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Preface

The study of fungi has become a valuable science in the last 100 years as it has
provided to control a number of infectious diseases. In this direction, nanotechnol-
ogy has emerged as a potential candidate. Nanotechnology is the study and applica-
tion of extremely small things (1-100 nm) and can be used across all the other
science fields, such as chemistry, biology, physics, materials science, and engineer-
ing. Biologically prepared tailored nanoparticles from fungi are gaining attention
due to their cost-effective, sustainable, resource efficient, simplicity and eco-
friendly nature.

In this book entitled Advances and Applications Through Fungal
Nanobiotechnology, the editor has accumulated various advanced approaches for
studying the fungal system for the benefit of humankind. The book covers synthesis
of nanoparticles by fungi, the mechanism involved in the biosynthesis and unique
template for synthesis of tailored nanoparticles targeted at therapeutic and diagnos-
tic platform technologies.

This book should be immensely useful for microbiologists, nanotechnologists,
researchers and teachers of fungal biology and those who are interested in fungal
nanobiotechnology. I am honored that the leading scientists who have extensive, in-
depth experience and expertise in fungal system and nanobiotechnology took the time
and effort to develop these outstanding chapters. Each chapter is written by interna-
tionally recognized scientists so the reader is given an up-to-date and detailed account
of our knowledge of the nanobiotechnology and various applications of fungi.

We are indebted to the many people who helped to bring this book to light. I wish
to thank series editors Dr. Vijai Kumar Gupta and Dr. Maria G. Tuohy; Eric Stannard,
Senior Editor, Botany, Springer; and Hemalatha Gunasekaran and Jaspher Jasmine,
Springer, for generous assistance, constant support and patience in initializing the
volume. I particularly thank Dr. Ishan Barman, Biophotonics Laboratory, Whiting
School of Engineering, Department of Mechanical Engineering, Johns Hopkins
University, USA, for providing necessary facilities for editing the book during my
visit to his institute. I am also thankful to UICC and American Cancer Society for
financial assistance to visit the Barman Laboratory. Special thanks go to my lovely
wife Dr. Avita Maurya for her constant support and motivations in putting everything



vi Preface

together. Dr. Prasad in particular is very thankful to Professors Ajit Varma and
Narendra Tuteja, Amity University, for the kind support and constant encourage-
ment. Special thanks are due to my esteemed friend and well wisher Dr. Rishikesh
Pandey, Laser Biomedical Research Center, Massachusetts Institute of Technology,
USA; Drs. Vivek Kumar, Manoj Kumar, Devendra Kumar Choudhary, Neeraj
Shrivastava, Amity Institute of Microbial Technology, all faculty colleagues of
Amity University and my Ph.D. student Nafe Aziz.

Noida, UP, India Ram Prasad
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Chapter 1

Understanding Mechanism of Fungus
Mediated Nanosynthesis: A Molecular
Approach

Anal K. Jha and Kamal Prasad

Abstract The chapter details different processes of biosynthesis of inorganic
(metallic and oxide) nanoparticles mediated by the different members of fungi. The
biosynthetic mechanism (at molecular level) has been discussed in detail. The nano-
synthesis is broadly dependent upon the modulation of key parameters like tem-
perature, pH and other medium conditions. It is conclusively found that although,
the cellular level organization matters along with their metabolic fluxes/signal
transduction pathways, it is the different stress shearing cues at different levels
(ranging from cell wall to nucleus) that bestows a unique echelon to an individual
genera in the phylogeny.

1 Introduction

Mother Nature inhabited endearing cohorts with the exponential leap of evolution.
Most of them are amazingly diverse yet unique in terms of their cellular level orga-
nization and mode of nutrition. Fungi, can literally be perceived as an eukaryotic,
heterotrophic, absorptive organisms having chitineous cell walls, reproducing
mostly asexually or sexually by producing spores, and grow by budding or even by
cell elongation of the hyphal tip. They are characterized by a distinctive, multinu-
cleate vegetative (somatic) thallus called mycelium and survive by obtaining nour-
ishment systemically or through rhizoids. They have got naturally bestowed
property to depolymerise the complex molecules like proteins, carbohydrates and
lipids as source of carbon and energy and due this, they are ecologically considered
among primary decomposers. Due to microbial dimension and eukaryotic cell
structure, they have developed enrapturing modes of adaptability in order to survive
right from the stale decaying food to living human/animal body.

A.K. Jha ¢ K. Prasad (0<)

Aryabhatta Centre for Nanoscience and Nanotechnology, Aryabhatta
Knowledge University, Patna 800001, India
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Materials with nano-sized scale have fascinated extensively to the researchers due
to their exponential promises in about every part of our life. Nanotechnology deals
with small structures/materials having the dimensions less than 100 nm. To demon-
strate a few, the hydrogen atom is ~0.1 nm, a virus may be ~100 nm, a red blood
corpuscle ~7000 nm in diameter while an average human hair is ~10,000 nm wide.
Nano-science and technology is the area that which deals on (1) the development of
synthetic methods and surface analytical tools for building structures and materials,
(2) to understand the change in chemical and physical properties due to miniaturiza-
tion, and (3) the use of such properties in the development of novel and functional
materials and devices. It is well known that due to the quantum effect there is altera-
tion in the properties of conventional materials at nano level and the performance of
surfaces start to lead the performance of bulk materials. By amenably manipulating
the size, composition and shape of the nanoscale materials; it is quite possible to tune
their optical, electrical, mechanical, magnetic, and chemical properties (Daniel and
Astruc 2004; Krolikowska et al. 2003; Schmid 1992; Suman et al. 2010; Valtchev
and Tosheva 2013). Many synthetic procedures have emerged with time for the prep-
aration of metals and/or oxide nanoparticles such as extensive ball milling, chemical,
hydrothermal, solvothermal, flame combustion, emulsion precipitation, forming
materials around/within templates, growth of secondary materials on a crystalline
lattice in which the lattice parameter do not match (strained-layer growth), etc.
(Flores et al. 2013; Kalishwaralal et al. 2008; Pingali et al. 2005; Shin et al. 2004;
Wang et al. 2007). Each of these procedures are either capital and/or labour intensive
or time consuming and having its own advantages and disadvantages. During the last
two decades, the biosynthesis of noble metal nanoparticles (silver, gold, platinum
and palladium) has been noticed significantly due to the growing need to develop
environmentally sociable technologies in material synthesis (Chandran et al. 2006;
Jia et al. 2009; Prasad 2014; Song et al. 2010; Xie et al. 2007). In recent years, for
the synthesis of various types of nanomaterials, nanobiotechnology has emerged as
an upcoming field (Ghodake et al. 2013; Liu et al. 2013, 2014; Tanvir et al. 2012).
The growth of ecologically-benign, ‘green’ synthesis protocols is in consonance with
the recent RoHS and WEEE legislation stipulated by the EU.

Since the beginning of life on earth biological entities and inorganic materials
have been in constant interaction with each other. Because of this interaction cue,
life could sustain on this planet with a well-organized deposit of minerals. Living
cells are the best known examples of machines that operate at the nano-level and
perform a number of jobs ranging from generation of energy to extraction of tar-
geted materials with very high efficiency. Microorganisms are natural producers of
nanoscale materials. Being the cell factories themselves, they have proved to be
promising tools for the emerging technologies and biomedical applications. During
recent years there has been much interest in research into the interaction between
inorganic substances and biological systems and highlighted their prospective
application for the fabrication of nanomaterials with interesting technological prop-
erties (Aziz et al. 2015; Beveridge and Murray 1980; Cunningham and Lundie
1993; Deplanche and Macaskie 2008; Deplanche et al. 2008; Du et al. 2007; Fortin
and Beveridge 2000; Jha and Prasad 2010a; Jha et al. 2008a, 2009a, 2010; Labrenz
et al. 2000; Mokhtari et al. 2009; Nair and Pradeep 2002; Prasad and Jha 2009;
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Prasad et al. 2007, 2010, 2014; Saifuddin et al. 2009; Southam and Beveridge
1994). In order to authenticate the above discussed facts, an attempt was made to
use microbes (Lactobacilli and fungal members like yeast, Fusarium, Aspergillus,
etc.) for the purpose of synthesizing nanoparticles.

Because of being eukaryotes, fungi have remarkable advantage in terms of meta-
bolic flux as well as cellular level organization. Yeast being a member of the king-
dom fungi has been taken into regular use as media supplement in different culture
procedures and this organism itself has-been a very good source of different
enzymes and vitamins. They are handy, non-toxic and amenable in terms of cultur-
ing/handling. Baker’s yeast (Saccharomyces cerevisiae) has also been considered
among microbes in order to assay their potential as putative candidate fungal genera
for the synthesis of metal and/or oxide nanoparticles principally due to their well-
organized cellular system and metabolic fluxes. Though, microbial systems like
Fusarium and Aspergillus were used earlier, recently Pencillium, Volveria and many
others have been employed for this purpose (Narayanan and Sakthivel 2010; Ray
etal. 2011; Haq et al. 2015; Philip 2009a).

Yeast (Sachharomyces cerevisae, Schizosaccharomyces pombe, Candida glabrata,
MKY3, etc.) being a member of the kingdom fungi has been taken into regular use as
media supplement in different culture procedures and this organism itself has been a
very good source of different enzymes and vitamins. They are handy, non-toxic and
quite amenable in terms of culturing. In the recent past, yeast and other fungal mem-
bers have been considered for the synthesis of metal, oxide and chalcogenide nanopar-
ticles (Agnihotri et al. 2009; Ahmad et al. 2002, 2003; Balaji et al. 2009; Bansal et al.
2005; Basavaraja et al. 2008; Bhainsa and D’Souza 2006; Bhambure et al. 2009;
Dameron et al. 1989; Durdn et al. 2005; Fayaz et al. 2009; Gharieb et al. 1999; Jha and
Prasad 2010b; Jha et al. 2008b, 2009c; Kalishwaralal et al. 2008; Kathiresan et al.
2009; Kowshik et al. 2002, 2003; Kumar et al. 2008; Mukherjee et al. 2001a, b, 2002;
Philip 2009b; Prasad et al. 2015; Reese and Winge 1988; Sanghi and Verma 2009;
Sastry et al. 2003; Senapati et al. 2005; Shaligram et al. 2009; Shankar et al. 2003).
Accordingly, efforts have been made to understand the mechanism of nano-transfor-
mation of accomplishing biosynthesis at the molecular level.

2 Methodology

Eukaryotes have comparatively lower requirements in culture media as they have a
better level of cell organization and metabolism. The fungal mycelia of Fusarium
oxysporum is inoculated in a 500 ml Erlenmeyer flask containing known volume of
MGYP medium and incubated for 72 h under shaking conditions (200 rpm) at
27 °C. After incubation, the fungal mycelia are harvested and washed thoroughly
under sterile conditions. The fungus Aspergillus niger NCIM 616 is obtained and
maintained on potato-dextrose agar slants at 25 °C. Stock cultures are maintained
by subculturing at monthly intervals. The fungus is grown at pH 5.5 and 25 °C for
7 days. Aspergillus fumigatus (NCIM 902) is maintained on potato dextrose agar
slants. To prepare biomass for biosynthesis studies the fungus is grown aerobically
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in a liquid media containing (g/1) KH,PO,, 7.0: K,HPO,, 2.0; MgSO,-7H,0, 0.1;
(NH,),SO,, 1.0; yeast extract, 0.6; and glucose, 10.0. The flasks are inoculated,
incubated on orbital shaker at 25 °C and agitated at 150 rpm. The biomass was har-
vested after 72 h of growth by sieving through a plastic sieve, followed by extensive
washing with distilled water to remove any medium component from the biomass.
Typically 20 g of biomass (fresh weight) is brought in contact with 200 ml of
Milli-Q deionized water for 72 h at 25 °C in an Erlenmeyer flask and agitated in the
same condition as described earlier. After the incubation, the cell filtrate is obtained
by passing it through Whatman filter paper no. 1. The fungus culture, Pencillium
brevicompactum WA 2315, is grown in seed medium containing (w/v) glucose,
glycerol, peptone, NaNO;, MgSO, and soybean meal, the pH was adjusted to 6.5—
0.2 with 2 N H;PO,. The flasks are incubated in the incubator shaker at 180 rpm at
25 °C. After 3 days of incubation, the mycelium is separated by centrifugation
(6000 rpm) and washed thrice with de-ionized water. The washed mycelia are sus-
pended in deionized water and kept on rotary shaker for 96 h at 180 rpm. Edible
mushroom, Volvariella volvacea, obtained from home surroundings is washed sev-
eral times with de-ionised water. Sixty eight grams of finely cut mushroom is boiled
for 2 min in 300 ml water and filtered. The filtrate is cooled to room temperature and
used as reducing agent and stabilizer. In yet another recent study, about 5 g of dried
mushrooms (Agaricus bisporus) were taken and washed thoroughly with double
distilled water to remove dust and mud adhering to the surface of the mushrooms.
The washed mushroom samples were kept in shadow conditions for drying. The
mushroom samples are then cut into small pieces with sterile knife and then pow-
dered into fine particles. The mushroom fragments were suspended into 350 ml of
sterile distilled water and boiled for 10 min at 55 °C in Erlenmeyer’s conical flask.
The mushroom extract was filtered twice through Whatman’s filter paper No. 1 and
stored at 4 °C for further experiments. The filtrate was used as reducing agent for
I mM of AgNO; (99.9 %). For the synthesis of silver nanoparticles the 350 ml of
mushroom extract was added to 150 ml of 1 mm AgNO; solution incubated at room
temperature for the reduction.

The mycelium of Tricholoma crassum was cultured in vitro and was used for
production of silver nanoparticles. Tissue from basidiocarp was first cultured on
potato dextrose agar (PDA). For liquid culture, the mycelium from solid substrate
was inoculated in 50 ml potato dextrose broth in 250 ml flasks. The biomass was
harvested after 72 h of growth in 28 °C by straining through a sieve. The biomass
was washed with sterilized distilled water to remove medium component. 1 g of
biomass (fresh weight) was added to 10 ml of deionized water in a 250 ml Erlenmeyer
flask and agitated in the same condition for 72 h at 28 °C. The resulting cell filtrate
was collected by passing it through Whatman filter paper no. 1. This filtrate was
used for nanoparticles synthesis.

Yeast cells are allowed to grow as suspension culture in presence of suitable
carbon (Glucose) and nitrogen (Glycine) source for 36 hours. This is treated as
source culture. A small portion of it (25 ml) is filtered and diluted four times by add-
ing 30 % Et-OH containing nutrients. This diluted culture is again allowed to grow
for another 24 h until it attains a light straw colour/golden yellow colour. Now,
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20 ml of molar metal salt solution is added to the culture solution and it is heated on
steam bath up to 60 °C for 10-20 min. The pH of culture solution is suitably adjusted
at this stage depending upon targeted task-synthesis of a metal or an oxide or
chalcogenide.

3 Discussions

The procedure of nanotransformation involving synthesis of metal, oxide or chal-
cognide nanoparticles seemingly is the cumulative response of the biological sys-
tem being taken in to use and its immediate chemical ambience along with basic
metabolic fluxes/metabolite content/signal transduction of the organism being
employed for the purpose. The biosynthetic mechanism for preparation of metal/
oxide nanoparticles is illustrated in Fig. 1.1. The environments of most organisms
are rarely constant, so some resilience to environmental stress is essential in order
for organisms to persist. Chemical stressors such as organic and inorganic pollut-
ants can have different modes of action, but one effect is common to many of these,
as well as certain natural stressors such as radiation, and that is an association with
oxidative damage in cells (Avery 2001; Limon-Pacheco and Gonsebatt 2009).
Today’s knowledge on the molecular background of metal/metalloid toxicity in
eukaryotes arises in great part from extensive genome, transcriptome, deletome,
proteome, interactome and metabolome analyses having been done in baker’s yeast
cultures. Saccharomyces cerevisiae is an excellent model organism to address
important biological questions because the available molecular biological, genetic
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and bioinformatic tools are unprecedently sophisticated and versatile with this
hemiascomycete. As shown by numerous examples, knowledge obtained from
yeast-based models, e.g. on the mechanism of action of and the tolerance against
toxic metals, can be transferred with high efficiency to higher eukaryotes including
humans (Gonzdlez-Guerrero et al. 2009; Tamds et al. 2005). Challenged by metal/
metalloid toxicity, fungal members trigger response at multiple levels originating
from cell wall to nuclei that can be understood as follows:

3.1 Extracellular Chelation and Binding to Cell Wall
Constituents (First Line response of Cellular Defense)

Production of nanoparticles using filamentous fungi has some advantages over other
organisms. Filamentous fungi are easy to handle, require simple raw materials and
has high wall-binding capacity (Haq et al. 2015; Prasad et al. 2015). Along with this,
a number of simple hydroxy/methoxy derivatives of benzoquinones and toluqui-
nones are elaborated by lower fungi (especially Penicillium and Aspergillus species)
in response a metallic stress. Presence of these metabolites may trigger a redox reac-
tion due to tautomerization leading to synthesis of a nanomaterial (Jha and Prasad
2010c). Cell membranes are often bestowed with small molecular mass metabolites
like peptides and proteins are pivotally important element of almost all metal/metal-
loid detoxification processes and hence, the significance of extracellular and cyto-
solic chelation reactions cannot be underestimated (Gonzalez-Guerrero et al. 2009;
Tamds et al. 2005; Wysocki and Tamds 2010; Verbavatz et al. 2009). The membrane-
bound (as well as cytosolic) oxidoreductases and quinones might have played an
important role in the process. The oxidoreductases are pH sensitive and work in
alternative manner. At a lower value of pH, oxidase gets activated while a higher pH
value activates the reductase (Jha and Prasad 2010c). Amino acids and amino acid
derived molecules have high significance in plant to adapt in heavy metal stress con-
ditions. N-containing metabolites majorly proline is frequently synthesized under
heavy metal stress such as Cd, Cu, Ni, and Zn. Proline has three major functions in
metal detoxification namely metal binding, antioxidant defence, and signaling
(Shanti and Karl 2006).

Glutathione (GSH) secretion is a very important element of the GSH-homeostasis
in yeast under different environmental conditions (Perrone et al. 2005) and it is
sensible that yeast cells intensify GSH-secretion under As(IIl) exposures to relieve
the intracellular detoxification pathways (Wysocki and Tamds 2010). Elaboration of
inorganic metal chelators is very documented among different members of fungi,
and especially among brown-rot and white-rot fungi and this process seems to be
stimulated under Cu(I) and Cd(II) stress (Clausen and Green 2003; Jarosz-
Wilkotazka et al. 2006). The bulk formation of water-insoluble metal-oxalate crys-
tals is undoubtedly an efficient way to circumvent toxic metal ions which tend to
enter fungal cells (Jarosz-Wilkotazka and Gadd 2003). In addition, oxalate is pri-
marily important to maintain the lignolytic system of white rot basidimycetes
(Schlosser and Hofer 2002).
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A wide range of fungi has been reported to produce extracellular mucilagi-
nous materials (ECMM or “emulsifier”’) with excellent toxic metal binding capa-
bilities. As demonstrated by Paraszkiewicz et al. (Paraszkiewicz et al. 2007,
2010), Ni(II) [unlike Cu(II), Pb(II) and Zn(II)] (Paraszkiewicz and Diugorski
2009) did not trigger ECMM production by Curvularia lunata. These authors
reported the saturation of cellular fatty acids, which is clearly attributable to
Ni(II)-initiated lipid peroxidation processes. Importantly, the pullulan produc-
tion by Aureobasidium pullulans was positively affected by Ni (II) and Cd(I)
exposures (Breierovd et al. 2004), and pullulan increased the Cd(II) tolerance of
this industrially important species (Certik et al. 2005). Vesentini et al. (Vesentini
et al. 2006) also reported elevated ratio of ECMM in the biomass in Cu(II)
exposed Trametes versicolor and Gloeophyllum trabeum cultures. Isolates of the
arbuscular mycorrhizal fungi Glomus and Gigaspora species produce a soil gly-
coprotein called glomalin, which possesses a remarkable capability to sequester
Cu(Il) (Cornejo et al. 2008; Gonzdlez-Chdvez et al. 2004; Wright et al. 1996).
The production of various metabolites like citric acid, homogeneous proteins,
heterogeneous proteins, peroxidases by fungi made them effective for detoxifica-
tion of heavym metals from industrial effluents. White rot fungi are ubiquitous in
nature and their enzymes producing activity makes them effective decolourizers
and remove toxic metals by biosorbtion ultimately rendering the effluents more
eco-friendly (Tripathi et al. 2007). Exposure to elevated heavy metals concentra-
tion in mycorrhizal species of Pinus sylvestris made it to produce organic acids.
Among different acid production, the level of oxalic acid is significantly high
compared to other acids like malonic acid, citric acid, shikimic acid, lactic acid,
acetic acid, propionic acid, fumaric acid, formic acid, iso-butyric acid and butyric
acid are found in variable concentrations (Ulla et al. 2000). Along with this,
Fusarium Oxysporum, Aspergillus niger and Aspergillus fumigatus and
Pencillium brevicompactum being a eukaryotes have a better organized cellular
system compared to the bacteria, therefore a drastic reduction in particle size of
nanomaterials which has been reported is natural. Fusarium and other members
belong to the kingdom fungi. Its adaptability is prodigal which is manifested in
the form of its metabolic treasures beginning from membrane bound cellulases,
nitrate reductases galactosides, quinones to cytosolic oxidoreductases like
Cytochrome P450 (Durdn et al. 2005) and an active FAD-containing form of
nitroalkane oxidase is also present (Gadda and Fitzpatrick 1998). All of these
cumulatively ensure a redial extra-cellular transformation of both metallic as
well as oxide nanoaprticles (Gharieb et al. 1999; Karbasian et al. 2008). In yet
another study for the purpose of optimization of the procedure, the biomass
obtained by the growth of Fusarium oxysporium PTCC 5115 in MGYP medium
was able to convert silver nitrate to nano silver through the enzyme nitrate reduc-
tase under the conditions of temperature, pH and time of the reaction, agitation
rate and fungal biomass (Jha et al. 2009b). Volvariella volvacea and Agaricus
bisporus (edible mushroom) have also been found to synthesize metals like Ag
and Au and candidate metabolites are ascertained to be amino acids and proteins
(Kalishwaralal et al. 2008).
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3.2 Transport, Intracellular Chelation
and Compartmentalization (Second Line Response
of Cellular Defense)

Organisms are constantly challenged by ever-changing variables in their
environment, including fluctuating nutrient levels, osmotic imbalance, exposure to
toxic molecules, and non-optimal temperatures. While multicellular or motile
organisms can usually alter these conditions by a change in location or physiology,
single-celled organisms such as yeast are at the mercy of their situation, and must
adapt or perish (Morano et al. 2012). Heavy metals enter cells through channels and
transporters, which normally facilitate the uptake of essential transition metal
micronutrients like Fe, Mn and Zn, anions including phosphate and sulphate as well
as sugars (glucose) and sugar derivatives (glycerol) (Tamds et al. 2005; Wysocki
and Tamds 2010). In theory, one of the most simple and most effective way to keep
off toxic metals/metalloids outside the cell is to eliminate the channel or transporter
responsible for the uptake of a given toxic metal/metalloid ion. These ions may be
channeled through multiple transporters into the cytoplasm and, aggravating the
situation, the absence of even one of these transport routes may disturb the normal
metabolism of the cells which in due course may come across the different stress
shearing cues of the cells and give a desired nanomaterial. However, the elimination
of thea few plasma membrane channels and transporters has been demonstrated to
confer metal tolerance to metal/metalloid exposed S. cerevisiae cells (Tamds et al.
2005; Wysocki and Tamds 2010) like Pho87p low-affinity phosphate transporters
for As(V); Fpslp aquaglyceroporin channel for As (IIT) and Sb(IIl); Zrtlp Zn(I)
and Smf1p and Smf2p for Cd (I) and Mn(II); Sullp and Sul2p sulphate transporters
for Cr(VI) and Se(VI), etc.

Importantly, yeast cells lacking either Pho86p, which is required in trafficking
Pho84p from the ER to the cytoplasma membrane, or Gtrlp, a cytoplasmic GTP
binding protein, a regulator of phosphate transport through Pho84p, displayed
As(V)-tolerant phenotypes (Bun-ya et al. 1992, 1996; Yompakdee et al. 1996).
Furthermore, the elimination of BSD2 encoding an ER protein trafficking Smflp
and Smf2p transporters to the vacuoles for degradation resulted in Cd(IT) and Cu(II)
hypersensitivities (Liu and Culotta 1999; Liu et al. 1997). However, other important
cellular transporters leading to subsequent chelation may be as under: GSH com-
plexes of Cd(II), As(III), Hg(II), Pb(Il): Ycflp ATP-binding cassette family vacuo-
lar GSH S-conjugate transporter, a strong induction of which can be achieved by
overexpressing Yaplp, the master regulator transcription factor of oxidative stress
response (Sharma et al. 2002; Song et al. 2003; Wemmie et al. 1994); Yorlp plasma
membrane ABC transporter (Nagy et al. 2006), phytochelatin complexes of Cd(II):
HMT]1 vacuolar membrane transporter of ATP-binding cassette-type (S. Pombe)
(Ortiz et al. 1995), although HMT1 is likely to be a GSH S-conjugate transporter in
S. pombe according to most recent data published by Prévéral et al. (Prévéral et al.
2009). Importantly, vacuolar Zn(Il) (GintZnT1; (Gonzélez-Guerrero et al. 2005)
and Cd(II)/Cu(Il) (GintABC1; (Gonzalez-Guerrero et al. 2009; Gonzalez-Guerrero
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et al. 2010) transporters have been characterized in the endomycorrhizal fungus
Glomus intraradices with high homology and functional orthology to well-charac-
terized baker’s yeast proteins, which clearly demonstrates the applicability of yeast-
based heavy metal sequestration models in this case. Not surprisingly, the expression
of GintABC1 was up regulated when the fungus was exposed to Cd(II) and Cu(II)
(Gonzdlez-Guerrero et al. 2010). GSH is a key player in both heavy metal tolerance
and oxidative stress defense (Heged{is et al. 2007; Mendoza-Cdézatl et al. 2005;
Pdcsi et al. 2004; Stephen and Jamieson 1997; Tamds et al. 2005; Westwater et al.
2002; Wu and Moye-Rowley 1994; Wysocki and Tamds 2010) and it’s over expres-
sion increases the toxic metal/metalloid tolerance. When yeast y-glutamylcysteine
synthetase GSH1 and garlic phytochelatin synthase AsPCS1 were expressed either
alone or simultaneously in Arabidopsis thaliana the transgenic plants accumulated
and tolerated Cd and As remarkably well (Guo et al. 2008). Intracellular GSH levels
can also be elevated considerably in baker’s yeast by overexpressing the Hgtlp
GSH-transporter but resulted in some GSH-induced cell toxicity (Srikanth et al.
2005), indicating the limitation of this approach. Considering GSH turnover, vacu-
olar y-glutamyltranspeptidase and aminopeptidase are needed to recycle GSH-
derived amino acids into the cytoplasm (Pdcsi et al. 2004). Interestingly, a yeast
strain with LAP4 mutation accumulated three times more Cd(II) than the control
strain with an unexpected decrease in the Cd(ID)elicited oxidative stress (Adamis
et al. 2009). S. pombe deposits Cd(II) in the form of vacuolar high molecular mass
phytochelatin-Cd(II) aggregates with CdS crystallites in their cores (Kowshik et al.
2002; Mendoza-Cézatl et al. 2005).

Numerous studies have revealed that all yeast genera can accumulate different
heavy metals, but particularly interesting is the capability of accumulating signifi-
cant amounts of highly toxic metals (Breierovd et al. 2002). Cells, which are able to
grow in media with high metal ion concentrations is called resistant. The yeast cell
capacity to transform absorbed metal ions into complex polymer compounds that
are nontoxic for the cell is perceived as resistance ad this might be acting as crux for
synthesis of nanomaterials. The major molecules that contribute to the detoxifica-
tion mechanisms in yeast cells are glutathione (GSH) and two groups of metal-
binding ligands: metallothioneins and phytochelatins, both well characterized. GSH
with the structure c-Glu-Cys-Gly is an important tripeptide involved in various
metabolic processes in bacteria, yeasts, plants and animals. The unique redox and
nucleophilic properties classify this compound as a detoxificator, actively taking
part in the bioreduction and defense against free radicals and xenobiotics. GSH is
also a structural unit in phytochelatin molecules, which is one of its major functions.
Metallothioneins are low-molecular-weight, cysteine-rich metal-binding proteins,
derived by mRNA translation (Kagi 1993). The great number of cysteine residues
binds different metals by S—S bonds. Metallothioneins are classified according to
the arrangement of these residues (Cherian and Chan 1993).

The low molecular mass, the ability to bind metal ions and the specific amino acid
composition with high levels of cysteine and low levels of aromatic amino acid resi-
dues are common among all metallothionein classes (Kagi and Schaffer 1988). The
synthesis of these proteins is determined by a family of genes. Although the model has
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been created on the basis of detoxification of Cu®* ions, it is also accurate for other
metals in yeast (Butt and Ecker 1987). In animals the function of metallothioneins is
associated with the defense against cadmium toxicity and resistance towards Cu** and
Zn*. Nevertheless, there is evidence that metallothioneins play a similar role in some
plants and yeast species, e.g. in S. cerevisiae and C. glabrata (Mehra and Winge 1991;
Mehra et al. 1988). Phytochelatins were discovered in the yeast Schizosaccharomyces
pombe (Murasugi et al. 1983), but are common for most plants (Grill et al. 1985) and
also some animal species (Cobbett 2000). Although, initially, they were described as
cadmium binding peptides (Grill et al. 1985; Kondo et al. 1983), phytochelatin forma-
tion is induced by a large number of elements such as Cd**, Pb**, Zn**, Sb**, Ag*, Ni**,
Hg?*, Cu*, Sn**, Au*, Bi**, Te*, and W, when supplemented to the medium (Rauser
1995). They have the general structure (c-Glu-Cys)n-Gly, where n=2-11, and a mul-
titude of structural variants has been described in the scientific literature (Huang et al.
2007; Rauser 1995, 1999; Zenk 1996). Structurally, phytochelatins are related to
GSH, serving as a substrate for their enzymatic biosynthesis, which has been con-
firmed by a number of physiological, biochemical and genetic studies (Huang et al.
2007; Rauser 1995, 1999; Zenk 1996). The enzyme phytochelatin synthase or c-Glu-
Cys dipeptidyl transpeptidase (EC 2.3.2.15) catalyzes the reaction of transpeptidation
of ¢-Glu-Cys dipeptide from a GSH molecule to a second molecule of GSH, resulting
in phytochelatin PC2, or to a phytochelatin molecule, resulting in an n+1 oligomer
(Grill et al. 1989). Phytochelatin synthesis begins within minutes after exposing yeast
cells to cadmium ions and is regulated by enzyme activation in the presence of metal
ions. The best activators are cadmium ions, followed by ions of Ag, Bi, Pb, Zn, Cu,
Hg, and Au (Clemens et al. 1999; Ha et al. 1999; Vatamaniuk et al. 1999). In plants
and yeasts, Cd-phytochelatin complexes are formed in the cytosol but accumulate in
vacuoles (Salt and Wagner 1993). Detailed studies of the fission yeast S. pombe
revealed that nearly the whole cadmium and phytochelatin amounts are located in
vacuoles (Clemens et al. 1999). Compared to metallothioneins, phytochelatins feature
many advantages, derived from their unique structure and especially the repeated
c-Glu-Cys units and they have better metal-binding capacity (Mehra and Mulchandani
1995). In addition, phytochelatins can incorporate large amounts of inorganic sulfur,
resulting in increased capacity of these peptides to bind cadmium (Mehra et al. 1994).
The biomineralization of cadmium by the yeasts S. pombe and C. glabrata is a metal-
triggered biotransformation, in which metal ions are consequently chelated with small
selective peptides and co-precipitated with inorganic sulfur, resulting in nontoxic CdS
clusters (Perego and Howell 1997). Dameron and Winge (Dameron and Winge 1990)
discovered that the CdS crystals isolated from S. pombe and C. glabrata are monodis-
perse, with an average diameter of 2 nm. The crystal lattice consists of 85 CdS pairs
covered by approximately 30 (c-Glu-Cys)n-Gly peptides, with n=3-5. Vacuoles rep-
resent the primary sites of intracellular metal/metalloid sequestration and storage in
fungi (Tamds et al. 2005; Wysocki and Tamds 2010). All these observations in nut
shell suggest that intracellular protein trafficking systems represent relevant and
promising targets for engineering new fungal strains with an altered toxic metal/met-
alloid tolerance and may contribute towards large scale production of nanomaterials
subject to modulation of experimental cues.
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3.3 The Antioxidative System (Third Line of Cellular Defense)

Fungi exposed to toxic metal/metalloid stress commonly face oxidative cell injuries
caused by reactive oxygen species (Avery 2001). Fungal cells possess a wide array of
antioxidants to cope with different kinds of oxidative stress. For example, GSH inde-
pendent and GSH-dependent enzyme activities are able to neutralize reactive oxygen
species with remarkable efficiency (Pdcsi et al. 2004). While elevated temperature
represents the primary insult during heat shock (as described above), one of the major
secondary consequences involves production of reactive oxygen species (ROS). All
organisms are exposed to ROS during the course of normal aerobic metabolism or
following exposure to radical-generating compounds (Halliwell 2006).

Molecular oxygen is relatively unreactive and harmless in its ground state, but can
undergo partial reduction to form a number of ROS, including the superoxide anion
and hydrogen peroxide (H,0,), which can further react to produce the highly reactive
hydroxyl radical. ROS are toxic agents that can damage a wide variety of cellular
components resulting in lipid peroxidation, protein oxidation, and genetic damage
through the modification of DNA. S. cerevisiae responds to an oxidative stress using
anumber of cellular responses that ensure the survival of the cell following exposure
to oxidants. These include defense systems that detoxify ROS, reduce their rate of
production, and repair the damage caused by them. Many responses are ROS spe-
cific, but there are also general stress responses that are typically invoked in response
to diverse stress conditions (Morano et al. 2012). ROS are continuously produced in
actively metabolizing cells. However, S. cerevisiae, like all organisms, contains
effective antioxidant defense mechanisms, which detoxify ROS as they are generated
and maintain the intracellular redox environment in a reduced state. An oxidative
stress is said to occur when ROS overwhelm these defenses, resulting in genetic
degeneration and physiological dysfunction, leading eventually to cell death.

Antioxidant defenses include a number of protective enzymes that are present in
different subcellular compartments and can be upregulated in response to ROS
exposure. Non-enzymic defenses typically consist of small molecules that can act
as free radical scavengers; to date, only ascorbic acid and GSH have been exten-
sively characterized in yeast (Morano et al. 2012). Antioxidants, such as ascorbic
acid can reduce transition metals giving these compounds a pro-oxidant character
(Poljsak et al. 2005). Therefore, any overload of fungal cells with antioxidants (e.g.
Tempol, Trolox, Melatonin) might exacerbate oxidative cell damages in the pres-
ence of redox active metals/metalloids (Lewinska and Bartosz 2007). The different
enzymes involved in protection against ROS exposures may be as under:

3.3.1 Catalases

Catalases are ubiquitous heme-containing enzymes that catalyze the dismutation of
H,0, into H,O and O,. Yeast has two such enzymes: the peroxisosomal catalase A
encoded by CTAIl, and the cytosolic catalase T encoded by CTT1. The CTA1
expression is coordinated with peroxisomal fatty acid metabolism, suggesting that
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Ctal may function in the detoxification of H,O, generated from fatty acid b-oxidation
(Hiltunen et al. 2003). Catalases are important for the acquisition of peroxide resis-
tance following pretreatment with low doses of H,O, and upon entry into stationary
phase, indicating a role during adaptive responses (Culotta et al. 2006).

3.3.2 Superoxide Dismutases

Superoxide dismutases (SODs) convert the superoxide anion to hydrogen peroxide,
which can then be reduced to water by catalases or peroxidises. SODs are ubiqui-
tous antioxidants, which differ in their intracellular location and metal cofactor
requirements between different organisms. Enzyme activity is dependent on redox
cycling of the bound metal cofactor. Yeast contains a cytoplasmic Cu,Zn-SOD
(Sod1) and a mitochondrial matrix Mn-SOD (Sod2), which appear to play distinct
roles during oxidative stress conditions (Culotta et al. 2006).

3.3.3 Methionine Sulfoxide Reductase

Amino acids are susceptible to oxidation by ROS (Stadtman and Levine 2003).
Methionine residues are particularly susceptible, forming a racemic mixture of
methionine-S-sulfoxide (Met-S-SO) and methionine-R-sulfoxide (Met-R-SO) in
cells (Dean et al. 1997). Most organisms contain methionine sulfoxide reductases
(MSRs), which protect against methionine oxidation by catalyzing thiol-dependent
reduction of oxidized Met residues. This is particularly important because it means
that methionine oxidation is readily reversible and can play an antioxidant role in
scavenging ROS (Stadtman et al. 2003). Yeast contains three MSR enzymes that are
required for resistance against oxidative stress (fRMsr/MsrA/MsrB) (Le et al.
2009). fRMsr is thought to be the main enzyme responsible for the reduction of free
Met-R-SO, whereas MsrA and MsrB are active with Met-S-SO and Met-R-SO in
proteins. A triple fRMsr/MsrA/MsrB mutant is viable on media containing methio-
nine, but cannot grow if methionine is substituted with Met-SO (Le et al. 2009).

3.3.4 Thioredoxins

S. cerevisiae, like most eukaryotes, contains a cytoplasmic thioredoxin system,
which functions in protection against oxidative stress. This comprises two thiore-
doxins (TRX1 and TRX2) and a thioredoxin reductase (TRR1) (Gan 1991). As in
most organisms, yeast thioredoxins are active as antioxidants and play key roles in
protection against oxidative stress induced by various ROS (Izawa et al. 1999; Kuge
and Jones 1994). A major part ofthe antioxidant function of thioredoxins is medi-
ated by peroxiredoxins. Oxidized thioredoxins (Trx1/Trx2) are rapidly observed
(15 s) following exposure to hydrogen peroxide and are detected for 0.1 h before
returning to the reduced form (Okazaki et al. 2007). Yeast also contains a complete
mitochondrial thioredoxin system, comprising a thioredoxin (Trx3) and a thioredoxin
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reductase (Trr2) (Pedrajas et al. 1999). The redox states of the cytoplasmic and
mitochondrial thioredoxin systems are independently maintained and cells can sur-
vive in the absence of both systems (Trotter and Grant 2005).

3.3.5 Peroxiredoxins

Peroxiredoxins (Prx) have multiple roles instress protection, acting as antioxidants,
molecular chaperones, and in the regulation of signal transduction (Wood et al.
2003). They use redox-active Cys residues to reduce peroxides and have been divided
into two classes, the 1-Cys and 2-Cys Prx’s, on the basis of the number of Cys resi-
dues directly involved in catalysis. Typical 2-Cys Prx’s are active as a dimer and
contain two redox-active Cys residues that are required for enzyme activity (Chae
etal. 1994; Park et al. 2000). During catalysis, the peroxidatic cysteine residue of one
subunit is oxidized to a sulfenic acid, which condenses with the resolving cysteine
from the other subunit to form a disulfide that is reduced by thioredoxin been
described in yeast (Morgan and Veal 2007). All three display thioredoxin peroxidase
activity, but appear to play distinct physiological roles. Tsal has best been character-
ized as an antioxidant in the detoxification of hydroperoxides (Garrido and Grant
2002; Wong et al. 2004), but has also been shown to act as a chaperone that promotes
resistance to heat and reductive stresses (Jang et al. 2004; Rand and Grant 2006).
Tsa2 is highly homologous to Tsal and possesses similar peroxidase and chaperone
activities, but is expressed at significantly lower levels than Tsal (Jang et al. 2004).

3.3.6 The Glutathione System

The oxidation of sulthydryl groups is one of the earliest observable events during
ROS mediated damage. This underlies the importance of GSH
(g-glutamylcysteinylglycine) which is typically found as the most abundant low
molecular-weight sulfhydryl compound (mM concentrations) in most organisms.
Many roles have been proposed for GSH in a variety of cellular processes including
amino acid transport; synthesis of nucleic acids and proteins; modulation of enzyme
activity; and metabolism of carcinogens, xenobiotics, and ROS (Schafer and
Buettner 2001). Not surprisingly therefore, GSH is an essential metabolite in
eukaryotes, and for example, mice that are deficient in GSH biosynthesis die rapidly
(Shi et al. 2000). Similarly, GSH is an essential metabolite in yeast where it appears
to be required as a reductant during normal growth conditions (Grant et al. 1996a).
Oxidative stress converts glutathione to its oxidized disulfide form (GSSG).
However, glutathione is predominantly present in its reduced GSH form in yeast
and other eukaryotes due to the constitutive action of glutathione reductase (Glrl).
Glrl is an NADPH-dependent oxidoreductase, which converts GSSG to GSH using
reducing power generated by the pentose phosphate pathway (Lépez-Barea et al.
1990). Yeast GLR1 is not essential for normal aerobic growth, but is required for
viability during exposure to oxidative stress and following starvation conditions
(Grant et al. 1996b, ¢).
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3.3.7 Glutaredoxins

Glutaredoxins (Grx) are small heat-stable oxidoreductases, which were first
discovered in E. coli as GSH-dependent hydrogen donors for ribonucleotide reduc-
tase (Holmgren 1989). Classical cellular glutaredoxins contain a conserved dithiol
active site (Cys-Pro-Tyr-Cys) and form part of the glutaredoxin system, in which
glutathione reductase transfers electrons from NADPH to glutaredoxins via
GSH. They have proposed roles in many cellular processes including protein fold-
ing and regulation, reduction of dehydroascorbate, and protection against ROS and
sulphur metabolism (Holmgren 1989). Two yeast genes encode classical dithiol glu-
taredoxins (GRX1 and GRX2) (Luikenhuis et al. 1997). Grx1 and Grx2 are active
as GSH-dependent oxidoreductases, but appear to have distinct cellular functions.

3.3.8 Glutathione Peroxidases

Eukaryotic glutathione peroxidises (Gpx’s) are thought to provide the major enzy-
matic defense against oxidative stress caused by hydroperoxides. They reduce
hydrogen peroxide and other organic hydroperoxides, such as fatty acid hydroper-
oxides, to the corresponding alcohol, using reducing power provided by GSH
(Michiels et al. 1994). Mammalian cells also contain phospholipid hydroperoxide
Gpx’s (PHGpx’s), which are able to reduce membrane phospholipid hydroperox-
ides (Roveri et al. 1994). Interestingly, yeast does not contain any classical Gpx’s,
but expresses three PHGpx’s encoded by GPX1-3 (Avery and Avery 2001; Inoue
et al. 1999). These PHGpx enzymes have activity with phospholipid hydroperox-
ides as well as nonphospholipid hydroperoxides and are able to protect membrane
lipids against peroxidation.

3.3.9 Glutathione Transferases

Glutathione transferases (GSTs) are a major family of proteins, which are involved
in the detoxification of many xenobiotic compounds (Sheehan et al. 2001). They
catalyze the conjugation of electrophillic substrates to GSH prior to their removal
from cells via glutathione conjugate pumps. Two genes encoding functional GSTs,
designated GTT1 and GTT2, have been identified in yeast (Choi et al. 1998).

3.3.10 Ascorbic Acid

Ascorbic acid is a water soluble antioxidant, which commonly acts in a redox cou-
ple with glutathione in many eukaryotes (Winkler et al. 1994). However, the rele-
vance of ascorbate to the yeast oxidative stress response is unclear since yeast
contains a 5-carbon analog, erythroascorbate, which may have limited importance
as an antioxidant. Conclusively, it can be said that the response of different fungi
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with respect to the metal ion is an interesting cascade of events subject to modulation
of experimental cues in vitro. It may look to get accomplished in a jiffy but encom-
passes a very well-orchestrated conglomerate of metabolites and pathways. Future
may find a series of genetically engineered fungal species for the purpose of nano-
material synthesis with astonishing amenability of scaling up.
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Chapter 2
Innovation of Strategies and Challenges
for Fungal Nanobiotechnology
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Abstract Nanotechnology involves the study and use of materials under the
100 nm scale, exploiting the different physiochemical properties exhibited by these
materials at the nanoscale level. Microorganisms are the best model and role of
action for the nano/biotechnological applications. This technology has become
increasingly important for the biotechnology and the related sectors. Promising
applications have been already employed in the areas of drug delivery systems
using bioactive nanoencapsulation, biosensors to detect and quantify pathogens,
chemical and organic compounds, alteration of food compositions, and high-perfor-
mance sensors and film to preserve fruits and vegetables. Moreover, the taste of
food and food safety can be improved by new nano-materials from the microbio-
logical sources. The huge benefits from this technology have led to increases in the
market investments in nanoscience and nanoproducts in several areas.
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Fungi are the common source of industrial enzymes by cause of their excellent
capacity for extracellular protein production. These industrial enzymes are applied
in pulp and paper chemical and biomedical products, food, starch, textile, drinks,
baking, leather, detergents and animal feed. For industrial application, immobiliza-
tion of enzymes has advantages due to their improvement in the stability and storage
ability because of reuse, easy separation of enzymes from the reaction mixture, a
possible increase in pH and thermal stability and low product cost. The reusability
and the cost of immobilized enzymes display a great advantage comparing to those
of free enzymes. Using nanoscale structures for immobilization is preferred due to
an increase in the functional surface area to maximize enzyme loading and reducing
diffusion limitations. In addition, the physical characteristics of nanostructure such
as enhanced diffusion, thermal stability, irradiation resistance and support mobility
can impact catalytic activity of immobilized enzymes. This chapter deals with the
strategies, challenges, applications and benefits of fungal nanobiotechnology in dif-
ferent areas and, also, antifungal activity of nanoparticles from the microbial
sources.

Fungal nanobiotechnology based agro-industries and environmental spheres cre-
ated the enormous range of possible applications of fungi. The successful and prom-
ising studies in these areas have provided a better understanding of fungi in
nanobiotechnological disciplines. The utilization of fungi in the environmental bio-
technology is a more recent development with many advantages related to bioreme-
diation, treatment of industrial wastes and biotransformation of specific compounds.
The objective of this chapter is to summarize recent developments in fungal nano-
biotechnology and fungal synthesis of nanoparticles.

The manufacture and use of dyes are widespread industries. The utilization of
these pigments is an integral part of almost all manufacturing processes. Wastewaters
are produced during the synthesis and use of dyes. Decolorization of water is a sig-
nificant and a critical part of wastewater treatment processes. Furthermore, metal
contaminated industrial wastewater treatment is also acknowledged as one of the
bionanotechnological issues. Microorganisms, especially fungi, are possible and
strong candidates for heavy metal removal from wastewaters due to its binding abil-
ity to a toxic metal or metal ion. Thus, nanobiotechnological aspects of fungal stud-
ies in wastewater treatment applications are explained in a separate section in this
chapter.

Nanoparticles can be used in various areas such as medicine, biosensors, envi-
ronmental treatment and so on. These could be produced by conventional chemical
and physical methods although conventional methods have some disadvantages.
Therefore, a relatively simple, economical and nonhazardous (i.e., eco-friendly)
method must be used in order to synthesize various nanoparticles. Biotechnological
methods have several advantages over conventional ones. Nanoparticles can be syn-
thesized by using various organisms such as fungi and bacteria. Here, some of the
fungi used in the synthesis of nanoparticles are reviewed. The mechanism of bion-
anoparticle synthesis and biological activity of these nanoparticles are also
discussed.
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1 Introduction

Nanotechnology is known as the art of the creation and modification of materials in
the general size up to 100 nm and this science is greatly affected by various disci-
plines especially physics, chemistry and biology (Fig. 2.1). This technology pro-
vides great opportunities by changing the significant properties of materials when
they are in nano size. Because, when the dimension of a material is getting closer to
nanometer, quantum physics becomes to play an important role instead of conven-
tional laws of physics. This situation brings different and unique properties to the
material. In other words, nanoscience helps us understand these new behaviours
that emerge in nanometer size due to quantum theories. Thus, nanotechnology lets
us to design and synthesize nanostructures and provides us to use these extraordi-
nary properties in order to generate new material forms and new application areas
such as medicine, environment, green technological methods, pharmacology, elec-
tronics etc. (Rai et al. 2009; Suman et al. 2010; Gupta et al. 2012; Aziz et al. 2015).
Nanobiotechnology is a new branch of nanotechnology, combining biological prin-
ciples with physical and chemical procedures to generate nanoscale particles with
specific functions and structures.

Nowadays, metal nanoparticles like silver, gold and platinum have great
popularity because of their many advantageous properties in several fields of appli-
cation. Furthermore, metals and metal oxides can be used as antimicrobial agents.
During the studies with antimicrobial nanoparticles, the developing resistance
of microorganisms against nanoparticles was not evident (Miihling et al. 2009).

Nanotechnology

Nanobiotechnology
Bionanotechnology

Biotechnology
Biomedicine
Microorganisms
Technology

Fig. 2.1 Nanotechnology and its related areas
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Silver nanoparticles are one of the most researched and popular ones among the other
metal nanomaterials. Its usage in wound healing applications and treatments of some
infections makes them very preferable and attainable particularly in biomedical field.
Even if they are widely utilized in many areas, these nanoparticles have many side
effects especially against environment because of their toxicity (Rai et al. 2009; Gupta
et al. 2012). Therefore, new eco-friendly approaches have been improved for green
biosynthesis of nanoparticles. Fungal nanotechnology has emerged due to these
requirements and studies. In addition, energy shortage and malnutrition problems
have occurred with increasing population. Environmental pollution is also getting a
threatening issue for human life and, recently, nanotechnology has appeared as a
promising tool to solve such environmental- and health-related issues.

Nanobio/Bionanotechnology is playing a significant role for solving current dif-
ficulties, many scientists specifying that the studies of microorganisms would pro-
vide precious contributions. Fungal nanotechnology can be defined as the fabrication
of nanoparticles with green synthesis by fungi, which bring significant advantages
to the nanomaterials. Because of the unsatisfactory researches that include both the
activity of microorganisms and nanotechnology for solving the problems that men-
tioned above is the main reason for focusing recently more on fungal approaches in
nanobiotechnology.

Fungi have a number of advantages for green synthesis of nanoparticles compared
with other organisms, particularly for their easy isolation and ability of extracellular
enzyme secretion (Singh et al. 2014; Prasad et al. 2015). Also, many of the proteins
that secreted by fungi can transform metal ions rapidly with non-hazardous processes.
Therefore, there is an increasing interest in using fungi for these processes, and they
may have a significant potential to provide a quick and safe process for production of
metallic nanoparticles (Rai et al. 2009). For example, an endophytic fungus,
Penicillium sp., isolated from the leaves of turmeric (Curcuma longa) was studied for
producing silver nanoparticles and this successful study was used as a weapon against
Staphylococcus aureus and Escherichia coli in a facial way (Singh et al. 2014).

Enzymes are among the most important products obtained for human needs
through microbial sources, especially fungi. The enzymes produced from white rot
fungi (manganese peroxidase, lignin peroxidase, superoxide dismutase, ligninase and
laccase etc.) generally associated with the lignin degrading processes. There is a pop-
ular interest in improving the biodegradative abilities of white rot fungi for treating
contaminated water and soil and bioremediation of water contamination with colored
substances (Bumpus 2004) including recalcitrant chemical molecules, for example,
polycyclic aromatic hydrocarbons (PAH), polychlorinated biphenyls and dioxins,
phenols and its derivatives, lignin, pesticides and azo dyes. Especially, laccase enzyme
has an industrial importance for decolorization of reactive coloring substances by
being immobilized to nanocomposites. One of the significant studies was to use free
and immobilized laccase enzymes against an industrial textile dye, Reactive Red 5
(Ilk et al. 2016). As a result, optimum time studies resulted in 120 min for free laccase
and 90 min for immobilized laccase. The productivity of free laccase was measured
as 33 % while immobilized laccase was 65 %. Also, during the reapplication of laccase
complex to the nanostructure for 10 times over a period of 3 days; it was found that
77.3 % of the initial productivity was maintained. In another similar study, Cetin et al.
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(unpublished data/submitted paper) focused on Phanerochaete chrysosporium loaded
monolithic composite cryogel columns for the removal of mercury (Hg?*). The col-
umns showed a great efficiency about biosorption of Hg?".

