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Rising demand for food production and an intensified usage of hazardous substances on the farmland are the driving force behind
the emergence of green nanotechnology. Eco-friendly nanomaterials synthesised using plant sources and microorganisms are
expected to catalyse a revolution in the agricultural sector by introducing nano-enabled smart sensors for metals along with
organic toxins, supplying micronutrients; balancing the plant hormones, soil quality, and moisture content; stimulating plant
growth; and minimising the usage of toxic chemicals by nanofertilizers and nanopesticides. As no single nanocompound has
proved to be completely sustainable, this review discusses a wide variety of sustainable routes to implement nanomaterials to
increase productivity, protect, and monitor crops through innovative nano-aided agricultural practices. Nevertheless, as the
progress of research and commercialization in this area is still marginal, an understanding of complex dynamic behaviour,
careful evaluation with targeted delivery of these compounds in the environment, and strong governmental regulatory norms
are necessary to realize the effectiveness of green nanotechnology for sustainable agriculture. This article outlines some major
advancements in recent years related to the implementation of eco-friendly nanomaterials in the agricultural sector. A
systematic and comprehensive approach to adopting green nanotechnology would certainly promote a sustainable movement

resulting in a beneficial economic and ecological impact.

1. Introduction

The most prevalent problem associated with the agricultural
sector worldwide is the management of available natural
resources in a sustainable manner. Despite numerous drastic
technological innovations and huge capital investments
which have successfully increased food production, the pre-
vailing farming practices have a profound negative impact
on ecological systems creating an imbalance in the natural
cycle. Some of the ills such as depletion of soil productivity
[1], soil salinization [2], soil moisture [3], soil organic matter
[4], reduction of genetic diversity [5], creation of pesticide-
resistant pathogens [6], and seeping of pesticides and fertil-
izers into groundwater [7] are increasingly being observed

as barriers to sustainability. Many countries have attempted
to increase the gross value of production through shifting
towards perennial crops and expansion of usage of land. In
view of these factors, a set of technologies acting as an engine
of growth is becoming crucial to face the food production
challenge without harming the environment.

“Green nanotechnology” often refers to the synthesis of
nanomaterials by reducing or eliminating the use of harmful
chemicals and harsh reaction conditions. The utilization of
plants and microorganisms to generate nanomaterials has
gained popularity owing to their genetic diversity and variety
of plant constituents such as phenols and alkaloids that help
metal ions to be reduced to the nanodimension through a
concerted step. The shift of agricultural science towards the
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use of nanomaterials has revolutionized food production [8]
through eco-friendly means of managing natural resources
and has opened up new avenues in agriculture. Often
referred to as “green nano agro science,” this area of study
has a great potential to implement the strong foundations
of green chemistry and engineering into real practice of agri-
culture in an eco-friendly, simplified, cost-effective, scalable,
and biocompatible route. This article focuses on some nota-
ble trends, such as the use of microorganisms and plant
extracts in the development of green nanomaterials, which
are globally renowned applications for pesticides. Herbi-
cides, improving soil quality, soil moisture content, and
detection of toxic metals and organic moieties for sustain-
able agricultural production systems, possess the compe-
tency of escalating the agro-output that has continued to
be an unprecedented challenge for years.

2. Microbial Synthesis

Synthesis and application of biological nanomaterial, using
microorganisms, offer a highly scalable, biocompatible route.
Originating from biological sources, these eco-friendly
microfactories offer a wide variety of bioremediative applica-
tions. Several approaches are available for microbial biosyn-
thetic engineering among which bacterial synthesis, fungi,
and yeast-assisted routes are the prominent ones as repre-
sented in Figure 1. Additionally, microorganisms have an
edge over plant sources for nanosynthesis, as nanomaterials
prepared using plant extract have a tendency to become
polydispersed [9] caused by phytochemicals whose propor-
tions vary with seasons. The shape, surface characteristics,
bioavailability, homogeneity of size, and quality of NPs pro-
duced by microorganisms may, however, differ considerably
from those generated by other methods.

2.1. Bacteria. Bacterial synthesis of nanoparticles has become
highly popular due to the ability of bacterial cells to multiply
vigorously under various pH, temperatures, and high con-
centrations of metals. The protein in the bacterial cell mem-
brane functions as either ATPase or as chemo-osmotic or
proton antitransporters facilitating the extracellular or
intracellular production of nanoparticles. The benefits of
probiotic microorganisms have been realized through the
negative electrokinetic potential enabling the attraction of
cations that often serve as the initial point of the biosynthesis
process [10]. The mechanistic understanding of the process
has led to many valuable metal nanoparticles such as colloi-
dal silver nanoparticles using Lactobacillus [11, 12], gold
nanoparticles using Lactobacillus kimchicus DCY51T [13,
14], and cadmium sulfide with the aid of poly(hydroxybuty-
rate) [15]. The environmental compatibility shown by these
bacterial strains has shown a great promise and has inspired
numerous researchers worldwide to explore other microor-
ganisms for increasing crop production.

2.2. Fungi. The major distinction among bacteria and fungi is
that fungi consist of larger proportions of proteins, which
enable higher productivity of nanoparticles. Additionally, the
use of fungi allows large-scale synthesis and well-defined mor-

Journal of Nanomaterials

Microbial synthesis of nanparticles

N ¢

Bacteria Fungus Yeast

1 T T

&=

—

& (]

Nucleation

Capping

Microbial
nanomaterials.

FiGure I: bioproduction approaches to green

phology, because of the intracellular enzymes that trigger
both intracellular and extracellular synthesis. Intracellular
synthesis starts with the adhering of heavy metals to the fun-
gal cell wall using proteins that act as enzymes that produce
electrostatic interactions that are responsible for the move-
ment of electrons leading to the reduction of metal ions.
Recent developments in this regard include fungi that act
as reducing and capping agents in the synthesis of gold
[16], silver [17], and SnO,/Pd [18] nanoparticles.

2.3. Yeast. Largely explored recently, these unicellular micro-
organisms with a wide variety of 1500 species assist the
synthesis of nanoparticles with innumerable advantages.
Despite the limitation of severe pathogenicity towards
humans, fungal species are used to produce nanomaterials
on a large scale using different incubating conditions, such
as precursor resolutions and response time. The extracellular
biosynthesis of AgNPsK and AgNPsU [19] with the aid of
yeast strains of Pichia kudriavzeviiHA-NY2 and Saccharo-
myces uvarumHA-NY3, quantum dots of CdSe using
tryptone-enriched media [20], and nano-AgCl [21] using
commercial yeast extract are some of the classic examples.
A nanomaterial with high stability can be achieved through
an optimization of the inherited, genetic, and enzymatic
properties of the chosen yeast and its cell growth.

3. Phytosynthesis

Plant mediation for synthesis is often termed “phytocataly-
sis” and is applied worldwide to the synthesis of nanomateri-
als. Vegetal constituents such as polyphenolic compounds,
nitrogen-containing alkaloids, water-soluble diversified tan-
nic acids, iridoids, highly nutritious secoiridoids, benzopyr-
one derivatives called coumarins, and isoprenoids together
form a complex catalytic system exerting its action through
chemical reduction or electrochemical reduction processes
to produce nanomaterials. Nano-Ag particles [22] generated
using extract of leaves from Alstonia macrophylla were found
to be highly effective in transforming 4-nitrophenol to
4-aminophenol and p-nitroaniline to p-phenylenediamine.
Bello et al. [23] also reported a similar reduction in
4-nitrophenol [23].

Although researched rarely, the gold nanoparticles find
usefulness in catalysing the reduction of 4-nitrophenol
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TaBLE 1: Examples of plant-based nanoparticles, morphology, and applications.

