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Abstract Green synthesis of nanoparticles (NPs) is an evolving branch of nano-
technology. The use of fungi for the synthesis of NPs is referred to as mycosynthesis
of metal NPs. Fungal endophytes have been recognized as important sources of a
variety of structurally novel active secondary metabolites with anticancer, antimi-
crobial, and other biological activities. This mode of synthesis of metal nanoparti-
cles is gaining more importance owing to its simplicity, rapid rate of synthesis of NP
of attractive and diverse morphologies, and elimination of elaborate maintenance of
cell cultures and eco-friendliness. Presently, the researchers are looking into the
development of cost-effective procedures for producing reproducible, stable, and
biocompatible metal NPs using fungal cultures. The present chapter is an exhaustive
overview that assesses the role of fungi in the synthesis of nanoparticles, the mecha-
nism involved in the synthesis, the effect of different factors on the reduction of
metal ions in developing low-cost techniques for the synthesis, and recovery of
nanoparticles. Finally, the application of nanoparticles in food processing indus-
tries, i.e., antimicrobial mechanisms, etc., has also been discussed.
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12.1 Introduction

Myconanotechnology is the interface between “mycology” and “nanotechnology”
and has considerable potential, partly due to the wide range and diversity of the
fungi (Rai et al. 2009a). Mycofabrication can be defined as the synthesis of metal
nanoparticles using fungi. The fungal system in recent times has emerged as “bion-
anofactories” synthesizing nanoparticles of silver, gold, platinum, cadmium, etc.
Mycosynthesized nanoparticles have been observed to be of good monodispersity
and dimensions. Physicochemical and biological mechanisms of accumulation of
metal ions by fungi include extracellular binding by metabolites and polymers,
binding to specific polypeptides, and metabolism-dependent accumulation (Volesky
and Holan 1995; Prasad 2016, 2017).

Fungi have attracted more attention for research pertaining to biological produc-
tion of metallic nanoparticles due to their metal toleration and bioaccumulation
capability (Sastry et al. 2003); ease for scale-up studies for nanoparticle synthesis
(e.g., utilizing a thin solid substrate fermentation technique); feasibility of fungal
enzymes (Castro et al. 2012) that results into higher yield of nanoparticles (Sastry
et al. 2003; Mandal et al. 2006; Gade et al. 2010); economic livability and facility
of employing fungal biomass; short incubation and growth period required by a
number of fungal species, thereby making their culturing and maintenance in labo-
ratory very simple (Castro et al. 2011; Prasad et al. 2016); their high wall-binding
and intracellular metal uptake capacities (Volesky and Holan 1995); ability to pro-
duce metal nanostructure via reducing enzyme intracellularly or extracellularly; and
the procedure of biomimetic mineralization (Ahmad et al. 2003a; Duran et al. 2005;
Prasad 2016, 2017).

In a nutshell the potential advantages of fungi as bionanofactories may be
depicted as given in Figs. 12.1 and 12.2.
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Fig. 12.1 Advantages of fungi to be used as biofactories for NP production. Thus, using these
dissimilatory properties of fungi, it could be extensively used for the rapid and eco-friendly bio-
synthesis of metal nanoparticles
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Fig. 12.2 Types of fungal sources for nanoparticle synthesis

12.2 Mycosynthesis of Nanoparticles (NPs)

Microbial synthesis of NPs is a green chemistry approach. Reports on fungal and
other microbe-mediated biosynthesis of gold, silver, gold-silver alloy, selenium, tel-
lurium, platinum, palladium, silica, titania, zirconia, quantum dots (QDs), magne-
tite, and uraninite are available (Narayanan and Sakthivel 2010). These nanoparticles
are biocompatible, less toxic, and of multifarious utilities in numerous fields. The
exact mechanism of biosynthesis has not been clearly elucidated. Microbial interac-
tions with nanomaterials may in certain instances produce nanostructured materials
and enhance microbial growth (Kumar et al. 2007). This is because of their multiple
attributes that include excellent performance, selective adsorption of metal ions,
operation over a broad range of ecological conditions (pH, ionic strength, tempera-
ture), low cost, free availability, regeneration, high biosorption capacity, etc.
(Mandal et al. 2006).

Mycosynthesis of nanoparticles is of considerable industrial significance because
of the following distinctive features of fungal systems:

Are capable of growing on readily available and inexpensive substrates.

Produce stable nanoparticles which do not aggregate even upon prolonged storage
and are thus characterized by longevity.

Enhanced tolerance toward a higher concentration of metal nanoparticles which are
also well dispersed in the medium offering large advantage.
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Mycelial and mesh-like characteristics of fungal species aid them to withstand flow
pressure and other conditions in bioreactors or other chambers as compared to
other microbes and plant materials (Narayanan and Sakthivel 2010).

Secrete a number of enzymes (Mohanpuria et al. 2007).

Easy to grow and maintain (Mukherjee et al. 2008a, b).

No stringent requirements for special equipments.

Biomass concentration remains much higher than bacteria.

Possess inherent ability of producing extracellular metabolites that serve as defen-
sive agents supporting their own survival when exposed to different environmen-
tal stresses like toxic materials (such as metallic ions), predators, and temperature
variations.

Can be effectively immobilized and employed.

Synthesis of metal nanoparticles.

The process becomes cost-effective and safe without requirement of any specific
instruments (Mohanpuria et al. 2007) and offers distinct advantage for large-scale
production, extraction, and recovery unlike the bacterial strains reported (Mukherjee
et al. 2008a, b; Gaikwad et al. 2013; Prasad et al. 2016).

The fungal system shows the capability of both intracellular and extracellular
synthesis of nanoparticles (Mandal et al. 2006; Riddin et al. 2006; Ingle et al. 2008).
In the recent past, research work using the fungal system has been carried out using
both aspects for synthesis of nanoparticles of gold, CdS, silver, silica, titania, zirco-
nia, etc. (Mukherjee et al. 2001a, b; Ahmad et al. 2002; Chen et al. 2003; Bansal
et al. 2004, 2005). Reports on a number of fungal species like Verticillium, Phoma
sp., Fusarium oxysporum, Aspergillus fumigatus, Trichoderma asperellum, and
Mucor hiemalis for myconanosynthesis have been explored (Mukherjee et al.
2001a, b, 2008a, b; Chen et al. 2003; Bansal et al. 2005; Aziz et al. 2016).

12.3 Mechanistic Aspects of Mycosynthesis of Nanoparticles

Mechanism of nanoparticle formation, in all microorganisms and plants, is still an
open question, even though much research has been attempted (Meyer 2008;
Kathiresan et al. 2009). Biogenic synthesis of metal nanoparticles involves biore-
duction of metal salts to elemental metal which may be stabilized by organic mol-
ecules present in the microbes such as fungi and bacteria; and the alternative way
could be biosorption where metal ions in the aqueous medium are bonded to the
surface of the cell wall of the organisms.
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Fig. 12.3 Mechanism of extracellular biosynthesis of silver nanoparticles using fungi (Juibari
etal. 2011)

12.3.1 Extracellular Synthesis

Several hypotheses for explanation of the mechanism of extracellular-mediated
nanoparticles (Fig. 12.3) include:

Nitrate reductase was suggested to initiate nanoparticle formation by many fungi
including Penicillium species, along with several enzymes like NADPH-dependent
reductases, nitrate-dependent reductases, etc. In case of extracellular synthesis of
silver nanoparticles due to the presence of these enzymes in fungal cytoplasm,
reduction of silver metal ions into silver nanoparticles takes place. This finally leads
to the formation of highly stable silver nanoparticles.

Jain et al. (2011) reported that AgNP synthesis for Aspergillus flavus occurs ini-
tially by a “33 kDa” protein followed by a protein (cysteine and free amine groups),
which stabilizes the NPs by forming a capping agent (Jha and Prasad 2010). A
number of researchers supported nitrate reductase for extracellular synthesis of NPs
(Jain et al. 2011; Juibari et al. 2011; Bansal et al. 2004). Kumar et al. (2007) stated
that the process of formation of silver nanoparticles requires the reduction of
-NADPH to -NADP and the hydroxyquinoline probably acts as an electron shuttle
transferring the electron generated during the reduction of nitrate to Ag+ ions con-
verting them to Ag0. They further reported that the action of hydroxyquinoline is
similar to that of quinones in the electron transport taking place in the mitochondria
or the chloroplast.



292 L. Roy et al.

Duran et al. (2005) had driven out the mechanism of biosynthesis of silver
nanoparticles and stated that the synthesis of silver nanoparticles occurred in the
presence of anthraquinone and NADPH-nitrate reductase. In this case, the electron
required to fulfill the deficiency of aqueous silver ions (Ag*) and convert it into Ag
neutral (Ag0) was donated by both quinone and NADPH.

Edible mushroom Volvariella volvacea was also used for the synthesis of Au, Ag,
and Au-Ag alloy nanoparticles (Chertok et al. 2008). The morphology of these
nanoparticles was greatly influenced by temperature and pH. All the nanoparticles
synthesized by using this fungus were highly crystalline and photoluminescent
when observed their XRD patterns. It has been suggested that the polysaccharides
and oligosaccharides present in the broth might be responsible for the reduction of
metal ions to metal nanoparticles.

Mukherjee et al. (2008a, b) also suggested Michaelis-Menten type of mechanism
for the synthesis of nanoparticles, where the reaction initially exhibits pseudo-zero-
order kinetics and then follows higher-order kinetics. Thus, at initial phase when the
concentration of silver nitrate is higher, the reaction is rather slow, and as the reac-
tion proceeds, the concentration of silver nitrate lowers down considerably. The
authors proposed that bioreduction of metal nanoparticles was brought about by
protein extract containing amino acid with -SH bonds. Most likely cysteine under-
goes dehydrogenation on reaction with silver nitrate to produce silver nanoparticles,
while the free amino acid groups possibly serve as a capping for silver nanoparti-
cles. The involvement of polypeptides/proteins in the bioreduction of metal ions
was also reported by Das et al. (2009). In this study, FTIR spectra of fungal culture
containing AuCl,~ (auric chloride) revealed the presence of amide I, II, and III
groups and the disappearance of carbonyl groups present in the mycelia. The shift-
ing of peaks from 1034 to 1075 cm™" illustrated the role of phosphate bonds in the
reduction process. Thus, the authors hypothesized that the surface-bound protein
molecules acted as reducing and stabilizing agent. Silver nanoparticles synthesized
by Coriolus versicolor also showed the reduction of silver ions by amide I and
amide II groups (Sanghi and Verma 2009). The stabilization of nanoparticles was
attained by fungal protein.

