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11.1 Introduction

Nanotechnology, the procedure to produce, control, and release nanomaterials, rep-
resents a zone holding huge guarantee for the agricultural scenario (Baruah and
Dutta 2009; Navrotsky 2000; Kuzma 2007). Nanoparticles (NPs) having at least one
dimension in the order of 100 nm or less (Auffan et al. 2009), in light of the fact that
it is at this scale, the properties of materials vary as for their physical, substance, and
organic properties from those at a higher scale. Nanostructuring increases the value
of customary materials by improving their mechanical quality, superconductivity,
and capacity to join and effectively convey dynamic substances into biological sys-
tems, at low expenses and with restricted agroecosystem effect (Garcia-Rincéna
et al. 2010). From an agricultural viewpoint, nanotechnology can possibly turn into
a helpful method for plant pathologists in the diagnosis and treatment of plant dis-
eases by the utilization of nano-based kits, pathogen detection plan by the applica-
tion of nanosensors, improved ability of plants for micronutrients absorption,
maximized plant yield by nanoporous zeolites, and plant insect management by
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using nanocapsules (Chaudhry et al. 2008; Sharon et al. 2010; Rai and Ingle 2012;
Prasad 2014; Prasad et al. 2014, 2017a; Ismail et al. 2017). Researchers are occu-
pied with preparing various types of natural, inorganic, and crossover nanoparticles
having physical, optical, and organic properties (Salata 2004; Rai and Ingle 2012;
Prasad et al. 2016). Nanobiotechnology works at a similar level with viral infection
or disease-infecting particle and in this manner holds the potential for primordial
identification and suppression. It additionally holds out the likelihood that smart
sensors and conveyance frameworks will enable the agricultural industry to fight
viruses and other plant pathogens (Prasad et al. 2014, 2017a). Then again, nanobio-
innovation can enhance our comprehension of the nanobiology of different crops
and consequently can possibly improve yields or nutritional values and also create
enhanced systems for monitoring agroecosystem and improving the capacity of
plants to preserve micronutrients or pesticides (Fakruddin et al. 2012; Tarafdar et al.
2013).

In order to completely and accurately define the mechanisms of toxicity that
nanomaterials exhibit in a cellular environment, researchers at the forefront of this
field will need to take a highly interdisciplinary approach utilizing both chemical
and biological techniques to substantiate their claims. The current chapter will sum-
marize recent progress toward an understanding of the antimicrobial mechanisms of
nanostructures, with a focus on studies providing evidence for oxidative stress
induction, membrane disruption, and genotoxicity. With a specific end goal to
totally and precisely define the mechanisms of toxicity that nanomaterials display in
a cellular environment, scientists at the forefront of this field should adopt an
exceedingly interdisciplinary strategy using both concoction and natural procedures
to substantiate their cases. The current chapter will summarize recent progress
toward an understanding of the antimicrobial mechanisms of nanostructures, with a
focus on studies providing evidence for oxidative stress induction, membrane dis-
ruption, and genotoxicity.

11.2 Resistance to Conventional Antimicrobial

Antimicrobial resistance is a regularly developing issue, yet what is an antimicro-
bial resistance? The expression “antimicrobial resistance” is not only a potential
danger, it is a severe health problem that is quickly spreading around the world.
Over the past decades, people depended on regular antibiotic and antifungal eventu-
ally this led to improve the genotype of microorganisms to become more resistant,
thus made researcher become more interested to provide new solutions using nano-
structures, heavy metals are known to be toxic to various pathogens. In nature,
microbial resistance from most dangerous substantial metals is because of their
compound detoxification and because of vitality subordinate particle efflux from the
cell by layer proteins that capacity either as ATPase or as chemiosmotic cation or
proton antiporters. Modification in dissolvability additionally assumes a part in
microbial resistance (Liu et al. 2011b).
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11.3 Nanostructures as an Antimicrobial

Morphology and surface properties of colloidal nanoparticles are imperative. So that
smaller nanoparticles than larger nanoparticles have further antimicrobial activity
(Chwalibog et al. 2010), polymer-based copper nanocomposites have been examined
for antifungal efficacy against plant pathogenic fungi; also silver nanoparticles are
used in controlling spore-producing fungal plant pathogens and also showed the high-
est inhibition rate for both before and after the outbreak of disease on cucumbers and
pumpkins and maximum inhibition for the growth of fungal hyphae and conidial ger-
mination in vivo assay (Kim et al. 2009; Cioffi et al. 2004). Also, a portion of the
nanoparticles that have entered into the arena of controlling plant diseases are nano-
carbon, silica, and aluminosilicates (Prasad et al. 2014). Ag NPs have an inhibitory
effect on fungal colony and on spores of F. oxysporum. Silver nanoparticles might be
directly devoted to penetrate cell layer membranes to kill spores (Abkhoo and
Panjehkeh 2017; Morones et al. 2005). As of late, chitosan has turned out to be viable
against microorganisms, plant pathogens, and viral pathogens (Xing et al. 2015).
Furthermore zinc oxide (ZnO) and magnesium oxide (MgO) nanoparticles are effec-
tive antibacterial and anti-odor agents (Shah and Towkeer 2010; Bhuyan et al. 2015),
and platinum nanoparticles TiO, (Goswami et al. 2010) were achieved using the metal
ion-reducing bacterium Shewanella algae growth (Konishi et al. 2007). Likewise it is
notable that graphene oxide (GO) and its composites possess antimicrobial properties
and have been used as antibacterial and antifungal agents (Santos et al. 2012; De Faria
et al. 2014), and alumina NPs have been evaluated on bacteria such as Escherichia
coli, Pseudomonas aeruginosa, and Bacillus subtilis and algae Scenedesmus sp. and
Chlorella sp., and the toxic mechanism has been suggested as the interaction of the
nanoparticles with the cell surface which cause leakage in the membrane (Sadiq
et al. 2011). In addition, the likelihood to conjugate the surface of the NSs or to
consolidate them with different materials (e.g., polymers, characteristic and manu-
factured fibers, clay) enables to achieve nanoantimicrobials with tunable properties
as far as productive bioactivity against the focus of microorganisms and constrained,
assuming any, toxicity toward human cells.

11.4 Applied Nanostructures and Their Mechanisms

The biocidal mode of action of the biofungicides is diverse relying upon the type of
microorganisms utilized, viz., rhizosphere fitness, parasitism, and antibiosis, acti-
vating metabolic changes, promoting plant growth, and so forth (Saraf et al. 2014;
Shrivastava et al. 2014). At the point when nanomaterials bind electrostatically to
the bacterial cell wall and membranes, prompting modification of film potential,
film depolarization, and loss of integrity, thus, result in roughness of transport, ham-
pered breath, interruption of energy transduction and/or cell lysis, and eventually cell
death (Pelgrift and Friedman 2013). Subsequently, the fundamental mechanisms
that have been proposed to clarify the antimicrobial activity of inorganic and metal
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nanoparticles were ROS, which prompt oxidative stress and liberate superoxide,
free radicals, and particles that can respond with the peptide linkages in the cell wall
of microscopic organisms and in this manner upset them (Makhluf et al. 2005). To
explain In the mitochondria of cells, ATP is synthesized by reduction of molecular
oxygen to water through a sequence of coupled proton and electron transfer reac-
tions. During this process, a small percentage of the oxygen is not reduced com-
pletely, resulting in the formation of superoxide anion radicals, and subsequently
other oxygen-containing radicals. Thus, ROS need aid impacts from claiming cell
division oxidative metabolism, much of which occurs in the mitochondria.
Biologically relevant ROS include superoxide anion radicals, hydroxyl radicals,
singlet oxygen, and hydrogen peroxide (H,0O,) (Yin et al. 2012; Prasad et al. 2017b).
The burst of ROS causes, through extreme oxidative stress, harm to all the cell’s
macromolecules, prompting lipid peroxidation, adjustment of proteins, interruption
of enzymes, and RNA and DNA destruction. At high concentrations the ROS lead
to cell death and at low concentrations cause serious DNA damage and mutations
(Wang et al. 2010; Mat’eejka and Tokarsk’y 2014). The nanoparticle is unable to
cross the nuclear membrane and thus accumulates in the cytoplasm, where they can
gain access to the nucleus during mitosis when the nuclear membrane breaks down
(Singh et al. 2009). The direct interaction of nanoparticles with the DNA and DNA-
related protein may lead to physical damage in the genetic material. Interference
with the structure or function of the DNA repair enzymes in the nucleus may be
another reason for DNA damage. The nanoparticle cannot cross the nuclear mem-
brane and accordingly aggregates in the cytoplasm, where they can access the core
amid mitosis when the nuclear membrane separates (Singh et al. 2009). The direct
interaction of nanoparticles with the DNA and DNA-related protein may lead to
physical destruction of the nucleic acids. Interference with the structure or function
of the DNA repair enzymes in the nucleus might be an extra reason for DNA dam-
age (Huang et al. 2015). And the alkalin effect also there is ionic mimicry mecha-
nism that based on the donor atom selectivity and/or speciation of metals: metal
ions in general bind to some atoms of donor ligands, such as O, N and S, through
strong and selective, depending on whether metal ions or metal complexes are
involved. In this way, some metals can stimulate the damage of Fe-S clusters, for
instance, from bacterial dehydratases that are particularly susceptible to site-specific
inactivation by toxic metals interactions, exterior metal ions, or their complexes that
can replace original metals present in biomolecules leading to cellular dysfunction.
Metals can also replace non-catalytic metal-binding sites inhibiting enzyme activity
(Lemire et al. 2013; Grass et al. 2011; Ruparelia et al. 2008; Xu and Imlay 2012).

