; Kalinina, N.O.
“Green” nanotechnologies: Synthesis of metal nanoparticles using plants. Acta Naturae 2014, 6, 35-44. [Google
Scholar] [CrossRef][Green Version]

Khan, S.H. Green Nanotechnology for the Environment and Sustainable Development. In Green Materials for
Wastewater Treatment. Environmental Chemistry for a Sustainable World, 2020, 38; Naushad, M., Lichtfouse, E.,
Eds.; Springer: Cham, Switzerland, 2020. [Google Scholar] [CrossRef]

Dutta, D.; Das, B.M. Scope of green nanotechnology towards amalgamation of green chemistry for cleaner
environment: A review on synthesis and applications of green nanoparticles. Environ. Nanotechnol. Monit.
Manag. 2020, 15, 100418. [Google Scholar] [CrossRef]

GoOmez-Merino, F.C.; Trejo-Téllez, L.I. The Role of Beneficial Elements in Triggering Adaptive Responses to
Environmental Stressors and Improving Plant Performance. In Biotic and Abiotic Stress Tolerance in Plants; Vats,
S., Ed.; Springer: Singapore, 2018; pp. 137-172. [Google Scholar] [CrossRef]

Usman, M.; Farooq, M.; Wakeel, A.; Nawaz, A.; Alam Cheema, S.A.; Rehman, H.U.; Ashraf, I.; Sanaullah, M.
Nanotechnology in agriculture: Current status, challenges and future opportunities. Sci. Total Environ. 2020, 721,
137778. [Google Scholar] [CrossRef]

Bahrulolum, H.; Nooraei, S.; Javanshir, N.; Tarrahimofrad, H.; Mirbagheri, V.S.; Easton, A.J.; Ahmadian, G.
Green synthesis of metal nanoparticles using microorganisms and their application in the agrifood sector. J.
Nanobiotechnol. 2021, 19, 1-26. [Google Scholar] [CrossRef]

Zulfigar, F.; Navarro, M.; Ashraf, M.; Akram, N.A. Plant Science Nanofertilizer use for sustainable agriculture:
Advantages and limitations. Plant Sci. 2019, 289, 110270. [Google Scholar] [CrossRef]

Achari, G.A.; Kowshik, M. Recent Developments on Nanotechnology in Agriculture: Plant Mineral Nutrition,
Health, and Interactions with Soil Microflora. J. Agric. Food Chem. 2018, 66, 8647-8661. [Google Scholar]
[CrossRef]

Mittal, D.; Kaur, G.; Singh, P.; Yadav, K.; Ali, S.A. Nanoparticle-Based Sustainable Agriculture and Food
Science: Recent Advances and Future Outlook. Front. Nanotechnol. 2020, 2, 579954. [Google Scholar] [CrossRef]
Paramo, L.A.; Feregrino-Pérez, A.A.; Guevara, R.; Mendoza, S.; Esquivel, K. Nanoparticles in Agroindustry:
Applications, Toxicity, Challenges, and Trends. Nanomaterials 2020, 10, 1654. [Google Scholar] [CrossRef]
Adisa, 1.0.; Pullagurala, V.L.R.; Peralta-Videa, J.R.; Dimkpa, C.O.; Elmer, W.H.; Gardea- Torresdey, J.L.; White,
J.C. Recent advances in nano-enabled fertilizers and pesticides: A critical review of mechanisms of action.
Environ. Sci. Nano 2019, 6, 2002-2030. [Google Scholar] [CrossRef]

Rameshaiah, G.N.; Pallavi, J.; Shabnam, S. Nano fertilizers and nano sensors—an attempt for developing smart
agriculture. Int. J. Eng. Res. Gen. Sci. 2015, 3, 314-320. [Google Scholar]

Mastronardi, E.; Tsae, P.; Zhang, X.; Monreal, C.; DeRosa, M.C. Strategic Role of Nanotechnology in Fertilizers:
Potential and Limitations. In Anotechnologies in Food and Agriculture; Springer International Publishing: Cham,
Switzerland, 2015; pp. 25-67. [Google Scholar] [CrossRef]

Sharma, G.; Kumar, A.; Sharma, S.; Naushad, M.; Dwivedi, R.P.; ALOthman, Z.A.; Mola, G.T. Novel
development of na-noparticles to bimetallic nanoparticles and their composites: A review. J. King Saud Univ. Sci.
2019, 31, 257-269. [Google Scholar] [CrossRef]