Jain et al. (2011) reported a two-step hypothetical mechanism for synthesis of
silver nanoparticles. In the first step, reduction of bulk silver ions to silver nanopar-
ticles takes place by a 32 kDa protein, which might be a reductase secreted by A.
Sflavus. In the second step, silver nanoparticles were capped by a 35 kDa protein that
binds with the nanoparticles and confers stability. Similar results were reported with
F. oxysporum showing the presence of two extracellular proteins with molecular
weight of 24 and 28 kDa responsible for the synthesis of zirconium oxide nanopar-
ticles (Bansal et al. 2004; Duran et al. 2005).

Chen et al. (2003) exploited three different macro-fungi (Pycnoporus sanguin-
eus, Schizophyllum commune, and Lentinus sajor-caju) for synthesis of silver
nanoparticles. The authors supposed that the reduction of silver ions was possibly
due to the presence of diketone compound, which was also confirmed by GC-MS
analysis.
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12.3.2 Intracellular Mechanism

Intracellular synthesis method involves a specific ion transportation system in the
microbial cell. In this the cell wall of the microorganism plays an important role in
biosynthesis of metallic nanoparticles. The hypothetical mechanism involves the
electrostatic interaction forces found between the opposite charges, i.e., the nega-
tively charged cell wall of microorganism and the positively charged metal ions.
The enzymes present in the cell wall of microorganisms reduce these metal ions to
nanoparticles which subsequently get diffused off through the cell wall (Fig. 12.4).

During the intracellular synthesis of gold nanoparticles, the gold metal ions
firstly bind on the fungal cell surface. After that absorbed metal ions were reduced
by enzymes present in the cell wall of fungi. These enzymes contain positively
charged groups which lead to the aggregation of nano-shaped structures and finally
formation of metal nanoparticles.

Other possibility is the migration of ions to cytoplasmic membrane to get reduced
subsequently. The synthesis of silver nanoparticles requires the reduction of NADPH
to NADP. Here, hydroxyquinone acts as an electron shuttle transferring the elec-
trons generated during the reduction of nitrate to Ag ions converting them to Ag0.

The actual mechanism of mycosynthesis of nanoparticles, however, is still not
fully understood. According to Mukherjee et al. (2001a, b), in intracellular synthe-
sis, metal nanoparticles are synthesized below the cell surface, which is possibly
due to the reduction of metal ions by enzymes present in the cell membrane.
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Fig. 12.4 A mechanism of intracellular synthesis of nanoparticles through fungi (Sarkar et al.
2010)
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Synthesis proceeds firstly by the entrapment of metal ions on the surface of fungal
cell, which occurs due to the electrostatic interaction between lysine residues and
metal ions (Riddin et al. 2006). The second step in the synthesis is the enzymatic
reduction of metal ions, which leads to aggregation and formation of nanoparticles.
The cell-wall sugars also play a major role in the reduction of metal ions (Mukherjee
et al. 2001a, b). Although the mechanisms for the intracellular synthesis of other
metals are not available, the reduction of other metals may occur in a similar pattern
as described for silver and gold nanoparticles.

12.4 Production of Myconanoparticles

The mycosynthesis of nanoparticles involves a series of steps that have been
described in brief below:

12.4.1 Techniques of Isolation and Screening of Fungi
Synthesizing Nanoparticles

12.4.1.1 Microbial Cultures Externally Synthesizing Nanoparticles

Different microbial sources are collected, milled, suspended in sterile normal saline,
and subjected to screening process. Prepared Sabouraud dextrose agar (SDA)/potato
dextrose agar (PDA) culture medium is supplemented with solution of metal ion
(10 g/1) to final concentration equal to 100 mg/I of metal ion. One ml of the suspen-
sions prepared from the collected samples are ten times diluted and spread on the
surface of the metal ion-supplemented SDA/PDA plates (100 mg/l). The plates are
incubated aerobically at 30 °C, and after 1 week, all colored colonies observed on
the ion-supplemented media plates are picked up and transferred to metal ion-free
PD or SD broth medium.

In the next step, all broth media are further incubated for 7-10 days at 25-30 °C
in an incubator (150 rpm). During incubation periods several samples (0.5 ml) are
aseptically withdrawn from culture flasks, centrifuged at 4000 x g for 20 min, and
added to 4.5 ml metal ion solution (100 mg/l). After 60 min, the formation of spe-
cific colored colloid is checked in all reaction vessels. Red is the color of generated
elemental SeNPs while blue for copper, brown for silver, yellow for gold, etc., and
thus serves as a provisional marker to identify a culture supernatant of an isolate
capable to form metal NPs.
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12.4.1.2 Isolation of Microbial Cultures Intracellularly Synthesizing
Metal Nanoparticles

The culture is grown in suitable liquid media incubated on shaker at optimal tem-
perature. After incubation the flask is kept at static condition to allow the biomass to
settle following which the supernatant is discarded and water is added for washing
the cells. The flask is kept steady for 30 min to settle the biomass, post which the
supernatant is again discarded. The biomass is then separated from the sterile dis-
tilled water by centrifugation for 10 min. The wet biomass is exposed to 50 ml of
sterilized aqueous solution of metals at various dilutions and incubated on shaker at
suitable temperature till visual color change is observed.

12.4.2 Identification of the Microbial Isolate

The identification of the isolate is carried out by 28S ribosomal deoxyribonucleic
acid (rDNA) sequence analysis. Genomic DNA is obtained from fungal cells har-
vested from 72 h culture mediums and washed three times with sterile distilled
water. The cells are disrupted by grinding with liquid nitrogen and the slurry sub-
jected to phenol-chloroform DNA extraction procedure. DNA materials obtained
are subjected to 28S rDNA polymerase chain reaction amplification for automated
sequencing using the primers. Sequence similarity searches are done with the
BLAST database (National Center for Biotechnology Information) and the sequence
submitted to NCBI GenBank Nucleotide Sequence Database (accession number
KC145152).

12.4.3 Culture Techniques and Optimal Conditions
Jor Mycosynthesis of Nanoparticles

Biological synthesis approaches are novel routes for the production of nanoparticles
and development of natural factories. Culture techniques and media vary depending
upon the requirements of the fungal isolate involved; however the general procedure
is more or less the same. Most of the important features of process conditions for
synthesis of nanoparticles are constantly being searched by the researchers to get
nanoparticles of desirable shape and size. The following parameters play an impor-
tant role in biosynthesis of nanoparticles.
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12.4.3.1 Sources for Production of Nanoparticles

For the synthesis of nanoparticles, it is important to select the best source on the
basis of their intrinsic properties such as growth rate, enzyme production, and meta-
bolic pathways which must be taken into account. Some of the microorganisms like
bacteria, viruses, fungi, yeasts, and algae are known for the biosynthesis of metallic
nanoparticles (Prasad et al. 2016).

12.4.3.2 Biomolecules Responsible for Biosynthesis

Biomolecules such as enzymes and proteins act as reducing and stabilizing agent
for the biosynthesis of nanoparticles. Whole cells of microorganisms, crude enzymes
which can be either in crude form or in purified form obtained from the microorgan-
isms, are more often utilized. Nanoparticles synthesized mainly involve bioreduc-
tion process which also needs some coenzymes such as NADH, NADPH, FAD, etc.
It is found that nanoparticle synthesis with the help of whole cell of fungi is much
cheaper as compared to purified enzymes from the same fungus strain.

12.4.3.3 Optimal Reaction Conditions

Harvesting of microbial biomass is an important process subsequent to biosynthesis
of nanoparticles. To avoid complications during synthesis process, it is important to
avoid unwanted residual nutrients and metabolites. At industrial level, scale-up of
production rate and yield is more important and needs to be optimized (including
their exposure time, pH, temperature, etc.). Optimization of these factors can aid in
controlling morphology and properties of desirable nanoparticles. Hence nowadays
researchers have focused their attention to find optimal reaction conditions and
actual mechanics that have been involved in the bioreduction process.

12.4.3.4 Favorable Conditions for Inoculum Growth

Growth conditions of microorganisms are important criteria while synthesizing
nanoparticles. Enzyme production and growth of inoculum are the factors. So, the
nutrients, pH, temperature, etc., should be optimized. Likewise when we are using
whole cells and crude enzymes, harvesting time is also an important parameter so
that it is necessary to monitor the enzyme activities during the time course of inocu-
lum growth.
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12.4.4 Factors Affecting Biosynthesis of Metal Nanoparticles

Major parameters affect the synthesis of nanoparticles including their size, shape,
and monodispersity. Each of these depends on the physical and chemical parameters
that mainly include the temperature, pH, presence of specific enzymes, type of bio-
mass, exposure time to substrate and the substrate concentration, etc.

1244.1 pH

pH is an important factor having efficient effect on the synthesis of metal nanopar-
ticles. Gericke and Pinches (2006) carried out a research in which they demon-
strated the change in shape of nanoparticles with variation in pH. They also found
that Verticillium luteoalbum synthesizes nanoparticles of spherical shapes of size
(<10.0 nm) at pH 3, but when pH is increased to 5, the shape obtained are hexago-
nal, triangular, and rodlike. Further increases in pH, that is, 7-9 nanoparticles with
irregular and undefined shapes, were obtained. Similar work was carried out by
Sanghi and Verma (2009); they studied the effect of pH on the fabrication of
nanoparticles synthesized by Coriolus versicolor. The obtained results also sug-
gested that reduction of metal ions was highly sensitive to pH.