Based on these studies and aspects, because of these products are really hazard-
ous, their removal from clean sources with conventional methods is not sufficient
nowadays, so fungal nanotechnology may contribute to these refining studies. These
effective, economical, eco-friendly and quick nanobiotechnological methods can
provide a new perspective to these researches.

In brief, nanotechnology brings new aspects to biological applications and pro-
vides many advantages wunlike the conventional methods. Bionano/
Nanobiotechnological studies include the scientific researches with living organ-
isms; bacteria, yeasts, fungi etc. and when nanotechnological studies are observed
from fungal aspects, these new approaches will contribute a lot to the conventional
nanotechnological methods (Prasad et al. 2015). The significant roles of fungi in
green technology and its biological activities in many areas make these unique
organisms to provide a variety of bio-engineering applications. Fungal nanotechnol-
ogy also creates more effective and eco-friendly synthesis methods for metal
nanoparticles and the other toxic and hazardous methods are about to become
invalid nowadays. Additionally, nano-sized fibres created with electrospinning
method are getting popular in encapsulation of microorganisms and in microbial
biosensors; some microorganisms being able to detect comprehensive chemical
substances. Dar and Soytong (2014) indicated the ability of electrospinning method
for the encapsulation of anti-fungal compounds. For example, they encapsulated the
active compounds from Chaetomium species that are widely known as an effective
anti-fungal agent. Also, El-Newehy et al. (2012) tested polyvinyl alcohol (PVA) and
polyethylene oxide (PEO) nanofibers against pathogenic fungi such as Penicillium
notatum, Aspergillus niger and Aspergillus flavus. The results showed that these
nanofibers are able to exhibit zone of inhibitions.

As mentioned above, because of the insufficient studies related to environmental/
green nanotechnological methods with using living organisms and the increasing
importance of nanotechnology in industrial applications, fungal nanotechnology is
emphasized within this chapter by utilising both general nanotechnology descrip-
tion and its fungal applications.

2 Biosynthesis of Metallic Nanoparticles by Fungi

2.1 Filamentous Fungi

Several products obtained from the filamentous fungi are produced at commercial
scale, including organic acids, antibiotics and enzymes. Moreover, fungi and their
secondary metabolites are important biological agents for industrial applications
such as biodegradation, bioremediation, bioaugmentation and biotransformation
(Cabuk et al. 2013; Grimm et al. 2005). Currently, fungi are used for the fabrication
of nanoparticles.
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Progresses in the field of nanobiotechnology have resulted in the production of
different metal nanoparticles, which have found a decent ground for several applica-
tions. Production of nanoparticles by fungi has some practical advantages. Fungi
that are typically not exposed to large concentrations of metal(s) can be transformed
to a form that can tolerate high concentrations of metal ions owing to their inherent
ability to yield higher concentrations of proteins which aids in the reduction of
metal ions to less toxic forms (Sastry et al. 2003; Prasad et al. 2015).

Additionally, fungal mycelial mesh can withstand flow pressure and agitation and
other conditions in bioreactors or other chambers compared to bacteria. These are
fastidious to grow and easy to handle and produce. The extracellular secretions of
reductive proteins are more common and can be easily handled in downstream pro-
cessing. Also, since the nanoparticles precipitated outside the cell is devoid of unnec-
essary cellular components, it can be directly used in various applications (Narayanan
and Sakthivel 2010). Therefore, several fungi have been utilized for many biotech-
nological processes on the industrial scale; the utilization of waste mycelium would
be promising for feasible, eco-friendly and cost effective biosynthesis of nanoparti-
cles. Nowadays, fungi are excellent candidates for the synthesis of various metals
and metal sulfides nanoparticles (Sastry et al. 2003; Sadowski et al. 2008).

Metallic nanoparticles have potential applications in various fields, such as elec-
tronics, cosmetics, coatings, packaging and medical applications (Prasad et al.
2014). Nanoparticles can be induced to amalgamate into a solid at relatively lower
temperatures, often without melting, leading to the improvement of easy-to-create
coatings for electronics applications. Nanoparticles possess a wavelength below the
critical wavelength of light, which renders them transparent, a property that makes
them very useful for applications in cosmetics and packaging. Nanoparticles can be
employed as an efficient tool to explore the finest processes in various biotechnolo-
gies including biomedical sciences (Hutten et al. 2004; Safarik and Safarikova
2002). Apart from this, nanoparticles play an essential role in drug delivery, diag-
nostics, imaging, sensing, gene delivery and tissue engineering (Morones et al.
2005; Arruebo et al. 2007; Prasad 2014; Prasad et al. 2014).

Verticillium sp. and Fusarium oxysporum are known to produce nanoparticles
when challenged with aqueous solutions of metal ions either intracellularly or extra-
cellularly (Mukherjee et al. 2001a; Gericke and Pinches 20006). Fusarium,
Aspergillus, and Penicillium have capable potential for the extracellular production
of different metal nanoparticles. The biosynthesis of nanoparticles by various strains
of filamentous fungi is presented in Table 2.1 and some examples of nanoparticles
are described below.

2.2 Gold Nanoparticles

In the study of Castro-Longoria et al. (2011), the filamentous fungus Neurospora
crassa was screened and found to be successful for the production of mono and
bimetallic Au/Ag nanoparticles. Scanning electron microscopy (SEM), energy
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Table 2.1 The list of nanoparticles synthesized from different fungi

Size of the
Nanoparticle nanoparticle Production
type Fungus name (nm) location References
Gold Aspergillus oryzae | 10-60 Extracellular Binupriya et al.
(2010)

Verticillium 10 Extracellular Gericke and Pinches

luteoalbum (2006)

Trichothecium sp. 5-200 Extracellular Ahmad et al. (2005)

Collitotrichium sp. | 20-40 Extracellular Shankar et al. (2003)

Fusarium 2040 Extracellular Mukherjee et al.

oxysporium (2002)

Collitotrichum sp. | 20-40 Extracellular Shankar et al. (2003)

Verticillium <10-100 Intracellular Gericke and Pinches

Luteoalbum (2006)

Verticillium sp. 2-20 Intracellular Mukherjee et al.
(2001a), Mukherjee
et al. (2001b)

Silver Rhizopus nigricans |35-48 Extracellular Ravindra and Rajasab
(2014)

Trichoderma sp. 5-40 Extracellular Fayaz et al. (2010)

Alternaria 20-60 Extracellular Gayjbhiye et al. (2009)

alternata

Phoma glomerata 60-80 Extracellular Birla et al. (2009)

Penicillium 5-25 Extracellular Kathiresan et al.

Sfellutanum (2009)

Penicillium 58.35+17.88 | Extracellular Shaligram et al.

brevicompactum (2009)

Fusarium solani 16.23 Extracellular Ingle et al. (2009)

Humicola sp. 5-25 Extracellular Syed et al. (2013)

Cladosporium 10-100 Extracellular Balaji et al. (2009)

cladosporioides

Aspergillus 5-25 Extracellular Gade et al. (2008);

fumigates Prabhu et al. (2009)
Volvariella Agand Extracellular Daizy (2009)
volvacea Au-Ag 15 and

20-150 nm

Fusarium 10-60 Extracellular Basavaraja et al.

semitectum (2008)

Aspergillus niger 20 nm/3- Extracellular Gade et al. (2008);

30 nm Jaidev and Narasimha
(2010)

Aspergillus flavus 8.92 Extracellular Vigneshwaran et al.
(2007)

Penicillium 5-200 Extracellular Nayak et al. (2011)

purpurogenum

Penicillium 5-25 Extracellular Sarsar et al. (2015)

atramentosum

(continued)
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Table 2.1 (continued)

Size of the
Nanoparticle nanoparticle Production
type Fungus name (nm) location References
Fusarium 5-50 nm/8— Intracellular/ Senapati et al. (2004);
oxysporium 14 nm Au-Ag | extracellular Senapati et al. (2005)
Aspergillus 550-650 Extracellular Saravanan and Nanda
clavatus (2010)
Neurospora crassa | 11 nm for Extracellular Castro-Longoria et al.
silver and (2011)
32 nm for
gold
Trichoderma 13-18 Extracellular Mukherjee et al.
asperellum (2008)
Tricoderma viride |24 Extracellular Mohammed-Fayaz
et al. (2009)
Silver Trichoderma reesei | 5-50 Extracellular Vahabi et al. (2011),
Mansoori (2010)
Alternaria 20-60 Extracellular Gayjbhiye et al. (2009)
alternate
Fusarium 30 Extracellular Duran et al. (2007)
oxysporum
Zirconia Fusarium 3-11 Extracellular Bansal et al. (2005)
oxysporium
Zinc oxide Aspergillus terreus | 54.8-82.6 Extracellular Baskar et al. (2013)
Cadmium Fusarium 9-15/5-20 Extracellular Ahmad et al. (2002),
oxysporium Kumar et al. (2007)
Silica Fusarium 5-15 Extracellular Bansal et al. (2005)
oxysporium
Platinum F. oxysporum f. sp. | 10-100 Intracellular/ Riddin et al. (2006)
lycopersici Extracellular
Titanium Fusarium 6-13 Extracellular Bansal et al. (2005)
oxysporium
Magnetite Fusarium 20-50 Extracellular Bharde et al. (2006)
oxysporium

dispersive X-ray spectroscopy (EDS), and transmission electron microscopy (TEM)
confirmed the biosynthesis of nanoparticles by N. crassa. The size of nanoparticles
was found to be average diameter of 32 nm for gold when the fungus was exposed
to the aqueous solutions of HAuCl,. The results obtained indicate that N. crassa can
be a potential “nanofactory” for the synthesis of metallic nanoparticles.

Vala (2015) produced gold nanoparticles using a marine-derived fungal isolate,
Aspergillus sydowii. The mode of biosynthesis (extracellular/intracellular) depended
on supplied gold ion concentration. Higher concentrations supported synthesis of
smaller particles. The particles biosynthesized at 3 mM gold chloride were found to
be spherical and nearly monodisperse in nature. The particles were found to be in
the size range of 8.7—15.6 nm with a mean diameter of 10 nm (Vala 2015). Roy and
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co-workers studied the extracellular biosynthesis of gold nanoparticles (GNPs)
using the fungal species Aspergillus foetidus. X-ray diffraction (XRD) results
revealed distinctive formation of face centered cubic crystalline GNPs. The spheri-
cal and polydispersed GNPs in the range of 10—40 nm were observed by TEM anal-
ysis (Roy et al. 2016).

Gopinath and Arumugam (2014) investigated the extracellular synthesis of gold
nanoparticles from Fusarium solani culture filtrate. Synthesized gold nanoparticles
were characterized by UV-VIS, FTIR, XRD, AFM, and TEM analysis. TEM results
revealed that the gold nanoparticles were highly stable in the diameter range
between 20 and 50 nm. Mukherjee et al. (2002) also studied Fusarium oxysporum
strain for producing gold nanoparticles using green chemistry approach. The same
researchers utilized Trichoderma asperellum for biosynthetic route to nanocrystal-
line silver particles (Mukherjee et al. 2008).

2.3 Silver Nanoparticles

Microorganisms may play a significant role in toxic metal remediation through
reduction of metal ions. Studies demonstrated that silver ions might be reduced
extracellularly using Fusarium oxysporum to generate stable gold or silver nanopar-
ticles in water. These nanoparticles synthesized by some microbes can be incorpo-
rated with several kinds of materials such as cloths. These cloths with silver
nanoparticles are sterile and can be useful in hospitals to prevent or to minimize
infection with pathogenic bacteria such as S. aureus. Duran et al. (2007) investi-
gated the extracellular production of silver nanoparticles by F. oxysporum and its
antimicrobial effect when incorporated with cotton fabrics against S. aureus. In con-
clusion, it was demonstrated the application of biological synthesis to silver
nanoparticles production and its incorporation in cloths, providing them sterile
properties. Similar results were also obtained by Ahmad et al. (2002). Basavaraja
et al. (2008) produced highly stable and crystalline silver nanoparticles (10-60 nm)
in solution by treating the filtrate of the fungus F. semitectum with the aqueous sil-
ver nitrate solution.

In another study, the biosorption of silver in the form of nanoparticles by the
fungus Aspergillus flavus was demonstrated. These nanoparticles were found to be
stable in aqueous for more than three months, which could be attributed to surface
binding of stabilizing materials secreted by the fungus. The average size of the
nanoparticles was determined to be 8.92+1.61 nm. Vigneshwaran et al. (2007) con-
cluded that process of nanoparticle production is eco-friendly as it is free from any
solvent or toxic chemicals. Gade et al. (2008) also performed biosynthesis of silver
nanoparticles by Aspergillus niger isolated from soil. The nanoparticles character-
ized by TEM exhibited spherical silver nanoparticles with a diameter of around
20 nm. The silver nanoparticles showed remarkable antibacterial activity against
Staphylococcus aureus and Escherichia coli. The reduction of the silver ions might
have occurred by a nitrate-dependent reductase enzyme and a shuttle quinone extra-
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cellular process. Potential of fungal-mediated biosynthesis of silver nanoparticles
may be important for the development of effective antibacterial agents showing
resistance to drugs available in the market. Another Aspergillus strain, A. fumigatus,
was also used for extracellular biosynthesis of silver nanoparticles, synthesis pro-
cess of which was quite fast and silver nanoparticles formed within minutes of silver
ion coming in contact with the cell filtrate. TEM micrograph showed formation of
well-dispersed silver nanoparticles in the range of 5-25 nm (Bhainsa and D’souza
20006).

Vahabi et al. (2011) reported the extracellular biosynthesis of silver nanoparti-
cles (AgNPs) by using a fungus named Trichoderma reesei. In the biosynthesis of
AgNPs by this fungus, the fungus mycelium is exposed to the silver nitrate solution.
That prompts the fungus to produce enzymes and metabolites for its own survival.
In this process the toxic Ag* ions are reduced to the non-toxic metallic AgNPs
through the catalytic effect of the extracellular enzyme and metabolites of the fun-
gus. They suggested that this process is an excellent candidate for industrial scale
production of silver nanoparticles

2.4 Other Nanoparticles

Bansal et al. (2005) showed that Fusarium oxysporum secreted proteins capable of
hydrolyzing aqueous zirconia ions extracellularly at room temperature. Particularly
gratifying is the fact that the fungus is capable of hydrolyzing tough metal halide
precursors under acidic conditions. To use as biosorbent agent, the combination of
SiO,-nanoparticles (N-Si) with Penicillium funiculosum for the formation of (N-Si-
Pen) was investigated as a solid sorbent phase. This biosynthesized nanoparticle
was utilized to adsorb Pb(II). The maximum capacity value was 1266.7 pmol g~! for
N-Si-Pen combined particle, at pH 5. Sorption equilibrium was established in about
20 min.

2.5 White Rot Fungi

White rot fungi are able to degrade a wide variety of environmentally pollutants
such as organopollutants and xenobiotics by means of laccase enzyme (Birhanli and
Yesilada 2010; Birhanli et al. 2013; Yesilada et al. 2014). Due to their many well-
known advantages, various researchers are interested in the development of white
rot fungi technology for biodegradation of pollutants (Cihangir and Saglam 1999),
decolorization of textile dyes (Yesilada et al. 2003) and biodesulphurization of coal
(Aytar et al. 2008).

There is a great interest in metallic nanoparticles because of their various appli-
cations in several areas such as medicine, biosensors preparation, water purification,
food packaging and cosmetic industry (Li et al. 2011; Das and Thiagarajan 2012).
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Various metallic nanoparticles including silver, iron, gold, cadmium, selenium and
copper could be synthesized by physical and chemical methods. However, these
methods are not eco-friendly as well as having some disadvantages. These nanopar-
ticles must be produced via environment-friendly and safe methods due to their
possible uses, especially in biomedical applications. Therefore, there is need to pro-
duce this metallic nanoparticles via safe approaches. A biological method, which is
the green way of synthesizing, may be an alternative and eco-friendly method for
producing metallic nanoparticles. There have been serious attempts to develop bio-
logical processes for nanoparticle production. The main advantage of biological
methods is that they are safe and eco-friendly. In this green way, biological systems
such as fungi, bacteria, plants and also enzymes can be used to produce these
nanoparticles. Due to the pathogenic properties of various fungi, the use of safe
fungi is important. The solution could be white rot fungi. These fungi are non-
pathogenic and many of them have also medicinal properties. There is limited study
on the production of nanoparticles by white rot fungi. The extract, mycelia or cul-
ture filtrate of white rot fungi can be used to synthesize metallic nanoparticles with
various sizes via bioreduction process (Table 2.2).

Table 2.2 Some nanoparticles (AgNPs) produced by white rot fungi and their applications

Size
Fungus NP Shape (nm) Application References
P. sajor caju AgNP | Spherical and 40 Decolorization Nithya and
well distributed Ragunathan
without (2011)
aggregation
P. sajor-caju AgNP | Spherical 5-50 Antibacterial Nithya and
Ragunathan
(2009)
P. florida AgNP | Spherical 20+5 Antibacterial Bhat et al.
(2011)
P. ostreatus AgNP |- 100 Antibacterial Mirunalini
et al. (2012)
P. ostreatus AgNP | Polydispersed 4-15 Anticandidal, Yehia and
with spherical Anticancer Al-Sheikh
(2014)
G.neo- AgNP | Spherical and 5-8 Anticancer Gurunathan
Jjaponicum well dispersed etal. (2013)
Imazeki
Pleurotus AgNP | Spherical 90-370 | Anticancer Raman et al.
djamor var. (2015)
roseus
Pleurotus AgNP | Spherical 20-30 Anticandidal Owaid et al.
cornucopiae var. (2015)
citrinopileatus

(continued)
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Table 2.2 (continued)

Size
Fungus NP Shape (nm) Application References
T.trogii AgNP |- <10 - Unpublished
data
Pleurotus sp. FeNP - - Mazumdar and
Haloi (2011)
Stereum CuNP | Monodispersed 5-20 - Cuevas et al.
hirsutum and and spherical (2015)
copper
oxide
Lentinula edodes | AuNP | Spherical 5-50 - Vetchinkina
et al. (2013)
Ganoderma sp. AuNP | Monodispersed 20 Biocompatibility | Gurunathan
and spherical etal. (2014)
Pycnoporus AuNP | Various shapes Several | Biodegradation Shi et al.
sanguineus to (2015)
several
hundred
nm
P. ostreatus CdS Spherical 4-5 - Borovaya et al.
(2015)

3 Biosynthesis of Silver Nanoparticles

Silver nanoparticles (AgNPs) have various applications including therapeutic ones.
Therefore, their production by biotechnological approach is very important. There
are some studies on AgNP production potential of white rot fungi. Vigneshwaran
et al. (2006) used the mycelial mat of Phanerochaete chrysoporium to synthesize
the stable AgNPs. The workers stated that the extracellular proteins of this fungus
keep the NPs stable by minimizing the aggregation with capping. They reported the
peak maximum at 470 nm instead of 413 nm which might be due to a decrease in
particle size.

The same group also produced uniform AgNPs, which remained stable for more
than 6 months by spent substrate (stalks) of edible Pleurotus sajor caju (Gade et al.
2008). The proteins secreted by this fungus on solid substrate functioned as capping
agent and thus stabilized the NPs. AgNPs showed the surface plasmon absorption
band at 436 nm. They also had an excellent antibacterial activity (Vigneshwaran
et al. 2007). Nithya and Ragunathan (2011) produced spherical shaped AgNPs with
an average size of 40 nm by the biomass of P. sajor caju and used these P. sajor caju
NPs to decolorize congo red dye. They emphasized that these P. sajor caju NPs
could be used for treatment of dyes. The biosynthesis of spherical shaped AgNPs,
with an antibacterial activity against Gram positive and Gram negative bacteria,
using P. sajor caju culture filtrate has also been reported by Nithya and Ragunathan
(2009).
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It was shown that stable AgNPs could be synthesized by culture filtrate or myce-
lium of Coriolus versicolor MUCL (Sanghi and Verma 2009a). The reduction
capacity of filtrate (third day) was faster than the mycelium (fourth day) at pH 5.5—
6.0. Under alkaline conditions (pH 10) the reaction was much faster and only 60 min
was enough for fast reduction of silver ions. They attributed this effect to the
increase in the reducing power of the responsible proteins at alkaline conditions.
The fungal proteins acted as reducing and capping agents in NPs production process
and spherical shaped NPs were obtained. The pH of the solution was reported to be
an important factor affecting the morphology of the nanoparticle obtained.

Mycosynthesis of AgNPs was also achieved using the Pleurotus florida mush-
room extract as reducing agent (Bhat et al. 2011). The spherical shaped NPs formed
by the photo-irradiation technique using the extract as bioreductant were in a size
range of 20+5 nm. They showed antimicrobial activity against various pathogenic
microorganisms. The workers claimed that their approach was biologically safe and
eco-friendly due to the biosynthetic nature of this process.

Various extracts of Pleurotus ostreatus are also able to synthesize AgNPs.
Mirunalini et al. (2012) described the biosynthesis of AgNPs by P. ostreatus mush-
room extract. The authors stated that the extract containing proteins could act as the
reducing and capping agents, and the NPs with antimicrobial activity against
Staphylococcus aureus could be obtained. Both Devika et al. (2012) and Yehia and
Al-Sheikh (2014) demonstrated that P. ostreatus extract reduced silver nitrate solu-
tions and produced AgNPs with the diameter of about 50 and 450 nm, respectively.
These NPs were stable due to capping by proteins. The AgNPs exhibited antimicro-
bial activity against various pathogenic microorganisms. Devika et al. (2012) also
verified that the antimicrobial activity of AgNPs increased when the mixture of
AgNP and antibiotic were used. Yehia and Al-Sheikh (2014) reported the dose
dependent antiproliferative effect of biologically synthesized AgNPs against human
breast carcinoma cells (MCF-7)

Mycosynthesis of AgNPs by various extracts of Ganoderma lucidum was also
described by Mirunalini et al. (2012), Karwa et al. (2011) and Paul et al. (2005).
Mirunalini et al. (2012) and Paul et al. (2005) used the extract of mushroom form
directly, while Karwa et al. (2011) preferred the extract of mycelia. The bioreduc-
tion of silver ions was achieved by Ganoderma lucidum mushroom and silver ions
were completely reduced to AgNPs with an average size of 50 nm after 48 h
(Mirunalini et al. 2012). These NPs were found to have antibacterial activity against
S. aureus. Paul et al. (2005) also reported the fast bioreduction activity of the extract
of G. lucidum mushroom, with the presence of large amounts of polyphenols in the
sample. The authors incorporated the AgNPs in cotton fabrics and their bacterio-
static activity against various bacteria was also tested. The fabrics incorporated with
AgNPs showed a high antibacterial activity against various pathogens. Karwa et al.
(2011) also described the biosynthesis of stable AgNPs with the average size of
45 nm by mycelial extract of G. lucidum. FT-IR analysis confirmed that large par-
ticles may be due to the protein capping of the particles and the authors concluded
that the extracellular enzymes were responsible for the reduction. The obtained NPs
showed antibacterial activity against S. aureus and E. coli. The combined effect of
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NPs and tetracycline antibiotic was also studied. The results demonstrated a higher
antibacterial activity of the mixture than the tetracycline alone. This indicates the
synergistic effect of NPs and antibiotic.

Gurunathan et al. (2013) described the green synthesis AgNPs by the extract of
Ganoderma neo-japonicum Imazeki KUM61076. This NPs solution had long-term
stability which might be due to the proteins in the extract as capping agent. TEM
and DSL analysis showed that most of the AgNPs are spherical in shape and rela-
tively uniform and monodispersed with an average size of 5 nm. The study demon-
strated the cytotoxic effect of biologically synthesized AgNPs against MDA-MB-231
human breast cancer cells. It was observed that cell death and membrane leakage
were dose-dependent.

Chan and Don (2012) showed that Schizophyllum commune and Pycnoporus
sanguineus could be used for biological synthesis of AgNPs. They used directly
mycelia or culture supernatant of these white rot fungi for testing their reduction
effect. The mycelia or culture supernatant produced AgNPs with different sizes.
The obtained AgNPs were detected as an effective antimicrobial agent against vari-
ous bacteria and fungi. The authors speculated that AgNPs produced extracellularly
as well as by culture supernatant have better antimicrobial activity when compared
to AgNPs synthesized intracellularly.

More recently, Raman et al. (2015) and Owaid et al. (2015) described the myco-
synthesis of AgNPs by the extract of Pleurotus djamor var. roseus basidocarps and
P. cornucopiae var citrinopileatus. When the extract of P. djamor var. roseus basido-
carps exposed to silver ions, the spherical AgNPs with an average size ranging from
5-50 nm could be obtained. Spectral and electron microscopy results revealed that
the extract serves as a reducing agent in the biosynthesis of AgNPs. The cytotoxic
effects of these nanoparticles against human prostate carcinoma cells (PC3) were
also described in this study. These AgNPs significantly inhibited the cell viability
and induced cell death in dose-dependent manner. The extract of P. cornucopiae var
citrinopileatus was also able to synthesis the spherical shaped AgNPs with an aver-
age size ranging from 20 to 30 nm. The authors speculated that ions were reduced
by the active molecules like polysaccharides and proteins present in this extract.
The nanoparticles exhibited antifungal activity against Candida albicans, C. gla-
brata, C. krusei and C. pseudotropicalis especially at a concentration of 60 pg/well.

Yesilada (unpublished data) observed that it was possible to synthesis AgNPs by
the culture filtrate of P. ostreatus, T. trogii 200800 and T. versicolor 200801. When
T. trogii filtrate incubated with AgNO; solution, a change in the color of the solution
was observed and AgNPs with the diameter below 10 nm were obtained (Table 2.2).

4 Biosynthesis of Other Metallic Nanoparticles

White rot fungi can also be used to synthesize different nanoparticles such as iron,
copper, gold and cadmium sulphide nanoparticles. Iron nanoparticles have been
successfully synthesized by the mycelia of Pleurotus sp. (Mazumdar and Haloi
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2011). No color change was observed in medium or biomass. The authors suggested
that some biochemical changes may occur in the medium due to the oxidation of
ferrous ions.

Cuevas et al. (2015) described the use of the extract of Stereum hirsutum for
preparing copper and copper oxide nanoparticles. In their study, three copper salts
(CuCl,, CuSO, and Cu(NOs),) were used and the effect of various pH on reduction
activity of this extract was investigated. CuCl, (5 mM) gave the highest nanoparticle
formation at alkaline conditions. The extracellular protein in this extract may be
responsible for nanoparticle formation and stabilization. The obtained nanoparticles
(5-20 nm) are spherical in shape, monodispersed and they were embedded in a
biopolymer. The XRD analysis also revealed the polycarbohydrate nature associ-
ated with stability of the nanoparticles.

Sanghi et al. (2011) compared the utilization of the mycelium and culture filtrate
of P. chrysosporium for biosynthesis of gold nanoparticles (AuNPs). The rate and
shape of particle formation was temperature dependent. Both the mycelium and
culture filtrate were ineffective in biosynthesis of AuNPs at room temperature.
However, when the temperature increased to 37 °C nanoparticle formation started
within 3 min. During the mycelia studies the nanoparticles could only form on the
surface of the mycelia and not in the solution (intracellular synthesis); the charac-
teristic absorbance band of 525 nm being detected in the culture filtrate studies
(extracellular synthesis). It was possible to obtain stable nanoparticles in the form
of spheres and with the diameter of 10—100 nm. Mycelium age influenced the rate
and extent of the nanoparticle formation due to the amount of protein secreted. The
results of this study demonstrated that the rate of particle formation and size of
particles might be controlled by temperature, gold ion concentration and exposure
time to HAuCl,. It was also speculated that laccase and lignin peroxidase enzymes
are responsible for the extracelullarly and the intracellularly bioreduction of gold
ions, respectively.

The AuNP biosynthesis activity of Lentinula edodes was investigated during the
growth under agitated culture conditions. The growing mycelial cells of this fungus
produced and accumulated the spherical nanoparticles with 5-50 nm in diameters.
The authors emphasized that elemental gold was reduced and accumulated either on
the surface or inside the mycelia (Vetchinkina et al. 2013).

Gurunathan et al. (2014) reported the extract of Ganoderma sp. as a good reduc-
ing and stabilizing agent. The proteins in the extract help the biosynthesis of AuNPs.
The obtained monodispersed AuNPs with an average size of 20 nm were detected
as nontoxic and biocompatible against MDA-MB-231 human breast cancer cells.
The authors speculated that the biocompatible AuNPs could be used in catalysis,
sensors, electronics and biomedical applications, especially for cancer therapy.

Another study on AuNPs biosynthesis is the bioreduction of gold ions by intra-
cellular protein extract of Pycnoporus sanguineus (Shi et al. 2015). The AuNPs
with high catalytic activity could be obtained using this extract. The amount of
extract and also gold ion concentration influenced the nanoparticle production and
particle size. The solution pH and bioreduction rate were also important for particle
size distribution and characteristic of nanoparticles. The authors also tested the cata-
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Iytic activity of the obtained nanoparticles in 4-nitroaniline (4-NP) degradation and
reported the complete degradation of 4-NP in 6 min.

Sanghi and Verma (2009b) described a continuous and extracellular formation of
cadmium sulphide nanoparticle (CdS) by immobilized Coriolus versicolor in a col-
umn reactor. The protein was reported as a capping agent. TEM images showed that
the embedded nanoparticles in the fungal matrix were well dispersed spherical
nanoparticles with uniform size (about 5-9 nm). P. chrysosporium was able to syn-
thesize various nanoparticles as stated above. Chen et al. (2014) demonstrated that
P. chrysosporium synthesized uniform and sphere shaped fluorogenic CdS nanopar-
ticles with the average size of 2.56 nm. The rate of production was dependent on pH
level. They also stated the role of proteins and amino acids in the formation of the
CdS particles. The mycelium of P. ostreatus can also be used for the production of
luminescent CdS nanoparticles. It was reported that spherical shaped CdS nanopar-
ticles with a particle size of 4-5 nm could be obtained by the mycelium of this
fungus (Borovaya et al. 2015).

The fungal-mediated eco-friendly synthesis approach of nanoparticles has many
advantages, for example, the ease with which the process can be scaled up, eco-
nomic viability, downstream processing, and simpler handling of the biomass and
possibility of easily covering large surface areas by appropriate growth of the myce-
lia (Prasad et al. 2015). A number of filamentous fungi have been successfully used
for extracellular biosynthesis of silver and gold nanoparticles and others. Generally,
analytical techniques, such as ultraviolet-visible spectroscopy, X-ray powder dif-
fraction, and transmission electron microscopy and zeta potential measurements
were applied to characterize the morphology of nanoparticles.

5 Biosynthesis of Metallic Nanoparticles by Laccase

Fungi secrete high amount of enzymes in their growth medium. Due to the protein
nature of the enzymes, this is an advantage for the biogenic formation of NPs. There
are some studies on possible bioreduction role of laccase from fungi (Table 2.3).
Faramarzia and Forootanfara (2011) reported that purified laccase enzyme from the
ascomycete Paraconiothyrium variabile is responsible from production of AuNPs.
The gold nanoparticles obtained at 70 °C after 20 min of incubation were in the size

Table 2.3 Nanoparticles (NPs) biosynthesized by laccase enzyme

Size
Source of laccase NP Shape (nm) References
Paraconiothyrium AuNP Well 71— Faramarzia and
variabile dispersed 266 Forootanfara (2011)
P. ostreatus AuNP Mono 22-39 | El-Batal et al. (2015)

dispersed
Trametes versicolor Ag@AgCINP Spherical <100 |Joseetal. (2013)
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range of 71-266 nm and this was the best temperature for this nanoparticle produc-
tion activity. It was concluded that the reductive groups of the enzyme might be
responsible from AuNPs. El-Batal et al. (2015) also described the AuNP production
ability of the partially purified laccase enzyme from solid state culture of P. ostrea-
tus. The AuNPs were highly mono dispersed nanoparticles with the size range of
22-39 nm. This production activity was found to be dependent on temperature,
radiation and substrate concentration. The authors emphasized that laccase per-
formed the reduction as a protein and not as an active enzyme. Durdn et al. (2014)
described silver and silver chloride nanoparticles production by semi-purified lac-
case from Trametes versicolor. It was also stated that the main pathway for reduc-
tion was the interaction of silver ions with T1 site of laccase enzyme, which the
sulfhydryl group is the reducing agent.

6 Future Prospects

Starting with the last century, microorganisms (especially fungi) have been widely
used for medical treatments and disease prevention efforts. For that purpose, several
primary and secondary metabolites (antibiotics, immune suppressor subtances,
enzymes, biosurfactants and organic acids) have been produced at large scales.
Considering that we know about a more or less 5% only of the fungi available in
nature, it is highly plausible that there will be an increase in the scientific and tech-
nological interest in fungal nanotechnology and the related fields. Since nanoparti-
cles produced by chemical synthesis are highly toxic, a greener alternative
(production of nanoparticles via biological pathways) seems to have already gained
a strong interest in the scientific community (Jose et al. 2013; Devika et al. 2012;
Popescu et al. 2010). On the other hand, functional nanofibrous scaffolds produced
by electrospinning have important potential in nanobiotechnology, such as nano-
membranes for environmental applications, heavy metals removal from waste water
treatment, tissue engineering, enzyme immobilization and drug delivery for bio-
medical/nanomedicine applications. Thus, all these nanomaterials have a sustain-
able, biocompatible, biodegradable, antimicrobial and non-toxic of great relevance
in nanotechnology (Spasova et al. 2011; Prasad et al. 2015).
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Chapter 3
Marine-Derived Fungi: Potential Candidates
for Fungal Nanobiotechnology

Anjana K. Vala, Hiral B. Trivedi, and Bharti P. Dave

Abstract Due to unique properties, gold and silver nanoparticles (GNPs and
AgNPs, respectively) have wide applications in diverse fields like biomedicine,
catalysis, imaging and photonics, solar energy conversion and nanoelectronics etc.
and hence, are in great demand. Available physicochemical synthesis protocols gen-
erally face limitations like high cost, polluting nature, and also have restricted use
in clinical and pharma applications. In order to overcome these limitations, biosyn-
thesis of nanoparticles could be a promising alternative. While it has been suggested
that initiatives should be taken for exploitation of marine microbial resources in the
area of nanobiotechnology, despite the unique traits of marine-derived fungi, they
are comparatively less explored for biosynthesis of GNPs and AgNPs. Though a
few, available reports suggest marine-derived fungi as promising candidates for
such purpose. Recent reports on observation of the laser speckle pattern and weak
localization of light by AgNPs and GNPs biosynthesized by marine-derived fungi
assert their novel application potentialities.

1 Introduction

Nanotechnology is considered as cutting edge technology today. Though consid-
ered as one of the recent branches of modern science, nanotechnology is in practice
since ancient times. Nano level preparations of gold (swarna bhasma) was widely
used in ancient Indian medical system (Ayurveda) (Rimal Isac et al. 2013). In ninth
century silver and gold nanoparticles (AgNPs and GNPs, respectively) were used
for generating glittering effect on pots (Prathna et al. 2010).

Michael Faraday (1857) had provided the first scientific description of properties
of nanoparticles in paper entitled “Experimental relations of gold (and other metals)
to light”. After more than 100 years from this, the first talk on nanotechnology was
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given by Richard Feynman in 1959. But the conceptual revolution was started in
1981, when Eric Drexler published first paper on nanotechnology (Drexler 1981;
Prathna et al. 2010). Nanomaterials/nanoparticles are one of the integral compo-
nents of nanotechnology.

2 Classification of Nanoparticles

Nanoparticles can be classified in to two broad groups: (a) organic nanoparticles
e.g. carbon nanotubes and (b) inorganic nanoparticles e.g. magnetic nanoparticles,
noble metal nanoparticles (gold and silver nanoparticles) and semiconductor
nanoparticles (cadmium sulfide, titanium oxide, zinc oxide).

3 Strategies Employed for Synthesizing Nanoparticles

Unique properties of metal nanoparticles are distinctly different from their bulk
counter parts. Due to increasing demand of nanomaterials, developing versatile pro-
tocols for synthesizing nanoparticles with controlled properties is of utmost
interest.

Nanoparticles are synthesized basically by two approaches: (1) Top down
approach and (2) Bottom up approach. Figure 3.1 shows schematic representation
of synthesis of nanoparticles by these approaches.

Conventionally, nanoparticles have been synthesized by physical and chemical
methods. Some of the frequently used physical and chemical methods for nanopar-
ticles synthesis include:

e Sol-gel technique

* Solvothermal synthesis
e Chemical reduction

* Laser ablation

e Inert gas condensation

In general, the traditionally used physical and chemical protocols are:

* cost intensive and not environment-friendly

* In addition, use of certain chemicals during synthesis of nanoparticles limit their
use in clinical and pharma applications also (Narayanan and Sakthivel 2010;
Prakasham et al. 2012; Vala 2015a; Nachiyar et al. 2015)

These restrictions call for development of cleaner and safer protocols for synthe-
sis of nanoparticles.
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Fig. 3.1 Schematic representation of synthesis of nanoparticles (adopted from http://www.gitam.
edu/eresource/nano/NANOTECHNOLOGY/role_of_bottomup_and_topdown_a.htm)

3.1 Biological Approach for the Synthesis of Nanoparticles

In the search for less toxic and cleaner methods for synthesizing nanomaterials,
recent developments in the biosynthesis of nanoparticles have highlighted the
important role of microorganisms (Prasad et al. 2015; Aziz et al. 2015).
Microorganisms offer potential leads for producing nanoparticles through a biologi-
cal route (Gwynne 2013).

A number of biological systems including microbes and plants have been exam-
ined for synthesizing nanoparticles in general and AgNPs and GNPs in particular
(Mukherjee et al. 2001a, b; Prasad 2014; Rauwel et al. 2015). However, compared
to their terrestrial counterparts, marine microbes have been overlooked in spite of
the fact that researches on nanobiotechnology in future may progressively depend
more on marine microbes having the capability to grow under extreme conditions
(Chandramohan 2004; Kathiresan et al. 2009; Vala et al. 2012). It has been recom-
mended that initiatives should be taken for exploiting these important resources for
nanobiotechnological research (Chandramohan 2004). Harnessing fungi is even
more beneficial, because of their unique traits. Rai et al. (2009) proposed the term
“Myconanotechnology” to indicate synthesis of nanoparticles using fungi.
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Advantages of using fungi include: ease in handling the culture, high wall
binding capacity and intracellular metal uptake ability, their capability to resist con-
ditions like agitation and high flow pressure in bioreactors, ability to secrete large
amount of enzymes extracellularly and higher yield of nanoparticles (Prasad et al.
2015). As the nanoparticles synthesized outside the cell are devoid of cellular com-
ponents, can be directly used for various applications. Economic viability is also
one of the most important advantages of using fungal cultures for nanoparticle syn-
thesis (Ingle et al. 2008; Sanghi and Verma 2009; Narayanan and Sakthivel 2010;
Hemath et al. 2010; Jain et al. 2011; Chan and Mashitah 2012; Soni and Prakash
2012; Alani et al. 2012; Honary et al. 2013; Vala 2014a; Vala et al. 2014; Yadav
et al. 2015). One serious concern involved with biomedical applications of biosyn-
thesized nanoparticles is generation of immune response due to the capping proteins
present on the biosynthesized nanoparticles. Glycosylation of the proteins reduce or
even suppress the immune response of the host (Rudd et al. 2001). Glycosylation is
more prominent in fungi than in bacteria, hence, nanoparticles capped and stabi-
lized by fungal proteins are quite less likely to produce immune response in the host
(Li and d’Anjou 2009; Jain et al. 2012; Kitching et al. 2014). Hence, fungus-medi-
ated nanoparticles can prove better from biomedical application point of view.

3.1.1 Fungi from Marine Habitats

Duriers and Montagene (1846—1850) were first to describe fungi in marine habitats
around the middle of nineteenth century in France (Verma 2011). Marine fungi may
be divided into majority of Ascomycota, few Basidiomycota and anamorphic fungi.
Marine fungi can be grouped in to temperate, tropical, subtropical and cosmopolitan
species according to their biogeochemical distribution. Assessment of taxonomic
diversity of marine fungi can be done by direct observations of sporulating struc-
tures, culturing and metagenomics.

Fungi from marine habitats have been classified as (1) obligate marine fungi—
that grow and sporulate exclusively in a marine or estuarine (brakish water) habitat
and (2) facultative marine fungi, which have freshwater or terrestrial origin and
have ability to grow and possibly sporulate in marine environment (Kohlmeyer and
Kohlmeyer 1979; Kohlmeyer and Volksmann- Kohlmeyer 2003; Li and Wang
2009). To classify more generally the term ‘marine-derived fungi’ is used
(Christophersen et al. 1999; Osterhage 2001; Bonugli-Santos et al. 2015). Marine
fungal strains have been found to inhabit nearly all possible marine habitats like
inorganic matter, marine plants, marine vertebrates and invertebrates and marine
microbial communities.

Fungal isolates with distinguishable metal removal efficiency have been screened
out from marine habitats (Vala et al. 2004; Vala 2010; Vala and Sutariya 2012) how-
ever, very less information is available on utilization of marine-derived fungi for
biosynthesis of metal nanoparticles (Vala 2014a).
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3.2 Marine Environment: A Novel Gateway for Green Nano
Technology

Recently, Singh et al. (2015) has reviewed various marine sources for synthesizing
nanoparticles. The present chapter focuses on marine-derived fungi as biofactories
for synthesizing AgNPs and GNPs.

AgNPs and GNPs are synthesized intracellularly, extracellulary and even surface
synthesis is possible. Common fundamental mechanism involves reduction of Ag*
and Au’* to form AgNPs and GNPs, respectively. Though many reports show role
of certain enzymes or molecules in biosynthesis, complete mechanistic aspects are
yet to be established (Shedbalkar et al. 2014). Figure 3.2 shows generalized mecha-
nisms of biosynthesis of AgNPs and GNPs.

3.2.1 Marine-Derived Fungi in Synthesizing AgNPs

While first reports on fungus-mediated AgNPs and GNPs biosynthesis appeared in
2001 using fungus Verticillium isolated from Taxus plant (Mukherjee et al. 2001a,
b; Rauwel et al. 2015), studies on biosynthesis of nanoparticles using marine-
derived fungi started in 2009, when Kathiresan et al. (2009) reported biosynthesis
of silver nanoparticles by Penicillium fellutanum isolated from coastal mangrove
sediment. Figure 3.3 shows time line for marine-derived fungal nanotechnology.
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Fig. 3.2 General mechanisms of microbial biosynthesis of AgNPs and GNPs (Adopted from Das
et al. 2012, ACS Nano 6:6165-6173; Shedbalkar et al. 2014, Advances in Colloid and Interface
Science 209: 40-48)
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Kathiresan et al. (2009) observed that maximum biosynthesis of AgNP was
achieved upon treating the culture filtrate with 1.0 mM AgNO;, pH 6.0, maintaining
at 0.3 % NaCl and incubating at 5°C for 24 h. Further, Kathiresan et al. (2010) reported
synthesis of extracellular AgNPs by Aspergillus niger isolated from coastal mangrove
sediment of southeast India. The particles were spherical ranging in size from 5 to
35 nm. SDS-PAGE analysis revealed presence of 70 KDa protein in the filtrate. The
biosynthesized AgNPs showed antibacterial as well as antifungal potentials.

As in the case with fungi from other sources, biosynthesis of AgNPs and GNPs
using marine-derived fungi also initiated in India. Mainly pioneering work has been
carried out at three institutions in India viz. Annamalai University (AgNPs, filamen-
tous fungi), Maharaja Krishnakumarsinhji Bhavnagar University (AgNPs and
GNPs, filamentous fungi) and University of Pune (AgNPs and GNPs, yeast).

Marine-derived fungi from Bhavnagar Coast, Gulf of Khambhat, West Coast of
India, have been investigated for their AgNPs and GNPs biosynthesis potentials. It
was observed that the fungal biota from these habitats are very promising source for
biosynthesizing AgNPs and GNPs (Vala and Shah 2012; Vala et al. 2012, 2014; Vala
2014a, b, 2015a, b). Application potentialities of these biosynthesized particles in
various fields have also been checked.

Vala et al (2012) observed extracellular biosynthesis of spherical AgNPs with size
range of 5-26 nm, within 24 h by a marine-derived Aspergillus niger. Laser optical
speckles were observed for these biosynthesized AgNPs (Fig. 3.4). The authors claim
this to be the first ever report on laser speckle pattern of the biosynthesized AgNPs.
Speckle phenomena have utility in fields like optical image processing, metrology,
bio-optics and photonics (Ulyanov 1998; Gatti et al. 2008; Vala et al. 2012).
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Fig. 3.4 Shows the typical light transmission experiment images. (a) Laser light transmission
through the first sample. No scattering or speckle is observed. The enlarge image is also clear. (b)
Transmission pattern for Sample 2. This shows the clear speckle pattern. This speckle pattern is
because of the presence of silver nanoparticles synthesised using A. niger. The enlarged image
shows typical laser speckle pattern because of the light matter interaction, especially with metal
nanoparticles. [Reproduced by permission of the Institution of Engineering & Technology
(Vala AK, Chudasama B, Patel RJ. Green synthesis of silver nanoparticles using marine-derived
fungus Aspergillus niger. 2012, Micro & Nano Letters 7(8):859-862)]

Apart from its fundamental importance, the longitudinal coherence of speckled light
has relevance in areas including speckle holography, speckle interferometry and
speckle photography as well as in novel optical imaging techniques like dynamic
speckle illumination microscopy, and thermal ghost imaging (Gatti et al. 2008).
Further studies on biosynthesized AgNPs in this line demands attention.

By tuning the physico-chemical parameters, better biosynthesis output could be
achieved by the same organism. Vala and Shah (2012) reported rapid synthesis of
AgNPs through biological route using marine-derived Aspergillus niger, where bio-
synthesis could be achieved in 3 min extracellularly. It has been reported that
microbe mediated biosynthesis of nanoparticles is time consuming taking generally
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24-120 h (Bai et al. 2011). However, biosynthesis using marine-derived fungi could
easily be achieved within minutes at alkaline pH. Alkaline pH is more conducive for
efficiency of enzymes involved in biosynthesis of AgNPs (Sanghi and Verma 2009).
Vala and Shah (2012) examined antimicrobial potentials of AgNPs biosynthesized
at different pH against four test bacteria viz. Bacillus megaterium, Proteus vulgaris,
Staphylococcus aureus and Shigella sonnei. Combined effect of Gentamicin and
biosynthesized AgNPs on test bacteria was also examined. AgNPs biosynthesized at
pH 10 exerted highest antimicrobial activity. Variation in particle size could be pos-
sible reason for this (Brunner et al. 2006; Vala and Shah 2012). The observed
smaller size of biosynthesized particles with increase in pH could be due to increased
dynamics of the ions and formation of more nucleation regions because of the avail-
ability of “OH ions. There is an increase in conversion of Ag* to Ag® followed by
increase in the kinetics of the deposition of the silver atoms (Deepak et al. 2011;
Vala and Shah 2012).

Antimicrobial activities of biosynthesized AgNPs using marine-derived fungi
have been examined by other workers as well. Bhimba et al. (2011) reported bio-
synthesis of AgNP by Hypocrea lixii MV1 isolated from mangrove sediment soil.
Antibacterial property of the AgNP has also been reported. Bhimba et al. (2015)
reported Aspergillus oryzae isolated from the mangrove sediment soil to biosynthe-
size extracellular AgNPs in ranging 6-37 nm in size. Sathiya Rathna et al. (2013)
observed extracellular biosynthesis of silver nanoparticles by endophytic fungus
Aspergillus terreus associated with mangrove leaves of Rhizophora annamalay-
anna and reported its anti-dermatophytic activity against Trichophyton rubrum,
Epidermophyton floccosum and Trichophyton mentagrophytes. Nayak and Anitha
(2014) reported extracellular synthesis of AgNPs by Aspergillus sydowii isolated
from sand dunes. The antimicrobial efficacy of these AgNPs in combinantion with
ampicillin and vancomycin was found to be encouraging against Gram positive and
Gram negative bacteria viz. Bacillus cereus, Eschericha coli, Klebsiella pneu-
moniae, Pseudomonas aeruginosa, Staphylococcus aureus and Shigella sp.

Recently, Anand et al. (2015) studied biosynthesis of silver nanoparticles by
using cell free filtrates of five marine sediment fungi viz. Aspergillus flavus SP-3,
Trichoderma gamsii SP-4, Talaromyces flavus SP-5, and Aspergillus oryzae SP-6.
They found that all test filtrates could synthesize the AgNPs. The AgNPs synthe-
sized were found to be in the size range of 20—60 nm in all the fungal isolates. They
reported that 7. gamsii SP-4 showed an enhanced antimicrobial activity, anti-oxidant
activity and a dose dependent cytotoxic activity against HEp2 cell lines.

Vala et al (2014) checked AgNPs biosynthesis potential of a marine-derived
Aspergillus flavus. They observed that the test isolate could synthesize AgNPs intra-
cellularly at different concentrations (0.25, 0.5 and 1.0 mM) of silver nitrate within
24 h.When the test fungus was exposed to 1 mM AgNO; in the pH range 3-10,
extracellular biosynthesis of AgNPs was observed as revealed by dark brownish
coloration of the solution. The alkaline pH had a significant impact not only on the
mode of synthesis but also on the time required for biosynthesis of AgNPs. At pH
10, formation of AgNPs was observed just within 10 min, followed by 30 min and
1 hat pH 9 and 8, respectively. Hence, by altering the parameters two criteria important
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from large scale production point of view could be fulfilled (i) recovery of biosyn-
thesized particles and (ii) less time required for biosynthesis. Analytical techniques
like XRD, UV-vis spectrophotometry and transmission electron microscopy were
employed for characterization of AgNPs and it was observed that the particles were
spherical in the size range of 2—-22 nm.

Recently, two marine-derived fungi Aspergillus candidus and A. sydowii, were
studied for AgNPs biosynthesis. Both the test isolates exhibited ability to biosynthe-
size silver nanoparticles intracellularly. Upon challenging with 1 mM silver nitrate
at different pH (3—10), both the test fungi showed rapid extracellular AgNP biosyn-
thesis (within 20 min) at alkaline pH (Vala 2015b). Plate 3.1 shows biosynthesis of
AgNPs by A. candidus. Marine-derived strain of Rhizopus oryzae was observed to
biosynthesize AgNPs intracellularly (Vala, data unpublished).

One of the objectives of explorations on marine and related environments for
marine-derived fungi mediated biosynthesis of nanoparticles is to examine if as
synthesized nanoparticles exhibit novelty in properties. A breakthrough observa-
tion has been made recently (Rodrigues et al. 2013). They examined mangrove

Plate 3.1 Aspergillus candidus (a) before biosynthesis and (b) after biosynthesis of silver
nanoparticles at different concentrations (0.25, 0.5, 1, 2, 3 mM) of silver nitrate from right to left
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associated Aspergillus tubingensis and Bionectria ochroleuca for AgNPs biosyn-
thesis and antimicrobial properties of as synthesized AgNPs. This is the first
report on AgNPs biosynthesis potential of manglicolous fungi from a Brazilian
mangrove. Interestingly, A. tubingensis synthesized AgNPs with positive surface
potential. Again, this is the first report about any known fungus synthsizing
AgNPs with a positive zeta potential. Hence, unique property of AgNPs synthe-
sized by a marine-derived fungus has been observed. The authors claim that the
data open the prospect of obtaining biosynthesized AgNPs with positive zeta
potential and new applications.

Animals from marine habitats have also been explored as source of marine-
derived fungi for biosynthesizing nanoparticles. A sponge-associated strain of
Aspergillus terreus MP1 has been reported to produce extracellular AgNPs with
antimicrobial capabilities (Meenupriya et al. 2011).