Prepared Extracted from plant Size Shape Application Ref
nanometal P P PP

Silver Alstonia macrophylla 70 nm Spherical Reduction of 4-nitrophenol and p-nitroaniline [22]
Silver Guiera senegalensis 50 nm Spherical [23]
Gold Artemisia dracunculus ~ 91nm  Hexagonal and triangular Reduce 4-nitrophenol [24]
Palladium Chitosan-tannin 6.01 nm Spherical Degradation of Congo red [25]

Lagerstroemia 50- . .

Iron speciosa 100 nm Spherical Degradation of methylene blue [26]
Copper Plantago asiatica 7-35nm Spherical Cyanation of aldehydes [27]
Ag/Au Silybum marianum 40 nm Spherical Reduction of 4-nitrophenol [28]
Ag/Fe Palm date fruit extract 5-40 nm Disks Degradation of bromothymol blue [29]

[24]. A comparatively widely used Pd nano [25] and popu-
larly studied Fe nano [26] produced through plant extract
used to degrade environmentally harmful dyes prove the
unparalleled catalytic activity of plant extracts. The use of
transition metals has been endorsed with Cu nanoparticles
produced by the extract of Plantago asiatica [27] in a short
time of 30-60 min. These particles within the range of 7-
35nm successfully completed cyanation of aldehydes with
over 85% yield. Besides these metals, bimetallic nanoparti-
cles have also been described such as Ag/Au [28] nanoparti-
cles produced using seed extract from Silybum marianum
which plays the role of a reducing and stabilizing agent.
Ag/FeNP disks [29] with dimensions 5-40nm were pro-
duced by palm date fruit extract which could degrade bro-
mothymol blue dye via a Ag/FeNP/H,0, catalytic system.

Numerous mono- and bimetallic nanoparticles are stud-
ied and reported with a focus on synthetic methodologies,
characterisation, and novel applications, among which a
few are listed in Table 1.

4. Why Green Nanotechnology for Agriculture?

With the increasing dependency on insecticides and pesti-
cides and the concurrent awareness of exposure to these che-
micals at small levels impacting the environment, there is a
burning need for agrotechnology to shift towards greener
technological systems to be implemented on farms. Imple-
mentation of nanotechnology in agriculture after rendering
remarkable contributions is now a proven solution to move
towards sustainability. However, many processes involved
in the synthesis of nanosynthesis and application involve
high temperatures [30], pressures [31], acidification [32],
and toxic metals [33].

Hence, the last two decades have witnessed a tremen-
dous change over in the approach to nanosynthesis from
traditional methods to plant-based protocols due to many
advantages such as sustainable pathway, diversified plant
metabolites, advanced extraction and separation strategies,
development of exhaustive phytoconstituent database, and
instrumental aid extended by high-performance liquid
chromatography-mass  spectrometry, high-performance
liquid chromatography-nuclear magnetic resonance, high-
performance liquid chromatography-mass spectrometry,

and centrifugal partition chromatography. Highly efficient
extraction methods such as chemogenomics, metabolo-
mics, coupled with ultrasound, enzymes, hydrodistillation,
and supercritical fluid extraction have led to the prepara-
tion of customized extracts that were not feasible with tra-
ditional methods [34]. On the other hand, nanotechnology
can be used in conjunction with these advancements to
successfully achieve a sustainable agricultural system, and
a large empbhasis is therefore laid on plant-based nanotech-
nology formulations which have a great potential to solve
major problems of farming.

5. Agro Applications of Bio-
Based Nanomaterials

A group of agricultural practices, often referred to as farm-
ing, represents an open system with an easy exchange of
energy and matter. With abundant public funding and con-
siderable momentum, the agricultural sector has been con-
sidered an umbrella for nation development for decades.
However, with the fast development of technology, the inter-
vention of agrochemical agents and the lack of control over
the input of toxic chemicals have become unavoidable.

With the advent and development of nanomaterials, pre-
cision farming has gained high popularity and is viewed as a
remedial measure to many problems in farming. Combating
insecticide resistance, soil moisture balancing, nanoparticle-
mediated gene or DNA transfer in plants, food processing,
increasing shelf life, treating agricultural waste, reducing
spraying of pesticides, plant breeding, and food packing are
some of the areas where nanomaterials are expected to play
a vital role. The possibility of generating these nanomaterials
by a greener route has added an impetus to transforming
farming practices. When these agents are produced using
eco-friendly and green methods, they would help the agri-
cultural community avoid harmful chemicals and thereby
help evolve a healthy environment.

5.1. Fertilizers. The primary function of fertilizers is to main-
tain a balance in the mineral content to raise the yield. The
excessive use of these mineral fertilizers may cause serious
problems for soil fertility. Nanofertilizer formulations syn-
thesised by green methods are found to supply a balanced



supply of essential minerals with minimum intervention and
also impart pest protection efficiency. Various categories of
nanomaterials widely used to design fertilizers, as depicted
in Figure 2, are recently reviewed by Guo et al. [35] with a
comprehensive evaluation of their importance and limita-
tion in agricultural practices.

Among the various important metals, zinc is one of the
main micronutrients widely studied as leaching of Zn is pos-
ing a serious threat to crop yield since the past two decades.
ZnO nanoparticles [36] at three different concentrations of
40, 80, and 120 ppm on wheat farms in the harvest stage have
benefited the height of the plant and the weight of the seed,
which was much higher than that obtained using traditional
chemical zinc in the form of zinc nitrate. Alternatively, such
physiological and morphological changes can also be affected
by copper oxide loaded onto chitosan/alginate nanoparticles
[37]. This leads to a spherically shaped 300 nm shell which
encapsulates CuO and slowly releases Cu which is very essen-
tial for seedling growth. The polymeric-like shell has good
adhesive properties and hence forms a protective layer
against the loss of nutrients, preventing premature degrada-
tion. The germination evaluation results on Fortunella mar-
garita Swingle seeds showed a clear synergic effect on
epigean and hypogean parts. The Zn and Cu [38] nanoparti-
cles in combination effectively influenced the morphological
parameters that intensely affected the biochemical traits of
the basil plant and exerted antioxidant activity. The nanopar-
ticles of Zn and Cu which originated from the basil extract
are said to be formed by reducing agents such as vitamin C,
sucrose, flavonoids, or oxalic acid. The study promotes the
quantity and quality of basil with the dual benefit of reducing
fertilizer consumption and toxicity.

While plants are constantly challenged by fluctuating
environmental metal ion concentrations and researchers
worldwide are striving to strike upon the right proportion
of the N-P-K ratio, the quantities of some major metals such
as Ca, Mg, and S are highly crucial. A promising strategy for
optimal nutrient management has recently been reported
through K- and N-doped amorphous calcium phosphate
[39]. Nitrogen incorporated through urea and nitrate by
modulating reaction conditions facilitates a slow release
owing to the two different chemical forms. The chemical state
of the metal plays a vital role as it decides the absorption
kinetics that determines the ease with which the roots absorb
it. Therefore, a suitable platform that can supply the metal in
an appropriate oxidation state becomes highly important.
The nano-sized surface layers of zeolites have the property
of slowly releasing metals which are used to deliver Fe’* ions
through the zeolite/Fe,O; nanocomposite [40], which has
potential for commercialization. A slow consistent release
of Fe nanoparticles was confirmed, though the specific effi-
ciency towards various crops needs to be determined.

5.2. Nanopesticides. The use of nanopesticides synthesised by
a green route is a well-recognised area. Pesticides in the nano
form are becoming a prominent part of agriculture due to
their ability to solve many problems pertaining to pesticide
toxicity. Nanopesticides can contain either the effective
ingredient in nanosize or the ingredient being doped with
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FiGure 2: Different types of nanostructured materials in practical
agricultural practice.

the nanomaterial, which improves the dispersibility, biologi-
cal compatibility, performance, shelf life, functionality, and
agricultural cost of pesticides and hence is considered to be
a better alternative to the traditional pesticides. Nisha Raj
et al. [41] have recently reviewed and elaborated on the var-
ious aspects of nanoagrochemicals such as nanoencapsula-
tion, methodologies involved in the synthesis, enhancement
of productivity in agriculture, influence on horticulture, and
contribution to crop conservation. One of the promising
applications of this technology is the regulated and con-
trolled release of pesticide chemicals which greatly reduce
waste pollution.

