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Metallic Nanoparticles and Nano-Based
Bioactive Formulations as Nano-Fungicides
for Sustainable Disease Management
in Cereals
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Abstract

The main challenge in disease management is to develop and enhance long-term
management strategies that diminish the pathogen’s ability to pose a threat in the
future. The use of fungicides and the planting of resistant varieties are two of the
most common ways to combat blast disease. Natural products, botanical extracts,
and nanoparticles have been increasingly used as safer antibacterial treatments
against plant infections in recent years. Plant tonics and extracts are environmen-
tally safe goods and there is no risk of resistance to their use, as there is with
traditional pesticides. The goal of the present chapter was to focus on the effect of
the application of these products on the causal agents of cereal diseases. In vitro
and in vivo tests were used to assess the impact of plant products or manufactured
nanoparticles on crop disease. Application of plant natural compounds
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suppressed mycelial growth and conidial growing conditions of fungus consider-
ably in vitro, with maximum suppression. Plant tonic application and
nanocarbons were likewise the most effective treatments in in vivo settings,
resulting in a considerable reduction in the area under the disease progress
curve (AUDPC) value when compared to the control. The application of plant
tonics and natural products resulted in a higher phenolic compound accumulation
and higher activity of peroxidase and polyphenol oxidase enzymes than the
control. Plant tonic, natural products, and nano-carbon treated rice plants showed
no phytotoxicity when compared to the control. The benefits of plant natural
products and nanoparticles in suppressing the rice blast disease were confirmed
by the findings presented in this chapter. As a result, their application may aid in
the development of appropriate managementmethods and provide the possibility
of a cleaner and safer agricultural environment.
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16.1 Introduction

Nanotechnology is rising in prominence as a result of its numerous agricultural
applications (Chowdappa and Gowda 2013; Ul Haq and Ijaz 2019). Among other
disease control measures, nanobiotechnology plays a vital role in early diagnosis,
presumed fungicides (nanofungicides), and is effective for fungicide distribution to
plants (Mishra and Singh 2015). It is this groundbreaking science that has
transformed the green revolution into the green nano-bio revolution. It is centered
on two parts: nanomaterial fabrication and implementation (Khan and Rizvi 2014).

Technology enables real-time tracking of agricultural crops for smart farming,
resulting in greater production with minimal input (Sharma et al. 2010a, b).
Herbicides and fungicides are extensively used, resulting in ecotoxicity and the
emergence of novel resistant phytopathogen species (Chen et al. 2015). As a result,
there is a pressing need to develop new approaches to managing crop diseases
(Vu et al. 2015). The use of environmentally friendly methods that produce less
toxic waste is urgently needed on a global scale. Scientists have become more aware
of the need to embrace and create “green synthesis” methodologies and techniques
as a result of this circumstance. Nanobiotechnology as a green chemistry strategy
aims to minimize the manufacturing of hazardous materials using nontoxic and
eco-friendly assets. As a result, utilizing biological agents (bio-macromolecules
and microorganisms) for nanoparticle production is a unique notion in green chem-
istry, opening up new paths for studying a wide range of biological species
(Chowdappa et al. 2013; Prasad et al. 2018).

Plant extract-based bio-reduction processes for nanomaterial generation involve a
variety of biomolecules, including polysaccharides, plant resins, organic



compounds, tannins, pigments, proteins, and enzymes (Nam et al. 2008; Prasad
2014) of green chemistry that connects microbial biotechnology and nanotechnol-
ogy. Inorganic chemicals are accumulated by microbes either inside or outside the
cell, and bio-reduce metals including copper, gold, platinum, silica, and silver to
produce nanoparticles (Prasad 2016).
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By improving sustainable agriculture, nanoparticles play a critical role in produc-
ing better food (Gruère 2012). A wide spectrum of phytopathogens causes damage to
crop plants, ornamental plants, and trees, resulting in significant economic damage.
Many of them have harmful consequences for human health. In the next half-
century, global food demand is predicted to double, posing a significant challenge
to food production losses (Tournas 2005).

Because of exhaustion during the application, photodegradation, and off-target
deposition, only a trace amount of fungicides and pesticides (0.1%) find the exact
site of action; these losses have an impact on the ecosystem and raise production
costs. When a fungicide or pesticide is implemented to target pathogens, it may alter
their population into new species or strains through genome recombination, resulting
in the evolution of new species with resistance to that fungicide or pesticide (Castro
et al. 2013; Chowdappa et al. 2013). The best method to deal with this problem right
now is to use nanomaterials in illness control, disease monitoring, and precise or
controlled dispersion of bioactive agents (Johnston 2010). These nanoparticles are
aimed at fixing specific agricultural issues, such as plant protection (disease control)
and crop improvement (Ghormade et al. 2011). Nanoparticles’ high surface-to-
volume proportion makes them more responsive and biochemically active. They
attach to pathogen cell walls, causing cell membrane distortion due to high-energy
transfer and causing the pathogen to die (Dubchak et al. 2010). These nanoparticles
or nanoparticle-based formulations form a robust nanoscale framework that allows
agrochemicals to be entrapped and encapsulated for gradual and targeted delivery of
their active components while also reducing agrochemical runoff into the environ-
ment (Chen and Yada 2011). As a result, this emerging science could play a critical
role in global sustainable agriculture. This chapter discusses the importance, pro-
duction, and properties of nanoparticles (particularly metallic nanoparticles) as well
as their use as nanofungicides for long-term disease management in plants (Gruère
2012).

16.2 Cu Nanoparticles (Cu-NPs) Fungicides Against Fusarium

16.2.1 Synthesis and Characterization of Copper Nanoparticles

Copper nanoparticles were created through the use of the cetyltrimethyl ammonium
bromide method (Kanhed et al. 2014). The process was optimized for the optimal
concentration of copper nitrate and cetyltrimethyl ammonium bromide (CTAB) in
terms of nanoparticle stability. The optimization study used 20 mL of copper nitrate
at room temperature, with concentration ranges of 0.010–0.100 M for cetyltrimethyl
ammonium bromide and 0.0010–0.0100 M for copper nitrate (Bramhanwade et al.



2016). Different concentrations of CTAB solution (0.001–0.01 M) and 20 mL of
CTAB solution (0.001–0.01 M) were prepared in isopropyl alcohol. Drop by drop,
copper nitrate solution was poured into the CTAB solution while vigorously stirring.
Copper nanoparticles have a well-known feature of easily oxidizing in the presence
of oxygen. This can be avoided by applying a capping agent to cover the
nanoparticles. In this method, the concentrations of copper nitrate and CTAB were
adjusted to produce copper nanoparticles. Copper nitrate at 0.003 M was discovered
to be the lowest concentration that might support copper nanoparticle production,
while CTAB at 0.02 M was determined to be the lowest concentration that might
support copper nanoparticle synthesis. Moreover, Kanhed et al. (2014) used a
comparable concentration of copper nitrate (0.003 M) but a larger concentration of
CTAB to synthesize copper nanoparticles (0.090 M). For the manufacture of copper
nanoparticles, different amounts of CTAB were used, including 0.087 M, 0.09 M,
and 50% (Zhang and Cui 2009). Upon adding copper nitrate to the CTAB solution
with continual swirling and magnetic stirring, the color shift for copper nanoparticles
was gloomy violet. Bahadory (2008) attributed the color change to surface
plasmonic stimulation in metal nanoparticles. The stability of the CTAB procedure
of copper nanoparticle manufacturing was one of its shortcomings (Shah et al. 2014).
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To determine the stability of copper nanoparticles, the zeta potential was
evaluated. It is based on charge behavior phenomena. Nanoparticles are said to be
unstable if their zeta potential value is between �30 and +30. The stability of
generated copper nanoparticles was taken into account when measuring the zeta
potential of various concentrations of copper nitrate and CTAB.

