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Abstract

Use of nanomaterials in the field of science and technology includes different fields in food industry, medicine, agriculture
and cosmetics. Nanoparticle-based sensors have wide range of applications in food industry for identification and detec-
tion of chemical contaminants, pathogenic bacteria, toxins and fungal toxins from food materials with high specificity
and sensitivity. Nanoparticle-microbe interactions play a significant role in disease treatment in the form of antimicrobial
agents. The inhibitory mechanism of nanoparticles against different bacteria and fungi includes release of metal ions that
interacts with cellular components through various pathways including reactive oxygen species (ROS) generation, pore for-
mation in cell membranes, cell wall damage, DNA damage, and cell cycle arrest and ultimately inhibits the growth of cells.
Nanoparticle-based therapies are growing to study the therapeutic treatments of plant diseases and to prevent the growth of
phytopathogens leading to the growing utilization of engineered nanomaterials. Hence, with this background, the present
review focuses thoroughly on detailed actions and responses of nanomaterials against different bacteria and fungi as well

as food sensing and storage.
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Introduction

Nanotechnology has received huge attention in recent years
because it involves the synthesis of a material that is dis-
tinct from its bulk material with desired characteristics. The
very exciting property of nanomaterials is the high ratio of
surface area to volume that further upsurges the capabil-
ity to penetrate cell membranes and help in biochemical
activities. Nanomaterials which are produced normally for
particular purposes, created inadvertently through sources
such as environmental pollution or pollutants. Nanomate-
rials are being exposed to earth and environment because
nanomaterials are designed for their utilization in agribusi-
ness, personal care items, food, biotechnology and medici-
nal purpose. There is perception that nanomaterials may
effectively add to betterment of diagnosis, analysis, treat-
ment, and avoidance of diseases, including carcinoma or
microbe-based infections. Engineered nanomaterials are
widely used in distinct domains which including food indus-
try, medicine, agriculture, cosmetics and many more fields
of science and technology. The diverse applications of nano-
particles have been reported, which include medical applica-
tions, industrial along with involvement of nanoparticles in
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different materials of day to day life including cosmetics,
clothes, etc. (Dubchak et al. 2010). Materials at nanoscale
are observed to exhibit specific physicochemical character-
istics, which can be attributed to their nano range size, large
surface area to volume ratio, composition, hydrophilic or
hydrophobic nature (Navya and Daima 2016). Therefore,
nanotechnology-based techniques present novel opportu-
nities for synthesizing nanoscale materials also known as
engineered nanomaterials (ENMs) having extensive applica-
tions. Nanotechnology is now involved in shaping the global
economy by commercialization of consumer products, such
as medicines, cosmetics and also in industrial applications
and remediation processes (Musee et al. 2011). After exten-
sive studies from last two decades, the behavior of nanopar-
ticles with living systems is still a matter of great debate.
It might be due to its differential impact (both positive and
negative). Sometimes nanoparticles play a beneficial role,
however, in some cases, they cause severe damage to living
system (Gwinn and vallyathan 2006; Lundqvist et al. 2008;
Chatterjee et al. 2011; Tripathi et al. 2015, 2017a, b; Singh
et al. 2016; Vishwakarma et al. 2017).

Metallic nanoparticles with antimicrobial properties have
been used in medicine traditionally. For instance, silver was
utilized in prevention of eye infections in infants (Lemire
et al. 2013) and silver foils for treatment of surgical wounds
(Silver et al. 2006). Medicinal applications of metals were
significant until the finding of antibiotics and now, at the
beginning of this century, with the increasing risk of mul-
tidrug resistance and lack of new antibiotics, use of metals
having antimicrobial property is gaining pace in the form of
different nanomaterials (Lemire et al. 2013). These nanoma-
terials are substantially significant and gradually being uti-
lized for commercial applications in different fields of bio-
technology and medicine (Lakshminarayanan et al. 2018).

Biosynthesis of nanoparticles

Synthesis of metallic nanoparticles can be performed
using physical, chemical and biologically mediated path-
ways (Bansal et al. 2006b). In vitro biosynthesis method
for synthesis of metallic nanoparticles utilizes the antioxi-
dant activity of plant secondary metabolites. Both silver and
gold nanoparticles in different sizes and shapes have been

synthesized using the different plant extracts (Shankar et al.
2004). The mechanism of plant extract mediated synthesis
includes initiation of nucleation by reduction of metal ions
due to the antioxidant (reducing) compounds/phytochemi-
cals present in the plant extracts. The nuclei further grow
by deposition of metal atoms after reduction, thus resulting
in formation of metallic nanoparticles (Rajeshkumar and
Bharath 2017).