Graphene oxide is intelligently used as a nanocarrier for
revolutionizing the application of pyrethroid pesticide [42]
against spider mite which is a phytophagous mite pest. The
newly designed GO-pesticide nanocomposite is found to
exhibit a good loading capacity and has an excellent release
behaviour both indoor and field. A uniform dispersion and
effective adsorption on the cuticle of spider mites and bean
plant leaves demonstrate its efficiency and prospects for
practical applications.

Similar satisfactory results are also observed against
microbial pests Acidovorax oryzae along with Rhizoctonia
solani [43] for enhanced rice production by chitosan-
magnesium nanocomposite and a simple chitosan nanocom-
posite against Spodoptera litura [44] in the larval phase. The
former nanocombination, a native Bacillus sp. strain RNT3,
was utilized to prepare spherically shaped nanocomposite in
the range 29 to 60 nm which could destroy the cellular organ-
elles of the pathogen. Such biologically synthesised nanocom-
posites not only contribute significantly to pest management
but also can serve as a platform for degradation and removal
of pests after the intended use. An example of this kind of phe-
nomenon is reported on degrading acephate pesticide using
MCM-41/Co,;0, nanocomposite [45] prepared from rice husk
silica gel and peach leaves. The composite generates interme-
diates that are susceptible to visible light and highly sensitive
to photocatalytic activity. Apart from these, synthesis of silver
nanocomposites [46] using the extracts of bioactive red sea-
weeds has proved to possess nanopesticidal potential. Synthe-
sis involves reduction of Ag" to Ag’ using red seaweeds G.
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FIGURE 3: (a) Model diagram of magnetic collection of nanoparticles from soil; pH-responsively controlled-release pesticide suspension [48].

corticata, G. edulis, H. musciformis, and S. hypnoides indicated
by a clear change in color across 410 nm and 430 nm. One of
the prominent contributions to the green nanopesticides is
the synthesis of ZrO nanoparticles against twig blight disease
caused by the most deadly fungal pathogen of the past decade
Pestalotiopsis versicolor [47] in bayberry plant. Optimal activ-
ity of the nanooxide at 20 ugmL ™" was observed in inhibiting
twig blight on the leaf of these plants. A remarkable innova-
tion in this area is the development of pesticide-loaded mag-
netic nanocarriers such as high porosity diatomite/Fe;O,
and subsequent coating with chitosan, which enables pH-
responsive regulated release pesticide [48] that can be collected
by application of an external magnetic field as indicated in
Figure 3. This technique offers a high collection ratio without
harming the soil quality whose efficiency can be measured by a
magnetometer. These pesticide release systems attempt to
reinforce the efficacy, impact, and sustainability of nanotech-
nology as a substitute for toxic chemicals in agriculture.

5.3. Soil Quality and Water Retention. The depletion of soil
fertility on farmlands across the world is an issue that must
be addressed with serious attention to meet the needs of the
growing world population and social changes. In this
regard, nanotechnology, through its unique material prop-
erties, has the potential to improve soil quality or mitigate
nutrient imbalance by providing or carrying macro- and
micronutrients. The large surface area, high adsorption
capacity, and porous surface enable them to be controlled
by release and act as efficient vehicles by encapsulation to
carry the nutrients.

One of the serious concerns is the cadmium uptake by
plants triggered by the large content of Cd*" salts. Several
cases have been reported in which the large specific surface
area of nanomaterials helps in determining the uptake of
cadmium [49]. The effect exerted on the nutritional quality
includes absorption where Cd (II) is converted into an
exchangeable form that can be assimilated by the seedlings
or by a chemical transformation that increases the tolerance
to cadmium ions by a regulated metabolic pathway. A study
through an electrokinetic model [50] reveals Cd migration
that shows a high Cd®" adsorption efficiency up to
434.78 mg/g beyond pH 4. In addition, other metals such as
bivalent lead and copper [51] along with monovalent potas-
sium and sodium showed an active response. Such nanore-
mediation is also observed to reduce soil toxicity towards

other metal pollutants [52] using graphene oxide validated
by the Spanish official methodology, and few similar exam-
ples are listed in Table 2.

The techniques discussed so far can also be extended to
soils contaminated with more than one metal ion. Hybrid
bionanocomposites incorporating filamentous fungi [61]
have been popularly used recently in the immobilization of
Cd and Pb with Aspergillus niger found to be more efficient
than Penicillium chrysogenum. Both heavy metals were
found to be independently one to four times that of
nanohydroxyapatites.

Moreover, the uptake of metals is closely related to mois-
ture in the soil [62], and hence, the moisture content is con-
sidered to be a crucial parameter in most irrigational regimes
[63]. The integration of nanomaterials into conventional
agricultural practices can improve water-absorbing and
retention properties. A huge stride in this direction is the
development of low-cost superabsorbent nanocomposite
that can be used to encapsulate conventional fertilizers [64]
so that slow release is ensured as recommended by the Com-
mittee for European Normalization. A consistent release
under varying pH and different concentrations of saline
solutions proves its agricultural applications and water
retention capability. A similar functionality is exhibited by
xanthan gum-cl-poly (acrylic acid)/AgNPs hydrogel nano-
composite [65]. The embedded nanosilver particles which
are characterised by several analytical techniques enable
the composite towards water retention over sixty days. Also,
it is observed that the composite releases KClI in a kinetically
controlled manner with 5.458 x 10°° m*/h and 1.453 x 1077
m?*/h being the initial and final rate of diffusion coefficient,
respectively. These biopolymer-based hydrogel composites
have a dual advantage of soil conditioning and biodegrad-
ability. The novel application of this technology is reflected
in the development of carboxymethylcellulose along with
hydroxyethylcellulose bridged with citric acid [66] and
galactomannan fenugreek cross-linked by borax [67] where
the water retention time can be extended up to 2 to 11.5 days
at a temperature of 20°C with 60% humidity. The soil mixed
with the galactomannan-borax fenugreek galactomannan-
borax (FGB) increased the swelling index of sandy soil which
is an indication of the increase in the water retention time as
shown in Figure 4.

Despite the excellent efficiency exhibited by these water
holding materials, unification with clay composites and
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TaBLE 2: Examples of soil remediation using nano-based material.
Nanomaterial Dosage of nanomaterial Contaminant in soil Ref
Polyvinylpyrrolidone stabilized nano-zero-valent iron 00lg Trichloroethylene [53]
Nano-Fe/Cu 10 g per layer Nitrate ions [54]
Multiwalled carbon nanotubes 1, 2.5, 5wt% Cr(VI) [55]
Modified carbon black nanoparticle 1% w/w Petroleum [56]
Single-walled carbon nanotubes 0.058, 0.145, 0.29 wt% DDT [57]
Goethite nanospheres 0.5, 2, 5, 10 wt% As [58]
Nano-Fe,0,@C-COOH 0.6, 1.3, 2.0, 2.6, 3.3, 4.0 Wt% Pb [59]
Magnetite nanoparticles 1% w/w As [60]

machine installations would intensify water retention
through adoption of green nanomaterials.

5.4. Nanosensors. Biological entities have eased the under-
standing of nanoparticle-biomolecule interactions by induc-
ing positive responses in soils and plants. As conventional
sensors adopt tissue-destructive techniques and pose limita-
tions on precise measurements, most sensing systems per-
taining to agriculture now resort to green nanosensors that
can efficiently translate chemical reactions into quantified
voltages. Often, these nanosensors apart from holding sensi-
tive signalling molecules on their surface also possess anti-
microbial [68, 69] and antifungal [70] action.