Secondary metabolites from marine-derived fungi have recently been harnessed
for production of AgNPs. Bioinspired AgNPs synthesis has been achieved using
purified siderophore of a manglicolous fungi for the first time (Trivedi et al. 2015).
Siderophores are low molecular weight iron chelating compounds produced by
microorganisms. So far only one report exists on siderophore mediated synthesis of
nanoparticles (Bharde 2007). The siderophore was from a bacterial source. However,
there is no report on role of fungal siderophores in biosynthesis of AgNPs. The
AgNPs obtained here (by siderophore of manglicolous fungi) were nearly monodis-
persed, spherical with size ranging from 5 to 8 nm. The as synthesized AgNPs
exhibited antimicrobial properties. Figure 3.5 shows TEM image of the AgNPs
synthesized by fungal siderophores.

Fig. 3.5 TEM image of
AgNPs synthesized by
partially purified
siderophores of a
manglicolous fungus
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Not only filamentous marine-derived fungi but marine-derived yeasts have also
been examined for biosynthesis of AgNPs. Manivannan et al. (2010) tested twelve
species of mangrove sediment-derived yeasts for synthesis of silver nanoparticles.
Pichia capsulata was found to be the most efficient producer of AgNPs followed by
Saccharomyces cerevisiae, Rhodotorula minuta, Pichia salicaria and Debaromyces
hansenii. Synthesis of spherical particles (5-25 nm) was suggested to be mediated
by an NADH-dependent protein similar to nitrate reductase.

NP biosynthesis work has been carried out using strains of Yarrowia lipolytica.
Recently, Apte et al. (2013a) reported cell associated biosynthesis of AgNPs by a
psychrotrophic marine yeast strain Yarrowia lipolytica (NCYC 789). Further, they
extracted melanin from the yeast cells and harnessed it for AgNPs biosynthesis.
They proposed possible mechanism for AgNPs biosynthesis. AgNPs biosynthesized
using melanin exhibited antibiofilm properties.

Apte et al. (2013Db) isolated pigment melanin from Yarrowia lipolytica NCIM
3590 cells. Melanin mediated synthesis of fairly mono-disperse AgNP and AuNP
with average size 7 and 20 nm, respectively was achieved. They proposed mecha-
nism involved in the synthesis of nanoparticles by L-DOPA induced-melanin derived
from Y. lipolytica and demonstrated an application of the as synthesized AgNPs as
paint-additives with anti-fungal properties.

Recently, Prasad et al. (2015) highlighted importance of careful strain selection
in biosynthesis of nanoparticles. Marine-derived fungal strains so far examined
prove promising in this connection. Compared to other sources of fungi,
marine-derived fungi seem to be more potent in synthesizing nanoparticles. The
statement can be comprehended/justified by the examples of pioneering work on
fungus mediated synthesis of nanoparticles carried out NCL, Pune and that carried
out using marine-derived fungi at the MK Bhavnagar University. The success rate
for the former was 1 % (Mukherjee et al. 2001a, b, 2002; Du et al. 2011) while that
for the latter was 100 %. Each marine-derived strain examined in our laboratory
was able to biosynthesize nanoparticles (Vala et al. 2012; Vala 2014a, b, 2015a, b).
Conditions in marine environment are dynamic and influenced continuously by
industrial effluents and other pollutants, organisms inhabiting marine environment
have developed the capability to adapt rapidly to these changes by synthesizing a
range of Biomolecules to combat the stress of polluting load including metal spe-
cies. Mechanisms developed (like biosorption, bioprecipitation, extracellular
sequestration, and/or chelation) to adapt to presence of metals may be ultimately
leading to nanoparticle synthesis (Zinjarde and Pant 2002; Haferburg and Kothe
2007; Pawar et al. 2012; Mohite et al. 2015). This could be the reason for the suc-
cess rate or marine-derived fungi for synthesizing nanoparticles.

3.2.2 Marine-Derived Fungi in Synthesizing GNPs
Less than 30 fungal species have been explored so far for GNPs biosynthesis

(Kitching et al. 2014). Six of these species are marine-derived (Agnihotri et al.
2009; Apte et al. 2013b, c; Vala 2014a, b; 2015a).
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Biosynthesis of GNPs by marine-derived fungi also like that of AgNPs started in
2009, however, unlike for AgNPs, the study initiated using marine yeasts (Agnihotri et al.
2009). Marine yeasts are able to produce variety of bioproducts (Zhen-Ming et al. 2010).

Agnihotri et al. (2009) reported cell wall associated biosynthesis of GNP by
tropical marine yeast Yarrowia lipolytica NCIM 3589. Pimprikar et al. (2009)
examined influence of biomass and gold salt concentration on GNP synthesis by
tropical marine yeast Yarrowia lipolytica NCIM 3589. They reported that a range of
nanoparticles and nanoplates can be synthesized by varying the cell numbers and
the gold salt concentration. Possible involvement of amide, carboxyl and hydroxyl
groups on the cell surfaces in GNPs synthesis has also been suggested.

Apte et al. (2013b) identified melanin as a factor responsible for GNPs synthesis
by Yarrowia lipolytica. Apte et al. (2013c) isolated pigment melanin from Yarrowia
lipolytica NCIM 3590 cells. They reported synthesis of fairly mono-disperse AgNPs
as well as GNPs with average size 7 and 20 nm, respectively using melanin.

First report on biosynthesis of GNPs by filamentous marine-derived fungi
appeared recently (Vala 2014a). Marine-derived Rhizopus oryzae has been reported
to biosynthesize GNPs both, extra and intracellularly. The author claims this as
first ever report on extracellular biosynthesis of GNPs by R. oryzae under static
condition. Extracellular biosynthesis is advantageous especially for downstream
processing. The as synthesized particles were analysed using UV-vis spectropho-
tometry, XRD and transmission electron microscopy. The GNPs were found to be
spherical ranging in size from 28 to 52 nm. Sheikhloo and Salouti (2012) has
reported Intra-extra biosynthesis of GNPs by Rhizopus oryza under shaking
condition at pH 2. Das et al. (2012) has observed GNPs synthesis on cell wall as
well as in cytoplasmic region of Rhizopus oryzae. Plate 3.2 shows biosynthesis of
GNP by R. Oryzae. Figure 3.6 shows FTIR spectra of the GNPs biosynthesized by
marine-derived R. Oryzae.

Vala (2014b) examined three marine-derived fungal isolates viz. Aspergillus
candidus, Aspergillus flavus and Aspergillus niger for their capability to biosynthe-
size GNPs. When the test isolates were challenged with different concentrations of
gold (III) chloride, mostly extracellular biosynthesis of spherical GNPs was
achieved. In certain cases, mode of synthesis (extra/intracellular) was observed to
be dependent on supplied gold concentrations.

A marine-derived Aspergillus sydowii (GU004536.1) was examined for biosyn-
thesizing GNPs (Vala 2015a). The test fungus exhibited potential to synthesize
GNPs at different gold chloride concentrations. Interestingly, here also, mode of
synthesis was governed by supplied gold concentrations. Spherical, nearly mono-
disperse particles were obtained at 3 mM gold chloride. The particles were in the
size range of 8.7-15.6 nm with a mean diameter of 10 nm.

“Trick of the light” in Nature by Neil Savage (2013) throws light on applications
of gold nano particles. Properties of light can be manipulated with the help of invis-
ibly small gold particles (Savage 2013). Recently, weak localization of light has
been observed for the first time in gold nanofluids synthesized using marine-derived
fungus Aspergillus niger (Dave et al. 2015). Weak localization of light results due
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Plate 3.2 Rhizopus oryzae after (a) 1 h and (b) 48 h of exposure to 2 mM gold chloride

to coherent backscattering of waves by a disordered scattering medium (Dave et al.
2015). The experiments were carried out with 15 and 35 nm spherical GNPs synthe-
sized using marine-derived fungus Aspergillus niger to measure enhancement of
intensity in the backscattered direction i.e. the coherent backscattering cone for the
particles, the experimental data corresponded well to the classical theoretical cone
shape. The localization parameter klI* was observed to be 1 <kl*<5.

The GNPs synthesized by marine-derived fungi exhibited remarkable stability,
they were well dispersed even after one year of their synthesis, which is quite higher
than reported by Das et al. (2012) for GNPs biosynthesized with protein extract of
a Rhizopus oryzae. Detailed study on the noteworthy stability of GNPs could be
very appealing. As per Das et al. (2012) electrostatic repulsion arising as a result of
the negative charge of the conjugate proteins is the main stabilization factor. By
altering the physicochemical characteristics GNPs of different size could be synthe-
sized. Plate 3.3 shows GNPs biosynthesized at different pH.

Bimetallic NP synthesis is receiving much attention due to various applications
in medicines, catalysis and sensors (Reith et al. 2009; Shedbalkar et al. 2014).
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Plate 3.3 GNPs biosynthesized at different pH by a marine-derived fungus
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However, very few reports exist on the microbe-mediated synthesis of gold nanoal-
loys (Shedbalkar et al. 2014). In our laboratory we examined bimetallic Au—Ag
synthesis using above mentioned marine-derived fungi, among them only Rhizopus
oryzae could synthesize bimetallic Au-AgNP (Data unpublished).

GNPs conjugated with various drugs, antibiotics, antibodies and other biomole-
cules also have diverse applications. Microbe-mediated synthesis of conjugate par-
ticles would be more eco-friendly and would open new avenues of research in
nanomedicine (Shedbalkar et al. 2014), however, they have not yet been reported.
Synthesis of such nanostructures using marine-derived fungi demands attention.

4 Applications of Nanoparticles

Due to their unique properties nanoparticles have wide spread applications in diverse
fields including biomedicine, environment and agriculture. Noble metal nanoparticles
like AgNPs and GNPs have important role in the field of biomedicine.

4.1 Silver Nanoparticles (AgNPs)

World's first nano silver-based wound dressing was developed by Dr. Robert Burrell
in 1995 (Burrell et al. 1995). AgNPs can be used as an excellent candidate for anti-
inflammatory agent in various therapies, also are used in artificial joint replace-
ments in bone cements (Alt et al. 2004). AgNPs contain plasmonic nature and this
characteristic could be employed to destroy target cells or unwanted cell (Loo et al.
2005). Nanosilver based biosensor has the ability to bio sense large number of pro-
tein that is not easily detected by normal biosensors and this unique characteristic
helps to detect abnormalities and diseases including cancer (Zhou et al. 2011).
AgNPs can be used as disinfectant as its anti-microbial property is already docu-
mented (Brady et al. 2003; Prasad 2014; Prasad et al. 2014).

4.1.1 Antibacterial Effect

Figure 3.7 summarizes some common mechanisms for antibacterial effects exerted
by AgNPs. It has also been reported that the antibacterial activity of AgNPs also
depends on surface modifications (Kvitek et al. 2008).

The AgNPs have shown broad spectrum bactericidal activity against both, Gram
positive and Gram negative including some highly pathogenic strains (Jones and Hoek
2010). Antibacterial activities of AgNPs (in the range of 1-100 nm) against different
types of Gram positive and Gram negative bacteria were tested by Morones et al. (2005).
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Fig. 3.7 Antibacterial mechanism of AgNPs (Adopted from Chaloupka et al. 2010, Trends
Biotechnol 28(11):580-588)

Recently, remarkable synergistic effect of AgNPs on activities of antibiotics tetracycline
and kanamycin has been reported by Khurana et al. (2016). Such studies would be help-
ful in combating issues related to antibiotic resistance in microbes.

4.1.2 Antifungal Effect

Some fungi can work as critical pathogens especially during fungal infections like
nosocomial infection. 44 strains of six fungal species from clinical isolates and
ATCC strains of Trichophyton mentagrophytes and Candida albanicans were
exploited to test the antifungal activity of AgNPs and encouraging results were
observed (Kim et al. 2008). Plastic catheters coated with AgNPs were investigated
for their anti-fungal activity and almost complete inhibition of C. albicans was
observed (Roe et al. 2008).

4.1.3 Antiviral Effect

Antiviral activity of AgNPs is comparatively less investigated. However, available
reports suggest promising results.

Elechiguerra et al. (2005) revealed the interaction between AgNPs and HIV-1.
This first report suggests that AgNPs interact with HIV-1 through glycol-protein
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knob as a result virus could not bind with host. This mechanism was explained by
Lara et al. (2010). Different sizes of AgNPs (10, 50 and 800 nm) were exploited for
the inhibition of hepatitis B virus (HBV) in, in vitro conditions (Lu et al. 2008).

Recently antiviral effect of AgNPs was investigated against HIN1 influenza A virus
in vitro (Xiang et al. 2011). Biologically synthesized AgNPs have been demonstrated
to exert dose-dependent antiviral activity against herpes simplex virus type 1 and 2
(HSV land 2) and human parainfluenza virus type 3 (HPIV-3) Gaikwad et al. (2013).

AgNPs have also been employed as water disinfectant (Bhattacharya and
Mukherjee 2008). Besides AgNPs have other important applications including sin-
gle electron transistors, fuel cells, nanocomputers, insect pest management and
agriculture (Zhang et al. 2011; Singh et al. 2015).

4.2 Gold Nanoparticles (GNPs)

GNPs have applications especially in diagnosis and treatment of cancer, AIDS,
tuberculosis and other diseases (Yadav et al. 2015). GNPs have been reported to be
more promising than Au(I) and Au(Ill) based antirheumatic drugs (Griem and
Gleichmann 1996; Mirabelli et al. 1985; Shukla et al. 2005). Ashiq et al. (2013)
reported application of GNPs in breast cancer therapy using the technique laser
induced coulomb explosion. Madhusudhan et al. (2014) reported conjugates of
dauxorubicin and GNPs to be more effective than dauxorubicin alone.

GNPs have been demonstrated to be effective in photothermal therapy (Hwang
et al. 2014) and radiotherapy (McLaughlin et al. 2013). Biosynthesized GNPs have
been studied for detection of liver cancer (Chauhan et al. 2011). GNPs also play
important role in treatment of AIDS (Berry et al. 2007; Bowman et al. 2008).
Detection of mycobacterial infection is possible using GNP based biosensors
(Duman et al. 2009; Thiruppathiraja et al. 2011).

GNPs are used for vaccine delivery. GNP-based DNA vaccines are more effi-
cient than the conventional vaccines (Yadav et al. 2015). Besides therapeutics and
drug delivery, GNPs also have high technology applications like electronic conduc-
tors, catalysts, organic photovoltaics and sensory probes (Daniel and Astruc 2004;
Huang et al. 2003). As stated earlier in the text, weak localization of light has been
observed in biosynthesized GNPs (Dave et al. 2015).

5 Conclusion and Future Challenges

Marine-derived fungi can be regarded as novel biofactories for synthesizing
nanoparticles with diverse applications. Issues generally involved with biosynthesis
of nanoparticles also are tackled by marine-derived fungi mediated biosynthesis.
However, marine-derived fungal nanotechnology is still in infancy and core
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investigation is needed especially to elucidate the mechanism involved in nanopar-
ticles biosynthesis. Extensive research is also required for commercially viable
large-scale production of nanoparticles.

Acknowledgement AKV acknowledges Council of Scientific and Industrial Research, New
Delhi, for sanctioning and sponsoring the work under Scientists’ Pool Scheme. Thanks are due to
the Department of Science and Technology, Government of India, New Delhi, for financial support
to AKV under Women Scientist Scheme (WOS-A). AKV also acknowledges Prof. S P Bhatnagar,
Head, Department of Physics, Maharaja Krishnakumarsinhji Bhavnagar University for support
and encouragement.

References

Agnihotri M, Joshi S, Kumar AR, Zinjarde S, Kulkarni S (2009) Biosynthesis of gold nanoparti-
cles by the tropical marine yeast Yarrowia lipolytica NCIM 3589. Mater Lett 63:1231-1234

Alani F, Moo-Young M, Anderson W (2012) Biosynthesis of silver nanoparticles by a new strain
of Streptomyces sp. compared with Aspergillus fumigatus. World J Microbiol Biotechnol
28:1081-1086

Alt V, Bechert T, Steinrticke P, Wagener M, Seidel P, Dingeldein E, Scheddin D, Domann E,
Schnettler R (2004) Nanoparticulate silver. A new antimicrobial substance for bone cement.
Orthopade 33:885-892

Anand BG, Navin CK, Thomas S, Prakash C, Kumar S (2015) Biosynthesis of silver nano-parti-
cles by marine sediment fungi for a dose dependent cytotoxicity against HEp2 cell lines. Biocat
Agricult Biotechnol 4:150-157

Apte M, Sambre D, Gaikawad S, Joshi S, Ashok Bankar A, Ravi AK, Zinjarde S (2013a)
Psychrotrophic yeast Yarrowia lipolytica NCYC 789 mediates the synthesis of antimicrobial
silver nanoparticles via cell-associated melanin. AMB Exp 3:32

Apte M, Girme G, Nair R, Bankar A, Kumar AR, Zinjarde S (2013b) Melanin mediated synthesis
of gold nanoparticles by Yarrowia lipolytica. Mater Lett 95:149-152

Apte M, Girme G, Bankar A, Kumar AR, Zinjarde S (2013c) 3,4-Dihydroxy-L-phenylalanine-
derived melanin from Yarrowia lipolytica mediates the synthesis of silver and gold nanostruc-
tures. J Nanobiotechnol 11:2

Ashiq MGB, Saeed MA, Tahir BA et al (2013) Breast cancer therapy by laser-induced Coulomb
explosion of gold nanoparticles. Chin J Cancer Res 25:756-761

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. doi:10.1021/acs.langmuir.5b03081

Bai H, Yang B, Chai C, Yang G, Jia W, Yi W (2011) Green synthesis of silver nanoparticles using
Rhodobacter sphaeroides. World J Microbiol Biotechnol Vol 27:2723-2728

Berry CC, de la Fuente JM, Mullin M et al (2007) Nuclear localization of HIV-1 Tat functionalized
gold nanoparticles. IEEE Trans Nanobiosci 6:262-269

Bharde A (2007) Microbial synthesis of metal oxide, metal sulfide and metal nano particles.
Ph.D. Thesis. University of Pune, India

Bhattacharya R, Mukherjee P (2008) Biological properties of naked nanoparticles. Adv Drug Del
Rev 60:1289-1306

Bhimba BV, Gurung S, Nandhini US (2015) Silver nanoparticles synthesized from marine fungi
Aspergillus oryzae. Int J Chem Tech Res 7(01):68-72

Bhimba BV, Nath N, Sinha P (2011) Characterization and antibacterial analysis of silver nanopar-
ticles synthesized by the marine fungi Hypocrea lixii MV 1 isolated from mangrove sediment
soil. J Pharm Res 4(2):477-479


http://dx.doi.org/10.1021/acs.langmuir.5b03081

3 Marine-Derived Fungi: Potential Candidates for Fungal Nanobiotechnology 65

Bonugli-Santos RC, dos Santos Vasconcelos MR, Passarini MRZ, Vieira GAL, Lopes VCP,
Mainardi PH, dos Santos JA, de Azevedo Duarte L, Otero IVR, da Silva Yoshida AM, Feitosa
VA, Pessoa A Jr, Sette LD (2015) Marine-derived fungi: diversity of enzymes and biotechno-
logical applications. Front Microbiol 6:269 doi:10.3389/fmicb.2015.00269

Bowman MC, Ballard TE, Ackerson CJ et al (2008) Inhibition of HIV fusion with multivalent gold
nanoparticles. ] Am Chem Soc 130:6896-6897

Brady MJ, Lissay CM, Yurkovetskiy AV, Sarwan SP (2003) Persistent silver disinfectant for envi-
ronmental control of pathogenic bacteria. Am J Infect Control 31:208-214

Brunner TJ, Wick P, Manser P, Spohn P, Grass RN, Limbach LK, Bruinink A, Stark WJ (2006) In
vitro cytotoxicity of oxide nanoparticles: comparison to asbestos, silica, and effects of particle
solubility. Environ Sci Technol 40(14):4374-4381

Burrell RE, McIntosh CL, Morris LR (1995) Process of activating anti-microbial materials. Patent
5454886, 3

Chaloupka K, Malam Y, Seifalian AM (2010) Nanosilver as a new generation of nanoproduct in
biomedical applications. Trends Biotechnol 28(11):580-588

Chan YS, Mashitah MD (2012) Instantaneous biosynthesis of silver nanoparticles by selected
macro-fungi. Aust J Basic App Sci 6:222-226

Chandramohan D (2004) Marine microbiology: challenges and future directions. In: Ramaiah N
(ed) Marine microbiology: facets & opportunities. National Institute of Oceanography: Goa,
pp 7-13

Chauhan A, Zubair S, Tufail S, Sherwani A, Sajid M, Raman SC, Azam A, Owais M (2011)
Fungusmediated biological synthesis of gold nanoparticles: potential in detection of liver can-
cer. Int ] Nanomedicine 6:2305-2319

Christophersen CO, Crescente JC, Frisvad L, Gram J, Nielsen PH, Nielsen RL (1999) Antibacterial
activity of marine-derived fungi. Mycopathologia 143:135-138

Daniel MC, Astruc D (2004) Gold nanoparticles: assembly, supramolecular chemistry, quantum-
size-related properties, and applications toward biology, catalysis, and nanotechnology. Chem
Rev 104(1):293-346

Das SK, Liang J, Schmidt M, Laffir F, Marsili E (2012) Biomineralization mechanism of gold by
zygomycete fungi Rhizopus oryzae. ACS Nano 6:6165-6173

Dave V, Vala AK, Patel RJ (2015) Observation of weak localization of light in gold nanofluids
synthesized using the marine derived fungus Aspergillus niger. RSC Adv 5:16780-16784

Deepak K, Kalishwaralal S. Pandian RK, Gurunathan S (2011) An insight into the bacterial bio-
genesis of silver nanoparticles, industrial production and scale-up. In: Rai M, Duran N (eds)
Metal nanoparticles in microbiology. Springer-Verlag, Berlin/Heidelberg, pp 17-35

Drexler KE (1981) Molecular engineering: an approach to the development of general capabilities
for molecular manipulation. Proc Natl Acad Sci USA 78:5275-5278

Du L, Xian L, Feng JX (2011) Rapid extra-/intracellular biosynthesis of gold nanoparticles by the
fungus Penicillium sp. ] Nanopart Res 13:921-930

Duman M, Caglayan Demirel G, Piskin E (2009) Detection of Mycobacterium tuberculosis com-
plex using surface Plasmon resonance based sensors carrying self-assembled nano-overlayers
of probe oligonucleotide. Sensor Lett 7:535-542

Elechiguerra JL, Burt JL, Morones JR, Camacho-Bragado A, Gao X, Lara HH, Yacaman MJ
(2005) Interaction of silver nanoparticles with HIV-1. J Nanobiotechnol 29:3-6

Faraday M (1857) Experimental relations of gold (and other metals) to light. Phil Trans Roy Soc
Lond 147:145-181

Gaikwad S, Birla S, Ingle A, Gade A, Marcato P, Rai M, Duran N (2013) Screening of different
Fusarium species to select potential species for the synthesis of silver nanoparticles. J Braz
Chem Soc 24(12):1974-1982

Gatti A, Magatti D, Ferri F (2008) Three-dimensional coherence of light speckles: theory. Phys
Rev A 78:063806

Griem P, Gleichmann E (1996) Gold antirheumatic drug: desired and adverse effects of Au(I) and
Au(III) [corrected] on the immune system. Z Rheumatol 55(5):348-358


http://dx.doi.org/10.3389/fmicb.2015.00269

66 A.K. Vala et al.

Gwynne P (2013) There's gold in them bugs. Nature 495:S12-S13

Haferburg G, Kothe E (2007) Microbes and metals: interactions in the environment. J Basic
Microbiol 47(6):453-467

Hemath NKS, Kumar G, Karthik LB, Rao HKV (2010) Extracellularbiosynthesis of silver
nanoparticles using the filamentous fungus Penicillium sp. Arch App Sci Res 2:161-167

Honary S, Barabadi H, Gharaei-Fatahabad E, Naghibi F (2013) Green synthesis of silver nanopar-
ticles induced by the fungus Penicillium citrinum. Trop J Pharma Res 12:7-11

Huang D, Liao F, Molesa S, Redinger D, Subramanian V (2003) Plastic-compatible low resistance
printable gold nanoparticle conductors for flexible electronics. J Electrochem Soc
150:G412-G417

Hwang S, Nam J, Song J et al (2014) A sub 6 nanometer plasmonic gold nanoparticle for pH-
responsive near-infrared photothermal cancer therapy. New J Chem 38:918-922

Ingle A, Gade A, Pierrat S et al (2008) Mycosynthesis of silver nanoparticles using the fungus
Fusarium acuminatum and its activity against some human pathogenic bacteria. Curr Nanosci
4:141-144

Jain N, Bhargava A, Majumdar S et al (2011) Extracellular biosynthesis and characterization of
silver nanoparticles using Aspergillus flavus NJPO8: a mechanism perspective. Nanoscale
3:635-641

Jain K, Kesharwani P, Gupta U, Jain NK (2012) A review of glycosylated carriers for drug deliv-
ery. Biomaterials 33:4166-4186

Jones CM, Hoek EMV (2010) A review of the antibacterial effects of silver nanomaterials and
potential implications for human health and the environment. J Nanopart Res 12:1531-1551

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

Kathiresan K, Alikunhi NM, Pathmanaban S, Nabikhan A, Kandasamy S (2010) Analysis of anti-
microbial silver nanoparticles synthesized by coastal strains of Escherichia coli and Aspergillus
niger. Can J Microbiol 56:1050-1059

Khurana C, Vala AK, Andhariya N, Pandey OP, Chudasama B (2016) Influence of antibiotic
adsorption on biocidal activities of silver nanoparticles. IET Nanobiotechnol 10(2):69-74

Kim KJ, Sung WS, Moon SK, Choi JS, Kim JG, Lee DG (2008) Antifungal effect of silver
nanoparticles on dermatophytes. ] Microbiol Biotechnol 18:1482-1484

Kitching M, Ramani M, Marsili E (2014) Fungal biosynthesis of gold nanoparticles: mechanism
and scale up. Microbial Biotechnol. doi:10.1111/1751-7915.12151

Kohlmeyer J, Kohlmeyer E (1979) Marine mycology-the higher fungi. Academic, New York

Kohlmeyer J, Volksmann- Kohlmeyer B (2003) Fungi from coral reefs: a commentary. Mycol Res
107:386-387

Kvitek L, Panacek A, Soukupova J, Kolar M, Vecerova R, Prucek R (2008) Effect of surfactants
and polymers on stability and antibacterial activity of silver nanoparticles (NPs). J Phys Chem
Part 112:5825-5834

Lara HH, Ayala-Nuiiez NV, Ixtepan-Turrent L, Rodriguez-Padilla C (2010) Mode of antiviralac-
tion of silver nanoparticles against HIV-1. J Nanobiotechnol 8:1-10

Li H, d’Anjou M (2009) Pharmacological significance of glycosylation in therapeutic proteins.
Curr Opin Biotechnol 20:678-684

Li Q, Wang G (2009) Diversity of fungal isolates from three Hawaiian marine sponges. Microbe
Res 164:233-241

Loo C, Lowery A, Halas N, West J, Drezek R (2005) Immunotargeted nanoshellsfor integrated
cancer imaging and therapy. Nano Lett 5:709-711

Lu L, Sun RW, Chen R, Hui CK, Ho CM, Luk JM, Lau GK, Che CM (2008) Silver nanoparticles
inhibit hepatitis B virus replication. Antivir Ther 13:253-262

Madhusudhan A, Reddy GB, Venkatesham M et al (2014) Efficient pH dependent drug delivery to
target cancer cells by gold nanoparticles capped with carboxymethyl chitosan. Int J Mol Sci
15:8216-8234


http://dx.doi.org/10.1111/1751-7915.12151

3 Marine-Derived Fungi: Potential Candidates for Fungal Nanobiotechnology 67

Manivannan S, Alikunhi NM, Kandasamy K (2010) In vitro synthesis of silver nanoparticle by
marine yeasts from coastal mangrove sediment. Adv Sci Lett 3:428-433

McLaughlin MF, Woodward J, Boll RA et al (2013) Gold coated lanthanide phosphate nanoparti-
cles for targeted alpha generator radiotherapy. PLoS One 8, 54531

Meenupriya J, Majumdar A, M. Thangaraj M (2011) Biogenic silver nanoparticles by Aspergillus
terreus MP1 and its promising antimicrobial activity. J Pharmacy Res 4(6):1648-1650

Mirabelli CK, Johnson RK, Sung C, Faucette KF, Muirhead K, Crooke ST (1985) Evaluation of
the in vivo antitumor activity and in vitro cytotoxic properties of auranofin, a coordinated gold
compound, in murine tumor models. Cancer Res 45(1):32-9

Mohite P, Apte M, Kumar AR, Zinjarde S (2015) Marine organisms in nanoparticle synthesis. In:
Kim S-K (ed) Handbook of marine biotechnology. Springer, Dordrecht/Heidelberg/London/
New York, pp 1229-1246

Morones JR, Elechiguerra JL., Camacho A, Holt K, Kouri JB, Ramirez JT, Yacaman MJ (2005) The
bactericidal effect of silver nanoparticles. Nanotechnology 6:2346-2353

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

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

Nachiyar V, Sunkar S, Prakash P, Bavanilatha (2015) Biological synthesis of gold nanoparticles
using endophytic fungi. Scholars Research library 7(2):31-38

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

Nayak BK, Anitha K (2014) Amplified antibiotic potency of two different drugs combined with
biosynthesized AgNPs from Aspergillus sydowii isolated from sand dunes. Int J Pharm Tech
Res 6(6):1751-1755

Osterhage C (2001) Isolation, structure determination and biological activity assessment of sec-
ondary metabolites from marine-derived fungi. Technischen Universitidt Carolo-Wilhelmina,
Braunschweig

Pawar V, Shinde A, Kumar AR, Zinjarde S, Gosavi S (2012) Tropical marine microbe mediated
synthesis of cadmium nanostructures. Sci Adv Mater 4(1):135-142

Pimprikar PS, Joshi SS, Kumar AR, Zinjarde SS, Kulkarni SK (2009) Influence of biomass and
gold salt concentration on nanoparticle synthesis by the tropical marine yeast Yarrowia lipo-
Iytica NCIM 3589. Colloids Surfaces B 74(1):309-316

Prakasham RS, Buddana SK, Yannam SK, Guntuku GS (2012) Characterization of silver nanopar-
ticles synthesized by using marine isolate Streptomyces albidoflavus. J Microbiol Biotechnol
22(5):614-621

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

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 (2015) Engineering tailored nanoparticles with microbes: quo
vadis? WIREs Nanomed Nanobiotechnol. doi:10.1002/wnan.1363

Prathna TC, Mathew L, Chandrasekaran N, Raichur AM, Mukherjee A (2010) Biomimetic synthe-
sis of nanoparticles: Science, Technology and Applicability. In: Mukherjee A (ed) Biomimetics,
learning from nature. doi:10.5772/8776

Rai MK, Yadav AP, Gade AK (2009) Silver nanoparticles as a new generation of antimicrobials.
Biotechnol Adv 27:76-82


http://dx.doi.org/10.1155/2014/963961
http://dx.doi.org/10.1002/wnan.1363
http://dx.doi.org/10.5772/8776

68 A.K. Vala et al.

Rauwel P, Siim K, Ferdov S, Rauwel E (2015) A Review on the Green synthesis of silver nanopar-
ticles and their morphologies studied via TEM. Adv Mater Sci Eng. ID 682749

Reith F, Etschmann B, Grosse C, Moors H, Benotmane MA, Monsieurs P, Grass G, Doonan C,
Vogt S, Lai B, Martinez-Criado G, George GN, Nies DH, Mergeay M, Pring A, Southam G,
Brugger J (2009) Mechanisms of gold biomineralization in the bacterium Cupriavidus metal-
lidurans. Proc Natl Acad Sci USA 106:17757-17762

Rimal Isac RS, Sakthivel G, Murthy Ch (2013) Green synthesis of gold and silver nanoparticles
using Averrhoa bilimbifruitextract. ] Nanotechnol ID 906592, 6 pages, DOI:10.1155/2013/906592

Rodrigues AG, Ping LY, Marcato PD, Alves OL, Silva MCP, Ruiz RC, Melo IS, Tasic L, De Souza
AO (2013) Biogenic antimicrobial silver nanoparticles produced by fungi. Appl Microbiol
Biotechnol 3:775-782. doi:10.1007/s00253-012-4209-7

Roe D, Karandikar B, Bonn-Savage N, Gibbins B, Roullet JB (2008) Antimicrobial surface func-
tionalization of plastic catheters by silver nanoparticles. J Antimicrob Chemoth 61:869-876

Rudd PM, Elliott T, Cresswell P, Wilson IA, Dwek RA (2001) Glycosylation and the immune
system. Science 291:2370-2376

Sanghi R, Verma P (2009) Biomimetic synthesis and characterisation of protein capped silver
nanoparticles. Bioresour Technol 100(1):501-504

Sathiya Rathna G, Elavarasi AA, Peninal S, Subramanian J, Mano G, Kalaiselvam M (2013)
Extracellular biosynthesis of silver nanoparticles by endophytic fungus Aspergillus terreus and
its anti-dermatophytic activity. Int J Pharmaceut Biol Arch 4(3):481-487

Savage N (2013) Trick of life. Nature 495:S8

Shedbalkar U, Singh R, Wadhwani S, Gaidhani S, Chopade BA (2014) Microbial synthesis of gold
nanoparticles: current status and future prospects. Adv Colloid Interfac 209:40-48

Sheikhloo Z, Salouti M (2012) Intracellular biosynthesis of gold nanoparticles by fungus Phoma
macrostoma. Synth React Inorg Met Org Nano Met Chem 42:65-67

Shukla R, Bansal V, Chaudhary M, Basu A, Bhonde RR, Sastry M (2005) Biocompatibility of gold
nanoparticles and their endocytotic fate inside the cellular compartment: a microscopic over-
view. Langmuir 21(23):10644—-10654

Singh CR, Kathiresan K, Anandhan S (2015) A review on marine based nanoparticles and their
potential applications. Afr J Biotechnol 14(18):1525-1532

Soni N, Prakash S (2012) Synthesis of gold nanoparticles by the fungus Aspergillus niger and its
efficacy against mosquito larvae. Rep Parasitol 2:1-7

Thiruppathiraja C, Kamatchiammal S, Adaikkappan P et al (2011) Specific detection of
Mycobacterium sp. Genomic DNA using dual labeled gold nanoparticle based electrochemical
biosensor. Anal Biochem 417:73-79

Trivedi HB, Vala AK, Dave BP (2015) Siderophore mediated biosynthesis of silver nanoparticles.
(in communication)

Ulyanov SS (1998) Speckled speckle statistics with a small number of scatterers: implications for
blood flow measurement. J Biomed Optics 3(3):237-245

Vala AK (2010) Tolerance and removal of arsenic by a facultative marine fungus Aspergillus can-
didus. Bioresour Technol 101:2565-2567

Vala AK (2014a) Intra- and extracellular biosynthesis of gold nanoparticles by a marine-derived
fungus Rhizopus oryzae. Synth React Inorg Met Org Nano Met Chem 44(9):1243-1246

Vala AK (2014b) Investigations on gold nanoparticles biosynthesis potential of marine derived
fungi. BioTechnol An Ind J 9(5):206-209

Vala AK (2015a) Exploration on green synthesis of gold nanoparticles by a marine derived fungus
Aspergillus sydowii. Env Prog Sustain Energy 34(1):194-197

Vala AK (2015b) Rapid biogenesis of silver nanoparticles by two marine-derived fungi: a green
chemistry approach. (In communication)

Vala AK, Shah S (2012) Rapid synthesis of silver nanoparticles by a marine-derived fungus
Aspergillus niger and their antimicrobial potentials. Int J Nanosci Nanotechnol 8(4):197-206

Vala AK, Sutariya V (2012) Trivalent arsenic tolerance and accumulation in two facultative marine
fungi. Jundishapur J Microbiol 5:542-545


http://dx.doi.org/10.1155/2013/906592
http://dx.doi.org/10.1007/s00253-012-4209-7

3 Marine-Derived Fungi: Potential Candidates for Fungal Nanobiotechnology 69

Vala AK, Anand N, Bhatt PN, Joshi HV (2004) Tolerance and accumulation of hexavalent chro-
mium by two seaweed associated aspergilli. Mar Pollut Bull 48(9):983-985

Vala AK, Chudasama B, Patel RJ (2012) Green synthesis of silver nanoparticles using marine-
derived fungus Aspergillus niger. Micro Nano Lett 7:859-862

Vala AK, Shah S, Patel R (2014) Biogenesis of silver nanoparticles by marine-derived fungus
Aspergillus flavus from Bhavnagar Coast, Gulf of Khambhat, India. J] Mar Biol Oceanogr 3:1

Verma AK (2011) Potential of marine derived fungi and their enzymes in bioremediation of indus-
trial pollutants. Ph.D. Thesis, National Institute of Oceanography, Dona-Paula

Xiang DX, Chen Q, Pang L, Zheng CL (2011) Inhibitory effects of silver nanoparticles on HIN1
influenza A virus in vitro. J Virol Methods 178:137-142. doi:10.1016/].jviromet.2011.09.00

Yadav A, Kateryna K, Gabriela K, Nelson D, Avinash P, Ingle RM (2015) Fungi as an efficient
mycosystem for the synthesis of metal nanoparticles: progress and key aspects of research.
Biotechnol Lett 37:2099-2120

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

Zhen-Ming C, Guanglei L, Shoufeng Z, Jing L, Ying P (2010) Marine yeasts as biocontrol agents
and producers of bio-products. Appl Microbiol Biotechnol 86:1227-1241

Zhou W, Ma YY, Yang HA, Ding Y, Luo XG (2011) A label-free biosensor based on silver nanopar-
ticles array for clinical detection of serum p53 in head and neck squamous cell carcinoma. Int
J Nanomed 6:381-386

Zinjarde SS, Pant A (2002) Hydrocarbon degraders from tropical marine environments. Mar pollut
bull 44(2):118-121


http://dx.doi.org/10.1016/j.jviromet.2011.09.00

Chapter 4
Green Synthesis of Metal Nanoparticles
by Fungi: Current Trends and Challenges

Luciano Paulino Silva, Cinthia Caetano Bonatto,
and Vera Lucia Perussi Polez

Abstract The approaches for synthesis of metal nanoparticles (MNPs) through
green chemistry methods have become a recent trend of studies that focus on sus-
tainability and innovation. Fungi are among the many groups of living organisms
that have been known as useful for the synthesis of MNPs and there are many
advantages of their use over other organisms since this group is directly or indi-
rectly dependent of metals to its growth, metabolism and differentiation. They share
efficient mechanisms of tolerance to high metal concentrations, being considered an
important source of molecules able to transform metal ions into MNPs. The MNPs
synthesis by fungi can be intracellular or extracellular and the latter is the most used
because fungi secrete high amounts and diversity of enzymes making the process of
synthesis sustainable, reliable, versatile and scalable. Indeed, the MNPs synthesis
by fungi can use gold, silver, copper, iron, cadmium, nickel and others. However,
the mechanisms of MNPs synthesis using fungi are not fully understood. The MNPs
synthesis by fungi relies on many factors including biological material (e.g. species
and/or strains; cultivation and sample preparation) and reaction conditions (e.g.
metal species content and concentration; pH; temperature; and time of incubation)
being necessary new strategies to improve the reproducibility of the processes.
In the future, MNPs synthesized by fungi and their parts thereof can have
unprecedented novel applications to several areas such as medical, agricultural
and environmental.
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Abbreviations

Ag-MNPs  Silver nanoparticles
Au-MNPs  Gold nanoparticles

CdS Cadmium sulfide

CdS-NPs  Cadmium sulfide nanoparticles
CFE Cell free extract

Cu-MNPs  Copper nanoparticles

MNPs Metal nanoparticles
NiO-MNPs Nickel oxide nanoparticles

QD Quantum dots

1 Green Nanotechnology as a Sustainable Approach

Green nanotechnology is the application of green chemistry, green engineering, and
sustainability principles to eliminate or at least minimize the use and generation of
hazardous substances in the nanotechnology field (Albrecht et al. 2006; Schmidt
2007; Nath and Benerjee 2013). There are an unlimited number of opportunities,
challenges and implications of this emerging area (Fleischer and Grunwald 2008;
Hutchison 2008; Matus et al. 2011). However, one of the most promising approaches
lies in synthesizing, characterizing and evaluating the effects of nanoparticles (NPs)
with desired physical, chemical and/or biological properties (Albrecht et al. 2006;
Katti et al. 2009; Nune et al. 2009; Suman et al. 2010).

Polymeric, lipid and metal nanoparticles are representative examples of nanosys-
tems developed by green nanotechnologies. Among them, metal nanoparticles
(MNPs) are probably the most studied and scientifically researched due to their
unique properties that can be attributed to a high surface-to-volume ratio and metal
specificities at the nanoscale (Raveendran et al. 2003; Vigneshwaran et al. 2006;
Sharma et al. 2009; Thakkar et al. 2010; Iravani 2011; Narayanan and Sakthivel
2011; Philip et al. 2011; Prasad 2014; Bonatto and Silva 2014; Silva et al. 2015).
Thus, MNPs may have unique optical, electrical, magnetic and catalytic properties;
and exhibit medical, agricultural and environmental applications (Prasad and Swamy
2013; Salvadori et al. 2014a, b; Prasad et al. 2014, 2015; Alghuthaymi et al. 2015;
Moghaddam et al. 2015; Bhuyan et al. 2015; Aziz et al. 2015; Yadav et al. 2015).

MNPs are useful platforms for numerous applications including microorgan-
isms’ control (Sharma et al. 2009), sensing (Dubas and Pimpan 2008), contrast
agents (Liao et al. 2006), catalytic reactions (Liu et al. 2005), therapeutics (Philip
2009), electronics (Fu et al. 2013), photonics (Shah et al. 2012), wastewater treat-
ment (Aziz et al. 2015). A variety of chemical, physical and biological methods
could be used for synthesis of MNPs (Duran et al. 2011). However, some of these
methods are fraught with challenges and drawbacks such as the role of toxic com-
pounds (chemical methods) and the high-energy demand for production (physical
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methods). Thus, approaches using living organisms such as microorganisms (Duran
etal. 2011) and plants (Silva et al. 2015) constitute an alternative to classical meth-
ods and they are called biological (or green) methods of synthesis.

2 Green Synthesis of MNPs

Green synthesis is an emerging and frontier method for synthesizing MNPs. Low-
cost, sustainability, non-toxicity and simplicity are common benefits shared by
green synthesis methods towards the production of MNPs (Vigneshwaran et al.
2006; Thakkar et al. 2010; Gan et al. 2012; Venkatessham et al. 2014). Green syn-
thesis of MNPs may be performed using prokaryotic or eukaryotic organisms (e.g.
bacteria, fungi or plants) or their parts thereof (e.g. extracts or specific tissues),
through intra- and/or extracellular mechanisms (Thakkar et al. 2010; Venkatessham
etal. 2014; Yadav et al. 2015). MNPs’ properties such as size, shape, surface charge,
chemical functionality and composition are the major features and measurements
which have been explored by researchers using analytical tools (Albanese et al.
2012). The balance of these characteristics, and others, is essential to ensure that the
MNPs could be used for potential applications ranging from biomedical, agricul-
tural and environmental areas to commodity materials (Prasad et al. 2014).
Virtually all green synthesis approaches aiming the production of MNPs are based
on the utilization of reducing or oxidizing agents that are able to react with metal ions
from aqueous or nonaqueous solutions to produce metallic or metal oxide nanoparti-
cles. A myriad of macromolecules and secondary metabolites from biological sources
have been related to the oxidation-reduction (redox) reactions which can lead to MNPs
formation (Liu et al. 2005; Sivaraman et al. 2009; Yang et al. 2010; Iravani 2011; Park
etal. 2011; Bonatto and Silva 2014). Many of these compounds may also serve as coat-
ing and stabilizing agents for MNPs. In addition, several compounds in the surface of
MNPs can act as bioactive molecules in either physiological or pathological conditions
(Brila et al. 2009; Sathishkumar et al. 2009; Park et al. 2011). Among the biological
resources useful for the green synthesis of MNPs, fungi are now recognized as impor-
tant members of this recent trend and the choice of researchers worldwide (Fig. 4.1).

2.1 Green Synthesis of MNPs by Fungi

Fungi can be considered as an ancient group of living organisms with about 80,000—
120,000 species described to date; although the total number of species is estimated at
1.5 million (Hawksworth 2001; Webster and Weber 2007). Fungi are eukaryotic and
heterotrophic organisms which obtain their nutrients by extracellular digestion due to
the activity of secreted hydrolytic and/or oxidative enzymes to the surrounding environ-
ment. Furthermore, fungi have the ability to uptake organic or inorganic solutes and ions
from extremely dilute solutions from the environment, accumulating them 1000-fold or
more against their concentration gradient (Griffin 1994; Webster and Weber 2007).



74 L.P. Silva et al.

Fig. 4.1 Schematic

illustration of the green .
synthesis of metal

nanoparticles using fungi . ‘

Fungi Diversity

c
k=)
© Extracellular
=3
b Intracellular
(14 Cell wall surface
+ 0
M Mo
c
o o
S8
)
5 S
O
=
;'—' o
Different Metal

Nanoparticles

The cell wall is an essential component to the growth, morphogenesis and survival
of fungi. The components of the cell walls are glucans (e.g. f1-3, p1-3/p1-4, p1-6,
al-3 glucans, among others), chitin, chitosan, mannans and/or galactomannans and
glycoproteins (Durdn and Nombela 2004; Bowman and Free 2006; Free 2013). Thus,
it is a dynamic structure that provides a protective barrier against the environmental
changes such as heat, cold, desiccation, osmotic stress, microorganisms and metals
(Duran and Nombela 2004; Bowman and Free 2006; Free 2013; Yadav et al. 2015).

Metals are directly or indirectly involved with growth, metabolism and differentia-
tion of microorganisms, including fungi (Gadd 2010). However, the interaction of
metals with microorganisms depends on the metal species, organism and environ-
ment. Structural components and metabolic activity also influence metal speciation
and, therefore, solubility, mobility, bioavailability and toxicity (Gadd and Griffiths
1978; Gadd 1992, 2007, 2010). Indeed, important survival mechanisms of the micro-
organisms depend on changes in metal speciation leading to decreased or increased
mobility such as the redox reactions, the production of metal-binding and chelating
peptides and proteins (e.g. metallothioneins and phytochelatins), organic and inor-
ganic precipitation, active transport, efflux and intracellular compartmentalization.
Furthermore, cell walls and other structural components have metal-binding potential
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(Mowll and Gadd 1984; White and Gadd 1998; Gadd 2007, 2010). In this way, fungi
may have a high tolerance and even resistance to metals. In addition, several fungi
groups (e.g yeasts, filamentous fungi and mushrooms) represent a great source to
transform metal forms into MNPs (Table 4.1) (Durén et al. 2005; Fayaz et al. 2009; Li
et al. 2012; Tarafdar and Raliya 2013; Devi and Joshi 2015; El-Baz et al. 2015).
However, the mechanisms towards the green synthesis of MNPs by fungi are not yet
completely elucidated.

MNPs synthesis by fungi can be intracellular (inside the fungal cell), extracellular
(outside the fungal cell) or even on the surface of the cell; and can occur by enzymatic
reduction as well as a cell wall bound process using different biomolecules (Figs. 4.2,
4.3, and 4.4) (Kashyap et al. 2013; Alghuthaymi et al. 2015; Moghaddam et al. 2015;
Yadav et al. 2015). The extracellular synthesis of MNPs is faster and easier than intra-
cellular synthesis because the former can secrete large amounts of enzymes and/or
other compounds used for the synthesis process (Nayak et al. 2011; Kashyap et al.
2013) (Fig. 4.2). The extracellular synthesis of Ag-MNPs by several strains of
Fusarium oxysporum were achieved by reduction of the silver ions which would
probably occur by the presence of a nitrate-dependent reductase as well as a shuttle
quinone extracellular process (Devi and Joshi 2015). Li et al. (2012) also observed a
dependence on the Ag-MNPs synthesis on a NADH-dependent reductase from
Aspergillus terreus (Li et al. 2012). Kumar et al. (2007) reported the enzymatic syn-
thesis of Ag-MNPs using a nitrate reductase purified from F. oxysporum, AgNO;,
phytochelatin, 4-hydroxyquinoline and o-NADPH at 25 °C for 5 h under anaerobic
conditions (Kumar et al. 2007). The Ag-MNPs synthesis requires the reduction of
a-NADPH to a-NADP* and the hydroxyquinoline can act as an electron shuttle trans-
ferring the electron generated during the reduction of nitrate. Therefore, the action of
hydroxyquinoline is probably similar to quinones in the electron transport taking
place in the mitochondria or the chloroplast. Thus, the Ag-MNPs synthesis process by
fungi suggests dependence of the reductase/electron shuttle relationships. Chan and
Mashitah (2012) used different macrofungi (mushrooms) for the Ag-MNPs synthesis
being suggested a possible action of a diketone compound as responsible for the pro-
cess of silver ions reduction (Chan and Mashitah 2012). Other compounds can also be
related with the MNPs synthesis such as the melanin secreted by Yarrowia lipolytica
(Apte et al. 2013) and a glucan purified of Pleurotus florida (Sen et al. 2013).

Extracellular synthesis of nanoparticles using cell free extract (CFE) from
Saccharomyces boulardii showed Ag-MNPs with a size range of 3—-10 nm. The
Fourier Transform Infrared spectroscopy (FTIR) analysis indicated the presence of
proteins in the reduction and capping process besides the size of protein required for
the synthesis is greater than 10 kDa. The CFE prepared from cell activities meta-
bolically according to different phases of their growth (log phase, early or late sta-
tionary phase) where the early stationary phase of the cells is the most efficient for
Ag-MNPs synthesis. Furthermore, temperatures greater than 40 °C fall the
Ag-MNPs synthesis probably due to protein denaturation. Also, the Ag-MNPs syn-
thesis increases when pH rises too but there is the formation of agglomerates. Thus,
the authors confirmed the role of proteins in the Ag-MNPs synthesis and stabiliza-
tion. Finally, the anticancer activity of Ag-MNPs on early-stage of breast cancer line
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Fig. 4.3 Schematic illustration of the intracellular green synthesis of metal nanoparticles by fungi

MCF-7 cells was proposed (Kaler et al. 2013). In this case, Ag-MNPs synthesis
from CFE of other different fungi like Aspergillus niger, Aspergillus tamarii,
Aspergillus terreus, Aspergillus oryzae, Penicillium ochrochloron, Penicillium pur-
purogenum and Saccharomyces boulardii also used proteins for the green synthesis
processes (Nayak et al. 2011; Li et al. 2012; Kaler et al. 2013; Tarafdar and Raliya
2013; Devi and Joshi 2015). In addition, the Ag-MNPs were synthesized using cell
free supernatant from Aspergillus terreus and showed spherical shape and diameters
ranging from 1 to 20 nm. In this case, the key factors related to the Ag-MNPs syn-
thesis are (i) reaction was highly dependent on an active substance with a low
molecular weight (<7000 Da) and (ii)) NADH might be an important factor for the
synthesis suggesting NADH-dependent reductase activity. Moreover, the Ag-MNPs
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showed a promising broad-spectrum of antimicrobial activity against Staphylococcus
aureus, Pseudomonas aeruginosa, Escherichia coli, Candida albicans, Candida
krusei, Candida parapsilosis, Candida tropicalis, Aspergillus flavus and Aspergillus
fumigatus (Li et al. 2012).

Studies about the use of dead fungal biomass to MNPs synthesis have some
advantages such as (i) limited toxicity, (ii) storage for a long period of time, (iii) it
does not require growth media and nutrients for its maintenance (Salvadori et al.
2013, 2014a, b). The NiO-MNPs synthesis on film form using dead biomass from
Aspergillus aculeatus as reducing agent represents an environmental-friendly nano-
technological innovation. So, live biomass was autoclaved to obtain the dead bio-
mass and thus it was dried at 50 °C until becomes crispy. The dead biomass exhibited
the highest capacity to produce NiO-MNPs. Furthermore, the proteins probably act
as a capping agent for NiO-MNP and the fungi cell proteins are released during the
autoclaving process. Finally, these NiO-MNPs formed a film on the biomass surface
(Salvadori et al. 2014a, b).