11.4.1 Silver NPs

Silver NPs are being utilized as part of various advancements and consolidated into
a wide exhibit of customer items that exploit their attractive optical, conductive,
antifungal, and antibacterial properties (Aziz et al. 2016; Joshi et al. 2018). The
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fundamental utilization of Ag NPs is, be that as it may, as antimicrobial agents
(Cioffi and Rai 2012; Prasad et al. 2012). Silver-based nanocomposites have been
utilized broadly as antimicrobial agents in various areas including therapeutic, phar-
maceutical, material, food safety, ecological, and agrarian applications (Kim et al.
2007). With the antimicrobial activity of AgNPs, it is encouraging to note that they
are predominantly utilized for plant disease control (Jo et al. 2009; Kim et al. 2011).
Although, AgNPs have been proved effective against over 650 microorganisms
including bacteria (both Gram-positive and negative), fungi and viruses; however,
the exact mechanism of silver action on microbes is still not known, but the possible
mechanism of action of metallic silver, silver ions, and silver NPs have been sug-
gested according to the injuries and changes, induced in microbial cells (Malarkodi
et al. 2013). Several mechanisms maybe involved in the antimicrobial activity of Ag
NP's most of them damage the microbial's cell structure integrity and result in leak-
age of intracellular compounds, and eventually cell death (Durdn et al. 2016).
Concerning the activity of Ag+, the subsequent actions are caused: (1) binding to
negatively charged proteins and nucleic acids (particularly with functional groups
like imidazole, indole, hydroxyl, phosphate, thiol) causing changes in structure. As
an example, it is known that Ag + ions bind to cysteine-containing proteins on
plasma membranes, causing both physiological and biochemical destructions that
compromise membrane integrity. Subsequent penetration of Ag into the cytoplasm
causes the inactivation of critical enzyme systems and condenses DNA which then
reacts with the thiol group proteins and triggers cell death (Ocsoy et al. 2013; Aziz
et al. 2014, 2015, 2016). The antifungal activity of AgNPs takes place due to the
high attraction between the nanoparticles and the functional chemical groups exist-
ing in the cell membrane of fungi and other microorganisms (Jo et al. 2009). It has
been suggested that AgNPs with a positive surface charge are more easily internal-
ized through the cell membrane than particles negatively charged or neutral (Jo
et al. 2015). This is caused by 1) a procedure called electromagnetism that occurs
between the positively charged AgNPs and negatively charged bacterial cell mem-
branes, due to the presence of phosphate and carboxyl groups that 2) alter the func-
tions of the ribosome, causing an inhibition of protein synthesis and locking
mechanisms of transcription and translation (Abbaszadegan et al. 2015). DNA loses
its ability to duplicate when the fungal culture was treated with AgC and Ag+,
which may lead to a deactivated expression of ribosomal subunit proteins and to the
synthesis of disabled enzymes and cellular proteins, important for the adenosine
triphosphate production (Yamanaka et al. 2005; Sang et al. 2012) and which also
prevent protein expression related to ATP fabrication (Kim et al. 2009). The bio-
genic silver NPs bind with protein of the outer cell wall of some pathogens includ-
ing bacterial, fungal, or viral bodies that disrupt the lipoproteins of the microbial
cell wall. Finally the cell division was stopped and cell leads to death (Kuppusamy
et al. 2016; Prasad et al. 2016) and (3) deterioration of the external cell membrane,
due to the fact that the synthesis of the component proteins is affected. When the
membrane is not totally functional, the protein precursors of the envelope proteins
and periplasmic constituents accumulate in the cytoplasm, such as when the mem-
brane potential is dissipated by small molecules (Lok et al. 2006). Due to the
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abundance of sulfur-containing structural proteins and enzymes on the bacterial cell
membrane, silver NPs can interact with them and in turn reduce cell functionality
and viability. Furthermore, they interact with phosphorus-containing compounds
like DNA. Nanoparticles less than 20 nm in diameter may attach to the cell mem-
brane, make pores on the cell wall, leading to more permeability, and release cyto-
plasmic content outside the cells, destroying enzymes and attacking the respiratory
chain and cell division, which cause the death of bacteria (Morones et al. 2005).
Additionally, AgNPs are recognized to (4) generate ROS and liberated radicals,
which lead both mitochondrial dysfunction and DNA harm. In addition, a study
improved by Rai et al. (2009) indicated that the AgNPs affect the performance of
reactive oxygen species (ROS) and lead to a process of lipid peroxidation of the cell
membrane, changes in cell cycle, and damage to the DNA of the microorganisms.
(5) intercalate between DNA bases, silver ions (particularly Ag*) released from sil-
ver nanoparticles can interact with phosphorus moieties in DNA, resulting in inac-
tivation of DNA replication, or can react with sulfur-containing proteins, leading to
the inhibition of enzyme functions (Gupta and silver 1998; Matsumura et al. 2003).
Silver NPs might prevent many oxidative enzymes, including alcohol dehydroge-
nase, and prohibit the uptake of succinate by the membrane vesicles. They cause
oxidative DNA harm and interfere with DNA replication processes (Petrus et al.
2011; Prasad et al. 2017b). In short, the antimicrobial mode of action for AgNPs is
associated with four well-defined mechanisms: (1) adherence of AgNPs onto the
surface of cell wall and membrane, (2) AgNPs penetration inside the cell and damag-
ing of intracellular structures (mitochondria, vacuoles, ribosomes) and biomolecules
(protein, lipids, and DNA), (3) AgNPs induced cellular toxicity and oxidative stress
caused by formation of reactive oxygen species (ROS) and free radicals, and (4)
modulation of signal transduction pathways.

11.4.2 TiO, NPs

Titanium dioxide nanoparticles (TiO, NPs) can be utilized in different agricultural
applications. The photocatalytic properties of TiO, NPs play a major role in the
management of different pathogens. There have been many new reports on the inhi-
bitions of microorganisms in the presence of pure TiO, nanoparticles with several
crystalline phases under UV irradiation (Lin et al. 2014). When TiO, is irradiated
with near-UV light, this semiconductor exhibits robust photocatalytic chemical
reaction, which is a sophisticated chemical reaction method for the removal of trace
contaminants and microorganism pathogens (Hossain et al. 2014). The photocata-
lytic antimicrobial activity of TiO, is attributed to lipid peroxidation that cause a rise
within the membrane thinness, discontinuity of the cell structure, and production of
ROS, as well as peroxide (H,0,), superoxide radical (O*), and free radicals (OH),
upon exposure to near-UV and UVA radiation (Choi et al. 2007; Niazi and Gu 2009;
Huh and Kwon 2011; Carré et al. 2014).
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The generated ROS causes harm to the molecular structure of the cell, including
DNA, lipid, and protein damage (Fu et al. 2014). Mathur et al. (2015) reported the
effects of TiO, NPs on intracellular levels of two major types of ROS — hydroxyl
radical ("OH) and superoxide radical (O)~2. These free radicals can interact with
macromolecules, such as lipids, proteins, enzymes, and nucleic acid molecules in
bacteria, viruses, and different microorganisms, which can destroy cell structures
through a series of chain reactions (Yu et al. 2002; Sonawane et al. 2003; Zhao et al.
2000; Prasad et al. 2016). Formation of oxidative stress (hydroxyl and superoxide
radicals) was higher in bacterial cells presented to NPs and UVA light. Eventually,
a significant increase in membrane permeability was noted in cells exposed to NPs
and UVA light in comparison to that in dark and visible light conditions. Therefore,
opinions exist that the primary mechanism of action of titania NPs is based on cre-
ation of ROS, which induce oxidative stress. TiO, NPs also have bactericidal effects
in the absence of irradiation, suggesting that they use other antimicrobial mecha-
nisms unrelated to photocatalytic ROS production (Choi et al. 2007). Inactivation of
microorganisms depends upon several factors, e.g., concentration of TiO,, type of
microorganism, intensity and wavelength of light, degree of hydroxylation, pH,
temperature, availability of oxygen, and ROS retention time (Markowska-Szczupak
et al. 2011; Hossain et al. 2014).

The antimicrobial activity of titanium nanoparticles have been broadly examined
throughout the years. TiO, is economical, nontoxic, and insoluble food additive.
Titanium dioxide NP is photocatalytic; their poisonous quality is initiated by obvi-
ous light, close UV, or UV (Pelgrift and Friedman 2013). The antialgal activity of
titania nanoparticles against microalgae species have likewise been led for which a
focus subordinate reduction in chlorophyll content was noticed (Sadiq et al. 2011).
Later reports have demonstrated its efficiency against different viral species and
pathogens (Brady-Est’evez et al. 2008; Allahverdiyev et al. 2013). The effect of
TiO, NPs on the symbiotic behaviour of symbiotic arbuscular mycorrhizal fungi
(AMF) colonising rice at 0, 25, 50 and 100 mg plant-1 to the rhizosphere of mycor-
rhizal rice plants maintained in pots. TiO, NPs had an inhibitory affected AMF in
plant roots (Priyanka et al. 2017). The TiO, nanoparticles could protect the wood
against white- and brown-rot fungi (De Filpo et al. 2013). TiO, nanoparticles had
viable antifungal properties at the concentration of 5.14 and 5.35 g/mL for
fluconazole-susceptible and fluconazole-resistant strains of Candida albicans bio-
films contrasted with fluconazole medication, respectively (Haghighi et al. 2012).

11.4.3 ZnO NPs

Zinc nanoparticles have been utilized as nanofertilizers on numerous plant species
and indicated positive outcomes in ideal concentration; however ZnO NPs as fungi-
cide against various plant pathogens is less studied. ZnO NPs are extremely success-
ful antimicrobial agents and are effective against both, bacteria, fungi, toxicogenic
fungi in addition to the thermophilic and barophilic spores (Sondi and Salopek-Sondi
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2004; Raghupathi et al. 2011; Sierra-Fernandez et al. 2017). ZnO could also be uti-
lized as antimicrobial agents against microorganisms that could be causes of food-
borne pathogens and plant diseases. The exact mechanism of this activity is not fully
understood yet. Be that as it may, one hypothesis proposes the development of a solid
oxidant, hydrogen peroxide (H,O,). The superoxides and hydroxyl radicals cannot
penetrate into the membrane because of their negative charges (Xie et al. 2011).
Accordingly, these species are found on the external surface of bacteria, and by dif-
ferentiation, H,O, particles can go through the bacterial cell wall, in this way prompt-
ing wounds and destroying and lastly activating cell death (Zhang et al. 2007; Sawai
et al. 1996). Some other possible mechanisms include cell membrane disruption,
generation of ROS on the NP surface, the influx of zinc particle in the cell, membrane
dysfunction, or internalization of NPs, which could help in its antimicrobial activity
(Li et al. 2012a). ZnO NPs caused liquefaction of cytoplasmic substances, making
the cytoplasm less electron-dense and creating an eminent separation of the fungal
cell wall (Arciniegas-Grijalba et al. 2017). A few investigations recommended that
ZnO NPs may cause support changes of the microbial cell membrane, causing cyto-
plasm leakage and in the long run the demise of bacterial cells (Sawai and Yoshikawa
2004; Brayner et al. 2006). ZnO nanoparticles showed noteworthy antibacterial
activity and exhibited a deadly impact against C. jejuni, even at low concentrations.
ZnO nanoparticles prompted noteworthy morphological changes and assessable
membrane leakage (Xie et al. 2011). Different researchers show that the event of
ROS is the principal mode of action responsible for the killing efficiency of ZnO NPs
(Bhuyan et al. 2015; Arciniegas-Grijalba et al. 2017). The formation of ROS, for
example, hydrogen peroxide H,0,, hydroxyl radical *OH, and superoxide O*?~, is
the aftereffect of ZnO initiation by UV or unique light (photocatalysis).