Parveen, K.; Banse, V.; Ledwani, L. Green Synthesis of Nanoparticles: Their Advantages and Disadvantages. In
5th National Conference on Thermophysical Properties: (NCTP-09); AIP Publishing LLC.: Melville, NY, USA,
2016; Volume 1724, p. 020048. [Google Scholar]

Velusamy, P.; Kumar, G.V.; Jeyanthi, V.; Das, J.; Pachaiappan, R. Bio-Inspired Green Nanoparticles: Synthesis,
Mechanism, and Antibacterial Application. Toxicol. Res. 2016, 32, 95—

102. [Google Scholar] [CrossRef]

Abbasifar, A.; ValizadehkKaji, B.; Iravani, M.A. Effect of green synthesized molybdenum nanoparticles on nitrate
accumulation and nitrate reductase activity in spinach. J. Plant Nutr. 2019, 43, 13-27. [Google Scholar] [CrossRef]

ATOMIC SPECTROSCOPY 238 Ar. Spectrosc. 2024, 45(1)
ISSN: 2708-521X



217.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.
39.
40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Abbasifar, A.; Shahrabadi, F.; ValizadehkKaji, B. Effects of green synthesized zinc and copper nano-fertilizers on
the morphological and biochemical attributes of basil plant. J. Plant Nutr. 2020, 43, 1104-1118. [Google Scholar]
[CrossRef]

Vijayaraghavan, K.; Ashokkumar, T. Plant-mediated biosynthesis of metallic nanoparticles: A review of literature,
factors affecting synthesis, characterization techniques and applications. J. Environ. Chem. Eng. 2017, 5, 4866—
4883. [Google Scholar] [CrossRef]

Saratale, R.G.; Saratale, G.D.; Shin, H.S.; Jacob, J.M.; Pugazhendhi, A.; Bhaisare, M.; Kumar,

G. New insights on the green synthesis of metallic nanoparticles using plant and waste biomaterials: Current
knowledge, their agricultural and environmental applications. Environ. Sci. Pollut. Res. 2017, 25, 10164-10183.
[Google Scholar] [CrossRef]

Solgi, M.; Taghizadeh, M. Biogenic synthesis of metal nanoparticles by plants. In Biogenic Nano-Particles and
their Use in Agro-Ecosystems; Springer: Berlin/Heidelberg, Germany, 2020; pp. 593-606. [Google Scholar]
[CrossRef]

Hulkoti, N.I.; Taranath, T.C. Biosynthesis of nanoparticles using microbes—A review. Colloids Surf. B
Biointerfaces 2014, 121, 474-483. [Google Scholar] [CrossRef]

Aslam, A.A.; Aslam, A A.; Aslam, M.S.; Quazi, S. An Overview on Green Synthesis of Nanomaterials and Their
Advanced Applications in Sustainable Agriculture. Preprints 2022, 2022020315. [Google Scholar] [CrossRef]
Singh, P.; Kim, Y.-J.; Zhang, D.; Yang, D.-C. Biological Synthesis of Nanoparticles from Plants and
Microorganisms. Trends Biotechnol. 2016, 34, 588-599. [Google Scholar] [CrossRef]

Ali, A.; Ahmed, T.; Wu, W.; Hossain, A.; Hafeez, R.; Masum, M.l.; Wang, Y.; An, Q.; Sun, G.; Li, B.
Advancements in Plant and Microbe-Based Synthesis of Metallic Nanoparticles and Their Antimicrobial Activity
against Plant Pathogens. Nanomaterials 2020, 10, 1146. [Google Scholar] [CrossRef]

Mandal, D.; Bolander, M.E.; Mukhopadhyay, D.; Sarkar, G.; Mukherjee, P. The use of microorganisms for the
formation of metal nanoparticles and their application. Appl. Microbiol. Biotechnol. 2005, 69, 485-492. [Google
Scholar] [CrossRef]

Khan, T.; Abbas, S.; Fariq, A.; Yasmin, A. Microbes: Nature’s cell factories of nanoparticles synthesis. In
Exploring the Realms of Nature for Nanosynthesis; Prasad, R., Jha, A.K., Prasad, K., Eds.; Springer: Cham,
Switzerland, 2018; pp. 25-50. [Google Scholar]

Kato, Y.; Suzuki, M. Synthesis of Metal Nanoparticles by Microorganisms. Crystals 2020, 10,

589. [Google Scholar] [CrossRef]

Burketova, L.; Martinec, J.; Siegel, J.; Mactirkova, A.; Mary$ka, L.; Valentova, O. Noble metal nanoparticles in
agriculture: Impacts on plants, associated microorganisms, and biotechnological practices. Biotechnol. Adv. 2022,
58, 107929. [Google Scholar] [CrossRef]