The metallic and non-metallic nanoparticles can also
be synthesized in vivo by a number of bacterial and fun-
gal species (Bansal et al. 2006a). The biosynthesis of these
nanoparticles can either be intracellular and extracellular
(Iravani 2014). Synthesis of gold and silver nanoparticles by
Bacillus spp. with the average particle size ranging between
1 and 50 nm (Iravani 2014) has been reported. Similarly,
the bacterium E. coli DH5a has been used in biosynthesis
of silver (10-100 nm) (Ghorbani 2013) and gold (25 nm)
(Du et al. 2007) nanoparticles. The other strains of E. coli
have also been reported to biosynthesize gold and silver
nanoparticles of different sizes (Iravani 2014). In similar
studies, Pseudomonas aeruginosa, Klebsiella pneumonia
and Lactobacillus spp. have also been reported for biosyn-
thesis of metallic nanoparticles (Iravani 2014). Nanoparticle
biosynthesis by different fungi and actinomycete has also
been reported in different studies. In a study reported by
Mukherjee et al. (2001), synthesis of silver nanoparticles
using fungus Verticillium with the average particle size of
25+ 12 nm. Both gold and silver nanoparticle biosynthesis
using different fungi has been reported in either extracel-
lular or intracellular conditions (Sastry et al. 2003). Some
examples of synthesis of nanoparticles from microbes are
highlighted in Table 1.

Nanomaterial-microbe Interactions

Recent advancements in the strategy and knowledge of nano-
structures have uncovered their biological activity through
alterations in structure and functions prompted in bacteria.
Special developments have been accomplished in figuring
out the dimensions, form and surface chemistry of nano-
structures and effects on biocidal activities. Microorganisms,
bacteria, fungal spores, and the wide variety of zoo-/phyto-
plankton are examples of micro sized agents. Nanomaterials

Table 1 Biosynthesis of

. S. no. Nanoparticle Microorganism Size References
nanoparticles
1 Gold Bacillus spp 1-50 nm Iravani (2014)
2 Silver Bacillus spp 1-50 nm Iravani (2014)
3 Silver E. coli DH5«a 10-100 nm Ghorbani (2013)
4 Gold E. coli DH5«a 25 nm Du et al. (2007)
5 Silver Verticillium 25+ 12 nm Mukherjee et al. (2001)
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seemed to be interacting with all type of bacteria. These
illustrations pointed that the microbial surface differs sig-
nificantly in their attraction. For example, silica nanopar-
ticles are associated with microbes in the following order:
fungal spores larger than the microalgae and bacteria. The
detailed mechanisms wherein these metallic nanostructures
cause harm to bacteria nonetheless remain doubtful; how-
ever, unique attention has been paid at morphological altera-
tions under in vitro studies in presence of nanostructures.
The fungal infections have been considerably identified to
the rising mortality and morbidity of immune compromised
patients, with the need of serious treatment (Pfaller and
Diekema 2007). Antifungal activities of metal nanoparti-
cles were performed by very few studies. The fungicidal and
fungistatic effects of the silver nanoparticles against certain
pathogenic yeasts have been examined (Kim et al. 2008). For
example, antifungal activities are higher for silver nanopar-
ticles against pathogenic Candida spp. Silver nanoparticles
showed antifungal activity to be comparable with that of
ionic silver (Ag") (Kim et al. 2008). The antifungal activi-
ties of spherical silver nanoparticles have been examined
against various dermatophytes. Silver nanoparticles exhib-
ited strong activity against ATCC strains and clinical isolates
of Trichophyton mentagrophytes and Candida species that
can be explained due to its effects on the mycelia of fungi
(Kim et al. 2009).

Mechanism of action

Despite the fact that the mechanisms responsible for biocidal
activity shown by metallic nanoparticles are still not utterly
explicated, three conjectural mechanisms are essentially the
most generally authorized and mentioned in the literature.
These are stated below:

1. Metal ions are taken up (translocation and internaliza-
tion) inside the cells which results in degradation of
intracellular ATP and interruption in DNA duplication
(Lok et al. 2006),

2. Metal nanoparticles and ions generate the reactive oxy-
gen species (ROS) causing damage to the cellular struc-
tures (Kim et al. 2007), and

3. These nanoparticles accumulate and dissolve in the bac-
terial membrane that leads to alterations in permeability
of membrane (gradual liberation of lipopolysaccharides,
membrane proteins and intracellular parameters) and
dissipating the proton motive force (PMF) (McQuillan
2010).