The SEM micrographs of Botrytis cinerea mycelium treated with photoactivated
ZnO NPs plainly show different degenerative modifications in the conidial heads
and hyphal morphology. Twisted conidial heads and withered hyphal wall were usu-
ally seen in treated mycelia compared with control. Fungistatic mode of action of
ZnO activity on fungi was seen by He et al. (2011). Authors discovered control of
conidial advancement by the distortion of conidiophores in Penicillium expansum,
while the fungal mat of B. cinerea was disfigured after treatment with ZnO NPs (He
et al. 2011). Jayaseelan et al. (2012) showed that ZnO NPs suppress the develop-
ment of pathogenic microbes P. aeruginosa and Aspergillus flavus. ZnO NPs rate
the germination of fungal spores of Alternaria alternata, Fusarium oxysporum,
Rhizopus stolonifer, and Mucor plumbeus (Wani and Shah 2012). SEM micrographs
got by Kairyte et al. (2013) showed distorted conidial heads and withered hyphal
wall in B. cinerea mycelia after treatment by photoactivated ZnO NPs (Fig. 11.1).

Distortion of the hyphal cell structure may be routed to over-the-top collection of
nucleic acids and sugars, since ZnO NPs can influence cell physiology and trigger
higher generation of nucleic acids. In addition, the increase in the production of
nucleic acids can be considered as a stress response of fungal hyphae, and increase
production of starches might be a consequence of cell self-protection from the activ-
ity of ZnO NPs (Perez Espitia et al. 2012). ZnO nanoparticles demonstrated less
phytotoxicity on plants in contrast with AgNP and can be valid as a nanopesticide.
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Fig. 11.1 Scanning electron microscopy of B. cinerea mycelium after treatment with 5 x 10> M
photoactivated ZnO NPs (24 h incubation; 34.56 J/cm 2 illumination dose) (d—f) in comparison
with control (a—c), non-treated ones. (Reprinted from Kairyte et al. 2013)

There have been various investigations that determined that controlling the measure
of ZnO NPs is basic for antimicrobial-related applications. As needs be, the state of
the zinc oxide nanostructures can influence penetration of cell membranes; spheri-
cal nanoparticles cannot enter as effectively as rod structures (Sirelkhatim et al.
2015). Be that as it may, the most essential part in antimicrobial movement is played
by molecule size and concentration of ZnO NPs (Sirelkhatim et al. 2015). In this
manner the high antimicrobial activity of ZnO NPs is normally identified with a
substantial surface area and a high concentration of particles. This can be clarified
by methods of entry into the bacterial cell wall; a smaller-sized particle can easily
penetrate bacterial membranes and injure or kill the cells. The fungal wall, in control-
ling cell permeability, is the part of the cell that interacts with the external environment,
and thus with the ZnO NPs present in the fungal culture of interest in this work.
This part of the fungal cell is made primarily out of polysaccharides and proteins.
In particular, there are p-1,3-D-glucan and B-1,6-D-glucan macroproteins, chitin,
proteins, and lipids, and among the polysaccharides, chitin, glucan, and mannan or
galactomannan (Pont6n 2008) prevail. The last factors that are accepted to affect the
component of antimicrobial activity are the changes that can happen on the surface of
ZnO NPs, in this way making it possibly responsive. Another approach to improve a
better antimicrobial agent is to functionalize the surface of zinc oxide nanostructures.
In such manner, if the surface area of the zinc oxide nanostructures is reformed, it could
advance the generation of ROS and the release of ZnO, consequently expanding anti-
microbial activity. Other than the previously mentioned applications, the mix of photo-
active nanomaterials and microorganisms can then again be utilized as a part of different
new fields later on. For instance, the good bacteria which fight off the pathogens can be
designed with nanomaterials to upgrade the general antimicrobial impact.
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11.4.4 MgO NPs

Magnesium oxide nanoparticles (MgO NPs) are extremely fixed, biocompatible,
and exceptionally efficient as an antibacterial agent. The formation of reactive oxy-
gen species (ROS) mechanism has been proposed to explain the antimicrobial
mechanism of MgO nanoparticales, the interaction of nanoparticles with bacteria,
subsequently leads to damaging the bacterial cell (Tang and Bin-Feng 2014). It has
been described that the development of the surface area of MgO particles prompts a
rise of the O, concentrations in solution and thus results in a more effective damage
to the cell wall of the bacteria (Sawai et al. 2000; Yamamoto et al. 2000). It was
proposed that the cell death was caused by the electrostatic contact between the
bacterial cell surface and MgO nanoparticles. MgO nanoparticles showed high bac-
tericidal effect against microbes because of the association of particles and bacteria
(Peter et al. 2002; Makhluf et al. 2005). It was discovered that MgO nanoparticles
could take up halogen gases because of the defective nature of their surface and its
positive charge, which resulted in a strong interaction with bacteria, which are nega-
tively charged (Stoimenov et al. 2002). Conversely, non-ROS-interceded bacterial
toxicity was additionally found in MgO nanoparticles, proposing that oxidative
stress would not be the mode of action for cell death (Leung et al. 2014). The alka-
line effect has been considered as another primary factor in the antibacterial action
of MgO nanoparticles (Sawai et al. 2001; Yamamoto et al. 2000). The possible anti-
bacterial mode of action was the preservation of water humidity on the MgO
nanoparticle surfaces, which could frame a thin water layer around the nanoparti-
cles. The local pH of this thin water layer formed around the nanoparticles might be
much higher than its equilibrium value in the solution. At the point when the
nanoparticles are in contact with the bacteria, the high pH in this thin surface layer
of water could harm the cell membrane, resulting in cell death (Sawai et al. 1997).
These antibacterial mechanisms of MgO NPs are dissimilar to the membrane
lipid peroxidation caused by oxidative stress, based on the following three points:

1. When the bacterial cell membrane is broken and surface pores are visibly clear,
MgO NPs are not detected in the cell. Moreover, no extreme Mg ions are visible
in energy-dispersive X-ray spectroscopy spectra. Hence, the inhibitory impact of
MgO harms the cell membrane.

2. Only one kind of MgO NP can identify little measures of ROS; the other two
cannot.

3. Lipopolysaccharide (LPS) and phosphatidylethanolamine (PE) in the cell wall
are not significantly changed by MgO NP treatment, which shows that MgO
does not cause lipid peroxidation in the cell membrane (Leung et al. 2014; Wang
et al. 2017a).

The antifungal impact of MgO NPs on a few fungal pathogens like Alternaria alter-
nata, Fusarium oxysporum, Rhizopus stolonifer, and Mucor plumbeus detailed the
most noteworthy impact utilizing the 30 and 50 nm nanoparticle size (Wani and Shah
2012). MgO nanoparticles have a good antibacterial effect against three essential
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food-borne pathogens. The interaction of nanoparticles with bacterial cells causes
cell membrane outflow, stimulates oxidative stress, and at last prompts cell death
(He et al. 2016). MgO nanoparticles induced systemic resistance in tomato against
bacterial wilt disease. The quick fabrication of O2 or phenoxyl radicals in tomato
roots treated with MgO NPs may assume a related part in the plant resistance
response of tomatoes against Ralstonia solanacearum (Imada et al. 2016). Several
mechanisms for the action of MgO nanoparticles on bacteria are the following: (1)
MgO nanoparticles continuously produce a specific level of H,O, while in suspen-
sion, which induces oxidative stress in cells; (2) physical interaction between
nanoparticles and bacterial cell surface interrupts bacterial membrane integrity and
causes membrane leakage; (3) higher concentrations of nanoparticles prompt serious
membrane damage, cell content release, irreversible oxidization of biomolecules
(e.g., DNA, proteins, and lipids), and eventually cell death (He et al. 2016).

11.4.5 Magnetic Nanoparticles (MNPs)

Nanotechnology application in plant disease management in the early stage.
Magnetic nanomaterials could be used for site-targeted delivery of systemic nano-
agrochemical plant protection, for improving plant disease resistance, increasing
effective nutrient consumption, and improvement of plant growth (Nair and Kumar
2013). Fe,O; NP-coated seeds have indicated enhanced seed germination and root
and shoot lengths of Solanum lycopersicum. Based on the improved Fe2+/Fe total
ratio found in iron extracted from dry biomass of the plant, we affirm the take-up of
Fe,O; NPs and their internalization and/or biomineralization in the plant body
(Shankramma et al. 2016). Furthermore, superparamagnetic iron oxide could be
able to destroy macromolecules, including DNA, lipids, and proteins, through the
Fenton reaction, leading to bacterial death. Iron increases the generation of ROS
through oxidative stress and promotes the electron transport chain to produce super-
oxides (O7?), which destroy the iron clusters (Leuba et al. 2013). Consequently,
more divalent iron participates in the oxidation in Fenton reaction, leading to the
generation of more hydroxyl radicals (-OH) and stimulating the death of residual
bacteria through the catabolism of the carbon source and the formation of nicotin-
amide adenine dinucleotide. The intake of superparamagnetic iron may also increase
simultaneously because of functionalized polycarboxylate. The uncovering of mag-
netic fields to attract nanoparticles can change the organic movement and raise the
bacteriostaticity of these nanocomposites in bacterial medium. Momentary nano-
magnets may fill in as a helpful model framework to apply electromagnetic interac-
tions of nanoparticles in agrobiology system (Sadjad et al. 2017). Fe;O0,/ZnO/AgBr
nanocomposites with diverse weight ratios of Fe;0, to ZnO/AgBr were prepared
using a facile microwaved-assisted technique, and their antifungal activities were
investigated against Fusarium graminearum and Fusarium oxysporum, the causal
agents of wheat head blight and lentil-vascular wilt diseases, respectively. Magnetic
nanocomposites completely deactivated F. oxysporum after 60 min, which is a



292 M. Mostafa et al.

shorter time duration than for F. graminearum (Hoseinzadeh et al. 2016). The prepared
magnetic nanocomposites could be used as an effective nanofungicide in plant
pathology applications.