Chhipa, H. Mycosynthesis of nanoparticles for smart agricultural practice: A green and eco- friendly approach. In
Green Synthesis, Characterization and Applications of Nanoparticles; Elsevier: Amsterdam, The Netherlands,
2019; pp. 87-109. [Google Scholar]

Yusof, H.M.; Mohamad, R.; Zaidan, U.H.; Rahman, N.A.A. Microbial synthesis of zinc oxide nanoparticles and
their potential application as an antimicrobial agent and a feed supplement in animal industry: A review. J. Anim.
Sci. Biotechnol. 2019, 10, 57. [Google Scholar] [CrossRef][Green Version]

Asmathunisha, N.; Kathiresan, K. A review on biosynthesis of nanoparticles by marine organisms. Colloids
Surfaces B Biointerfaces 2013, 103, 283-287. [Google Scholar] [CrossRef]

Bettencourt, G.M.D.F.; Degenhardt, J.; Torres, L.A.Z.; de Andrade Tanobe, V.O.; Soccol, C.R. Green biosynthesis
of single and bimetallic nanoparticles of iron and manganese using bacterial auxin complex to act as plant bio-
fertilizer. Biocatal. Agric. Biotechnol. 2020, 30, 101822. [Google Scholar] [CrossRef]

Delilah, D.; Mathew, N.M.; Joseph, A.; Jose, S.; Kumar, S. Plant Micronutrient Nanoparticles from Microalgae-
Biosynthesis and their Applications—A Review. Int. J. Bot. Stud. 2022, 7, 135—

139. [Google Scholar]

Rai, M.; Bonde, S.; Golinska, P.; Trzcinska-Wencel, J.; Gade, A.; Abd-Elsalam, K.; Shende, S.; Gaikwad, S.;
Ingle, A. Fusarium as a Novel Fungus for the Synthesis of Nanoparticles: Mechanism and Applications. J. Fungi
2021, 7, 139. [Google Scholar] [CrossRef]

Sedefoglu, N.; Zalaoglu, Y.; Bozok, F. Green synthesized ZnO nanoparticles using Ganoderma lucidum:
Characterization and In Vitro Nanofertilizer effects. J. Alloys Compd. 2022, 918, 165695. [Google Scholar]
[CrossRef]

Ramirez-Rodriguez, G.B.; Dal Sasso, G.; Carmona, F.J.; Miguel-Rojas, C.; Pérez-De-Luque, A.; Masciocchi, N.;
Guagliardi, A.; Delgado-Lépez, J.M. Engineering Biomimetic Calcium

Phosphate Nanoparticles: A Green Synthesis of Slow-Release Multinutrient (NPK) Nanofertilizers. ACS Appl.
Bio Mater. 2020, 3, 1344-1353. [Google Scholar] [CrossRef]

Win, T.T.; Khan, S.; Bo, B.; Zada, S.; Fu, P. Green synthesis and characterization of Fe304 nanoparticles using
Chlorella-K01 extract for potential enhancement of plant growth stimulating and antifungal activity. Sci. Rep.
2021, 11, 1-11. [Google Scholar] [CrossRef]

Kouhkan, M.; Ahangar, P.; Babaganjeh, L.A.; Allahyari-Devin, M. Biosynthesis of Copper Oxide Nanoparticles
Using Lactobacillus casei Subsp. Casei and its Anticancer and Antibacterial Activities. Curr. Nanosci. 2020, 16,
101-111. [Google Scholar] [CrossRef]

Eszenyi, P.; Sztrik, A.; Babka, B.; Prokisch, J. Elemental, Nano-Sized (100-500 nm) Selenium Production by
Probiotic Lactic Acid Bacteria. Int. J. Biosci. Biochem. Bioinform. 2011, 1, 148—

152. [Google Scholar] [CrossRef][Green Version]

ATOMIC SPECTROSCOPY 239 Ar. Spectrosc. 2024, 45(1)
ISSN: 2708-521X



55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Terra, A.L.M.; Kosinski, R.D.C.; Moreira, J.B.; Costa, J.A.V.; De Morais, M.G. Microalgae biosynthesis of silver
nanoparticles for application in the control of agricultural pathogens. J. Environ. Sci. Health Part B 2019, 54, 709-
716. [Google Scholar] [CrossRef]

Rajeshkumar, S.; Bharath, L.V. Mechanism of plant-mediated synthesis of silver nanoparticles-a review on
biomolecules involved, characterisation and antibacterial activity. Chem. -Biol. Interact. 2017, 273, 219-227.
[Google Scholar] [CrossRef]