Another example is the Ag-MNPs synthesis using inactivated biomass (boiling
aqueous extracts) of the mushroom Ganoderma neo-japonicu with size ranging
from 5 to 8 nm and spherical shape. The Ag-MNPs exhibited cytotoxic effects
against breast cancer cells (MDA-MB-231) with apoptotic features and suggested
that the generation of reactive oxygen species (ROS) have a significant role in apop-
tosis (Gurunathan et al. 2013). In addition, other promising examples for MNPs
synthesis using inactive cells are those from Rhodotorula mucilaginosa and
Volvariella volvacea suggesting that this strategy of sample preparation may be
promising for the green synthesis of MNPs.

Despite intracellular synthesis of MNPs (Fig. 4.3) is not well clarified, some authors
suggest the mechanisms involved in the process. Sastry et al. (2003) suggested an intra-
cellular mechanism for Ag-MNP synthesis from fungi Verticillium sp. that consist of
different steps: (i) the first step involves trapping of the Ag* ions on the surface of the
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fungi cell walls possibly via electrostatic interaction between the Ag* and negatively
charged carboxylate groups in enzymes present in the cell wall; (ii) the second step
refers to the reduction of the silver ions by enzymes present in the cell wall leading to
the formation of silver nuclei; (iii) the third step relates to growth of the nuclei by fur-
ther reduction of Ag* ions following metallic silver accumulation (Sastry et al. 2003).
Riddin et al. (2006) suggested that trapping of metal ions occurs through electrostatic
interactions between lysine residues and metal ions (Riddin et al. 2006). On the other
hand, Mukherjee et al. (2002) suggested that cell wall carbohydrates act as the major
reducing agents of metal ions (Mukherjee et al. 2002). Thus, the intracellular mecha-
nisms of MNPs synthesis need to be better clarified and need to extend these studies to
the other metals (Yadav et al. 2015).

Some authors suggested a correlation between the size of synthesized MNPs
with subcellular location, where the intracellular synthesis would form MNPs
smaller than those obtained by extracellular synthesis (Thakkar et al. 2010;
Narayanan and Sakthivel 2011; Yadav et al. 2015). In this case, the difference in
size could be possibly limited by the dimensions of intracellular regions which lead
to uniform particles and monodispersity (Nayak et al. 2011; Yadav et al. 2015).
However, the examples of intracellular synthesis are limited and need more infor-
mation to reinforce this correlation. The preference by extracellular synthesis occurs
due to the fact that this synthesis is processed in an easier manner because fungi
secrete large amounts of enzymes and/or other compounds and it is simpler to treat
with the biomass (Mukherjee et al. 2002; Ahmad et al. 2003; Bhainsa and D’Souza
2006; Yadav et al. 2015). In contrast, since intracellular synthesis takes place inside
the cell, its downstream process becomes difficult and hence the cost of MNPs syn-
thesis increases (Gajbhiye et al. 2009; Yadav et al. 2015). Thus, the extracellular
synthesis can be considered an important strategy for MNPs synthesis using fungi.

Finally, the mechanism of MNPs synthesis using fungi needs to be better understood,
besides the MNPs synthesis can be influenced by several factors and can decrease the
reproducibility of the synthesis and these factors will be described further.

3 Current Trends on Green Synthesis of MNPs Using Fungi

MNPs are mainly synthesized from noble metals such as gold or silver which share
potential for medical applications. The Ag-MNPs can have antimicrobial activity
against Staphylococcus aureus, Pseudomonas aeruginosa, Escherichia coli,
Candida albicans, Candida krusei, Candida parapsilosis, Candida tropicalis,
Aspergillus flavus, Aspergillus fumigatus, among others and combined synergisti-
cally with antibiotics or fungicides provide novel therapeutic platforms to the con-
trol of resistant microorganisms (Li et al. 2012). For example, Ag-MNPs synthesized
by Alternaria alternaria associated with fluconazole (a fungicide) showed maxi-
mum inhibition against Candida albicans (Gajbhiye et al. 2009). Furthermore,
Ag-MNPs can also be used for drug delivery to cancer treatment (Gurunathan et al.
2013; Moghaddam et al. 2015). Ag-MNPs and Au-MNPs kill cancer cells probably
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by induction of apoptosis but further studies are needed to understand their
mechanisms of action (Kaler et al. 2013). Au-MNPs can also display antiviral activ-
ity as well as theranostic applications (Moghaddam et al. 2015).

Other important medical applications for nanoparticles synthesized by fungi are
the bio-imaging and bio-labeling using metal nanoparticles and mainly quantum
dots (QDs). In spite of the fact that QDs are not MNPs per se, they are semiconduc-
tor nanoparticles which possess unique electronic and optical properties and have
been used as biological fluorescence markers, production of optoelectronic transis-
tor components and solar batteries (Wegner and Hildebrandt 2015). Fluorogenic
Cadmium sulfide (CdS) QDs synthesis by Phanerochaete chrysosporium showed
nanoparticles with an average size of 2.56 nm and a pure blue emission with a full
width at half-maximum narrower than 30 nm, indicating excellent optical proper-
ties. Thus, CdS QDs showed superior optical properties, low toxicity and applica-
tions in bio-imaging and bio-labeling (Chen et al. 2014).

Nanotechnology is an important field able to contribute in providing incremen-
tal solutions through green chemistry approaches for advancing food security
(Kashyap et al. 2013). Thus, MNPs can be applied as antimicrobial agents to the
management of plant pathogens serving as nano-pesticide (Roni et al. 2015), nano-
fungicide (Gajbhiye et al. 2009) and nanopackaging (Fayaz et al 2009). The use of
protective nanostructured coating and suitable packaging is very important to
increase shelf life of many edible products (Amini et al. 2014). The Ag-MNPs
synthesis from Trichoderma viride and their incorporation into sodium alginate for
vegetable (carrot—Daucus carota) and fruit (Pears—Pyrus communis) protection
due to its antibacterial activity against both Gram-positive (Staphylococcus aureus)
and Gram-negative (Escherichia coli) was investigated and suggested a great
potential for active food packaging (Fayaz et al 2009). Thus, MNPs can help agri-
culture, food, feed and environment.

Nanomaterials can have important applications in different fields such as photo-
electric materials, recording media, catalysts, sensors, ceramic materials and oth-
ers (Patil et al. 2011; Salvadori et al. 2014a, b). Nickel oxide nanoparticles
(NiO-MNPs) can exhibit particular catalytic, magnetic properties among others
(Patil et al. 2011; Salvadori et al. 2014a, b). Salvadori et al. 2014a, 2014b reported
for the first time the synthesis and uptake of NiO-MNPs organized in a nanostruc-
tured film form by dead biomass from Aspergillus aculeatus being a unique
environmental-friendly process (Salvadori et al. 2014a, b). Another study using the
dead biomass from Rhodotorula mucilaginosa may be considered an efficient bio-
process, being fast and low-cost to production of copper nanoparticles (Cu-MNPs)
and a probable nano-adsorbent of this metal in wastewater for bioremediation
(Salvadori et al. 2014a, b). CdS has many promising applications in fields such as
photochemical catalysis, nonlinear optical materials, detectors for laser and infra-
red, gas sensor, solar cells and various luminescence devices (Hullavarad et al.
2008). Thus, the cadmium sulfide nanoparticles (CdS-NPs) synthesis has been
considered a modern growing field of research due to its relevant physical, optical
and chemical properties (Hullavarad et al. 2008). Trichosporon jirovecii was used
as biological source for the synthesis of CdS-NPs being considered the first study
related to eco-friendly biosynthesis of CdS-NPs using fungi (El-Baz et al. 2015).
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4 Reproducibility Challenges for the Green Synthesis
of MNPs Using Fungi

The MNPs synthesis using biological materials has a great challenge regarding the
reproducibility. The factors that influence the MNPs synthesis by fungi which may
impair their reproducibility are: (i) fungi species and/or strains may have genetic and/
or biochemical variability which can result in changes in the cellular structure, metab-
olism and chemical composition (Griffin 1994; Treseder and Lennon 2015; Prasad
etal. 2015). In addition, the location and collection conditions, the presence of stressor
agents (biotic or abiotic) or even the cultivation conditions may be related with the
alterations described previously. Some strategies can be used aiming biological mate-
rial homogeneity and are described in Table 4.2. In this case, it can be observed a great
difference between distinct fungi species towards MNPs synthesis like reported
(Moghaddam et al. 2015; Yadav et al. 2015); (ii) cultivation in different substrates
indicates that the fungi can be found in different ecosystems and its cultivation condi-
tions can also be drastically different. However, a standardization of cultivation con-
dition is essential for the establishment of ideal conditions for fungi growth and also
to maintain the biological material homogeneity; (iii) sample preparation methods are

Table 4.2 Factors that influence MNPs synthesis using fungi and strategies to improve the
reproducibility

Factors that
influence the

synthesis Strategies that can improve the reproducibility
Species and/or Selection of genetically stable species and/or strains
strains Selection of species and/or strains that present a quick and easy

cultivation as well as check the degree of pathogenicity and achieve
selection according to application of MNPs

Standardization of a preservation method more effective for the species
and/or strains that seeks the significant reduction of cellular metabolic
activity, allowing their preservation for years as the cryopreservation,
lyophilization, among others

Cultivation Standardization of cultivation conditions such as the substrate type, pH,
condition of the temperature, oxygenation, among others
fungi Determination of the fungi growth curve to choose the best phase for the

MNPs’ synthesis

Sample preparation | Determine the best condition of sample preparation in accordance with
condition the goal of the study and its standardization

Metal species Choice of metal species (regarding cost-benefit, potential reduction for
synthesis as well as application)

Standardization of metal species concentration
pH Standardization of ideal pH for the MNPs synthesis
Temperature Standardization of ideal temperature for the MNPs synthesis

Time Standardization of ideal time of reaction for the MNPs synthesis
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diversified including active filtered or centrifuged cells, dead cells by boiling or
autoclaving, proteins or enzymes secreted to the external environment, among others.
In this case, it can be observed great difference between MNPs’ synthesis by fungi
indicating that the form of preparation is also an important factor to the sample repro-
ducibility (Salvadori et al. 2014a, b; Devi and Joshi 2015; Gurunathan et al. 2013;
Quester et al. 2013; Vainshtein et al. 2014). The sample concentration used for the
MNPs’ synthesis can also be an important factor to be considered to the reproducibil-
ity of the final outcome; (iv) the metal species, the concentration of metal species, pH,
incubation time and temperature are other essential factors for the MNPs synthesis
using fungi (Kaler et al. 2013; Kashyap et al. 2013; Quester et al. 2013; Alghuthaymi
et al. 2015; Kitching et al. 2015; Prasad et al. 2015). Thus, the uses of strategies fine-
tuning the factors that influence the MNPs’ synthesis are essential for different appli-
cations consequently improving the reproducibility of the process.

5 Scaling-Up Challenges for the Green Synthesis of MNPs
Using Fungi

Scaling-up the green synthesis of MNPs using fungi or any other biological agent is
a challenging process which requires technical and strategic understanding of a
plethora of important and fundamental concepts of bioprocess engineering. These
steps range from biological aspects of the fungal biochemistry like secondary
metabolites and macromolecules content and concentration to engineering aspects
such as the growth conditions and other variables. Several abiotic and biotic factors
can affect fungal growth and consequently the production of macromolecules and
secondary metabolites associated with the green synthesis of MNPs. Abiotic factors
include humidity (water), pH (acid or basic), light, gases (CO,, O,), temperature and
nutrients (macroelements and microelements); and biotic factors include the popu-
lation size and cellular specializations.

6 Predictability Challenges for the Green Synthesis
of MNPs Using Fungi

The most challenging topic in green synthesis of MNPs by fungi or any other biologi-
cal source is the unpredictability of the reactions outcome on the basis of the initial
properties (e.g. reagents concentration and ratio; temperature; pH; reaction time). In
fact, the green synthesis of MNPs by fungi is an empirical and multifactorial process
that is difficult to predict by computational methods, even with a small number of
variables or reaction conditions. Indeed, the possibilities can grow exponentially
when multiple factors are combined. Next years may soon bring good news but there
is no current solution for this challenging issue that deserves to be cited here.
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7 Risk Assessment and Risk Management Challenges
for Applicability of MNPs Obtained by Green
Synthesis Using Fungi

Evaluating the risks and benefits constitutes an essential step to be considered dur-
ing the development of new nanomaterials, including MNPs (Cobb and Macoubrie
2004; Maynard et al. 2006; Besley et al. 2008; Kahan et al. 2009). Current
approaches in risk assessment and management for using MNPs are generally based
on the properties of their constituents and their hierarchical organization and archi-
tecture at nanoscale. Indeed, the use of greener methods commonly represents
decreased risk to the environment and human health. However, this is a controver-
sial issue and some scholars disagree with this opinion. But there is an apparent
consensus that the choice of non pathogenic or harmless fungi (e.g. Saccharomyces
cerevisiae and edible mushrooms) towards the green synthesis of MNPs can be an
important point to be considered by researchers.

8 Regulatory Challenges for Applicability of MNPs
Obtained by Green Synthesis Using Fungi

The regulatory challenges in nanotechnology field are commonly based on the risk
management and safety (Besley et al. 2008). However, there is almost consensus
that the regulation of green nanotechnology initiatives must be different from con-
ventional nanotechnologies because they are based on green chemistry principles
and practice. Clearly, the quest for greener MNPs must be conducted in a framework
of the evaluation of impacts (positive or deleterious) to humans and environment
and MNPs produced by fungi must be considered in this scenario during future
discussions on regulatory streamlining.

9 Conclusions

Fungi are an excellent source of compounds useful for the green synthesis of MNPs
to be applied in medical, agricultural and environmental areas. The MNPs synthesis
by fungi can be easier and simpler than similar approaches with other biological
sources mainly due to the fact that they produce and secrete high amounts of
enzymes. The MNPs synthesis by fungi depend on many factors as the biological
material (e.g. species and/or strains; cultivation and sample preparation) and syn-
thesis conditions (e.g. metal species and concentration; pH; temperature; and time
of incubation) being strategies necessary to improve the reproducibility of the
MNPs synthesis. Anyway, the advantages and disadvantages (Table 4.3) in using
fungi to synthesize MNPs must be clear and next years will prove (or not) fungi are
good candidates for green synthesis approaches.
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Table 4.3 Fungi as biological sources for the MNPs synthesis: advantages and disadvantages

Advantages Disadvantages

High tolerance to metals Contaminants

Cultivation in bioreactors Standardization and maintenance
growth

Low cost culture media including agroindustrial Maintenance of genetic stability

byproducts and waste Maintenance of growth

Standardization and control growth conditions

Homogeneous samples

Scalability to industrial process

Extracellular synthesis:

Enzymes end/or metabolites (e.g. secrete high amounts;
easier purification)

Active biomass

Inactive biomass (e.g. storage for long period of time)

MNPs’ synthesis with different size and shape in control
conditions
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Chapter 5

Microbial Enzymes: Current Features
and Potential Applications

in Nanobiotechnology

Mohammadhassan Gholami-Shabani, Masoomeh Shams-Ghahfarokhi,
Zeynab Gholami-Shabani, and Mehdi Razzaghi-Abyaneh

Abstract Nanobiotechnology is an immensely developing field of biotechnology
due to its wide-ranging applications in different areas of science and technology. It
is an integration of different fields of science which holds promise in the pharma-
ceutical industry, medicine, and agriculture. The synthesis of mono-dispersed
nanoparticles with various sizes and shapes has been a big challenge in nanotech-
nology. Although different physical and chemical methods have been extensively
used to produce mono-dispersed nanoparticles, these methods suffer from large
limitations of toxicity and adverse reactions for the biological systems. In recent
years, interest in employment of enzymatic systems like as fungal and bacterial
enzymes as cell-free systems in production of nanoparticles with new biological
activities has increased dramatically as efficient routes over traditional synthesis by
whole organisms. Since various enzymes have different capacities for synthesis of
nanoparticles in a diverse range of shapes and sizes, it is very important to find suit-
able enzymes for such purposes and improve the method for suitable conditions of
nanoparticle synthesis. Enzymatically-synthesized nanoparticles have several advan-
tages over those synthesized by microbial biomasses and culture supernatants.
Besides meaningful decrease of the downstream steps needed for purification of pro-
duced nanoparticles, they have high potential for manufacturing applications as the
enzymes can be immobilized for recycling in nanoparticle synthesis. Likewise,
microbial enzymes have great importance in the progress of industrial bioprocesses
with potential application in pulp and paper industries, detergents and textiles, phar-
maceuticals, chemicals, food and beverages, biofuels, animal feed and personal care.
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Today, there is an urgent need for newly developed versatile enzymes in order to use
in economically nanoparticle production processes. Microbial diversity and innova-
tive molecular techniques, such as metagenomics and genomics, are being used to
discover novel microbial enzymes whose major properties can be improved by dif-
ferent strategies based on rational, semi-rational and random directed evolution.
Nearly all industrial enzymes are recombinant forms produced in bacteria and fungi.
In this chapter, we highlight current status and future prospects of cell-free synthesis
of biologically active nanomaterials using enzymes originated from fungi, bacteria
and actinomycetes as an important part of biodiversity.

1 Introduction

Nanotechnology and nanoscience is the most innovative and advanced field of
twenty-first century. Wide general research is going on for commercializing nano-
products all over the world. Due to their unique properties, nanoparticles have
gained significant importance compared to bulk counterparts (Guo 2012;
Asmathunisha and Kathiresan 2013; Tran and Le 2013). Metal nanoparticles with
fascinating chemical and physical properties are ideal building blocks for engineer-
ing and modifying nanoscale structures for specific technological applications
(Mukherjee et al. 2012; Ghaseminezhad et al. 2012). Nanostructured metal colloids
have been generated by both the so-called “top down” and “bottom up” approaches.
However, in compare to “top-down” methods, “bottom-up” procedures allow an
almost flexible and low-cost preparation, being therefore more intensively exam-
ined during the past two decades (Heath 1999; Xia et al. 2013). The word “nano-
technology” appears to propose something that belongs far in the future or in the
area of our favorite sci-fi movies. But metal nanoparticles, one of the most impor-
tant “building blocks” of nanotechnology are all around us right now, and have been
all around us during human history. They were with us when human beings began
production their first tools, and they are current in products we buy every day. They
largely flew under the radar until electron microscopes become ordinary place sev-
eral decades ago, but now, the more we turn our microscopes on everyday objects,
the more nanoparticles we seem to find. Some metal ions might be adsorbed and
more reduced to metal nanoparticles by microorganisms, biomass, plants, etc.
Inspired via the natural environment model for the creation of metal nanoparticles,
biosynthesis has appeared as novel and alternatively attractive synthetic procedures
for metal nanoparticles. Metal nanoparticles are of great attention owing to their
novel physicochemical, magnetic, and optoelectronic properties that are adminis-
tered via their shape, size, and size distribution (Wei et al. 2012; Arjunan et al. 2012;
Mittal et al. 2013). Several microorganisms have been successfully used for intra-
cellular and extracellular biosynthesis of metal nanoparticles (Fig. 5.1). Kalishwaralal
et al. (2009) reported biological synthesis of gold nanocubes from Bacillus licheni-
Jformis. Beveridge and Doyle (1989) reported for the first time that gold particles of
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nanoscale dimensions could form inside the cell walls of Bacillus subtilis. Also,
Pseudomonas stutzeri AG259 was the first bacterium that used for synthesis of sil-
ver nanoparticles (Klaus et al. 1999). The first biosynthetic approach including
fungus-mediated methods for the metal nanoparticle synthesis was observed in the
beginning of the twentieth century, and silver nanoparticles with diameter of
25+12 nm were synthesized by the fungus Verticillium (Mukherjee et al. 2001).
One of the first plants used as a source for the biosynthesis of metal nanoparticles
was alfalfa sprouts (Gardea-Torresdey et al. 1999, 2003). The convergence between
biology and nanotechnology has generated the innovative field of nano-biotechnol-
ogy that includes the use of biological entities such as fungi, bacteria, actinomy-
cetes algae, viruses, yeasts, plants, proteins and DNA in a number of biophysical
and biochemical processes (Fig. 5.1). The biological synthesis via nanobiotechnol-
ogy procedures have an important potential to improve nanoparticle production
without the use of toxic, harsh and expensive chemicals commonly used in conven-
tional chemical and physical procedures (Prasad 2014; Prasad et al. 2015). The aim
of this chapter is to present a brief overview of the procedures used to characterize
metal nanoparticles, microbial approaches for synthesis metal and metal oxide
nanoparticles, use of plants for synthesis of metal nanoparticles, proteins/enzymes
or the biomolecules extracted from microorganisms and plants, factors influencing
the procedure of nanoparticle biosynthesis, possible mechanisms involved in
nanoparticle synthesis and growth, and potential applications of metal nanoparticles
synthesized by natural biological sources.
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2 Advantages of Microbial Cell Factories

Different kinds of chemical and physical approaches are used for the synthesis of metal
nanoparticles. The use of these production techniques needs both strong and weak
chemical reducing agents and protecting agents (sodium citrate, sodium borohydride
and alcohols) which are generally toxic, piceous, cannot be simply disposed of owing
to environmental problems and also indicating a low synthesis rate (Mukherjee et al.
2001; Singaravelu et al. 2007; Saifuddin et al. 2009; Philip 2009; Gurunathan et al.
2015) Also, these methods are usually expensive and inefficient regard to the energy
and materials used. Furthermore, in many cases, production is approved out at higher
temperatures, which produce huge amounts of heat. Similar to thermal decomposition
process, producing is carried out at very high temperature (Mohanpuria et al. 2008;
Iravani et al. 2014). The biological systems for the green synthesis of metal nanopar-
ticles engage use of natural agents like fungi, yeast, algae, bacteria, and actinomycetes
(Reddy et al. 2010; Roopan et al. 2014; Rajeshkumar et al. 2014; Prasad et al. 2015).
Therefore, the biological systems offer an extensive range of resources for the “green-
synthesis” of metal nanoparticles (Fig. 5.2). The amount of reduction of metal ions via
natural agents is creating to be much faster and also at room temperature and pressure
conditions (Mishra et al. 2014). For example, in case of metal nanoparticle synthesis by
Aspergillus niger, biosynthesis of silver nanoparticles was detected within 3-5 h of
treatment of the fungal filtrate with silver nitrate (AgNO;) solution (Gade et al. 2008).
Therefore, the biological method needs smallest time for biosynthesis of metal nanopar-
ticles. Size and shape—controlled metal nanoparticles could be produced via monitor-
ing the pH or the temperature of the reaction mixture. In biosynthesis of metal
nanoparticles, different shape morphologies (spheres, triangle, hexagons, cubic, and
rods) can be obtained via controlling the pH of the reaction mixture (Sau and Murphy
2004; Gericke and Pinches 2006b; Grzelczak et al. 2008; Geng and Grove 2015). It has
been shown that at high temperatures, lesser amounts of metal nanoparticles were pro-
duced, while at room temperature, higher amounts of metal nanoparticles were
detected. The natural agents such as fungi and bacteria produce a large amount of
proteins, which are able of hydrolyzing metals and so cause enzymatically reduction of
metals ions (Geng and Grove 2015; Gholami-Shabani et al. 2015). In case of fungi and
bacteria, the oxidoreductase enzymes are found to be responsible for the biosynthesis
of metal nanoparticles (Gholami-Shabani et al. 2014, 2015). Besides oxidoreductases,
some other enzymes like as a-amylase has been successfully used for synthesis of
metal nanoparticles (Ahmad et al. 2015). The biomass used for the synthesis of metal
nanoparticles is greener, simpler to use, gets easily prepared of in the environment and
moreover has the easier downstream processes. Production can be carried out at room
temperature and need no specialized pressure conditions as well as less amounts of
chemical materials (Riddin et al. 2009; Gholami-Shabani et al. 2014). The biosynthe-
sizing method is easier, low-cost, and nontoxic. Therefore, green synthesis of metal
nanoparticles shows to be more efficient compared with the chemical and physical
approaches owing to its environmentally-friendly phenomenon and the fact that each
microbial cell can be used as a factory for synthesis metal nanoparticles (Fig. 5.3).
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3 Characterization Methods

To date, various approaches are developed for synthesis metal and metal oxide
nanoparticles. However, these methods are restricted to two general approaches and
can be defined as either “top-down” or “bottom-up” methods (Wang and Xia 2004;
Mijatovic et al. 2005). The “top-down” method begins with a material of interest,
which then undergoes size decrease by chemical and physical procedures to synthesis
nanoparticles (Fig. 5.4). Significantly, metal nanoparticles are highly depending on
their shape, size, surface structure and processing tends to present surface limitations.
These surface limitations can remarkably affect the overall metal nanoparticle surface
physicochemical properties (Kelly et al. 2003; Noguez 2007). In the bottom-up
approach (Fig. 5.4), nanoparticles are built-up atom by atom, molecules and smaller
particles/monomers by self-organization or self-assembly (Weller 2003; Ananikov
et al. 2007). In both methods, the resulting metal nanoparticles are characterized by
different approaches to determine properties such as size distribution, particle size,
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shape, and surface area. This is of specific significance if the properties of metal
nanoparticles essential to be homogeneous for a specific application. In the example
of biological and chemical synthesis of metal nanoparticles, the aqueous metal ion
predecessors from metal salts are reduced and as a product, a color change happens in
the reaction mixture. This is the first qualitative sign that metal nanoparticles are being
built. One fascinating property of the colloidal particles in solution, owing to their
shape and size is their capability to be seen when a laser beam passes through the col-
loidal solution. This impact is well-known as the “Tyndall effect” and is an easy and
simple system that can be used to identify the existence of metal nanoparticles in solu-
tion (Poinern 2014). After the reaction, produced colloidal nanoparticles can be sepa-
rated by high speed centrifugation and then can be observed via advanced
“nano-characterization” systems. Metal nanoparticles are usually characterized via
their size, shape, disparity, and surface area. The common devices used for character-
ization of nanoparticles are UV—visible spectroscopy, Fourier transform infrared (FT-
IR) spectroscopy, dispersive X-ray spectroscopy (EDS), scanning electron microscopy
(SEM), energy transmission electron microscopy (TEM), atomic force microscopy
(AFM), X-ray diffraction (XRD), dynamic light scattering (DLS) and Raman spec-
troscopy. Microscopy-based methods such as TEM, SEM and AFM are considered as
direct techniques of gaining data from images taken of the metal nanoparticles. In
particular, both TEM and SEM have been extensively used to characterize morphol-
ogy and size features of metal nanoparticles (Eppler et al. 2000; Feldheim and Foss
2002; Cao 2004; Poinern 2014). Spectroscopy-based methods such as UV-vis, FT-IR,
DLS, EDS, XRD and Raman are considered indirect techniques of gaining data
related to structure, composition, crystal phase and other properties of metal nanopar-
ticles. UV—visible spectroscopy is a generally used system. The light wavelengths in
the range of 200—700 nm are commonly used to characterize a range of metallic and
metal oxide nanoparticles. Spectrophotometric absorption measurements in the wave-
length ranges of 400—450, 500-550, and 300—400 nm are used to characterize silver,
gold, and zinc oxide nanoparticles, respectively. FTIR spectroscopy is suitable for
characterizing the surface chemistry of nanoparticles. Biological functional groups
(e.g., carbonyls, hydroxyls) attached to the surface of metal nanoparticles and the
other surface chemical residues are detected via FTIR spectroscopy. When the biosyn-
thesis is completed, the shape, size and dispersion state of metal and metal oxide
nanoparticles are typically measured using SEM, TEM, and AFM. SEM and TEM are
used for morphological characterization on the nanometer to micrometer scale. TEM
has a 1000-fold higher resolution than SEM. The elemental composition of nanopar-
ticles is generally recognized using energy dispersive spectroscopy (EDS). AFM pro-
vides imaging in three dimensions. The resolution in the vertical, or Z-axis, is limited
via the vibration environment of the tool, whereas the resolution in the horizontal, or
X-Y-axis, is limited via the diameter of the tip used for scanning. AFM affords surface
characterization on the atomic scale. XRD is applied for identification and properties
of the crystal structure of metal nanoparticles. X-rays penetrate into the nanomaterials
and the resulting diffraction pattern is compared with standards to gain structural
information. DLS is useful to determine the surface charge and size distribution of
nanoparticles suspended in a liquid.
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4 Bio-Inspired Synthesis of Metal Nanoparticles

Microbial-nanotechnology is the border between ‘Nanotechnology’ and Microbiology
(bacteriology and mycology) and has substantial potential, somewhat due to the var-
ied species and variety of the microbes (Honary et al. 2012; Jain et al. 2013;
Ramamurthy et al. 2013). Metal nanoparticles are observed as the important structure
in nanotechnology (Nagajyothi et al. 2012; Kharissova et al. 2013). They are the
beginning points for making a lot of nano-structured materials and machines.
Presently, there is a developing essential to via biologically environmentally friendly
metal nanoparticles that do not products toxic damages in their synthesis procedure.
Recent studies have shown that the biological synthesis of nanoparticles using micro-
organisms and plants is much cheaper, greener, safer and environmentally friendly
(Fig. 5.2) (Ayaseelan et al. 2012; Rajakumar et al. 2012; Asmathunisha and Kathiresan
2013; Prasad 2014; Prasad et al. 2015). Both microorganisms and plants are shown to
have the capability to absorb and collect inorganic metallic ions from their close envi-
ronment. These charming properties make many bio-production and bioremediation
systems efficient biological factories able of considerable decreasing environmental
toxic waste and recovering heavy metals from manufacturing waste. Essentially, the
capability of a biological system to use its intrinsic biochemical procedures to change
inorganic metallic ions into nanoparticles has shown to a reasonably new and mostly
unknown field of research (Gholami-Shabani et al. 2012). Today, the capability of
microorganisms to cooperate in extraction, and a mass metallic materials from their
environments has been capitalized on in a number of biotechnological applications
including “bioleaching” and “bioremediation” (Mann 2001; Dujardin and Mann
2002; Xu et al. 2007; Meldrum and Célfen 2008). The capability of microorganisms
to interact with their close environment, using structure of their lipid-built amphipa-
thic membranes allows a variation of “oxidoreduction mechanisms” to happen and
support of biochemical changes (Kumar et al. 2007; Gholami-Shabani et al. 2014,
2015, 2016). Previous studies have shown that prokaryotes and eukaryotes succeed
both “intracellular” and “extracellular” synthesis of nanomaterials as shown in
Table 5.1, and in the example of metal and metal oxide nanoparticle synthesis, cultur-
able microorganisms in specific medium can also support them in helping to oxidore-
duction occurrence (Gericke and Pinches 2006b; Narayanan and Sakthivel 2010;
Mishra et al. 2014; Huang et al. 2015). The particular oxidoreduction mechanisms
create the core and then, metallic nanoparticles are made. More information is needed
for fully explain differences in nanoparticle morphology and size between various
metals when produced using the similar microorganisms (Dhanasekar et al. 2015;
Show et al. 2015). Metal nanoparticles can be produced in the periplasmic space
between the cytoplasmic and outer membranes. A periplasm is also present in gram-
positive bacteria between the cytoplasmic membrane and the peptidoglycan, on the
cell-wall and external the cells. It is fictional that numerous microbial enzymes take a
dynamic part in the bio-reduction procedure of transferring electrons from definite
electron donors to metal electron acceptors for various microorganisms. The role of
microbial enzymes in the production of nanoparticles has been widely studied in
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Table 5.1 Biologically-synthesized metal nanoparticles produced by fungi and bacteria

Microorganism Nanoparticles | Size (nm) | Morphology Reference
Aspergillus clavatus Silver 10-25 Spherical, Verma et al. (2010)
hexagonal
Aspergillus flavus Silver 8.92+1.61 |Irregular Vigneshwaran et al.
(2007)
Aspergillus fumigatus Silver 5-25 Spherical Bhainsa and
D’Souza (2006)
Aspergillus niger Silver 20 Spherical Gade et al. (2008)
Cladosporium Silver 10-100 Spherical Balaji et al. (2009)
cladosporioides
Alternaria alternata Silver 20-60 Spherical Gajbhiye et al.
(2009)
Fusarium acuminatum | Silver 5-40 Spherical Ingle et al. (2008)
Fusarium oxysporum Silver 5-50 Spherical Ahmad et al. (2003)
Fusarium semitectum Silver 10-60 Spherical Basavaraja et al.
(2008)
Fusarium solani Silver 5-35 Spherical Gade et al. (2009)
Penicillium Silver 23-105 Spherical Shaligram et al.
brevicompactum (2009)
Penicillium fellutanum | Silver 1-100 Spherical Kathiresan et al.
(2009)
Alternaria sp. Gold 7-18 Quasi- Dhanasekar et al.
spherical, (2015)
Spherical
Botrytis cinerea Gold 1-100 Irregular Castro et al. (2014)
Thermus scotoductus Gold ND Triangular, Erasmus et al.
Hexagonal (2014)
Brevibacterium casei Gold, silver 10-50 Spherical Kalishwaralal et al.
(2010)
Klebsiella pneumoniae | Gold 35-65 Spherical Malarkodi et al.
(2013)
Rhodopseudomonas Gold 10-20 Irregular He et al. (2007)
capsulata

recent years. This is also true that use of biological proteins/enzymes can be important
for the synthesis of metal nanoparticles (Gholami-Shabani et al. 2015; Huang et al.
2015; Sharma et al. 2015). Therefore, optimization of culturing parameters for exam-
ple light, temperature, nutrients, and buffer strength can considerably raise microbial
enzyme activity. Nanoparticles such as silver, gold, cadmium sulfite, copper oxide,
platinum and zinc oxide have grown significant in recent years due to their basic
and technological interest. Some fungi, yeasts and bacteria and currently microbial
proteins play a significant role in emendation of toxic metals via reduction of the
metal ions. Such as, biologically environmentally friendly microorganisms’ enzymes
could reduce the toxicity in the method of metal nanoparticle synthesis by reduction
of the metal ions (Gholami-Shabani et al. 2014, 2015; Huang et al. 2015). While
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concentrating on the synthesis of nanoparticles using microbial enzymes, they were
observed that metal nanoparticles of good sizes and well monodispersity could be
produced (Kumar et al. 2007; Riddin et al. 2009; Gholami-Shabani et al. 2014, 2015).
As microbes have the ability to spatter considerable amounts of proteins, they might
affect the substantial mass productivity of metal nanoparticles. The microbial proteins
are able of reducing metal salts. Furthermore, bacteria and fungi are easy to isolate
and culture. Also, the downstream processes when using of microbial enzymes are
less complex than the synthetic approaches (Gholami-Shabani et al. 2014). Recently,
the employment of biological methods, mainly bacteria and fungi proteins, has used
as a new system for the synthesis of metal nanoparticles (Gholami-Shabani et al.
2015, 2016). At the nanoscale, characterization of materials is considerably dissimilar
from their macroscopic mass characterization (Wei et al. 2012; Arjunan et al. 2012;
Mittal et al. 2013).

5 How Microorganisms Tolerate Toxic Metal Ions?

Biotechnology targets to produce value via transforming a cheap material into an
expensive product. There are three parts for using heavy-metal resistance in bio-
technology: first, adding metal resistance to a microorganism could facilitate a bio-
technological procedure, which could or could not be linked to heavy metals.
Second, heavy-metal-resistant fungi and bacteria could be used for any kind of bio-
mining of expensive metals, directly on ores or by recovering metals from waste
materials of industrial processes. Third, heavy metal-resistant fungi and bacteria
could be used for bioremediation of metal-contaminated environments. How metal
resistance can be gained by a microorganism of biotechnological use depends on the
amount of control one has over the procedure, which itself depends on the increase
of value the procedure produces. In a highly controlled fermentor reaction, adding
of a heavy metal-resistance determinant into the chromosome of a particular micro-
organism is easily carried out by molecular biological approaches, if the toxic effect
of a heavy metal has to be reduced. On the other hand, a sewage plant with restricted
control over the cleaning process probably does not allow the use of a highly modi-
fied organism. However, in these cases, heavy-metal resistant fungi and bacteria
may be recognized in the sewage plant, or plasmids with a broad host range of
replication and metal-resistance expression could easily be introduced into the bac-
terial community. The presence of heavy metals will cause the plasmids to be stably
maintained in the bacterial population. In all cases, determinants for efflux systems
should be used, since detoxification by efflux is more economical for bacteria than
binding, except in the case of mercury. Scientists have used the natural ability of
microorganisms to convert metal-salt solutions into metal nanoparticles (Fig. 5.5).
Klaus et al. (1999) reported Pseudomonas stutzeri AG259 used to produce silver
nanoparticles. Microbial resistance against the toxicity of silver ions is necessary to
produce silver nanoparticles and accumulate them outside the cytoplasmic membrane.
Mukherjee et al. (2001) reported the use of Verticillium in the intracellular synthesis
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Fig. 5.5 Proposed mechanism of cellular conversion of metal-salt solutions to metal nanoparticles

of metal nanoparticles. They indicated that the toxic properties of silver ions could
be decreased by reducing silver ions to silver nanoparticles inside the cells, which
were alive and could more re-growth after reduction. Silver nanoparticles were also
synthesized via silver nitrate reduction by Lactobacillus strains (Nair and Pradeep
2002). While the particular silver-resistant mechanism was not explained in this
research, more studies related to the extracellular synthesis mechanism of silver
nanoparticles using silver-resistant Morganella sp. established via three homolo-
gous genes silP, silE and silS which were closely related with silver-resistance
(Parikh et al. 2008). Several proteins were found to be unknown external the cell
during the growth and were proposed as being responsible for the reduction of silver
ions and synthesis of silver nanoparticles in the extracellular micro-environments
(Mukherjee et al. 2001; Das et al. 2012a, b). Ahmad et al. (2003) first reported the
extracellular synthesis of nanoparticles by eukaryotic systems such as fungi. They
presented that unknown enzymes are responsible in the reduction procedure.
Extracellular production is valuable as the synthesized metal nanoparticles will not
bind to the biomass and it is so potential to extend this method for the biosynthesis
of metal nanoparticles over a range of chemical compositions, such as oxides,
nitrides, and so far. Very recently, Lin et al. (2014) studied the biosynthesis of silver
nanoparticles upon reduction of silver ions by the periplasmic “nitrate reductase”
c-type cytochrome subunit NapC in a silver-resistant Escherichia coli in anaerobic
conditions. They indicated that c-type cytochromes such as NapC found in the peri-
plasm could reduce silver ions to silver nanoparticles. Produced silver and gold ions
are less toxic to microbes. Das et al. 2012a, b established a complete research on the
characterization of reduction method of gold ions in the fungus Rhizopus oryzae to
form gold nanoparticles. Growing of the fungus in the existence of sub lethal gold
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ions concentrations (130-150 mM) induced stress response proteins which were
associated with the synthesis of gold nanoparticles. Two cytoplasmic proteins of
about 45 and 42 kDa were shown to be responsible for the bio-production of gold
nanoparticles. Also, a protein with 80 kDa was reasonably suggested to work as a
capping agent for gold nanoparticles. Ro"sken et al. (2014) studied the time-related
synthesis of in vivo gold nanoparticles in a cyanobacterium named Anabaena sp.,
using 0.8 mM gold salt. All microorganisms appeared to be dead after eight days
owing to the absorption of gold nanoparticles. In some cases, gold salt could not be
absolutely reduced using microorganisms. The reduction of gold salt necessary the
involvement of electron donors as established in the rapid synthesis of gold nanopar-
ticles in the periplasmic space by Shewanella algae ATCC 51181 via hydrogen as
electron donor (Konishi et al. 2006, 2007a, b). The microbial reduction of palladium
and platinum ions is performed in the presence of an electron donor. Reduction of
palladium ions by Desulfovibrio desulfuricans NCIMB 8307 in the presence of
hydrogen or formate as the electron donor is a good example in this regard (Yong
et al. 2002). Palladium nanoparticles cannot be produced by bacteria without the
addition of an electron donor. Likewise, platinum nanoparticles could be synthe-
sized using D. desulfuricans NCIMB 8307 and hydrogen as electron donors. Using
sodium lactate as an electron donor, platinum nanoparticles could also be produced
from S. algae ATCC5118161 and E. coli MC410062 using hydrogen as the electron
donor (Yong et al. 2007; Konishi et al. 2007a, b; Attard et al. 2012). Recently, Yates
etal. (2013) showed that palladium nanoparticles synthesized outside the Geobacter
sulfurreducens cells could decrease the toxicity of metal ions and allow the recovery
of palladium nanoparticles without cell damage. However, the resistance of the
associated microorganisms against palladium and platinum ions was little dis-
cussed; therefore, it is unclear whether silver or gold resistance is applicable to that
of palladium and platinum ions. As much as the resistance against other metals is
worried, a few reports are obtainable for the microbial reduction. A recent presenta-
tion pointed of the production of stable cooper nanoparticles by silver-resistant
Morganella morganii RP42. It was claimed that cooper ions were up-taken by M.
morganii using the similar proteins involved in silver ion uptake from previous stud-
ies (Ramanathan et al. 2011). The resulting cooper nanoparticles were then released
into the media by the bacterial efflux structure. When compared to other kinds of
microorganisms, their eco-friendliness and simplicity during study lead to increas-
ing the use of fungi in “green synthesis”. Another important reason for choosing the
technique of synthesis is the reaction speed. First reported of rapid production using
fungi was using Aspergillus fumigatus that allowed gaining mono-dispersed silver
nanoparticles within 10 min. Also, one of the most common molds Aspergillus
Jfumigatus was used to production silver nanoparticles in a matter of minutes, when
silver ions entered into interaction with the cell filtrate. These research were clear
examples describing appropriateness and the potential of using fungi for mass syn-
thesis of nanoparticles. More recently, nanoparticles synthesized using Aspergillus
flavus were combined with antibiotics to improve the biocidal efficiency against
multidrug-resistant bacteria (Roy and Das 2015).
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In addition, the metal-resistance abridged above, proteins and enzymes show
vital types in the microbial reduction of metal salts. While some innovative studies
were presented the identification of amino acids and enzymes involved and accept-
ing of their properties in microbial reduction remains an important challenge.
Table 5.2 summarized some cases of enzymes involved in the microbial reduction
of metal salts. Intracellular production of nanoparticles is usually achieved by bac-
teria. Synthesis of gold nanoparticles via reduction of gold salt (gold chloride
hydrate) by Lactobacillus strains is one of the first reports on microbial synthesis of
nanomaterials (Nair and Pradeep 2002). Authors believed that gold salts were
reduced by enzymes and sugars on bacterial cell walls. However, no experimental
indication was provided. Ahmad et al. (2003) established the use of individual-
spore bacteria (Thermomonospora sp.) for synthesis gold nanoparticles at 50 °C.

Table 5.2 Enzymatically-synthesized metal nanoparticles produced by fungi and bacteria

Microorganisms NP type | Size (nm)| Morphology| Enzyme Reference
Fusarium oxysporum | Silver 2040 Spherical | NADH- Mukherjee et al
dependent (2002)
reductase
Fusarium oxysporum | Silver 50 Spherical | Nitrate reductase| Gholami-Shabani
et al. (2014)
Fusarium oxysporum | Gold 7-20 Spherical | NADPH- Kumar et al. (2007)
dependent sulfite
reductase
Fusarium oxysporum | Platinum | 70-180 | Spherical | Hydrogenase Govender et al.
(2009)
Rizopus oryzae Gold 15 Icosahedral | Cytoplasmic Das et al. (2012a,
proteins b)
Lentinula edodes Gold 5-50 Spherical | Laccase Vetchinkina et al.
Tyrosinase (2014)
Peroxidase
Thermomono Gold 2-6 Spherical | Sulfite reductase | Khan and Ahmad
spora sp. (2014)
Phanerochaete Gold 10-100 | Spherical | Extracellular Sanghi et al. (2011)
chrysosporium enzymes
Desulfovibrio Palladium| ND Spherical | Hydrogenase Mabbett et al.
desulfuriacans Cytochrome C3 | (2004)
Morganella Silver 100-150 | Triangular, | Ag reductase Ramanathan et al.
psychrotolerans Hexagonal (2011)
Stenotrophomonas Silver 93 Cubic Chromium Oves et al. (2013)
maltophilia reductase
Shewanella Silver 24.4+0.8 | Spherical | c-Type Ngetal. (2013)
oneidensis cytochromes
Escherichia coli Silver 5-70 Spherical | Nitrate reductase| Lin et al. (2014)
Escherichia coli Gold 10 Spherical | Sulfite reductase | Gholami-Shabani

et al. (2015)

ND not determined
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The significant proteins playing a significant character in the reduction of gold salts
also were suitable for the survival of the thermophilic bacteria. The reduction of
palladium ions to synthesis palladium nanoparticles with D. desulfuriacans ATCC
29577 was shown in the presence of sodium pyruvate, formate or hydrogen as elec-
tron donors (Mabbett et al. 2004). Hydrogenase and cytochrome C; were claimed to
be possibly involved in synthesis of palladium nanoparticles (Mabbett et al. 2004).
Intracellular synthesis of metal nanoparticles using fungi was first established by
Mukherjee et al. (2001). Intracellular bio-mineralization mechanism of gold via a
zygomycete Rhizopus oryzae has been reported by Das et al. (2012a, b). The authors
indicated that the main part of gold was transported into the fungal cytoplasm where
reduction to gold nanoparticles facilitated by cytoplasmic proteins (oxidoreduc-
tase). It has been recently reported that spherical gold nanoparticles can be pro-
duced inside the mycelia cells of L. edodes (Vetchinkina et al. 2014). The results of
enzyme assays indicated that the intracellular phenol-oxidizing enzymes (tyrosi-
nases, laccases, and peroxidases) were involved in gold salt reduction to give elec-
trostatically stabilized colloidal solutions. Extracellular production of metal
nanoparticles using fungi was also first reported by Mukherjee et al. (2002) for the
specific case of gold nanoparticles which could be extracellular synthesized by
Fusarium oxysporum. Results also indicated that F. oxysporum was capable to
release a large number of coenzyme (NADH)-depended proteins to reduce gold
ions. Oxidoreductase were a class of characteristic enzymes of fungus F. oxyspo-
rum, while intra- or extra-cellular reduction of gold ions could not be achieved by
other strains such as F. moniliforme. Protein-bound gold nanoparticles through the
amino groups from cysteine acid and lysine residues provided gold nanoparticles
with long-term stability. These studies showed that the use of fungi has the extra
advantages of handling and simplicity in processing of biomass for extracellular
production (Mukherjee et al. 2002). Founded on the same reduction mechanism,
extracellular synthesis of gold, silver, gold—silver and other nanoparticles with F.
oxysporum was more investigated at the National Chemical Laboratory of India.
Studies of metal nanoparticles synthesis and size control obviously established that
cell walls of microorganisms generally provide binding sites for metal ions and
favored nucleation sites for the synthesis of metal nanoparticles in the presence of
enzymes. In the intracellular synthesis of metal nanoparticles, electrostatic interac-
tions between gold or silver ions and the charged groups (such as cysteine or lysine
residues) of enzymes within the cell wall of Verticillium sp. can lead to entrapping of
metal ions on the cell surface, where enzymes helped the reduction of metal ions to
metal nanoparticles (Ro sken et al. (2014)) Similarly, gold ions initially bound by the
cell surface of the fungus R. oryzae could be reduced to intermediate gold—protein
complexes and eventually to gold nanoparticles (Das et al. 2012a, b). Bacterial cells
were capable of providing enzymes as reducing agents in the reduction of palladium
ions by D. desulfuricans NCIMB 8307 using formate-hydrogen complex as electron
donors (Yong et al. 2002). Recently, Ro"sken et al. (2014) reported a time-dependent
study on gold nanoparticles growth via X-ray powder diffraction (XRD) and trans-
mission electron microscopy (TEM) pointed out that the foundation of gold nanopar-
ticles was started at the heterocyst polysaccharide layer (HEP) of heterocysts (HCs).
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At longer times, the vegetative cells were the most important area of synthesis. Even
after one day, the number of gold nanoparticles inside the HCs also inside HEP was
inferior as compared to that in VCs. Microorganisms used for the extracellular pro-
duction of metal nanoparticles need to be extensively screened (Huang et al. 2009).
Metal nanoparticles were produced intracellular and extracellular in most cases, with
the associated problems in controlling their particle size. Furthermore, microorgan-
isms have a hierarchical cell structure, which is essentially detrimental for the pro-
duction of metal nanoparticles with a narrow particle size distribution. Adjusting the
artificial conditions can potentially facilitate particle size control in metal nanopar-
ticles synthesis. As an example, the formation rate of intracellular gold nanoparticles
using two kinds of fungi (V. luteoalbum) could be influenced by modifications in pH
value, reaction temperature, gold salt solution concentration and reduction reaction
time, affecting the size of gold nanoparticles (Gericke and Pinches 2006a, b).
A genetic approach was recently proposed by Ng et al. (2013) comparing the particle
size of the extracellular metal nanoparticles from wild type Shewanella oneidensis
and its mutant. Results indicated that the mutant missing outer membrane c-type
cytochromes synthesized significantly smaller metal nanoparticles with respect to
the wild type.

6 Mechanisms of Microbial Nanoparticle Synthesis

The clear and accurate mechanism for the biosynthesis of metal nanoparticles using
natural agents has not been shown yet as different biological methods respond differ-
ently with metal ions and moreover, there are various biomolecules accountable for
the biosynthesis of metal nanoparticles. Also, the mechanism for intracellular and
extracellular production of metal nanoparticles is dissimilar in numerous biological
agents. The cell wall of the microorganisms plays an important role in the intracel-
lular production of metal nanoparticles. The enzymes existing within the cell wall
reduce the metal ions to metal nanoparticles, and lastly the lesser sized metal
nanoparticles get dispersed of through the cell wall. The fungal cells surface when
comes in interaction with metal ions act together and traps the ions and then, the
enzymes existing in the cell wall reduce the metal ions (Fig. 5.5). At the end, aggre-
gation of metal particles and biosynthesis of metal nanoparticles take places
(Mukherjee et al. 2001; Nair and Pradeep 2002). According to the literature, every
time pH increases, more competition follows between protons and metal ions for
negatively charged binding sites. The mechanism of extracellular production of
metal nanoparticles by fungi and bacteria is mostly found to be involving the action
of oxidoreductases mainly via two enzymes named nitrate reductase and sulfite
reductase. The oxidoreductases secreted by the fungi and bacteria helps in the bio-
reduction of metal ions and biosynthesis of metal nanoparticles. A number of
researchers supported oxidoreductase for cell-free synthesis of metal nanoparticles
(Kumar et al. 2007; Gholami-Shabani et al. 2014, 2015; Prasad et al. 2015). It has
been shown that the oxidoreductase is responsible for the reduction of metal ions and
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the following synthesis of metal nanoparticles. When nitrate reductase is used; the
color of the mixture turned reddish from white when tested with fungal filtrate dem-
onstrating the existence of nitrate reductase. Therefore, it can be suggested that an
oxidoreductase is responsible for the reduction of metal ions to nanoparticles in
fungi. Also, a similar mechanism was reported in the case of cell-free synthesis of
gold nanoparticles using E. coli (Gholami-Shabani et al. 2015). This bacterium is
known to secrete cofactor NADH and NADH-dependent enzymes. The bio-reduction
of gold ions was found to be initiated via the electron transfer from the NADPH or
NADH via NADPH- or NADH-dependent oxidoreductase as electron carrier. In next
steps, the gold ions get electrons and are converting to gold nanoparticles. It has been
shown also that biosynthesis of cadmium sulfite nanoparticles using yeast has been
considered to be dependent on a stress protein response (Park et al. 2015).