16.2.2 Antifungal Activity of Cu-NPs Toward Fusarium

The use of nanoparticles in a variety of disciplines has a principal impact on society
and the global economy. In a continuous flow mode, copper metals were success-
fully absorbed from polluted water using an alginate-immobilized water hyacinth,
i.e., Eichhornia crassipes, which serves as a potential biosorbent in acidic media
(Bramhanwade et al. 2016). Fusarium culmorum, Fusarium oxysporum, and Fusar-
ium equiseti belong to the Fusarium species. In barley and wheat, F. culmorum
causes pre-emergence cotyledon blight, root rot, foot rot, or head blight (Mesterhazy
et al. 2005).

Chickpea wilt, Fusarium crown, Fusarium head blight, yellows, black point
disease, corm rot, root rot, vascular wilt, or damping-off are all plant diseases caused
by F. oxysporum in spinach, sugarcane, lettuce, prickly pear, tomato, garden pea,
pansy, potato, cultivated zinnia, cowpea, and Assam rattlebox. F. equiseti is a soil-
dwelling parasite that can infect a range of crop seeds, roots, tubers, and fruits. It
causes disease in a broad range of crop plants (Raabe et al. 1981).

Copper nanoparticles were tested in vitro for antifungal activity versus three
different crop fungal pathogens: Fusarium sp., Fusarium oxysporum, or Fusarium
equise. Copper nanoparticles, interestingly, had a lot of effect against the crop
pathogenic fungi that were studied. Amphotericin B was utilized as a conventional



antifungal drug for antifungal action. Copper nanoparticles had the most action
versus F. culmorum, F. equiseti or F. oxysporum. Kanhed et al. (2014) discovered
in vitro antifungal activity of chemically generated copper nanoparticles combined
with the marketed antifungal drug Bavistin against four different plant pathogenic
fungi, including F. oxysporum, C. lunata, A. alternata and P. destructiva. Copper
nanoparticles have been known to be successful against a wide variety of plant
species.
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16.3 Iron Nanoparticle Biofabrication and Fungicidal Properties

Iron nanoparticles (FeNPs) are used in magnetic storage devices, ferrofluids, mag-
netic refrigeration systems (Ahmad et al. 2017), medication administration, hyper-
thermia, bio-separation, and magnetic resonance imaging (e.g., enzyme-linked
immunosorbent assay) (Sophie et al. 2008). FeNPs are used in a variety of
applications due to their high magnetism, tiny size, microwave absorption
capabilities, and low toxicity (Chang et al. 2011). FeNP has been created using a
number of chemical processes. Electrospray synthesis, microemulsions,
sonochemical reactions, chemical co-precipitation of iron salts, hydrothermal
reactions, sol–gel synthesis, and hydrolysis and thermolysis of precursors are some
of the popular methods used for FeNP synthesizing (Albornoz and Jacobo 2006).
Numerous scientists have created techniques for green synthesis of Fe3O4

nanoparticles in response to the requirement to produce beneficial formulations of
bioactive chemicals utilizing nanomaterials that are both environmentally and eco-
nomically beneficial (Venkateswarlu et al. 2013). Using phytochemicals to generate
iron oxide nanoparticles is also a simple, cost-effective, less poisonous, and environ-
mentally friendly method that has previously been used to make other heavy metal
nanoparticles. One of the major components in the antibacterial activity mechanism
can be active oxygen types created by these metal oxide materials. In this way,
nanoparticles of related metal oxides could be good antibacterial agents (Ales et al.
2009).

16.3.1 Plant Extracts Are Used to Produce Iron Oxide Nanoparticles

FeNPs were made utilizing processes that have previously been revealed (Xiulan
et al. 2013; Valentin et al. 2014). 6H2O was handled by 10% plant extract in a 1:
2 ratio with around 0.1 M FeCl2. The combination was thoroughly agitated at 100 �C
till the greenish hue entirely changed to a deep black solution. The solution was
seated for 72 h (on Petri plates) inside a 60 �C oven. Eventually, the blackish dry
matter was subjected to several characterization procedures.

16.3.1.1 FeNPs Characterization
Surface plasmon resonance (SPR) uptake transition is the most distinguishing
feature of nanoparticles. The yellow-colored reaction mixture turned dark brown



after overnight incubation in the dark. It could be due to the produced nanoparticles’
SPR excitation (Gopinatha et al. 2012). The reaction medium of iron chloride and
neem extract showed a strong peak at 272 nm, confirming the synthesis of FeNPs.
Due to N–H stretching and bending vibration of amine group NH2 and O–H
overlying and stretching mode of soluble neem leaf extract particles, the Fourier
transform IR spectroscopy (FTIR) summary of neem extract and FeNPs exhibited
continuous spectrum of about 3000 cm�1 focused at 3325 cm�1. Methyl C–H stretch
is indicated by peaks at 2916 and 2850 cm�1, whereas –CHO group of neem extract
is indicated by peaks at 1728 cm�1. The existence of ester linkages is noted by a
sharp peak at 1725 cm�1, whereas the peaks at 1522 and 1453 cm�1 in neem extracts
can be attributed to bending vibrations of aromatic nitro compounds and carbonate
ions, respectively. As reported earlier (Gotic et al. 2009), the band around 600 cm�1

revealed Fe O extending of FeNPs, indicating the synthesis of nanomaterials.
According to the general FTIR image, neem extract has the highest FeNP lowering
potential, which has been validated by other investigations.
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The FeNPs are grouped and embedded in plant components due to the presence of
plant detritus. Nanoparticles were discovered to have an average size of 20–80 nm.
SAED (selected area electron diffraction) reveals that FeNPs have a less crystalline
structure. Along with FeNPs, bio-coatings were apparent, confirming neem extract’s
capacity to intervene as a protective coating for FeNPs. In FeNPs, the XRD report
reveals a thick downward slope with no sharp peaks. In FeNPs, there were no
diffraction pattern peaks associated with the prolonged crystalline form. Rather, a
wideband appears, which is characteristic of nebulous and ultra-small crystal
structures, with poorly defined diffraction patterns. Previous research on plant
extract-based FeNP synthesis has found the same things (Mahnaz et al. 2013;
Monalisa and Nayak 2013).