12.4.4.2 Temperature

Temperature is an important physical parameter that also influences the synthesis of
metallic nanoparticles. Dhillon et al. (2012) reported that the movement of ions and
activity of microbial biomass were controlled by variation in temperature. It could
be also suggested that temperature plays an important role on the growth of fungus
as well as on metal uptake by the surrounding environment. Gericke and Pinches
(2006) revealed that the formation of nanoparticles was directly affected by tem-
perature. They found that at low temperature variety of nanoparticles formed after
1 h exposure to gold metal ion solution of spherical shapes. An increase in incuba-
tion time up to 24 h is likely to decrease in the number of smaller nanoparticles,
whereas the large particles show well-defined shapes of bigger sizes. This is due to
the segregation of smaller nanoparticles at high temperature. When temperature is
increased up to 50 °C, there will be no difference observed in the shape and size of
nanoparticles synthesized after 1 and 24 h exposure to metal ion solution. Further
study on the effect of temperature on biosynthesis of metal nanoparticles suggested
that the size of nanoparticles can be controlled by operating the reaction mixture at
low temperature; however it would allow formation of nanoparticles at slower rate
(Punjabi et al. 2015).
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12.4.4.3 Concentration of Metal Ions

The concentration of metal ions also influences the synthesis of metal nanoparticles.
Earlier reports have been suggested that the high concentration of fungus Penicillium
fellutanum would inhibit the synthesis of nanoparticles. Kathiresan et al. (2009)
demonstrated that at high concentration of silver ions, the size, shape, and monodis-
persity of the nanoparticles vary from the desired nano-size. As in the chemical reac-
tions, the concentration of reactants decides the rate of reaction and also affects the
size and shape of the synthesized particles. According to the study carried out by
Gericke and Pinches (2006), they were synthesizing gold nanoparticles using
Verticillium luteoalbum. The obtained results also suggested that when the concen-
tration of AuCl*~ was below 500 mg/L, the size of the gold nanoparticles was slightly
narrow and uniform size ranges (>20 nm). The size of the synthesized nanoparticles
increases with increase in the concentration AuCl*~. In addition to this at high con-
centration of metal ions, the aggregation of smaller particles occursokay.

12.4.4.4 Exposure Time to Substrate

Synthesis of nanoparticles at different time intervals and their influence on synthesis
process were also studied. It was found that as the incubation time increases, the
shape and size of nanoparticles also vary with variation in the incubation period of
reaction mixture. It has been also found that with increase in the incubation time,
the synthesis of nanoparticles also increases. In one of the study, Gade et al. (2010)
conducted a study in which they found that the majority of nanoparticles are synthe-
sized after 1 h incubation to metal-containing solution. When incubation time
increases up to 24 h, it shows the synthesis of nanoparticles of bigger sizes, and this
is due to the clump formation or segregation of smaller-size nanoparticles. It has
been also seen that when time increases up to 2—4 days, the synthesized nanoparti-
cles show the alteration in their actual shape and size.

12.4.4.5 Type of Enzyme Used

The use of different types of enzymes for the bioreduction of metal ions into metal
nanoparticles is greatly influenced by the type of enzymes secreted by the microor-
ganisms. The main advantage to use these enzymes for the biosynthesis purpose is
for the in vitro synthesis of nanoparticles by using the fungal mycelia; it also elimi-
nates the need of optimization and harvesting process during the intracellular syn-
thesis of nanoparticles. In case of fungi, it has been found that the enzymes secreted
by them are also used for the synthesis of different metallic nanoparticles of various
chemical composition, shapes, and sizes. In a study which was carried out by
Ahmed et al. (Shakibaie et al. 2010), they found that the synthesis of silver nanopar-
ticles does not take place in the presence of Fusarium moniliforme but it synthesizes
when the reaction mixture is containing Fusarium oxysporum strain. The detailed
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study of these two fungal metabolites and their protein assay suggested that the
specific reductase enzyme (NADH-dependent reductase) was only produced by the
fungal strain of F. oxysporum, while the other strain F. moniliforme does not pro-
duce this specific reductase enzyme. Obtained results also indicate that the synthe-
sis of metal nanoparticles through F. oxysporum is due to the presence of specific
nitrate reductase enzymes present in the cytoplasm or cell membrane. In another
study Bansal et al. (2005) reported that F. oxysporum also synthesizes silica nanopar-
ticles. The fungus F. oxysporum bioleached the silicates into silicic acid present in
the zircon sand and then finally into silica nanoparticles.

12.4.5 Optimization

Vast emerging applications of nanoparticles (NPs) in distinct fields have led to an
impending increase in demand for NPs. This ultimately leads to an enhanced
demand, hence necessitating increased yield, for which optimization of the process
is essential. The synthesis of NPs at nanoscale is still a challenge. Optimization of
conditions during microbial culture production and post-induction becomes impera-
tive in order to increase the shelf life of NPs with minimum investment. Statistical
tools may also be employed for determining the optimal conditions.

12.4.5.1 Optimization of Process Conditions Pertaining to Culture Media
is Carried Out for the Optimal Fungal Growth
and Nanosynthesis

Different media compositions, namely, malt glucose yeast peptone broth, potato
dextrose broth, protease production media, lipase assay medium, sucrose peptone
yeast broth, and Sabouraud broth, have varied effects on the yield and quality of
nanoparticles synthesized. Hence all the media are screened for the optimum and
stable nanoparticle synthesis. The cell filtrate is used for protein estimation and
synthesis of NPs.

It is well known that in different culture media conditions and compositions,
microbial cell responds differently and secretes different metabolites and different
kinds of proteins. Variation in pH and temperature on the nanoparticle synthesis is
also significant. Also, it is known that the biological syntheses of several nanopar-
ticles are enzyme-catalyzed reaction (Xie et al. 2007). More often enzymes, i.e.,
proteins, have multiple effects on the dispersion, including potential screening of
the surface charges that helps to maintain the repulsion between the particles and
bridging-type interactions.

OH™ ions are nucleophiles which play crucial role in maintaining the stability of
certain nanoparticles by adsorbing on it and in synthesis of smaller size particles by
providing electrons for reduction in metal ions. More nucleation regions are formed
due to the availability of OH™ ions which helps in preventing the aggregates that are
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formed through adsorbing on nanocrystals and maintains the smaller size
(Gurunathan et al. 2009). At alkaline pH silver nanoparticles are stable and aggre-
gates formed at lower pH. It indicates that, by controlling the pH of certain nanopar-
ticle synthesis, it is easy to control the size.

It is hypothesized that the proton concentration affects conformational changes
in the nitrate reducing enzymes present in the fungal filtrate, which may alter the
morphology and size of the AgNPs. When the condition of the nanoparticle fabrica-
tion is alkaline, the synthesis will be faster than in acidic conditions.

With increase in temperature, the kinetic energy of the nanoparticles in the solu-
tion also increases; as a result, the collision frequency between the particles also
rises, and this leads to the higher rate of agglomeration. This is because the surface
potential of nanoparticles is inversely proportional to temperature which leads to the
formation of aggregates as the particle demonstrates growth rate over a range of
ionic strengths. Reaction temperatures cause variation in the interaction of particles
via electrostatic and van der Waals forces.

Likewise the exact mechanism of light-mediated synthesis is not established. There
may be photosensitization of aromatic amino acids (photosensitizer) of filtrate protein
that may absorb the light energy and transfer to the reactants, while itself doesn’t
undergo any changes. In case of high-intensity light, heat generates, which may also
accelerate the rate of synthesis of SNPs or photolysis. Cultural (culture medium,
quantity of biomass, filtrate volume, and salt concentration) and physical conditions
(pH, temperature, and light intensity) also are found to affect the maximum yield, rate
of synthesis, and size of nanoparticles. Thus optimization of the process parameters
ultimately leads to the rapid and large-scale production of NPs at industrial level.

12.4.5.2 Optimization of Post-induction Conditions, i.e., pH
and Temperature, is Determined for Enhancing the Shelf Life

For large-scale synthesis and stability of fungal synthesized nanoparticles, studies
have been conducted by suspending the fungal biomass in distilled water having
different pH maintained by buffering system. Effect of temperature on the rate of
synthesis of SNPs is studied by transferring fungal biomass into distilled water and
incubated at its optimum temperature overnight, and later they are exposed to differ-
ent temperatures.

12.5 Factors Controlling the Size and Shape of Biologically
Synthesized Metallic Nanoparticles

The shape and size of nanoparticles depend on the volume of fungal biomass extract
used (Philip 2009):

(i) Different shapes for the NPs can be obtained by varying the content of the
extract in the reaction medium. In case of gold nanoparticle synthesis, lower
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(ii)

(iii)

(iv)

extract contents yield spheres and triangles, while higher extract contents yield
flower-like NPs.

By tuning the experimental parameters: like the reaction time, the concentra-
tion of HAuCl,, and the pH (Das et al. 2010). Interestingly, it is possible to
favor one shape at the expense of another by just a slight tuning of the above-
mentioned parameters.

Nature of the biomass used and on the species for a given microorganism.
There is a variety of oxide- and carbonate-based NP biosynthesis such as those
made, for instance, of zinc oxide (ZnO) (Azizi et al. 2014), copper oxide, mag-
netite (Fe;0,) (Mahdavi et al. 2013), silica (SiO,) and titania (TiO,) (Bansal
et al. 2005), zirconia (ZrO,) (Bansal et al. 2005), and calcium carbonate
(CaCOs) (Lietal. 2011). From a chemical composition point of view, the bio-
synthesis of iron oxide is more diverse compared to the previously mentioned
oxides (Bharde et al. 2006).