Various novel receptors are designed to detect traces of
heavy elements such as Hg**, Pb**, and Cr®* that recirculate
in the food chain causing degenerative toxicity. Chitosan, a
naturally available polycationic linear long-duration poly-
saccharide originating from chitin, is interestingly widely
used in the area of nanosensors. The first-ever chitosan
capped gold nanoparticles act as a Hg (II) sensor [71] when
tested on agricultural soil which works on plug and play
mode and is found to be compliant with the “gold standard.”
Similarly, ryegrass, which aids the one-step synthesis of car-
bon dots [72], was found to be useful for chelating heavy
metals. Regarding chitosan-based nanocomposites, its asso-
ciation with the surface plasmon resonance phenomenon
makes it popular in building a detector for glyphosate [73]
and is considered a prominent herbicide highly polar and
water-soluble. Chitosan is composited with zinc oxide or
graphene oxide and coated onto the Au chip using the spin
coating technique as represented in Figure 5.

The sensor is widely used as a thin film probe for the on-
field detection of glyphosate in natural soil and waters. The
technique used resembles another sensor for glyphosate
made of a chitosan composite [74] with reduced graphene
oxide and carbon nanotubes with a double wall along with
Fe,O, with an octahedral configuration. The composite is
screen printed on gold electrodes forming an electroactive
surface area 1.7 times larger than the bare electrode. The
method analysed for river water samples utilised for agricul-
ture holds a great promise as an efficient sensing platform.

The report has inspired another chitosan composite
with carbon nanofiber with nanocopper as the supporting
matrix used to fabricate an electrochemical sensor for car-

Tap
water

FIGURE 4: (a) Saturation of sandy soil with tap water; (b) sandy soil;
(c) saturation of sandy soil with tap water along with fenugreek
galactomannan-borax hydrogel; (d) untreated sandy soil with low
porosity; (e) fenugreek galactomannan-borax hydrogel-treated
sandy soil with enhanced porosity [67].
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FIGURE 5: Scheme for the fabrication of surface plasmon resonance
sensor.

Surface plasmon
resonance sensor

bendazim [75], which is of great environmental interest.
The biocompatible chitosan functionalized platform of Cu-
containing carbon nanofiber has a high degree of selectivity,
a low detection limit, and a wide range of sensitivity 0.8-
277.0uM. The detection process is validated using real
soil-washed water samples from farmlands using linear
sweep voltammetry.

Several natural polymeric compounds are being explored
as a nanocompound sensing platform because they are
biodegradable and readily eliminated. Lignin, which is a
widely found phenolic polymer, is used to stabilize silver
nanoparticles which possess colorimetric sensing properties
[76], with respect to arsenic, iron, and lead in nanomolar
concentrations. A solution of 100 to 10 mM showed a red
shift, and a solution of 1M to 1nM showed a blue shift
due to metal reduction by nanosilver particles. Colorimetric
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TaBLE 3: Comparison of analytical methods of green nano-based sensors in agriculture.

Nanomaterial in sensor Sensing methodology Sensing target Limit of detection Ref
Thiol-gold Colorimetric Listeria monocytogenes 0.015 and 0.013ngmL™"  [79]
Fluorescent-SiO, Fluorescence Brucella spp 50 uL [80]
Bis-aniline-cross-linked Au Surface plasmon resonance Neomycin 2.00£0.21 pM [81]
Hyperbranched polyethyleneimine . I

scaffolds-AgNPs Fluorescence quenching Nitrite 100 nM [82]
FDH-single-walled carbon nanotube Electrochemical detection D-Fructose 1uM [83]
paste electrode

DLS-superparamagnetic beads—AuNPs  Dynamic light scattering Aflatoxin 37.7ngL™! [84]
AuNPs Immunodipstick Vitamin B12 1mgmL™’ [85]
MIP/sol-gel MWNTs-CS/GCE Electrochemical detection ~ Quinoxaline-2-carboxylic acid 4.4x107 mol L™ [86]
OVA-hapten conjugate and AuNPs Lateral flow immunoassay Sulfathiazole 15ngg! [87]
XOD/CHIT/Fe-NPs@Au/PGE Electrochemical detection Xanthine 0.1 uM [88]

detection is extended to detect a broad-spectrum pesticide
(0,0-diethyl-O-a-oximinophenyl cyanophosphorothioate)
[77]. The contribution of this sensor is remarkable as the
pesticide is popularly sold under the name “Phoxim” whose
residues are posing a threat to human health. The authors
used Lycii Fructus, a berry fruit, as a precursor to synthesise
the carbon dots functionalized with amino, hydroxyl, and
carboxyl groups that can hold silver nanoparticles. The
nanosilver particles synthesised indicate the presence of pes-
ticides by aggregation, which displays a color change from
yellow to red. The silver particles for colorimetric aggrega-
tion properties are used not only to detect pesticides but also
for pharmaceutical antibiotics used in treating infections. An
excellent successful exploration is to incorporate silver nano-
particles conjugated to green synthesised gentamicin [78].
The gentamicin sensor is a significant step in the prevention
of gentamicin-resistant bacteriocoenosis as it shows high
sensitivity in the range of 1-100 uM, along with detection
and quantification in the range of 0.29 uM and 1 uM.

These new sensors, which are adding to the list of exist-
ing systems as listed in Table 3, require no sophisticated
instruments and mark the beginning of a new age with nat-
urally derived, environmentally friendly green nanomonitor-
ing systems.

5.5. Limitations and Future Challenges. Although nanotech-
nology holds many promises in agricultural technology,
these compounds, being extremely small and highly soluble
and possessing high reactivity because of their large surface
area, may also have long-term effects leading to combined
toxicity. Additionally, these compounds may trigger altered
gene expression leading to nanogenetic manipulation with
a severe change in color, growth, reduced pollen, and yield.
Treating the root tips of Allium cepa with nanooxides is
reported to cause cellular deformation through chromo-
somal aberration. Among simple oxides such as Al,O,,
TiO,, and ZnO, abnormal anaphase accompanied by sticky
metaphase was exhibited by TiO, [89] in the concentration
range 0.1, 10, and 100 mg/L. The severity of aberration is
found to be maximum for TiO, and fairly lower in the case
of AL,O; and ZnO.

A similar comparative study between CuO-NPs and
AlL,O;-NPs of 18nm along with 21nm, respectively, is
exploring the extent of the internalization and translocation
in tomato plants [90]. The binding studies with TmDNA by
fluorescence quenching revealed a higher activity of CuO
nanoparticles compared to Al,O; nanoparticles.

There is also a possibility of these nanocompounds
entering the food chain. Some studies such as on soyabean
[91] where chemical damage is caused, rice suspension cells
[92] treated with multiwalled carbon nanotubes initiating a
self-defence response, and magnetic nanoparticles causing
brown spots on leaves of maize plantlets [93] due to genetic
deformation [94] also predict the interaction of nanocom-
pounds with plants leading to an imbalance in the uptake
of nutrients. The study of in vitro oxidative damage caused
by Ni nanoparticles, which triggers an antioxidant response,
affecting the growth of Lycium barbarum L [95], has been
shown to be highly damaging compared to its bulk counter-
part NiSO,.

These studies highlight the need for a deeper under-
standing of the vascular system of the plant with guided
administration to the targeted sites. The site-specific nano-
transfer potential could help to optimize the physiological
and biochemical usage of these compounds to maintain a
balance in plant hormones and nucleic acids in the localized
areas of plant tissues. The effect of nanoparticles on biolog-
ical pathways and the associated mechanistic factors hence
deserve a risk assessment procedure at the genomic or bio-
chemical level.