Farhadi, F.; Khameneh, B.; Iranshahi, M.; Iranshahy, M. Antibacterial activity of flavonoids and their structure—
activity relationship: An update review. Phytother. Res. 2019, 33, 13-40. [Google Scholar] [CrossRef][Green
Version]

Sarker, U.; Oba, S. Drought stress enhances nutritional and bioactive compounds, phenolic acids and antioxidant
capacity of Amaranthus leafy vegetable. BMC Plant Biol. 2018, 18, 258. [Google Scholar] [CrossRef][Green
Version]

Rostamizadeh, E.; Iranbakhsh, A.; Majd, A.; Arbabian, S.; Mehregan, I. Green synthesis of Fe203 nanoparticles
using fruit extract of Cornus mas L. and its growth-promoting roles in Barley. J. Nanostructure Chem. 2020, 10,
125-130. [Google Scholar] [CrossRef]

Rui, M.; Ma, C.; Hao, Y.; Guo, J.; Rui, Y.; Tang, X.; Zhao, Q.; Fan, X.; Zhang, Z.; Hou, T.; et al. Iron Oxide
Nanoparticles as a Potential Iron Fertilizer for Peanut (Arachis hypogaea). Front. Plant Sci. 2016, 7, 815. [Google
Scholar] [CrossRef][Green Version]

Shebl, A.; Hassan, A.A.; Salama, D.M.; El-Aziz, M.E.A.; Elwahed, M.S.A.A. Green Synthesis of Nanofertilizers
and Their Application as a Foliar for Cucurbita pepo L. J. Nanomater. 2019, 2019, 3476347. [Google
Scholar] [CrossRef][Green Version]

Singh, M.; Singh, J.; Sharma, D.; Kaur, B.; Rawat, M. Plant leaves mediated synthesis of semiconductor ZnO
nanoparticles and its application for seed germination. In Proceedings of the Recent Advances in Experimental and
Theoretical Physics (RAETP-201), Jammu, India, 17-18 April 2018; AIP Publishing LLC.: Melville, NY, USA,
2018; Volume 2006, p. 030031. [Google Scholar] [CrossRef]

Chaudhuri, S.K.; Malodia, L. Biosynthesis of zinc oxide nanoparticles using leaf extract of Calotropis gigantea:
Characterization and its evaluation on tree seedling growth in nursery stage. Appl. Nanosci. 2017, 7, 501-512.
[Google Scholar] [CrossRef]

Ukidave, V.V.; Ingale, L.T. Green Synthesis of Zinc Oxide Nanoparticles from Coriandrum sativum and Their Use
as Fertilizer on Bengal Gram, Turkish Gram, and Green Gram Plant Growth. Int. J. Agron. 2022, 2022, 8310038.
[Google Scholar] [CrossRef]

Prakashraj, R.; Vijayakumar, S.; Punitha, V.N.; Vidhya, E.; Nilavukkarasi, M.; Praseetha, P.K. Fabricated TiO2
Nanofertilizers for Foliar Assimilation to Enhance Yield and Disease Resistance in Capsicum annuum L. J. Plant
Growth Regul. 2021, 41, 3387-3394. [Google Scholar] [CrossRef]

Singh, J.; Kumar, S.; Alok, A.; Upadhyay, S.K.; Rawat, M.; Tsang, D.; Bolan, N.; Kim, K.-H. The potential of
green synthesized zinc oxide nanoparticles as nutrient source for plant growth. J. Clean. Prod. 2019, 214, 1061-
1070. [Google Scholar] [CrossRef]

Murgueitio-Herrera, E.; Falconi, C.E.; Cumbal, L.; Gomez, J.; Yanchatipan, K.; Tapia, A.; Martinez, K.; Sinde-
Gonzalez, 1.; Toulkeridis, T. Synthesis of Iron, Zinc, and Manganese Nanofertilizers, Using Andean Blueberry
Extract, and Their Effect in the Growth of Cabbage and Lupin Plants. Nanomaterials 2022, 12, 1921. [Google
Scholar] [CrossRef]

Ahmed, S.; Qasim, S.; Ansari, M.; Shah, A.A.; Rehman, H.U.; Shah, M.N.; Ghafoor, U.; Naqvi, S.A.H.; Hassan,
M.Z.; Rehman, S.U.; et al. Green synthesis of zinc nanoparticles and their effects on growth and yield of Pisum
sativum. J. King Saud Univ. Sci. 2022, 34, 102132. [Google Scholar] [CrossRef]