The oxidation reactions in the cell exhibit significant
effects in the regulation of cell survival, cell death, differ-
entiation, cell signaling and lead to generation of ROS under
stress conditions (Touyz 2005; Mueller et al. 2005). The

different components of reactive oxygen species include free
radicals, such as superoxide (O, ), singlet oxygen (102),
hydroxyl (HO"), hydroperoxyl (HO,), carbon dioxide radi-
cal (CO, "), carbonate (CO; ™), peroxyl (RO,"), and alkoxyl
(RO) and nonradicals, such as ozone (O5), hydrogen perox-
ide (H,0,), nitric oxide (NO), hypochlorous acid (HOCI),
hypochlorite (OCI™), hypobromous acid (HOBr), organic
peroxides (ROOH), peroxynitrite (ONOO™), peroxynitrate
(O,NOO-), peroxynitrous acid (ONOOH) and peroxomono-
carbonate (HOOCO, ") (Pantopoulos and Schipper 2012; Wu
et al. 2014; Halliwell 2006).

Due to instant reduction to H,0,, O, radical has a
short lifespan, the reaction being catalyzed by superoxide
dismutases (SOD) (Johnson and Giulivi 2005). Superoxide
produced by nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase (NOX) and mitochondria (Fig. 1) inac-
tivates different enzymes and initiates lipid peroxidation of
cellular membranes (Brand 2010). The incomplete reduction
of O, results in superoxide generation and further its conver-
sion into H,0O, by SOD. In different physiological condi-
tions, intracellular stages are strictly modulated by different
detoxifying enzymes, such as SOD, catalase (CAT), and
glutathione peroxidase (GPX), or by different antioxidant
compounds, including ascorbic acids, vitamin E, flavonoids,
and glutathione (GSH) (Wu et al. 2014).

ROS production prompted by nanoparticles (silver, zinc
oxide and copper oxide nanoparticles), both directly and
indirectly plays an important role in genotoxicity. DNA
degradation caused by oxidative stress is related to different
biological mechanisms including mutagenesis. Stress due
to the presence of oxidative species in higher concentration
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Fig. 1 Different sources of generation of ROS in cells (slightly modi-
fied from Abdal-Dayem et al. 2017)
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is an important mechanism that results in nano-toxicity and
generation of oxidative stress leading to DNA damage (Fu
et al. 2014). The DNA damage, owing to oxidative stress,
involves base and sugar lesions, single- and double-strand
breaks, DNA—protein crosslinks, and the generation of basic
sites (Valko et al. 2006). Hydroxyl radicals are highly reac-
tive radicals and can cause damage rapidly in the proximity,
whereas the other relatively less-reactive forms of ROS may
interact from a distance (Fu et al. 2014).

Bacteria are known to play important role in ecosystem.
Being present in the bottom of food chain, they become
key point for entry of nanomaterials to interact with organ-
isms present at higher trophic level (Suresh et al. 2013). By
acquiring knowledge regarding interaction, mechanism of
bacteria with nanomaterials may be useful in redesigning
environmentally benign materials. Presently, the nanomate-
rial toxicity mostly occurs by the concurrent dissemination
of toxic metals and generation of reactive species of oxy-
gen. Furthermore, carbon-based nanomaterials are shown
to affect the mechanical stress on cell membranes. When
nanostructures first interact with the cell wall, it results into
disaggregated exopolysaccharide matrix, separated cells, fol-
lowed by their elongation and re-arrangement into smaller
groups. These changes allow the physical association of
bacteria and nanostructures on available surfaces. The com-
pletely disrupted cell wall is the predominant step in second
phase of interaction between nanostructures and bacteria.
This results in the development of perforated and thickened
cell wall. The enhancement in irregular and deformed struc-
ture can be related to the perforated cell wall accompanied
with the excretion of intracellular matter and subsequent cell
wall deformation (Nair et al. 2009). Most studied nanopar-
ticle is silver nanoparticle, as its biocidal properties were
observed widely. However, the mechanisms of how silver
nanoparticles act on bacteria are not much clear. It was spec-
ulated that silver ions are able to interact with the bases of
DNA instead of interacting with phosphate groups, thereby
interfering with DNA replication (Xu et al. 2012). It is also
anticipated that silver nanoparticles can liberate Ag* ions
and this mode of action performs a tremendous role in anti-
microbial properties of silver nanoparticles that gets affected
(Radzig et al. 2013). For instance, binding of silver ions to
proteins with cysteine moieties on plasma membrane causes
the damage physiologically and biochemically, resulting
in compromised membrane stability. Consequently, silver
penetrating into the cytoplasm inactivates potential enzyme
functioning and ultimately leads to cell death (Ocsoy et al.
2013). Impacts of silver ions were observed to be power-
ful against wide range of microbes since ancient period. In
addition, silver ions are being successfully utilized in con-
trolling growth of bacteria for scientific purposes such as
catheter, dentistry and remediation of wounds (Silver and
Phung 1996; Jung et al. 2008). There are many complex
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mechanisms by which nanomaterials act on cells, but they
are poorly understood especially when it comes to their com-
position, size, arrangement and shape (Van Aken 2015). For
example, there was a rise in cytotoxic response of single-
walled nanotubes (SWNTSs) on E. coli, when its metallic and
semiconductor forms were compared (Vecitis et al. 2010).
On the basis of nanomaterial type and species of bacteria
inhibitory, concentrations of nanomaterials are reported in
the range of 2.5-500 mg/L (Hajipour et al. 2012). Similarly,
in a study, different organisms such as plant, algae, bacteria,
fishes and mammalian cells were tested for the toxic effects
of different metal nanoparticles such as silver nanoparticles
(Vishwakarma et al. 2017), copper oxide and zinc oxide nan-
oparticles (Bondarenko et al. 2013). Immense research has
been carried out on copper nanoparticles. They have been
studied to exhibit deleterious effects on E. coli (Deryabin
et al. 2013; Jamshidi and Jahangiri-Rad 2014; Harikumar
and Aravind 2016; Chatterjee et al. 2014), Bacillus subtilis
(Yoon et al. 2007), Pseudomonas aeruginosa and Staphylo-
coccus aureus (Azam et al. 2012).