6. Conclusions

The application of nanotechnology at the global level has
made many agricultural procedures faster, cheaper, and
more accurate. Green nanotechnology with its eco-friendly
means of generating functionalized nanoparticles has a great
potential to dispense pesticides and fertilizers in a controlled
manner, thereby avoiding collateral damage. This area of
research has many novel solutions to offer in the area of
plant growth of development and could also permit rapid
advances in agricultural reproductive science. However,



effective commercialization of green nanotechnology still
requires a thorough understanding of these moieties with
biotic or abiotic components and the possibility of bioaccu-
mulation. The problems associated with safety issues, public
perception, scalability, and regulating processing costs are
the recognised future challenges in bringing green nanotech-
nology from R&D laboratories to industrial production. It is
high time for the governments and nongovernmental orga-
nisations across the world to come together to form com-
mon regulations and norms to strictly monitor the
commercialization and bulk usage of green nanocompounds
in the agricultural sector.

Data Availability

All relevant data are included within the article.

Conflicts of Interest

All authors declare that there is no conflict of interest.

Acknowledgments

The authors gratefully acknowledge the Deanship of Scien-
tific Research, King Khalid University (KKU), Abha-61421,
Asir, Kingdom of Saudi Arabia, for funding this research
work under grant number R.G.P1/183/41.

References

[1] O.R. Ernst, A. R. Kemanian, S. R. Mazzilli, M. Cadenazzi, and
S. Dogliotti, “Depressed attainable wheat yields under contin-
uous annual no-till agriculture suggest declining soil produc-
tivity,” Field Crops Research, vol. 186, pp. 107-116, 2016.

[2] J. Cuevas, L. N. Daliakopoulos, F. del Moral, J. J. Hueso, and
I. K. Tsanis, “A review of soil-improving cropping systems
for soil salinization,” Agronomy, vol. 9, no. 6, p. 295, 2019.

[3] J. Joo, S. Jeong, C. Zheng, C.-E. Park, H. Park, and H. Kim,
“Emergence of significant soil moisture depletion in the near
future,” Environmental Research Letters, vol. 15, no. 12, article
124048, 2020.

[4] R.Lal, “Soil organic matter content and crop yield,” Journal of
Soil and Water Conservation, vol. 75, no. 2, pp. 27A-32A,
2020.

[5] Y. G. Carvalho, L. C. Vitorino, U. J. de Souza, and L. A. Bessa,
“Recent trends in research on the genetic diversity of plants:
implications for conservation,” Diversity, vol. 11, no. 4, p. 62,
2019.

[6] Y.Lurwanu, Y.-P. Wang, E.-J. Wu et al,, “Increasing tempera-
ture elevates the variation and spatial differentiation of pesti-
cide tolerance in a plant pathogen,” Evolutionary
Applications, vol. 14, no. 5, pp. 1274-1285, 2021.

[7] X.-S.He, Y.-L. Zhang, Z.-H. Liu et al., “Interaction and coexis-
tence characteristics of dissolved organic matter with toxic
metals and pesticides in shallow groundwater,” Environmental
Pollution, vol. 258, p. 113736, 2020.

[8] A. F. Hamad, J.-H. Han, B.-C. Kim, and I. A. Rather, “The
intertwine of nanotechnology with the food industry,” Saudi
journal of biological sciences, vol. 25, no. 1, pp. 27-30, 2018.

Journal of Nanomaterials

[9] R. Ahmad, S. Srivastava, S. Ghosh, and S. K. Khare, “Phyto-
chemical delivery through nanocarriers: a review,” Colloids
and Surfaces, B: Biointerfaces, vol. 197, article 111389, 2021.

[10] K. Khosravi-Darani, A. da Cruz, M. Mozafari, Z. Abdi, and
N. Ahmadi, “Biosynthesis of metal nanoparticles by probiotic
bacteria,” Letters in Applied NanoBioScience, vol. 8, no. 3,
pp. 619-626, 2019.

[11] D. Séskova, J. Potizka, P. Kulich, A. gpanové, P. Divi§, and
B. Rittich, “Silver nanoparticles production with probiotic bac-
teria,” Materials Science Forum, vol. 851, pp. 32-36, 2016.

[12] S. B. Nadhe, R. Singh, S. A. Wadhwani, and B. A. Chopade,
“Acinetobacter sp. mediated synthesis of AgNPs, its optimiza-
tion, characterization and synergistic antifungal activity
against C. albicans,” Journal of Applied Microbiology,
vol. 127, no. 2, pp. 445-458, 2019.

[13] J. Markus, R. Mathiyalagan, Y.-J. Kim et al., “Intracellular syn-
thesis of gold nanoparticles with antioxidant activity by probi-
otic _Lactobacillus kimchicus_ DCY517 isolated from Korean
kimchi,” Enzyme and Microbial Technology, vol. 95, pp. 85-93,
2016.

[14] J.Li, Q. Li, X. Ma et al., “Biosynthesis of gold nanoparticles by
the extreme bacterium <em>Deinococcus radiodurans</em>
and an evaluation of their antibacterial properties,” Interna-
tional Journal of Nanomedicine, vol. Volume 11, pp. 5931-
5944, 2016.

[15] S.Riaz, Z. A. Raza, and M. I. Majeed, “Preparation of cadmium
sulfide nanoparticles and mediation thereof across poly
(hydroxybutyrate) nanocomposite,” Polymer Bulletin, vol. 77,
no. 2, pp. 775-791, 2020.

[16] M. N. Owaid, S. S. S. Al-Saeedi, and I. A. Abed, “Biosynthesis
of gold nanoparticles using yellow oyster mushroom _Pleuro-
tus cornucopiae_ var. _citrinopileatus_,” Environmental nano-
technology, monitoring & management, vol. 8, pp. 157-162,
2017.

[17] S. Tyagi, P. K. Tyagi, D. Gola, N. Chauhan, and R. K. Bharti,
“Extracellular synthesis of silver nanoparticles using entomo-
pathogenic fungus: characterization and antibacterial poten-
tial,” SN Applied Sciences, vol. 1, no. 12, p. 1545, 2019.

[18] L. Shokrzadeh, P. Mohammadi, M. R. Mahmoudian, W. J.
Basirun, and M. Bahreini, “L-Glycine-assisted synthesis of
SnO,/Pd nanoparticles and their application in detection of
biodeteriorating fungi,” Materials Chemistry and Physics,
vol. 240, article 122172, 2020.

[19] H. A. Ammar, A. A. Abd, E. Aty, and S. A. El Awdan, “Extra-
cellular myco-synthesis of nano-silver using the fermentable
yeasts Pichia kudriavzeviiHA-NY2 and Saccharomyces uvar-
umHA-NY3, and their effective biomedical applications,” Bio-
process and Biosystems Engineering, vol. 44, no. 4, pp. 841-854,
2021.

[20] V. P. Sur, M. Kominkova, Z. Buchtova, K. Dolezelikova,
O. Zitka, and A. Moulick, “CdSe QD biosynthesis in yeast
using tryptone-enriched media and their conjugation with a
peptide hecate for bacterial detection and killing,” Nanomate-
rials, vol. 9, no. 10, p. 1463, 2019.

[21] A. Sivaraj, V. Kumar, R. Sunder, K. Parthasarathy, and
G. Kasivelu, “Commercial yeast extracts mediated green syn-
thesis of silver chloride nanoparticles and their anti-
mycobacterial activity,” Journal of Cluster Science, vol. 31,
no. 1, pp. 287-291, 2020.

[22] H. P. Borase, C. D. Patil, R. B. Salunkhe, R. K. Suryawanshi,
B. K. Salunke, and S. V. Patil, “Catalytic and synergistic anti-
bacterial potential of green synthesized silver nanoparticles:



Journal of Nanomaterials

(23]

[24]

(25]

(26]

[27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

(35]

their ecotoxicological evaluation on Poecillia reticulata,” Bio-
technology and Applied Biochemistry, vol. 61, no. 4, pp. 385-
394, 2014.