By challenging the biomass with various conditions: the biosynthesis of quan-
tum dots (QDs) of CdTe can be achieved by fungi. It is possible to tailor the
optical properties of CdSe QDs, produced by challenging the biomass of the
yeast Saccharomyces cerevisiae by aqueous solutions of NaSe,0, and CdCl,,
through the screening of the following experimental parameters: time of addi-
tion, concentration and inoculating duration of NaSe,0,, and concentration
and inoculating duration of CdCl,. For instance, by varying the latter-
inoculating duration of CdCl, from 14 to 44 h, the color spans from green to
red, yellow being the one of the sample obtained at the in-between inoculating
duration. Similar studies have been reported by several coworkers (Mao et al.
20006).

12.6 Recovery Methods

12.6.1 Extracellular

Fermented broth is incubated at optimal temperature until precipitate is observed at
the bottom. After removal of the biomass, the solution is then centrifuged at
10,000 rpm for 20-30 min in non-refrigerated centrifuge. Supernatant is discarded
and pellet composed of the nanoparticles is collected and dried.

12.6.2 Intracellular

Fermented broth incubated at optimal temperature is taken and the biomass is sepa-
rated. Biomass is then subjected to cell disruption techniques, and the requisite
separation techniques are employed for the recovery of nanoparticles.
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12.6.3 Separation Techniques

Several separation techniques can be used for the nanoparticles (da Silva et al. 2011;
Farre et al. 2011; Pycke et al. 2011; Bandyopadhyay et al. 2012). Techniques,
including capillary electrophoresis (CE), chromatography, and field-flow fraction-
ation (FFF), among others (Magnuson et al. 2011), are employed for separation of
nanoparticles. The use of high-performance liquid chromatography (HPLC), ultra-
performance liquid chromatography, and CE with FFF has been reported as efficient
separation techniques for nanomaterials from several kinds of samples (Magnuson
et al. (2011)).

12.6.3.1 Chromatography

In chromatography, compounds can be separated based on their charge (weak/
strong cation or ion-exchange chromatography [IEC]), molecular mass (size-
exclusion chromatography[SEC]), hydrophobicity/polarity (reversed-phase HPLC,
hydrophobic interaction chromatography), and specific characteristics (affinity
chromatography), depending on the type of materials in the stationary phase
(Williams et al. 2002; Lead and Wilkinson 2006; Tiede et al. 2008). Luykx et al.
(2008) reported the use of SEC and IEC to measure nanomaterials in several differ-
ent matrices.

HPLC allows the separation of several different types of components (Luykx
et al. 2008; Magnuson et al. 2011). Hydrodynamic chromatography is also a very
efficient technique to separate NPs in samples based on their hydrodynamic radius
(Tiede et al. 2008).

12.6.3.2 Field-Flow Fractionation (FFF)

FFF is a technique similar to HPLC and can be used to separate nanomaterials based
on thermal or hydraulic gradients, electrical forces, and sedimentation (Hassellov
et al. 2008; Luykx et al. 2008; Bolea et al. 2010). The general principles of the FFF
technique are described in details (Schimpf et al. 2000). It is a flexible elution tech-
nique where simultaneous separation and measurement can be done across a broad
macromolecular colloidal particulate, ranging from about 1 nm to more than 100 nm
(Giddings 1993). A major advantage of this method is the lack of a stationary phase,
thus restraining the interaction between the sample and the equipment surfaces
(Giddings 1993; Schimpf et al. 2000). FFF can be coupled with fluorescence, MS,
and light-scattering techniques for the quantitative detection of nanomaterials in
complex systems (Hassellov et al. 2008).

Sedimentation FFF (SAFFF) is suitable for separation and characterization of
emulsions. It is an elution-based analytical technique, which provides higher solu-
tion separation of nanomaterials in gentle, low-shear conditions.
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Asymmetric flow FFF (AF4) is another technique for nanomaterial characteriza-
tion. Bouby et al. (2004) reported the characterization of Fe;O,/hydroxide colloids
by using a combined AF4 and laser-induced breakdown technique with trace detec-
tion limit of 1 mg/L. This combination can be ideal for measuring NMs in
samples.

12.7 Techniques for Characterization of Nanoparticles

The availability of advanced instrumentation techniques for the characterization of
metal nanoparticles has proven to be very useful for gaining an insight into various
morphological and structural features. The stability of the particles can also be
ascertained by these techniques. Characterization is an important step for the iden-
tification of the nanoparticles by their size, shape, chemical composition, surface
area, and dispersity. Thorough characterization studies of the nanoparticles aid in
lucid understanding and control of the synthesis and applications of the nanoparti-
cles. Different techniques available for the characterization of nanomaterials have
been represented in the Fig. 12.5. The methods may be:

AAS

AFM DLS+Zt'eta
potential

UV-Vis Characterization

. EDS
Spectroscopy of nanoparticles
SEM/TEM/ FTIR
HR TEM

HAADF

Fig. 12.5 Techniques for characterization of nanoparticles
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12.7.1 For Determination of the Size, Shape, and Conformity
of the Nanoparticles Synthesized

12.7.1.1 X-ray Diffraction (XRD)

X-ray diffraction data provides information about crystallinity, crystallite size, ori-
entation of the crystallites, and phase composition and aids in molecular modeling
to determine the structure of the material (Joshi et al. 2008). XRD is mainly used for
the crystal analysis and phase identification of the synthesized nanomaterials. It also
determines the overall oxidation state of the particle as a function of time (Hergt and
Dutz 2007).

Advantages: Simplicity of sample preparation, rapidity of measurement, analyzes
mixed phases, and determines sample purity.

Limitations: Requirement of homogenous and powdered material, peak overlays
lead to unclear data.

12.7.1.2 Electron Microscopy

Electron microscopy is used for the surface and morphology characterization of the
molecule. Similarly scanning electron microscope and transmission electron micro-
scope are also used for the morphological characterization at nanometer to microm-
eter scale.

12.7.1.3 Scanning Electron Microscope (SEM)

The SEM images the sample surface by scanning it with a high-energy beam of
electrons. When the beam of electrons strikes the surface of the specimen and inter-
acts with atoms of sample, signals in the form of secondary electrons, backscattered
electrons, and characteristic X-rays are generated that contain information about
sample’s surface topography, composition, etc. (Joshi et al. 2008).

Advantages: SEM is its two-dimensional imaging, ease of sample preparation, and
provision of digital data forms.

Limitations: Improper sample preparation can lead to confusion between artifacts
and actual data. Obvious limitations are the size, cost, and maintenance.

12.7.1.4 Transmission Electron Microscope (TEM)

In TEM the crystalline sample interacts with electron beam mostly by diffraction
rather than by absorption. The intensity of diffraction depends on orientation of
planes of atoms in a crystal. This produces a variation in the electron intensity that
reveals information of the crystal structure. Along with distribution and dispersion,
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exfoliation, intercalation, and orientation of nanoparticles can also be visualized
using a TEM micrograph (Joshi et al. 2008).

It is found that the TEM has much higher resolution as compared to the
SEM. SEM gives the information of the morphological characteristics of the mole-
cules at submicron level and the elemental information at the micron level. Due to
the high resolution, TEM is widely used for the identification of the exact shape and
size of the nanoparticles. Advantages of SEM and TEM include giving two-
dimensional imaging, easy to sample preparation, and data in digital forms.

Advantages: High-quality, detailed, and powerful magnification of element and
compound structures.

Limitations: Laborious sample preparation, artifacts from sample preparation, and
definitely large and expensive.

12.7.1.5 High-Resolution Transmission Electron Microscope (HRTEM)

It is an imaging mode of TEM that allows imaging of crystallographic structure of
samples at an atomic scale. In HRTEM electron wave after interacting with sample
undergoes phase change and interacts with image wave in the imaging plane. Thus,
individual atoms and crystalline defects can be imaged clearly using HRTEM (Joshi
et al. 2008).

12.7.1.6 Atomic Force Microscopy (AFM)

AFM is ideally used for the qualitative estimation of surface roughness and also
gives the complete visualization of the surface of synthesized nanoparticles. It gives
very high three-dimensional spatial imaging resolution of the synthesized nanoma-
terials. The surface of the sample is scanned using a probe, and the oscillation
amplitude is used to measure the surface characteristics of the sample (Mukherjee
et al. 2001a, b; Joshi et al. 2008).

Advantages: AFM provides higher resolution than SEM. It gives true atomic resolu-
tion compared with scanning tunneling microscopy and transmission electron
microscopy.

Limitations: AFM cannot scan images as fast as SEM and image artifacts, and it
gives a single-scan image size. All these technologies are very reliable and useful
for the complete analysis and detailed characterization of synthesized
nanoparticles.

12.7.1.7 Zeta Potential Measurement

It is used for the analysis of the stability of the synthesized nanoparticles. The value
of zeta potential is as high as the nanoparticles are more stabilized.
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12.7.1.8 Dynamic Light Scattering (DLS)

It is mainly used for the qualitative detection of nanoparticles and also characterizes
the surface charge and size of the nanoparticles. It is a well-established technique
for measuring the size of molecules and particles. The fluctuation in the intensity of
the scattered light from laser-illuminated particles is size dependent, and hence, the
size of particles can be analyzed. Thus, the size and size distribution of particles can
be studied by DLS (Joshi et al. 2008). With the help of this, we can also analyze the
polydispersity index of the synthesized nanoparticles (Mukherjee et al. 2002).

Advantages: Offers measurement of particle sizes of 1 nm, precision of 1%,
repeatable analysis, no sample preparation, and liquid sample.

Limitations: Offers low resolution of polydisperse samples and multiple light
scattering.

12.7.2 For Functional Group Identification of Synthesized
Nanoparticles

UV-visible spectroscopic analysis, EDX analysis, and FTIR analysis techniques are
different techniques employed for the evaluation of nanoparticles.