11.4.6 Ni NPs

The antimicrobial activity of nickel nanoparticles (Ni NPs) depends on the forma-
tion of ROS and release of nickel ions Ni(II). Enhanced leakage of proteins from Ni
NPs treated bacterial and fungal cell membranes into culture medium is due to
generation of free radicals from NiGs surface that induced membrane damage and
leaked membrane and cellular contents (Choi and Hu 2008; Pandian et al. 2016).
Stimulation of ROS synthesis leads to the generation of highly responsive radicals
that destroy the cells by damaging cell membranes, proteins, DNA, and intracellular
system (Kim et al. 2011; Jyoti et al. 2007). The Ni NPs can affect the quantity of
lactate dehydrogenase, an important cytoplasmic enzyme (Pandian et al. 2016).
Generally ROS generation has been suggested as a mode of action that clarifies the
phytotoxicity effect of metal oxide NPs in the microbial cell. In the mitochondria of
cells, ATP is produced by reduction of molecular oxygen to water through a
sequence of attached proton and electron transfer reactions. Amid this procedure,
the low level of oxygen is not reduced totally, bringing about the arrangement of
superoxide anion radicals and therefore other oxygen-containing radicals. Hence,
ROS are by-products of cellular oxidative metabolism, much of which happens in
the mitochondria. Naturally released significant ROS include superoxide anion
radicals, hydroxyl radicals, singlet oxygen, and hydrogen peroxide (H,O,) (Yin
et al. 2012). The antifungal efficacy of Ni NPs against Fusarium wilt of tomato and
lettuce was studied under in vitro and in vivo assay (Fig. 11.2). The Ni NPs sup-
pressed the fungal growth of F. oxysporum f. sp. lactucae and F. oxysporum f. sp.
lycopersici by 60.23 and 59.77%, respectively, at 100 ppm concentration compared
with control (Ahmed et al. 2016). Nickel and cobalt ferrite nanoparticles (NiFe,O, and
CoFe,0,) are effectively confirmed for antifungal activity against three fungal plant
pathogens: Fusarium oxysporum, Colletotrichum gloeosporioides, and Dematophora
necatrix. Furthermore, it is also investigated that these ferrite nanoparticles decrease
disease incidence of Fusarium wilt in pepper (Sharma et al. 2017).

11.4.7 Carbon-Based NPs

Carbon-based nanomaterials, for instance, carbon nanotubes (CNTs), single-walled
carbon nanotubes (SWCNTs), multiwalled carbon nanotubes (MWCNTs), gra-
phene oxide (GO) nanoparticles, and fullerenes, presented prospective antimicro-
bial activities (Wang et al. 2014; Dizaj et al. 2015). A specific investigation evaluated
the microbial effects of carbon nanotubes and fullerenes on some pesticide uptake
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Fig. 11.2 Zone inhibition of Fusarium wilt pathogens. First row, Fusarium oxysporum f. sp. lyco-
persici (a, control; b, 50 ppm nickel nanoparticles; ¢, 100 ppm nickel nanoparticles); second row,
Fusarium oxysporum f. sp. lactucae (d, control; e, 50 ppm nickel nanoparticles; f, 100 ppm nickel
nanoparticles). (Reprinted from Ahmed et al. 2016)

by agricultural plants (De La Torre-Roche et al. 2013). The CNTs’ antimicrobial
mode of action is not totally clear. Former reports on CNTs divided the antimicro-
bial mechanism into two major kinds (Kang et al. 2007; Li et al. 2014). The first one
is physical interaction, which includes membrane leakage or cell growth inhibition
caused by interactions of the cell or cell membrane with the GNPs. The second
category contains chemical reactive ions giving rise to the formation of reactive
oxygen species (ROS). One of the most interesting, and the simplest, mechanism is
the mechanical damage of bacterium cell envelope by some carbon forms. With the
cell membrane damage resulting from direct contact with SWCNT, the membrane
damage leads to leakage of intracellular materials (e.g., cytoplasm, ribosomes, and
nucleic acids), which will eventually lead to cellular death (Kang et al. 2007,
Jastrzegbska et al. 2012). This mode of action will be affected significantly by some
characteristics of the carbon nanomaterial, such as size, contact time, concentration,
functionalization, and others. Another important factor affecting the antimicrobial
efficacy of CNTs is emanated from their electronic structure.

Different investigational assays discovered that physical damage of pathogens
resulted from their interaction with graphenes by two potential mechanisms: by
extreme insertion and breaking of the cell membrane and by damaging extraction of
phospholipids from lipid membranes (Zhou and Gao 2014). The oxidative stress
mechanism has been suggested as a major cytotoxicity mechanism of graphene
(Roda et al. 2014). Reactive oxygen species (ROS) are formed by GO, which would
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affect microorganisms sustainability. These ROS contain hydrogen peroxide,
superoxide anion radicals, singlet oxygen, hydroxyl radicals, and nitric oxide. To
help ensure against the dangerous impacts of ROS, oxygen-consuming life-forms
and facultative anaerobic microorganisms deliver defensive cell reinforcement cata-
lysts such as catalase, superoxide dismutase, and glutathione peroxidase. Catalases
are proteins that catalyse the conversion of Hydrogen Peroxide (H,0O,) to water and
molecular oxygen, thereby protecting cells from the toxic effects of hydrogen per-
oxide Catalases are produced by all microorganisms utilized as part of this examina-
tion with the exception of S. faecalis which is microaerophilic (Roda et al. 2014).
The antibacterial property of graphene does not come from ROS-initiated harm but
rather through electron transfer communication from microbial membrane to gra-
phene (Li et al. 2014). Other, more changeable mode of action for antimicrobial
activity has been shown for graphene-based structures too. But previously men-
tioned disturbing the integrity of the cell wall (mechanical harm of the cell), these
materials can (1) wrap around the microorganisms isolating them from the agro-
system, (2) produce hurtful reactive oxygen species (ROS), (3) remove phospho-
lipid atoms of the microorganisms by the presence of the lipophilic graphene, and
(4) lower the metabolic activity of the bacterial cells (Akhavan et al. 2011; Liu
et al. 2011a; Gurunathan et al. 2012; Sawangphruk et al. 2012; Tu et al. 2013; Chen
et al. 2014).

There are not many examples of the antifungal mechanism of the graphene fam-
ily materials in literature. According to Sawangphruk et al. (2012), inhibition of the
mycelia growth results perhaps from direct interaction of rGO nanosheets with the
cell wall (Aspergillus niger, Aspergillus oryzae, and Fusarium oxysporum).
Researchers propose that there is a chemical reaction between oxygen (from rGO)
and polysaccharides (e.g., chitin) in the wall. The six CNTs involved, SWCNTs,
MWCNTs, graphene oxide (GO), reduced graphene oxide (rGO), fullerene (C60),
and activated carbon (AC), were studied against two fungal pathogens: Fusarium
graminearum and Fusarium poae (Wang et al. 2014). The SWCNTs had the maxi-
mum antifungal efficacy tracked by MWCNTs, GO, and rGO. C60 and AC showed
no important antifungal activity. The antifungal properties of MWCNTs with
diverse surface groups against F. graminearum were examined by Wang et al.
(2017b). As per their discoveries, spore germination was strangely suppressed by
surface-modified MWCNTs, with germination rate being 18%, threefold lower than
for pristine MWCNTs.

The antifungal mode of action was assumed to target the spores in three steps: (1)
depositing on the surface of the spores, (2) inhibiting water uptake, and (3) inducing
plasmolysis. Different reports asserted no antifungal efficacy of GO toward Candida
albicans and Candida tropical (Li et al. 2013b; Cui et al. 2014). The antimicrobial
mode of action for fullerenes is still under open discussion. Precisely, fullerenes and
their subordinates have exhibited effective antibacterial action against a wide
range of microorganisms when presented to light (Chen et al. 2016). Fullerenes
can integrate light and along these lines create reactive oxygen species (Kleandrova
et al. 2015). Other possible mechanisms have additionally been accounted for,
including impact on respiratory chain, disturbance of the cell membrane structure
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(Cataldo and Da Ros 2008), interaction with membrane lipids, and intercalation into
them (Cataldo and Da Ros 2008; Dizaj et al. 2015). The antimicrobial property of
fullerene is likewise influenced by the size and surface area of it (Dizaj et al. 2015)
and the form of functional group used (Li et al. 2012a). CNTs are unable to substi-
tute/compete with the currently used antimicrobial materials (e.g., polymers, Cu
NPs, and Ag-NPs) for many reasons, for instance, their toxicity profile for human
cells has not been well addressed yet (Al-Jumaili et al. 2017). Currently, most
antimicrobial carbon nanomaterials are still lack research/development.