All the organisms not have ability to synthesis all metal nanoparticles. As before said,
those organisms which include the “Silver-resistance system” can synthesize silver
nanoparticles if that the concentration of the silver ions does not pass the “threshold
amount”. The resistance machinery varies with organisms. Sources from organisms
may performance both as reducing and capping agents in nanoparticles synthesis. The
reduction of metal ions by mixtures of biomolecules found in these sources such as
proteins/enzymes, amino acids, vitamins and polysaccharides is biologically safe and
environmentally, yet chemically complex. But, the mechanism which is commonly
believed for the synthesis of silver nanoparticles is the existence of enzyme called
“Nitrate reductase” (Kumar et al. 2007; Kalimuthu et al. 2008; Gholami-Shabani et al.
2014). This enzyme is an enzyme in the nitrogen cycle responsible for the transforma-
tion of “nitrate to nitrite” (Duran et al. 2005). The reduction mediated via the presence
of the enzyme in the organisms has been found to be responsible for the production. The
use of a particular enzyme NADPH-dependent nitrate reductase in the in vitro produc-
tion of nanoparticles is significant because this would do away with the downstream
processing necessary for the use of these metal nanoparticles in similar catalysis and
other applications such as medicine and nonlinear optics. During the synthesis, nitrate is
changed to nitrite, and an electron will be transported to the incoming silver ions. This
has been excellently explained in the microorganism B. licheniformis. This microorgan-
ism is identified to produce NADH and NADH-dependent enzymes, particularly nitrate
reductase that might be responsible for the bio-reduction of silver ions to silver nanopar-
ticles. Although all these are theory, direct indication was provided by Kumar et al.
(2007), Gholami-Shabani et al. (2014) who directly used the purified nitrate reductase
from the Fusarium oxysporum for the synthesis of silver nanoparticle in laboratory.
Their reaction combination included only the enzyme nitrate reductase, silver nitrate,
gelatin and NADPH. Bit by bit, the reaction combination turned yellow-brown with all
the characteristics of silver nanoparticles. These are the first direct indication for the
involvement of “nitrate reductase” in the production of silver nanoparticles. Although
silver nanoparticles production is considered as an “ability” of the microorganism, it is
primarily considered as a resistance-mechanism by the microorganisms to the incoming
very reactive silver ions. Fascinating facts about silver nanoparticle production can be
understood when the true-mechanism involved in the antimicrobial activity of silver
ions is identified (Silver et al. 2006). Silver ions are very sensitive and are identified to
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bind with numerous vital mechanisms of the cells inducing cell death. Fascinatingly,
“apoptosis” is a tool which is related to both of multicellular and unicellular microorgan-
isms (Engelberg-Kulka et al. 2006). The resulting are the properties by which silver ions
show their antimicrobial functions. This resistance mechanism is appropriate to various
metals, where the difference happens only in the respective enzyme. In B. licheniformis,
the nitrate reductase is establishing at the cell-membrane as respiratory nitrate reductase.
Hence, it can be observed as that in most of the microorganisms recognized to produc-
tion silver nanoparticles, an oxidoreductase called nitrate reductase will be a part and
piece of the microorganism. Also, when the condition of the silver nanoparticle synthe-
sis is basic, the synthesis will be quicker than in acidic conditions. Synthesis boosts as
the pH rises towards basic region and reaches the maximum at pH 10 after which the
speed of the metal nanoparticle synthesis decreases. This indicates that the production of
silver nanoparticles will be ideal by the basic environment. At basic conditions there is
no requirement of shaking the mixture for the synthesis of silver nanoparticles and all
the silver ions complete will be changed to silver nanoparticles even within 30 min. The
proteins/enzymes involved in the synthesis may bind with silver at thiol-regions (-SH)
making a —-S—Ag bond, a pure sign of which supports the change of silver ions to silver
nanoparticles (Prasad and Swamy 2013). Furthermore, the basic ion (-OH) is very
much essential for the reduction of metal ions. It takes 3—4 days for the making of silver
ions in usual conditions whereas it is very much less than an hour when the pH is made
basic. Besides, under basic conditions the capability of the enzyme responsible (not only
nitrate reductase) for the production of silver nanoparticles increases (Sanghi and Verma
2009). Gholami-Shabani et al. (2015) used a cell-free viable technique for synthesis of
gold nanoparticles by a-NADPH-dependent sulfite reductase purified from Escherichia
coli. The enzyme was purified by ion exchange chromatography on DEAE Sephadex
A-50. Molecular weight of the enzyme was determined by gel filtration on Sephacryl
S-300 equal to 116 kDa composed of two subunits of 75 and 41 kDa which was success-
fully used for cell-free synthesis of spherical gold nanoparticles with an average size of
10 nm and a zeta potential of —30+0.2. Gold nanoparticles showed strong antifungal
activity against a wide range of human pathogenic fungi (Asghari et al. 2016). Evaluation
of the in vitro cytotoxicity of gold nanoparticles showed no toxicity for two cell lines i.e.
Vero and Hep-2 at the concentrations ranged from 0.31 to 10%. In case of fungi, the
enzyme oxidoreductase is found to be responsible for the production of metal nanopar-
ticles (Kumar et al. 2007; Gholami-Shabani et al. 2014, 2015). Also Govender et al.
(2009) reported a mechanism for the bio-reduction of H2PtCl6 and PtCI2 into platinum
nanoparticles by a hydrogenase enzyme from Fusarium oxysporum. Octahedral H,PtClg
is too large to fit into the active region of the enzyme and, under conditions optimum for
nanoparticle formation (pH 9, 65 °C), undergoes a two-electron reduction to PtCl, on the
molecular surface of the enzyme. This smaller molecule is transported through hydro-
phobic channels within the enzyme to the active region where, under conditions optimal
for hydrogenase activity (pH 7.5, 38 °C) and undergoes a second two-electron reduction
to Pt(0). H,PtCls was unreactive at pH 7.5, 38 °C; PtCI2 was unreactive at pH 9, 65 °C.

Biomass once used for the biosynthesis of metal nanoparticles cannot be used again
also the proteins/enzymes in free form cannot be used again. But when the proteins/
enzymes are immobilized by a support the proteins/enzymes can be used for a large
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number of reactions. Fundamentally, the enzymes should be immobilized upon the
surface of particle of immobilization to lay out the diffusion limitation (Clark 1994;
Gholami-Shabani et al. 2014, 2015). The present request of sustainable green
approaches has improved the use of enzymatic technology in industrial methods.
Employment of enzyme as biocatalysts suggestions the benefits of mild reaction condi-
tions, biodegradability and catalytic efficiency. The harsh conditions of industrial pro-
cedures, however, increase tendency of enzyme destabilization, shortening their
industrial lifespan. As a result, the technology of enzyme immobilization provides a
successful means to circumvent these concerns via enhancing enzyme catalytic proper-
ties and also unravel downstream processing and improve operational stability. There
are several methods used to immobilize the enzymes, which range from reversible
physical adsorption and ionic connections, to the irreversible stable covalent bonds.
These approaches produce immobilized enzymes of variable stability due to modifica-
tions in the surface microenvironment and degree of multisite fitment. Therefore, it is
mandatory to gain information about the configuration of the enzyme protein following
interaction with the support surface plus interactions of the enzymes with other pro-
teins. Characterization technologies at the nanoscale level to research enzymes immo-
bilized on surfaces are essential to obtain valuable qualitative and quantitative
information, including morphological imagining of the immobilized enzymes. These
tools and technologies are relevant to assess efficacy of an immobilization system and
progress of future enzyme immobilization approaches (Mohamad et al. 2015).

7 A Practical Approach to Synthesis of Metal Nanoparticles

7.1 Simple Downstream Steps for the Purification of Metal
Nanoparticles

Think of a small judgment. Will it be simple to purify the complex with large number
of impurities or with very less impurities? Clearly the second is the better. Use of
purified protein/enzymes will create the downstream steps much easier as the enzyme
will mostly be the impurity, but when immobilized protein/enzymes are used this can
also be ruled out where the downstream steps can be very much reduced.

7.2 Simple Way for Large-Scale Synthesis

Use of biomass for the large-scale production needs numerous power-energy
approaches such as worry and collecting the biomass. Furthermore, the purification
of the metal nanoparticles is a boring method. Application of immobilized enzymes
such as oxidoreductases will also decrease most of the power energy processes and
downstream processing steps.
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7.3 Separation of Metal Nanoparticles by Electrophoresis
Conforming to Shape and Size

Hanauer et al. (2007) and Surugau and Urban (2009) reported a simple technique
for separation of the metal nanoparticles using electrophoresis. To use size-
dependent and shape-dependent material properties, for example quantum deten-
tion or plasmon resonances, it is important to have metal nanoparticles with the
lowest size and shape scattering. An alternative to the high yield biosynthesis of
metal nanoparticles with ultra-narrow size scattering is the post-synthetic separa-
tion of particles similar to cleaning techniques in biological synthesis. Electrophoresis
is usually used to isolate biomolecules, but this method is also used in the isolation
of metal nanoparticles according to their size. The isolation is mediated by the num-
ber of polymer chains involved and these are characterized via the strong colors
made by plasmon resonance. The strong effect of size and shape on the occurrence
or wavelength of the plasmon resonance would create it favorable to get mono-
disperse metal nanoparticles for various applications. Compared to the other separa-
tion systems, electrophoresis has the advantage of allowing several runs in parallel
on the same gel, which is a considerable advantage at the step of optimizing condi-
tions and understanding mechanisms. To stabilize the metal nanoparticles, they
cover with a layer of capping agent such as polyethylene glycol (PEG) or gelatin,
which is covalently linked at one end to the metal surface via a thiol group. The
other end of the polymer chain may transfer different functional groups, which we
activity for controlling the overall particle control and mobility. The shape and size
of the metal nanoparticles gained are used to synthesize particles of various shapes
and these have been analyzed using electrophoresis.

7.4 Scaling-up of Metal Nanoparticle Biosynthesis

One of the significant challenges in metal nanoparticle synthesis is scaling-up labo-
ratory procedures to the industrial scale. Mathematical modeling is an essential fac-
tor of our research approach, both for process scale-up and strategy and for method
optimization and control. Scaled-up biosynthesis of mono-disperse colloidal of
metal nanoparticles has become a significant research topic in recent years. In this
context, consecutive flow reactors are commonly preferred over batch reactors.
Analysis of metallic precursors in biological solvents is one of the most generally
used methods to metal nanoparticles because the small size distribution can be
achieved in such reaction methods. Rapid injection of precursors into a heated mix-
ture of solvent, organizing ligands, and other precursors is often necessary. A batch
method is appropriate for those reactions, but often limited to small scale produc-
tion due to the low synthesis yield of metal nanoparticles and the time-consuming
nature of the procedure. On the other hand, a flow reactor can production products
on a consecutive basis once the reaction achieves steady state and is more suitable
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for a large scale synthesis than the batch reactor. Also, targeted reaction temperatures
can be reached in second or even millisecond time scales in a micro-reactor. The
advantage of tube-shaped reactor is that it can be simply scaled up via increasing the
length of the reactor (synthesis of silver nanoparticles in a consecutive flow Tube-
shaped Micro-reactor). Based on the above approaches, two types of method design
can be created for the synthesis of metal nanoparticles by the biomass and the
enzyme. Using the previous design, the biomass biosynthesized can be collected
and used for the biosynthesis of metal nanoparticles (Fig. 5.6a). But it may need
some more extra downstream steps for example purification of the metal nanopar-
ticle from the other biomolecules. But when the immobilized protein/enzymes are
used, the downstream steps can be very less and will be advantageous as the nitrate
reductase can be reused for the biosynthesis of metal nanoparticles (Fig. 5.6b). In
general, large-scale biosynthesis of metal nanoparticles has constantly been a big
challenge. The biosynthesis of metal nanoparticles by biomass is a boring proce-
dure. Thus, the second choice of metal nanoparticle biosynthesis by enzymes will
be a better option. Scaling-up of silver nanoparticle biosynthesis should start from
the first time of purification of an enzyme like as nitrate reductase. Vaidyanathan
et al. (2010) reported optimized conditions for the production of nitrate reductase by
the microorganism B. licheniformis. This optimization led to the improved biosyn-
thesis of silver nanoparticles. The synthesis was found to be dependent on the
enzyme activity. Since all the culture supernatants were provided with same
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Fig. 5.6 Sequential steps of nanoparticle synthesis using microbial biomass (a) and microbial
enzymes (b)
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concentration of silver ions, there is no possibility of extra silver ions coming into
image. This has shown that increase in the volume of enzyme increases the speed of
reaction. Although there are no reports on very large amount of biosynthesis of
metal nanoparticles, some examples have been designed in consecutive flow reac-
tors similar to chemical approaches. The Cinnamomum camphora leaf extract is an
example of a plant material which has been used to synthesize silver nanoparticles
in a consecutive flow tubular micro-reactor (Huang et al. 2008).

7.5 Biocontrol of Nanoparticles Size via pH and Temperature

Although chemical production supports the size control over the production of
nanoparticles, size control can also be successful biological approaches. A study by
Gurunathan et al. (2009a, b) indicated that by controlling the environment of metal
nanoparticle synthesis, silver nanoparticles of different sizes and shapes could be
synthesized. Silver nanoparticles were synthesized with a size of 50 nm at room
temperature, whereas at 60 °C they were produced with a size of 15 nm. Also at
acidic pH solution, the size of the metal nanoparticles was 45 nm but at pH 10 the
size was 15 nm. Even when the size was 2-20 nm, silver nanoparticles could be
synthesized by microorganisms such as the fungus Verticillium sp. intracellularly
(Mukherjee et al. 2001). The size-bio-controlled production of silver nanoparticles
via controlling the environment is owing to the creation of many seed crystals. At
lower temperatures and acidic pH there will be less nucleation for silver crystal
creation on which new entering silver atoms deposited to structure larger sized
metal nanoparticles. But as the temperature and pH increase, the dynamics of the
metal ions growth and more nucleation parts are made appropriate to the accessibil-
ity of —OH ions and improved temperature.

8 Applications of Metal Nanoparticles and Biologically
Inspired Models

8.1 Antimicrobial Activity of Metal Nanoparticles

The ever growing resistance of diseases towards antibiotics has been caused serious
health problems in the recent decade. It has been indicated that by linking recent
technologies such as material science and nanotechnology with natural antimicro-
bial activity of the metals, innovative applications for these materials could be rec-
ognized. Metal and metal oxide nanoparticles comprise a group of materials which
are important in respect to their antimicrobial effects. Silver nanoparticles are the
most common metal nanoparticles used as antifungal and antibacterial agents
(Zinjarde 2012; Aziz et al. 2015; Asghari et al. 2016). This property of silver is
widely advanced it to use in the numerous inoculation molded plastic produces,
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cloths, textiles and covering-based usages (Egger et al. 2009). Silver nanoparticles
also have a variety of biomedical applications (Malarkodi et al. 2014; Prasad 2014;
Prasad et al. 2014). It has been shown that silver nanoparticles indication a high and
good antimicrobial activity comparable with its metal ionic form (Jo et al. 2009). It
has also been established that silver nanoparticles are possible antimicrobial agents
versus drug-resistant fungi or bacteria (Allahverdiyev et al. 2011). According to the
recent studies, antibacterial action of silver nanoparticles results from damage of the
bacteria external membrane (Lok et al. 2006). Some researchers believe that silver
nanoparticles can induce gaps and pits in the bacterial membrane and then disjoint
the cell (Yun et al. 2013; Tavicoli et al. 2013). Silver ions interact with sulfhydryl or
disulfide groups of protein/enzymes that lead to cut of metabolic procedures which
in turn reason the cell death (Egger et al. 2009). Jo et al. (2009) studied the effect of
size-reduction on the antimicrobial result of silver nanoparticles. They used silver
nanoparticles to control Magnaporthe grisea and Bipolarissor okiniana. Likewise,
they also assessed the ability of silver nanoparticles on different kinds of human and
plant pathogens for example soil-borne fungi which rarely products spores. They
proposed that silver nanoparticles had a high potential for use in controlling spore-
generating fungal human and plant pathogens. These metal nanoparticles might be
safe and less toxic than artificial fungicides. In the other research, Mie et al. (2014)
established the antimicrobial activity of their synthesized silver nanoparticles with
size 19 nm against eight microorganisms by the disk diffusion method. Silver
nanoparticles showed antimicrobial activity against gram-negative bacteria.
Herndndez-Sierra et al. (2008) reported reasonable bactericidal activity of silver
nanoparticles, silver, and zinc oxide on Streptococcus mutans. Their results showed
that silver nanoparticles demonstrated the most activity for controlling S. mutans.
These researchers proposed that silver nanoparticles could be used in dental caries
since which usually caused by S. mutans. Similarly, Besinis et al. (2014) studied the
antibacterial effect of silver nanoparticles on S. mutans. Their results indicated that
the antibacterial effect of silver nanoparticles against S. mutans was greater than
that of chlorhexidine. Zarei et al. (2014) assessed antibacterial effect of silver
nanoparticles against four food-borne pathogens namely Listeria monocytogenes,
Escherichia coli, Vibrio parahaemolyticus and Salmonella typhimurium. Silver
nanoparticles had excessive antibacterial effect on these bacterial pathogens. They
determined that silver nanoparticles could be a good alternative for cleaning and
sterilization of tools and surfaces in the food-related environments. Pal et al. (2007)
reported the shape-dependent antibacterial activity of silver nanoparticles.
According to their results, truncated triangular-shape nanoparticles were more sen-
sitive due to their high-atom-density surfaces, and so they showed higher antimicro-
bial activity. Bera et al. (2014) stated the shape and size-dependent antimicrobial
activity of fluorescent silver nanoparticles with size 1-5 nm against gram-positive
bacteria (Bacillus megaterium, Staphylococcus epidermidis, Bacillus megaterium)
and gram-negative bacteria (Pseudomonas aeruginosa). They concluded that size
and shape of the metal nanoparticles control their activity. Conforming to these
surveys, the smaller particles were easily entered the cell-wall and indicated the
better-quality antimicrobial activity. These researchers concluded that these silver
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nanoparticles could be used for various determinations for example bio-adhesives,
clinical wound dressing, biofilm control and the covering of biomedical materials.
Bahrami et al. (2014) prepared silver—gold alloy nanoparticles to evaluate their anti-
microbial effect against Staphylococcus aureus. The antibacterial activity of silver-
gold alloy nanoparticles was intensified when they joined with penicillin G and
piperacillin.

Gold nanoparticles are considered to be so noteworthy in the progress of anti-
bacterial agents due to their non-toxicity, high capability to polyvalent properties,
standardization, and ease of finding and photo-thermal activity (Tiwari et al. 2011;
Zhou et al. 2012; Lima et al. 2013; Lolina and Narayanan 2013). Although produc-
tion of “reactive oxygen species” is mainly involved in cellular death for the most
antibiotics and antibacterial nanoparticles; however, antimicrobial activity of gold
nanoparticles does not persuade any reactive oxygen species-depended mechanism
(Cui et al. 2012). Cui et Al. (2012) showed that antimicrobial activity of the gold
nanoparticles was attributable to add-on of these metal nanoparticles to the bacte-
ria membrane and ATP level reduction and deterrence of tRNA compulsory to the
ribosome. Tiwari et al. (2011) examined the antifungal and antibacterial activities
of the gold nanoparticles functionalized by 5-fluorouracil against, Pseudomonas
aeruginosa, S. aureus, E. coli, Micrococcus luteus, Aspergillus niger and
Aspergillus fumigatus. These researchers reported that synthesized nanoparticles
had less activity on gram positive bacteria than gram negative counterparts due to
their easier enterance into the gram negative bacteria. These nanoparticles showed
antifungal activity against A. niger and A. fumigatus as well. Zhou et al. (2012)
studied antibacterial activity of silver and gold nanoparticles against Bacillus
Calmette-Guérin and E. coli. They asserted that silver and gold nanoparticles
showed meaningful antibacterial activity against both the Gram positive (Bacillus)
and Gram negative (E. coli) bacteria. They also functionalized gold nanoparticles
with a strongly bound capping agent (polyallylamine hydrochloride) and a weakly
bound capping agent (citrate). Poly-allylamine hydrochloride could straight inter-
action with the bacteria cell membrane due to its positively charged nature
(Goodman et al. 2004). Furthermore, gold nanoparticles functionalized with a
strongly bound capping agent could self-assembly into 45 pm long chains (Kundu
and Liang 2008). Zhou et al. (2012) described that these two mentioned methods
facilitate the transfer of a large number of gold nanoparticles on the bacteria cell
wall. Lima et al. (2013) described antimicrobial effect of gold nanoparticles with
5 nm size against Salmonella typhi and E. coli. They showed that synthesized
nanoparticles reduced 90-95 % of S. typhi and E. coli colonies. These researchers
highlighted that the main factors that influenced the biocidal effects were the
roughness and the scattering of the gold nanoparticles on the culture medium. It
appears that gold nanoparticles are safer and non-toxic to the mammalian cells
than the other nanoparticles due to the reactive oxygen species-independent mech-
anism of their antimicrobial activity. Moreover, high capability of gold nanoparti-
cles for standardization makes them ideal nanoparticles to be useful as targeted
antimicrobial agents.
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8.2 Other Applications of Metal Nanoparticles

The frequently developing field of nanotechnology is attended to need an important
amount of optimized and functional nanoparticles. A wide range of formal physico-
chemical methods has been used to produce a wide range of metal nanoparticles.
These metal nanoparticles have been used in a various range of applications (Fig. 5.7)
such as targeted drug delivery, cancer treatments, biosensors, diagnostics and thera-
peutics, pesticides, and antimicrobials (Salata 2004; Neuberger et al. 2005; Guo et al.
2007; Tang et al. 2008; Boisselier and Astruc 2009; Das et al. 2009; Gholami-Shabani
et al. 2012). However, nanoparticles synthesized by environment-friendly natural
and biologically entities have only been used in relatively few applied applications.
Silver nanoparticles have involved significant research interest owing to their char-
acteristic antimicrobial activities in an extensive range of commercially presented
medical and consumer products (Riddin et al. 2006; Perelshtein et al. 2008; Ilic et al.
2009; Rai et al. 2009). Another developing application of metal nanoparticles in spe-
cific is in crop safety and the controlling of agricultural plant diseases (Mukherjee
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Fig. 5.7 Principal applications of nanoparticles in biology, medicine and industry
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et al. 2001; Sugunan et al. 2007; Han et al. 2007). Recent researches have indicated
the antimicrobial effects of silver nanoparticles (Vivek et al. 2011; Gholami-Shabani
et al. 2014; Muthukrishnan et al. 2015). Furthermore, silver nanoparticles can be
used to control some plant pathogens in a nontoxic way compared to standard fungi-
cides (Park et al. 2006) and also silver nanoparticles can be active against plasmodial
pathogens and cancer cells (Sukirthaetal. 2011; Seil and Webster 2012; Ponarulselvam
et al. 2012; Subramanian 2012). Traditionally, gold has been used in some medical
applications. Gold nanoparticles have attracted important interest over the last period
as a medicinal material in treatment of tumors. For example, gold nanoparticles have
the capability to inactively accumulate in tumors due to their size. Due to their unique
optical and chemical properties, they can be used in thermal treatment ways (Hirsch
et al. 2003; Zheng and Sache 2009). Moreover, biocompatible gold nanoparticles
were successfully used as transporter platforms for the targeted delivery of anti-can-
cer drugs thus progress delivery and reducing treatment periods and side effects
(Paciotti et al. 2006; Cai et al. 2008; Cheng et al 2010). Also, recent studies indicated
that gold nanoparticles are active antimicrobial agents against a number of fungal
and bacterial strains (Pissuwan et al. 2009; Poinern et al. 2013; Gholami-Shabani
et al. 2015). In the other studied, copper and copper oxide nanoparticles have been
used as strong antimicrobial agents and their fumigate properties against a number of
infectious organisms means they can be used as effective fungicides and bactericides
to cover hospital tools (Stoimenov et al. 2002; Akhavan and Ghaderi 2012; Hassan
et al. 2012; Subhankari and Nayak 2013). Platinum nanoparticles were used in water
electrolysis applications (Soundarrajan et al. 2012). Titanium oxide nanoparticles,
for the reason of their antimicrobial activity, have been used in antimicrobial cover-
ings and wastewater sterilization processes (Zhang and Chen 2009; Allahverdiyev
et al. 2011; Miller et al. 2012). Zinc oxide nanoparticles show good antimicrobial
activity and have been used in wastewater treatments and food packing (Perez-
Espitia et al. 2012; Duran and Seabra 2012). Bacteria, viruses and bacteriophages are
interesting assemblers for engineering one-dimensional structure into regular arrays.
For example, the tobacco mosaic virus used successfully to synthesis gold, silver and
platinum nanoparticles (Dujardin et al. 2003). Likewise, filamentous bacteriophages
are used to production of nanotubes and silica fibres (Wang et al. 2008; Li et al. 2011,
2012a, b, c). Entities for example silk serein are used to produce nanofibrous com-
plexes that direct the creation of hydroxyapatite particles (Yang et al. 2015) and
boost osteogenic properties of human bone marrow cells (Yang et al. 2014).
Moreover, films including gold nanoparticles have been used from genetically engi-
neered filamentous viruses and bacteria to synthesize cadmium sulfide quantum dots
(Mi et al. 2011) and colorimetric sensors (Liu et al. 2009; Oh et al. 2014). Recent
studies have shown that viral nanofibers covered with magnetic iron oxide nanopar-
ticles can be used for the finding of human serum antibody biomarkers (Wang et al.
2015). Nanoparticles and nanoparticle made assemblies have the potential to be used
in an extensive variation of applications as conversed above, especially if they can be
synthesized using biological agents that can ensure clean, eco-friendly and nontoxic
approaches of production. The synthesis of metal nanoparticles via an extensive
variation of biological agents, as conversed above, has been actively followed in
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recent years as a substitute bottom up method to self-assemble atoms by atom and
then grow into nanometer scale particles. However, several reasons exist that can
importantly impact the capability of this eco-friendly method for synthesizing metal
nanoparticles. The most important known reasons being shape, particle size control
and size distribution. These causes are all straight influenced via reactant moieties,
reaction medium pH, reaction time, reactant concentrations, and temperature. As
described above, even small differences in these factors can importantly affect par-
ticle shape, size, and size distribution. For example, in the sample of plant extracts,
there can be obvious differences in the chemical composition of extracts taken at
various times and locations around the world for the same species. This composi-
tional difference can often lead to various laboratories making different results from
the similar plant extract and metal salt solution. This can be a serious problem in
using plant extracts to synthesis metal nanoparticles with stable physical and chemi-
cal properties. Clearly, even with the present limitations, biosynthesis suggestions
various advantages and has the potential to deliver metal nanoparticles with prear-
ranged properties. For example, Shankar et al. (2004), using efficient quality control
and closely adaptable the reactant concentrations, reaction medium pH, reaction
time, and temperature through production were able to reduce large quantities of
triangular-shape gold nanoprisms using Cymbopogon flexuosus extract. More than
45 % of the total gold nanoparticles reduced from the aqueous chloroaurate ions
(AuCly") and extract solution were composed of gold triangles nanoparticles. The
triangles showed reduced vertices like to those seen for triangular silver and gold
nanoprisms synthesized by chemical and photochemical approaches. In addition,
successive centrifugation (30004000 x g), washing, and re-scattering of the reaction
medium importantly improved the output of triangle nanoparticles numbers (up to
80-90 %). Interestingly, even with recent progresses in conventional chemical and
physical approaches, many physical approaches still need relatively expensive tools,
materials and have effective requirements for example pressurized gases, vacuum
and high temperatures. While most chemical approaches tend to use toxic resources
such as reducing agents, organic solvents and stabilizers. These cost-effective and
toxicity related emphasizes the significance and necessity for further study into eco-
friendly biosynthesis approaches factors further over the more traditional metal
nanoparticle synthesis processes.

9 Concluding Remarks

Large-scale synthesis of biogenic nanoparticles from organisms has been a great
challenge for several years. Synthesis of metal nanoparticles using the biological
approaches especially purified enzymes is environmentally friendly compared with
the routine physicochemical approaches, but there are sure key areas of study
which need to be pointed out. Limited information has been reported on green
synthesis of metal nanoparticles by enzymes. Currently, the majority of nanopar-
ticles are synthesis by using fungal, bacterial and plant cells but not purified
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enzymes. This may induce several problems particularly when the method needs to
be scaled-up for industrial applications. The main problem in cell-based methods
is binding of the synthesized metal nanoparticles to the microbial biomass. This
means that extra steps of separation of the microbial cells and subsequent separa-
tion of metal nanoparticles are needed for purification of metal nanoparticles. Also,
metal ions have limitations for applying in the biological methods because they are
toxic for the biomass at concentrations over the threshold (Kalimuthu et al. 2008).
To overcome these problems, microbial culture supernatants have been success-
fully used for metal nanoparticle synthesis by several scientists. While culture
supernatants are superior to microbial biomass in metal nanoparticle synthesis
owing to the lower-costs and simplicity for application and maintenance, but they
suffer from large limitations counting the limited numbers of microorganisms pos-
sessing necessary secretory proteins for metal nanoparticle synthesis as well as
necessity for downstream methods for purification and cleansing the ending prod-
uct. In compare to purified enzymes, both microbial biomass and culture superna-
tant cannot be recycled which makes the methods of metal nanoparticle synthesis
non-economic specifically in industrial application (Clark 1994; Gholami-Shabani
et al. 2014, 2015). Enzymatically produced metal nanoparticles have several
advantages over those usually produced by culture supernatants and microbial bio-
masses. Besides significant reduction of the downstream steps necessary for puri-
fication of synthesized metal nanoparticles as final products, they have high
potential for industrial uses as they can be immobilized for recycling in metal
nanoparticle synthesis. Enzymatically synthesis of metal nanoparticles not only
reduces downstream steps for purification of the metal nanoparticles from the other
proteins/enzymes, but also provides a constant source of safe biologically-active
nanoparticles for large scale production with potential application in medicine and
agriculture. From this point of view, there are growing reports of green synthesis
of biologically active metal nanoparticles by a wide array of enzymes such as
nitrate reductase, sulfite reductase, hydrogenase, cytoplasmic proteins, laccases,
tyrosinases, peroxidases, chromium reductase and a-amylase. It is hopeful that
these enzymatically-based nanomaterials become commercialized to treat different
types of human diseases in the near future.
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Chapter 6
The Effect of Mycobiota on the Biointerface

of Polyaniline Surface

Elena Binkauskiené, Vitalija Jasulaitiené, Ausra Selskiené,
and Albinas Lugauskas

Abstract An exceptional combination of mycobiota/polyaniline surface interaction
process seems to have great promise for change of the chemical, morphological
and redox properties of polyaniline, which can detect unique biocomplexity and
assessment of surface. The detecting of mycobiota metabolic activity on polyani-
line surface is presented. Experiments are performed under modeling condition.
The polyaniline samples are exposed to Petri dishes with a pure mycobiota culture,
after that the electrochemical measurements are performed. The electrochemical
analysis of the biomodified polymers completed by X-ray photoelectrons spectros-
copy (XPS) and scanning electron microscopy (SEM). The SEM micrographs
showed difference of topography of polyaniline treated by different mycobiota.
The attachment to the polyaniline surface via the metabolic product and a con-
spicuous difference oxalate impurities at the polyaniline surface can be indicated.
This work shows significant progress in chemical research for metabolic activity
definition.

1 Characterization of Polyaniline

Conjugated polymers is a new group of substances, whose electronic properties
are close to those of metals and semiconductors. Polyaniline is one of the exten-
sively studied conducting polymers and has been suggested for many applications
(transistor, sensors, energy storage, electrochromic displays or smart windows,
electrocatalysis, organic electrochemistry, bioelectrochemistry, etc.) (Inzelt 2012;
Stejskal et al. 2015). The long-time active fungi growth within the polyaniline
surface is a reliable source of information about bioactive new combinations
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and chemically novel compounds (Binkauskiené et al. 2009, 2013). For these
investigations the morphological characteristics of the studied samples of poly-
aniline are important.

1.1 General Information on Structure and Properties
of Polyaniline

Polyaniline can be interconverted between three idealized oxidation state:
leucoemeraldine (LE, fully reduced form), emeraldine (EM, partially oxidized
form), pernigraniline (PNA, fully oxidized form) (Scheme 1). The nitrogen atoms
are amines (-NH-) and imines (=N-).

Polyaniline has conjugated double bonds which promote delocalization of elec-
trons. Polyaniline exhibits both the electronic and ionic conductivity. The polymer
can achieve its conductive state either through protonation of the imine nitrogens in
its EM oxidation state, or through the oxidation of the amine nitrogens in its reduced
LM state. The mechanism of conduction is based on the presence of delocalized
polarons and protons. Only the EM salt is conducting.

Polyaniline is known as redox agents for some redox couple behavior. It is
established that polyaniline can participate in bacterial electron transfer. The
influence of the slowly developed mycobiota on polyaniline electrochemical
behavior in comparison to fast-acting bacteria is less investigated (Langer
et al. 2007).

Polyaniline is prepared by the oxidative chemical or electrochemical oxida-
tions of aniline monomer in acidic aqueous media. For investigations of the
impact of biomodification on the electrochemical and redox properties of the
polymer surface the morphological characteristics of the studied samples are
essential. Cui et al. (1993) showed, that electrochemical polyaniline coatings are
more suitable for surface morphological investigations than chemical. The elec-
trochemical cyclic voltammetric polymer films have morphological and adhesion
properties which make them more attractive for practical purposes than potentio-
static films.

1 — -(-B-NH-B-NH-B-NH-)—, LE — base;

2 — (-B-N=Q=N-B-NH-B-NH-)—,, EM — base;
3 — (-B-N=Q=N-B-NH-B-NH-)—,", EM", — salt;
4 — -(-B-N=Q=N-B-N=Q=N-)—,, PNA — base

Scheme 1 Three idealized oxidation states of polyaniline, B and Q denote the C¢H, rings in the
benzenoid form and quinonoid form, respectively
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1.2 Polyaniline Electrosynthesis

The fabrication of a modified polyaniline film electrode is well controlled by cyclic
voltammetry (CV). Figure 6.1 shows a voltammetric profile for ten successive
cycles of electro synthesis of polyaniline. In the first cycles a sharp anodic current
(I) peak attributed to the oxidation of aniline monomer in the region of potential (E)
0.9 V can be seen. After 5 cycles this peak diminished gradually. Three oxidation /
peaks (in the 0.2-0.8 V range) and a larger reduction peak (in the 0.3—-0.6 V range)
are seen on the tenth scan. The first oxidation / peak is attributed to the transforma-
tion from the reduced LE state to a partially oxidized EM state, the second one—to
the redox reaction of degradation products and the third one—to the transition of the
polyaniline from EM to the PNA state (Arsov et al. 1998).

2 PANI Surface Biomodification

2.1 Growth of Mycobiota on PANI Surface

Fungal growth experiments are performed under modeling condition. The PANI
samples are exposed to Petri dishes with a pure fungi culture on the malt extract
agar and incubated at 26 °C (Fig. 6.2). The reference samples are exposed to medium
of malt extract without mycobial treatment.
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2.000 /2
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—2.000
-02 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
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Fig. 6.1 Representative voltammograms for electrodeposition of polyaniline on nickel from 0.3 M

H,C,0,, containing 0.1 M aniline (potential cycling between E=—0.1 and 1.3V, 0.05 Vs, = 10 min),
vs. Ag/AgCl (From Binkauskiene et al. 2008)
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Fig. 6.2 The polyaniline

electrodes exposed to Petri

dishes with a pure
micromycete

Table 6.1 Intensity of fungi growth (according to the five-point grading scale) on polyanilne
surface, using 4-point schema and CV electrochemical characteristics

E. Binkauskiené et al.

Biofilm surface coverage, on the
five-point scale

CV electrochemical

characteristics after 56

days exposition

Fungal species 7days | 14days |32days |56days |AE, V L/ Ly,
Trichoderma spp. 0 0 0 1.5 0.11 0.77
Botrytis cinerea 0 0.5 2.0 3.0 0.14 0.66
Chrysosporium 1.0 1.5 3.0 3.5 0.11 1.31
pannorum

Alternaria alternata 2.0 3.0 3.0 3.5 0.16 0.86
A. rodicina 2.0 4.0 4.0 4.0 0.13 0.77
Ch. merdarium 35 4.5 4.5 4.5 0.13 1.53
Rhizomucor pusillus 4.0 5.0 4.5 4.5 0.25 0.72

The electrochemical characteristics are evaluated after incubation and wash

The extents of fungal growth are assessed by the naked eye and a light microscope.
Biofilm modified surface coverage evaluated using a 5 point corrosion test (EN ISO
10289:1999) and checked using a standard 4-point scheme (Lugauskas et al. 2010).
Comparison of biofilms formed by eight different fungi on the polyaniline surface

has shown that the rate of biofilm formation markedly differs (Table 6.1).

2.2 Morphological Characterization of Biomodified
Polyaniline

The effect of biomodification during interaction of fungi with the polyaniline

surface significantly causes its morphological characteristics.
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Fig. 6.3 SEM micrographs of polyaniline film: (a) reference, (b) after 14 days of exposure under the
influence of Aspergillus niger, (c) under the influence of Ch. merdarium (From Lugauskas et al. 2008)

The mycobial reactions study shows the formation of fungal mats on the polymer
surface (Fig. 6.3). Such intensive surface growth can testify good adhesion of the
treated microorganisms.

Figure 6.4 illustrates the image of treated polyaniline sample by SEM after wash.
The metabolizing A. niger L-10 biofilm has not oriented structure, is rough, crossed
by the trenches. Not the growth of a new generation of A. niger L-10 are observed
on the surface.

3 Electrochemical and Redox Behavior of Biomodified
Polyanilne Surface

The reactivity of samples are studied by CV in the monomer-free acid electrolyte.
The changes in the / peak and E values of an appropriate redox couple for biologi-
cally treated and untreated polyaniline surfaces are measured and the electrochemi-
cal effect of fungi metabolism is evaluated. The same film thickness must be
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Fig. 6.4 SEM
micrographs of polyaniline
film after 36 days of
exposure under the
influence of A. niger L-10
after wash (From
Binkauskiené et al. 2009)

performed during deposition of polymer in order to obtain similar characteristic of
all the polyaniline modified electrodes. The reference polyaniline electrodes are
examined after the same time of exposure.

3.1 Electrochemical Reactivity of Biomodified Polyanilne
Surface

The CV of a polyaniline film in a 0.05 M H,SO, solution is shown in Fig. 6.5 by a
solid line. Two oxidation peaks and a sharp reduction peak (E=0.5 V) are observed.
This can be attributed to the proton elimination-addition and anion doping-undoping
reaction on the polyaniline surface. Electrochemical incorporation of anions into
the polymer matrix of a conjugated polymer increased the conductivity, activity and
special catalytic properties (Inzelt et al. 2000; Binkauskiene and Binkauskas 2009).
Unmodified nickel electrode (broken line) does not show electrochemical activity in
relation to polyaniline modified nickel electrode (solid line).

Because of the treated surface shows reversible redox behavior and electronic
conductivity, the polymers are also involved in the oxidation of metabolites.
Additional to these functions, the polymer layers serves as a mixed product with
varying electrode activity (Fig. 6.6).

The gap of the first anodic peak E between the treated and untreated electrodes
(AE) on the CVs shows the level of oxidation of the surface. The comparison of the
values of the first anodic / peak before (/,,) and after (/,,) the contact with fungi
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Fig. 6.6 Representative voltammograms for polyaniline recorded in 0.05 M H,SO,: (a) after 28 days
of exposure to the influence of A. niger L-10 and (b) reference polyaniline film, (c) after 36 days of
exposure to the influence of A. niger L-10 and (d) reference polyaniline film (potential cycling
between E=-0.1 and 1.1V, 0.02 Vs™), vs. Ag/AgCl (From Binkauskiene et al. 2008)
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made it possible to evaluate the polymer electroactivity (Ruotolo and Gubulin
2003). The CVs electrochemical characteristics of polyaniline treated with the some
fungi can be seen in the Table 6.1.

3.2 Redox Activity of Biomodified Polyanilne Surface

Polyaniline shows an electrocatalytic activity towards the oxidation of one of the
most thoroughly investigated organic species hydroquinone to quinone (Rajendra
Prasad and Munichandraiah 2002; Forch et al. 2009). Often oxalic acid constitutes
the final product in the oxidative process of organics. Whereas many of the by-
products of microbial metabolism, including oxalic acid are damaging, the studies
of the redox behavior of the hydroquinone/quinone couple are extremely important
(Polcaro et al. 2010).

Ours investigation (Binkauskiene et al. 2013) confirm a conspicuous difference
in the oxidation levels and an effect towards hydroquinone electrooxidation at the
polymer surface layer treated by investigated fungi (Fig. 6.7). For example, Ch.
merdarium shows the bioelectrocatalytic effect on polyaniline electrochemical
response (Fig. 6.7, curve 4). Rh. pusillus shows a suppression effect towards hydro-
quinone electrooxidation (Fig. 6.7, curve 10).

4 Structural XPS Analysis

The XPS results confirmed that the colonization of fungi on the polyaniline surface
induced changes in the elemental composition in the outermost layer of polyaniline
surface (Binkauskieng¢ et al. 2008, 2009, 2013). The most significant feature resulting
from mycobial colonization of the surface was the depletion of carbon and nitrogen
and the enrichment of oxygen content as compared to untreated polyaniline films.
The attachment of polyaniline surface via the metabolic product shows a noticeable
difference in the O/C ratios between untreated and treated polyaniline. The carbon
and oxygen spectrum for treated surface display three peaks (Fig. 6.8). C3 peak is
attributed to the carbon atoms C,, of the oxalate. The O2 peak shows an O,, of the
oxalate groups (Table 6.2). C3/02 ratio corresponds to the theoretical C,,/O,, ratio of
the oxalate ion.

The results show, that Rh. pusillus is a high level oxalic acid accumulator. During
growth of Ch. merdarium on polyaniline no accumulation of oxalate has been
observed. It can be explained by a general physiological trait of brown-rot and
white-rot basidiomycetes that do not accumulate oxalic acid but metabolize and/or
decompose it (Gray and Goddard 2012).
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Fig. 6.7 Electrochemical response for polyaniline to hydroquinone/quinone redox in 0.1 M solu-
tion of hydroquinone in 0.05 M H,SO,: (/) bare nickel, (2) freshly polyaniline modified nickel,
(3) reference polyaniline; treated polyaniline with: (4) Ch. merdarium, (5) Ch. pannorum, (6) A.
radicina, (7) B. cinerea, (8) Trichoderma spp., (9) A. alternata, (10) Rh. pusillus, (11) Penicillium
spp. (potential cycling between E=-0.1 and 1.1 V, 0.02 Vs™!) vs. Ag/AgCl (From Binkauskiene
etal. 2013)
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Fig. 6.8 XPS spectra of Cls and Ols of PANI films: (a), (b) treated with Rh. pusillus and (c), (d)
treated with Ch. merdarium (the biofilms were removed)

Table 6.2 Cls and Ols peak areas (at.%) of biologically-treated PANI samples

Cls (at.%) Ols (at.%)
Sample Cl1 C2 C3 | Ol 02 03
Rh. pussilus (after 56 days of exposure) 36.55 | 13.58 | 11.96 | 2.64 | 23.61 8.98
Ch. merdarium (after 56 days of exposure) | 52.49 | 22.07 5.31 | 0.62 | 10.19 3.50
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Chapter 7
Synthesis Techniques and Evaluation
Methods of Nanoparticles as Fungicides

Youn Su Lee and Ahmed I.S. Ahmed

Abstract The scientists’ attention concentrated on developing the materials for
addition and desirable properties especially in nano-level because the materials allow
improving their properties significantly. Nanostructured materials are involved in all
fields of science with great applications in Agriculture. Among the widely used of
these different types of nanoparticles in investigations to control a lot of fungal plant
pathogens, there are different methods to prepare each type, also many methods and
techniques followed to evaluate it as control agents against some plant pathogens.
Also engineering of nanoparticles is the backbone of nanotechnology with very fast
development and growing. This chapter focused on the methodology of nanoparticles
preparation and its evaluation as pesticides in plant pathology researches

1 Classification of Nanoparticle Types

There is growing attention and increasing research activities in the behavior, fate,
also environmental outcomes of the nanomaterial’s. Information about the nanopar-
ticles (NPs) synthesis and preparation will increase our understanding of the nano-
materials behavior in the environment which is essential to study any effects due to
the NPs application in the environment especially with living organisms such
microorganisms. Depend on the origin, NPs can be classified into groups (natural
and anthropogenic or artificial), while the artificial group can be subdivided into
manufactured and accidental (Figs. 7.1 and 7.2). On the other hand, NPs can be
divided according to their chemical structures into organic and inorganic (Nowack
and Bucheli 2007).
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The surface effects and quantum effects are two important primary factors make
nanoparticles superior in properties to bulk materials represented, where the surface
properties with very high area can enhanced surface phenomena to volume ratio
that help the atoms are on or near the surface and more reactive, and the quantum
effects due the small dimensions of electrons leading to delocalized on the surface
of the NPs as discontinuity behavior (Roduner 2006). These factors are the most
important secrets in the effectiveness of nanoparticles earned a lot of the physico-
chemical properties that have made them of interest to the scientific community.

Natural NPs are distributed throughout the atmosphere and found in many envi-
ronments, also microorganism could be prepare the natural nanoparticle through to
ways either directly to make the metabolic requirements available (Schiiler and
Frankel 1999) and (Suzuki et al. 2002) or indirect way of microbial activity results
(Banfield et al. 2000; Glasauer et al. 2002; Hansel et al. 2004). In addition, there are
natural NPs releasing due to the human activities as a nano particulate matter for
millennia as products of some activities such as agriculture, construction, mineral
processing and mining activities (Wiesner et al. 2009; Sioutas et al. 2005).

Novel nanoscale properties have been exploited via the modern nanotechnology
to produce a vast amount of engineered NPs to serve for special purposes. Ju-Nam
and Lead (2008) mentioned that manufactured NPs can be clustered into some of
classes based on their core materials, these where classified into organic and inor-
ganic. Whereas organic NPs defined in to groups included fullerenes e.g., C60 and
C70 as well as derivatives, and nanotubes of carbon like multi walled and single
walled CNTs, on the other hand, inorganic NPs were divided into metal oxides like
zinc, iron, titanium cerium etc., and metals mainly silver and gold, also quantum
dots such as cadmium selenide.

1.1 Engineered Nanoparticles

There are a lot of techniques have been employed to generate the metal nanoparti-
cles, these techniques have advanced rapidly and continue to improved control the
shape and size of the generated particles. Shenhar and Rotello (2003) mentioned to
two different approaches used in nanostructures generation included chemical
approach called (The bottom up method), where the atoms that composed from dimi-
nution of ions are amassed to generate nanostructures and the adverse approach or
the second approach is physical technique called the top down method, whereas the
material removed from the total or bulk structure through disintegrating or grinding
milling so the vapors components proceed from the chemical methods condensation
of leaving the desired nanoparticles. These two methods implemented in gas, super-
critical fluids, liquid, in vacuum and as solid states. Also many aspects are important
in the ability to control it in particles such as (size, shape, distribution, composition
and degree of agglomeration). The stabilization of the particles considered one of the
important aspects to avoid coalescence and aggregation and it can occur in many
different ways (Ju-Nam and Lead 2008). The synthesis of small nanoparticles is
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more difficult and the capping is important in synthesis process to keep the particles
in dispersed status to facing the increase of forces surface energy (Sardar et al. 2009).
Top down assembly methods are superior for the possibility of interconnection and
integration, while in electronic circuitry. Bottom up assemblage is influential and
authoritative in manufacturing identical nanostructures with the precision of atomic,
especially in living organisms, both of them can be combined to prepare nanoparti-
cles with specific physicochemical properties (Cigang et al. 2006).

Many types of nanomaterial have been produced for different applications
and commercial activities. Metal oxides are important inorganic nanoparticles
due to the novel optical, magnetic and electrical properties (Grancharov et al.
2005; Shtykova et al. 2007). Metal oxides NPs used in many applicable activities
including sensors, catalysis, biomedical diagnostics, environmental remediation
and electronic materials (Kamat 1993; Hoffmann et al. 1995; Oskam 2006;
Prasad et al. 2015). The following will highlight the most common NP types
(Iron oxide, Titanium oxide, Cerium oxide, Zinc oxide) and metal NPs (Silver,
Gold).

1.2 Iron Oxide

There are two most common forms of iron oxide NPs (y-Fe,O; and magnetite
Fe;0,) and they have offer a high potential for several biomedical applications due
to their super-magnetic properties, this applications including tissue repair; mag-
netic resonance imaging, drug delivery and hyperthermia (Widder et al. 1978;
Arbab et al. 2003; Perez 2007) but the investigation of its effects against microor-
ganisms still limited.

1.3 Titanium Oxide

Titanium dioxide has four naturally crystal forms: brookite, rutile, anatase and TiO,,
it can be synthesized using some important techniques: co-precipitation, sol-gel
synthesis process, chemical vapor deposition, reverse micelle synthesis, micro-
emulsion synthesis process and hydrothermal reaction method (Wang et al. 2005;
Kim et al. 2006; Ramaswamy et al. 2008; Kawai-Nakamura et al. 2008; Li et al.
2008; Rashidzadeh 2008). It is important that the changing behavior from the amor-
phous to the anatase phase is influenced by the manufacturing conditions. NPs are
exploited by a variety of fields due to their attractive properties as a high refractive
index, light absorption/scattering especially with low-cost production of chemical
relatively titanium dioxide, (Baldassari et al. 2005; Kim et al. 2007). Titanium oxide
has a wide range of application such as pigments, cosmetics, catalysts and photo-
catalysts (Pratsinis et al. 1996; Chen and Yang 1993; Rao and Dube 1996).
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1.4 Zinc Oxide

Zinc oxides in nanoscale have received the scientific attention in recent years due to
their properties and its ability to be applicable in many fields (Miiller and
Weillenrieder 1994; Makino et al. 2002; Wang and Song 2006) and have important
role as antimicrobial agents (Jones et al. 2008; Bhuyan et al. 2015). A lot of publica-
tions mentioned to several synthesis methods, such as chemical vapor deposition,
thermal decomposition, spray pyrolysis, laser ablation, sol-gel method, molecular
beam epitaxy, hydrothermal synthesis, etc. have been studied for the synthesis of
ZnO structures in addition to the changes of surface using organic compounds have
also showed the applications or chances to use new ways of zinc oxide NPs applica-
tions (Tarasenko et al. 2010; Guo et al. 2000).

1.5 The Metal NPs

Nanoscale metals can be manufactured in many shapes and sizes dependent on the
desired properties which make the particles different from both bulk and atomic
structure of materials (Daniel and Astruc 2003). Some important applications
exploit many unique nanoscale aspects (Jana et al. 1998; Mirkin et al. 1996), anti-
microbial uses to water purifications or wastewater treatment (Aziz et al. 2015). In
the different ways employed in manufacturing of NPs metal a lot of methods are
applied to tune the size and shape of particles into a specific target and purpose (Lee
et al. 2001).

2 Concept of Synthesis and Characterization
of Nanoparticles

Nanoparticles have created a high interest in recent years by virtue of their unusual
mechanical, electrical, optical and magnetic properties where nano structures hav-
ing their largest dimension in between ‘0’ to ‘100’ nm (Suman et al. 2010; Prasad
2014; Prasad et al. 2014). These are called nano powders and finding their wide
applications in all fields of engineering and biology. Many techniques, including
both top-down and bottom-up approaches, have been developed and applied for the
synthesis of nanoparticles. There are two ways to manufacturing of nanostructures;
such as (bottom-up. and top-down), Top down methods means the breaking down
of the bulk material into nano particles. An example of such a technique is high-
energy wet ball milling. The other approach is the ‘bottom- up’ that refers to create
of a material atom-by-atom, molecule-by-molecule as showed in (Fig. 7.3)

The creation of small size is not all requirements. But also the identical size of
all particles must be have a similarity or uniform size distribution that mean the NPs
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Fig. 7.3 The ‘bottom up’ and top down’ synthesis processes of nanomaterials with the popular
techniques (Source: http://article.sapub.org/10.5923.j.nn.20130303.06.html)

are mono sized also the identical shape or morphology and identical chemical com-
position as well as crystal structure that are desired among and within individual
particles such as composition and core must be the same and avoiding the agglom-
eration (Cigang et al. 2006).

This part deals with some of the common processes that have been used in recent
years and some laboratory steps to preparation of NPs especially in biological
laboratories.