12.7.2.1 UV-Visible Spectrophotometer

Detection of the formation and presence of nanoparticles in the fungal medium can
be done using UV-vis spectroscopy. It is also used for the identification and charac-
terization of metallic nanoparticles. This is the most widely applicable technique
because of its simplicity and reliability. Two hundred to eight hundred nanometer
light wavelength is generally used for the identification of nanomaterials of size
ranges 2—100 nm. It is well known that, for monodispersed NPs, only one plasma
band is obtained. The increase in its intensity is an indication of the advanced degree
of reaction with increase in the number of particles. Metal nanoparticles scatter
optical light because of collective resonance of the conduction electrons in the metal
known as surface plasmon resonance (SPR). This SPR peak is shown in UV absorp-
tion spectra by these nanoparticles. The magnitude of peak, wavelength, and spec-
tral bandwidth associated with nanoparticles are dependent on size, shape, and
material composition (Joshi et al. 2008).

Advantages: UV-vis spectroscopy is a rapid means of analysis. It provides very high
precision and accuracy. It is useful for a wide variety of chemicals and can be
used both quantitatively and qualitatively.

Limitation: It is nonselective for compounds that absorb at the same wavelength
(Waghmare et al. 2011).
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12.7.2.2 Fourier-Transform Infrared Spectroscopy (FTIR)

FTIR gives data of proteins and other compounds present in the mixture that inter-
act with metal ions. The identification of functional groups leads to determination
of the reducing agent and the capping agent responsible for synthesis and stability
of nanoparticles (Jeevan et al. 2012). FTIR is mainly used for the detection of the
organic functional groups attached to the surface of nanoparticles. It is also useful
for the analysis of surface chemistry of the synthesized nanomaterials.

Advantages: 1dentifying and detecting changes in protein secondary structures, can
resolve between similar components.

Limitations: Overlapping peaks make it difficult to distinguish, difficult to quantify,
better results with solid components.

12.7.2.3 Energy-Dispersive Spectroscopy (EDS)

EDS is used for the analysis of elemental composition of the metal nanoparticles. It
gives the complete information regarding elemental knowledge of the nanomateri-
als. This technique is used in conjugation with SEM. The characteristic X-rays are
used to identify composition of sample by a technique known as energy-dispersive
X-ray (EDX), thus giving an overall mapping of sample (Joshi et al. 2008).

Advantages: It improves quality control and helps in process optimization and iden-
tification of contaminant and gives higher production yield.

Limitations: Quantitative analysis requires standards of known composition and
that fluorescence of emitted x-rays limits the precision.

12.8 Applications of Mycosynthesis of Nanoparticles in Food
Processing Industries

The developing field of nanotechnology has opened up new avenues of progress in
various technologies. Nanoparticles or nanomaterials are finding their application in
different areas like polymer, paints, nutraceuticals, pharmaceuticals, cosmetics,
food and beverage, agriculture, surface coatings, etc. (Bhattacharya and Gupta
2005; Ingale and Chaudhari 2013). Nanoparticles’ multifaceted application is due
to their unusual physicochemical and optico-electrical properties. These special
properties arise due to confinement of electrons in particles of smaller dimensions
compared to bulk electron delocalization, which is known as quantum confinement
(Gade et al. 2010). Same properties have been also reported in nanoparticles derived
from biological entities like bacteria, fungus, yeast, and extracts of microbes and
plants (Prasad et al. 2016; Prasad 2014).

Metal nanoparticles are reported to have antimicrobial activity against many
pathogenic organisms. Silver nanoparticles are found to be the forerunner in this
aspect with wide antimicrobial activity against methicillin-resistant Staphylococcus
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aureus, Enterobacter cloacae, Pseudomonas aeruginosa, Klebsiella pneumonia,
Escherichia coli, Acinetobacter baumannii, and Proteus vulgaris. Impregnating sil-
ver nanoparticles in textile fabrics and wound dressings has been successful in con-
trolling infection by pathogens (Rai et al. 2009a, b; Aziz et al. 2016). In similar line
of research reported, active role of silver nanoparticles externally synthesized using
fungus, in increasing antifungal activity of fluconazole and susceptibility of
multidrug-resistant bacteria against antibiotics, respectively (Gajbhiye et al. 2009;
Gopinath et al. 2015; Aziz et al. (2016). Growth of many microbes like E. coli,
Salmonella choleraesuis, Staphylococcus aureus, and Saccharomyces cerevisiae
has been reported to be inhibited by copper nanoparticles as well (Gade et al. 2010;
Yadav et al. 2017). Apart from antibacterial textiles, ultrahydrophobic fabrics, suits
against biohazards, face masks, etc., have been developed using silver nanoparticles
(Ramaratnam et al. 2008; Aziz et al. 2015). Nanoparticle-based delivery systems for
drugs and genes prove better than their conventional counterpart. Metal nanoparti-
cles as drug delivery system showed high stability, carrier capacity, and variable
route of administration (Gelperina et al. 2005).

Gold nanoparticles with unique optical properties are promising candidates for
development of sensors. Nanoparticles based on iron oxides have been used in dif-
ferent imaging techniques for in vivo diagnostic studies (Glomm 2005; Gao et al.
2008). For solar energy applications, magnetotactic bacteria which produced mag-
netite and greigite are used in optical coatings (Joerger et al. 1999).

As bioremediation tools also, nanoparticles can be used in wastewater treatment
(Das et al. 2009). Potent activity of the S-layer of Bacillus sphaericus JG-A12 has
been reported in bioremediation of radioactive wastes (Duran et al. 2007).
Application of nanoparticles in food can be found at different stages, involving
processing, packaging, and safety. Even at the agricultural level, nanoparticles are
used in form of nanopesticides and nanoherbicides (Prasad et al. 2014, 2017). They
are also being used as nanosupplements and nano-delivery systems to enhance
nutritional aspects.

12.8.1 Food Processing

Food processing involves conversion of raw materials into consumable and market-
able form having longer shelf life. Preservation, toxin and pathogen removal, and
nutritional value as well as shelf-life improvement are some of the targeted aspects
covered in food processing. Antimicrobial activity of nanoparticles is employed for
disinfection process. Silver-based nanoparticles or nanocomposites like silver-
containing zeolites have been approved by US FDA to be used as food contact dis-
infectant. Subsequent formation of reactive oxygen species (ROS) causes oxidative
stress and subsequent cell damage (He and Hwang 2016).

On contrary less reactive nanomaterials have been developed to act as antioxi-
dants. SiO,-gallic acid nanoparticles show scavenging capacity of 2,2-diphenyl-1-
picrylhydrazyl radicals (Deligiannakis et al. 2012). Such antioxidant-based
nanoparticles used as edible coating have been reported to control browning of
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fresh-cut fruits. One such example is ZnO-coated active packaging which improved
shelf life of “Fuji” apples (Li et al. 2011).

Development of nanocoating as carrier of functional ingredients such as antioxi-
dants, enzymes, flavors, and anti-browning agents has been done employing chitosan-
based nano-silver or silver zeolite-incorporated edible film (Berekaa 2015).
Immobilization of porcine triacylglycerol lipase on nanoscale SiO, improved the
hydrolytic efficiency of olive oil as well as enzyme stability (Bai et al. 2006). Thus,
nanoparticles can be successfully used for enzyme immobilization. Several inorganic
nanoparticles based on silver, iron, calcium, magnesium, selenium, and silica have
been used as preservatives and additives to improve taste and flavor of food. TiO, and
Si0, have been approved by FDA as food color additives (He and Hwang 2016).

Yet another application could be on microbe-based food processing like fermen-
tation, as many nanoparticles were found to enhance the microbial reaction rates
(Zhang et al. 2011).

12.8.2 Food Packaging

Food packaging is one of the earliest commercial applications of nanotechnology.
This helps to preserve the food along with making it marketable. Nanocomposites
designed based on nanoclays, carbon nanoparticles, nano-metals, and oxides can
improve various properties like mechanical strength, heat resistance, and barrier
against ultraviolet radiation, oxygen, carbon dioxide, moisture, etc., of food pack-
age materials. Various edible nanocoatings have been developed with better mois-
ture, lipid, and gas barrier properties that could be used for coating of fruits,
vegetables, chocolate, bakery items, meats, etc. (Wesley et al. 2014).

Silver, copper, titanium oxide, and carbon nanotube-based packaging can pro-
vide antibacterial property and prevent the growth of pathogens. Chitosan-based
nanocomposite films of silver showed potential antimicrobial effect (Rhim et al.
20006).

Another mode of active packaging employs entrapping enzyme in between poly-
mer films which act as oxygen scavenger. Further, nanotechnology-based release of
preservatives present in food package is being designed by researchers in the
Netherlands (Sekhon 2010). The use of carbon nanotubes in packaging to pump out
carbon dioxide or absorb undesirable flavors is also being developed (Sinha et al.
2006). Nano-based tracking technologies are being designed which often include an
ingestible BioSilicon which could be placed in foods for monitoring purposes and
pathogen detection (Wesley et al. 2014).

12.8.3 Food Safety

Another potential use of nanotechnology deals with development of nanosensors
for detection of contaminant and pathogens in food system. Various gold, silver, sili-
con, magnetic, and carbon nanotube-based nanosensors have been developed to
detect E. coli, Salmonella, Listeria monocytogenes, Mycobacterium avium, etc. The
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detection techniques based on optical or electrical properties employ voltammetry,
spectroscopy, epifluorescence microscopy, and amperometry having a detection
range of 15 CFU/ml to 1 x 10° CFU/ml (Inbaraj and Chen 2016). A disposable
immune-sensing strip may be employed to detect the presence of E. coli O157:H7 in
milk. These strips worked better in the presence of gold NPs imparting high sensi-
tivity to the technique (Lin et al. 2008).

Microbial toxins can be also successfully detected using gold, zinc oxide, mag-
netic, and carbon nanotube-based nanosensors. Staphylococcal enterotoxin B, afla-
toxin, and mycotoxin can be sensed using chemiluminescence (CL) immunosensors,
immunoelectrode, and indium-tin-oxide glass plate detector (Sonawane et al. 2014).
Tang et al. (2011) developed a sensitive electrochemical immunosensor by immobi-
lizing BTX-BeBSA conjugate on GNP-decorated amine-terminated polyamido-
amine dendrimers (GNPePAADs) for rapid screening of brevetoxin B (BTX-B)
produced by Karenia brevis in food samples.