Reshma, Z.; Meenal, K. Foliar application of biosynthesised zinc nanoparticles as a strategy for ferti-fortification
by improving yield, zinc content and zinc use efficiency in amaranth. Heliyon 2022, 8, e10912. [Google
Scholar] [CrossRef]

Mathew, S.S.; Sunny, N.E.; Shanmugam, V. Green synthesis of anatase titanium dioxide nanoparticles using
Cuminum cyminum seed extract; effect on Mung bean (Vigna radiata) seed germination. Inorg. Chem. Commun.
2021, 126, 108485. [Google Scholar] [CrossRef]

Abdelmigid, H.M.; Morsi, M.M.; Hussien, N.A.; Alyamani, A A.; Alhuthal, N.A.; Albukhaty, S. Green Synthesis
of Phosphorous-Containing Hydroxyapatite Nanoparticles (nHAP) as a Novel Nano-Fertilizer: Preliminary
Assessment on Pomegranate (Punica granatum L.). Nanomaterials 2022, 12, 1527. [Google
Scholar] [CrossRef]

Singh, A.; Singh, N.; Hussain, I.; Singh, H.; Yadav, V.; Singh, S. Green synthesis of nano zinc oxide and
evaluation of its impact on germination and metabolic activity of Solanum lycopersicum. J. Biotechnol. 2016, 233,
84-94. [Google Scholar] [CrossRef]

uddin, S.; Igbal, J.; Safdar, L.B.; Ahmad, S.; Abbasi, B.A.; Capasso, R.; Kazi, M.; Quraihi, U.M. Green synthesis
of BPL-NiONPs using leaf extract of Berberis pachyacantha: Characterization and multiple in vitro biological
applications. Molecules 2022, 27, 2064. [Google Scholar] [CrossRef]

Bahmanzadegan, A.; Tavallali, H.; Tavallali, V.; Karimi, M.A. Variations in biochemical characteristics of Zataria
multiflora in response to foliar application of zinc nano complex formed on pomace extract of Punica granatum.
Ind. Crop. Prod. 2022, 187, 115369. [Google Scholar] [CrossRef]

Keerthana, P.; Vijayakumar, S.; Vidhya, E.; Punitha, V.N.; Nilavukkarasi, M.; Praseetha, P.K. Biogenesis of ZnO
nanoparticles for revolutionizing agriculture: A step towards anti-infection and growth promotion in plants. Ind.
Crops Prod. 2021, 170, 113762. [Google Scholar]

ATOMIC SPECTROSCOPY 240 At. Spectrosc. 2024, 45(1)
ISSN: 2708-521X



76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Sharma, P.; Urfan, M.; Anand, R.; Sangral, M.; Hakla, H.R.; Sharma, S.; Das, R.; Pal, S.; Bhagat, M. Green
synthesis of zinc oxide nanoparticles using Eucalyptus lanceolata leaf litter: Characterization, antimicrobial and
agricultural efficacy in maize. Physiol. Mol. Biol. Plants 2022, 28, 363-381. [Google Scholar] [CrossRef]
Awan, S.; Shahzadi, K.; Javad, S.; Tarig, A.; Ahmad, A.; llyas, S. A preliminary study of influence of zinc oxide
nanoparticles on growth parameters of Brassica oleracea var italic. J. Saudi Soc. Agric. Sci. 2020, 20, 18-24.
[Google Scholar] [CrossRef]

Rexlin, J.; Vijayakumar, S.; Nilavukkarasi, M.; Vidhya, E.; Alharthi, N.S.; Sajjad, M.; Punitha, V.N.; Praseetha,
P.K. Bioengineered ZnO nanoparticles as a nano priming agent in Cyamopsis tetragonoloba (L).Taub. to improve
yield and disease resistance. Appl. Nanosci. 2022, 1-9. [Google Scholar] [CrossRef]

Afzal, S.; Sharma, D.; Singh, N.K. Eco-friendly synthesis of phytochemical-capped iron oxide nanoparticles as
nano-priming agent for boosting seed germination in rice (Oryza sativa L.). Environ. Sci. Pollut. Res.
2021, 28, 40275-40287. [Google Scholar] [CrossRef]

Ashraf, H.; Anjum, T.; Riaz, S.; Ahmad, 1|.S.; lrudayaraj, J.; Javed, S.; Qaiser, U.; Naseem, S. Inhibition
mechanism of green-synthesized copper oxide nanoparticles from Cassia fistula towards Fusarium
oxysporum by boosting growth and defense response in tomatoes. Environ. Sci. Nano 2021, 8, 1729-1748.
[Google Scholar] [CrossRef]