2.1 Silver Nanoparticles

Nanoparticles silver among all different types of metal is the most rapidly growing
application due and has applications in some of scientific fields and in products
(Tolaymat et al. 2010). The manufacturing of silver NPs Well can be achieved
through different approaches using numerous capping agents depending on desired
applications, the common approaches in publication are photochemical methods
such as microwave processing, laser ablation, thermal decomposition of silver
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oxalate, reduction of organic and inorganic agents and radiation (Lee et al. 2001;
Navaladian et al. 2006; Bonnemann and Richards 2001; Pulit et al. 2013).

Also the silver NPs one of most save types where due to its fate and residue in
the environment due to the effect of pH on the Ag NPs which size transformed
either silver ions or soluble silver with low pH aqueous nitric acid with similar acid-
ity to natural conditions (Elzey and Grassian 2010). Due to the surface properties in
preparation of particles the stability and mobility of NPs determined either in
aquatic or terrestrial systems also in the interactions process with the living organ-
isms (Navarro et al. 2008)

2.1.1 Preparation of Silver Nanostructures

And colleagues used three methods to synthesize different-sized AgNPs, in typical
procedure:

The first method according to Feng et al. (2000):

The spherical AgNPs were prepared by reducing the aqueous AgNO; and sodium
citrate under boiling temperature.

e Heating the 50 ml of 0.001 M AgNO; to boiling temperature.

* Add 5 ml of 1 % trisodium citrate as drop by drop.

e Heating the solution under continuous stirring at boiling point.

* The reaction was allowed to take place until the color changed to a greenish yel-
low solution.

e The solution was then cooled to room temperature.

e The AgNPs in this solution were called citrate-AgNPs.

The second method, preparation of spherical silver nanoparticles by reducing
aqueous silver nitrate with NaBH,, and the production of nanostructures using this
method named borohydride-AgNPs.

* Adding the aqueous solution of NaBH, (0.002 M).

e Stirring and cooling the solution for 20 min.

e Two milliliters of 0.001 M AgNO; was dropped into the stirred NaBH, solution
at approximately 1 drop per second, all of the AgNO; added stop the stirring of
the solution.

The third method, AgNPs was synthesized by using NaBH, and PVP as reducing
and stabilizing agents, respectively.

¢ Add the solution of trisodium citrate (0.5 ml, 30 mM) into flask contained 50 ml
deionized water.

e Add AgNO; aqueous solution (1 ml, 5 mM).

* add the freshly NaBH, aqueous solution prepared (0.5 ml, 50 mM) quickly,

* Suspension immediately turned into a light yellow color.

* Add the aqueous solution of PVP (0.5 ml, 5 mg/ml, Mw =40,000) After 30 s.
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e The suspension will changed into a dark yellow color after 30 min of reaction
proceeding and mark the silver particles using PVP-AgNPs.

* Following the procedure of Torres and coworkers the triangular particles or tri-
angular-AgNPs could be synthesized.

e Preparing of PVP: AgNO; precursor solution, which including solution of
AgNO; (1 ml, 5 mM) in 50 ml deionized water with the PVP presence (3 ml,
32 mg, Mw=40,000) as the capping agent.

* Add the sodium citrate (3 ml, 30 mM) and hydrogen peroxide to the solution
under stirring conditions (400 rpm).

e The reaction took place in the dark.

e After 30 min, the solution will change from yellow to a light blue.

e The reaction was allowed to continue for 5 h.

2.1.2 Biologically Methods to Produce of Silver Nanoparticles

Different organisms have been used for the biosynthesis of nanoparticles like plants,
bacteria, yeast and fungi (Pallub et al. 2011; Forough and Farhadi 2010; Chen and
Yang 1993; Krishnaraj et al. 2012; Souza et al. 2004) but fungi has advantage over
other organisms like simple to handle, eco-friendly, requires very less time, pro-
duces the large amount of extracellular enzymes and can uptake the metal ion as
compared to physical and chemical method (Prasad et al. 2015).

2.1.3 Method to Biosynthesis of Ag Nanoparticles Using Fungi (Khabat
et al. 2011)

e Mixing 10 g of endophytic fungus wet biomass with a 100 ml aqueous solution
of 1 mM silver nitrate (AgNO;).

e Placing the mixture at 28 °C for 120 h duration in rotating shaker (100 rpm).

* In this process silver nanoparticles will produce through reduction of the silver
ions to metallic silver.

e Using visual inspection of the solution and measuring the UV-Visible spectra of
the solution by periodic aliquots sampling (2 ml) of the component to monitoring
the reduction of silver ions.

e Record the UV-Vis spectroscopy measurements on a Shimadzu dual beam spec-
trophotometer with operation at 1 nm resolution.

e Using of Perkin-Elmer LS 50B luminescence spectrophotometer, carry the fluo-
rescence measurements out.

e To perform Fourier transform infrared spectroscopic (FTIR), the films of nanopar-
ticles will produce on substrates by drop-coating the metal nanoparticle solution.

Using this biosynthesis method the silver nanoparticles have been introduced
extracellulary in different fungal genus and species e. g., Trichoderma reesei (Khabat
et al. 2011; Khandelwal et al. 2010), Aspergillus clavatus (Verma et al. 2010;
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Vigneshwaran et al. 2007); Cladosporium cladosporioides (Balaji et al. 2009);
Filamentous fungus Penicillium sp.; Fusarium oxysporum (Durdn et al. 2005;
Senapati et al. 2005; Souza et al. 2004; Oksanen et al. 2000); Fusarium semitectum
(Basavaraja et al. 2008); Verticillium species (Medentsev and Alimenko 1998),
Aspergillus fumigatus; and Neurospora crassa (Castro-Longoria et al. 2011).

Many plant pathogenic fungi which affected and suppressed by Ag NPs include
Alternaria alternate, Rhizoctonia solani, Botrytes cinerea, Curvularia lunata,
Sclerotinia sclerotiorum, Macrophomina phaseolina using NPs size 10, 50 nm
(Krishnaraj et al. 2012), Cladosporium cladosporoides with 60 NPs size; Alternaria
alternate;  Alternaria brassicicola;, Alternaria solani; Botrytis cinerea;
Cladosporium cucumerinum; Corynespora cassiicola; Cylindrocarpon destruc-
tans; Didymella bryoniae; Fusarium oxysporum f. sp cucumerinum.; F. oxysporum
f. sp. lycopersici; F. oxysporum; Fusarium solani; Fusarium sp; Glomerella cingu-
late; Monosporascus cannonballus, Pythium aphanidermatum; Pythium spinosum;
Stemphylium lycopersici using 7-25 nm size of Ag NPs (Kim et al. 2012).
Golovinomyces cichoracearum, Sphaerotheca fusca by 7-25 nm size (Lamsal et al.
2011); Colletotrichum spp. also; Sclerotium cepivorum by 7-25 nm (Jung et al.
2010); Sclerotinia sclerotiorum,; Rhizoctonia solani, Sclerotinia minor using 4—8 nm
(Lamsal et al. 2011; Min et al. 2009). Pythium altimum, Mangnoprthe grise,
Colletotricum gloeosporiodes, Botrytes cinerea by 20, 100 nm size (Park et al.
20006); Fusarium culmorum by 15, 100 nm (Marek et al. 2013); Fusarium culmo-
rum using 5, 10 nm (Marek et al. 2010); Colletotrichum gloesporioides by 5, 24nm
(Miguel et al. 2011) and Aspergillus fumigatus using 420 nm size (Fig. 7.4) (Khalil
Neveen 2013).

Fig. 7.4 Examples for the fungal species used for synthesis of Ag NPs
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3 Sulfur NPs

Sulfur nanoparticles have many practical applications especially as nanoparticles. It
was prepared by different method included chemical precipitation, electrochemical
method, composing of oil, micro emulsion technique, surfactant, co-surfactant,
aqueous phases with the specific compositions and ultrasonic treatment of sulfur-
cystine solution. Sulfur nanoparticles are very important application for antibacte-
rial, anticancer, pharmaceuticals, fertilizers, fiber manufacturing, nano carbon tubes
modification. For the applications of sulfur in agriculture area, sulfur can be used as
fungicide against many plant diseases such as the apple scab disease in the cold
conditions, also S used in the culture of grapes, vegetables, strawberry and many
cultivated plants (Suleiman et al. 2013). However; S can be considered as a high
efficiency pesticide that used in agriculture where it has good effect against a wide
range of powdery mildew diseases as well as black spot

3.1 Methods for S-NPs Preparation

According to Suleiman et al. (2013), the S-NPs can be synthesized by different
methods as follow:

* Wet chemical precipitation method it used to prepare the S-NPs by dissolving the
sodium thiosulpahte in double distilled water and different acid solutions, using
different surfactants (TX-100, CTAB, SDBS, and SDS) as the stabilizer effect on
the particle size. The anionic surfactant SDBS is higher effective for obtaining a
uniform size in both the acid media. The lowest size of particles is (30 nm) were
obtained in a certain reactant concentration range using CTAB surfactant.

e S-NPs could be manufactured from H,S gas by using novel chelates of biode-
gradable iron in water/organic micro emulsion system. Fe** malic acid chelate
and studied it in w/o micro emulsion including cyclohexane, n-hexanol and tri-
ton X-100 in oil phase, co-surfactant and surfactant for catalytic oxidation of H,S
gas at temperature ambient conditions, neutral pH and pressure, the morphology
of sulfur nanoparticles synthesized is nearly undetected in size as an average size
of particle 10 nm, and distribution of narrow particle size in range of 5-15 nm,
as compared to aqueous surfactant systems.

* Monoclinic sulfur nanoparticles have been prepared via the chemical reaction
between sodium polysulfide and hydrochloric acid in a reverse micro emulsions
system, with theolin, butanol, and a mixture of Span 80 and Tween 80 (weight
ratio 8:1) as the oil phase, co-surfactant and surfactant, respectively. Transparent
micro emulsions were obtained by mixing the oil phase; surfactant, co-surfac-
tant, and the aqueous phase in appropriate proportion using an emulsification
machine at the room temperature, the sulfur nanoparticles prepared via this
method have an average diameter of about 20 nm, a narrow size distribution,
uniform spherical shape, and high purity.
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* An electrochemical method is used to prepare the sulfur nanoparticles from
thiosulfate ion. The particle size of the S-NPs can be adjusted between 35 and
65 nm by adjusting the operation parameters including the initial sodium thiosul-
fate. in this case , the used of hot alcohol and cold water as solvent/non-solvent
system along with 100 ml- min~' flow rate for co-mixing of non-solvent resulted
in the formation of S-NPs in a typical size of 250 nm that are fairly homogeneous
in shape and have a narrow particle size distribution. To dissolve sulfur, the
Dimethyl sulfoxide DMSO was used as the solvent. Solution processing was
developed to prepare conductive sulfur/carbon nanocomposites for electrochem-
ical used as in Fig. 7.5.

4 Chitosan and Preparation Nanoparticles

Chitin and chitosan are naturally occurring compounds that have important role in
plant diseases control due to its toxicity and inhibition effects on fungal growth and
development. Chitin and chitosan are known to have eliciting activities leading to
enhance of defense in host plants as a response to microbial attack by the accumula-
tion of pathogen related (PR) proteins, proteinase inhibitors and phytoalexins.

Zhu et al (2012) pointed to the simple and new method to prepare Chitosan nanopar-
ticles in vitro as follow: Using of (low molecular weight, 20-300 cp (centipoise; 1 % in
1 % acetic acid), and degree of deacetylation 75-85 %), TGA (thioglycolic acid =98 %),
Ellman's reagent (5,5'-dithiobis(nitrobenzoic acid), =98 %), and mucin (from porcine
stomach, Type III, bound sialic acid 0.5-1.5 %, partially purified powder), St Louis,

Ultrasonication
_—

Sulfur Carbon

Sulfur/carbon nanocomposite

Cooling

Filtration

Fig. 7.5 Illustration of the solution processing for the preparation of sulfur/carbon (Source:
Suleiman et al. 2013)
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MO. EDAC-HCI (N-(3dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride,
99 %) and NHS (N-hydroxysuccinimide, 98 %). FITC (fluorescein isothiocyanate, iso-
mer 1, 95 %); DMF (N,N-dimethylformamide) and SA (sodium alginate of low viscos-
ity (0.02 Pa-s) for a 1 % solution at 20 °C). All other chemicals in reagent grade.

5 Synthesis of Thiolated chitosan (TCS)

There is a new method includes two steps.

The First Process

e Added volume of (1 ml of TGA, 3500 mg of EDAC- HCI and 2000 mg of NHS)
to 2 ml DMF in flask with overnight constant stirring.

e After completion of the reaction the reactive NHS-ester will produce.

In the Second Process
Hydrate 500 mg of chitosan in 4 ml of 1 M HCl and dissolve it by the demineralized
water addition to 2.5 % of chitosan hydrochloride solution.

* Add the reactive NHS-ester drop wise into solution of chitosan hydrochloride
with pH maintained at 5 by using of 10 M NaOH.

e Incubating of the mixture under room temperature and overnight continuous
stirring.

* The step of TCS isolation using dialyse of the polymer solutions exhaustively in tub-
ing with molecular weight cut off 12 kDa and dialysis tubings as well as membrane
of cellulose against 5 mM HCI, then three times against 5 mM HCI including 1%
NaCl, finally, three times against | mM HCl under 8 °C in the dark conditions.

* The controls were synthesized in the same way but omitting EDAC-HCI and NHS.

* Lyophilization of the frozen aqueous polymer solutions for each of samples and
controls (FreeZone, Labconco, Kansas City, MO), then stored at 4 °C for further use.

5.1 Determination of the Thiol Groups in TCS by Ellman’s
Method (Zhu et al. 2012)

Using Ellman’s reagent, the degree of thiol group substitution in the modified poly-
mers was determined spectrophotometrically.

Ellman’s reagent or 5,5’-dithiobis (2-nitrobenzoate) (DTNB) is a symmetric aryl
disulfide, which is very sensitive to the reaction of the thiol-disulfide interchange
with a free thiol.

* Initially, 5 mg of each of the conjugates and controls dissolved in ultrapure water
(PURELAB Classic UVF, ELGA LabWater, High Wycombe, Buckinghamshire,
UK) to prepare 2 mg/ml solution.



154 Y.S. Lee and A.L.'S. Ahmed

250 pl aliquots were added to 250 pl of 0.5 M phosphate buffer (pH 8.0) and to 500 pl
of Ellman’s reagent (0.4 mg/ml of DTNB in 0.5 mol/l phosphate buffer, pH 8.0).
The sample was incubated at room temperature and shielded from light for 3 h.
The resulting solution was then centrifuged at 18,000 x g for 10 min.

Transfer 200 pl of the supernatant to a microtitration plate and measure the
absorbance at a wavelength of 450 nm with a Multimode Reader (Infinite M200;
Tecan Group Ltd., Ménnedorf, Switzerland).

A blank control was created with non-modified chitosan.

A TGA standard curve was established between 0.125 and 2 pmol/ml, precisely
following the same protocol used for sample determination.

5.2 Preparation of CS/TCS-SA NPs

According to Zhu et al. (2012) they prepared of CS or TCS with SA nanoparticles
as follow:

CS was dissolved in 1 % acetic acid aqueous solutions at various CS concentra-
tions: 0.5, 1.0, 1.5 mg/ml,

The pH was adjusted using 1 M NaOH to pH 5.5. In contrast

TCS was easily soluble in aqueous solutions below pH 5

Ultrapure water used as the solvent for TCS.

SA was then dissolved in ultrapure water at concentrations of 0.625 or 1.25 mg/
ml, using 1 M HCl to adjust the pH to 5.3.

All the solutions of the materials were purified through a 0.45 pm microporous
membrane filter.

NPs were obtained by addition of SA solution (2 ml, pH 5.3) to aqueous solutions
of polymers CS or TCS (8 ml) under magnetic stirring at room temperature.
Samples were then visually analyzed for three kinds of phenomena: clear solu-
tion, opalescent suspension, and aggregates.

The opalescent suspension was the objective when preparing the mucoadhesive
nano particulate system.

To optimization of CS/TCS-SA NPs, Nanoparticles were formed by interaction
between the negative groups of alginate and the positively charged amino groups
of CS or TCS. High concentrations of CS/TCS (1.5 mg/ml) and SA (2.5, 1.25 mg/
ml) resulted in the formation of a high concentration of fibrous aggregates.

6 Preparation of Copper Nanoparticles

Copper nanoparticles play an important role in control of some fungal and bacterial
plant pathogens due to its antifungal activity of copper nanoparticles against many of
crop pathogenic fungi. Copper nanoparticles were synthesized by chemical reduction
of Cu?* in the presence of cetyl trimethyl ammonium bromide and isopropyl alcohol.
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One of simple methods to synthesis of copper nanoparticles CuNPs when

synthesized by reduction of copper (II) nitrate with isopropyl alcohol (IPA) in the
presence of the cationic surfactant cetyl trimethylammonium bromide (CTAB) by
the following method (Kanheda et al. 2014).

Prepared of 0.0030 M copper nitrate and 0.09 M of CTAB were in IPA.

Carry the reaction in clean dry 250 ml Erlenmeyer flasks open to air.

Add the copper nitrate drop wise to the 0.09 M CTAB/(IPA) solution.

The reaction mixture stirred vigorously on a magnetic stir plate.

Turn of the solution violet after the addition of 2 ml of copper nitrate,

Darker violet after addition of 5 ml copper nitrate and dark violet on further addi-
tion, indicating the synthesis of CuNPs.

Use of IPA as a reducing agent in the synthesis of CuNPs. CTAB molecules cata-
lyze the reduction of Cu?* ions to Cu0 with IPA.

Act the CTAB also as a capping agent by surrounding the surface of CuNPs.
The long chain cetyl groups stabilize the CuNPs and prevent aggregation.

Using other method, mentioned to this steps to create the Copper NPs. As

follow:

Take of 5 ml CuSO, (0.1 M) and 10 ml dodecyl benzene sulfonic acid sodium
(DBS) (0.5 M) solution were into 210 ml deionized water in a three necked flask
equipped with a spherical condenser.

Add 30 ml hydrazine (0.5 M) solution, and then drop wise to the above solution
when the reaction mixture was heated to 100 °C under constant severe stirring.
Reflux The reaction solution was for 40 min. to completion of reaction and
allowing the mixture to cool to room temperature.

Separate the reaction liquid using a hydroextractor at 3500 rpm for 30 min,
Wash it three times with water and ethanol.

Dry it at 60 °C for 5 h in a vacuum dryer.

6.1 General Procedure for the Reduction of Nitro Aryl

Compounds

added the mixture of nitrobenzene (1 mmol), copper nanoparticles (0.1 mmol)
and THF/H,O (v/v=1:2) into a three-necked flask,

Dissolve 3 mmol sodium borohydride in 5 ml distilled water were.

Added dropwise to the above solution under the continuous stirring.

Store the mixture at 50 °C and monitor it by TLC.

After the completion of the reaction, allowing the mixture to cool to room tem-
perature and filtration.

Wash the filtrate with methylene chloride.

Wash the organic layer successively with brine and water,

Dry with anhydrous Na,SO,,
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e Remove the solvent under vacuum.
 Purify the residue by chromatography on silica gel to give desired product.

Many publication studied the effect of CuNPs against pathogenic fungi e.g.,
Phoma destructiva, Curvularia lunata; Alternaria alternata; Fusarium oxysporum
using 3—10 nm NPs (Prachi et al. 2014).

7 Iron Oxide NPs

Iron oxides are one of the most important transition metal oxides of technological
importance. About Sixteen iron oxides phases in pure status e.g., oxides, hydroxides
or oxyhydroxides are known already. Characterization of iron oxide compounds
includes most of the trivalent iron form with brilliant colors and low solubility.

These types of iron oxides could be prepared by all known chemical techniques
and methods but there are challenging tasks to tailor the nano-size range and mor-
phology for particular application. These oxides employed in many applications
like catalysts, pigments, sorbents, coatings, flocculants, gas sensors manufacturing,
ion exchangers. Similar investigations have mentioned that NPs of Iron oxide have
ability to change the stability, solubility, and aggregation behavior in due to pH
changes and concentration of organic matter (Basavaraja et al. 2008).

In the past years, many difficulties faced the production of nano-particles of iron;
it was difficult to precipitate iron oxide particles directly in the desired shape and
size. So the preparation process was conducted using various precursor particle of
iron oxide. Also the preparative method was very sensitive. But now especially with
developing of the colloidal chemical synthetic procedures to produce nanoparticles
of various materials, the process becomes available. The following will highlight
briefly on the methods of preparation:

7.1 Chemical Precipitation

Using the co-precipitation methods, Dove and Kalaniya (2012) and Kandbal et al.
(2014) pointed to a simplified method for the preparation of ferrite nanoparticles,
the co-precipitation has been carried out only from Fe (II) salt without any composi-
tion of Fe (III) and the steps are as follow;

* Using a glass round bottom flask on heating mantle (EXPO make) maintained at
90 °C.

e Using a glass burette of 100 ml fitted with a burette stand for the addition of
ammonium hydroxide drop wise.

e Take the deionized distilled water (100 ml) in the bottom flask.

e Add the weighed amount of FeCl,.4H,O (3 g) after reaching thermal equilibrium
(9 °C=£10.1) into the flask.
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Load the 100 ml ammonium hydroxide solution with 24.5 g 0.7 mol ammonium
hydroxide and the add ammonia solution with the rate 0.007 mol/s followed by
stirring for 1 s.

After the system reached a precipitation state, cooling and settling of the precipi-
tate in the bottom of the flask.

The supernatant liquid decant carefully into Whatman qualitative filter paper
having poor size 22-25 p without disturbing the precipitate.

Take the filtrate into centrifuged tubes after centrifugation at 5000 rpm.

The supernatant will able to pass through the filter paper followed by the transfer
of the precipitate.

Washing of the precipitate with the half of ethanol solution in water.

Expose the washed precipitate in air for 24 h where it turns into the black mag-
netic phase.

Dry the precipitate at 100 °C for 1 h in vacuum.

7.2 Biological Method for Iron NPs Preparation

Described the method of nanoparticles preparation from several species of plants as
a ecofriendly and green synthesis method, they got the nanoparticles from ten vari-
ous species of plants that include mango leaves, clove buds, black tea, green tea
leaves, coffee seeds, rose leaves, cumin seeds, origano leaves, thymol seeds, curry
leaves for reducing ferric chloride (FeCl;) as Fe precursor was purchased from
Sigma Chemicals limited. The steps of precursor for the synthesis of iron nanopar-
ticles as follow:

0.001 M Ferric Chloride was prepared by using triple distilled water.

Plant extracts were prepared by taking approximately 25 g leaves/seeds/buds.
These were of thoroughly washed with sterile distilled water, dried and finely
crushed with the help of mortar and pestle by adding 5—10 ml of deionized water
gradually.

The mixture was poured in a flask and heated for 5-10 min at 700 °C before
finally decanting it.

The mixture was then filtered using Whatman No. 1 filter paper.

Wherever necessary the plant mixture was centrifuged at 5000 rpm for 5 min.
The supernatant was collected as the plant extract and used for further process.
During the synthesis of iron nanoparticles both the precursor and the reducing
agent were mixed in a clean sterilized flask in 1:1 proportion.

For the reduction of Fe ions, 5 ml of plant extract was mixed to 5 ml of 0.001 M
aqueous of FeCl; solution with constant stirring at 50-60 °C.

Characterization UV—-vis spectroscopy using light in the visible and adjacent
near-UV also near infrared NIR ranges, and with ultraviolet—visible spectroscopy
UV-Vis, the results will refer to absorption spectroscopy in the UV-visible
spectral area, the perceived color of the chemicals involved will affected by the
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absorption in the visible range. In this electro-magnetic spectrum region mole-
cules go through electronic transitions.

8 Synthesis of ZnO Nanoparticles

Zinc, a metallic chemical element with ionic state Zn>* is an essential trace element
necessary for plants, microbes and animals (Park et al. 2009; Sangeetha et al. 2012).
Zinc Oxide (ZnO) has been widely used in a lot of fields such as near-UV emission,
transparent conductor, gas sensors, and piezoelectric application (Bhuyan et al.
2015). ZnO nanostructures can be synthesized on a scale at economical and low
costs using simple chemical components as solutions such as chemical precipita-
tion, Sol-gel synthesis, and solvothermal/hydrothermal reaction. Aneesh et al.
(2007) could prepare the ZnO NPs using hydrothermal technique and they men-
tioned to this methods as a favorable alternative synthetic techniques because of the
low temperature and easy to particle size control. In their paper described the hydro-
thermal process which has several influences over other processes for instance sim-
ple equipment using, economical cost, friendly environment and less risks. Also this
technique has been successfully employed to prepare luminescent materials and
ZnO in nanoscale and the properties of particles which produced from this tech-
nique can be controlled via process of the hydrothermal by adjusting the tempera-
ture of reaction, concentration and time of precursors.

8.1 The Preparation of ZnO NPs via Hydrothermal Technique

To synthesize the ZnO nanoparticles using hydrothermal technique as Aneesh et al.
(2007) described the steps as follow:

e Prepare the stock solutions of Zn (CH;COO),.2H,0 of (0.1 M) in 50 ml metha-
nol under stirring condition.

e Making of the stock solution (25 ml of NaOH) varying 0.2-0.5 M solution, and
prepare it in methanol which added under stirring to get the pH in range of
(8-11).

e Transfer the solutions into Teflon lined sealed stainless steel autoclaves and
maintained at temperature ranged from 100 to 200 °C for 6 and 12 h under autog-
enously pressure.

e After complete of reaction, wash the resulting white solid with methanol.

e Filtration and drying the sample using laboratory oven at 60 °C.

e Characterization of the samples for their structure by X-ray diffraction (Rigaku
D max-C) with Cu Ka radiation.
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e Examine the samples using the transmission electron microscopy (TEM), high
resolution transmission electron microscopy (HRTEM) and selected area elec-
tron diffraction SAED with a JEOL JEM-3100 F TEM operating at 200 kV.

e Preparing of the sample by placing a drop of the ZnO suspension using methanol
onto a standard carbon coated copper grid.

e Drying of grids before micrographs recording.

e Estimation of the optical band gap from the UV-vis-NIR diffuse reflectance
spectroscopic (UV-vis-NIR DRS) and studied under wavelength range from
190 nm to 1200 nm with spectrophotometer. Also there are many publication
highlighted the effect of ZnO NPs on phytopathogenic fungi like Fusarium oxy-
sporum and Penicilium expansum using NPs size 70 nm (Yehia and Ahmed
2013); Alternaria alternate, Fusarium oxysporum; Rhizopus stolonifer; Mucor
plumbeus with 30 and 50 nm (Wani and Shah 2012); Botrytes cinerea, Penicillium
expansum using 70 nm and Bipolaris sorokiniana, Magnaporthe grisea by 20,
30 nm NPs size (Jones et al. 2008).

9 TiO, Nanoparticles

TiO, is one of the promising materials high photochemical stability with low cost
and small sizes in many applications such as pigments, adsorbents and catalytic
supports. Much research has been mentioned upon the reduction of TiO, particle
size. Its common compound, titanium dioxide, is a popular photo-catalyst, and is
used in manufacture of pigments (Chen and Yang 1993; Raliya and Tarafdar 2014).
There are some important the methods to prepare this type of NPs, Vijayalakshmi
and Rajendran (2012) employed two techniques to manufacturing TiO, as follow:

9.1 Sol-Gel Route

e The sol-gel synthesized TiO, was obtained from Titanium (IV) isopropoxide
(TTIP) was dissolved in absolute ethanol

¢ Distilled water was added to the solution in terms of a molar ratio of Ti: H,O=1:4.

e Nitric acid was used to adjust the pH and for restrain the hydrolysis process of
the solution.

e The solution was vigorously stirred for 30 min in order to form sols.

e After aging for 24 h, the sols were transformed into gels.

* The gels were dried under 120 °C for 2 h to evaporate water and organic material
to the maximum extent.

e The dry gel was sintered at 450 °C for 2 h were subsequently carried out to
obtain desired TiO, nano-crystalline.
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9.2 Hydrothermal Method

* Analytical grade titanium tetrachloride was adopted as the source material and
sodium hydroxide as mineralizer.

* An aqueous solution of titanium was obtained by mixing one molar stoichiomet-
ric ratio of TTIP in 50 ml of distilled water.

e The solution 2-3 mol of NaOH with stirring at several minutes, resulting in a
white colloidal sol. The final volume was adjusted to 90 ml using distilled water.

* 90 ml sol was transferred to a 100 ml Teflon lined auto clave vessel.

* The sealed vessel was heated to 240 °C for 12 h and the resultant precipitate was
dried at 450 °C for 2 h to obtain TiO, nanoparticles.

10 Preparation of Magnesium Oxide Nanoparticles

Magnesium is an alkaline earth metal with its ionic form Mg?*, essential to all living
cells, where it plays a crucial role in employ of important biological polyphosphate
like ATP, RNA and DNA (Raliya and Tarafdar 2014). Magnesium oxide (MgO) is
an important type of basic oxide that has many applications. Therefore, nanoscale
MgO has been extensively used in catalysis, toxic waste remediation, and refractory
materials industries based on its versatile properties (Camtakan et al. 2011;
Rodriguez 2007; Klabunde 2001). As experimental process which employed in syn-
thesis of MgO, Camtakan et al. 2011 describe the steps as follow:

*  MgO nanoparticles have been prepared via hydroxide precipitation from aque-
ous solutions followed by thermal decomposition of the hydroxide.

* The samples were obtained by precipitation at a controlled temperature, (MgCl,)
of a magnesium salt solution of concentration 1 mol/l by addition of an alkaline
solution (NaOH) of 2 mol/l concentration.

* Both reactants were simultaneously added to 100 ml cylindrical container in a
bath at 80 °C for 2 h.

* Vigorous stirring was applied during the addition of the reactants, as well as dur-
ing the aging of the precipitate in the mother liquor.

* The suspension was allowed to age at the synthesis temperature for 2 h, then
subsequently at room temperature for 1 day.

* The solid phase obtained was recovered by using a Whatman filter paper No: 44
and washed twice with deionized water and absolute alcohol, then air-dried at
60 °C for 4 h.

* The samples were submitted to a hydrothermal treatment: the precipitation was
placed in a closed Teflon bottle in an oven pre-heated at 2508 °C during 1 h and
370 °C for 2 h and 435 °C for 3 h according to Ding et al. (2001).

* Astock solution of uranium (1000 mg U L21) was prepared by dissolving 2.1 g of
uranyl nitrate hexahydrate (UO, (NO;),.6H,0) in 1 1 of a 1 % v/v HNO;, solution.
Serial dilutions of the stock solution were made to prepare working standards (10—
55 1g U ml 21): all standard solutions were acidified with nitric acid to pH 2.0.
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e The initial pH of the working solutions was adjusted by addition of HNO; or
Na,CO;.

e The buffer solutions (pH 4, 7, and 9) to calibrate the pH-meter.

e Batch Sorption experiment were carried in a thermostatic shaker bath,

e MgO (0.01 g), which has 18.7 nm average particle sizes, was added to 10 ml
solution containing various uranium concentrations at different temperatures for
various contact time.

* The suspension was filtered by using a Whatman filter paper No: 44.

* A simple and sensitive spectrophotometric method was used in the experiments
to determine uranium in solution.

* A simple and sensitive spectrophotometric method based on colored complexes
with 1,2 Pyridyl Azo Resorcinol (PAR) in aqueous medium was used for deter-
mination of uranium.

e The concentration in the solution was determined with UV-vis spectrophotom-
eter by measuring absorbance at 510 nm for uranium.

To determine the limit of detection, the suggested procedure requires taking 10
measurements at 10 different locations on a blank sample; the limit of detection
given as;

LOD=3S/b

where, (s) the standard deviation of the spectroscopic signals of the 10 measure-
ments on the blank sample and (b) is the slope of the linear calibration curve Ding
etal. (2001). Camtakan et al. (2011) also calculate the detection limit of the method
according to this equation. And they mentioned to the detection limit of this method
is 0.02 Ig U ml 21 and range of uranium concentration is between 0.08 and
16 1g U ml 21 according to Onishi (1989). The influence of specific process param-
eters such as initial uranium concentration, pH of the solution, contact time, and
temperature was determined by calculating uranium (VI) sorption by nanoparticle
MgO and changing a parameter and keeping other parameters constant. The per-
centage sorption of uranium from aqueous solution was computed as follows:

Sorption % = Cmtf—(t:ﬁnx 100
in

where C;,; and Cg, are the initial and final uranium concentration, respectively.

11 To Desorption Experiments

* MgO nanoparticles loaded with uranium at optimum removal conditions was
used for the desorption studies.

e The U-loaded MgO nanoparticles filtered and dried before use in desorption
experiments.
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Loaded sorbent was contacted with desorption reagents using different concen-
trations for various contact times at 25 °C in the thermostated shaker.

The desorption ratio was calculated from the amount of uranium adsorbed on the
sorbents and the final uranium concentration in the desorption medium, using the
following equation,

Desorpion ratio ( o ) amount of metal ion desorbed <100
o) =
P amount of metal ion desorbed

12 Biosynthesis of Zinc, Magnesium and Titanium

Nanoparticle

Biological methods for nanoparticle synthesis would help circumvent many of the
detrimental features by enabling synthesis at mild pH, pressure, temperature and at
a substantially lower cost (Raliya and Tarafdar 2012; Lakkakula et al. 2009).

Nanoparticles of Zn, Mg and Ti have been introduced by using 14 different iso-

lates from fungi belonged to (Aspergillus flavus, Aspergillus terreus, Aspergillus
tubingensis, Aspergillus niger, Rhizoctonia bataticola, Aspergillus fumigatus and
Aspergillus oryzae) Raliya and Tarafdar (2012) as the steps follow:

Each fungus was grown in 250 ml Erlenmeyer flask containing 100 ml modified
malt extract, glucose, yeast extract, peptone (MGYP) medium, containing 0.3 %
malt extract, 1 % sucrose, 0.3 % yeast extract, and 0.5 % peptone.

Grow the culture with continuous shaking using a rotary shaker (150 rpm) at
28 °C for 72 h. After 72 h, this step after adjusting the pH of medium to 6.8.
Separate the fungal balls of mycelia from the culture broth using centrifuge
(4000 rpm) at 4 °C for 10 min and then the fungal mycelia were washed thrice
with sterile distilled water.

Harvesting of fungal biomass by re-suspend it in 100 ml sterile Milli-Q-water using
250 ml Erlenmeyer flask and again kept on shaker (150 rpm) at 28 °C for 62 h.
After incubation, the cell-free filtrate was obtained by spreading the fungal bio-
mass by filtration using membrane filter.

Using cell-free filtrate, salt solution of precursor salts ZnO, ZnSO,, ZnCl,,
ZnNO; for Zn, MgO, MgSO,, MgC,,, MgNO; for Mg, and TiO, rutile, TiO,
anatase for Ti, was prepared in various concentrations ranging from 1 M to
0.01 mM in Erlenmeyer flasks, 0.1 mM concentration used for all conditions
unless specified it.

The pH ranges between 4.0 and 8.0 were tested, covering both acid and alkaline
range.

The entire mixture was put into shaker (150 rpm) at various temperatures of
reaction mixture of precursor metal salt and extracellular enzyme was analyzed
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from 20 to 40 °C with an increment of one and two degree temperature, and the
reaction time allowed from O to 120 h was set up and observation taken at regular
intervals of time.

e The biotransformation was collected periodically and monitored for
characterization.

13 The Methodology for Nanoparticle as Control Agents
Against Fungal Plant Pathogens

13.1 Preparation of Spore Suspension in Different
Concentration of Nanoparticles to Evaluate Their Effect
on the Spore Germination of Fungi

* Prepare the fungal inoculates on potato dextrose agar (PDA) media (a common
microbial media for culturing fungus) at 28 °C in Petri plates.

* Prepare spore suspension of each isolate of fungi containing at least 20-30 spores
per microscopic field was from 10 days old fungal culture.

* One drop about 0.1 ml of spore suspension was put in a cavity glass slide con-
taining a drop (about 0.1 ml) of different concentration of nanoparticles.

* Keep these slides in moist chamber by putting two folds of filter paper in both
sides of Petri-plates.

e Incubated these Petri plates at 24+2 °C for 24 h.

* Replicate each treatment four or five times to confirm the obtained results.

* Recorded the percent spore germination using formula as:

No. of spores germation

percent spore germination = x100

Total No. of spores examined

13.2 Assay for Sclortium Forming Phytopathogenic Fungi

* Freshing the sclerotia by incubating the fungal plates at room temperature with-
out any treatment.

* Washing the sclerotia (2—4 weeks old) with sterilized distilled water and rinsed
with 70 % alcohol.

 For testing the sclerotial germination growth, one sclerotium placed in the center
of MEA medium supplemented with either concentrations of the nanoparticles or
an equal volume of water.

* Incubate the plates at 24 °C, and use for the measurement of sclerotial germina-
tion growth.

e Determined the sclerotial germination rate by measuring the diameter of myce-
lial colonies.
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13.3 Field Assay Method to Evaluate Nanoparticle Effects
on Foliar Diseases in Green House Condition

* Infection of host plant with the disease naturally.

» Use nanoparticle at different concentrations,

* Use the aerial spray method to apply nanoparticles around the shoot portion of
the whole plants 3—4 weeks before the outbreak of the disease and after disease
occurrence.

 Distilled water was used as a control.

* Calculate the disease index by counting the numbers of infected leaves out of
100 - 150 leaves among the treated plants.

Wani and Shah (2012) mentioned to the antifungal effect of magnesium oxide
nanoparticles on some pathogens like Alternaria alternate, Fusarium oxysporum;
Rhizopus stolonifer; Mucor plumbeus and reported that the highest effect happened
when they used the 0 and 50 nm nanoparticles size.
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Chapter 8
Plant Fungal Disease Management Using
Nanobiotechnology as a Tool

Sandra Pérez Alvarez, Norma Elena Leyva Lépez, Jesiis Méndez Lozano,
Edgar Antonio Rodriguez Negrete, and Maria Elena Santos Cervantes

Abstract Fungal diseases cause significant economic agricultural losses around
the world and their control have been limited to chemical fungicide in an irrational
manner. The majority of the fungal pathogenic species belongs to the Ascomycetes
(genera: Alternaria, Fusarium, Verticillium) and Basidiomycetes (genera:
Sclerotium, Rhizoctonia). Nanobiotechnology as a novel tool could improve actual
delivering techniques to management common plant fungal diseases; for example,
using chemicals nanoparticles to tag specific sites at the cellular levels. Nowadays,
applications of nanoparticles that provide better efficacy for the control of plant
diseases are nanoforms of carbon, silver, silica, alumino-silicates and chitosan. To
understand the possible benefits of employing nanobiotechnology to agriculture, it
is necessary to analyze the penetration and transport of nanoparticles in plants.
Some of the current advances, challenges and potential of nanobiotechnology in
fungal diseases management are discussed in this chapter.

1 Nanoparticles in Plant Diseases Management

Today farmers around the world use chemicals such as pesticides, fungicides and
herbicides as the fastest way to control pests and diseases even when it is expensive.
Abuse in the use of these products has caused many problems such as: adverse
effects on human health, problems with pollinating insects and domestic animals,
development in pest and diseases resistance, and entering this material into the soil
and water affect direct and indirect the environment (Chowdappa and Gowda 2013).

The use of nanotechnology to avoid chemicals can be a suitable solution for
this problem. Nanoparticles can provide diagnostic tools for early disease detec-
tion and they can be used into the part of plant that was attacked by disease or pest
(Sharon et al. 2010). Nanoparticles are stable and biodegradable; they can be
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employed in production of nanocapsules for delivery of pesticides, fungicides,
herbicides, and some other agrochemicals (Johnston 2010; Chen and Yada 2011;
Prasad 2014; Prasad et al. 2014). Some of the nanoparticles that are widely used
to control plant diseases are nanoforms of carbon, silver, silica and alumina-
silicates (Saurabh et al. 2015).

1.1 Carbon Nanoparticles

Carbon based nanomaterials have a great application in agriculture not only for
diseases control but also for the enhancing growth effect in plants (Patel et al. 2014).
In Brazil for the improvement of natural fibers, as coconuts and sisal, carbon nano-
fibers are used and from this they are making nanoparticles that contain pesticides
and control their release (Patel et al. 2014). Carbon nanomaterials can have different
form like hollow spheres, ellipsoids (fullerenes), or cylindrical [nanotubes such as
single-walled carbon nanotube (SWCNT) and multi-walled carbon nanotubes
(MWCNT)] (Saurabh et al. 2015).

The effect of CNT as enhance growth in tomato seeds was proved by Khodakovsky
et al. (2000) and because they found that enhanced growth was due to increased
water uptake caused by penetration of the CNT could be possible to use CNT as a
vehicle to deliver desired molecules into the seeds during germination that can pro-
tect them from diseases (Patel et al. 2014).

1.2 Silver Nanoparticles (SNPs)

Silver has antimicrobial activity both in ionic or nanoparticle forms. The great anti-
microbial effect of silver mainly in unicellular microorganisms is believed to be
brought about by enzyme inactivation (Kim et al. 1998). Application of silver in
management of fungal plant diseases has been tested for two fungal pathogens of
cereals viz. Bipolaris sorokiniana (Sacc.) (spot blotch of wheat) and Magnaporthe
grisea (T.T. Hebert). M.E. Barr (rice blast) resulted in vitro that silver, both in ionic
and nanoparticle forms, inhibited colony growth of both the pathogens but M. gri-
sea was comparatively more sensitive to silver application; in vivo the test with
perennial ryegrass (Lolium perenne L.) showed that silver ions and nanoparticles
brought significant reduction in disease severity when applied three hours prior to
pathogen inoculation (Jo et al. 2009).

The effect of SNPs on the growth of sclerotium-forming species Rhizoctonia
solani J.G. Kiihn, Sclerotinia sclerotiorum (Lib) de Bary and Scerotinia minor
Jagger was analyzed and revealed that SNPs effectively inhibit the hyphal growth
in a dose-dependent manner. Additional, the microscopic observation of hyphae
exposed to SNPs showed severe damage resulting in the separation of layers of
hyphal wall and collapse of fungal hyphae (Min et al. 2009).

The effective usage of SNPs instead of commercial fungicides has been proved
by Lamsal et al. (2011). They evaluated the effect of this nanoparticle against six
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Colletotrichum species associated with pepper anthracnose under different culture
conditions and concluded that, concentration of 100 ppm inhibited the growth of
fungal hyphae as well as conidial germination in vitro when compared to the con-
trol. SNPs also showed significantly high inhibition of fungi in field conditions
when applied on the plants before disease outbreak (Lamsal et al. 2011).

1.3 Silica Nanoparticles

Mesoporous silica nanoparticles (MSN) can deliver DNA and chemicals into plants
for targeted delivery into plant cells (Wang et al. 2002). These are silica (SiO,)
nanoparticles with normally arranged pores that increase the surface area of the
nanoparticles (Metha and Mitra 2011). MSN system such as honeycomb was used
to deliver DNA and chemicals into plant cells and intact leaves (tobacco and maize).
Results indicated that the DNA-coated Type-II MSN can serve as an efficient deliv-
ery system for protoplasts and make the DNA accessible to transcription machinery,
leading to the transgene expression; also the study showed an application of silica
nanoparticles in target-specific delivery of proteins, nucleotides and chemicals in
plant biotechnology (Torney et al. 2007).

Nanosized silica-silver particles were applied in field condition to control powdery
mildew diseases of cucurbits and 100 % control was achieved after three weeks by Park
et al. (2006). Suriyaprabha et al. (2014) studied resistance against phytopathogens such
as Fusarium oxysporum (Schltdl) and Aspergillus niger (P.E.L. van Tieghem) in maize
treated with nanosilica (20-40 nm) compared with that of bulk silica and results indi-
cate that nanosilica-treated plant shows a higher expression of phenolic compounds
and a lower expression of stress-responsive enzymes against both fungi, also signifi-
cantly higher resistance in maize treated with nanosilica was found, so they concluded
that silica nanoparticles can be used as an alternative potent antifungal agent.

1.4 Alumino-Silicates Nanoparticles

At present alumino-silicates nanoparticles are used for the formulation of pesticides
because aluminum-silicate nanotubes can be sprayed on plant surfaces and then they
could be easily picked up in insect hairs and these pathogens actively groom and con-
sume pesticide-filled nanotubes. These pesticides are biologically more active and rela-
tively environmentally safe (Sharon et al. 2010; Misra et al. 2013; Patel et al. 2014).

1.5 Chitosan Nanoparticles

Chitosan as nanoparticles has some application in biology because it is biodegrad-
able and non-toxic (Chowdappa and Gowda 2013). These nanoparticles are very
effective against plant pathogens like Fusarium solani so they can be formulated
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and applied as a natural antifungal agent (Ing et al. 2012). Depending on size of
chitosan nanoparticles and molecular weight of chitosan products they could be
used as antibacterial too because antimicrobial activity of chitosan nanoparticles
depends on its zeta potential, which plays a significant role in binding with nega-
tively charged microbial membrane (Chen et al. 2010).

Chitosan is considered as a chelated agent because it is possible to chelate
various organic and inorganic compounds, being possible improving the stabil-
ity, solubility and biocidal activity of chelated fungicides or other pesticides
(Sudheesh et al. 2013). As an excellent example, copper (Cu) compounds are
wide used for their antifungal nature and several times this metal has been used
with chitosan for antibacterial and antifungal activities (Sharp 2013). Chitosan
also can induce plant defenses in many crops, such as tomato (Benhamou et al.
1994), cucumber (Ben-shalom et al. 2003), strawberry fruits (EI Ghaouth et al.
1992) and some others.

Soil improvement with chitosan can control Fusarium wilts (caused by Fusarium
oxysporum Schlecht) (Rabea et al. 2003) and gray molds (Botrytis sp.) (Ben-shalom
et al. 2003; Aziz et al. 2006) in a number of crops. Chitosan nanoparticles based
technology has a promising future with value in crop productivity in sustained and
eco-friendly ways (Kashyap et al. 2015).

2 Fungal Diseases Scenario

Phytopathogenic fungi are one of the main infectious agents in plants, producing
alterations during developmental stages including, growth, flowering, maturity,
post-harvest, gaining nutrients from the plants they invade and, therefore, resulting
in huge economic damage (Pusztahelyi et al. 2015). The study of fungal plant
pathogens had a great development in the past decade due to the knowledge of their
genomic sequence data and resources for functional genomics analysis, including
transcriptomics, proteomics, and metabolomics. All these studies together with tar-
geted mutagenesis or transgenic have shown the complex mechanisms involving
pathogenesis and avoidance (Walter et al. 2010).

Many fungi can produce a type of microscopic structure such as a spore that is
necessary for their dispersal and/or survival under adverse conditions (Stajich et al.
2009). However, some fungi also produce fungal tissue called sclerotia that are
persistent structures and help them to survive severe conditions such as freezing
temperatures, desiccation, microbial attack, or the long-term absence of a host
(Coley-Smith and Cooke 1971). Reports of sclerotium formation in species from 85
fungal genera in at least 20 orders of Basidiomycota and Ascomycota have been
documented by Smith et al. (2015).
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2.1 Basidiomycetes, genera: Sclerotium, Rhizoctonia

Basidiomycota (basidiomycetes) make up 32 % of the described fungi and include
most wood-decaying species, as well as pathogens and mutualistic symbionts (Riley
et al. 2014). The genus Sclerotium and Rhizoctonia belongs to Basidiomycetes class.

Sclerotia have been identified in many fungal lineages; sclerotium formation is
primarily recognized as a key life history trait in several necrotrophic plant pathogens
(e.g. Sclerotium rolfsii, S. sclerotiorum, Rhizoctonia solani). For example, S. sclero-
tiorum and S. rolfsii each attack >400 plant species, including major crops such as
peanuts, potatoes, and soybeans (Jenkins and Averre 1986; Cintas and Webster 2001).

Rhizoctonia solani causes a wide range of commercially significant plant dis-
eases. It is one of the fungi responsible for Bronw patch (a turfgrass disease), damp-
ing off in seedlings, as well as black scurf of potatoes, bare patch of cereals, root rot
of sugar beet, belly rot of cucumber, sheath blight of rice, and many other patho-
genic conditions (Akira 1987). This pathogen is a species complex with several
anastomosis groups (AGs) that differ morphologically and phylogenetically with
respect to host range and pathogenicity, susceptibility to different fungicides and
geographic distribution (Gonzélez et al. 2006).

In 2014 the first reported of Rhizoctonia solani anastomosis group AG-4 HG-I
from the Lao PDR was done by Ireland et al. It was isolated from gai lan (Brassica
oleracea var. alboglabra) affected by collar rot, seedling death, root rot and stunting
of older plants from the Paksong area of Champasak province. The anastomosis
group was confirmed by sequencing and Koch’s postulates were fulfilled. Besides
infecting vegetables in the Brassicaceae, R. solani AG-4 is known to have a wide
host range, infecting crops in the Chenopodiaceae, Fabaceae and Solanaceae
(Ogoshi 1987) and Cucurbitaceae (Kuramae et al. 2003). Limited but potentially
suitable rotation vegetable crops should be tested for susceptibility to AG-4 HG-I in
the Alliaceae, Apiaceae and Asteraceae (Ireland et al. 2014).

Fungi in genus Sclerotium form sclerotia and sterile mycelia but no spores
(Saccardo 1899). These fungi are known to cause several diseases such as damping-
off of seedlings, stem canker, crown blight, root, crown, bulb, tuber and fruit rots.
Sclerotial diseases affect a wide variety of plants like vegetables, legumes, cereals,
forage plants and weeds. Sclerotium includes more than 40 plant-pathogenic spe-
cies (Farr et al. 2008).

Sclerotium rolfsii is a soil-borne pathogen that can cause many diseases in numerous
crops worldwide in the tropics, subtropics, and other warm temperate regions. It has an
extensive host range and at least 500 species in 100 families are susceptible. Crops such
as cocoyam, tomato, lentil, turmeric, groundnut, betel vine and many others are drasti-
cally infected by this fungus resulting in significant crop loss. S. rolfsii by the formation
of sclerotia can maintain continuity of generation under adverse situation (Vivek et al.
2014). Chemical control is the most effective method against this pathogen but it is
expensive, toxic and can destroy benefice microorganism. The leaf extract of Pimenta
dioica completely inhibited the mycelial growth of S. rolfsii, also leaf extract of Aglaia
roxburghiana and bark extract of Persea macrantha can be used as natural fungicides to
control this pathogen (Vivek et al. 2014).
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Sclerotinia disease that affect lettuce, among some others crops, caused by the
fungus Sclerotinia sclerotiorum is a major problem worldwide with losses of up to
50% (Young et al. 2001). Infection can be initiated by ascospores, which are
released from apothecia produced through carpogenic germination of soil borne
sclerotia near the soil surface. Sclerotinia disease control is mainly through fungi-
cides resulting in a lack of resistant in lettuce varieties. The target of fungicides in
this case should be the airborne ascospores, but accurate spray timing to achieve
good control and avoid unnecessary applications is difficult and is a challenge in all
crops affected by S. sclerotiorum. A nice solution to this big problem may be the
developing of the forecasting models based on the key biotic and abiotic factors
governing the development of Sclerotinia disease in order to try and predict periods
of risk. This approach has been attempted for several crops including bean, carrot
and oilseed rape (Koch et al. 2007; Foster et al. 2011).

A model proposed by Clarkson et al. (2014) was validated by a further series of inde-
pendent controlled environment experiments where both Relative Humidity and tem-
perature were varied and generally simulated the pattern of disease development well.

White mould is a disease caused by S. sclerotiorum and occurs in most of the
common bean producing regions of the world, causing significant crop damage. For
example, in Florida S. sclerotiorum caused an estimated 5-10% annual losses
(Purdy 1979), while reductions of 40-70 % in dry bean yields grown under irriga-
tion are commonly observed in Brazil (Nasser et al. 1995). In 2013 this disease was
reported by the first time in Cuba where a disease incidence was found between 21
and 85 % (Martinez-de la Parte et al. 2013).