Although sufficient development has been done in elabo-
rating the mechanism of action of metallic nanoparticles, not
much attention have been paid on iron (Fe), titanium (Ti),
zinc (Zn) and nickel (Ni) nanoparticles. The use of silver and
copper nanoparticles and its secreted products as biocidal
measures has been a matter of huge debate during past years.

Responses of bacteria-nanomaterial interactions

Bacterial plasmolysis is a non-lytic slaying event referring to
the substantial degradation of components of cytoplasm and
alterations in morphology like reduction of cytoplasm as an
outcome of loss in intracellular components and contraction
of plasma membrane from the cell wall.

There are two different terminologies, viz. plasmoly-
sis of bacteria and bacteriolysis. Quite often, bacteri-
olysis takes place when the rigid cell wall is substantially
degraded because of unrestrained stimulation of autolytic
wall enzymes (muramidases) (Ginsburg 1989). Bacterioly-
sis is considered to occur after death, and also depends on
experimental conditions. However, the cause of bacterioly-
sis occurring after death of bacteria is not fully known yet.
The biocidal components have been shown to be interacting
with the cell membrane, when the released sodium (Na™)
ions were exposed to copper nanoparticles. This resulted
in disorganization of the membrane and production of cel-
lular lysates (Diaz-Visurraga et al. 2010). Previously, it was
noted that metallic nanoparticles impose pleiotropic activity
on bacterial cells (Radzig et al. 2013). They are thought to
bind with thiol moieties of bacterial proteins interrupting its
activity and causing cell death and form the attachment with
cellular membrane, thus disturbing its permeability by alter-
ing the cell electrical potential and disturbing the process of



3 Biotech (2019) 9:68

Page50f14 68

respiration (Radzig et al. 2013). ROS were also generated
that inhibit the respiratory enzymes (Park et al. 2009). In
addition, oxidized DNA precursors result in DNA lesions
(Diaz-Visurraga et al. 2010).

Improved knowledge of cell-ghost formation, changes in
swarming motility, sensibility against persistent and resistant
strains leads to the encouragement of bacterial SOS (refer-
ring to a set of genes of the Ras subfamily of small GTPases
encoding guanine nucleotide exchange factors that act on it).
The response of SOS is enhanced by the metal nanoparticles
which enable the scientists to take more informed judgments
about the steps that have to be taken for new investigations in
nanostructures with its applications as antibacterial agents.
Based on the aforementioned responses, there were many
studies conducted to analyze the expression of genes in
response to nanoparticles. Gene expression patterns were
found to be consistent, when exposed to metallic nanopar-
ticles, by utilization of transcriptional analysis techniques,
i.e., microarray or RT qPCR. For example, E. coli, when
subjected to the treatment of silver nanoparticles, displayed
differential expression in genes functioning, for regulating
the oxidative balance, homeostasis of copper, silver and
iron through whole genome microarray experiments and its
properties to metabolize sulfur (Nagy et al. 2011; McQuil-
lan and Shaw 2014). Furthermore, a number of researchers
have worked on altered gene expression of bacteria in the
presence of carbon-based nanomaterials. For instance, Kang
et al. (2008) observed the reduced metabolism and viabil-
ity, disruption of membrane integrity, leakage of cellular
matter of E. coli when exposed to single walled nanotubes
and found to be more severe than effect of multi-walled
nanotubes.