16.4 Green Synthesis of Zinc Oxide Nanoparticles

Research on nanoparticles is being conducted for its potential, especially in biomed-
ical research, converting agriculture and food wastes to fuel and other useful residues
via enzyme nano-bioprocessing, and managing phytopathogens in agriculture using
various types of nanocides (Joshi et al. 2019; Ahmad et al. 2020; Nandini et al. 2020;
Sangeetha et al. 2017), as well as, drug delivery and bioimaging probes, have proved
to have a wide variety of functions in molecular diagnostics, detection, and micro-
electronics (Sangeetha et al. 2017). ZnONPs have a unique feature towards bacterial
cellulase, which was discovered by studying the creation of hydrogen peroxide on
the exterior of ZnONPs (Sharma et al. 2010a, b). The antibacterial properties of
nanomaterials have been shown to be more effective than zinc oxide (Kumar et al.
2014). This is because smaller particles have a higher surface-to-volume ratio, with
strong antibacterial properties (Kumar et al. 2014; Sharathchandra et al. 2016).
ZnONPs are also excellent photocatalysts, which are used to sanitize wastewater
and degrade or decrease herbicides and pesticides. Hydrothermal synthesis
(Thilagavathi and Geetha 2014), electrochemical approach, mechano-chemical



method, laser ablation, sono-chemical, and polyol methods are some of the com-
mercial routes for ZnONPs manufacture (Muneer et al. 2015), sol-gel method,
precipitation method, microwave technique, and vapor-phase transport method
(Wang et al. 2014), and by aerosol process (Ozcelik and Ergun 2014). These
approaches can be used to make nanoparticles using either chemical or plant-derived
materials. The chemical production of metal nanoparticles necessitates the use of
synchronized conditions and specific external catalysts. In the case of plant-derived
nanoparticles, plants secrete catalysts in the form of co-enzymes that are non-toxic
and environmentally friendly reactants, and the reaction takes place at room
temperature.
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16.4.1 Biomaterial Preparation

As a bio-reducing agent, Eucalyptus globulus leaves have been chosen for prepara-
tion. Plant materials have been shade-dried, cleaned in distilled water, sterilized for
30 s with mercuric chloride (0.1%), and washed five times with sterile water, and
then shade-dried again. Using a laboratory blender, the leaves were grinded and
utilized for additional research. Fifteen gram of leaf powder has been mixed with
200 mL of deionized water in a flask and incubated for 6 h in a shaker at 80 �C and
1500 rpm. The extract was centrifuged at 10,000 rpm for 10 min before being filtered
through Whatman No. 1 paper to achieve a completed volume of 100 mL (Ahmad
et al. 2020).

16.4.2 Phytosynthesis of Zinc Nanoparticles

In a plant extract solution, 1 mM of zinc nitrate hexahydrate (Zn(NO3)2�6H2O) was
postponed in a 1:2 ratio with continuous stirring and was agitated at 150 �C for 2–3 h
after it was completely dissolved, and the supernatant was discarded. The solid was
centrifuged two times at 6000 rpm for 10 min each time before being cleaned and
dehydrated at 80 �C for 5–6 h. Dry particles have been kept at room temperature till
they change color before being used in future studies (Ahmad et al. 2020).

16.4.3 Formation of Zinc Nanoparticles

E. globulus leaf extracts were used to make zinc oxide. The color change from
colorless to pale yellow confirmed the production of ZnONPs. Other metals have
been reported to have color changes that indicate preliminary confirmation of the
creation of nanoparticles (Joshi et al. 2019). The presence of ZnONPs is confirmed
by the color change in the reaction mixture caused by surface plasmon resonance
(Shekhawat et al. 2014). Without any additives or reactions, plant-derived
nanomaterials respond quickly at room temperature (Ahmad et al. 2020). When
compared to other techniques like physical, chemical, biological, or hybrid



approaches, which require additional power and may introduce dangerous materials
that lose their consistency, this method is simple and best suited for measuring
biological activity.
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16.4.4 Characterization of ZnNPs

SEM pictures of ZnONPs produced utilizing E. globulus extract demonstrate that
agglomerations of molecules were more common when this technique of production
was used. The presence of biological material in the sample is confirmed by the
clustered form of nanoparticles. The shape and size of created ZnONPs were
discovered utilizing TEM. The resulting ZnONPs were often circular, with some
extended particle sizes ranging from 52 to 70 nm. E. globulus extracts have
previously been shown to behave as an active template during synthesis, avoiding
the agglomeration of nanoparticles generated (Gnanasangeetha and Sarala 2013).

16.4.5 Antifungal Activity of ZnONPs

ZnONPs are inorganic nanoparticles that have multiple functions, including
antibacterial capabilities. The rate of antifungal activity of ZnONPs produced with
E. globulus extract was higher than that of Zn bulk material. The activity of ZnONPs
had been dose-dependent; at 25 ppm, there was reasonable to fine suppression,
followed by a considerable rise in pathogen inhibition at higher concentrations of
50 and 100 ppm (Sharma et al. 2010a, b). In comparison to synthetic ZnONPs, green
ZnONPs demonstrated a significant improvement in biological activity against a
variety of diseases. Eman et al. (2013) discovered t hat ZnONPs have antifungal
action toward Microsporum canis, Candida albicans, Aspergillus fumigatus, and
Trichophyton mentagrophyte (Eman et al. 2013). The synergetic effect of ZnONPs
and Eucalyptus globulus extracts in equal proportion on fungal mycelial growth was
assessed. In the instance of B. dothidea and A. mali, the synergetic activity resulted
in a total suppression (100%) of the mycelium at 100 ppm.

16.4.5.1 Fungi Treated with Zinc Nanoparticles Under Microscope
Microscopic examination revealed a rupture at the hyphae tip, which is a site for the
generation of new conidia, as well as unconnected conidia in two fungi. The
discharge of cellular components could be triggered by damage to the fungal
hyphae’s surface caused by hyphal contraction. Water-treated hyphae, on the other
hand, are unaffected by hyphal injury (Shetty et al. 2019).

16.4.5.2 Effects of ZnONPs on Fungal Mycelia as Examined by SEM
The influence of nanoparticles on developing hyphae was studied under the micro-
scope, and it was discovered that ZnONPs visibly harmed D. seriata hyphae, but
hyphae handled with water appeared to be unaffected. Under treatment with
nanoparticles, distortions and injuries of D. seriata hyphal cell wall, degeneration



of sexual organs, and serious damaged hyphal wall layers resulted in severely
fractured hyphal wall layers retaining few and shrunken hyphae. Surprisingly,
these changes in mycelium structures had no effect on the fungus’s life cycle.
Villamizar-Gallardo et al. (2016) made a similar observation claiming that produced
AgNPs cause significant structural damage to Aspergillus flavus, but have no effect
on the fungus’s life cycle creation.
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16.5 Metallic MgO Nanoparticles

As scientific knowledge has advanced, developing unique alternative techniques for
managing soilborne fungal infections has become increasingly desirable (Chen et al.
2020). Magnesium oxide nanomaterials (MgONPs) have been acknowledged by the
US Food and Drug Administration as safe disinfection agents with no toxic
consequences, and they have significant potential in medical therapies and water
disinfection (Chalkidou et al. 2011). Furthermore, earlier research has shown that
MgONPs can be employed as microbicide in vitro versus gram-positive (Staphylo-
coccus aureus, Bacillus subtilis) and gram-negative (E. coli) bacterial and fungal
pathogens. MgONPs’ antibacterial activity is influenced by their pH, size, concen-
tration, or shape (Parizi et al. 2014).