B. A. Bello, S. A. Khan, J. A. Khan, F. Q. Syed, Y. Anwar, and
S. B. Khan, “Antiproliferation and antibacterial effect of bio-
synthesized AgNps from leaves extract of Guiera senegalensis
and its catalytic reduction on some persistent organic pollut-
ants,” Journal of Photochemistry and Photobiology. B,
vol. 175, pp. 99-108, 2017.

S. Waclawek, Z. Goncukovd, K. Adach, M. Fijatkowski, and
M. Cernik, “Green synthesis of gold nanoparticles using Arte-
misia dracunculus extract: control of the shape and size by
varying synthesis conditions,” Environmental Science and Pol-
lution Research International, vol. 25, no. 24, pp. 24210-24219,
2018.

I. U. H. Bhat, M. N. K. Anwar, and J. N. Appaturi, “Polymer
based palladium nanocatalyst for the degradation of nitrate
and Congo red,” Journal of Polymers and the Environment,
vol. 27, no. 7, pp. 1475-1487, 2019.

V.J. Garole, B. C. Choudhary, S. R. Tetgure, D. J. Garole, and
A. U. Borse, “Detoxification of toxic dyes using biosynthesized
iron nanoparticles by photo-Fenton processes,” International
journal of Environmental Science and Technology, vol. 15,
no. 8, pp. 1649-1656, 2018.

M. Nasrollahzadeh, S. S. Momeni, and S. M. Sajadi, “Green
synthesis of copper nanoparticles using _Plantago asiatica_
leaf extract and their application for the cyanation of aldehydes
using K,Fe(CN),” Journal of Colloid and Interface Science,
vol. 506, pp. 471-477, 2017.

R. Gopalakrishnan, B. Loganathan, and K. Raghu, “Green syn-
thesis of Au-Ag bimetallic nanocomposites using Silybum
marianum seed extract and their application as a catalyst,”
RSC Advances, vol. 5, no. 40, pp. 31691-31699, 2015.

A. Al-Asfar, Z. Zaheer, and E. S. Aazam, “Eco-friendly green
synthesis of [email protected] bimetallic nanoparticles: antiox-
idant, antimicrobial and photocatalytic degradation of bro-
mothymol  blue,”  Journal of  Photochemistry —and
Photobiology. B, vol. 185, pp. 143-152, 2018.

T. Sugai, H. Yoshida, T. Shimada, T. Okazaki, H. Shinohara,
and S. Bandow, “New synthesis of high-quality double-
walled carbon nanotubes by high-temperature pulsed arc dis-
charge,” Nano Letters, vol. 3, no. 6, pp. 769-773, 2003.

M. Santoro, F. A. Gorelli, R. Bini, J. Haines, and A. van der Lee,
“High-pressure synthesis of a polyethylene/zeolite nano-
composite material,” Nature Communications, vol. 4, no. 1,
2013.

X. W. Lou and H. C. Zeng, “Hydrothermal synthesis of a-
MoO;nanorods via acidification of ammonium heptamolyb-
date tetrahydrate,” Chemistry of Materials, vol. 14, no. 11,
pp. 47814789, 2002.

N. A. Khan, L. ]. Kang, H. Y. Seok, and S. H. Jhung, “Facile syn-
thesis of nano-sized metal-organic frameworks, chromium-
benzenedicarboxylate, MIL-101,” Chemical Engineering Jour-
nal, vol. 166, no. 3, pp. 1152-1157, 2011.

S. S. Takla, E. Shawky, H. M. Hammoda, and F. A. Darwish,
“Green techniques in comparison to conventional ones in the
extraction of Amaryllidaceae alkaloids: best solvents selection
and parameters optimization,” Journal of Chromatography.
A, vol. 1567, pp. 99-110, 2018.

H. Guo, J. C. White, Z. Wang, and B. Xing, “Nano-enabled fer-
tilizers to control the release and use efficiency of nutrients,”

(36]

(37]

(38]

(39]

(40]

[41]

(42]

[43]

(44]

(45]

[46]

[47]

(48]

Current Opinion in Environmental Science & Health, vol. 6,
pp. 77-83, 2018.

P. Sheoran, S. Grewal, S. Kumari, and S. Goel, “Enhancement
of growth and yield, leaching reduction in _Triticum aesti-
vum_ using biogenic synthesized zinc oxide nanofertilizer,”
Biocatalysis and Agricultural Biotechnology, vol. 32, article
101938, 2021.

M. Leonardi, G. M. Caruso, S. C. Carroccio et al., “Smart nano-
composites of chitosan/alginate nanoparticles loaded with
copper oxide as alternative nanofertilizers,” Environmental
Science: Nano, vol. 8, no. 1, pp. 174-187, 2021.

A. Abbasifar, F. Shahrabadi, and B. V. Kaji, “Effects of green
synthesized zinc and copper nano-fertilizers on the morpho-
logical and biochemical attributes of basil plant,” Journal of
Plant Nutrition, vol. 43, no. 8, pp. 1104-1118, 2020.

G. B. Ramirez-Rodriguez, G. Dal Sasso, F. J. Carmona et al,,
“Engineering biomimetic calcium phosphate nanoparticles: a
green synthesis of slow-release multinutrient (NPK) nanoferti-
lizers,” ACS Applied Bio Materials, vol. 3, no. 3, pp. 1344-1353,
2020.

H. Jahangirian, R. Rafiee-Moghaddam, N. Jahangirian et al., “<
p>Green synthesis of zeolite/Fe<sub>2</sub>O<sub>3</
sub> nanocomposites: toxicity & cell proliferation assays and
application as a smart iron nanofertilizer</p>,” International
Journal of Nanomedicine, vol. Volume 15, pp. 1005-1020,
2020.

S. Nisha Raj, E. S. Anooj, K. Rajendran, and S. Vallinayagam,
“A comprehensive review on regulatory invention of nano pes-
ticides in agricultural nano formulation and food system,”
Journal of Molecular Structure, vol. 1239, article 130517, 2021.
X. Gao, F. Shi, F. Peng et al., “Formulation of nanopesticide
with graphene oxide as the nanocarrier of pyrethroid pesticide
and its application in spider mite control,” RSC Advances,
vol. 11, no. 57, pp. 36089-36097, 2021.

T. Ahmed, M. Noman, J. Luo et al., “Bioengineered chitosan-
magnesium nanocomposite: a novel agricultural antimicrobial
agent against _Acidovorax oryzae_ and _Rhizoctonia solani_
for sustainable rice production,” International Journal of Bio-
logical Macromolecules, vol. 168, pp. 834-845, 2021.

S. K. Namasivayam, R. A. Bharani, and K. Karunamoorthy,
“Insecticidal fungal metabolites fabricated chitosan nanocom-
posite (IM-CNC) preparation for the enhanced larvicidal
activity - an effective strategy for green pesticide against eco-
nomic important insect pests,” International Journal of Biolog-
ical Macromolecules, vol. 120, no. Part A, pp. 921-944, 2018.
M. R. AbuKhadra, A. S. Mohamed, A. M. El-Sherbeeny, and
M. A. Elmeligy, “Enhanced photocatalytic degradation of ace-
phate pesticide over MCM-41/Co;0, nanocomposite synthe-
sized from rice husk silica gel and peach leaves,” Journal of
Hazardous Materials, vol. 389, article 122129, 2020.

T. A. Roseline, M. Murugan, M. P. Sudhakar, and
K. Arunkumar, “Nanopesticidal potential of silver nanocom-
posites synthesized from the aqueous extracts of red sea-
weeds,” Environmental Technology and Innovation, vol. 13,
pp. 82-93, 2019.