Velsankar, K.; Parvathy, G.; Mohandoss, S.; Kumar, R.M.; Sudhahar, S. Green synthesis and characterization of
CuO nanoparticles using Panicum sumatrense grains extract for biological applications. Appl. Nanosci. 2022, 12,
1993-2021. [Google Scholar] [CrossRef]

Ehsan, M.; Raja, N.I.; Mashwani, Z.U.R.; Zohra, E.; Abasi, F.; Ikram, M.; Mustafa, N.; Wattoo, F.H.; Pro¢kéw, J.;
de la Lastra, J.M.P. Effects of Phytogenically Synthesized Bimetallic Ag/ZnO Nanomaterials and Nitrogen-Based
Fertilizers on Biochemical and Yield Attributes of Two Wheat Varieties. Nanomaterials 2022, 12, 2894. [Google
Scholar] [CrossRef]

Rafique, M.; Sohaib, M.; Tahir, R.; Tahir, M.B.; Rizwan, M. Plant-Mediated Green Synthesis of Zinc Oxide
Nanoparticles Using Peel Extract of Citrus reticulate for Boosting Seed Germination of Brassica nigra Seeds. J.
Nanosci. Nanotechnol. 2021, 21, 3573-3579. [Google Scholar] [CrossRef]

Salih, A.M.; Qahtan, A.A.; Al-Qurainy, F.; Al-Mungedhi, B.M. Impact of Biogenic Ag- Containing Nanoparticles
on Germination Rate, Growth, Physiological, Biochemical Parameters, and Antioxidants System of Tomato
(Solanum tuberosum L.) In Vitro. Processes 2022, 10, 825. [Google Scholar] [CrossRef]

Kumar, R.; Kumar, R.; Prakash, O. Chapter-5 the Impact of Chemical Fertilizers on Our Environment and
Ecosystem. In Research Trends in Environmental Science, 2nd ed.; AkiNik: Delhi, India, 2019; Volume 35, p. 69.
[Google Scholar]

Itelima, J.U.; Bang, W.J.; Onyimba, I.A.; Sila, M.D.; Egbere, O.J. Bio-fertilizers as key player in enhancing soil
fertility and crop productivity: A review. Direct Res. J. Agric. Food Sci. 2018, 6, 73-83. [Google Scholar]

Ye, L.; Zhao, X.; Bao, E.; Li, J.; Zou, Z.; Cao, K. Bio-organic fertilizer with reduced rates of chemical fertilization
improves soil fertility and enhances tomato yield and quality. Sci. Rep. 2020, 10, 1-11. [Google Scholar]
[CrossRef][Green Version]

Shang, Y.; Hasan, M.K.; Ahammed, G.J.; Li, M.; Yin, H.; Zhou, J. Applications of Nanotechnology in Plant
Growth and Crop Protection: A Review. Molecules 2019, 24, 2558. [Google Scholar] [CrossRef][Green Version]
Elmer, W.; White, J.C. The Future of Nanotechnology in Plant Pathology. Annu. Rev. Phytopathol. 2018, 56, 111
133. [Google Scholar] [CrossRef]

Liu, R.; Lal, R. Potentials of engineered nanoparticles as fertilizers for increasing agronomic productions. Sci.
Total Environ. 2015, 514, 131-139. [Google Scholar] [CrossRef]

Raliya, R.; Nair, R.; Chavalmane, S.; Wang, W.-N.; Biswas, P. Mechanistic evaluation of translocation and
physiological impact of titanium dioxide and zinc oxide nanoparticles on the tomato (Solanum lycopersicum L.)
plant. Metallomics 2015, 7, 1584-1594. [Google Scholar] [CrossRef]

Katya, C.; De Angelis, A.; Claudia, M.; Enrico, S. Microwave-assisted synthesis of catalytic silver nanoparticles
by hyperpigmented tomato skins: A green approach. LWT 2020, 133, 110088. [Google Scholar]

Sharma, V.K.; Yngard, R.A.; Lin, Y. Silver nanoparticles: Green synthesis and their antimicrobial activities. Adv.
Colloid Interface Sci. 2009, 145, 83-96. [Google Scholar] [CrossRef]

Fouda, M.M.; Abdelsalam, N.R.; EI-Naggar, M.E.; Zaitoun, A.F.; Salim, B.M.; Bin-Jumah, M.; Allam, A.; Abo-
Marzoka, S.A.; Kandil, E.E. Impact of high throughput green synthesized silver nanoparticles on agronomic traits
of onion. Int. J. Biol. Macromol. 2020, 149, 1304-1317. [Google Scholar] [CrossRef]