In another microarray study on same model organism
E. coli subjected to cerium oxide nanoparticles, the cerium
oxide nanoparticles were observed to up-regulate number
of oxidoreductases suggesting the alterations in cellular
respiration, oxidation stress and iron deficiency (Pelletier
et al. 2010). A similar study was conducted on Pseudomonas
aeruginosa that was exposed to quantum dots and it was
observed that genes responsible for oxidative stress and
metal efflux transporters were up-regulated (Yang et al.
2012).

Nanoparticles could affect plant-microbe interaction by
exposure of the plant growth-promoting bacterium, P. chlo-
roraphis Og, to zinc oxide and copper oxide nanoparticles,
thus leading to alterations in cellular levels of pyoverdine
(siderophore) and expression of an inner membrane pyover-
dine transporter gene (Dimkpa et al. 2012).

Responses of fungus—nanomaterial interactions

Different nanoparticles have capability to kill fungal cells
(Kim et al. 2009). Formation of pores in the membrane leads

to the release of biomolecules from the cells resulting in cell
death. Kim et al. (2009) investigated that Candida albicans
have antifungal effects on silver nanoparticles. In the experi-
ment, the authors observed that membrane depolarization
occurred in case of Candida albicans treated with silver
nanoparticles. Formation of pores and pit formation in the
cell wall were examined which led to release of intracellu-
lar glucose and trehalose into the suspension. By utilizing
flow cytometry approach, cell cycle arrest at G2/M phase
was also observed, thus preventing the growth of Candida
albicans (Kim et al. 2009). Studies on antifungal activity
of silver nanoparticles have been performed on different
fungi including Trichophyton rubrum, Botrytis cinerea,
Penicillium expansum, Phomopsis spp., Candida albicans,
Candida tropicalis and Saccharomyces cerevisiae (Panacek
et al. 2009; Lili et al. 2011; Nasrollahi et al. 2011; Mall-
mann et al. 2015). Studies showed that the inhibitory effect
of silver nanoparticles on different fungi was reported and
the cell membrane has been shown to be the target site for
nanoparticles (Panacek et al. 2009; Lili et al. 2011; Nasrol-
lahi et al. 2011; Mallmann et al. 2015). Prucek et al. (2011)
studied the impact of Fe;O, nanoparticles on Candida spp.
and observed the inhibitory effect with site of action being
the cell membrane. Cell wall and cell membrane of Crypto-
coccus neoformans have been found affected by silver nano-
particles (Ishida et al. 2013). In Table 2 and Figs. 2, 3 and
4, the mode of action of nanoparticles in case of different
bacteria and fungi was presented.

Computer-based mathematical calculation and in silico
modelling can provide more understandings of nanomate-
rial-microbe interactions. Experimental studies of the inter-
actions of nanoparticles with microbes are the key and are
extremely important for providing important information
on the details of these interactions. Powerful bioinformat-
ics tools are available that test statistical data and statement
about a possible future event of the interactions of nanopar-
ticles with parts of microbial membranes such as proteins,
lipids or LPS. Methods include quantum mechanical, atom
based by visualizing the force field, or rough grained strate-
gies, and many more are now under development. Increasing
our knowledge about something that causes disease or patho-
gen—nanomaterial interaction and interference could also be
of importance for the development of future applications of
targeted nanoparticles in medical approaches.

Nanomaterials in plant disease suppression

Plant diseases are induced with the aid of pathogenic bac-
teria, viruses, fungi and nematodes; the resulting contami-
nation/ infestation leads to the economic loss by reduction
in quality and yield of product and its shelf life. Patel et al.
(2014) investigated that 25% of the food plants was effected
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Table 2 Nanoparticle-microbe interaction and their responses

S.no. Nanoparticle

Organism

Target site

References

Effect of NP on bacteria
1. Silver
2. Silver
3. Silver
4. Silver
5. Silver
6.  Fe;0, silver

7. Styrene—acrylic acid/
silver nanoparticles
8. Silver-nHA/TiO,
9.  Magnesium oxide
10.  Zinc oxide
11. Copper
12.  Copper-silica
13.  Chitosan/copper ions
Effect of NP on fungus
14.  Silver
15.  Silver
16. Fe;0,
1-Fe,0,
17.  Zinc oxide
18.  Silver
19.  Silver
20.  Silver
21.  Silver
22.  Silver