11.4.8 Cu NPs

Furthermore to the control of growth of yeasts and molds,copper nanoparticles have
also found to be effective against Gram-positive and Gram-negative bacteria, the
activity of copper oxide nanoparticles (100-150 nm) coated to fabric showed 100 %
reduction of E. coli, S. aureus, and Aspergillus niger after 48 h of incubation
(Schrand et al. 2010; Theron et al. 2008; Usha et al. 2010). Copper nanoparticles
gained position as innovative antimicrobial agents due to their high antimicrobial
activities against widespread microorganisms including multidrug-resistant organ-
isms. Similarly, copper is economical and simply obtainable, therefore synthesis of
copper nanoparticles is cheap. One more advantage of copper nanoparticles is that
they oxidize and form copper oxide nanoparticles, which can simply mix with poly-
mers or macromolecules to produce nanocomposites, and are relatively stable in
terms of both chemical and physical properties (Cioffi et al. 2005; Usman et al.
2012). Cu nanoparticles (Cu NPs) can penetrate the cell directly through the pores
present in cell membrane due to their small size, or they enter through ion channels
and transporter proteins present in the plasma membrane. Nanoparticles which are
introduced into the cell can have direct contact with oxidative organelles such as
mitochondria. Furthermore, redox-active proteins can stimulate reactive oxygen
species (ROS) production in cells, and ions (Cu?*) produced by nanoparticles can
induce ROS by several chemical reactions. Also, Cu** ions have the ability to form
chelates with biomolecules or remove the metal ions in specific metalloproteins,
which may result in functional protein inhibitions. Cu*" released by copper oxide
nanoparticles increases their local concentration and disrupts cellular metal cation
homeostasis resulting in cell toxicity (Chang et al. 2012). Linoleic acid capped cop-
per nanoparticles after penetrating into the bacteria deactivate their enzymes, gener-
ating hydrogen peroxide resulting from ROS, which leads to bacterial cell death
(Das et al. 2010). Schrand et al. (2010) hypothesized that copper nanoparticles act
as actual antibacterial agent against the wide range of bacterial pathogens due to
interactions with -SH groups, leading to protein denaturation. ROS may bind with
DNA molecules and interrupt the helical structure by cross-linking within and
between the nucleic acid strands and affect gene expression (Fig. 11.3). Copper ions
inside bacterial cells also disrupt biochemical progressions (Kim et al. 2000; Stohs
and Bagchi 1995). Still there is an absence of definite data regarding the mechanism
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Fig. 11.3 Fungal cell illustration showing the different mechanisms associated with the toxicity of
micro- or nano-copper against phytopathogenic fungi. Copper can form both free radicals
disrupting the cell membrane and release ions able to produce genotoxic effects with proteins and
DNA molecules

of action; however till now, completely different activity pathways are advised for
the two copper oxides (I and II), with the involvement of ROS primarily within the
case of CuO NPs and therefore the specific binding of Cu(I) to macromolecule sur-
faces for Cu,0O NPs. However, the exact mechanism behind bactericidal effect of
copper nanoparticles is not known and needs to be further studied on the broader
range of bacteria strains.

11.4.9 AIlNPs

The marketable use of aluminum oxide nanoparticles Al,O; extremely increased
during the last decade, and, by no means, it enhances the risk of environmental pol-
lution. Additionally, the toxic effects of Al,O; NPs are also described on some
model organisms for ecotoxicity assays, such as Bacillus subtilis, Escherichia coli,
and Pseudomonas fluorescens (Jiang et al. 2009: Sadiq et al. 2009). There are
chronic toxicity studies on Al,O; nanoparticle exposure that cause neurotoxic effects
on locomotion behaviors by prompting more ROS generation and interruption of
ROS defense mode of actions in nematode Caenorhabditis elegans (Li et al. 2012b).
The variation in cytotoxicity between micron-sized and nanosized alumina nanopar-
ticles toward Scenedesmus sp. and Chlorella sp. was investigated. The antialgal
inhibitory effect of the nanoparticle was studied against both the species, and an
evident reduction in the chlorophyll content was also investigated in the cells treated
with nanoparticles (Sadiq et al. 2011). Alumina nanoparticles showed a mild
growth-inhibitory effect, only with very high concentration, which might be due to
surface charge interactions between the particles and cells. Free-radical scavenging
properties of the particles prevented cell wall disruption and drastic antimicrobial
action (Sadiq et al. 2009). Alumina nanoparticles (Al,O; NPs) showed a minor
development inhibitory effect, so to speak, with extremely high focus, which may
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be because of surface charge naturally occurring between the particles and cells.
Free-radical scrounging properties of the particles have foreseen cell wall disturb-
ing influence and extraordinary antimicrobial action (Rupareli et al. 2008; Sadiq
et al. 2009). SEM images of nanoalumina-interacted cells of E. coli indicate the
changes in cell shape and agglomerated particles on the cell wall. Moreover, TEM
micrographs show disruption and disorganization of cell membrane and cell wall
(Ansari et al. 2013). The cell membrane was widely injured and, most probably, the
intracellular content has leaked out. Al,O; carry a positive charge on its surface,
electrostatic interaction between bacteria and NPs results in the adhesion of them on
the bacterial surface and expressed antimicrobial activity. ALLO; NPs not only
adhered at the surface of cell membrane, but also penetrated inside the bacterial
cells, cause formation of irregular-shaped pits and perforation on their surfaces and
may also interact with the cellular macromolecules causing adverse effect including
cell death. However more investigations as regards to the connection of alumina
nanoparticles with cells should be done before its broad use in restorative and
horticultural and crop application.

11.4.10 Au NPs

The antimicrobial property of Au NPs has been confirmed in various microbes,
including Gram-positive bacteria, Gram-negative bacteria, and some pathogenic
fungi. The green-synthesized gold nanoparticles (Au NPs) (45-75 nm) act as an
active antifungal agent against wheat stem rust caused by Puccinia graminis tritici,
and other fungal pathogens including Aspergillus flavus, Aspergillus niger, and
Candida albicans using standardized well diffusion technique and hence have a
great prospect in the preparation of fungicides used against different plant diseases
(Jayaseelan et al. 2013). This action is credited to unique properties of Au NPs in
illumination centering, solid cationic attractions to the negatively charged plasma
layer of organisms, or conjugation with antimicrobial agents and antibodies.

In another way, it can bind to the DNA of microorganisms and repress DNA
transcription (Rai et al. 2010). Gold NPs, 4,6-diaminopyrimidine thiol as a simple
of bacterial tRNA base, has potential capability to prevent the subunit of ribosome
for tRNA which influence on its capacity that affect protein synthesis (Carbon and
David 1968; Sayed et al. 2006; Zhao et al. 2010). Au NPs can change membrane
potential and suppress ATP synthase activities to decrease the ATP level, indicating
a general decrease in metabolism, and also improve chemotaxis in the early-stage
reaction (Cui et al. 2012). Those properties prompt cell layer disturbance, ROS col-
lection, hindering DNA translation, and subsequent cell demise (Huh and Kwon
2011). In the first mechanism, Au nanoparticles generate holes in the cell wall,
resulting in leakage of the cell contents, formation of biofilm, and finally cell death
(Chwalibog et al. 2010). A second mechanism had been suggested that the strong
electrostatic attractions among Au NPs and the cell wall surface of the pathogens
introduce adhesin-mediated interaction between the pathogenic cells and the sub-
strate surfaces (Yu et al. 2016).
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11.4.11 Bimetallic NPs

Bimetallic nanoparticles made out of two kinds of metal components and metallic
nanoparticles can be sorted as bimetallic or trimetallic relying upon the quantity of
segment metallic fixings, for example, metal oxide NPs (Cu, Mg, Zn, and Ag)
(Roopan et al. 2014). A synergistic antimicrobial effect is achieved when silver
nanoparticles are hybrid with other metal nanoparticles or oxides acting as a shell or
a core to form bimetallic nanoparticles (Chou and Chen 2007). The superparamag-
netic bimetallic Ag/Co polymeric nanocomposite was evaluated to exhibit bacteri-
cidal activity during treatment of bacteria-contaminated aqueous solutions (Alonso
et al. 2011). The Fe-Ag NPs showed high antimicrobial activity against E. coli
(Gram-negative bacteria). Cu-chitosan and Zn-chitosan nanocomposites (NCs) were
prepared by reduction of metal precursors in the presence of chitosan in sc CO2
medium and deposition of organosol on chitosan, respectively. Inorganic bimetallic
blends (BBs) in light of understood fungicide nanoscale Cu(OH), were acquired with
the basic properties of salt hydrolysis. The BBs and Cu-chitosan demonstrated the
most astounding antifungal adequacy against both R. solani anastomosis gatherings.
The in vivo assessment of Cu-chitosan NC and Trichoderma hybrid with BBs indi-
cated plant growth promotions and synergistic inhibitory impact against R. solani.

This exploration could prompt the likelihood of applying Cu-chitosan NCs, BBs
and Trichoderma as nanobiofungicides at the field level. The most astounding group
of BBs and NCs influenced DNA molarity and resulted in significant degradation.
Copper particles discharged may likewise cooperate with DNA atoms and interca-
late into nucleic corrosive strands. Cu nanoparticles degrade DNA in a single
oxygen-mediated fashion even in the absence of any external agents like hydrogen
peroxide or ascorbate. Low-molecular weight chitosan can enter cell dividers and
interface with cell DNA of growths and microorganisms which therefore hinders
mRNA interpretation and protein production (Abd-Elsalam et al. 2017). The antimi-
crobial mechanism of bimetallic might the ROS generation and cell wall damaged.
Therefore, the combination of this metal oxide can be enhanced antimicrobial action
(Liu et al. 2012; Vidic et al. 2013).

11.4.12 Chitosan NPs

Chitosan is a nontoxic, biodegradable biopolymer showing antimicrobial and plant
immunity-eliciting properties. Nanochitosan has been shown to be useful in many
different areas, specifically in agriculture, plant pathology, food, and biomedicine
(Cota-Arriola et al. 2013; El Hadrami et al. 2010; Saharan et al. 2015; Abd-Elsalam
et al. 2017). Chitosan stimulates various plant responses, including induction of
disease and abiotic stress resistance, enhancement of plant growth and yield and
shelf life of flowers and fruits, and activation of secondary metabolite production
(Pichyangkura and Chadchawan 2015). Chitosan antimicrobial activities,
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mechanism, and induction of plant defense responses were reviewed and discussed
(Xing et al. 2015). Chitosan demonstrated antimicrobial activities against different
plant pathogens including parasites, microorganisms, and fungi and goes about as
an elicitor of plant barrier systems. With a wide range of antimicrobial effects, chi-
tosan has been used to reduce or keep the spread of pathogens (Mansilla et al. 2013)
or to upgrade plant intrinsic resistance (Fondevilla and Rubiales 2012).

The correct mode of action for antimicrobial activity of chitin, chitosan, and their
derivatives is as yet unclear, notwithstanding extraordinary systems that have been
proposed. The positively charged amino gatherings of the glucosamine units con-
nect with negatively charged particles on pathogen surfaces, which is named as
electrostatic collaborations, and can destroy the cell structure, cause direct cell sur-
face modifications, and increase membrane permeability and in this manner cause
the demise of microscopic organisms (Helander et al. 2001; Rabea et al. 2009;
Chung et al. 2004; Liu et al. 2004; Zakrzewska et al. 2005; Je and Kim 2006; Chung
and Chen 2008).