Shah, V.; Belozerova, I. Influence of Metal Nanoparticles on the Soil Microbial Community and Germination of
Lettuce Seeds. Water Air, Soil Pollut. 2008, 197, 143-148. [Google Scholar] [CrossRef]

Sondi, I.; Salopek-Sondi, B. Silver nanoparticles as antimicrobial agent: A case study on E. coli as a model for
Gram-negative bacteria. J. Colloid Interface Sci. 2004, 275, 177-182. [Google Scholar] [CrossRef]

Jhanzab, H.M.; Razzaq, A.; Jilani, G.; Rehman, A.; Hafeez, A.; Yasmeen, F. Silver nano- particles enhance the
growth, yield and nutrient use efficiency of wheat. Int. J. Agron. Agri. Res. 2015, 7, 15-22. [Google Scholar]
Ding, H.; Zhang, Y.; Zhignuol, Z.; Mingjhan, Y. Effect of controlled release fertilizer on the yield and quality of
Chinese cabbage and nutrient use efficiency. J. Chang. Veg. 2009, 12, 1-6. [Google Scholar]

Abbas, M.M. Enhancement of the Nutrients efficiency and Prpductivity of tomato (Lycopersicum esculentum
Mill.) plants by using Noano silver. Plant Arch. 2020, 20, 4242-4244. [Google Scholar]

Sharma, G.; Kumar, A.; Devi, K.A.; Prajapati, D.; Bhagat, D.; Pal, A.; Raliya, R.; Biswas, P.; Saharan, V.
Chitosan nanofertilizer to foster source activity in maize. Int. J. Biol. Macromol. 2020, 145, 226-234. [Google
Scholar] [CrossRef]

ATOMIC SPECTROSCOPY 241 At. Spectrosc. 2024, 45(1)
ISSN: 2708-521X



101. Hartoyo, A.P.P.; Octaviani, E.A.; Syamani, F.A.; Mulsanti, I.W.; Solikhin, A. Potential of chitosan/carbon
nanoparticles and chitosan/lignocellulose nanofiber composite as growth media for peatland paddy seeds. Environ.
Res. 2022, 212, 113235. [Google Scholar] [CrossRef]

102. Ha, N.M.C.; Nguyen, T.H.; Wang, S.-L.; Nguyen, A.D. Preparation of NPK nanofertilizer based on chitosan
nanoparticles and its effect on biophysical characteristics and growth of coffee in green house. Res. Chem.
Intermed. 2018, 45, 51-63. [Google Scholar] [CrossRef]

103. Rai, M.; Ingle, A.P.; Pandit, R.; Paralikar, P.; Shende, S.; Gupta, |.; Biswas, J.K.; da Silva, S.S. Copper and copper
nanoparticles: Role in management of insect-pests and pathogenic microbes. Nanotechnol. Rev. 2018, 7, 303-315.
[Google Scholar] [CrossRef][Green Version]

104. Nagar, N.; Devra, V. Green synthesis and characterization of copper nanoparticles using Azadirachta indica leaves.
Mater. Chem. Phys. 2018, 213, 44-51. [Google Scholar] [CrossRef]

105. Bhagat, M.; Anand, R.; Sharma, P.; Rajput, P.; Sharma, N.; Singh, K. Review—Multifunctional Copper
Nanoparticles: Synthesis and Applications. ECS J. Solid State Sci. Technol. 2021, 10, 063011. [Google Scholar]
[CrossRef]

106. Nakabayashi, R.; Yonekura-Sakakibara, K.; Urano, K.; Suzuki, M.; Yamada, Y.; Nishizawa, T.; Matsuda, F.;
Kojima, M.; Sakakibara, H.; Shinozaki, K.; et al. Enhancement of oxidative and drought tolerance in Arabidopsis
by overaccumulation of antioxidant flavonoids. Plant

107.J. 2013, 77, 367-379. [Google Scholar] [CrossRef][Green Version]

108. Shende, S.; Rathod, D.; Gade, A.; Rai, M. Biogenic copper nanoparticles promote the growth of pigeon pea
(Cajanus cajan L.). IET Nanobiotechnol. 2017, 11, 773-781. [Google Scholar] [CrossRef]

109. Saranyaadevi, K.; Subha, V.; Ravindran, R.E.; Renganathan, S. Synthesis and characterization of copper
nanoparticle using Capparis zeylanica leaf extract. Int. J. Chemtech Res. 2014, 6, 4533— 4541. [Google Scholar]