2.2 Ascomycetes, genera: Alternaria, Fusarium, Verticillium

Ascomycota is a division or phylum that the members are commonly known as the sac
fungi or ascomycetes. They are the largest phylum of Fungi, with over 64,000 species.
The defining feature of this fungal group is the “ascus”, meaning “sac” or “wineskin”,
a microscopic sexual structure in which nonmotile spores, called ascospores, are
formed. However, some species of the Ascomycota are asexual, meaning that they do
not have a sexual cycle and thus do not form asci or ascospores (Lutzoni et al. 2004).
The cosmopolitan fungal genus Alternaria contains several saprophytic and
pathogenic species. Based on phylogenetic and morphological studies, the genus is
divided into 26 sections. Alternaria section contains most of the small-spored of
Alternaria species with concatenated conidia, including important plant, human and
postharvest pathogens. Species within section Alternaria have been mostly described
based on morphology and/or host-specificity, yet molecular variation between them
is minimal. Woudenberg et al. (2015) investigated how the described morphospe-
cies within section Alternaria are supported by molecular data, and they sequenced
the whole-genome of nine Alternaria morphospecies supplemented with transcrip-
tome sequence of 12 Alternaria morphospecies as well as multi-gene sequence of
168 Alternaria isolates. Results showed that the assembled genomes ranged in size
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from 33.3 to 35.2 Mb within section Alternaria and from 32.0 to 39.1 Mb for all
Alternaria genomes. The number of repetitive sequences differed significantly
between the different Alternaria genomes; ranging from 1.4 to 16.5 %. The repeat
content within section Alternaria was relatively low with only 1.4-2.7 % of repeats.
Whole-genome alignments revealed 96.7-98.2 % genome identity between section
Alternaria isolates, compared to 85.1-89.3 % genome identity for isolates from
other sections to the A. alternata reference genome (Woudenberg et al. 2015). These
results provide unique fixed nucleotides that will help plant pathologists and medi-
cal mycologists to choose which genes to sequence for quick and accurate identifi-
cation of their species of interest.

Alternaria alternata is known as the cause of leaf spot and other diseases in over
100 host species of plants (Rotem 1994), but also as postharvest disease in various
crops (Coates and Johnson 1997). Some other examples of plant pathogens in sec-
tion Alternaria include A. longipes, the causal agent of brown spot of tobacco, A.
mali, the causal agent of Alternaria blotch of apple, A. gaisen, the causal agent of
black spot of Japanese pear, A. arborescens, the causal agent of stem canker of
tomato and A. solani, the causal agent of early blight of potato and tomato. The first
descriptions of the A. alternata, A. tenuissima, A. cheiranthi and A. brassicicola
species-groups, based on sporulation patterns, were made by Simmons (1995).
More recent molecular-based studies revealed that Alternaria species cluster in sev-
eral distinct species clades, now referred to as sections (Lawrence et al. 2013;
Woudenberg et al. 2013), which do not always correlate with the species-groups
that were delineated based on morphological characteristics.

Many Fusarium species are globally distributed and are economically important
as producers of toxic secondary metabolites and infective agents of plants, animals
and humans (Leslie and Summerell 2006). Some of the most characteristics exam-
ples include Fusarium poae, F. verticillioides and members of the F. solani species
complex (FSSC), F. oxysporum species complex (FOSC) and the F. graminearum
species complex (FGSC) (Streit et al. 2012). Although most cultivated plants are
host to one or more pathogens in this genus (Leslie and Summerell 2006).

Five novel Fusarium species (F. fracticaudum, F. marasasianum, F. parvisorum,
FE. pininemorale and F. sororula) were described by Herron et al. (2015). Three of
the species identified (F. marasasianum, F. parvisorum and F. sororula) are aggres-
sive pathogens of Pinus spp. in Colombia. This study allow to diagnose new dis-
eases and to improve quarantine measures to stop the spread of these pathogen to
others areas (Herron et al. 2015).

F. proliferatum was reported in 2015 in Canada as a causal agent of soybean root
rot being most aggressive of the four Fusarium species identified (F. avenaceum,
F. culmorum, F. oxysporum and F. proliferatum), causing the greatest root rot sever-
ity and reduction of seedling emergence. Identification of F. proliferatum was con-
firmed by PCR analysis with the F. proliferatum-specific primer set CLPRO1/
CLPRO2. Amplicons of the target fragments (partial calmodulin (cld) gene, 526 bp)
were obtained only from DNA of isolates tentatively identified as F. proliferatum,
and sequencing of the amplicon showed it shared 100 % identity with the cld gene
sequences of F. proliferatum in GenBank (Chang et al. 2015).
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The fungal genus Verticillium has several pathogenic species that are distributed
worldwide in temperate and subtropical regions (Fradin and Thomma 2006). V.
dahliae and V. albatrum are well described, as they cause severe wilting diseases on
many economically important crops. The host-range of the near-diploid fungus V.
longisporum, named after its characteristic spores, is limited to Brassicaceae, where
it causes severe crop loss on oilseed rape (Klosterman et al. 2011). As V. longispo-
rum infection does not cause pleiotropic wilting symptoms, it might serve as an
interesting model for studying long distance signaling between infected roots and
shoots (Iven et al. 2012).

Verticillium dahliae Kleb. is a phytopathogenic fungus that causes a severes wilt
disease in many crops, including several economically important ones (Fradin and
Thomma 2006). Many molecules purified from V. dahliae culture fluids have behaved
both as defense elicitors and (or) pathogenicity factors (Yao et al. 2011). Previously
was reported the isolation of a secreted protein elicitor PevD1 from V. dahliae, which
could trigger hypersensitive response (HR) and induce systemic acquired resistant
(SAR) to tobacco mosaic virus (TMV) in tobacco (Wang et al. 2012).

2.3 Fungal Postharvest Diseases

One of the most important losses in agricultural production, involving the greatest
costs on the farm economy are because postharvest diseases. It is estimated that
worldwide between 10 and 40 % losses of agricultural production occur posthar-
vest. Losses are more severe in developing than developed nations of the world.
Several species of fungi participate in postharvest deterioration and rots of tubers
and agro-produce. These include species of Aspergillus, Fusarium, Colletotrichum,
amongst some others (Enyiukwu et al. 2014). Shukla et al. (2012) reported that in
developing countries, the greatest losses in yam tubers and cereals are fungi induced.

Tomato (Solanum lycopersicum Mill) is the world’s most processed crop with
the magnitude of microbes-induced postharvest losses in the fresh fruits estimated
between 25 and 80 % (Ijato et al. 2011). Postharvest losses in tomato, according to
Arya (2010), are about 1-20 % in USA and in India about 10—40 %. Losses of up to
20-30 % occur in onion (Allium cepa L.) due to black mould caused by Aspergillus
niger Van Tieghem (Gupta et al. 2012).

Aspergillus flavus Link. is a fungal pathogen that can colonized maize (Zea
mays L.) and peanut (Arachis hypogaea L.) resulting in the contamination of ker-
nels with carcinogenic mycotoxins known as aflatoxins leading to economic losses
and potential health threats to humans. By utilizing biomarkers, breeding programs
can be optimized to select not only for aflatoxin resistance but also for associated
abiotic stress tolerance (Fountain et al. 2015). Aflatoxins not only have been asso-
ciated with numerous diseases and disorders in humans and livestock, but also
have a negative economic impact due to loss of crop value (Fountain et al. 2014;
Wild and Gong 2010).
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The genus Colletotrichum has a number of plant pathogens of major importance.
This fungus causes diseases in a variety of woody and herbaceous plants and it is
distributed primarily in tropical and subtropical climates. Several fruit production is
especially affected, such as strawberry, mango, citrus, avocado and banana.
Colletotrichum species cause devastating disease of coffee berries in Africa, and also
they can seriously affect cereals including maize, sugar cane and sorghum. The genus
was recently voted the eighth most important group of plant pathogenic fungi in the
world, based on perceived scientific and economic importance (Dean et al. 2012).

Pepper (Capsicum spp.) is an important crop for many countries that is affected
by anthracnose (Colletotrichum spp.). This disease affect fruits at pre- and post-
harvest stage, leads to severe economic losses in tropical and subtropical areas and
it is one of the main barriers to pepper production (Kim et al. 2008; Xia et al. 2011).
Pepper anthracnose is caused by several Colletotrichum spp., including C. acutatum
(teleomorph Glomerella acutata), C. gloeosporioides (teleomorph Glomerella cin-
gulata), C. capsici (a synonym of C. dematium), and C. coccodes (Park and Kim
1992). C. acutatum and C. gloeosporioides are the most destructive and widely
distributed (Sarath Babu et al. 2011). These fungi attack fruit in this crop at both the
green and the red fruit stages, and can affect also leaves and stems. Typical anthrac-
nose symptoms on pepper fruit are sunken necrotic tissues, with concentric rings of
acervuli. These fruit blemishes lead to unmarketability (Than et al. 2008).

The main sources of resistance to anthracnose diseases have been identified in two
pepper species, Capsicum baccatum L. and C. chinense Jacq., by Asian Vegetables
Research and Development Center (AVRDC) in 1999, and researchers have used
these sources to study the inheritance of anthracnose resistance (Kim et al. 2010; Lee
et al. 2010). Genetic analyses of segregating populations showed that the resistance
inheritance pattern varied depending on the Colletotrichum species and isolate, the
resistance source, and also the fruit maturation stage (ChunYing et al. 2015).

3 Plant Fungal Pathogens in Biosynthesis of Nanoparticles

Nanotechnology offers some green and eco-friendly solutions for plant disease
management and also can be used as bio-manufacturing units, which will provide
an added benefit in being easy to use, as compared to other. Some fungal species are
non-pathogenic and combined with the simplicity of production and handling will
improve the mass production of nanoparticles. Mycosynthesis of gold, silver, gold-
silver alloy, selenium, tellurium, platinum, palladium, silica, titania, zirconia, quan-
tum dots, usnic acid, magnetite, cadmium sulphide and uraninite nanoparticles has
also been reported by various researchers (Narayanan and Sakthivel 2010).
Application of nanotechnology in plant pathology is still in the early stages. For
example, nanofungicides, nanopesticides and nanoherbicides are being used exten-
sively in agriculture practices (Alghuthaymi et al. 2015; Prasad et al. 2014).

The metal nanoparticles mycosynthesis is the use of fungi in nanotechnology for
the synthesis of nanoparticles because filamentous fungi can grow on readily avail-
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able and inexpensive substrates, and also they have the ability to produce a wide
range of commercially interesting metabolites that have attracted considerable
interest to exploit them as production microorganisms in biotechnology (Sastry
et al. 2010; Dhillon et al. 2012).

3.1 Biosynthesis of Silver Nanoparticles (SNPs)

Extracellular biosynthesis of SNPs by Fusarium solani (USM-3799), a phytopatho-
gen causing disease in onion, when challenged with 1 mM silver nitrate (AgNO;)
was reported by Ingle et al. (2009). They study the formation of nanoparticles and
characterized them by visual observation followed by UV-Vis spectrophotometric
analysis, which showed a peak at about 420 nm, a specific for SNPs. Further analy-
sis carried out by Fourier Transform Infrared Spectroscopy (FTIR), provides evi-
dence for the presence of proteins as capping agent, which helps in increasing the
stability of this synthesized nanoparticles and the formation of SNPs was confirmed
by Transmission Electron Microscopy (TEM).

Dhandhukia et al. (2012) reported a rapid and extracellular synthesis of SNPs
using a plant pathogenic fungus F. oxysporum f.sp. cubense (Foc) by the incubation
of Foc mycelium with silver nitrate solution produced SNPs in 90 min. SNPs were
characterized by UV-Vis spectroscopy, FTIR and TEM. The particles synthesized
were in range of 10—100 nm, capped by proteins and possess antimicrobial activity
against Pseudomonas sp. The pathogenic fungus F. oxysporum f.sp. cubense (Foc)
was isolated from wilt infected banana plants. Some further studies are necessary to
know if the bacteria can develop resistance against nanoparticles and the toxicity
for human before their use.

A research focused on extracellular synthesis of SNPs using cell free culture
supernatant of strain GP-23 of Bacillus species was confirmed through 16S rRNA
sequence analysis. The nanoparticles were characterized by FTIR, XRD (X-ray dif-
fraction) and they were found to be spherical in shape with size in the range of
7-21 nm, also they were stable in aqueous solution for 5 months period of storage
at room temperature under dark condition. The biosynthesized SNPs exhibited
strong antifungal activity against plant pathogenic fungus, F. oxysporum at the con-
centration of 8 pg ml™ so, this result suggest that the synthesized SNPs act as an
effective antifungal agent/fungicide (Gopinath and Velusamy 2013).

Sarsar et al. (2015) synthesized SNPs by using the filtrate extract of novel fungal
strain Penicillium atramentosum KM and they found as evident from the FTIR that
the protein components of fungal extract caused the reduction of silver nitrate, the
experiment also showed that SNPs had a characteristic UV-visible peak at 420 nm
with an average size of 5-25 nm. The XRD (X-ray diffraction) record exhibited the
characteristic peaks of 111, 200, 220 and 311 nanoparticles signifying that these
nanoparticles were crystalline in nature. The synthesized SNPs showed antimicro-
bial activity against bacterial strains.
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3.2 Biosynthesis of Gold Nanoparticles

The bioreduction of aqueous AuCl, ions by the fungus Verticillium sp. has been
demonstrated by Mukherjee et al. (2001). They obtained the reduction of the noble
metal ions on the surface of the mycelia as well as on the cytoplasmic membrane
leading to the formation of gold nanoparticles of fairly well defined dimensions and
good monodispersity. These nanoparticles were bound to the surface of the fungal
cells and can be used for other applications including catalysis and as precursors for
synthesis of coatings for electronic applications.

Gardea-Torresdey et al. (2002) have demonstrated the synthesis of gold nanopar-
ticles within live alfalfa plants by gold uptake from solid media where the Au (III)
ions are reduced to Au (0) by the plant and then the atoms are absorbed into the
plant where the nucleation and growth of gold nanoparticles takes place. The
method can be used to decontaminating soil polluted with heavy metal ions.

Geranium leaves (Pelargonium graveolens) and its endophytic fungus
(Colletotrichum sp.) can be used for the extra-cellular synthesis of gold nanoparti-
cles. The biogenic gold nanoparticles synthesized using the fungus were essentially
spherical in shape while the particles grown using the leaves exhibited a variety of
shapes that included rods, flat sheets and triangles, this shape variability are not
clear at this stage, the possibility of achieving nanoparticle shape control in a host
leaf—fungus system is potentially stimulating (Shankar et al. 2003).

Gold and gold-silver nanoparticles (Au and Au-Ag) have synthesized by Sawle
et al. (2008) as crystallized and spherical-shaped particles that were stabilized using
a fungus, F. semitectum (non-pathogenic saprobe fungus) in an aqueous system. The
result was a colloidal suspension highly stable for many weeks that were character-
ized by the surface plasmon resonance (SPR) peaks using a UV—vis spectrophotom-
eter, and the structure, morphology and size were determined by FTIR, XRD, and
TEM. The biosyntheses of metallic and bimetallic nanoparticles are important to an
increase the efficiency of biosynthetic procedures using environment-benign
resources as an alternative to chemical synthesis protocols.

3.3 Biosynthesis of Cadmium Sulphide Nanoparticles

In the past decade it has been found that the ascomycetous fungus F. oxysporum has
several advantages for nanoparticles production because it has sulphoxide reduc-
tases, which are active in the medium in the presence of appropriate metal salts
known to mediate the reduction of sulphate ions and can thus generate cadmium
sulphide (CdS) nanoparticles extracellularly (Ahmad et al. 2002).

El-Shanshoury et al. (2012) described a rapid and low cost biosynthesis of using
culture supernatants of Escherichia coli ATCC 8739, Bacillus subtilis ATCC 6633 and
Lactobacillus acidophilus DSMZ 20079 T. They found that nanoparticles were formed
within 24 h and them UV-vis spectroscopy study revealed the build-up of absorption
bands at 419.5, 381.5 and 362.5 nm for E. coli ATCC 8739, B. subtilis ATCC 6633 and
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L. acidophilus DSMZ 20079 T, respectively for assisted synthesis of CdS nanoparticles.
XRD, TEM and fluorescence spectral analyses were used to determine the formation
of CdS nanoparticles. This investigation result may help in the development of an easy
and eco-friendly route for the synthesis of CdS nanoparticles.

Cadmium sulphide nanoparticles are considered very promising in applied
chemistry, bioscience and medicine so stable luminescent CdS nanocrystals can be
synthesized by incubating P. ostreatus mycelium with inorganic CdS and sodium
sulphide, TEM revealed that the obtained quantum dots were of a spherical shape
and predominantly from 4 to 5 nm in size and the electron diffraction pattern con-
firmed the wurtzite crystalline structure of the synthesized CdS quantum dots. The
results from this research confirmed for the first time that the system based on basio-
diomycota fungi could be considered promising for synthesizing semiconductor
quantum dots (Borovaya et al. 2015).

4 Advances, Challenges and Potential of Nanobiotechnology
in Fungal Diseases Management

Sustainable agriculture relies heavily upon high inputs of pesticides to protect crops
against pathogens and pests. To preserve biodiversity, it is becoming to reconsider
the strategies used for disease management by alternate approaches such nanotech-
nology. Nanofungicides based on nano sized inorganic molecules have demon-
strated their capability to tackle plant fungal pathogens and hold promise in the
future. However, current research is focused in the development of nanofungicides
based on biopolymers and hybrid nano products designed to obtain cheaper, more
reliable and eco-friendly products (Prasad et al. 2014).

4.1 Towards Eco-friendly Nanofungicides

Fungal plant diseases are generally managed with the application of chemical fun-
gicides, but it induces non-specific effects destroying both beneficial and patho-
genic organisms. Such ecological disorders open the route to undesirable health and
environmental risks (Manczinger et al. 2002). Recent applications of nanotechnol-
ogy are focused in the development of more unhazardous (greener) pesticides with
fewer effects to human and animals, avoiding or rationalizing the use of synthetic
fungicides. Plant and microorganisms secondary metabolites have been used in the
formulation of nanoparticles increasing the effectiveness of active ingredients used
to reduce the spread of plant diseases since they represent a rich source of bioactive
chemicals, biodegradable and non-polluting molecules. Most of synthetic methods
for the NPs production are based in the use highly contaminant organic solvents;
however the use of eco-friendly organisms is compatible with the green chemistry
principles (Raveendran et al. 2003; Prasad 2014; Prasad et al. 2015).
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4.1.1 Inorganic-Based Nanofungicides

Different types of nanomaterials based in metals including titanium, palladium, alu-
minum copper, zinc, gold, iron and silver have been developed, but silver SNPs have
proved to be most effective molecule as it exhibit potent antifungical efficacy (Guo
et al. 2003). Besides chemical nanoparticles synthesis, current methods use biofacto-
ries by exploiting the capability of organisms (plants and microorganisms) to hyperac-
cumulate metals and transform them in nanoparticles in order to obtain inorganic
molecules with desirable nano characteristics. Nowadays the research in the field is
focused mainly in the biosynthesis of CuO NPs (690 papers), Au and ZnO NPs (4640
papers) and SNPs (7699 papers) (Thakkar et al. 2010).

The antimicrobial activity of titanium is well recognized and several studies
have suggested that applying titanium dioxide to crops can suppress fungal patho-
gens development (Norman and Chen 2013). The main advantage of titanium for-
mulations is its lower ecological and toxicological risks compared with other
metal-based nanoformulations. It is generally believed that titanium microorganism
disinfection relies on the interaction between microorganisms and reactive oxygen
species (ROS) generated by photocatalysis upon its activation from proper light
illumination. This capability is very desirable for pathogen inactivation because it
causes decomposition of micotoxins produced by fungi. The disinfection of wheat
phytopathogen Fusarium graminearum macroconidia was demonstrated using a
visible-light activated titanium oxide nanoparticle photocatalysis (Zhang et al.
2013). In other study, the biocidal effectiveness of zinc titanium oxide (ZnTiO;)
nanopowder against the fungus Aspergillus niger was assessed. Strong inhibition of
pathogen growth was observed in plate assays (Ruffolo et al. 2010).

Zinc oxide (ZnO) is a non-toxic chemically stable compound exhibiting antimi-
crobial and photocatalytic characteristics (Bhuyan et al. 2015). ZnO nanoparticles
were synthetized from weed plant Parthenium hysterophorus by an inexpensive,
ecofriendly and simple method. Nanoparticles displayed an antifungal activity
against Aspergillus flavus and Aspergillus niger by using a concentration of
25 pg ml~! of NPs in a size particle dependent manner (Rajiv and Venckatesh 2013).
A promising application of Zn NPs resides in its capability to synergistically act
with pesticides to produce residue-free antifungal products. Oxidative stress caused
by ZnO NPs was enhanced by pesticide thiram that results in a synergistic antifun-
gal effect against plant pathogen Phytohtora capsici, following photocatalytic deg-
radation of pesticide avoiding negative influence of pesticide residue on human
health and environment (Xue et al. 2014).

Copper is a microelement required for important plant physiological processes
as protein regulation, photosynthetic electron transport, mitochondrial respiration,
oxidative stress response and acts as cofactor of different enzymatic reactions.
Copper-based nanoparticles are of great interest because of low cost, availability
and antimicrobial properties (Shobha et al. 2014). The Cu antimicrobial activity
reside in its capability to induce the production on hydroxyl radical that subse-
quently bind with DNA molecules and lead a disorder of helical structure by cross-
linking with and between the nucleic acid strand and damage essential proteins by
binding to sulthydryl amino and carboxyl groups of amino acids.
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CuNPs synthesized by chemical reduction of Cu?* in the presence of cetyl
trimethyl ammonium bromide and isopropyl alcohol demonstrated significant anti-
fungal activity against plant pathogenic fungi: Phoma destuctiva, Curvularia lunata,
A. alternata, and F. oxisporum (Kanhed et al. 2014).

Nowadays silver is accepted as agrochemical replacement eliminating unwanted
microorganisms in plants, soils and hydroponic systems. Applications of SNPs in
seed/seedlings or in soil produces control of the phytopathogen, but also stimulate
plant grow by known mechanisms so far (Patel et al. 2014).

Nanosilver particles disrupt cellular transport systems causing rapid accumula-
tion of toxic silver ions interrupting general metabolism and respiration by reacting
with molecules. Silver ions also induce the production of ROS, which are detrimen-
tal to cells causing damage to lipids, proteins and nucleic acids (Hwang et al. 2008;
Prasad 2014; Aziz et al. 2015). Most of fungal pathogens exhibit high inhibition
effect to SNPs in a dose dependent manner. DNA loses its ability to replicate, result-
ing in a decreased expression of ribosomal RNA subunits and enzymes essential to
ATP production. Furthermore, it has been hypothesized that silver ions affects the
function of membrane-interacting proteins, and in consequence respiratory chain is
inhibited. SNPs nano colloidal solutions were evaluated as antifungal compounds
against eighteen different plant pathogenic fungi. Results revealed pathogen sensi-
tivity to colloidal SNPs in a dose dependent manner (optimal results at 100 ppm of
SNPs in PDA media) (Kim et al. 2012).

In other study, SNPs were biosynthesized by using white radish (Raphanus sativus).
SNPs showed wide-spectrum antifungal activity against F. solani, F. oxisporum, F.
graminearum and Penicillium expansum (Safaa et al. 2015).

4.1.2 Polymer-Based and Hybrid Nanofungicides

Polymer-based nanoformulations seem to have great potential according their
greater efficacy compared to commercial formulations e.g. slow release, protection
against degradation, and low solubility of the AI), which makes them suitable for a
large number on applications. The types of polymers considered for nanopesticides
consisting mainly of polysaccharides (chitosan, alginates and starch), polyesters
(poly-e-caprolactone and polyethylene glycol). Recently there has been an increase
in the use of biodegradable materials or biological origin such corn oil, beeswax,
lecithin or cashew gum (Nguyen et al. 2012; Abreu et al. 2012). Chitosan is a natu-
ral and versatile biopolymer deriver by partial deacetylation on chitin, derived from
cell wall of fungi and insects. This polymer possesses a wide-spectrum of antifungal
activities and capability to enhance plant innate defenses (Amborabé et al. 2008).
An antifungal dispersion system was prepared by oleoyl-chitosan (O-chitosan)
nanoparticles chemically synthetized, and evaluated against several plant patho-
genic fungi. Mycellium growth experiment demonstrated that Nigrospora sphaerica,
Botryosphaeria dothidea, Nigrospora oryzae and A. tenuissima were chitosan-sen-
sitive (Xing et al. 2016). An interesting alternative for chitosan isolation is the use
of fungus-derived cell walls as polymer source. Chitosan was obtained from plant



8 Plant Fungal Disease Management Using Nanobiotechnology as a Tool 183

pathogen F. oxysporum and used to challenge the same pathogen. Treated tomato
plants showed delay in wilt disease symptom expression and severity and also
enhanced of yield (Sathiyabama and Einstein 2015).

4.2 Nanobiofungicides

The name of nanofungicides is used to describe any fungicide formulation that, (1)
intentionally includes entities in the nanometer size range up to 100 nm, (2) is des-
ignated with a “nano” prefix (e.g., nanohybrid, nanocomposite), and/or (3) is
claimed to have novel properties associated with the small size (Abd-Elsalam and
Alghuthaymi 2015).

In this entire chapter the use of metal nanoparticles to control plant diseases has
been explain. Some important examples are:

* Adevelopment of an eco-friendly fungicide that use nanomaterials to liberate its
pathogen killing properties only when it is inside the targeted fungal pathogen
(Choudhury et al. 2010);

» Copper nanoparticles dissolved in water have been used since 1930s as a fungi-
cide for controlling grapes and fruit trees diseases (Hatschek 1931);

e Chitosan and Cu-chitosan nanoparticles have uniform size and stability,
which may contribute to their higher antifungal activity against A. alternata,
Macrophomina phaseolina and Rhizoctonia in in vitro studies (Saharan et al.
2013).

* Cu-chitosan nanoparticles also proved to have maximum inhibition rate of spore
germination of A. alternata. Compared to chitosan and Cu-chitosan nanoparti-
cles, the chitosan-saponin nanoparticles were found poor in antifungal activity
(Saharan et al. 2013).

Nanoformulations seems to be a friendly environmental way to control plant
fungal diseases but it is important to study the toxicity of nanoparticles that can be
dangerous for men and some others organism (Banik and Sharma 2011). For exam-
ple nanosized silica-silver particles were applied under field condition to control of
cucurbit powdery mildew, and 100 % control was achieve after 25 days (30), in this
case the nanoparticles were phytotoxic only at a very high dose of 3200 ppm when
tested in cucumber and pansy plants.

The application of glucan nanoparticles (GNPs) like § glucan has been study as
a resistant activator in turmeric for control of rhizome rot disease (Anusuya and
Sathiyabama 2015). The Soil borne Oomycete Pythium aphanidermatum is the
causal agent of rhizome rot disease, one of the most serious threats to turmeric crops.
At present, effective fungicides are not available and the effectiveness of p-p-
glucan nanoparticles (GNPs) have been proved by Anusuya and Sathiyabama
(2015), found that B-p GNPS significantly reduced the rot incidence offering 77 %
protection to Curcuma longa (syn C. domestica).
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Nanofungicides can be new types of biohybrids nanocide materials that will be
used as a new environment friendly antimicrobial against different fungal patho-
genic organisms of plant (Abd-Elsalam and Alghuthaymi 2015).

A series of cuprous oxide (Cu,O) nanocrystals with different structures were
synthesized by reductive reaction by Qiang (2015) and nanocrystals were obtained
in an aqueous mixture of CuSO,, fructose, NaOH and templates at 45-75 °C. The
author found an inhibition rate of 90% towards Colletotrichum capsici (Syd.)
E.J. Butler and Bisby (causal agent of anthracnose of chili), as soon as 70 mg nano-
Cu,0 was added into 100 ml culture medium (Qiang 2015).

4.3 Nanobiosensors for Fungal Plant Pathogen Detection

Nanosensors for plant pathogen and pesticide detection are other area in agriculture
that can benefit from nanotechnology. One application of the nanosensors is the
enzyme immobilization using nanomaterials (Kim et al. 2006).

Application of nano sensors in agriculture is still at the basic research level.
Using these sensors farmers will monitor environmental conditions closely for plant
growth and protection. These detection systems can contribute to increased produc-
tivity and decreased the use of agrochemicals (e.g. antibiotics, pesticides, nutrients)
by early intervention (Ghormade et al. 2011).

4.3.1 Nanobiosensors for Pesticide Detection

Some studies were realized for development of analytical tools to determine pesti-
cide residue. In parallel with typical chromatography, immunochemical assays
based on bio-molecules were employed as an alternative for pesticide measurement
by virtue of its high selectivity, sensitivity, and reliability as well as its rapidity
(Gabaldon et al. 1999).

Several uni-molecular and array type of nanomaterial based biosensors are being
developed for detection of pesticides for axample, gold NPs (30 nm) based dipstick
competitive immuno-assay with sensitivity of 27 ng ml~! was developed to detect
organochlorine pesticide such as DDT (Lisa et al. 2009) because gold NPs have the
property of agglomeration associated with color production and this can be used for
pesticide detection.

Vinayaka et al. (2009) to detect 2,4-dichlorophenoxyacetic acid (2, 4-p) (herbi-
cide) up to 250 pg I"! used cadmium telluride quantum dots (CdTeQDs), semicon-
ductor fluorescent NPs, in a fluoroimmunoassay.

A nucleic acid sensor was fabricated by Kaushik et al. (2009) via immobiliza-
tion of single standard calf thymus deoxyribose nucleic acid onto a chitosan
nanobiocomposite film containing iron oxide NPs (Fe;O,, 22 nm), deposited
onto indium-tin-oxide coated glass surface for pyrethroid, cypermethrin and per-
methrin, detection Acetylcholinesterase coated iron oxide magnetic NPs (30 nm)
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bound carbon nanotubes and zirconium oxide NPs (31.5 nm) composite on the
screen-printed electrode surface for detection of dimethoate, an organophospho-
rus pesticide was developed by Gan et al. (2010).

For an easy monitoring of the environment the development of multianalytic
array sensors, microfluidic devices and cantilever arrays are necessary.

4.3.2 Nanobiosensors for Microorganism Detection

At present several methods for plant pathogens detection are available, but some of
them are time consuming like traditional culture based methods (Fletcher et al.
2006), others are specific of reactions, such as the antibody staining specificity of
ELISA (Enzyme-Linked ImmunoSorbent Assay) (Uddin et al. 2003), the high cost
of nucleic-acid based polymerase chain reaction methods such as restriction frag-
ment length polymorphism, DNA fingerprinting and amplification of the internal
transcribed spacer region from rRNA gene increase specificity of identification
(Gao et al. 2004; Doorn et al. 2007). The detection technology based in NPs is a
novel microbial detection that starts to revolutionize agriculture. Silica-based NPs
(60 nm) were filled with a fluorescent dye and conjugated to an antibody specific to
a surface antigen of the microbe of interest (Zhao et al. 2004), the method is sensible
for the detection of plant pathogens.

The identification of Trichoderma species world-wide is tedious and can lead to
some mistake based on micro-morphological descriptions for this reason an electro-
chemical DNA biosensor was successfully developed based on ionic liquid, ZnO
nanoparticles and a chitosan nanocomposite membrane on a modified gold elec-
trode (AuE). A single-stranded DNA probe was immobilized on this electrode and
methylene blue (MB) was used as the hybridization indicator to monitor the hybrid-
ization reaction of the target DNA. Under optimal conditions using differential
pulse voltammetry (DPV), the target DNA sequences were detectable at different
concentration ranges such as, 1.0x107'%, and the detectable limit was
1.0x 107" mol 1-". The developed DNA biosensor enables the study of hybridization
with crude DNA fragments and the results of this study confirm that this DNA bio-
sensor provides a fast, sensitive and convenient way for the species level identifica-
tion of Trichoderma harzianum RIFAI (Siddiquee et al. 2014).

5 Conclusions and Future

Nanobiotechnology great potential in agriculture specifically in plant protection has
been demonstrated. It is gradually evolving from theory to application regime not only
in agriculture but in medicine, biology, chemistry and so on. Nanoparticles are used to
help the agricultural industry combat viruses, fungi, bacteria and some other crop
pathogens increasing the efficiency of fungicides, pesticides and herbicides not only in
the way of application but also in form (nanomaterials, nanotubes, mesoporous).
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Diminish environmental hazard is another main contribution of nanobiotechnology
to human life. In agriculture the use of nanomaterials for delivery of pesticides and fertil-
izers allow toreduce the dosage and ensure acontrolled slow delivery. Nanobiotechnology
need to be incorporate increasingly in the agriculture system of the development coun-
tries with further research studies and practical application in the fields.
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Chapter 9
Antifungal Products by Fungi in Food
Nano-Packaging

Arash Babaei, Mohamad Javad Akbarian Mymand,
and Samaneh Faraji Kafshgari

Abstract Nowadays, one of the challenges encountered by food packaging industry
is a high demand for fresh, healthy and with minimum processed foods. Selecting
materials with their appropriate packaging method can be helpful to maintain prod-
uct quality. Today, due to reductions in petroleum products and petrochemicals, rapid
global warming and environmental pollution, bioactive polymers have attracted
much attention in bioactive packaging. Nanotechnology has a broad application in
all stages of production, processing, storage, packaging and transport of agricultural
products. Arrival of nanotechnology to the agricultural and food industry, ensures the
increasing of products and their quality and protects environment and earth resources.
Nowadays, most of the agricultural and food products, due to the inappropriate stor-
age and packaging conditions, their sale have decreased and it can hurt the economy.
Nanotechnology as a powerful instrument, can help us to improve the economy.
Antimicrobial packaging is one of types of active packaging with many applications.
Active packaging is the packaging system that achieved by adding active compo-
nents in the packaging system. Antimicrobial packaging is a system that kills or
inhibits spoilage and pathogenic microorganisms that are in foods. The antimicrobial
packaging achieved by adding antimicrobial agents in the packaging system or using
antimicrobial polymers. When an antimicrobial activity in the packaging system
establishes the packaging system limits or prevents microbial growth.
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1 Introduction

Increasing the shelf life of food products is very important. Nowadays, packaging is
essential. Food packaging is a system that prepare food for transport, distribution,
storage and retailing (Shin and Selke 2014). Packaging has four main functions
including food safety, protection, convenience and communication.

Food packaging is heart of modern food industry. Without packaging and effi-
ciently commercially processed food could not be handled. The World Packaging
Organization (WPO) estimates that more than 25 % of food is wasted due to poor
packaging (Olsmats and Wallteg 2009). In addition to the primary roles of packag-
ing in protection, secondary functions affected by packaging, such as participation
in the sale and increasing of it.

In fact, the main role of food packaging is protection and safe transportation of
food products up to the consumer time. During the distribution of food products,
their quality may affect by biological, chemical and physical factors. Thus, food
packaging increases shelf life and preserves the quality and safety of food products.

Expressed that; the essential requirements for producing packaging are included:

. Much production

. Acceptable and effective packing material
. Appropriate shape and structure

. Easy to use

. Considerations related to disposal

O N O B S

Therefore, in accordance with the conditions listed, design of packaging and its
development, is not included industrial design, innovation and marketing just, but
included environmental and engineering sciences. Food packaging is included of
simple protection methods, provide facilities, marketing at the point of purchase
(POP), reduce material requirements, safety, Protection against picky and environ-
mental aspects (Table 9.1).

Table 9.1 Time period of performances and implications in food industry

Time period Performances and implications

1960s Convenience, marketing at the point of purchase

1970s Weight reduction, Reduce resource consumption and
saving energy

1980s Safety

1990s Environmental effects

2000s Safety and security
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2 Antimicrobial Packaging

Antimicrobial packaging is one of types of active packaging with many applications
(Floros et al. 1997). Active packaging is the packaging system that achieved by add-
ing active components in the packaging system (Han 2003a, b). Antimicrobial pack-
aging is a system that kills or inhibits spoilage and pathogenic microorganisms that
are in foods.

The antimicrobial packaging achieved by adding antimicrobial agents in the
packaging system or using antimicrobial polymers. When an antimicrobial activity
in the packaging system establishes the packaging system limits or prevents micro-
bial growth.

The goals of conventional food packaging (Fig. 9.1) are included:

1. Shelf-life extension
2. Quality maintenance
3. Safety assurance

There are various methods to achieve these goals, antimicrobial packaging is specifi-
cally designed that can control microorganisms and provide the aims of packaging.

Some products, are not sensitive to microbial spoilage or contamination and do
not need the antimicrobial packaging system. However, most foods are perishable
and susceptible to contamination.

Therefore, the goals of an antimicrobial packaging system (Fig. 9.2) are:
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Fig. 9.1 Conventional food packaging
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Fig. 9.2 Antimicrobial food packaging



196 A. Babaei et al.

1. Safety assurance
2. Quality maintenance
3. Shelf-life extension

Which these goals are reversed the primary aims of conventional packaging sys-
tems. Nowadays, food security is an important issue and antimicrobial packaging
could play a role in food security assurance.

Antimicrobial agents with different activities effect on microorganisms. For anti-
microbial agent affect against spoilage and pathogenic microorganisms. There is no
‘Magic Bullet’. This is due to the features antimicrobial mechanisms and various
physiologies of the microorganisms. For select specific antimicrobial agents catego-
rization of microorganisms is very helpful. Categories may consist of oxygen
requirement (aerobes and anaerobes), cell wall composition (Gram positive and
Gram-negative), growth-stage (spores and vegetative cells), optimal growth tem-
perature (thermophile, mesophile and psychrophile) and acid/osmosis resistance.

The characteristic antimicrobial function of the antimicrobial agent besides the
microbial characteristics is important to understand the limits of the activity. Some
antimicrobial agents inhibit essential metabolic (or reproductive genetic) pathways
of microorganisms while some others alter cell membrane/wall structure (Aziz et al.
2015). For example, lysozyme destroys cell walls without the inhibition of meta-
bolic pathways and results in physical cleavages of cell wall, while lactoferrin and
EDTA acts as coupling agents of essential cationic ions and charged polymers.

Two major functions of microbial inhibition are microbicidal and microbiostatic
effects. In the case of microbiostatic effects, to prevent regrowth of target microorgan-
isms in during the storage period or shelf-life, the packaging system has to possess the
active function of above maintaining by the minimal inhibitory concentration.

Traditional preservation methods sometimes consist of antimicrobial packaging
concepts, which include sausage casings of cured/salted/smoked meats, smoked
pottery/oak barrels for fermentation, and bran-filled pickle jars.

Hurdle technology is the basic principle of these traditional preservation meth-
ods and antimicrobial packaging. Another hurdle to prevent the degradation of the
total quality of packaged foods in antimicrobial packaging is the extra antimicrobial
function of the packaging system. The microbial hurdle may not contribute to the
protection function from physical damage. However, it provides tremendous pro-
tection against microorganisms, which has never been achieved by conventional
moisture and oxygen barrier packaging materials.

Antimicrobial functions which are achieved by adding antimicrobial agents in
the packaging system or using antimicrobial polymeric materials show generally
three types of modalities;

1. release
2. absorption
3. Immobilization.
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3 Antimicrobial Nano-Packaging

The advent of Nanotechnology in food packaging industry, creates functional solu-
tions in relation to increasing the shelf life of food. In fact, the advent of this tech-
nology is duo high ratio surface to volume of the particles with nanometer
dimensions. This ratio is in direct relationship to the radius of the spherical
nanoparticles. By reducing the particle size in the nanometer range, the strength of
surface-active substances and the reaction of the material with the surrounding
environment due to the increase of surface-active sites will increase significantly.
In general, the active packaging systems have more effective features than barrier
properties and are obtained by the addition of active ingredients and components
in the packaging system. This type of packaging shows proper reaction by chang-
ing the properties of the package to internal and external environmental changes
and, thus are important in maintaining freshness of fresh foods (Suppakul et al.
2003). Antimicrobial active packaging made of metal nano composites, is a new
generation of Nano-structural packaging that are producing a direct combination of
metal nanoparticles with polymers.

The antimicrobial properties of silver and zinc oxide compounds have known
from last years and have many applications in disinfect medical equipment, water
purification and healing, creams, lotions and antibacterial creams (Prasad 2014;
Prasad et al. 2014, 2015). The antimicrobial mechanism of metal nanoparticles that
are obtained of this metal is still unclear. According to the studies of the researchers,
this mechanism may be through inducing oxidative stress in the cell membrane of
microorganisms duo releasing of reactive oxygen species or releasing ions from the
particle surface and binding to cell membranes and destroying it.

4 Antimicrobial Agents

Various antimicrobial agents can be used in food and food packaging system to cre-
ate a new antimicrobial packaging system. Generally they can be classified into
three groups: chemical antimicrobial agents, natural agents and probiotics.

4.1 Chemical Antimicrobial Agents

All packaging material that used for food preservation, must be food grade addi-
tives. Chemical antimicrobial agents can be blended with food ingredients, food
additives and used into the headspace. Antimicrobial agents are in contact with food
products and consumed by them. Therefore, chemical antimicrobial agents should
be control as food ingredients. In the case of non-edible chemicals, bonding of
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antimicrobial agents in food packaging materials (immobilization) is the only way
to enter chemical agents in the food packaging system. The immobilized antimicro-
bial agents cannot migrate from packaging materials to foods, while the blended
agents can migrate.

Various organic acids are most common chemical antimicrobial agents used by
researchers. Organic acids are widely used as chemical antimicrobial agents because
their performance is understood well and the use of them is economically. Most organic
acids include fatty acids that are chemical agents naturally and had been used past
years. Now, most of them are produced by chemical synthesis or chemically modify
natural acids. Organic acids have certain sensitivity to microorganisms. For example,
Sorbic acid, Sorbets, is very strong fungicide agents, while their antimicrobial activities
are not effective. Therefore, in order to have effective antimicrobial agents, the correct
choice of organic acids is essential. A mixture of organic acids has wider spectrum
antimicrobial and stronger activity antimicrobial than a single organic acid.

Fungicides are also antimicrobial agents. Since fungicides are not permitted as a
direct food preservative, they cannot be blended to food compounds or incorporated
into the food contact packaging materials as food contact substances. Therefore,
when non-edible antimicrobial agents such as fungicides are used, the design of
special antimicrobial food packaging systems is essential.

Food disinfectants are food contact materials or food contact surface disinfec-
tants. Food disinfectants residues in food at specific limit is permissible. Therefore,
the use of food disinfectants has many advantages than the use of other non-edible
antimicrobial agents such as fungicides.

4.2 Natural Antimicrobial Agents

Plant extracts, spices, enzymes and bacteriocins are natural antimicrobial agents. Due
to customer demand for food free of chemical preservatives, nowadays food manufac-
turers use natural antimicrobial agents in order to sterilize or increase shelf life of food.
Plant extracts and spices are included several natural composition that has a broad
antimicrobial spectrum of numerous antimicrobial. Besides antimicrobial activity,
other advantages of them include antioxidant activity and their effect as an alternative
to drugs. However, the performance and kinetics of them are unknown and their chem-
ical potential is still under discussion. In addition, they make flavored problems.

The specificity of enzyme activity should be considered, because the antimicrobial
activity is very sensitive to the environment and precursors. For example, lysozyme
activity can be strongly influenced by temperature and pH value. In most cases, lysozyme
is not effective against Gram-negative bacteria. This is due to the complex structure, cell
wall of Gram-negative bacteria and specificity of lysozyme to the peptidoglycan.

Different bacteriocin such as niacin, producing lacticin, propionicin etc. can be
entered into food or food packaging systems to inhibit the growth of spoilage and
pathogenic microorganisms (Daeschel 1989). Extracted bacteriocins are generally
low molecular weight peptides that can be used in different ways. However, it is
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essential to determine their resistance to thermal treatment and the pH. In the fer-
mented food products, live bacteria that produce bacteriocins can be used as probi-
otics in food packaging to achieve antimicrobial performance.

4.3 Probiotics

Various microorganisms such as lactic acid bacteria, produce bacteriocins and non-
peptide growth inhibitor chemicals, such as Reuterin. This natural antimicrobial is
able to inhibit the growth of other bacteria. As a result, the use of probiotics can be
controlled effectively competing undesirable microorganisms. Many traditional fer-
mented food products containing antimicrobial probiotics.

Many researches and developments in probiotic antimicrobial performance have
been done for the preservation of fermented food. Currently, only limited researches
on the use of probiotics to designing antimicrobial packaging is being done. With
the development of new technology to provide live probiotics, the use of probiotics
as an antimicrobial source to create antimicrobial food packaging duo safety and
high performance, will become more common in the future (Table 9.2).

Table 9.2 Some of antifungal agents and packaging systems

Packaging
Antimicrobials materials Foods Organisms References
Organic acids
Benzoic acids Tonomer Culture Penicillium spp.,
media Aspergillus niger
Benzoicand sorbic | PE-co-met- | Culture Aspergillus niger,
acids acrylates media Penicillium spp.
Sorbates LDPE Culture S. cerevisiae Han and Floros
media (1997)
Sorbic anhydride | PE Culture S. cerevisiae, Moulds
media
Fungicides
Benomyl Tonomer Culture Moulds Halek and Garg
media (1988)
Imazalil PE Cheese Moulds
Natural extract
Herb extract, LDPE Lettuce, E. coli, S. aureus, An et al. (1998)
Ag-Zirconium cucumber L. Mesenteroides, S.
cerevisiae
Oxygen absorber

Ageless Sachet Bread Moulds
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5 Antimicrobial Mechanisms

An antimicrobial agent has inhibitory activity and specific mechanisms against
every microorganism. Therefore, choice of antimicrobial agents depends on their
performance against a target microorganism. No magical antimicrobial agent to act
effectively against all spoilage and pathogenic microorganisms does not exist,
because the antimicrobial agents have different activities and influence on differing
microorganisms. This is due to their especially antimicrobial mechanisms and dif-
ferences physiology of microorganisms.

Simple classification of microorganisms can be useful for especially antimicrobial
agent. This classification can be done on the basis of oxygen requirement (aerobic
or anaerobic), the composition of the cell wall (Gram-positive and Gram-negative),
stage of growth phase (spore or vegetative cell), optimal growth temperature (ther-
mophilic, mesophilic or psychrophilic) or resistant to acid/osmosis. In addition to
microbial properties, antimicrobial agent properties, such as range of activity are
also important in order for perception of the performance of microorganism. For
example, some antimicrobial agent inhibits to essential metabolic pathway (or
genetic replication) of microorganisms, while the other change the structure of the
membrane/cell wall. Two main functions of inhibition microbial or germicidal
effects and microbial inhibitory.

5.1 Germicidal

It is expected that antimicrobial packaging systems, will kill pathogenic and spoil-
age bacteria, because these systems are removed every microorganism from the
packaging systems/food. However, in practice it is very difficult to remove all
microorganisms, but when the concentration of microbicide for the short time
slightly above the minimum inhibitory concentration (MIC), the microbicide anti-
microbial system will be able to kill the target microorganisms.

Using other treatments to improve the antimicrobial activity of packaging sys-
tems, such as refrigerating or cooling, antimicrobial efficiency will increase.
Although generally when the system factors are able to provide the requirements
together, refrigerating is not necessary. Refrigerating can be very effective in non-
target microbial growth inhibition (unwanted). If the initial concentration of the
germicidal antimicrobial systems is less than MIC of the target microorganisms,
and concentrations never rise, the antimicrobial agent may show an inhibitory
effect, instead of germicidal. So keep concentration of antimicrobial over the MIC
for a certain critical time to eliminate target microorganisms is very important. If the
package is sealed with solder, packaged foods contain any live microorganisms,
even when the concentration due to migration or loss of the factor after the critical
time reduce under the MIC.



9 Antifungal Products by Fungi in Food Nano-Packaging 201
5.2 Microbial Inhibitory

Microbial inhibitory agents are able to inhibit the growth of microorganisms at over
the special critical concentrations (MIC). However, when the concentration is below
the critical level, or when the antimicrobial agent through leakage, opening or in
any other way is removed from the packaging system, under pressure microorgan-
isms will be able to grow or spores germinate. So keep the concentration of the
antimicrobial agent over the MIC the entire shelf-life of packaged food product is
necessary. Chemical indicators that show density or microbial growth in microbial
inhibitory antimicrobial packaging systems will be very useful and this is the same
intelligent packaging concept (Han 2003a, b).

6 The Performance and Volatility

In most solid or semi-solid packed food, microorganisms grow on the surface of food
in the beginning (Brody et al. 2001). Therefore, antimicrobial activity should be
applied to surface. The antimicrobial activity may occur depending on the method of
putting up antimicrobial agent in packaging materials, headspace or in the atmosphere
inside the package. Therefore, methods of incorporating and techniques of transfer-
ring in the design of effective antimicrobial packaging systems are important.

As examples of the methods of incorporating microbial agents, microbial agents
have been floated in packaging materials before the final extrusion (Han and Floros
1997; Nam et al. 2002), dissolved into coating solvents, added to edible coating
materials and mixed in the mold/filler material such as paper and pasteboard
(Nadarajah et al. 2002).

Gaseous antimicrobial agents can also be added to the package atmosphere
(Lanciotti et al. 2003; Krause et al. 2003). Chemical immobilization, bands chemi-
cal agents into the packaging structures because the Regulations do not allow agents
to immigrate in foods (Appendini 1996; Appendini and Hotchkiss 1997; Miller
et al. 1985; Halek and Garg 1988).

Immobilized antimicrobial agents inhibit microbial growth on surfaces in con-
tact packaged products. Chemical stabilizers, chemical agents into the packaging
structures are covalent band because the Regulations do not allow immigration
agents in foods. Antimicrobial agents stabilized microbial growth on surfaces in
contact inhibition provides packaging products.

6.1 Non-volatile Immigration

Mass transfer of non-volatile antimicrobial done with diffusion migration. Non-
volatile agents primarily places in the packaging materials are among package and
surface of food. So, solubility coefficient (Separation coefficient) and diffusion
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coefficient (Distribution coefficient) of antimicrobial agent in food in order to main-
tain its concentration over effective levels of MIC during predicted shelf life, are
very important features.

If the agent enters the packing material initially, must be leave the packaging
material and before releasing of food core, dissolved in food. So important charac-
ter constants in the mass transfer profile are coefficient distribution of the agent in
the packaging material, solubility (or separation coefficient) of the agent in the food
and dispersion coefficient of the agent in food.

In food packaging antimicrobial agent system, having kinetics of mass transfer in
accordance microbial growth kinetics in order to provide effective antimicrobial
activity is important. The non-volatile immigration system requires complete contact
between packaging materials and surface of food. The food should have a continuous
matrix without voids, holes, air spaces and have heterogeneous particles. Single
ingredient solid foods, semi-solid (soft solid) and liquid products are good examples
of products that can use non-volatile immigration system antimicrobial packaging.

6.2 Volatile Immigration

Many researchers have claimed that having complete contact of the antimicrobial
active agent with surface food in order to facilitate the migration of active agent—in
order to have maximum performance- is essential (Vermeiren et al. 2002; Suppakul
et al. 2003). Although, if the volatile antimicrobial agents is used, it is not
necessary.

In order to keep the surface concentration on higher levels of specific MIC, control
headspace gas concentration is very important, because the concentration of volatile
agent in headspace is equilibrium on the concentration of surface food and substances
in the package. Initially, the volatile agent is placed in packing material, whether it is
film, container, sachet or tray. After packing food, volatile agent is evaporated into the
headspace, achieved to the surface food and be absorbed by the food.

The use of volatile antimicrobial agents has several advantages. This system can
effectively use for very porous foods, powdered and crushed foods and foods con-
tain particles without specific shape, such as, small fruits, vegetables.

6.3 Non-immigration and Absorption

The non-immigration system uses of non-immigrant antimicrobial polymers that as
the result antimicrobial agent does not migrate out of the polymer duo its covalent
connection to the polymer background (Steven and Hotchkiss 2003). In addition,
antimicrobial agents, other bioactive agents (such as enzymes, proteins and other
organic compounds) are able to connect to the polymer through the covalent cross
links. Since these agents are not mobile, their activity is limited only to the contact
level. This restriction is higher in solid or semi-solid food.
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As a food packaging system, this system has unique advantages in terms of mar-
keting and regulations. Since bioactive agents are non-immigrant, this system needs
very little connector factors. This may reduce the cost of all packaging systems that
the use of very expensive antimicrobial agents.