The growth inhibition of F. oxysporum as a response to chitosan was accompa-
nied by marked cellular changes, which included hyphal swelling, increased vacu-
olation, retraction and alteration of the plasma membrane, cytoplasm aggregation,
and irregular cell wall deposition (Benhamou 1992). In electron micrographs, the
outer membrane of chitosan-treated E. coli was disrupted and covered by an addi-
tional toothlike layer. In micrographs of chitosan-treated S. aureus, the membrane
of dividing cells was disrupted in the constricting region with the loss of bacterial
cell substances (Liu et al. 2004). Furthermore the efflux of potassium particles was
recognized as an early reaction of the cell to the nearness of some cationic mixes. A
quick efflux of potassium dependent on the chitosan fixation was investigated.
Furthermore, there was an important inhibitory effect of chitosan on H*-ATPase
activity in the plasma membrane of Rhizopus stolonifer. The decrease in the H*-
ATPase’s activity could provoke the accumulation of protons inside the cell, which
would result in the suppression of the chemiosmotic-driven transport that allows the
H*/K* exchange (Garcia-Rincéna et al. 2010).

A parallel confirmation of method of activity of chitosan has been shown in view
of the interactions with DNA or RNA. Chitosan with low molecular weight can
penetrate cell wall and interact with cellular DNA of fungi and bacteria which con-
sequently prevents RNA and protein synthesis (Sudarshan et al. 1992; Goy et al.
2009), destroys intracellular components from colloidal state to flocculation and
degeneration, disrupts the normal physiological metabolic activity of bacteria, or
directly interferes with genetic materials (Come et al. 2003; Issam et al. 2005), and
then stops the reproduction of bacteria, resulting in the death of microorganisms
eventually. It is presumable that chitosan could bind with DNA and inhibit synthesis
of messenger RNA (mRNA) through penetration toward the nuclei of the microor-
ganisms and interfere with the synthesis of mRNA and proteins (Sudarshan et al.
1992; Rabea et al. 2009).

A report used fluorescence visualization to determine that oligochitosan can pen-
etrate the cell membrane of Phytophthora capsici and A. niger and that, as it is posi-
tively charged, chitosan can bind to intracellular targets, such as DNA and RNA,
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which are negatively charged (Li et al. 2008). Infiltrated chitosan oligomers (molec-
ular weight = 8000 and 5000) were suggested to block the transcription from DNA
to inhibit the growth of bacteria (Liu et al. 2001) and then disrupt the related protein
synthesis. The phosphate group might be an extracellular target contributing to its
interaction with the positively charged chitosan, ultimately resulting in damage of
vital bacterial activity. There are also phosphate groups in the primary structure of
nucleic acid (DNA/RNA). It is possible that the amino groups of chitosan that pos-
sess positive charges would attract the negatively charged phosphate groups of
DNA/RNA. The brightness of bands weakened gradually as the concentration of
chitosan nanoparticles increased, showing the aggravation of chitosan-DNA/RNA
interactions. The possible reason might be that negative charges of DNA/RNA had
been counteracted by chitosan so that they could not move in the electric field
accordingly. The gel retardation experiment pointed out that DNA and RNA might
be the intracellular targets of chitosan (Xing et al. 2009).

11.4.13 Elicitation of Plant Defense Responses by Chitosan

Many reports presented that chitosan is not only an antimicrobial agent but also an
active elicitor of plant systemic induced resistance to pathogens (El Hadrami et al.
2010; Xing et al. 2015). Most investigations with respect to the utilization of chito-
san on rural items center on diseases caused by parasites at preharvest and posthar-
vest stages. The use of adjusted chitosan derivatives and the blend of chitosan with
different substances have as of late been looked into somewhere else (Das et al.
2015). Management of plant diseases especially postharvest diseases by chitosan or
essential oil treatments seems to happen through two various modes of action: a
direct germicide effect on plant pathogens and an indirect effect by inducing defense
mechanisms in plant tissue (Zhang et al. 2011; Shao et al. 2013). Plant resistance
toward pathogens occurs through hypersensitive responses that result in cell death
at the penetration site, structural alterations, accumulation of reactive oxygen spe-
cies (ROS), synthesis of secondary metabolites and defense molecules, and activa-
tion of pathogenesis-related (PR) proteins (Van-Loon and Van-Strien 1999).
Chitosan can increase pathogenesis-related (PR) quality capacity through different
modes, which incorporates enactment of cell surface or layer receptors, and inner
impacts on the plant DNA compliance, which can, thus, influence gene translation
(Hadwiger 1999). Chitosan application has been mentioned to increase phenylala-
nine ammonia lyase (PAL) activity in treated fruit tissue. PAL elicitation via chito-
san was established with table grapes in the vineyard sprayed with or without
C. laurentii and covered with chitosan at postharvest, and then stored at 0 °C (Meng
and Tian 2009; Meng et al. 2010). Chitinase and p-1,3-glucanase are two PR pro-
teins that participate in defense against pathogens, because they can partially
degrade the fungal cell wall (Van-Loon and Van-Strien 1999). Increases within the
activities of chitinase and f-1,3-glucanase are evidenced as a result of chitosan
application in Valencia oranges (Canale Rappussi et al. 2009). Chitosan remedy
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may start compliant resistance of fruit through regulation of ROS levels, inhibitor
enzymes, and also the ascorbate-glutathione cycle. Changes in the content of ROS,
such as H,0O, and O-, are the earliest events that correlate plant resistance to patho-
gens (Wang et al. 2014), since ROS are involved in the development of disease
resistance in fruit (Torres et al. 2003). This may be because of direct effects, as
chitosan itself has inhibitor activity and scavenges hydroxyl group radicals (Yen
et al. 2008), or to indirect effects, like chitosan causation of the plant inhibitor sys-
tem. Chitosan treatment has been reported to influence inhibitor catalyst activities
within the tissues of fruits and vegetables. Compared to untreated strawberries,
those treated with chitosan maintained higher levels of many defense-related
enzymes, such as catalase, glutathione peroxidase, guaiacol peroxidase, polyphenol
oxidase, superoxide dismutase, dehydroascorbate reductase, and monodehydro-
ascorbate reductase (Wang and Gao 2012). Chitosan significantly improved the pro-
duction of polyphenol oxidase activity in rice seedlings following infestation with
two rice phytobacteria (Xanthomonas oryzae pv. oryzae and X. oryzae pv. oryzicola)
(Li et al. 2013a). Secondary metabolites are not directly involved in growth or
reproduction, but they are often involved with plant defense. Elicitation is a method
widely used for improving secondary metabolite yields (Xing et al. 2015). The anti-
microbial efficacy of chitosan is impacted by a variety of things that represent the
kind of chitosan, the degree of chitosan polymerization, relative molecular weight,
solvent, pH, its charges, and solubility (Tavaria et al. 2013). The five fundamental
modes of action of chitosan are electrostatic interactions, plasma membrane harm
mechanism, chitosan-DNA/RNA interactions, metal chelation potential of chitosan,
and deposition onto the microbial cell membrane. The mechanisms of how chitosan
acted on plant immune system have now not been elucidated virtually. It is assumed
that the mode of motion of chitosan is probably greatly complicated than assumed
above; similarly researches need to clarify the precise mechanism.

11.4.14 Chitosan Nanocomposites

However, much work has to be done regarding the mode of action of chitosan-based
nanomaterials against plant pathogens (El Hadrami et al. 2010; Abd-Elsalam et al.
2017). It seems that seed treatment with chitosan NCs ends in extra induction of
plant defense mechanisms as previously demonstrated by using Saharan et al.
(2013, 2015). Chitosan nanoparticles express more affinity towards pathogen’s
outer membrane and thus easily enter into the pathogens’ cell (Van et al. 2013).
Interactions between undoubtedly charged nanochitosan molecules and the polyan-
ionic structures of microbial cellular membranes result in destabilization of cell
membrane. This induces the leakage of intracellular contents and subsequently
causes death of pathogens. Disruption of protein synthesis and membrane destabili-
zations is in all likelihood primary and secondary modes of antimicrobial activity of
chitosan (Marquez et al. 2013). Furthermore, nanochitosan mechanism entails the
penetration of low-molecular weight chitosan into the mobile, binding to DNA and
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subsequently inhibiting RNA and protein synthesis. Chitosan has also been shown
to prompt several protection methods in plant tissues and inhibit the production of
pollutants and microbial growth. Nanochitosan upregulates the plant defense mech-
anisms which involve enzymes such as phenylalanine ammonium lyase, polyphenol
oxidase, tyrosine ammonium lyase, and antioxidative enzymes SOD, CAT, and
POD (superoxide dismutase, catalase, and peroxidase) (Ma et al. 2014; Katiyar
et al. 2015). It also induces the hypersensitivity-related reactions in different plant
species to keep away or put off the invading pathogen from the cell (Chandra et al.
2015). Chitosan has been used to control seed-borne fungi of flowers as an elicitor
as opposed to a fast-acting toxic agent because it has been stated that chitosan can
activate plant defenses in infected flora (Kaur et al. 2012). Cu-chitosan nanoparti-
cles enhanced enzyme activities involved in plant defense by chitosan participants
in the reactive oxygen species (ROS) scavenging system (Saharan et al. 2013;
Saharan et al. 2015). The plant microenvironment becomes acidic as a result of
mycotic contamination which leads to the breakup of nanostructure and discharge
of Cu particles (Brunel et al. 2013). The released Cu ions produce reactive hydroxyl
radicals to prevent fungal pathogens (Borkow and Gabbay 2005). Cu-chitosan
nanonetwork was evident through a higher Cu accumulation in porous areas which
supported the ionic and chelating interaction mechanism to inhibit enzymes and
toxins used by fungal pathogens throughout pathogenesis (Vahabi et al. 2011). Cu
nanoparticles and Cu-chitosan and Zn-chitosan NCs have nearly the same mode of
action as Cu-chitosan nanocomposites, for instance, the production of ROS, and
membrane disruption (Xie et al. 2011; Ingle et al. 2013). Similarly, zinc is an impor-
tant micronutrient for plant growth and is absorbed by plants through diffusion and
specific transporters in the form of divalent ions. Another important mechanism
includes penetration of the chitosan oligomer into the cells of microorganisms
which inhibits the growth of microbial cells by stopping the transcription of DNA
into mRNA (Herndndez-Lauzardo et al. 2011). Cu-chitosan nanocomposites could
penetrate cell walls of fungi and bind to DNA or mRNA. Disruption of fungal
metabolism and duplication should in the long run lead to pathogen demise. The
common nanometals used as antimicrobial agents collectively with their mecha-
nisms of action are summarized in Table 11.1.