Different food contaminants like melamine, carbofuran, etc. can be detected
using nanosensors based on colorimetric or electrochemical probes (Sonawane
et al. 2014). Nanosensors can also track any adulteration in food, such as pork adul-
teration in meat products. Mostly gold NPs have been successfully used for this
purpose. In this case the detection is based on color change following incubation of
gold NP-DNA conjugates in the meat samples. Aggregation of gold NPs in the pres-
ence of pork DNA-containing sample leads to color change from red to purple gray,
making it a simple detection tool (Ali et al. 2012).

12.9 Current Status and Recent Advancements
of Mycosynthesis of Nanoparticles

The fungi are now known to be efficient tool for synthesis of nanoparticles by both
intra- and extracellular methods. The fungal system has shown its compatibility
over other groups of organisms as the handling of fungal biomass and its down-
stream processing is much simpler. A number of metallic nanoparticles including
silver, gold, titanium, silica, zirconium, and platinum have been successfully syn-
thesized using the fungal system. The fungal-derived nanoparticles have depicted a
wide range of applications in different fields of science including medicines, phar-
maceutical industry, agriculture, electronics, etc. But there are certain areas which
need to be worked out before exploring the complete potential. An exact mechanism
of synthesis of nanoparticles is yet to be discovered. Understanding the exact mech-
anism involved in the synthesis of nanoparticles and the effect of different factors on
the reduction of metal ions will help in developing low-cost techniques for the syn-
thesis and recovery of nanoparticles. Thus, sketching different practicalities and
reducing agent involved in the synthesis of nanoparticles would help in understand-
ing the fungal system as one of the most efficient systems for harnessing
nanoparticles.
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12.10 Conclusion

The last decade has witnessed tremendous developments in the field of
microorganism-produced nanoparticles and their applications. However, more
efforts are essential to improve the production efficiency and control particle size
and morphology. The following are the key areas identified that need to be further
addressed:

Reduction of synthesis time: Microbe-mediated synthesis of nanoparticles is quite a
slow process (several hours and even a few days) in comparison to physical and
chemical approaches. Minimization of synthesis time will make this biosynthe-
sis route much more enticing.

Size and monodispersity: Evaluation of nanoparticle synthesis is determined by par-
ticle size and monodispersity.

Stability of nanoparticles: Degradation of microbially synthesized nanoparticles
after a certain period of time has been reported. Thus, the stability of nanoparti-
cles deserves further enhanced study (Xiang et al. 2007; Hergt et al. 2005; Hergt
and Dutz 2007).

The control of particle shape in chemical and physical synthesis of nanoparticles
is still an ongoing area of research. Hence, biological processes with the ability to
strictly control particle morphology are perceived to be advantageous over the other
processes. Variation of parameters, like microorganism type, growth stage (phase)
of microbial cells, growth medium, synthesis conditions, pH, substrate concentra-
tions, source compound of target nanoparticle, temperature, reaction time, and addi-
tion of nontarget ions, could be plausible strategies to obtain sufficient control of
particle size and monodispersity. Biosynthesis methods are advantageous also
because nanoparticles are sometimes coated with a lipid layer that confers physio-
logical solubility and stability, which is critical for biomedical applications and is
the bottleneck of other synthetic methods. Research is currently carried out manipu-
lating cells at the genomic and proteomic levels. With a better understanding of the
synthesis mechanism on a cellular and molecular level, including isolation and
identification of the compounds responsible for the reduction of nanoparticles, it is
expected that short reaction time and high synthesis efficiency can be obtained.

Biosynthesis of nanoparticles by microbes is thought to come under the purview
of “green chemistry” procedures. Microbe employment for nanoparticle synthesis
can be classified into intracellular and extracellular synthesis according to the loca-
tion where they are formed. Rate of intracellular particle formation and control of
the size of the nanoparticles could, to an extent, be manipulated by controlling
parameters such as pH, temperature, substrate concentration, and exposure time to
substrate. Research is currently executed by manipulating microorganisms at the
genomic and proteomic levels. With the recent progress and the ongoing efforts in
improving particle synthesis efficiency and exploring their biomedical applications,
it is hopeful that the implementation of these approaches on a large scale and their
commercial applications in medicine and healthcare are likely to open up more
vistas in the coming years.



312 L. Roy et al.

References

Ahmad A, Mukherjee P, Mandal D, Senapati S, Khan MI, Kumar R, Sastry M (2002) Enzyme
mediated extracellular synthesis of CdS nanoparticles by the fungus, Fusarium oxysporum.
J Am Chem Soc 124:12108-12109

Ahmad A, Senapati S, Khan MI, Kumar R, Ramani R, Srinivas V, Sastry M (2003a) Intracellular
synthesis of gold nanoparticles by a novel alkali tolerant Actinomycete, Rhodococcus species.
Nanotechnology 14:824-828

Ahmad A, Senapati R, Khan MI, Kumar R, Sastry M (2003b) Extracellular biosynthesis of mono-
disperse gold nanoparticles by a novel extremophilic Actinomycete, thermomonospora sp.
Langmuir 19(8):3550-3553

Ali ME, Hashim U, Mustafa S, Che Man YB, Islam KN (2012) Gold nanoparticle sensor for the
visual detection of pork adulteration in meatball formulation. J Nanomater 10:36-07

Aziz N, Faraz M, Pandey R, Sakir M, Fatma T, Varma A, Barman I, Prasad R (2015) Facile algae-
derived route to biogenic silver nanoparticles: synthesis, antibacterial and photocatalytic prop-
erties. Langmuir 31:11605-11612. https://doi.org/10.1021/acs.langmuir.5b0308 1

Aziz N, Pandey R, Barman I, Prasad R (2016) Leveraging the attributes of Mucor hiemalis-derived
silver nanoparticles for a synergistic broad-spectrum antimicrobial platform. Front Microbiol
7:1984. https://doi.org/10.3389/fmicb.2016.01984

Azizi S, Ahmad MB, Namvar F, Mohamad R (2014) Green biosynthesis and characterization of
zinc oxide nanoparticles using brown marine macroalga Sargassum muticum aqueous extract.
Mater Lett 116:275-277

Bai YX, Li YF, Yang Y, Yi LX (2006) Covalent immobilization of triacylglycerol lipase onto func-
tionalized nanoscale SiO, spheres. Process Biochem 41:770-777

Bandyopadhyay S, Peralta-Videa JR, Hernandez-Viezcas JA, Montes MO, Keller AA, Gardea-
Torresdey L (2012) Microscopic and spectroscopic methods applied to the measurements of
nanoparticles in the environment. Appl Spectrosc Rev 47:180-206

Bansal V, Rautaray D, Ahmad A, Sastry M (2004) Biosynthesis of zirconia nanoparticles using the
fungus Fusarium oxysporum. J Mater Chem 14:3303-3305

Bansal V, Rautaray D, Bharde A, Ahire K, Sanyal A, Ahamad A, Sastry M (2005) Fungus-mediated
biosynthesis of silica and titania particles. ] Mater Chem 15(26):2583-2589

Berekaa MM (2015) Nanotechnology in food industry; advances in food processing, packaging
and food safety. Int J Curr Microbiol App Sci 4(5):345-357

Bharde A, Rautaray D, Bansal V, Ahmad A, Sarkar I, Yusuf SM, Sanyal M, Sastry M (2006)
Extracellular biosynthesis of magnetite using fungi. Small 2:135-141

Bhattacharya D, Gupta RK (2005) Nanotechnology and potential of microorganisms. Crit Rev
Biotechnol 25:199-204

Bolea E, Laborda F, Castillo JR (2010) Metal associations to micro particles, nano colloids and
macromolecules in compost leachates: size characterization by asymmetrical flow field-flow
fractionation coupled to ICP-MS. Anal Chem Acta 661:206-214

Bouby M, Geckeis H, Manh TN, Yun J-IL, Dardenne K, Schafer T, Walther C, Kim JI (2004)
Laser-induced breakdown detection combined with asymmetrical flow field flow fractionation:
application to iron oxi/hydroxide colloid characterization. J] Chromatogr A 10:40-97

Castro-Longoria E, Vilchis-Nestor AR, Avalos-Borja M (2011) Biosynthesis of silver, gold and
metallic nanoparticles using the filamentous fungus Neurospora crassa. Colloids Surf B Bio
Interfaces 83:42—48

Castro-Longoria E, Moreno-Velasquez SD, Vilchis-Nestor AR, Arenas-Berumen E, Avalos-Borja
M (2012) Production of platinum nanoparticles and nano aggregates using Neurospora crassa.
J Microbiol Biotechnol 22:1000-1004

Chen JC, Lin ZH, Ma XX (2003) Evidence of the production of silver nanoparticles via pretreat-
ment of Phoma sp.3.2883 with silver nitrate. Lett Appl Microbiol 37:105-110


https://doi.org/10.1021/acs.langmuir.5b03081
https://doi.org/10.3389/fmicb.2016.01984

12 Mycosynthesized Nanoparticles: Role in Food Processing Industries 313

Chertok B, Moffat BA, David AE, Yu F, Bargemann C, Ross BD, Yang VC (2008) Iron oxide
nanoparticles as a drug delivery vehicle for MRI monitored magnetic targeting of brain tumors.
Biomaterials 29(4):487-496

Da Silva BF, Perez S, Gardinalli P, Singhal RK, Mozeto AA, Barcelo D (2011) Analytical chemis-
try of metallic nanoparticles in natural environments. Trends Anal Chem 30:528-540

Das SK, Das AR, Guha AK (2009) Gold nanoparticles: microbial synthesis and application in
water hygiene management. Langmuir 25:8192-8199

Das SK, Das AR, Guha AK (2010) Microbial synthesis of multi shaped gold nano structures. Small
6:1012-1021

Deligiannakis Y, Sotiriou GA, Pratsinis SE (2012) Antioxidant and antiradical SiO, nanoparticles
covalently functionalized with gallic acid. ACS Appl Mater Interfaces 4:6609-6617