These toxic effect processes, unlike agro-chemicals, quite probably result from
immediate physiochemical deletion upon contact, which prevents the disintegration
of vegetative fungal spores by producing malic acid and amino acids. Numerous
findings have argued that the production of ROS and their buildup in cells is an
actual mechanism of metal nanomaterials’ antibacterial pathogen defense; this is
especially true since ROS formation directly limits a cell’s ability to reproduce
(Chen et al. 2014). Disinfection of microorganisms is assumed to be based on direct
contact among biological cells and nanomaterials (Zhao et al. 2018a, b). Superoxide
ion production on the exterior of MgONPs, for example, disrupts peptide
connections in the bacterial cell membrane. Ralstonia solanacearum, a medicinal
and foodborne pathogen, has shown antibacterial potential, successfully lowering
agricultural bacterial and fungal infections (Sierra-Fernandez et al. 2017). Despite
this, little study has been done on the impacts of MgONPs on fungal infections or
complex antimycotic processes. MgONPs could be antifungal by acting directly on
fungal cells. Most importantly, an ideal agricultural microbicide would be free of
phytotoxicity, which is critical for environmentally friendly and sustainable agricul-
ture. Foliar spray of MgONPs as nanoscale fertilizers or optical absorption boosters
substantially boosted crop growth, which was very exciting (Cai et al. 2018). It also
showed that Chen et al. (2020) looked into how MgONPs antifungal mechanisms
worked against phytopathogenic fungi. This was in comparison to macroscale MgO
(mMgO) antifungal mechanisms.
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16.5.1 Synthesis of MgONPs

Under vigorous stirring, 10 mL of Carica papaya L. leaf extract was progressively
combined with 50 mL of 0.1 M magnesium nitrate solution. As a result, some white
precipitates, primarily composed of Mg(OH)2, were identified. To remove any
remaining impurities, the material was centrifuged three times with deionized
water at 5000 rpm for 10 min. Finally, the precipitate was dehydrated at 100 �C
and calcined at 400 �C to yield MgONPs (Oladipo et al. 2017).

16.5.2 Characterization of MgO Nanoparticles

Several methods were used to characterize the MgONPs, including morphological
structure and aggregation state analysis. Nanoparticles were irregularly spherical and
had a size distribution of 100 nm. Nanoparticles, on the other hand, tended to clump
together in stacks, as shown by TEM pictures of the nanoparticle morphology,
showing poor dissolvability because of van der Waals (vdW) force (Stabryla et al.
2018). The SAED pattern of MgONPs confirms the material’s nanocrystalline
structure as well as its ability to be archived into the cubic structure of MgONPs,
which is consistent with XRD analysis (Makhluf et al. 2005). In HRTEM image, the
interplanar distance between interlayer outskirts is 0.237 nm. The (111), (200),
(220), (311), and (222) crystallographic planes of face-centered cubic (FCC)-
structured MgO nanoparticles were attributed to only a few strong peaks situated
at 36.95, 42.92, 62.30, 74.76, and 78.61, respectively, according to classic XRD
spectra (Fig. 16.1a–e).

16.5.3 Fungitoxic Mechanism of MgO Nanomaterials

Among all testing conditions, MgONPs reduced both fungi’s mycelial development,
exhibiting significant concentration-dependent toxic impacts that were consistent
with many other metallic nanomaterials (Sun et al. 2018). On the third day, the mean
mycelial size of colonies grown on plates containing 125–500 g/mL nanoparticles
were 2.1, 1.32, and 0.63 cm, and on the fifth day, it was 5.84, 3.17, and 0.63 cm for
P. nicotianae; these were much lower groups (Fig. 16.2a). Untreated samples, on the
other hand, obtained values of up to 6.21 and 8.3 cm at similar intervals. T. basicola
mycelia grew slowly in comparison to controls, and flagellated colony expansion
was significantly reduced after 10 and 20 days of incubation, with 1.89 and 3.18 cm
after 250 g/mL MgONPs, and 2.09 and 2.96 cm after 500 g/mL MgONPs
(Fig. 16.2b). Despite the fact that 125 g/mL MgONPs also had no effect on colony
size, closer examination revealed a loosening of the mycelial structure as compared
to the control group’s thick and dense colony. Both fungi’s hyphae developed slowly
after 5 and 20 days of incubation. In comparison, we used the same approach to
investigate the biocidal activity of mMgO (Makhluf et al. 2005).
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Fig. 16.1 (a) Inset of representative transmission electron microscopy (TEM) photos of produced
MgO nanomaterials with selected area electron diffraction (SAED) patterns (MgONPs). (b) High
magnification of MgONPs. (c) Size distributions of nanoparticles (D,E) X-ray diffraction (XRD)
and X-ray photoelectron spectroscopy (XPS) survey spectrum of nMgO. The inset plot indicates the
strong XPS scan spectrum of nanoparticles in Mg 2p and Mg 2s spectral areas (Chen et al. 2020)
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Fig. 16.2 P. nicotianae (a) and T. basicola (b) mycelium colony diameter upon 5 and 20 days of
application to oatmeal agar (OA) and potato dextrose agar (PDA) media varying concentrations
(0, 125, 250, 500 g/mL) of MgO particles or (MgONPs) particles, respectively (Chen et al. 2020)
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The results demonstrated that mMgO followed the same concentration-dependent
pattern as two types of fungus that were treated with MgONPs. Surprisingly,
P. nicotianae hyphae growth was substantially hindered, despite T. basicola toxicity
being quite low. Diameters of two hyphal colonies cultivated for 10 and 20 days in
media containing 125 and 250 g/mL mMgO, respectively, compared with those of
control were not statistically different, while control exhibited thinner mycelia.
Especially for T. basicola and P. nicotianae growth inhibition rates were 29.63%,
61.8%, 92.4% and 0%, 60.88%, 63.59%, upon MgONPs treatment for 5 and
20 days, whereas mMgO treatment caused 11.46%, 40.0%, 84.80% and 2.91%,
10.00%, 16.10% inhibition rates. In other words, as the incubation time increased,
the growth suppressive impact of nanoparticles became stronger. It’s possible that
when original normal hyphae came into contact with MgONPs, they were severely
injured, and the compromised fungal hyphae kept growing, but at a much slower
rate. During the incubation period, it appears that the antifungal activity of
nanoparticles diminished progressively. Importantly, the antifungal activity of
MgONPs was dose-dependent, similar to other metallic oxide nanoparticles and
carbon-based nanomaterials (Chen et al. 2016a). It’s worth noting that mMgO
fungistatic activity was not as high as that caused by MgONPs. Metal oxide
nanoparticles have been shown to be more harmful to bacteria, fungus, and plants
than their bulked counterparts (Heinlaan et al. 2002). TiO2, CuO, and ZnO
nanoparticles had also exhibited distinct antifungal action against numerous
phytopathogens, including Gloeophyllum trabeum, Lycopersicon esculentum,
Tinea versicolor, Botrytis cinerea, Fusarium oxysporum, and Pseudoperonospora
(Terzi et al. 2016; Hao et al. 2017). It is the result of increased effective surface area,
i.e., compact size that enhances the chances of nanoparticles contacting biological
samples, allowing for a broad variety of diverse interactions in nanobiosystems.
Further theory holds that when nanoparticles interact with biological cells and
membranes, they form a variety of cell-nanoparticle interfaces including protein
corona creation, particle encasing, or even intracellular utilization (Nel et al. 2009).