11.4.15 Nanoemulsions Mechanism

The nanoemulsion (NE) droplets with antimicrobial agents fuse with lipid contain-
ing organism thereby destroying them by numerous modes of action. The fusion
between the nanodroplets is driven by the electrostatic attraction between the drop-
let charge and the charge on pathogens. When certain amounts of droplets fuse with
the pathogens, the active ingredient from the nanodroplets is released to the lipid
membrane causing lysis and death of pathogens. They observed that the antimicro-
bial activity depended on the target microorganism and nanoemulsions with smaller
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Fig. 11.4 Action mechanism of NE against spores. (Reprinted from Kaur 2016)

diameters showing better antimicrobial activity due to the fast delivery via the
cellular membrane of the target pathogens (Donsi et al. 2011). This fusion among
the emulsion and the anionic rate of the pathogen could bring about the antimicrobi-
als’ lysis and death. Due to this unique, nonspecific mode of action, there are no
possibilities for development of resistant microbial strains (Karthikeyan et al. 2011;
Moghimi et al. 2016). Strong electrostatic attraction could improve the fusion, and
then nanoemulsions with positive charge exhibited higher antimicrobial activity
(Hamouda and Baker 2000). Strong electrostatic attraction ought to improve the
fusion, after which nanoemulsions with positive charge exhibited better antimicro-
bial activity (Hamouda and Baker 2000). Synergistic effect between one-of-a-kind
antimicrobial agents is constantly taken into consideration to improve the antimi-
crobial activity of nanoemulsions. The basic theory behind these studies was that
NE particles were thermodynamically driven. The anionic charge on pathogen and
the electrostatic appeal between the cationic charges of the emulsion comple-
ments their mixing capability. The fusion of an adequate number of nanoparticles
with pathogens assists in the release of some of the energy trapped within the
emulsion  (http://nano.med.umich.edu/platforms/Antimicrobial-Nanoemulsion.
html). It is this trapped electricity and the actively worried components that
weaken the pathogen lipid membrane leading to destruction of cells and their final
dying. However, NEs, to be more effective in the case of spores, extra germination
enhancers are required to be integrated with emulsion. The moment germination
begins, the germination spores end up vulnerable to antimicrobial activity of the
NE (Fig. 11.4). One peculiar aspect of NE is that concentrations exert selective
toxicity on microbes.

11.4.16 Photocatalyst Mechanism

Other than the previously mentioned mechanisms, there are other unique antimicro-
bial mechanisms of nanomaterials that are available in the literature. One such
unique mechanism is photocatalysis-mediated antimicrobial activity. Photocatalysis
has been shown to be capable of killing an wide range of microorganisms together
with bacteria, fungi, algae, and viruses (Paspaltsis et al. 2006; Foster et al. 2011).
One such nanomaterial showing antimicrobial properties during photoactivation
was nano-TiO,, a semiconductor (Mueller and Nowack 2008). Moreover, ZnO is
also a semiconductor that, upon absorption of photons, transported its electrons
between the valence and conduction band. Not all the nano-based material had
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photo-mediated antimicrobial capacity. Just semiconducting nano metal oxides like
TiO, and ZnO nanomaterials are found to have this sort of photocatalytic antimicrobial
impact. As the component manages the arrangement of ROS and hinderd microor-
ganisms through photocatalytic impact, broad investigations must be completed to
decrease the cytotoxicity among higher living beings because of the ROS delivered
by these nano products.

11.5 How to Investigate the Mode of Actions?

While composing and examining nanomaterials for their antimicrobial abilities,
data is not just required to focus on nanoparticles but also on measure dissemina-
tions and shape and level of collection of the particles, making representation tech-
niques vital to material characterization. Moreover, with a specific end goal to
evaluate the antimicrobial efficacy of nanosized materials, representation of the
association among microorganisms and the material is required, and the result of
such connections on the feasibility of the microbial cell must be known. The nano-
cidal abilities of a mass material, which itself has no investigated antimicrobial
effects, depend on supported oxidation systems and consequently on little amounts
of the silver particle that are discharged into the fluid condition. The systems hostile
to microbial efficacy should likewise be anticipated. The nanomaterial may straight-
forwardly harm the target cell membrane (of both prokaryotic and eukaryotic cells),
or the impact might be because of compound activity or enhanced membrane per-
meability, bringing about spillage of cell substance or interruption of DNA replica-
tion. These effects can often be directly seen using the latest high-resolution
microscopy methods. The stability and enduring efficacy of antimicrobial activity
also depends largely on the properties of the nanomaterials once combined with the
bulk matrix, particularly final particle size, shape, and availability (Marambio-Jones
and Hoek 2010). Consequently, direct visualization of the particles incorporated in
situ within the bulk matrix is also required, although this is also perhaps one of the
most difficult to achieve without the introduction of significant sampling artifacts. A
suite of high-resolution microscopy techniques are now readily available, and most
bulk sample types, including fully hydrated samples, can now be visualized by a
range of methods. However, given the wide-ranging nature of materials in which
nanoparticles are now being incorporated, including polymers, powders, aerosols,
and zeolites, no single technique will be able to provide all the required information.
Rather, as pointed out by Samberg et al. (2011) in their investigation of the antibac-
terial impacts of silver nanoparticles, an examination of techniques is required,
keeping in mind the end goal is to accomplish characterization of any antimicrobial
activities.

A review of the literature indicates that the majority of studies published to date
on the antimicrobial nature of nanomaterials rely on several methods to visualize
such materials. Electron microscopy techniques such as transmission electron
microscopy (TEM) are frequently coupled with a scanning probe microscopy
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(SPM) technique such as atomic force microscopy (AFM). Without a doubt the cur-
rent has intense far-reaching accessibility and adaptable methods, for example,
AFM has altered characterization of nanosized materials over the most recent two
decades, and it can be influentially contended that the accessibility of AFM and
related strategies are eventually in charge of the quick development of nanotech-
nology investigation, by and large and particularly interface and colloidal science
(Buttet al. 2007). Several imaging and molecular techniques will perform to evaluate
the molecular mechanisms that underlie the microorganisms response to the nano-
materials (NMs).

11.5.1 Electron Microscopy Techniques

The field of electron microscopy covers a wide assortment of systems that can be
used for imaging both nanomaterials and the mass material in which the nanomate-
rials are consolidated. An assortment of both auxiliary and concoction data can be
inferred, despite the fact that EM overwhelmingly gives subjective basic data about
the examples inspected. Three fundamental electron microscopy methods are uti-
lized for material characterization, transmission electron microscopy (TEM), scan-
ning transmission electron microscopy (STEM), and scanning electron microscopy
(SEM). Together these three imaging techniques and their derivatives are capable of
offering a numerous range of records on a selected pattern, ranging from sub-nano-
meter resolution as in the case of TEM to structural information on bulk materials
many centimeters in measurement which can be achieved through scanning electron
microscopes with specially designed chambers. The disadvantages of EM tech-
niques include the fact that EM can only deliver statistics in dimensions and lacks
distinct statistics on 3-D morphology of samples without specialized software.
However, the principle negatively looks at the end result from the destructive nature
of the sample-guided techniques required for EM and the tough imaging situations
essential for a postive microscopy.

11.5.2 Transmission Electron Microscopy Measurements

The interaction between the microorganisms and the different nanomaterials can be
illustrated using bright-field TEM imaging of the bacteria treated with various NMs.
Irrespective of the type of bacteria used, it was noticed that most of the nanoparti-
cles were found attached to the surface of the bacterial cell wall, implying their
higher affinity toward the cells. Although TEM imaging provides a direct measure
of nanoparticle interactions with the microorganisms, the potential for imaging artifacts
cannot be eliminated.
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11.5.3 Atomic Force Microscopy (AFM) Measurements

AFM can be used to photograph fully hydrated samples and might correctly photo
each nanoparticles and microorganisms in situ on most surfaces, including both
difficult and gentle surfaces. Unlike electron microscopy strategies or STM strate-
gies, the pattern may be either a conductor or insulator and no staining is needed
with a purpose to obtain evaluation. AFM may also offer future insights into nano-
antimicrobial substances and the interest of such materials. One of the limitations of
AFM is that chemical specificity is lacking and capabilities are recognized based on
size and form. Another limitation is that while molecular scale surface topographic
details are well resolved, AFM has a limited ability to image features that do not
provide sufficient topographical contrast such as peptides in a membrane. In tandem
with developments in electron microscopy and scanning probe microscopy meth-
ods, optical microscopy techniques continue to evolve rapidly, and techniques such
as confocal microscopy provide unprecedented insights into microbial interactions
with nanomaterials.

11.5.4 Confocal Microscopy

The primary concept of confocal laser scanning microscopy (CLSM) and multiphoton
strategies are integral techniques for visible characterization of nanomaterial-based
antimicrobial materials. Particularly, CLSM facilitated the exploration of microbial
habitats and allowed the commentary of host-associated microorganisms in situ
with an unprecedented accuracy (Cardinale 2014). External modifications in mobile
membrane integrity can be monitored to unravel the mechanisms of antimicrobial
interest and the modifications attributable to contact with nanomaterials.

11.6 Reactive Oxygen Species Generation

ROS are chemically reactive molecules together with peroxides that incorporate
oxygen. ROS are equally reactive because of the presence of unpaired valence
shell electrons. ROS form as a herbal derivative of the everyday metabolism of
oxygen and have vital roles in mobile signaling, homeostasis, and furthermore
apoptosis. However, during times of environmental stress, in the present case in the
form of nanoparticles, ROS levels are known to increase drastically which might
result in significant damage to cell structures. This cumulates into the event known
as oxidative stress.