Dhillon GS, Brar SK, Kaur S, Verma M (2012) Green approach for nanoparticle biosynthesis by
fungi. Curr Trends Appl 32:49-73

Duran N, Marcato PD, De S, Gabriel IH, Alves OL, Esposito E (2007) Antibacterial effect of
silver nanoparticles produced by fungal process on textile fabrics and their effluent treatment.
J Biomed Nano Bechnol 3:203-208

Duran N, Marcato PD, Alves OL, de Souza GIH, Esposito E (2005) Mechanistic aspects of biosyn-
thesis of silver nanoparticles by several Fusarium oxysporum strains. ] Nano Biotechnol 3:1-8.
https://doi.org/10.1186/1477-3155-3-8

Farre M, Sanchis J, Barcelo D (2011) Analysis and assessment of the occurrence, the fate and the
behavior of nanomaterials in the environment. Trends Anal Chem 30:517-527

Gade A, Ingle A, Whiteley C, Rai M (2010) Mycogenic metal nanoparticles: progress and applica-
tions. Biotechnol Lett 32:593-600

Gaikwad S, Birla SS, Ingle AP, Gade AK, Marcato PD, Rai MK, Duran D (2013) Screening of
different Fusarium species to select potential species for the synthesis of silver nanoparticles.
J Braz Chem Soc 24:1974-1982

Gajbhiye M, Kesharwani J, Ingle A, Gade A, Rai M (2009) Fungus-mediated synthesis of sil-
ver nanoparticles and their activity against pathogenic fungi in combination with fluconazole:
nanomedicine. Nano Technol Biol Med 5:382-386

Gao L, Zhang D, Chen M (2008) Drug nanocrystals for the formulation of poorly soluble drugs
and its application as a potential drug delivery system. J Nanopart Res 10:845-862

Gelperina S, Kisich K, Iseman SD, Heifets L (2005) The potential advantages of nanoparticle drug
delivery systems in chemotherapy of tuberculosis. Am J Respir Crit Care Med 172:1487-1490

Gericke M, Pinches A (2006) Biological synthesis of metal nanoparticles. Hydrometallurgy
83:132-140

Giddings JC (1993) Field-flow fractionation: analysis of macromolecular, colloidal, and particu-
late materials. Science 260:1456-1465

Glomm WR (2005) Functionalized gold nanoparticles for applications in bionanotechnology.
J Dispers Sci Technol 26:389-414

Gopinath PM, Narchonai G, Dhanasekaran D, Ranjani A, Thajuddin N (2015) Mycosynthesis,
characterization and antibacterial properties of AgNPs against multidrug resistant (MDR) bac-
terial pathogens of female infertility cases. Asian J Pharm Sci 10:138-145

Gurunathan S, Lee K-J, Kalishwaralal K, Sheikpranbabu S, Vaidyanathan R, Eom SH (2009) Anti-
angiogenic properties of silver nanoparticles. Biomaterials 30:6341-6350

Hassellov M, Readman JW, Ranville JF, Tiede K (2008) Nanoparticle analysis and characterization
methodologies in environmental risk assessment of engineered nanoparticles. Ecotoxicology
17:344

He X, Hwang HM (2016) Nanotechnology in food science: functionality, applicability, and safety
assessment. J Food Drug Anal 24:671-681

Hergt R, Dutz R (2007) Magnetic particle hyperthermia biophysical limitations of a visionary
tumour therapy. ] Magn Mag Mater 311(1):187-192


https://doi.org/10.1186/1477-3155-3-8

314 L. Roy et al.

Hergt R, Hiergeist R, Zeisberger M, Schuler D, Heyen U, Hilger I, Kaiser WA (2005) Magnetic
properties of bacterial magnetosomes as potential diagnostic and therapeutic tools. J Magn
Magn Mater 1:80-86

Inbaraj BS, Chen BH (2016) Nanomaterial-based sensors for detection of foodborne bacterial
pathogens and toxins as well as pork adulteration in meat products. J Food Drug Anal 24:15-28

Ingale AG, Chaudhari AN (2013) Biogenic synthesis of nanoparticles and potential applications:
an eco-friendly approach. J Nanomedicine Nanotechnol 4(2):10-17

Ingle A, Gade A, Pierrat S, Sonnichsen C, Rai M (2008) Mycosynthesis of silver nanoparticles
using the fungus Fusarium acuminatum and its activity against some human pathogenic bacte-
ria. Curr Nanosci 4:141-144

Jain N, Bhargava A, Majumdar S, Tarafdar JC, Panwar J (2011) Extracellular biosynthesis and
characterization of silver nanoparticles using Aspergillus flavus NJPO8: a mechanism perspec-
tive. Nanoscale 3(2):635-641

Jeevan P, Ramya K, Edith R (2012) Extracellular biosynthesis of silver nanoparticles by culture
supernatant of Pseudomonas aeruginosa. Indian J Biotechnol 11:72-76

Jha AK, Prasad K (2010) Ferroelectric BaTiO; nanoparticles: biosynthesis and characterization.
Colloids Surf B 75(1):330-334

Joerger R, Klaus T, Olsson E, Granqvist CG (1999) Spectrally selective solar absorber coatings
prepared by a biomimetic technique. Proc Soc Photo-Opt Instrum Eng 3789:2-7

Joshi M, Bhatacharyya A, Ali SW (2008) Characterization techniques for nanotechnology applica-
tions in textiles. Indian J Fibre Text Res 33:304-317

Juibari MM, Abbasalizadeh S, Jouzani GS, Noruzi M (2011) Intensified biosynthesis of silver
nanoparticles using a native extremophilic Ureibacillus thermosphaericus strain. Mater Lett
65(6):1014-1017

Kathiresan K, Manivannan S, Nabeel M, Dhivya B (2009) Studies on silver nanoparticles synthe-
sized by a marine fungus, Penicillium fellutanum isolated from coastal mangrove sediment.
Colloids Surf B Biointerfaces 71:133-137

Kumar SA, Ansary AA, Ahmad A, Khan MI (2007) Extracellular biosynthesis of CdSe quantum
dots by the fungus, Fusarium oxysporum. J Biomed Nanotechnol 3:190-194

Lead JR, Wilkinson KJ (2006) Aquatic colloids and nanoparticles: current knowledge and future
trends. Environ Chem 3:159-171

Li X, Li W, Jiang Y, Ding Y, Yun J, Tang Y, Zhang P (2011) Effect of nano-ZnO-coated active pack-
aging on quality of fresh-cut ‘Fuji’ apple. Int J Food Sci Technol 46:1947-1955

Lin YH, Chen SH, Chuang YC, Lu YC, Shen TY, Chang CA, Lin CS (2008) Disposable ampero-
metric immunosensing strips fabricated by Au nanoparticles-modified screen-printed car-
bon electrodes for the detection of food borne pathogen Escherichia coli O157:H7. Biosens
Bioelectron 23:1832-1837

Luykx DM, Peters RJ, Van Ruth SM, Bousmeester H (2008) A review of analytical methods for
the identification and characterization of nano delivery systems in food. J Agric Food Chem
56(18):8231-8247

Magnuson BA, Jonaitis TS, Card JW (2011) A brief review of the occurrence, use, and safety of
food-related nanomaterials. J Food Sci 76:126-133

Mahdavi M, Namvar F, Ahmad MB, Mohammad R (2013) Green biosynthesis and characteriza-
tion of magnetic iron oxide (Fe;0,) nanoparticles using seaweed (Sargassum muticum) aque-
ous extract. Molecules 18:954-5964

Mandal D, Bolander ME, Mukhopadhyay D, Sarkar G, Mukherjee P (2006) The use of micro-
organisms for the formation of metal nanoparticles and their application. Appl Microbiol
Biotechnol 69:485-492

Mao X, Yang L, Su XL, LiY (2006) A nanoparticle amplification based quartz crystal microbalance
DNA sensor for detection of Escherichia coli O157:H7. Biosens Bioelectron 21:1178-1185

Meyer V (2008) Genetic engineering of filamentous fungi progress, obstacles and future trends.
Biotechnol Adv 26:177-185



12 Mycosynthesized Nanoparticles: Role in Food Processing Industries 315

Mohanpuria P, Rana NK, Yadav SK (2007) Biosynthesis of nanoparticles: technological concepts
and future applications. J Nanopart Res 10:507-517

Mukherjee P, Ahmad A, Mandal D, Senapati S, Sainkar SR, Khan MI, Parishcha R, Ajaykumar PV,
Alam M, Kumar R et al (2001a) Fungus-mediated synthesis of silver nanoparticles and their
immobilization in the mycelial matrix: a novel biological approach to nanoparticle synthesis.
Nano Lett 1:515-519

Mukherjee P, Ahmad A, Mandal D, Senapati S, Sainkar SR, Khan MI, Ramani R, Parischa R,
Ajayakumar PV, Alam M (2001b) Bioreduction of AuCl*- ions by the fungus, Verticillium sp.
and surface trapping of the gold nanoparticles formed. Angew Chem Int Ed 40:3585-3588

Mukherjee P, Senapati S, Mandal D, Ahmad A, Khan MI, Kumar R, Sastry M (2002) Extracellular
synthesis of gold nanoparticles by the fungus Fusarium oxysporum. Chem Bio Chem 3:461-463

Mukherjee P, Roy M, Mandal BP, Dey GK, Mukherjee PK, Ghatak J, Tyagi AK, Kale SP (2008a)
Green synthesis of highly stabilized nanocrystalline silver particles by a nonpathogenic and
agriculturally important fungus Trichoderma asperellum. Nanotechnology 19:75-103

Mukherjee P, Roy M, Mandal BP, Dey GK, Mukherjee PK, Ghatak J, Tyagi A, Kale SP (2008b)
Green synthesis of highly stabilized nanocrystalline silver particles by a non-pathogenic and
agriculturally important fungus 7. asperellum. Nanotechnology 19:1-7