16.5.4 Repression of Conidial Spore Germination and Sporangium
Formation

Spores are the smallest propagative components of fungal infections; they signifi-
cantly contribute to the pathogenic achievement of hosts and have a modest dormant
survival potential, such that spore regeneration is required; this is the most important
stage in the development of vegetative and reproductive protonema. In the following
study, to further test the fungicidal efficiency of nanomaterials, conidial spores of
fungal species were assessed for the existence of MgONPs and mMgO (Judelson and
Blanco 2005). Microscopy photos of T. basicola and P. nicotianae spore detentions
after incubation with various concentrations demonstrated a significant reduction in
spore germination rate, when compared to untreated fungus acting as control
samples (approximately complete germination). There was no germination when
fungal spores were incubated at their greatest dosage, indicating that they had



complete sporicidal effects. The MgONPs have shown a stronger sporicidal effect
than MgONPs and that the antagonistic impact on spore development is as strong as
the effect on mycelial growth. On the other hand, MgONPs had a significant impact
on sporangium production. As shown in Fig. 16.3, sporangia of T. basicola and
P. nicotianae developing in the control group contained a lot of conidia. Neverthe-
less, the number of sporangia and their morphology pattern were significantly
reduced in the MgONPs-exposed group at the concentrations tested, which can be
attributed to the hypothesis that profoundly directs nanomaterial-hyphae interaction;
this disrupts cellular protein and chemical characteristics that are implicated in
sporangium forming (Chen et al. 2016a). The T. basicola sporangial wall’s outer
electron-dense layer had disappeared, and the sporangium’s structure was loosening
(red arrow). However, after 500 g/mL of mMgO treatment, there was a moderately
substantial suppression of sporangia production, indicating that mMgO had a mild
fungistatic impact (Fig. 16.3). In vivo and in vitro, metals, metal oxide
nanomaterials, single-walled carbon nanotubes (SWCNTs), multi-walled carbon
nanotubes (MWCNTs), and graphene have all been shown in studies to have
sporicidal properties against a variety of phytopathogenic fungi (Liu et al. 2017a, b).
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Fig. 16.3 Microscopic photos of P. nicotianae (a, b) and T. basicola (c, d) sporangia after
co-culture with tested concentrations of MgONPs and micro-Mgo particles, respectively (Chen
et al. 2020)

Wani and Shah (2012) observed the nanotoxicity of MgONPs on many agricul-
tural pathogenic funguses and considerable suppression of spore development of
Mucor plumbeus, Rhizopus stolonifer, F. oxysporum, and Alternaria alternata.
MgONPs were recently discovered to inhibit sporulation in seven distinct
rot-causing fungi (Aspergillus alternata, Aspergillus niger, M. plumbeus,
Trichothecium roseum, Penicillium chrysogenum, Rhizoctonia solani, and Penicil-
lium expansum) with no reason. Also, a comparative toxicity experiment was
performed on metal nanoparticles’ antifungal effectiveness toward seven species
of major foliar and soilborne plant diseases, including B. cinerea, A. alternata,
Verticillium dahlia, Monilinia fructicola, and Fusarium solani. Copper
nanoparticles (CuNPs) have been found to be most impactful on the majority of
fungal spores studied, followed by zinc oxide nanoparticles (ZnONPs), which were
also more poisonous than advertising fungicide Cu(OH)2 (Malandrakis et al. 2019).



Nevertheless, there was no proof of their antifungal mechanisms. In this respect, we
discovered that MgONPs can inhibit sexual reproduction in fungal cells, and future
research will look into why MgONPs causes such great sensitivity in fungal cells.
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16.5.5 Direct Physical Connection of Nanoparticles with Fungal Cells

Several investigations have shown that manufactured nanomaterials come into direct
contact with biological tests such as bacteria, fungi, and cells, as well as exterior
adhesion and cell absorption patterns (Rodriguez-Gonzalez et al. 2016). Certain
metal oxide nanomaterials bond to the surfaces of harmful bacteria, as predicted
(Jiang et al. 2009). The authors used SEM/EDS to examine morphological changes
in live cells and visually detect the existence of nanoparticles on hyphae to investi-
gate the impact of MgONPs on fungal hyphae.

In this experiment, two types of vegetative mycelia were generated and cultured
for 3 h with varied quantities of nanoparticles before being supported on the grid and
observed. T. basicola and P. nicotianae were treated with MgONPs at 500 g/mL,
which resulted in clearly undesirable changes after crumbled morphologies under
SEM upon exposure. That preserved a filled, uniform, and well-developed tube-like
formation. Sunken and bloated, mycelia developed an aberrant structure. In this
experiment, two types of vegetative mycelia were generated and cultured for 3 h
with varied quantities of nanoparticles before being supported on the grid and
examined. T. basicola and P. nicotianae were exposed to MgONPs at 500 g/mL,
which resulted in a clearly undesired alteration, which preserved a complete, consis-
tent, and well-developed tube-like shape under SEM upon treatment. Mycelia sunk
and bloated, and they evolved an abnormal structure. EDS was utilized to evaluate if
ether MgONPs was present in or on fungi, or to validate the chemical makeup of
associated agglomerates because it could trace the atomic number of every atom in a
substance (Rodriguez-Gonzalez et al. 2016).

Furthermore, the presence of MgONPs on the hyphal exterior has been
established, resulting in cell membrane local disruption. The presence of MgONPs
in the cell membrane was investigated as well. These findings back up the theory that
metal-based nanoparticles have particle-specific antifungal mechanisms (Stabryla
et al. 2018). Furthermore, TEM photos demonstrated that regulated fungal mycelia
had normal dense cytoplasm with regular organelle distribution and typical inner and
outer cell wall layers.