ROS production can be monitored using various analytical methods such as XTT
assay that yields a colorimetric signal when reduced by superoxides. ROS are best
known to implicate toxicity to several prokaryotic and eukaryotic systems upon
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interaction with metal/metal oxide nanoparticles. ROS in the form of either superoxide
radical (O*"), hydrogen peroxide (H,0,), or hydroxyl radical (OH) causes oxidative
stress, thereby causing damage to DNA, cell membranes, and cellular proteins, and
finally leading to cell death. The presence of ROS was observed using an XTT
assay, which yields a colorimetric signal when decreased by superoxides. ROS
quantification flow cytometric assay was used to evaluate the production of free
intracellular radicals as reported (Raimondi et al. 2008; Prasad et al. 2017b).

11.7 Omics Methodologies

The suffix “omics” stands for “as a whole” and omics technology consists of genom-
ics, transcriptomics, proteomics, and metabolomics credited to modern break-
throughs in genome sequencing, bioinformatics, and analytic equipment including
liquid and gas chromatography and mass spectrometry, in conjunction with high-
throughput technology (Fig. 11.5). Omics technologies have provided crucial
insights into processes related to microbial physiology, virulence, and stress and
mechanisms of action (MOA) of nanoantimicrobial materials (Tang 2015; Frohlich
2017). These methods differ from the microscopic observation of phenotypes in the
way that they can provide primarily mechanistic information and may identify the
pathway of toxicity for microbial pathogens. One advantage might be the

Genomics Transcriptome Proteomics Metabolome
Genes S es mRNA P Metabolite profile
Genotyping mRNA expression level Protein patterns HPLC

GC-MS

Fig. 11.5 Omics techniques used for the study of nanotoxicology include genomics, epigenomics
(miRNomics and DNA modifications), transcriptomics, proteomics, and metabolomics. Genomics
investigates genes and their functions through the use of recombinant DNA, DNA sequencing, and
bioinformatics to analyze the function and structure of the genome. Proteomic and transcriptomic
tools: target identification can be performed by evaluating the differential expression of genes in
microbial strains treated or untreated with NMs; while metabolomic assay: the metabolic profile of
a microbe treated with NMs can be compared with the profile of untreated strains
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identification of new targets and markers for NP toxicity. Another benefit of the
omics strategies might be their lower interference with NPs (Frohlich 2017). DNA-
and RNA-based research, genomics record analyses, transcriptomics, metagenom-
ics, metabolomics, next-generation sequencing (NGS) technologies, and proteomics
processes have proved to be precious techniques to examine plant-pathogen interac-
tions and their associations. Various “omics’” methods are a promising approach to
recognize the advantages and the pathogenic effect of microbes in crop development.
The plant native immunity has always been an important aspect of research and leads
to some interesting information like the adaptation of unique immune mechanisms of
plants against pathogens (Imam et al. 2016). Proteomics and metabolomics, pooled
with systems biology, are outstanding tools to screen the results and toxicity mecha-
nisms elicited by NPs. However, the metabolomics approach remains terribly difficult
and still comparatively new in the field of nanotoxicology.

11.7.1 Genomics Assays

The mode of action of a nanomaterial compound on DNA integrity can be evaluated
through DNA-binding evaluation, in which a pattern of purified plasmid DNA is
blended with different concentrations of the examined compound. Pathways that
might describe contrary effects on DNA are regulation of DNA destruction and
repair of nucleic acid metabolism. Epigenetic fluctuations are involved in the trans-
formation and mutation of cells and, thus, may assist as indicator for genotoxicity.
With the advent of next genertions sequence technologies which results in the com-
pletion of genome sequencing and re-sequencing of the over-whelming numbers of
plant and their pathogens generating huge amount of data, we are witnessing an era
of genomics and post-genomics with a challenge to translate these plethora of infor-
mation for the crop improvements with broader disease resistance spectra (Knief
2014). In the post-genomic era, the translational genomics presented a better solu-
tion in crop improvement against pathogenic bacteria, fungi, and viruses and pre-
pare these crops in current thwarting climatic conditions (Knief 2014). DNA
sequencing and bioinformatics investigate characteristic and shape of the genome.
The purpose is to identify a selected sensitivity of people to a given toxin as opposed
to the screening for toxicity of compounds or NPs. The epigenome may be altered
via toxicants and, consequently, is useful for toxicity screening.

11.7.2 Transcriptomics Analysis

To evaluate the genetic-based response mechanisms, the global transcriptomic
response of microorganisms upon exposure to nanomaterials can be assessed using
whole-genome microarray analysis and compared to treatments with NMs or
Milli-Q water control. Presently, DNA microarrays are the technology of choice for
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large-scale studies of gene expression. Microarray technology was developed using
the information available from the genome projects and is based on the hybridiza-
tion of cDNA (complementary DNA produced from mRNA) to oligonucleotide
probes incorporated into a slide. Each probe has a sequence of a specific gene from
the microorganism (Nambiar et al. 2010). Transcriptomics basically cognize DNA
sequencing using NGS approaches and also quantitatively measure the expression of
mRNA, and their variations occurring under diverse stress situations. The use of
mRNA sequencing evaluation and microarray approach to generate transcriptome
level facts is one of the important methodologies employed for studying plant-microbe
interactions (Budak and Akpinar 2015). Furthermore, the development in bioinfor-
matics methods, both as hardware and software program for the evaluation of statis-
tics, allows us to enhance our information on ever-increasing management and mining
of such big datasets. RNA-seq, a recently evolved approach for transcriptome profil-
ing by way of deep-sequencing technologies, offers a precise dimension of the extent
of gene transcripts and their isoforms than different strategies.

11.7.3 Proteomics Analysis

Proteomics is the systematic assessment of all proteins expressed through one par-
ticular mobile, tissue, organic fluid, or organism in a given time period. It is used to
identify and quantify proteins targeted in selected biological parameters and also
can be implemented to determine post-translational modifications, in addition to
cellular origin and location of movement (Yates et al. 2009). Different methods that
are being applied to promote our understanding of proteins are gel-based techniques
like two-dimensional gel electrophoresis (2DE) and fluorescence two-dimensional
difference gel electrophoresis (2DDIGE) and gel-free techniques like isotope-coded
affinity tags (ICAT), isobaric tags for relative and absolute quantitation (iTRAQ),
multidimensional protein identification technology (MudPIT), and the commonly
used primary tool mass spectrophotometry (MS) and MALDI-TOF. High sensitivity
is the advantage of MS.

11.7.4 Metabolomics Assays

The final “omics” technology to be provided in this review is metabolomics, which
is defined as the examination of the global profile of metabolites found in a biologi-
cal system under sure conditions and time (Nambiar et al. 2010). The approaches
followed to generate metabolic signatures are usually nuclear magnetic resonance
(NMR), high-performance liquid chromatography (HPLC), the combination of
chromatography with MS that helps to detect more number of complex compounds.
Widely used methods are combinations of gas chromatography (GC)-MS and liquid
chromatography (LC)-MS (Zhang et al. 2012). Metabolomics techniques had been
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significantly accepted to discover the responses of microorganisms to numerous
environmental stressors inclusive of heavy metals, temperature, and natural com-
pounds (Lankadurai et al. 2013). Metabolomics may represent a promising approach
to explain the mechanism of diverse nanomaterials. Datasets from diverse studies
like genomics, transcriptomics, proteomics and metabolomics need to be combined
using bioinformatics and statistical tools that will help to identify and integrate key
biological processes.

11.8 Conclusion and Future Perspectives

Understanding the inactivation mechanisms is the key to the increasing use of
nanoparticles (NPs) and enhances the practicability of their application agan-
ist numerous plant pathogens under extraordinary environments. The potential
mechanism of toxicity has been attributed to numerous possible techniques, and the
dissolution or release of ions from the nanoparticles elicits either inflammatory
response, mitochondrial dysfunction, disruption of mobile membrane integrity, oxi-
dative strain, protein or DNA binding and harm, or reactive oxygen species (ROS)
technology, affecting the proteins and phosphate lipids and in the long run inflicting
cellular death. Particular emphasize become given to antimicrobial mechanisms
with attention on formation of reactive oxygen species (ROS) consisting of hydro-
gen peroxide (H,0,), OH~ (hydroxyl radicals), and O,~* (peroxide). ROS has been
a chief factor for several mechanisms consisting of cell wall harm due to NPs-
localized interaction and more advantageous membrane permeability. Use of highly
sophisticated techniques such as high resolution microscopic (AFM, FE-SEM,
TEM, and XRD), spectroscopy (DLS, ESR spectroscopy, fluorescence spectros-
copy, inductively coupled plasma optical emission spectroscopy, UV-vis), and
molecular and biochemical techniques have provided deep mechanistic insights
approximately in the mode of action of antimicrobial activity of AgNPs (Kim et al.
2007; Rai and Ingle 2012). The emerging discipline of nanotoxicogenomics (Waters
et al. 2009) which attempts to correlate global gene expression profiles of cells or
tissues exposed to NPs with organic/toxicological responses to the usage of cDNA
microarray technology may offer beneficial information in this regard. Genotoxicity
is a harmful impact which affects DNA integrity through the movement of harm-
inducing markers (genotoxins) together with chemicals and radiation. There are
many markers which can act as genotoxins, and they may be categorized as bodily
(e.g., UV, X-rays), chemical (e.g., benzopyrene, ethidium bromide), and organic
(e.g., virus, transposons). These agents can also be described according to their
action mechanism such as oxidants (e.g, hydrogen peroxide), alkylating (e.g, methyl
methanesulfonate), inductors of DNA breaking (e.g, ionizing radiation), and aneu-
genic agents which affect chromosome division (e.g, taxanes) (Parry and Parry
2012). As DNA damage may also both provoke and sell carcinogenesis or effect
fertility, the genotoxicology technological know-how has become a crucial area
governing regulatory health risk evaluation. Mechanistic investigations of these
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interactions may even enable a correct evaluation of fate and results within the crop
or cropping system as a way to deal with issues over threat and meals safety. Great
efforts have also been made to recognize the nanoantimicrobial mechanisms;
researchers are still looking to recognize the mechanism of antimicrobial activity of
nanostructures, and consequently they may be investigating the morphological
changes in microbes as a result of nanoantimicrobials. No-clear cut conclusion for
nanoantimicrobial mechanism through; damage through membrane disruption,
DNA transformation, ROS production or other mechanisms, we still want for in
addition research to find the exact mechanism.
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