T. Ahmed, H. Ren, M. Noman et al., “Green synthesis and
characterization of zirconium oxide nanoparticles by using a
native Enterobacter sp. and its antifungal activity against bay-
berry twig blight disease pathogen Pestalotiopsis versicolor,”
NanoImpact, vol. 21, article 222, 2021.

Y. Xiang, G. Zhang, Y. Chi, D. Cai, and Z. Wu, “Fabrication of
a controllable nanopesticide system with magnetic



10

(49]

(50]

(51]

(52]

(53]

(54]

(55]

(56]

(57]

(58]

(59]

(60]

[61]

collectability,” Chemical Engineering Journal, vol. 328,
pp. 320-330, 2017.

M. Gao, X. Yalei, X. Chang, Y. Dong, and Z. Song, “Effects of
foliar application of graphene oxide on cadmium uptake by
lettuce,” Journal of Hazardous Materials, vol. 398, article
122859, 2020.

J. C. Xu, Q. Ma, C. Chen, Q. T. Wu, and X. X. Long, “Cadmium
adsorption behavior of porous and reduced graphene oxide
and its potential for promoting cadmium migration during
soil electrokinetic remediation,” Chemosphere, vol. 259, article
127441, 2020.

X. Zhang, X. Zhenlan, W. Mansha et al., “Potential environ-
mental risks of nanopesticides: application of Cu(OH), nano-
pesticides to soil mitigates the degradation of neonicotinoid
thiacloprid,” Environment International, vol. 129, pp. 42-50,
2019.

D. Baragaiio, R. Forjén, L. Welte, and J. L. Gallego, “Nanore-
mediation of As and metals polluted soils by means of gra-
phene oxide nanoparticles,” Scientific Reports, vol. 10, no. 1,
p- 1896, 2020.

H. Tian, Y. Liang, D. Yang, and Y. Sun, “Characteristics of
PVP-stabilised NZVI and application to dechlorination of
soil-sorbed TCE with ionic surfactant,” Chemosphere,
vol. 239, article 124807, 2020.

T. Shubair, O. Eljamal, A. M. E. Khalil, and N. Matsunaga,
“Multilayer system of nanoscale zero valent iron and nano-
Fe/Cu particles for nitrate removal in porous media,” Separa-
tion and Purification Technology, vol. 193, pp. 242-254, 2018.
Y. Zhang, J. Yang, L. Zhong, and L. Liu, “Effect of multi-wall
carbon nanotubes on Cr (VI) reduction by citric acid: implica-
tions for their use in soil remediation,” Environmental Science
and Pollution Research, vol. 25, no. 24, pp. 23791-23798, 2018.
J. Cheng, Z. Sun, Y. Yu, X. Li, and T. Li, “Effects of modified
carbon black nanoparticles on plant-microbe remediation of
petroleum and heavy metal co-contaminated soils,” Interna-
tional Journal of Phytoremediation, vol. 21, no. 7, pp. 634-
642, 2019.

J. Zhang, J.-L. Gong, G.-M. Zeng, H.-C. Yang, and P. Zhang,
“Carbon nanotube amendment for treating dichlorodiphenyl-
trichloroethane and hexachlorocyclohexane remaining in
Dong-ting Lake sediment - an implication for in-situ remedi-
ation,” Science of The Total Environment, vol. 579, pp. 283
291, 2017.

D. Baragaiio, J. Alonso, J. R. Gallego, M. C. Lobo, and M. Gil-
Diaz, “Zero valent iron and goethite nanoparticles as new
promising remediation techniques for As-polluted soils,” Che-
mosphere, vol. 238, article 124624, 2020.

C. Ma, F. Y. Liu, M. B. Wej, J. H. Zhao, and H. Z. Zhang, “Syn-
thesis of novel core-shell magnetic Fe<sub>3</sub>O<
sub>4</sub>@C nanoparticles with carboxyl function for
use as an immobilisation agent to remediate lead-
contaminated soils,” Polish Journal of Environmental Studies,
vol. 29, no. 3, pp. 2273-2283, 2020.

D. Baragaiio, J. Alonso, J. R. Gallego, M. C. Lobo, and M. Gil-
Diaz, “Magnetite nanoparticles for the remediation of soils co-
contaminated with As and PAHs,” Chemical Engineering Jour-
nal, vol. 399, article 125809, 2020.

Z. Yang, L. Liang, W. Yang et al., “Simultaneous immobiliza-
tion of cadmium and lead in contaminated soils by hybrid
bio-nanocomposites of fungal hyphae and nano-hydroxyapa-
tites,” Environmental Science and Pollution Research, vol. 25,
no. 12, pp. 11970-11980, 2018.

[62]

[63]

(64]

(65]

[66]

(67]

(68]

(69]

(70]

(71]

(72]

(73]

(74]

[75]

Journal of Nanomaterials

A. Stafford, P. Jeyakumar, M. Hedley, and C. Anderson, “Influ-
ence of soil moisture status on soil cadmium phytoavailability
and accumulation in plantain (Plantago lanceolata),” Soil sys-
tems, vol. 2, no. 1, p. 9, 2018.

Z. Zhang, X. Wu, C. Tu et al., “Relationships between soil
properties and the accumulation of heavy metals in different
Brassica campestris L. growth stages in a Karst mountainous
area,” Ecotoxicology and Environmental Safety, vol. 206, article
111150, 2020.

A. Olad, H. Zebhi, D. Salari, A. Mirmohseni, and A. R. Tabar,
“Slow-release NPK fertilizer encapsulated by carboxymethyl
cellulose-based nanocomposite with the function of water
retention in soil,” Materials Science and Engineering: C,
vol. 90, pp. 333-340, 2018.

J. Singh and A. S. Dhaliwal, “Water retention and controlled
release of KCI by using microwave-assisted green synthesis of
xanthan gum-cl-poly (acrylic acid)/AgNPs hydrogel nano-
composite,” Polymer Bulletin, vol. 77, no. 9, pp. 4867-4893,
2020.

S. Durpekova, A. Di Martino, M. Dusankova, P. Drohsler, and
V. Sedlarik, “Biopolymer hydrogel based on acid whey and cel-
lulose derivatives for enhancement water retention capacity of
soil and slow release of fertilizers,” Polymers, vol. 13, no. 19,
p. 3274, 2021.

C. Liu, F. Lei, P. Li, J. Jiang, and K. Wang, “Borax crosslinked
fenugreek galactomannan hydrogel as potential water- retain-
ing agent in agriculture,” Carbohydrate Polymers, vol. 236,
article 116100, 2020.

A. Rautela, J. Rani, and M. Debnath, “Green synthesis of silver
nanoparticles from Tectona grandis seeds extract: characteri-
zation and mechanism of antimicrobial action on different
microorganisms,” Journal of Analytical Science and Technol-
ogy, vol. 10, no. 1, p. 5, 2019.

S. Khodadadi, N. Mahdinezhad, B. Fazeli-Nasab, M. J. Heidari,
B. Fakheri, and A. Miri, “Investigating the possibility of green
synthesis of silver nanoparticles using Vaccinium arctostaph-
lyos extract and evaluating its antibacterial properties,” Ecology
and Biotechnological Applications of Biofilms, vol. 2021, pp. 1-
13, 2021.

E. K. Elumalai, T. N. Prasad, K. Venkata, P. C. Nagajyothi, and
E. David, “Green synthesis of silver nanoparticle using
Euphorbia hirta L and their antifungal activities,” Archives of
Applied Science Research, vol. 2, pp. 76-81, 2010.

K. Sadani, P. Nag, and S. Mukherji, “LSPR based optical fiber
sensor with chitosan capped gold nanoparticles on BSA for
trace detection of Hg (II) in water, soil and food samples,” Bio-
sensors & Bioelectronics, vol. 134, pp. 90-96, 2019.