Narayanan KB, Sakthivel N (2010) Biological synthesis of metal nanoparticles by microbes. Adv
Colloid Interface Sci 156(1-2):1-13

Philip D (2009) Biosynthesis of Au, Ag and Au-Ag nanoparticles using edible mushroom extract.
Spectrochim Acta A Mol Biomol Spectrosc 73:374-381

Prasad R (2014) Synthesis of silver nanoparticles in photosynthetic plants. J Nanoparticles
2014(2014):963961. https://doi.org/10.1155/2014/963961

Prasad R (2016) Advances and applications through fungal nanobiotechnology. Springer
International Publishing (ISBN: 978-3-319-42989-2)

Prasad R (2017) Fungal nanotechnology: applications in agriculture, industry, and medicine.
Springer International Publishing (ISBN 978-3-319-68423-9)

Prasad R, Kumar V, Prasad KS (2014) Nanotechnology in sustainable agriculture: present con-
cerns and future aspects. Afr J Biotechnol 13(6):705-713

Prasad R, Pandey R, Barman I (2016) Engineering tailored nanoparticles with microbes: quo vadis.
WIREs Nanomedicine Nanobiotechnol 8:316-330. https://doi.org/10.1002/wnan.1363

Prasad R, Bhattacharyya A, Nguyen QD (2017) Nanotechnology in sustainable agriculture: recent
developments, challenges and perspectives. Front Microbiol 8:1014. https://doi.org/10.3389/
fmicb.2017.01014

Punjabi K, Choudhary P, Samanta L, Mukherjee S, Vaidyal S, Chowdhary A (2015) Biosynthesis
of nanoparticles: a review. Int J Pharm Sci Rev Res 30(1):219-226

Pycke BFG, Benn TM, Herckes P, Westerhoff P, Halden RU (2011) Strategies for quantifying C60
fullerenes in environmental and biological samples and implications for studies in environmen-
tal health and ecotoxicology. Trends Anal Chem 30:44-57

Rai M, Yadav P, Bridge P, Gade A (2009a) Myco nanotechnology (NT), a new and emerging sci-
ence. In: Bridge R (ed) Applied mycology. CAB International, London, pp 258-267

Rai M, Yadav A, Gade A (2009b) Silver nanoparticles as a new generation of antimicrobials.
Biotech Adv 27:76-83

Ramaratnam K, Iyer SK, Kinnan MK, Chumanov G, Brown PJ, Luzinov I (2008) Ultrahydrophobic
textiles using nanoparticles: lotus approach. J Eng Fiber Fabr 3:1-14

Rhim JW, Hong SI, Park HM, Ng PKW (2006) Preparation and characterization of chitosan-based
nanocomposite films with antimicrobial activity. J Agric Food Chem 54:5814-5822

Riddin TL, Gericke M, Whiteley CG (2006) Analysis of the inter- and extracellular formation of
platinum nanoparticles by Fusarium oxysporum f. sp. lycopersici using response surface meth-
odology. Nanotechnology 17:3482-3489

Sanghi R, Verma P (2009) Biomimetic synthesis and characterisation of protein capped silver
nanoparticles. Bioresour Technol 100:501-504


https://doi.org/10.1155/2014/963961
https://doi.org/10.1002/wnan.1363
https://doi.org/10.3389/fmicb.2017.01014
https://doi.org/10.3389/fmicb.2017.01014

316 L. Roy et al.

Sarkar R, Kumbhakar P, Mitra AK (2010) Green synthesis of silver nanoparticles and its optical
properties. Dig J Nanomater Biostruct 5:491-496

Sastry M, Ahmad A, Islam Khan M, Kumar (2003) Biosynthesis of metal nanoparticles using fungi
and actinomycete. Curr Sci 85:162-170

Schimpf ME, Caldwell K, Giddings JC (eds) (2000) Field-flow fractionation handbook. Wiley-
Interscience, New York

Sekhon BS (2010) Food nanotechnology- an overview. Nanotechnol Sci Appl 3:1-15

Shakibaie M, Khorramizadeh MR, Faramarzi MA, Sabzevari O, Shahverdi AR (2010) Biosynthesis
and recovery of selenium nanoparticles and the effects on matrix metalloproteinase-2 expres-
sion. Biotechnol Appl Biochem 56:7-15

Sinha N, Ma J, Yeow JTW (2006) Carbon nanotube-based sensors. Nanosci Nanotechnol
1(6):573-590

Sonawane SK, Arya SS, LeBlanc JG, Jha N (2014) Use of nanomaterials in the detection of food
contaminants. Eur J Nutr Food Saf 4(4):301-317

Tang D, Tang J, Su B, Chen G (2011) Gold nanoparticles-decorated amine-terminated
poly(amidoamine) dendrimer for sensitive electrochemical immunoassay of brevetoxins in
food samples. Biosens Bioelectron 26:2090-2006

Tiede K, Boxall AB, Tear SP, Lewis J, David H, Hassellov M (2008) Detection and characteriza-
tion of engineered nanoparticles in food and the environment- a review. Food Addit Contam A
Chem Anal Control Expo Risk Assess 25(7):795-821

Volesky B, Holan ZR (1995) Biosorption of heavy metals. Biotechnol Prog 11:235-250

Waghmare SS, Deshmukh AM, Kulkarni SW, Oswaldo LA (2011) Biosynthesis and characteriza-
tion of manganese and zinc nanoparticles. Univ J Environ Res Technol 1:64-69

Wesley SJ, Raja P, Sundar Raj AA, Tiroutchelvamae D (2014) Review on- nanotechnology appli-
cations in food packaging and safety. Int J Eng Res 3(11):645-651

Williams A, Varela E, Meehan E, Tribe K (2002) Characterisation of nanoparticulate systems by
hydrodynamic chromatography. Int J Pharm 242:295-299

Xiang L, Bin W, Huali J et al (2007) Bacterial magnetic particles (BMPs)-PEI as a novel and effi-
cient non-viral gene delivery system. J Gene Med 9(8):679-690

Xie J, Lee JY, Wang DIC, Ting YP (2007) High-yield synthesis of complex gold nanostructures in
a fungal system. J Phys Chem C111:16858-16865

Yadav L, Tripathi RM, Prasad R, Pudake RN, Mittal J (2017) Antibacterial activity of Cu nanopar-
ticles against E. coli, Staphylococcus aureus and Pseudomonas aeruginosa. Nano Biomed Eng
9(1):9-14. https://doi.org/10.5101/nbe.v9il.p9-14

Zhang X, Yan S, Tyagi RD, Surampalli RY (2011) Synthesis of nanoparticles by microorganisms
and their application in enhancing microbiological reaction rates. Chemosphere 82:489-494


https://doi.org/10.5101/nbe.v9i1.p9-14

	Chapter 12: Mycosynthesized Nanoparticles: Role in Food Processing Industries
	12.1 Introduction
	12.2 Mycosynthesis of Nanoparticles (NPs)
	12.3 Mechanistic Aspects of Mycosynthesis of Nanoparticles
	12.3.1 Extracellular Synthesis
	12.3.2 Intracellular Mechanism

	12.4 Production of Myconanoparticles
	12.4.1 Techniques of Isolation and Screening of Fungi Synthesizing Nanoparticles
	12.4.1.1 Microbial Cultures Externally Synthesizing Nanoparticles
	12.4.1.2 Isolation of Microbial Cultures Intracellularly Synthesizing Metal Nanoparticles

	12.4.2 Identification of the Microbial Isolate
	12.4.3 Culture Techniques and Optimal Conditions for Mycosynthesis of Nanoparticles
	12.4.3.1 Sources for Production of Nanoparticles
	12.4.3.2 Biomolecules Responsible for Biosynthesis
	12.4.3.3 Optimal Reaction Conditions
	12.4.3.4 Favorable Conditions for Inoculum Growth

	12.4.4 Factors Affecting Biosynthesis of Metal Nanoparticles
	12.4.4.1 pH
	12.4.4.2 Temperature
	12.4.4.3 Concentration of Metal Ions
	12.4.4.4 Exposure Time to Substrate
	12.4.4.5 Type of Enzyme Used

	12.4.5 Optimization
	12.4.5.1 Optimization of Process Conditions Pertaining to Culture Media is Carried Out for the Optimal Fungal Growth and Nanosynthesis
	12.4.5.2 Optimization of Post-induction Conditions, i.e., pH and Temperature, is Determined for Enhancing the Shelf Life


	12.5 Factors Controlling the Size and Shape of Biologically Synthesized Metallic Nanoparticles
	12.6 Recovery Methods
	12.6.1 Extracellular
	12.6.2 Intracellular
	12.6.3 Separation Techniques
	12.6.3.1 Chromatography
	12.6.3.2 Field-Flow Fractionation (FFF)


	12.7 Techniques for Characterization of Nanoparticles
	12.7.1 For Determination of the Size, Shape, and Conformity of the Nanoparticles Synthesized
	12.7.1.1 X-ray Diffraction (XRD)
	12.7.1.2 Electron Microscopy
	12.7.1.3 Scanning Electron Microscope (SEM)
	12.7.1.4 Transmission Electron Microscope (TEM)
	12.7.1.5 High-Resolution Transmission Electron Microscope (HRTEM)
	12.7.1.6 Atomic Force Microscopy (AFM)
	12.7.1.7 Zeta Potential Measurement
	12.7.1.8 Dynamic Light Scattering (DLS)

	12.7.2 For Functional Group Identification of Synthesized Nanoparticles
	12.7.2.1 UV-Visible Spectrophotometer
	12.7.2.2 Fourier-Transform Infrared Spectroscopy (FTIR)
	12.7.2.3 Energy-Dispersive Spectroscopy (EDS)


	12.8 Applications of Mycosynthesis of Nanoparticles in Food Processing Industries
	12.8.1 Food Processing
	12.8.2 Food Packaging
	12.8.3 Food Safety

	12.9 Current Status and Recent Advancements of Mycosynthesis of Nanoparticles
	12.10 Conclusion
	References