In summary, the first steps are thought to be harmful to the exterior cell membrane
and downregulation of the cellular membrane; as a result, a sequence of essential
reactions occur, including successive nanomaterial uptake and communication to
biological components such as lipids, DNA, and protein, leading to apoptosis.
Aggregation circumstances, geometry, size, and physical qualities all influence the
inactivation effects of nanoparticles (Herd et al. 2013). Numerous studies using
nanomaterials which physically coated and permeated bacterial membranes
demonstrated that they behaved differently than one’s microscale aggregates, such
as Al2O3 or SiO2 in comparison to their microscale aggregates (Xue et al. 2014). It



appears that understanding the underlying mechanism requires mechanistic interfa-
cial contact among nanoparticles and biological membranes (Sharma et al. 2015).
Cell wall structure and composition of fungus could be to blame for these events.
Chitin, 1,3 glucans, and 1,6 glucans, as well as a variety of glycoproteins, make up
the hyphal cell wall (Brown et al. 2015). Adhesins, or glycoproteins, play a role in
adhesion to inorganic or organic surfaces, as well as host–pathogen interactions.
Agglutinin-like sequence (ALS) and glycosylphosphatidylinositol (GPI)-modified
cell membrane protein families are two main members (Bamford et al. 2015).
Nanoparticles, for instance, can behave like promoters, encouraging direct interac-
tion in the same way as carbon nanotubes (CNTs) drive pathogen agglomeration.
Sugar-based ligands have been added to CNTs, which are recognized by receptors
on Bacillus spore surfaces (Luo et al. 2009).
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16.5.6 Membrane Destabilization in Fungal Cells

In addition, the contribution of glycoproteins to the negative charge of the fungal cell
wall cannot be overlooked. Outstanding nanoparticle–cell aggregates that have been
found in previous findings of the antibacterial activity of a series of nanoparticles
could be mediated by electrostatic contact (Chen et al. 2016a, b). MgONPs and
graphene were discovered to be directly bound to phytopathogens, altering cell
membrane potential and energy metabolism (Cai et al. 2018). Enhanced adhesion
caused by MgONPs adsorption on fungal cells should, in theory, alter membrane
potential. Pan et al. (2013) suggest that the Zeta potential of fungal cells has been
altered by electrostatic forces among positive-charged MgONPs and fungi, allowing
MgONPs to come into close contact with the cell surface and deposit (Pan et al.
2013). Reduced electric repulsive forces resulted in improved antifungal medication
adhesion to microorganisms. As a result, as indicated by the SEM and TEM photos
discussed above, nanoparticles may be capable of physically harming the cell
envelope (Sharma et al. 2015). Leung et al. (2014) discovered that MgONPs
effectively conversed with Escherichia coli, causing downregulation of membrane
proteins like connection porins and ion channel proteins and disruption of proteins
associated with membrane lipid metabolism, resulting in cell lysis. Because the
internal membrane was directly touched by MgONPs, the nanoparticle–cell interface
was extremely diversified. Nanomaterials, afterwards, stimulated vibrant
physiochemical conversations that were motivated by adhesion forces that could
emerge from specific or non-specific conversations like electrostatic, hydrophobic
forces, twisting, vdW, and deforming membranes and rising cytoplasmic membrane
permeability to nanomaterials (Wu et al. 2015).

16.6 Fungal Cells’ Oxidative Stress Responding

More research is needed to investigate if nanoparticles generate subcellular or cell
membrane oxidative stressors, which has been previously assumed to be the most
conceivable method for nanomaterials in living organisms, given the significant



activity of MgONPs versus fungal cells in response to direct interaction. After
treatment with modest concentrations of MgONPs, bacterial Ralstonia
solanacearum cells accumulated ROS (Cai et al. 2018). This is due to the fact that
metal nanoparticles’ free radicals can damage lipids in bacterial cell membranes
(Lopes et al. 2016). However, when fungal pathogens react with nanoparticles,
oxidative stress has not been examined. Various species are reported to be the
most prominent indicators of oxidative stress erupting in cellular components,
including O2

•�, H2O2, and ROS (Rispail et al. 2014). While two kinds of fungal
hyphae have been subjected to a variety of MgONPs levels, H2DCFH-DA fluores-
cence was generated inordinately compared to the control. Once the concentration of
MgONPs has been improved, the creation of fluorescence improved, demonstrating
that MgONPs do indeed induce the generation of ROS.
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16.7 Bimetallic Nanoparticles: Flow Synthesis and Fungicidal
Activity

AgNPs (Długosz et al. 2021) are the most widely characterized nanomaterials. They
are particularly active against bacteria and can be applied to a wide range of various
products (Peszke et al. 2017). Despite nanosilver’s numerous advantages, like small
doses adequate to restrict bacteria growth, a vast variety of options, and simplified
techniques for generating steady suspensions, substances which would operate well
for biocide while restricting nanosilver’s negative effects are also being sought
(Ahmed et al. 2016). CuNPs which have strong antibacterial and antifungal
properties are instances of particles with similar properties to AgNPs (Chatterjee
et al. 2014). In addition, CuNPs are less costly and easier to find than AgNPs
(Asghar et al. 2018). Basic disadvantage of utilizing CuNPs is the challenge of
establishing good suspension with sufficient nanoparticle concentration to guarantee
adequate bactericidal activity. The technique of generating CuNPs would be time-
consuming, and nanomaterials themselves are often bigger than AgNPs, which could
reduce CuNPs biocidal potential (Tan and Cheong 2013).

The combination of AgNPs antibacterial capabilities with CuNPs antifungal
qualities allows for the creation of material with a broad spectrum of antimicrobial
activity (Kalinska et al. 2019). It is feasible to lower quantities of individual metals
while keeping similar antibacterial action by synthesizing a product that contains
both components. Single-stage or multi-stage techniques can be used to create
bimetal molecules or multi-stage core-shell molecules (Liu et al. 2017a, b). The
biological activity of the final substance is affected by the ion reducing sequence.
Furthermore, the biocidal characteristics of nanoparticles are dependent on the
donation of particular metals to item and molecule form. Hikmah et al. (2016)
investigated the microstructure or morphology of silver-copper core-shell
nanoparticles as a function of Ag to Cu molar proportions. Depending on the
metal concentration, nanoparticles varying in size between 25 and 50 nm were
created. The magnitude of CuNPs grew significantly as the proportion of copper in



the material increased. This could be due to CuNPs reduced stability, whereas
AgNPs remained unaffected by process conditions, and their size stayed unaltered.
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Utilization of copper, silver, and bimetallic nanomaterials results in slow mobile
ions into a scheme that is important in antibacterial action. Metal ions release ROS
that, among other things, impair the action of cell respiratory enzymes. The presence
of thiol groups –SH makes it easier for silver ions to interact with each other,
enhancing ROS production. On the one hand, AgNPs interact with the bacterial
membrane of cells, injuring it, and on the other side, it helps silver ions enter the cell,
deactivating it (Sreeju et al. 2016).

Metal nanoparticle suspensions were created in the microwave reactor’s flow
system. The experimental system’s schematic diagram was previously published
(Banach and Długosz 2019). In a continuous microwave flow reactor, metal and
bimetallic nanoparticles were synthesized (CMFR). Solutions have been hyped
through microwave (Samsung, 100–800 W, 2.45 GHz frequency) using an HPLH
dosing micropump (model pulse free). The length and diameter of the glass pipe
were 550 mm and 70 mm, respectively. To generate nanomaterials, a flow of metal
saline solution has been coupled with a flow of tannic acidic media, followed by the
flow of hydroxide solution. The overall current of mixture ranged from 171.5 to
343.0 lm3/s depending on residence time. Metal ion solution, tannic acid solution or
alkaline solution had reagent volume ratios of 5:2:3. The final volume of
nanomaterials has been 500 mg/dm3.