110. Choudhury, F.K.; Rivero, R.M.; Blumwald, E.; Mittler, R. Reactive oxygen species, abiotic stress and stress
combination. Plant J. 2017, 90, 856-867. [Google Scholar] [CrossRef]

111. Lam, P.-L.; Wong, R.S.-M.; Lam, K.-H.; Hung, L.-K.; Wong, M.-M.; Yung, L.-H.; Ho, Y.-W.; Wong, W.-Y;
Hau, D.K.-P.; Gambari, R.; et al. The role of reactive oxygen species in the biological activity of antimicrobial
agents: An updated mini review. Chem. Interactions 2020, 320, 109023. [Google Scholar] [CrossRef]

112. Kobayashi, T.; Nishizawa, N.K. Iron Uptake, Translocation, and Regulation in Higher Plants. Annu. Rev. Plant
Biol. 2012, 63, 131-152. [Google Scholar] [CrossRef][Green Version]

113. Devra, V.; Rathore, A. Single-Step Green Synthesis of Iron Nanoparticles in the Aqueous Phase for Catalytic
Application in Degradation of Malachite Green. Adv. Energy Convers. Mater. 2021, 3, 16-29. [Google
Scholar] [CrossRef]

114. Fatima, F.; Hashim, A.; Anees, S. Efficacy of nanoparticles as nanofertilizer production: A review. Environ. Sci.
Pollut. Res. 2020, 28, 1292-1303. [Google Scholar] [CrossRef]

115. Mukherjee, R.; Kumar, R.; Sinha, A.; Lama, Y.; Saha, A.K. A review on synthesis, characterization, and
applications of nano zero valent iron (nZVI) for environmental remediation. Crit. Rev. Environ. Sci. Technol.
2015, 46, 443-466. [Google Scholar] [CrossRef]

116. Singh, A.; Singh, N.B.; Afzal, S.; Singh, T.; Hussain, I. Zinc oxide nanoparticles: A review of their biological
synthesis, antimicrobial activity, uptake, translocation and biotransformation in plants. J. Mater. Sci. 2017, 53,
185-201. [Google Scholar] [CrossRef]

117. Yuan, J.; Chen, Y.; Li, H.; Lu, J.; Zhao, H.; Liu, M.; Nechitaylo, G.S.; Glushchenko, N.N. New insights into the

cellular responses to iron nanoparticles in Capsicum annuum. Sci. Rep. 2018, 8, 3228. [Google Scholar]
[CrossRef][Green Version]
Kalaji, H.M.; Oukarroum, A.; Alexandrov, V.; Kouzmanova, M.; Brestic, M.; Zivcak, M.; Samborska, I.A.;
Cetner, M.D.; Allakhverdiev, S.I.; Goltsev, V. Identification of nutrient deficiency in maize and tomato plants by
in vivo chlorophyll a fluorescence measurements. Plant Physiol. Biochem. 2014, 81, 16-25. [Google Scholar]
[CrossRef]

118. Matinise, N.; Fuku, X.; Kaviyarasu, K.; Mayedwa, N.; Maaza, M. ZnO nanoparticles via Moringa oleifera green
synthesis: Physical properties & mechanism of formation. Appl. Surf. Sci. 2017, 406, 339-347. [Google Scholar]
[CrossRef]

119. Raliya, R.; Tarafdar, J.C. ZnO Nanoparticle Biosynthesis and Its Effect on Phosphorous- Mobilizing Enzyme
Secretion and Gum Contents in  Clusterbean  (Cyamopsis tetragonoloba L.). Agric. Res. 2013, 2, 48-57.
[Google Scholar] [CrossRef][Green Version]

120. Singh, N.B.; Amist, N.; Yadav, K.; Singh, D.; Pandey, J.K.; Singh, S.C. Zinc Oxide Nanoparticles as Fertilizer for
the Germination, Growth and Metabolism of Vegetable Crops. J. Nanoeng. Nanomanufacturing 2013, 3, 353-364.
[Google Scholar] [CrossRef]

121. Ahmed, R.; Uddin, M.K.; Quddus, M.A.; Samad, M.Y.A.; Hossain, M.A.M.; Haque, A.N.A. Impact of Foliar
Application of Zinc and Zinc Oxide Nanoparticles on Growth, Yield, Nutrient Uptake and Quality of Tomato.
Horticulturae 2023, 9, 162. [Google Scholar] [CrossRef]

ATOMIC SPECTROSCOPY 242 At. Spectrosc. 2024, 45(1)
ISSN: 2708-521X