Escherichia coli

Escherichia coli
Pseudomonas. aeruginosa
Vibrio cholera

Scrub typhus

Escherichia coli

Escherichia coli
Staphylococcus aureus
Listeria monocytogenes

Recombinant bioluminescent Escheri-
chia coli

Escherichia coli
Staphylococcus epidermidis
Bacillus subtilis
Escherichia coli
Staphylococcus aureus
Escherichia coli
Staphylococcus aureus
Porphyromonas gingivalis
Prevotella intermedia
Streptococcus mutans
Escherichia coli

Bacillus megaterium
Escherichia coli

Bacillus subtilis
Escherichia coli
Staphylococcus aureus
Escherichia coli
Enterobacter cloacae

Escherichia coli

Trichophyton rubrum
Candida spp.

Candida albicans (I and 1)

Candida tropicalis

Candida parapsilosis

Botrytis cinerea, Penicillium expan-
sum

Phomopsis spp.

Candida albicans

Candida tropicalis

Cryptococcus neoformans

Candida spp.

Candida albicans

Candida parapsilosis

Aspergillus niger

Candida albicans

Saccharomyces cerevisiae

Cell membrane

Cell membrane

Sulfur and phosphorous containing
molecules

Cell membrane and sulfur and phos-
phorous

Cell membrane

Cell membrane

Cell membrane

Cell membrane

Cell membrane

Cell membrane
Cell membrane

Interaction with proteins

Cell membrane

Cell membrane
Cell membrane
Cell membrane

Cell membrane

Cell membrane
Cell membrane

Cell wall and cytoplasmic membrane

Cell membrane and sulfur

Cell membrane

Sondi and Salopek-Sondi (2004)
Morones et al. (2005)

Pal et al. (2007)

Fernandez et al. (2008)

Hwang et al. (2008)

Gong et al. (2007)

Paula et al. (2009)

Liao and Li (2010)

Stoimenov et al. (2002)

Zhang et al. (2007)
Yoon et al. (2007)

Kim et al. (2006)

Du et al. (2008)

Noorbakhsh et al. (2011)
Panacek et al. (2009)
Prucek et al. (2011)

Lili et al. 2011)

Mendes et al. (2014)
Mallmann et al. (2015)

Ishida et al. (2013)

Devi and Bhimba (2014)

Nasrollahi et al. (2011)

by mycotoxins worldwide. Therefore, novel systems are
required critically to manage crop diseases that would be a
decisive component for any long-lasting process to sustain

Piedase cllodlayan
KACST a.0141lg oglel)

@ Springer

as well as enhance agriculture productivity. The possible
utilization of nanoparticles to handle aforementioned neces-
sities has been a subject of debate for several years. Earlier,
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Fig.2 Flow chart representing
various mechanisms of nano-
particle actions
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Navarro et al. (2008) proposed that nanomaterials with large
surface area are more efficient in retaining nutrients and may
function as long-lasting and stable mineral store for crops.
Thus, nanotechnology is progressively being included into
the crop-industrial segment. It can present a novel, green and
eco-friendly approach for managing diseases in plants very
effectively. However, application of nano-biotechnology in
pathological conditions of crop continues to be in the early
stages.

For instance, nano-fungicides, nano-pesticides and nano-
herbicides are being studied for their applications in agri-
cultural practices (Dwivedi et al. 2016; Gul et al. 2014; Rai
and Ingle 2012a). If such smart nano-supply systems are
activated and monitored in remote areas, it will be of great
assistance to agricultural growers in coming future to reduce
the utilization of fungicides and pesticides (Rai and Ingle
2012b).

The effect of nanoparticles depends upon the species of
plant and type of nanoparticle. Numbers of studies have been
investigated to prove the positive cause of exposing metal

oxide and metal nanoparticles on pathogen suppression
and crop yield. For example, some nanoparticles such as
silver, zinc oxide, magnesium, silicon, and TiO, have been
observed to be involved in direct suppression of crop ail-
ments via their antimicrobial property (Prasad and Prasad
2014). Silver nanoparticles and ions were also assessed to
examine the antifungal effect on Magnaporthe grisea and
Bipolaris sorokiniana (Woo et al. 2009). In an in vitro and
in vivo study by Woo et al. (2009), decrease in the progres-
sion of disease by phytopathogenic fungi was observed after
treatment with both the silver nanoparticles and silver ions.
Lamsal et al. (2011) investigated that the Colletotrichum
spp. (anthracnose pathogen) inhibited by silver nanoparti-
cles, when subjected to field trials. Authors also stated that
there is enhancement in disease inhibition by applying nano-
particles (4—-8 nm) prophylactically, giving an idea that alter-
nate mechanisms induce significant resistance pathways.
Zinc oxide nanoparticles have also been observed to
have efficient control on pathogen growth (Dimkpa et al.
2013). Zinc oxide nanoparticles offer strong benefits
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Fig. 3 Mode of action of nanoparticles in bacterial cells (modified from Kim et al. 2007)