16.8 Pectinase-Responsive Mesoporous Silica Nanoparticle
Carriers (MSNPs)

To protect crops from pests, a great array of chemical pesticides is used in agriculture
around the world. However, upwards of 90% of pesticides are misplaced throughout
application due to deterioration parameters such as hydrolysis, light, microbes,
temperature, and others. Furthermore, non-systemic pesticides are quickly washed
into groundwater by rain and are influenced by immediate exposure to external
elements like temperature or ultraviolet rays (Zhu et al. 2018). All of these
difficulties pose serious risks to the environment and non-target creatures and the
increasing expense of agricultural applications. As a result, it’s critical to get
insecticides to the right target location in plants without decreasing its potency
(Kumar et al. 2014). Nanotechnology can currently improve pesticide transfer and
distribution in plants, resulting in increased use efficiency (Kumar et al. 2014).
Mesoporous silica nanoparticles (MSNPs) offer a lot of potential as nanocarriers
for delivering chemicals to plant cells because of their simplicity of fabrication and
surface alteration, high surface area, maximum load performance, bioactivity, and
general stability (Sun et al. 2014). As a result, MSNPs have been used in a variety of
applications, including the packing of molecules like nucleic acids (Kamegawa et al.
2018), proteins, drugs, or pesticides (Shao et al. 2018). On the other hand, MSNPs
still need to be improved in terms of control safety and effectiveness. Initial pesticide
discharge from MSNPs, for instance, and lower service performance could both lead



to low control systems (Manzano and Vallet-Regí 2020). As a result, developing
MSNPs predicated on an encapsulation strategy could indeed help to avoid the
untimely secretion of packed cargo in MSNPs.
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Smart stimuli-reacting materials are stimulated by light, redox potential (Tryfon
et al. 2019; Liang et al. 2020), pH (Xiang et al. 2018), temperature (Gao et al. 2020),
or enzymes (Kaziem et al. 2018). They are good for putting pesticides inside
nanoparticles so that they stay stable and can be released for a long time. Because
of their biodegradability, eco-friendliness, and ease of availability, natural polymers
such as chitosan, cellulose, alginate, pectin, and hyaluronan have been widely used
in a variety of sectors (Xu et al. 2018; Pang et al. 2019). Because of its abundance of
functional groups that could be altered to convey unique physicochemical
characteristics, pectin, or polysaccharide, was used as an intermediary for content
delivery methods. Moreover, coating a vehicle with pectin, which could be broken
down by plant pathogen-secreted enzymes like pectinase, enables pesticide release
over a lengthy period of time. Pathogens which induce apoptosis, besides damaging
plant cell walls, frequently use the pectin secretion mechanism (Fan et al. 2017).

Rice (Oryza sativa L.) is the significant yield that feeds over half of the world’s
inhabitance. Rice blast disease, induced byMagnaporthe oryzae, is among the most
damaging diseases to rice, resulting in 80–100% production losses in epidemic areas
(Hendy et al. 2019). Rice blast can affect different sections of the rice plant,
including leaf collars, pedicels, panicles, seeds, leaves, or necks, causing symptoms
and lesions. Rice blast is combated with a variety of pesticides, including nonsys-
temic insecticides. Efficiency of insecticides against rice blast could be increased by
using transport features of nanomaterials in plants. Among other cell wall
components,M. oryzae produces enzymes that break down cellulose, hemicellulose,
cutin, and pectin (Quoc and Bao Chau 2017). Scientists have utilized these enzymes
as stimuli throughout investigations on the sustained releasing of pesticides on
regular basis (Liang et al. 2020).

Prochloraz (N-propyl-N-(2-(2,4,6-trichlorophenoxy)ethyl)-imidazole-1-
carboxamide) (Pro) is an imidazole fungicide that is proudly utilized to protect
plants from a wide range of fungi, including M. oryzae (Quoc and Bao Chau
2017). This substance is a 14-demethylation inhibitor that inhibits the CYP51
enzyme encrypted by the CYP51 gene. Pro is a nonsystemic fungicide of low
plant uptake, due to ineffective use of field capacity (Zhao et al. 2018a, b). The
purpose of this study was to look into the migration and allocation of Pro-loaded
MSNPs that had been cross-linked by pectin (Pro@MSN-Pec) throughout rice
plants. MSNPs have been produced or fluorescein isothiocyanate (FITC) labeled
tracking the carriers’ migration through rice plants utilizing optical microscopy.
Pro@MSN-Pec and/or commercial formulation antifungal and hybridization
characteristics were examined further. Upon revealing rice leaves to Pro@MSN-
Pec and commercial formulations, the pro-content in rice plant organs has been
determined using high-performance liquid chromatography (HPLC). Utilizing
ultrahigh-performance liquid chromatography/mass spectrometry (UPLC/MS), the
ultimate residue quantities of Pro in the field have been evaluated.
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16.8.1 Pro@MSN-Pec Synthesis and Characterization

MSN nanoparticles were produced by condensing silica prelude TEOS in the
existence of CTAB, resulting in a configuration that served as a pattern for
nanomaterial formation. Because of the reactivity of silica, the exterior of
nanomaterials is protected by a large number of available –OH groups, providing
a platform for transplanting multipurpose polymers onto the exterior and inner
streams of nanomaterials. In this study, APTES was used to alter the surface of
MSN to amino (–NH2) clusters via organic silane clusters (Hussain et al. 2013). In
addition, Pro in hexane has been packed into MSNPs. Morphology of MSNPs and
Pro@SN-Pec was classified using SEM or TEM. SEM and TEM were used to
classify the morphology of MSNPs and Pro@SN-Pec. MSNPs have been found to
have stable appearance or spherical shape, with noticeable mesoporous configura-
tion. MSNPs ranged in size from 20 to 50 nm. TEM and SEM assessments revealed
changes in particle morphology and size between MSNPs and Pro@MSN-Pec after
Pro-loaded MSNPs were transplanted with pectin. Shell structure of Pro@MSN-Pec
differed from those of MSNPs, implying that pectin overlay was powerfully encased
onto the exterior of MSN to great miscibility and unified form. Particles’ sizes
ranged from 19 to 110 nm, with an estimate of 70.89 nm. FTIR spectroscopy has
been used to explore structural maledictions that occurred following the initial
transplantation of particles to different functional clusters. FTIR spectrum of
MSNPs revealed intense peak at 1087 cm�1 (asymmetric Si–O–Si stretching),
975 cm�1 (Si–O stretching), 833 cm�1 (symmetric Si–O–Si stretching), or
462 cm�1 (bending vibrations) (Hussain et al. 2013). Absorption band at
1643 cm�1 confirmed that Si(OH)4 remained the dominant Si species in MSNPs.
In the spectrum of MSN-NH2, a novel absorption peak of the amino (–NH2) cluster
has been noted at 1535 cm�1, along with the absorption band of the methylene
(–CH2) group at 2980 cm�1, demonstrating that –NH2 cluster was effectively
connected on MSN exterior. In MSN-NH-pectin spectrum, sharp peaks for the
amide (–CONH–) bond, including at 1458 cm�1 (C–N), emerged, confirming the
creation of conjugate from the reaction between amino clusters of MSN-NH2 and
carboxyl clusters of pectin (Liang et al. 2018). Internal plant pathogen stimuli, like
pectinase, might dissolve the pectin protective layer around MSNPs, triggers the
production of Pro from Pro@MSN-Pec at a specified location and also triggers the
delivery mechanism via pectin-cross-linked MSNPs. Pectinase is relatively stable at
room temperature and under neutral conditions. Addition of pectinase resulted in
significant accumulated discharge of Pro.