A. Afonso Jr., F. T. Aquino, G. M. Dalmoénico, M. V. Nasci-
mento, E. Wrasse, and K. M. de Aguiar, “Green synthesis of
carbon nanodots from agro-industrial residues,” Carbon Let-
ters, vol. 91, 2022.

M. H. Do, B. Dubreuil, J. Peydecastaing et al., “Chitosan-based
nanocomposites for glyphosate detection using surface plas-
mon resonance sensor,” Sensors, vol. 20, no. 20, p. 5942, 2020.
C.T. Thanh, N. H. Binh, P. N. D. Duoc et al., “Electrochemical
sensor based on reduced graphene oxide/double-walled car-
bon nanotubes/octahedral Fe;O,/chitosan composite for
glyphosate detection,” Bulletin of Environmental Contamina-
tion and Toxicology, vol. 106, no. 6, pp. 1017-1023, 2021.

P. Sundaresan, F. Chun-Chieh, S.-H. Liu, and R.-S. Juang,
“Facile synthesis of chitosan-carbon nanofiber composite sup-
ported copper nanoparticles for electrochemical sensing of



Journal of Nanomaterials

[76]

(771

(78]

(79]

(80]

(81]

(82]

(83]

(84]

(85]

(86]

(87]

(88]

(89]

carbendazim,” Colloids and Surfaces A: Physicochemical and
Engineering Aspects, vol. 625, article 126934, 2021.

K. R. Aadil, N. Pandey, S. I. Mussatto, and H. Jha, “Green syn-
thesis of silver nanoparticles using acacia lignin, their cytotox-
icity, catalytic, metal ion sensing capability and antibacterial
activity,” Journal of Environmental Chemical Engineering,
vol. 7, no. 5, article 103296, 2019.

M. Zheng, C. Wang, Y. Wang et al,, “Green synthesis of carbon
dots functionalized silver nanoparticles for the colorimetric
detection of phoxim,” Talanta, vol. 185, pp. 309-315, 2018.

N. Ul Ain, Z. Aslam, M. Yousuf et al., “Green synthesis of
methyl gallate conjugated silver nanoparticles: a colorimetric
probe for gentamicin,” New Journal of Chemistry, vol. 43,
no. 4, pp. 1972-1979, 2019.

Z.Y. Fu, X. M. Zhou, and D. Xing, “Rapid colorimetric gene-
sensing of food pathogenic bacteria using biomodification-
free gold nanoparticle,” Sensors and Actuators B: Chemical,
vol. 182, pp. 633-641, 2013.

S. S. Vyas, S. V. Jadhav, S. B. Majee, J. S. Shastri, and V. B.
Patravale, “Development of immunochromatographic strip
test using fluorescent, micellar silica nanosensors for rapid
detection of _B. abortus_ antibodies in milk samples,” Biosen-
sors & Bioelectronics, vol. 70, pp. 254-260, 2015.

M. Frasconi, R. Tel-Vered, M. Riskin, and I. Willner, “Surface
plasmon resonance analysis of antibiotics using imprinted
boronic acid-functionalized Au nanoparticle composites,”
Analytical Chemistry, vol. 82, no. 6, pp. 2512-2519, 2010.

C. Chen, Z. Q. Yuan, H. T. Chang, F. N. Lu, Z. H. Li, and C. Lu,
“Silver nanoclusters as fluorescent nanosensors for selective
and sensitive nitrite detection,” Analytical Methods, vol. 8,
no. 12, pp. 2628-2633, 2016.

R. Antiochia, G. Vinci, and L. Gorton, “Rapid and direct deter-
mination of fructose in food: a new osmium-polymer medi-
ated biosensor,” Food Chemistry, vol. 140, no. 4, pp. 742-747,
2013.

7. Zhang, M. Lin, S. Zhang, and B. Vardhanabhuti, “Detection
of aflatoxin M1 in milk by dynamic light scattering coupled
with superparamagnetic beads and gold nanoprobes,” Journal
of Agricultural and Food Chemistry, vol. 61, no. 19, pp. 4520-
4525, 2013.

L. S. Selvakumar, K. V. Ragavan, K. S. Abhijith, and M. S. Tha-
kur, “Immunodipstick based gold nanosensor for vitamin B12
in fruit and energy drinks,” Analytical Methods, vol. 5, no. 7,
article 1806, 2013.

Y. K. Yang, G. Z. Fang, G. Y. Liu et al., “Electrochemical sensor
based on molecularly imprinted polymer film via sol-gel tech-
nology and multi-walled carbon nanotubes-chitosan func-
tional layer for sensitive determination of quinoxaline-2-
carboxylic acid,” Biosensors ¢ Bioelectronics, vol. 47,
pp. 475-481, 2013.

I. Guillén, J. A. Gabaldén, E. Nufiez-Delicado, R. Puchades,
A. Magquieira, and S. Morais, “Detection of sulphathiazole in
honey samples using a lateral flow immunoassay,” Food Chem-
istry, vol. 129, no. 2, pp. 624-629, 2011.

R. Devi, S. Yadav, R. Nehra, S. Yadav, and C. S. Pundir, “Elec-
trochemical biosensor based on gold coated iron nanoparti-
cles/chitosan composite bound xanthine oxidase for
detection of xanthine in fish meat,” Journal of Food Engineer-
ing, vol. 115, no. 2, pp. 207-214, 2013.

P. Debnath, A. Mondal, K. Sen, D. Mishra, and N. K. Mondal,
“Genotoxicity study of nano Al203, TiO2 and ZnO along with

[90]

[91]

[92]

(93]

[94]

[95]

11

UV-B exposure: An Allium cepa root tip assay,” Science of The
Total Environment, vol. 713, article 136592, 2020.

B. Ahmed, M. S. Khan, and J. Musarrat, “Toxicity assessment
of metal oxide nano-pollutants on tomato (_Solanum lycoper-
sicon_): a study on growth dynamics and plant cell death,”
Environmental Pollution, vol. 240, pp. 802-816, 2018.

J. H. Priester, Y. Ge, R. E. Mielke et al., “Soybean susceptibility
to manufactured nanomaterials with evidence for food quality
and soil fertility interruption,” ACS, vol. 7, pp. 2451-2456,
2013.

X.-M. Tan and B. Fugetsu, “Multi-walled carbon nanotubes
interact with cultured rice cells: evidence of a self-defense
response,” Journal of Biomedical Nanotechnology, vol. 3,
no. 3, pp. 285-288, 2007.

M. Racuciu and D. Creanga, “Biocompatible magnetic fluid
nanoparticles internalized in vegetal tissues,” Romanian Jour-
nal of Physics, vol. 54, pp. 115-124, 2009.

T. M. Klein, L. Kornstein, J. C. Sanford, and M. E. Fromm,
“Genetic transformation of maize cells by particle bombard-
ment,” Plant Physiology, vol. 91, no. 1, pp. 440-444, 1989.

M. Pinto, C. Soares, A. S. Pinto, and F. Fidalgo, “Phytotoxic
effects of bulk and nano-sized Ni on _Lycium barbarum_ L.
grown _in vitro_ - oxidative damage and antioxidant
response,” Chemosphere, vol. 218, pp. 507-516, 2019.



	Bioinspired Advances in Nanomaterials for Sustainable Agriculture
	1. Introduction
	2. Microbial Synthesis
	2.1. Bacteria
	2.2. Fungi
	2.3. Yeast

	3. Phytosynthesis
	4. Why Green Nanotechnology for Agriculture?
	5. Agro Applications of Bio-Based Nanomaterials
	5.1. Fertilizers
	5.2. Nanopesticides
	5.3. Soil Quality and Water Retention
	5.4. Nanosensors
	5.5. Limitations and Future Challenges

	6. Conclusions
	Data Availability
	Conflicts of Interest
	Acknowledgments