Fig.4 Mode of action of nano-
particles in fungal cells (modi-
fied from Kim et al. 2009)

Transmembrane
Protein

including lesser toxicity and adding to soil fertility over
silver nanoparticles with respect to pathogen suppression
(Dimkpa et al. 2013). It was also observed that zinc oxide
nanoparticles in Mung bean diminished the growth of
Fusarium graminearum in comparison with bulk oxide
and control (Dimkpa et al. 2013). Similarly, a number of
studies have proven that quantum dots could expand plant
growth, probably via selective activity towards pathogens
(Rispail et al. 2014). Currently, they confirmed the inter-
nalization of quantum dots within the cells (500 nM) by
pathogen Fusarium oxysporum and observed a 20% cut
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down in growth of fungus and 15% decrease in hyphae
development (Rispail et al. 2014).

Carbon-containing nanomaterials inclusive of C60/70
fullerenes, carbon nanoparticles, fullerols, single and multi-
walled carbon nanotubes are also being given high atten-
tion with respect to increase in plant growth (Khot et al.
2012). Multi-walled carbon nanotubes and fullerenes have
shown distinct impact on field-weathered chlordane and
DDT along with metabolites buildup in a study carried out
on soil system (De La Torre-Roche et al. 2013). Hamdi
et al. (2014) confirmed that although non-functionalized
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multi-walled carbon nanotubes reduced chlordane matter in
roots and shoots of lettuce by 78-88%, the repression was
more reasonable with amino-functionalized tubes where
the root showed 57% and shoots showed 23% reduction as
compared to control. The amalgamation of biotechnology
and nanotechnology in sensing field will lead to the devel-
opment of methods/apparatus of great sensitivity that would
enable a primitive reaction to environmental alterations and
illnesses, as proposed in Fig. 4. The studies carried out till
now are adequate to assure upcoming potential utilization
of nanotechnology in management of several kinds of plant
diseases.

Nanosensors in contaminant detection
from food materials

The most common pathogenic microbes Escherichia coli,
Staphylococcus aureus, and Bacillus cereus are responsi-
ble for most of the food borne outbreaks (Park et al. 2001;
Murphy et al. 2006; Gandhi and Chikindas 2007). There
are many biological and immunological assays available
such as sensitive ELISA-based tests for recognition of bac-
terial toxins, but they are not able to measure the activi-
ties of the toxin. It was investigated that different strains of
toxic bacteria detected by sensitive, specific DNA probes
and PCR-based tests but expression of toxin gene does not
give a positive result (Priyanka et al. 2016; Wu et al. 2016;
Pimbley and Patel 1998). Wu et al. (2016) have explained
the rapid detection techniques for enterotoxins of Staphy-
lococcus aureus. Among them, nanomaterials are shown
to have great potential to be incorporated into various sen-
sors to develop rapidly a sensitive and specific methodology
for detecting pathogenic bacteria ensuring food safety and
security, delivering an efficient alternative over the existing
traditional, time-consuming and laborious methods as shown
in Fig. 4. Joo et al. (2012) used an antibody-conjugated mag-
netic nanoparticle and were able to separate them from the
samples by applying an external magnetic field to detect
Salmonella spp. in milk. Several other studies have also
reported the use of magnetic nanoparticles in detection of
Salmonella spp. from milk (Poonlapdecha et al. 2018; Sung
et al. 2013). The assay exhibited high sensitivity against low
concentrations of Salmonella, hence absorption was found
reversely proportional to the Salmonella concentration. Ear-
lier, Chen et al. (2008) developed a piezoelectric biosensor
using oligonucleotide fused GNPs for rapid detection the
food borne pathogen Escherichia coli.

The lactose-stabilized nanoparticles in solution were
observed to be red colored due to the surface plasmon
absorption band at 524 nm and after binding of Cholera
toxin deep purple color was observed due to lactose deriva-
tive formation. Viswanathan et al. (2006) demonstrated a

sensitive method using an electrochemical immunosen-
sor with liposomic and poly (3,4-ethylenedioxythiophene)
coated carbon nanotubes for the recognition of cholera toxin.
Sandwich type test on the electronic transducers was used for
the identification of toxin. The amplification for the detec-
tion of toxin occurs by sandwich assay at ultra-trace levels.
Liao and Li (2010) have developed a lateral flow strip for
recognition of aflatoxin B1 (AF B1) in food. Wu et al. (2011)
have developed a competitive fluorescence immuno-assay a
rapid and sensitive method for the rapid detection by means
of antigen-modified magnetic nanoparticles as immune sens-
ing probes, and antibody functionalized rare earth doped
NaYF, up conversion nanoparticles as signal probes of AF
B1 and Ochratoxin A (OTA) (another frequent mycotoxin
produced by Aspergillus) in foodstuffs. The application of
nanosensors in food industry is summarized in Fig. 5.