16.8.2 Pro@MSN-Pec Fungicidal Activity

After 7 days, fungicidal activity results revealed that Pro@MSN-Pec has been more
effective than Pro EC and technical Pro (Table 16.1). After 14 days, Pro@MSN-Pec
had greater fungicidal activity than Pro EC or technical Pro at the same
concentrations (Abdelrahman et al. 2021), which was most likely due to
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Pro@MSN-Pec’s ability to decrease active substance deterioration and thus prolong
its efficient period. Furthermore, as a result of response to intensifying stimuli, active
ingredient’s release may become higher and faster over time, resulting in an increase
in Pro’s fungicidal activity (Liang et al. 2018). In comparison to Pro EC and
technical Pro, stimuli-responsive Pro loaded into pectin covered MSNPs had supe-
rior and longer-lasting fungicidal efficacy against M. oryzae. The percentage of
recovery was calculated using the quantity of Pro injected into blank samples. In
blank samples spiked with Pro at three fortified concentrations of 1, 10, and 100 mg/
kg, correctness of the analytical technique was explored. Pro recoveries in leaves
ranged from 70.1% to 86.5%, in stems from 88.7% to 98.8%, or in roots from 91.6%
to 97.9%. Relative standard deviation (RSD %, n ¼ 3) was utilized to convey the
reproducibility of the current process, with an RSD of 8% in all instances. Agilent
software determined detection limit (LOD) as observed signal-to-noise ratio (S/N of
3).
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16.8.3 MSNPs Translocation in Rice Plants

FITC has been transplanted on the exterior of MSNPs and samples have been
investigated under fluorescence microscopy to clearly show MSN diffusion in rice
plant organs. MSN-FITC has been used to treat rice plant seedlings in hydroponic
systems. To cure rice plants, two application methods were used: the first was to cure
leaves to guarantee diffusion of MSNPs via leaves to other sections of the rice plant,
and the other would be to cure roots to guarantee the transition of MSNPs by roots to
various parts of the rice plant. These findings suggest that MSNPs can be utilized as
pesticide commercial vehicles for plants, which is consistent with reports that
MSN-FITC can act quickly via plant parts (Zhu et al. 2018). Furthermore, previous
research has demonstrated that MSNPs can transport particles inside plants (Sun
et al. 2014).

16.8.4 Pro Distribution in Rice Plants

Pro@MSN-Pec allocation conduct showed that Pro might be transmitted via rice
plant organs like stems, roots, or leaves. The content of Pro throughout leaves
handled by Pro@MSN-Pec has been greater than in leaves handled with advertising
Pro over a duration of 4 h to 14 days (Abdelrahman et al. 2021). Furthermore, the
concentration of Pro in handled leaves peaked on the first day of diagnosis and
afterwards gradually declined from 1 to 14 days. From 4 h to 14 days, fungicide was
detected through stems or roots. Such findings suggest that Pro might be transmitted
through various regions of rice organs. In terms of uptake and accumulation in rice
leaves, stems, or roots, Pro@ MSN-Pec outperformed traditional Pro
EC. Furthermore, Pro quantities in stems or roots peaked on the third day of
diagnosis and subsequently declined for 3–14 days. Several studies found that pectin
encasing all over Pro-loaded MSNPs might preserve or extend the active ingredient’s



Compound

efficient period, particularly after the third day to 14 days, when contrasted to Pro EC
treatment. Particles smaller than 100 nm may also be easily transported into plant
tissues (Zhao et al. 2018a, b; Avellan et al. 2019). These particles may contain
compounds that plants are unable to absorb, such as pesticides, particularly nonsys-
temic insecticides, which may enhance their game and extend the active ingredient’s
lifetime in field treatments against target pests (Zhu et al. 2018).
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Table 16.2 Last residue amounts of prochloraz in rice plant stems, roots, seeds, leaves, or soil
(Abdelrahman et al. 2021)

Residues (mg/kg)

Stems Roots Rice seeds Leaves Soil

Pro@MSN-Pec
(1 g/L)

0.004 0.015 0.004 0.004 0.004

Pro@MSN-Pec
(2 g/L)

0.004 0.017 0.004 0.020 0.004

Pro@MSN-Pec
(4 g/L)

0.004 0.026 0.011 0.027 0.004

Prochloraz EC
(2 mL/L)

0.009 0.015 0.004 0.006 0.004

16.8.5 Pro Residues in Various Sections of Rice or Soil Below Field
Conditions

Prior to harvest, pro content was evaluated across several areas of the rice plant,
including stems, leaves, roots, seeds and soil (Table 16.2). Residue quantities in rice
stems, leaves, or roots have been marginally greater than in rice leaves, stems, or
roots handled to advertise Pro EC 44%, but residue amounts in seeds or soil are the
same. There was a slight difference in the Pro@MSN-Pec levels in rice plants when
different Pro@MSN-Pec levels were compared. The highest residue levels found in
the 2RD treatment residue limit (MRL) for Pro through rice calculated by the
European Union, Japan, China, and Hong Kong were 0.5, 1, and 0.5 mg/kg,
respectively. When residue values were contrasted to MRLs, it was found that
final Pro concentrations in rice were below maximum allowable concentrations,
implying that Pro@MSN-Pec treatment on rice organs presented a minimal risk.

16.9 Conclusion

Plant breeding and IPM are currently insufficient agricultural approaches, and
innovative alternative solutions that can fulfill our present and future food demands
are needed. Investing in cutting-edge agronanotechnology research that is just a
couple of decades old is worthwhile. We could save money on plant protection
chemicals, reduce yield losses, and increase agricultural productivity by using NPs.
The method is sufficient for dealing with issues such as rising chemical input costs,



ineffectual pesticide use, and pesticide contamination of land and groundwater.
Because zero-valent iron nanoparticles have a strong attraction to organic molecules
or heavy metals, they could be used to remediate pesticide-infested soil. Addition-
ally, FeNPs, like CaCo3, have excellent soil-binding properties. Furthermore, in
order to reduce the environmental impact of NM manufacturing, greater emphasis
needs to be placed on using agricultural residues as raw resources. Advances in
nanobiotechnology, such as the use of green chemistry to synthesize nanoparticles
from living tissues and plant extracts, provide guarantees of environmental protec-
tion. The diverse potential of nanoparticles includes one’s use as vehicles for active
targeting of antimicrobial substances and, moreover, one’s inherent antimicrobial
impacts and properties, both of which prove their own utility when used as
nanopesticides or nanofungicides toward plant pathogens.
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