Nanomaterials in food storage

Gold nanomaterials are commonly used in food storage and
packaging as well as food additives (Ahmed et al. 2016).
Besides being common materials in food packaging and
antimicrobial agents, gold nanomaterials have been used as
biosensors to detect major contaminants in food products
(Bajpai at al. 2018). Several reviews that focused on inor-
ganic based nanomaterials and their applications in food
analysis and other biological applications such as biosen-
sors have been recently published (Bajpai et al. 2018). Most
notably, for the detection of the presence of melamine in raw
milk, where melamine induced the aggregation of the gold
nanoparticles resulting in a color change from red to blue

Detection of Chemical
contaminants

* Melamine, carbofuran,
ampicillin, 24-

Dinitrophenal. Dichlorodi
phenyltrichloroethane

Nanosensors

Detection of bacterial
contaminants

Detection of Fungal
contaminants

= Matoxin BI (AF BI).

ochratoxin A (0TA),

© Salmonells, Escherichia
col; Vibrio cholera,
Staphylococcal
Enterotoxin B, revetoxins

Fig.5 Applications of nanosensors in food industry
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Table 3 Applications of nanoparticles in food storage

S.no. Food material/packaging Nanoparticle used Application/role

References

1. Low density polyethylene Silver, zinc oxide
2. Polyurethane Polyurethane

3. Low density polyethylene Silver

4. Polyethylene Silver, TiO,

5. Polyethylene Silver, TiO,

growth

6. Cellulose Silver

Inhibition of yeast, and bacterial growth
Inhibition of E. coli and S. aureus growth
Inhibition of aerobic bacterial growth
Inhibition of Penicillium, Lactobacillus growth

Inhibition of S. aureus, Coliforms, E. coli, Listeria

Inhibition of total aerobic bacteria, lactic acid bacte-

Emamifar et al. (2010)

Toker et al. (2013)

Valipoor Motalgh et al. (2013)
Metak and Ajaal (2013)
Mihindukulasuriya and Lim (2014)

Fernandez et al. (2010)

ria, Pseudomonas spp., Enterobacteriaceae

through gold nanoparticles (Noh et al. 2013; Li et al. 2010).
Modifications in electrochemical DNA biosensors used by
gold nanoparticles were also reported in studies (Hu et al.
2008).

In specific, silver nanoparticles are currently being used
as an antimicrobial agent in food storage applications,
anti-odorant, and health supplement (Sekhon 2010; Dun-
can 2011; Mahdi et al. 2012). In 2009, the Food and Drug
Administration (FDA) allowed the use of silver as silver
nitrate in bottled water at concentrations less than 17 g/kg
(Duncan 2011). This is because the silver nanoparticles are
effective in killing bacteria and preventing their growth,
including Bacillus spp., Micrococcus luteus, and Escheri-
chia coli (Sekhon 2010; Duncan 2011; Mahdi et al. 2012).
In addition, it has been reported that using them in minced
meat, reduced the growth of bacteria and increased the shelf
life of the food up to 7 days (Mahdi et al. 2012). The appli-
cations of nanomaterials in food storage are summarized in
Table 3 (Pradhan et al. 2015).

Conclusions and future prospects

Engineered nanomaterials have shown significant role in
regulation of microbial growth and exhibit bactericidal,
bacteriostatic, fungicidal and fungistatic effects through
various biochemical pathways which can be further explored
to control microbial growth. Use of biomolecular interac-
tions with nanomaterial-based biosensors and nanosensors
transduce the signal into detectable limits for rapid detection
of food contaminants, and hence, it would be suggested to
incorporate nanosensors to assure food safety and its quality.
From this point of view, the development of nanosensors to
detect microbes and contaminants would be an important
application of food nanotechnology. in addition, the recently
documented role of nanomaterials for detection of adulterant
and toxins for its future role of interaction with microbes and
applications can be considered for its development. Further,
exhaustive research is necessary need to exploit new nano-
materials and its interaction with microbes for improving
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and assuring food safety and novel applications to agricul-
ture industry.
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