Non-immigration system can be containing agents that not allowed to use as
food ingredients or food additives. After verification of non- immigration, the pack-
aging material can contain any substance in food contact. The marketing aspect, this
system is very attractive because the food has any chemical antimicrobial agent in
entire of shelf life. However, in contrast to these advantages, it can have a very
limited range of antimicrobial agents and use of it limited to a few types of foods.

7 Physical Characteristics of Packaging Material

Physical and mechanical characteristics of the packaging materials affected by antimi-
crobial agents are applied. If the antimicrobial agent is compatible with packing mate-
rials, plenty of agents can be impregnated into the packaging materials without any
disruption in its physical and chemical integrity. Therefore, additional antimicrobial
agent that cannot mix with the packing materials will reduce the mechanical integrity
and physical strength. Polymer morphology studies in anticipation of the possible loss
of physical integrity duo adding an antimicrobial agent to the polymer packaging.

Antimicrobial agents with small size can be mixed with polymers and placed on
the polymeric structure without any significant interference with polymer-polymer
fittings in amorphous region. If a large amount of an antimicrobial agent is mixed
into the packaging material, prepared space by the amorphous region will be filled
and mixed agent begins to interfere with polymer-polymer fittings in crystalline
region. However, after adding low levels of the antimicrobial agent, physical integ-
rity does not injure, but optical properties may be changed. For example, reducing
the transparency or discoloration of packing materials may be occurred.

8 Controlled Release Technology

Design of antimicrobial packaging system requires balancing technical factors of
the controlled release and kinetics of microbial growth. When the mass transfer of
antimicrobial agent faster than the growth of the target microorganisms, before the
ending of the storage period, loaded antimicrobial agent will be diluted to lesser
than effective critical concentration (MIC) and packaging system will lose their
antimicrobial activity because the packed food in comparison amount of packaging
material and antimicrobial agents is almost unlimited. As a result, microorganisms,
beginning to grow after depletion of antimicrobial agent. By contrast, when the rate
of migration is very low to maintain concentration in higher levels of MIC, micro-
organisms can constantly grow before the antimicrobial agent is released. Thus, the
releasing rate of the antimicrobial agent from packaging material for food,
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especially for communication between the mass transfer kinetic and microbial
growth target rate, should be controlled.

Maintain of surface concentration depends on the releasing rate of packing mate-
rials (diffusion coefficient of packaging material) and food migration rate (diffusion
coefficient). Since the flow of the releasing of packaging material is reduced due to
reduce of amounts of antimicrobials in packaging materials over time, regard to the
profile of its rapid losing, the time of maintaining surface concentration on higher
levels of MIC is estimated accuracy (Fig. 9.3).

When the dissolution of antimicrobial agents in packed food is too low, the
antimicrobial concentration of food contact surface is the highest. When the rate of
releasing is lower than unlimited free diffusion, which occurs at high solubility in
the slow releasing systems, the time to maintain of concentrated in higher than MIC,
generally longer than the free diffusion systems. If antimicrobial agents in polymer
packaging materials covered, dispersion coefficient of agent in polymer background
will control releasing rate (Fig. 9.4).

Surface concentration

Storage time

Fig. 9.3 Unconstrained free diffusion system

Fig. 9.4 Monolithic
system

Surface concentration

Storage time
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Figure 9.4 shows longer time of maintaining concentration over MIC that creates
by membrane systems. This system has a permeable membrane that controls the
rate of releasing.

9 Antifungal Agent

This idea that a microorganism can inhibit the growth of other microorganisms,
occur in the early twentieth century. Years later, the researchers discovered that it is
due to the toxic metabolites that produced by microorganisms. In fact, these com-
pounds are biosynthesis by bacteria, fungi and plants. Antimicrobial and antifungal
compounds commonly used in the pharmaceutical and packaging industry. Natural
compounds produced by fungi are as a new source of antimicrobial and antifungal
compounds.

One way for control of disease and spoilage that caused by pathogenic fungi, is
using of biological control methods. Unlike synthetic agents, substances that pro-
duced from varieties effective biotechnical, have low toxicity and allergies, also
they are decomposed easily. They do not accumulate in food products, as well as
they are cheap and appropriate for use on an industrial scale.

Antifungal agent is a diverse group of Antimicrobial agent that growth inhibition
of fungal. The antifungals are classified into several groups based on their structure
and mechanisms of action. These classes include the polyenes, imidazoles, triazoles,
allylamines and echinocandins as well as miscellaneous agents.

9.1 Antifungal Azoles

Imidazoles and triazoles (‘azoles’) are the largest class of antifungal agents that use
in clinical and industry (Fig. 9.5). The imidazole and triazole (azoles) groups of
antifungal compounds inhibit the enzyme cytochrome P450 14a-demethylase, their
activity done by inhibiting the biosynthesis of ergosterol, in fungal membranes.
These compounds also block steroid synthesis in humans. The molecules target of
Azole antifungal compounds, are cytochromes P450-Erg11p or Cyp51p. Figure 9.5
shows this protein contains an iron protoporphyrin that located at the active site and
the antifungal azoles bind to the iron atom via a nitrogen atom in the imidazole or
triazole ring.

Imidazoles are included: Miconazole, Bifonazole, Ketoconazole, Butoconazole,
Clotrimazole, Econazole, Mebendazole, Fenticonazole, Isoconazole, Oxiconazole,
Sertaconazole, Sulconazole, Thiabendazole and Tiaconazole.

The triazoles are newer, and are less toxic and more effective, they are included:
Fluconazole, Itraconazole, Ravuconazole and Posaconazole.
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Ci

Itraconazol

Itraconazol

Fig. 9.5 Extensive chemical and globular structure of itraconazol and Fluconazol

Fig. 9.6 Extensive
chemical and globular
structure of flucytosine

9.2 Flucytosine

Flucytosine (5-fluorocytosine; Fig. 9.6) is one antifungal agent that by conversion to
5-fluorouracil within target cells, growth inhibition of fungal. Fluorouracil by incor-
porating into RNA, causing premature chain termination, and it by effects on thymi-
dylate synthase, inhibits DNA synthesis. In this mechanism, the target cells must
Containing cytosine permease to internalize the flucytosine molecule, cytosine deam-
inase to convert it to 5-fluorouracil, and uracil phosphoribosyl transferase to convert
5-fluorouracil into a substrate for nucleic acid synthesis. Flucytosine is useful for
pathogenic yeasts (Candida species and C. neoformans) but don’t have any applica-
tion for most filamentous fungi, because they lack these enzymes.
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Fig. 9.7 Kinds of polyene

Fig. 9.8 The molecule of cholesterol, ergosterol and amphotericin B

9.3 Polyene

Amphotericin B (Fig. 9.7) is a Polyene that for many years was used to treat a vis-
ceral infection.

Figure 9.8 shows the ergosterol molecule of fungi and sterol in mammalian mem-
branes, as can be seen, the ergosterol molecule has a cylindrical three-dimensional
structure and cholesterol has a sigmoid shape. Reason is that amphotericin B for
ergosterol over cholesterol binding affinity for this difference in structure. The poly-
ene antibiotics bind with sterols in the fungal cell membrane, principally ergosterol.
This causes the cell's contents to leak out and the cell dies. Animal cells contain
cholesterol instead of ergosterol and so they are much less susceptible. They are
including: Nystatin, Amphotericin B, Natamycin, Rimocidin, Filipin and Pimaricin.

9.4 Allylamines and Morpholines

The target pathway of allylamines and morpholines is the ergosterol biosynthetic
pathway. Allylamines inhibit the enzyme squalling epoxidase, another enzyme
required for ergosterol synthesis. These compounds are included: Terbinafine (mar-
keted as Lamisil), Amorolfine, Naftifine and Butenafine (Odds et al. 2003).
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9.5 Echinocandins

The echinocandins are fungal secondary metabolites. This compound contains a
cyclic hexapeptide core with a lipid side chain responsible for antifungal activity.
Compounds, anidulafungin, caspofungin and micafungin, in the late 1990s, entered
clinical development. The three-dimensional configuration of all three molecules is
similar. A central, common core bears a long, ‘gun-barrel’-like side chain known to
be a determinant of the spectrum of susceptible species (Fig. 9.9) and a hydroxyl-
ated side chain that appears opposite the ‘gun barrel’ in flat structural representa-
tions (Fig. 9.9) but is adjacent in energy-minimised 3-D structures (Fig. 9.9).
Echinocandins inhibit the synthesis of glucan in the cell wall, probably via the
enzyme 1, 3-f glucan synthase: Anidulafungin, Caspofungin and Micafungin.

9.6 Chitosan

Chitosan is biopolymer that has a good antimicrobial ability, because prevents of
the growth of a wide range of fungi, yeasts and bacteria. In addition, after dissolv-
ing in acidic solution, forming a film alone (Bégin and Van Calsteren 1999).
Chitosan is Cationic polysaccharide that has § (1-4) bonds, that is obtained from
hard-shells or various fungi through acetylation of chitin. Commercial Chitosan
products usually have a molecular weight ranging from 100,000 to 1,200,000
Dalton, but oligomer products with lower molecular weight can be prepared
through thermal, enzymatic or chemical decomposition. Chitosan is readily solu-
ble in acid various solvents, and has high antimicrobial activity against many
pathogenic and spoilage microorganisms (TSAI et al. 2002). The antimicrobial
activity of Chitosan depends on the molecular weight and degree of acetylation
and the amount of chemical analysis of the.

9.6.1 The Effect of Chitosan Coating on Spoilage Microorganisms

Fruits and vegetables are damaged by the kinds of spoilage microorganisms posthar-
vest that leads to the spoilage. Usually rot occurs in fruits and vegetables by fungi
and bacteria. After coating with chitosan, the opportunity of microbes’ decreases to
contact with fruits and vegetables, so frees them from aggressive microbes. In addi-
tion, the amino group of Chitosan has bacteriostatic effect and can reduce the number
of microbes. As well as other factors such as reducing of respiration rate, maintaining
higher activity of protective enzymes and cell membrane integrity, reinforce the
fruit's ability to protect against microbes. Even the coated fruit and vegetables with
Chitosan show a downward trend (Youwei and Yinzhe 2013).
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Fig.9.9 Extensive chemical and globular structure of Anidulafungin, Caspofungin and Micafungin

9.6.2 Application of Chitosan Coating

Chitosan is a type of multi sugar that there is in exoskeleton of crustaceans and also
many insects and edible mushrooms (Giatrakou et al. 2010; Vermeiren et al. 2002).
The antimicrobial properties of chitosan are duo positively charge of amine groups.
These groups are reacted whit cell membranes contain negatively charge that leads
to precipitation out protein components and other intracellular components of
microorganisms (Giatrakou et al. 2010). Nowadays, chitosan is used as a healthy
additive and also as a film. Chitosan film produced in 1963 by Rigby by casting
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method at first time. This film is flexible, strong, transparent, and colorless and its
tensile strength is 9000 pounds per square inch. Studies show that such films have
proper mechanical properties and permeability to gases (Vermeiren et al. 2002).

Chitosan is non-toxic, biodegradable, functional and biocompatible. Chitosan
has a strong antimicrobial and antifungal activity that can effectively control fruit
rot. It can easily make the coating on fruits and vegetables and reduce the respira-
tion rate of fruits and vegetables by adjusting permeability oxygen and carbon diox-
ide (De Reuck et al. 2009).

For the effective application of chitosan coating, chitosan is combined with
other materials. In addition, chitosan coating often combined with only physical
methods such as short-term heating, short-term gas sterilization, modified atmo-
sphere packaging (MAP), etc. Modified atmosphere packaging is an important way
to modify the atmosphere inside the package using of polymer films with or with-
out pores that reduces loss of the quality and improve shelf life of the packaged
fruits and vegetables by reducing of the moisture, microbial and metabolic activity
(Vermeiren et al. 2002).

De Reuck et al. (2009) found that the combination of Chitosan (0.1 g L")+ MAP
(control) was effective to prevent of the rot, browning and maintain crust color in
McLean, so red Cultivar compared with MAP only. Chitosan (0.1 g L™")+ MAP
reduced polyphenol oxidase and peroxidase activity significantly, as well as main-
tained the integrity of the membrane and anthocyanin content and prevented the
reduction of color of the crust during storage (Jianglian and Shaoying 2013).

Chitosan edible coating for increasing shelf life of pomegranate seeds for 12
days at 4 °C was used. Chitosan coating inhibited the growth of bacteria and fungi
on the surface of pomegranates. Pomegranates water content that coated by chito-
san at levels 0.5 and 1%, was maintained during 12 days of storage. Chitosan
decreased, increasing of pomegranates total soluble solids and titratable acidity
during storage period. In contrast, the use of chitosan delayed reduction in total
phenolic content, total anthocyanin and antioxidant capacity during storage period
(Ghasemnezhad et al. 2013).

The use of chitosan coating of fresh and cut mushroom, delayed color change
associated with reduction in the activities of polyphenol oxidase, peroxidase, cata-
lase, phenylalanine ammonia lyase and laccase and also lower total phenol content,
and reduced cellulase, total amylase, and a-amylase activity. Microbial develop-
ment treated samples with Chitosan coating was inhibited compared to control
samples (Tamer and Copur 2009).

10 Conclusions

Antimicrobial packaging can prevent the growth of microorganisms, improve food
safety and increase the shelf life of packaged foods. Many factors are involved in
designing antimicrobial packaging, however, most factors are closely related to the
properties of antimicrobial agents, packaged foods and target microorganisms.
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Chapter 10
Fungal Nanoparticles: An Emerging Tool
in Medical Biology

Anurag Yadav, Amit Verma, and Kusum Yadav

1 Introduction

The word “nano” of nanotechnology is derived from the Greek word-meaning
dwarf. The term “nanotechnology” (NT) evolved during 1980s and gained impetus
from various fields of research. It has been noticed that bulk materials when frag-
mented into nanoparticles (NPs) change their properties. This vary change of nature
can be exploited to alter cellular processes at nano-scale level. Various cellular pro-
cesses which operate at miniscule levels in the body are governed by immune rec-
ognition. The NT deals with the synthesis of nano-scale (~10~ m) materials, which
can be put to different applications. Presently nanomaterials are synthesized through
physical and chemical methods, which involve lithography, aerosolization, UV irra-
diation, laser ablation, ultrasonic fields, photochemical method etc. Nanomaterial
production through these methods is costlier and involves hazardous chemicals
which limits their commercial production (Makarov et al. 2014).

The recent advances in biological science are replacing the environment
unfriendly conventional methods of nanomaterial development with newer tech-
nologies. The biological synthesis of nanomaterials, which is popularly known as
“Nanobiotechnology”, holds the future of nanotechnology due to its low production
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Table 10.1 Comparison of different methods of nanoparticle synthesis

Parameters Physical methods | Chemical methods Biological methods

Protocol ease Hectic protocols, | Hectic protocols, with Easy and simple protocols
with lot of energy | lot of energy and
inputs chemical inputs

Achievement of Achievable Achievable Requires further research

desired

dimensions

Large scale Yes Yes Yes

production

Ecofriendly No No Yes

nature

Cost effectiveness | No No Yes

Examples Lithography, Microwave method, Use of biological systems
attrition, pyrolysis | chemical reduction, as “Nanofactories” viz.
etc. electrochemical bacteria, fungi, algae,

methods etc. plants etc.

cost and less hazardous nature (Prasad 2014; Prasad et al. 2014, 2015). The com-
parison of various nanomaterial synthesis methods are shown in Table 10.1.

On global scale nanobiotechnology based methods are gaining momentum for
harnessing the “metal-microorganism” mediated nanomaterial production. The bio-
logical synthesis of NPs has face-lifted the nanotechnology as a “Green Technology”
with features of cost effective production, particle modification and application in
various other fields. Although biological NPs can be synthesized through plants,
fungi, algae and bacteria but the cost involved in downstream processing and lower
production levels limit their commercial application (Prasad et al. 2015). The use of
fungi in nanotechnology for commertial production seems preferable due to their
better adaptability under metal stress. As a result, fungal nanotechnology has
evolved as separate branch called “Myconanotechnology” (MNT). With the increase
in MNT methods for nanomaterial production, their applications have spread in var-
ied sectors ranging from general industries to life saving medical technologies as
elaborated further in this chapter.

2 Fungal Synthesis of Nanoparticles

Human kind has learned to utilize fungi as a source of food, antibiotics, enzymes
and biosurfactants. Using fungus for nanoparticle synthesis is yet another application
in this link. Although nanoparticle production through various organism types has
their pros and cons (Table 10.2), nevertheless the use of fungi in nanoparticle produc-
tion is providing the greener and cheaper alternative for nanoparticle synthesis. The
elucidation of exact biochemical mechanism of NPs synthesis can open the way for
cheaper industrial scale production. Due to the filamentous nature, the fungi can
produce large amounts of NPs. They also produce large quantities of non-homologus
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Table 10.2 Comparison of different organism types for nanoparticle production

Viruses Bacteria Fungi Plants
Advantages Due to their Easy to handle | High biomass One step
capability to and genetic production as synthesis
form structural manipulation well as presence | protocol,
assembly they possible as per | of a range of presence of
are preferred for | requirement different stabilizing and
nanomaterial endogenous capping agents
synthesis like redox systems. necessary for NP
“nanowires” Performs well in | synthesis
metal stress
Disadvantages Requires Downstream Genetic Complex genetic
extensive processing is constitution and | build up and
research very complex metabolic interrelated
and requires machinery biochemical
specialized requires study machinery
techniques for efficient NP | requires hectic
synthesis effort to modify
for NP synthesis
Reference Ki et al. (2006) - Faheem and Baker et al.

Banu (2014),
Prasad et al.
(2015)

(2013), Prasad
(2014)

proteins in the culture medium (Punt et al. 2011). Such vivid attributes of fungi make
them efficient “biofactories” for industrial NPs synthesis. The key factor behind the
efficienty of fungal nanofactories is the range of redox systems, which help in reduc-
ing metal ions to NPs. These redox systems depend mainly on reductases enzymes
along with other stabilizing agents. Several workers have reported the synthesis of
NPs by purified reductases from fungi (Kumar et al. 2007). Yeasts of the class asco-
mycetes of fungi are good candidates for NP synthesis (Fig. 10.1).

2.1 Silver Nanoparticle Production

The spherical silver NPs, having a diameter of 20-30 nm, significantly inhibit the
growth of medically important pathogenic Gram-positive bacteria (e.g. Bacillus
subtilis and Enterococcus faecalis), Gram-negative bacteria (e.g. Escherichia coli
and Salmonella typhimurium) and fungus Candida albicans. Different genera of
fungi such as Fusarium, Aspergillus, Penicillium and Verticillium are known for
their ability to fabricate silver NPs (El-Rafie et al. 2010; Jaidev and Narasimha
2010; Verma et al. 2010; Prasad and Swamy 2013). Moreover, in the last few years,
fabrication of Ag NPs has increased extensively owing to their important biomedi-
cal applications (Jose Ruben et al. 2005). The fungus Aspergillus fumigatus is the
organism of choice for extracellular biosynthesis of silver due to its rapid rate of NP
synthesis and size range of 5—-15 nm (Ahmad et al. 2003).



216 A. Yadav et al.

Easy fermentation condition
for NP production

Better adaptibility T Range of redox system
to metal stress and stabilizing agents
Fungi as potential / for NP synthesis
"Nano-factory"
Ease of downstream I/ \l

h Rich biomass production
processing

thus, NPs production at
large scale

Fig. 10.1 Fungal based nanoparticle synthesis

2.2 Gold Nanoparticle Production

Gold NPs (GNPs) due to their optical and electronic properties are utilized in many
disease diagnostics and treatments. Faheem and Banu (2014) extensively reviewed
the use of GNPs in cancer diagnosis, cancer treatment and nanoparticle synthesis.
Gold nanoparticles find their affinity towards DNA, RNA and other biological
materials and are preferred choice over other multistep processes for delivery in
cells (DeLong et al. 2010). GNPs synthesized by Penicillium rugulosum have been
tested for their affinity with the genomes of Escherichia coli and Staphylococcus
aureus (Mishra et al. 2012). Currently, GNPs are synthesized by several methods,
nevertheless the synthesis through MNT is gaining popularity. GNPs are reported to
be synthesized from various fungal sources viz. Aspergillus sp. Fusarium sp.,
Helminthosporum sp., Sclerotium sp., Thermonospora sp., Tricothecium sp. and
Verticillium sp. (Mukherjee et al. 2002; Binupriya et al. 2010; Narayanan and
Sakthivel 2011a, b; Faheem and Banu 2014). They are used in disease diagnostic
due to their high-energy absorption and better contrast capability in comparison to
standard agents. In addition, they can be effectively applied in medical therapy
owing to their high binding capability and targeted drug delivery. Further research
is required in pilot scale production of GNPs for faster biosynthesis.

2.3 Miscellaneous Nanoparticle Production

Apart from silver and gold nanoparticle production, nanoparticles of copper, sele-
nium can also be produced. Selenium and copper nanoparticles are already in use as
antimicrobial agent for dermal infections (Lee et al. 2011). Such particles have
broader spectrum of antimicrobial activity against several animals and human
pathogens but due to the high cost involved, they are infrequently used.
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3 Nanoparticle Based Devices

3.1 Nano Electro Mechanical Sensors (NEMS)

NEMS are the “nanoscale” cantilevers which are used to detect very low concen-
trations of bacterial infection. They are also helpful in the tracking immune
response against bacterial infection and for finding the drug efficacy against bacte-
rial infections. NEMS are flexible boards of nanoscale dimensions which are
synthesized using semiconductor lithography for microarray preparation. They
have a coat of substrate specific molecules for high throughput detection of DNA
or proteins (Fig. 10.2).

3.2 Dendrimers

These are the new class of nano-entities which are utilized in biological as well as
material sciences. They are highly branched nanoscale macromolecules made up
of the central core with interior branched structure and exterior surface with func-
tional groups for target delivery. These structural arrangements are now-a-days
utilized in target drug delivery for enhanced drug transport across membrane bar-
riers. In the core region dendrimers entrap high molecular structures to attach
drug (Fig. 10.3).

Primers to identify

gene of interest Flexible Beams
e ° Attachment
oe 0 °°
o o %

Population of DNA
isolated from an Due to primer binding
organism and fixed beam bends which
on NEMS beams produces "Signal"

Fig. 10.2 General scheme of nanoelectromechanical sensors
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Outer shell having
reactive groups

Core region having
information about
size, shape etc
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Region with "Void"
acting as drug carrier

Drug in "Void"

Fig. 10.3 A typical dendrimer

3.3 Liquid Crystals

Liquid crystals are made from organic crystals and are synthesized to interact with
biomolecules like proteins or lipids. They are considered safe for targeted drug
delivery to the specific regions of body tissues and are capable of detecting tumors.
Liquid crystals find their use in display panels, as sensor and drug delivery agents
(Hegmann et al. 2007) (Fig. 10.4).

3.4 Nanobots and Nanostars

Nanobots are robotic machines of nanometer dimention. They are also known by
alternative names like nanites, nanoids, nanomachines or nanomites. Due to the
very small size their large number is required for microscopic or macroscopic tasks.
The research in this field, although in infancy stage, is known by the name
“Nanobotics”. It involves the combination of devices in the 0.1-10 pm range which
are composed of nanoscale molecular components. These nanobots can revolution-
ize the medical diagnostics due to their potential in identification and determination
of cancerous cells (Douglas et al. 2012). The use of such bots is under trial in medi-
cal nanotechnology. DNA based nanorobots are under developement to target can-
cerous cells (Fig. 10.5).



10 Fungal Nanoparticles: An Emerging Tool in Medical Biology 219

Fig. 10.4 Nanocrystal

Crystals

3.5 Nanoelmulsions

Nanoelmulsions are yet another set of nanotechnological tools for efficient drug
delivery, which consist of fine oil in water dispersions with droplet dimensions of
less than 100 nm. Nanoemulsions are paving a new hope in medical sciences as an
efficient drug carrier for administrating pharmaceutically active entities. Due to
their metastability (Sonneville-Aubrun et al. 2004) nanoemulsions are suitable for
all delivery routes. They also find application in cosmetics and genetic engineering
(Chime et al. 2014).

3.6 Nanoshells

Nanoshells are nano-locating agents which are now-a-days utilized for localizing
necrotic centers for cancer treatment. They possess dielectric core covered with thin
metallic shells, usually of gold. Nanoshells work by forming quasiparticles, causing
electron oscillation with respect to their ions. In conjunction with monocytes they
are carried over to tumor site where monocytes differentiate into macrophages
releasing naoshells at the main necrotic center. Once ample amount of nanoshells
deposit on the necrotic region the near infrared light is used to destroy the macro-
phages attached with tumors.

Nanoshells possess dielectric core covered with thin metallic shell (gold). Such
kind of nanoparticles cause the formation of quasiparticles resulting in electron
oscillation with respect to all the ions. Tumor cells have size equivalent to macro-
phages and once monocytes are brought into the tumor cells, it differentiates into
macrophages, which would also be needed to maintain the cargo nanoparticles.
Once nanoshells reach near the necrotic center, near-infrared radiation destroys the
tumor-associated macrophages (Fig. 10.6).
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Fig. 10.5 Nanobots: Payload Power
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Fig. 10.6 Nanoshells: arrangement and mechanism of action

3.7 Nanotubes

Nanotubes are used in health monitoring for targeted drug delivery and biosensing.
The unique chemical composition, very small size, optical, electrical and structural
properties of carbon nanotubes make them a unique agent in drug delivery and bio-
sensing. Carbon nanotubes (CNTs) can be designed to get structures with high drug
loading capacity and cell penetration. Due to the large inner volume of nanotubes
they can be used as an effective drug delivery agent. CNTs possess the property of
electrical resistance, which is harnessed to develop electrical resistance based bio-
sensors. Many overlapping nanotubes form an electrically conducting network,
which can be electrically measured. CNTs have been used in developing glucose
detection biosensors (Muguruma et al. 2007), DNA detection biosensors (Clendenin
et al. 2007) and modified electrode biosensors (Timur et al. 2007) (Fig. 10.7).

3.8 Quantum Dots

Quantum dots are minuscule particles of nanometer range which are made up of
hundreds or thousands of atoms. They have intermediate property between semi-
conductor and general molecules and are known to exhibit quantum mechanical
properties. Quantum dots are preferred in medical applications for their superior
photoemission and photostable effect (Zhang and Monteiro-Riviere 2009). Quantum
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Fig. 10.7 Nanotubes: As Drug Carrier
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dots are reported to be an efficient method for delivering small biomolecules like Si
RNA in cells for gene silencing (Chen 2005). Their sensitive photoemission and
photostable effect has made them a preferred medical nano-tool (Fig. 10.8).

4 Applications of Nanoparticles in Medical Sciences

MNT emerged as a momentous tool for nanomaterial synthesis that finds applica-
tion in medical science. Nanomaterials are also applicable in the biological sciences
due to their small size, which is same as active biomolecules found in organisms
(Table 10.3). Due the same size, nanomaterials are capable of interacting with the
biological structures like protein complexes, cell membranes, viruses etc.
(Mahapatro and Singh 2011).

4.1 Antimicrobial Activity

NPs synthesized by biological means are vastly applicable in biomedicine. For
example, mycologically synthesized silver NPs are now-a-days used as antibacte-
rial agents. The high aspect ratio of silver NPs (AgNPs) facilitate them to interact
with other particles and increase their antimicrobial efficacy by multifold. Silver
NPs have been reported with very high antibacterial efficacy; even as little as 1 g
of NPs imparts antibacterial properties to hundreds of square meters of substrate
material (Hamouda et al. 2001; Gibbins and Warner 2005; Kim et al. 2007; Banu
and Kumar 2009; El-Rafie et al. 2010; Huang et al. 2010; Jaidev and Narasimha
2010; Martinez-Gutierrez et al. 2010; Verma et al. 2010; Afreen and Ranganath
2011; Duncan 2011; Raheman et al. 2011; Savithramma et al. 2011; Elzatahry
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et al. 2012; Dar et al. 2013; Pasupuleti et al. 2013; Steelandt et al. 2014; Fatima
et al. 2015; Aziz et al. 2015). The high antibacterial activity of Ag based NPs is
due to their better anchoring and penetration in the bacterial cell wall, causing
alternation in cellular signaling pathways by dephosphorylating putative key pep-
tide substrates on tyrosine residues (Shrivastava et al. 2007). Ag ions interfere
with thiol-group enzymes of microorganisms to inactivate them, causing inhibi-
tion of enzymatic activity (Klasen 2000). AgNPs possess the quality to retain
their antibacterial efficacy in colloidal system. Antimicrobial effect of AgNPs has
been well defined by several other workers (Gibbins and Warner 2005; Kim et al.
2007; El-Rafie et al. 2010; Dar et al. 2013; Pasupuleti et al. 2013; Prasad et al.
2015). Extracellularly produced silver or gold NPs using Fusarium oxysporum
can be used to develop special kind of clothings. The cloths embedded with F.
oxysporum produced silver NPs possess antibacterial properties and used in hos-
pitals to prevent/minimize infection with pathogenic bacteria such as
Staphylococcus aureus (Durén et al. 2007). The recent development of technolo-
gies for the impregnation of AgNPs seems to inhibit multiple drug resistant
(MDR) strains of pathogenic microorganisms. Microbes are unlikely to develop
resistance against silver as they commonly do against conventional narrow spec-
trum antibiotics. AgNPs are used in medical science for building Ag coated medi-
cal devices such as nanolotions and nanogels (Rai et al. 2009). Owing to their
important biomedicine properties fungal based silver NPs can be produced intra-
or extracellularly in the fermentation medium. In addition to AgNPs, other metal-
lic NPs viz. copper (Cu), gold (Au), selenium (Se) etc. are also syntesized. Gold
NPs have a broad spectrum of antimicrobial activity against several animal and
human pathogens but due to higher cost involved in the production they are mini-
mally used in antimicrobial study. Se and Cu NPs are antimicrobial agents uti-
lized for purposes ranging from dermal infection cure to open wound injury
treatment (Lee et al. 2011) (Fig. 10.9).
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Fig. 10.9 Process of antimicrobial activity

4.2 Disease Diagnosis and Detection
4.2.1 Detection of Viral Diseases

According to World Health Organization (WHO) report, 34 million people have
died so far from the human immunodeficiency virus (HIV) based diseases since the
first cases were reported in 1981. The problem is severe in developing countries
where HIV is the major cause of mortality.

Viruses are commonly identified and quantified by plaque assay, immunoassays,
transmission or scanning electron microscopy, polymerase chain reaction (PCR) -
based testing of viral DNA or RNA, tissue culture, lateral flow immunoassay,
enzyme-linked immuno sorbent assay (ELISA) and PCR. The molecular HIV
detection methods like PCR and real time PCR are not cost effective, prone to con-
tamination and have analysis time of few hours. Moreover, these methods are not
reliable to provide effective and rapid HIV detection and require large amounts of
viral sample for testing. More accessible nanoscale technologies, capable of per-
forming a CD4* T cell count and HIV viral load measurement are gaining their pace
in the market (Damhorst et al. 2013).



226 A. Yadav et al.

4.2.2 Detection of Bacterial Diseases

Tuberculosis (TB) is one of the fatal infectious diseases of HIV-infected patients
which increases death rate and drug resistance of immune suppressed patients. The
multi drug resistant strains of mycobacteria are increasing at an alarming rate and
require a thorough review. Conventional methods for TB diagnosis like sputum-—
smear microscopy are relatively less sensitive and poorly reliable. Nanotechnology
based drug system is providing new hope for faster and reliable detection of myco-
bacterial strains to effectively eradicate mycobacterial infections. Reports show that
TB can be successfully diagnosed by employing quantum dots, protein chips, sparse
cell detection and NMR with microfluidic system (Cheepsattayakorn and
Cheepsattayakorn 2013).

4.2.3 Detection of Protozoan Diseases

Rapid malaria detection in infected persons is crucial for effective treatment and
prevention. In addition, malarial misdiagnosis is the leading cause of wrong treat-
ment leading to unexpected side effects in patients (Amexo et al. 2004). Effective
malaria treatment requires accurate and reliable diagnostic devices to reduce unnec-
essary use of anti-malarial drugs or antibiotics. To sustain this approach, gold
nanoparticle-based fluorescence immunoassay have been designed for malarial
antigen detection (Guirgis et al. 2012).

4.3 Disease Detection Nanotechnologies
4.3.1 Immunohistochemical Analysis

A method has been described for preparing electrically charged Cd—Se/ZnS core/
shell nanocrystals (NCs) (Wang et al. 2004). NC—-antibody conjugates can be used
for specific detection of antigens from cancerous tissues using immunostaining.
Epifluorescent microscopy can detect single NCs, ensuring a detection limit of sin-
gle molecule attached with NC. NC-Ab conjugates may serve as ultrasensitive,
photostable labels for immunohistochemical detection.

4.3.2 Nano-DNA Technology for Disease Diagnosis

Targeting and identifying microbial diseases have been made possible by detecting
nucleic acid sequences unique to specific bacteria and viruses or by detecting
abnormal concentration of certain proteins that signal the presence of various can-
cers and diseases (Rosi and Mirkin 2005). Nanomaterial-based assays are cur-
rently evaluated as sensitive protein detection methods. Sequences of nucleic acids
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are identified using PCR coupled with molecular fluorophore assays. PCR based
methods of diagnosis, although highly sensitive, suffer from drawbacks of com-
plexity, sensitivity to contamination, higher cost and lack of portability (Rosi and
Mirkin 2005).

With the advancement of nanoscience technology various DNA-protein conju-
gates have been synthesized which in combination with PCR techniques
have increased the sensitivity of immunoassays as high as 1000 folds compared to
traditional ELISA. Niemeyer et al. (1999) reported the application of self-assembled
DNA-streptavidin nanostructures as the effective reagent in immune-PCR assay.
Niemeyer et al. (2001) reported the use of DNA-streptavidin nanocircles as reagent
for ultrasensitive analysis via competitive immuno-PCR assay. Apartly, these self-
assembled DNA-Protein conjugates are applicable in scanning probe microscopy
(Gao et al. 2001; Pignataro et al. 2002). Such conjugates have potential to be uti-
lized in nanomedicine and biomolecular engineering (Niemeyer 2002; Jain 2012).

4.3.3 Single Nucleotide Polymorphism (SNP) Analysis

Single nucleotide polymorphisms (SNPs) are bulk of informations related to human
genome sequences which can be utilized in biotechnological, pharmaceutical and
academic research. The SNP studies can help in revealing the relation between
genetic variation and disease occurrences on one hand and novel disease diagnosis
and therapy development in another. Galvin (2002) reported and compiled the use
of nanotechnology and SNP information that can be applied in different sectors of
disease diagnosis.

4.3.4 Nanoproteomic Analysis

Proteins are the effector molecules of metabolism and their detection and quantifi-
cation uniquely elaborates the physiological conditions of the organism. ELISA is
one of the reliable methods for protein detection and quantification. The ELISA
implication in the medical field is generally limited by the concentration of proteins
required for detection and usually results in identification at an advanced stage of
disease. The MNT based methods are paving way for developing sensitive methods
for protein detection.

NPs are extremely sensitive in protein detection. Specifically, magnetized
nanoparticles coated with antibodies are used to bind specifically to the specific
target, thus unraveling a potential to detect disease-causing agents at the nanotitre
level (Rosi and Mirkin 2005). A sensory array with six non-covalent gold
nanoparticles-fluorescent polymer conjugate is used to quantify proteins. Gold
nanoparticles are used to quench fluorescence of a polymer. The presence of protein
in sample interferes with nanoparticle-polymer interaction, causing distinctive fluo-
rescent patterns. Such patterns are highly reproducible and are the characteristics of
respective protein at nanomolar concentrations and quantification (You et al. 2007).



228 A. Yadav et al.

A molecular-imprint nanosensor method for accurate protein detection has also
been reported (Cai et al. 2010). Adoption of MNT based methods can accurately
detect proteins and quantify samples for medical diagnosis.

4.3.5 Nanobiosensors

Nanoparticles also have role in enhancing biosensor functionality (Hushiarian et al.
2014). Magnetic nanoparticles are becoming an integral tool in DNA bioassay
where they are used in optimization of DNA hybridization and separation of target
DNA (Clendenin et al. 2007).

Nanomaterials are state of the art chemical and biological biosensors due to their
extreme sensitivity to other elements. A variety of nanobiosensors like nanowire
biosensors, ion channel switch biosensors, electronic nanobiosensors viral nanosen-
sor, pebble nanosensors, optical biosensors, surface plasmon resonance biosensors,
laser nanosensors and nanoshell biosensors are used in medical and life sciences
(Jain 2005b; Aziz et al. 2015). Nanobiosensors are useful in detecting unknown
microorganism from samples, monitoring of metabolites in body secretions and
detection of tumor cells.

4.4 Nanotechnology in Disease Treatment
4.4.1 Alzheimer’s Disease

Alzheimer’s disease (AD) is a neurodegenerative disorder which causes progressive
loss of functions like impairment of intellectual capacity, deficit in attention, mem-
ory and thinking, inability to perform “motor functions” and alternation of person-
ality. New technologies derived from nanotechnology-based approaches are helping
in early diagnosis of AD. Early diagnosis could provide opportunities to treat
patients at risk of AD development, thereby preventing the onset of irreversible
neuronal damages (Brambilla et al. 2011; Nazem and Mansoori 2008).

44.2 Cancer

Early detection of cancer is crucial to provide effective treatment as timely detection
increases the probability of curing diseases and reducing the mortality rate (Cuenca
et al. 2006; Grodzinski et al. 2006; Romero-Morelos et al. 2011). The imaging
methods in use these days can only detect visible change to a tissue; by that time
several thousand cells may proliferate to initiate cancer. Nanotechnology, through
the state of the art technologies is paving the way for early detection and visualiza-
tion of cancerous cells. Antibodies that specifically bind to overexpressed cancerous
cells by coating with metal oxide based nanoparticles, produce high contrast signals
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on Magnetic Resonance Images (MRI) or Computed Tomography (CT) scans. After
binding to cancerous cells such antibodies can be easily visualized under the scan-
ner. The fusion of tissue engineering and cancer science is leading the way for
developing 3D models of tumors for cancer diagnosis (da Rocha et al. 2014; Prasad
et al. 2015).

Since all the drugs entering the bloodstreams are also pumped into the blood
vascular system; anticancer drugs which are made to kill cancerous cells, also kill
healthy body cells. Attachment of drugs to nanoparticles can make the targeted
delivery of drugs to tumor sites (Gaguski 2008). Nanotechnology finds its applica-
tion for the treatment of prostate cancer (Cherian et al. 2014), breast cancer (Bruce
2006; Johnson et al. 2013), head and neck cancer (El-Sayed 2010), gastric cancer
(Elingarami et al. 2014), cervical cancer, oral cancer and pancreatic cancer
(McCarroll et al. 2014). Currently, cancer is treated by thermal therapy by photo-
thermal ablation using silica nanoshells, photo-thermal ablation using carbon nano-
tubes, magnetic field-induced ablation using magnetic nanoparticles; photodynamic
therapy using quantum dots, ceramic-based nanoparticles; chemotherapy using
nano-structured polymer capsules, dendrimers, nanocells and radiotherapy using
dendrimers, carbon nanotubes and gold nanoparticles (Jain 2005a; Roszek et al.
2005; Bamrungsap et al. 2012; Johal et al. 2015; Prasad et al. 2016).

443 HIV

Nanoparticles seem to possess anti-HIV effect. Capsid of HIV can be targeted for
viral replication. The in sillico and wet lab results have identified the compounds
that can be used to inhibit HIV capsid assembly. HIV adherence to host cells, toxic-
ity, drug resistance and viral reservoirs make the treatment difficult. Studies show
that the HIV capsid can be a targeted to design structure-based drugs to inhibit viral
replication (Lisziewicz et al. 1999; Couvreur and Vauthier 2006; Kingsley et al.
20006; Yih and Al-Fandi 2006; Ganser-Pornillos et al. 2008; Riddler et al. 2008;
Amiji et al. 2009; Pornillos et al. 2009; das Neves et al. 2010; Mamo et al. 2010;
Sharma and Garg 2010; Fakruddin et al. 2012; Parboosing et al. 2012). The in vitro
study shows that silver nanoparticles inhibit HIV from binding to host cells by pref-
erentially binding to the gp120 glycoprotein knobs (Elechiguerra et al. 2005).

4.4.4 Diabetes

The diabetes is a metabolic disease of worldwide concern with more than 300 mil-
lion affected individuals. Diabetes mellitus (DM) is a common chronic disease which
risks the health of human beings (Couvreur and Vauthier 2006; Subramani, 2006;
Pickup et al. 2008; Harsoliya 2012; Subramani et al. 2012). Type 1 diabetes mellitus
is treated by controlling blood sugar level through modified dietary sugar intake,
physical exercise, insulin therapy and oral medications. Medical nanotechnology
research from the past few years is focusing on the treatment of type 1 diabetes
through effective drug delivery.
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4.4.5 Others

The core anti-filarial drugs of human lymphatic filariasis are hydrophobic and asso-
ciated with a number of pharmacokinetics and pharmacodynamics issues leading to
inadequate anti-filarial chemotherapy, demanding higher dose schedules with
reduced efficacy and high side effects. The use of nanomedical technology improves
drug efficacy, reduce dose frequency and diminish toxicity; thus holding many pos-
sibilities to cure this morbid disease (Makhsin et al. 2012; Santhoshkumar et al.
2011; Ali et al. 2014).

NPs are recently gaining application in development of stain resistant clothings,
cosmetics and sunscreens due to better interaction at the molecular level.
Nanoemulsions are also used in cosmetic and lotion formulations (Sonneville-
Aubrun et al. 2004). Pure silver has been recently engineered into nanometer-sized
particles (diameter <100 nm) for the treatment of wounds. For nanoparticle to be
effective in skin treatment, it has to breach the barrier of the stratum corneum though
receptor mediated process (Zhang and Monteiro-Riviere 2009). The skin therapeu-
tic applications focus in the area of skin cancer imaging, immunomodulation and
vaccine delivery, antimicrobials and wound healing. Metal oxide based nanoparti-
cles are in use for manufacturing ultraviolet-B radiation protective sunscreens and
topical cosmetics (Burnett and Wang 2011).

4.5 Gene Transfection

Surface-functionalized NPs are highly permeable to cell membranes compared to
non-functionalized NPs (Lewin et al. 2000). Such NPs can be used as active carriers
for delivering genetic material into living cell through transfection. Silica based
nanoparticles labelled with positively charged ammonium groups can bind to poly-
anionic DNA through electrostatic interactions (Kneuer et al. 2000). These nanopar-
ticles ensure quicker and effective delivery of DNA into cells.

4.6 Tissue Engineering

Nanotechnology is also applicable in peripheral nerve regeneration (Cunha et al.
2011; Ma et al. 2005; Shi et al. 2010), bone tissue engineering (Zhang et al. 2008)
and heart valve engineering (Ma et al. 2005). Nerve cells and other organs can
also be regenerated using nanofiber based scaffolds. Peptide nanofiber scaffolds
have been reported to be used in the regeneration of axonal tissues of hamster (Ellis-
Behnke et al. 2006).
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4.7 Vaccine Development

DNA/polynucleotide vaccines function by inserting specific genes encoding for dis-
ease organism specific antigen into the host cell. They are expressed in the vicinity
of antigen presenting cells providing immune response. Such vaccines have vast
potential in medical science because they are cheaply produced, stored and handled
better in varied environmental fluctuations than many of the protein based vaccines.
Due to these qualities the polynucleotide vaccines are going to replace many con-
ventional vaccines for immunotherapy in the near future. However, like any other
technology, such vaccines have flaw of improper polynucleotide delivery into cells
(Mohanraj and Chen 2007). As a modification, plasmid DNA coated with nanopar-
ticles can be used as effective delivery agents. This system may have faster escape
of DNA from degradative enzymes in endo-lysosomal compartment (Panyam et al.
2002). Also, nanoparticles cause release of plasmid DNA at moderate rate causing
continuous gene expression (Hedley et al. 1998). This method of gene delivery finds
application in many fields of life sciences.

Pathogens try to overpower the immune system by hiding intracellularly to cease
off cellular intolerance by shedding surface markers and by serially switching domi-
nant antigenic epitopes (El-Sayed et al. 2005). Development of an effective vaccine
is crucial for human health which requires a vast amount of input in terms of time
and money. With the advancement of technology newer tools are becoming avail-
able for developing next generation vaccines. Nanotechnology is providing the way
for effective vaccine development with easier applicability, stability and site specific
targeting.

4.8 Bio-Separation

Due to the ever-increasing human population the demand for quality therapeutic
proteins is increasing. Such therapies are still very costly due to the time and energy
involved in downstream processing of therapeutic proteins. Infact, separation of
any biological component is important but difficult task in fermentation industry dur-
ing downstream processing. Nanotechnology can help in bioseparation through
employment of nanotubes. Nanotube membranes are the channels causing selective
transport of ions and solutions on both sides of the membrane (Jirage et al. 1997).
Nanotubes with inner diameter of less than 1 nm are suitable for separating small
molecules, while nanotubes with inner larger inside diameters (20-60 nm) may be
suitable to separate proteins (Martin and Kohli 2003). Several size specific nano-
tubes possess molecular recognition abilities and therefore can be used as nanophase
extractors to remove specific molecules from solution (Martin and Kohli 2003).
The use of magnetic nanoparticles (MNPs) hold the future of cost effective sepa-
ration of therapeutic proteins. Industrially the affinity chromatography is the pre-
ferred method for protein separation. However, the method suffers from the flaws of
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column operation and clogging of packed bed adsorbents. Such problems can be
sorted by employing MNPs in affinity chromatography. MNPs can impart magnet-
based separation to cause least diffusion in columns by permitting their rapid and
convenient removal from heterogeneous reaction mixtures, without the use of filtra-
tion and centrifugation (Santana 2011).

4.9 MRI

Recent developments in MRI are due to the involvement of complex NPs as poten-
tial contrast agents for various studies. NPs based MRI has resulted in better under-
standing of tumor tissues, apoptosis mechanism (Strijkers et al. 2010), stem cell
tracing etc. Presently, nanotechnology has developed biofunctionalized NPs, which
are efficient contrast agent for MRI diagnosis at cellular and molecular levels
(Strijkers et al. 2010). Also, NPs application in MRI has the additional advantage of
low toxicity, high relaxivity and cell internalization capability (Matson and Wilson
2010).

4.10 Phagokinetic Studies

The ability of taking colloidal semiconductor nanocrystals by eukaryotic cells
is related to cell motility. This property of eukaryotic cells has been exploited to
develop motility-based nanosensors for targeting primary cancer cells. Nanocrystals
are used as vital tool to study metastasis in cancer. Phagokinetics has found effec-
tive in comparison to other methods viz. the use of organic dyes, chemical agents
etc. due to its photochemically robust nature (Parak et al. 2002).

4.11 Drug Delivery

NPs are important component for enhancing drug efficacy at lower doses, thus
reducing side effects on body cells. The application of latest nanotechnology-based
drug delivery systems like cyclodextrin complexes, gold nanoparticles, hydrogels,
liquid crystals, nanostructured lipid carriers, polymeric nanoparticles and solid lipid
nanoparticles are ensuring effective and safe delivery to biological systems (Calixto
et al. 2014). In general, nanocarriers may enhance drug absorption through facili-
tated diffusion by improving intracellular drug penetration and distribution, by
modifying pharmacokinetic and drug tissue distribution profile and by protecting
drug degradation.
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4.12 Nano-Remediation for Healthcare

NPs are becoming effective oxidizing agents to tackle the environmental contami-
nants. They are capable of high penetration and reactivity against redox contami-
nants, hydrophobic organic pollutants, and chlorinated hydrocarbons. Use of NPs
is helping in environmental cleanup to sustain healthy human life. Research
reports show the utilization of NPs for bioremediation (Nurmi et al. 2005; Quan
et al. 2005).

Being a newer tool nanotechnology still finds limited application in environ-
mental sciences and is facing an important challenge to cleanup anthropologically
contaminated water drinking sites in the developing countries. The literature sup-
ports the role of zero-valent iron (nZVI) in clearing ground water contamination
(Shirazi et al. 2013). The nanoremediation methods employ reactive nano-mate-
rials for catalysis and mitigation of pollutants. Nanoremediation is preferred in
environmental remediation because the technology can omit need for water to be
pumped out and soil transportation for treatment (Otto et al. 2008). The concept
of “Nanoremediation” is gaining momentum and seems efficient in decontamina-
tion of contaminated surroundings cost-effectively.

5 Conclusions and Future Prospects

Owing to the recent reported utilities of NPs in disease diagnosis, for the treatment
and control of various physiological conditions and diseases, the medical myconan-
otechnology requires an effort for searching novel species of microorganism to
be used as “Nanofactories”. Some selective fungi can be efficient in biosynthesis,
due to easiness of handling, easier downstream processing and production of large
amounts of biomass. With the increasing applications of fungi derived NPs in vari-
ous fields, their use has received impetus, creating a branch of nanotechnology,
“Fungal Nanotechnology or Myconanotechnology . The advent of MNT methods
of NP production has eliminated the need of physico-chemical processes which
utilize environmentally hazardous chemicals. Use of fungi as nanofactory is paving
way for “Green Synthesis” of NPs at cost effective levels. Fungi have been reported
in the productions of Ag, Au, and Fe NPs along with other NPs. Research requires
an emphasizing effort for elucidating biochemical mechanisms involved in the
reduction of metals to metal NPs. This understanding will boost large-scale NPs
synthesis in pilot plants for industrial production, which is presently confined to the
flask level in research laboratories. Further biochemical understanding will enable
the use of genetic engineering methods to modify fungal nanoparticles into desired
dimensions.
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Chapter 11
Intervention of Fungi in Nano-Particle
Technology and Applications

Ramesh Raliya, Vinod Saharan, Ramprakash Saran, Kailash Choudhary,
Jagadish C. Tarafdar, and Pratim Biswas

Abstract Biosynthesis of nanomaterial is of particular attention for material
scientists due to its environmentally benign perspective and durability in a natural
medium. Nanoparticles synthesized by using the whole cell, either inside the bio-
logical entity (intracellular) or extract/lysate/peptide-template (extracellular)
believed to have a wide range of biological application. The chapter focuses primar-
ily on the mechanistic investigation of metal and metal oxide nanoparticle synthesis
and their potential applications in the agricultural and biomedical sector. So far
fungus is explored more for silver nanoparticle synthesis among all other nanopar-
ticles and their use as an antimicrobial agent either bare nanoparticles or as a syner-
getic agent with existing counterparts. In addition, fungus-nanotechnology explored
for the synthesis of agriculturally important nutrient for native phosphorus mobili-
zation and enhancement in photosynthetic activity.

1 Introduction

Fungi, belongs to the group of eukaryotic organism, have been extensively used to
produce industrial chemical and enzymes for various purposes, notably from food
to medicine (Carlile et al. 2001; Prasad et al. 2015). With the advent of modern
nanotechnology, researchers have practiced harnessing fungal strains to provide an
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alternative greener approach of nanoparticle production. A nanoparticle or
nanostructure is an intentionally created, engineered particle of 1-100 nm at least in
one dimension. Due to extremely small size, nanoparticles have high surface area to
mass ratio that brings extraordinary physicochemical properties than its bulk coun-
terpart (Suman et al. 2010; Prasad 2014; Aziz et al. 2015). Nanoparticle research is
currently an area of intense scientific interest of the community due to a wide vari-
ety of potential applications in agriculture, biomedical, energy, environmental, elec-
tronic and optical fields (Prasad et al. 2014; NSF 2015).

Producing nanomaterial’s sustainably in part means using less harmful chemi-
cals in nanoparticle production (Murphy 2008). One of the ways nanoparticles can
be created without using harmful chemicals is by exploiting natural biological pro-
cesses, and fungus is one of the organisms used in nanoparticle technology to create
nanoscale objectives. To the best of authors’ literature survey in the scientific
domain, historically, Dameron et al. (1989) biosynthesized nanometer scale (2 nm)
semiconductor quantum crystallites of cadmium sulfide (CdS) using yeasts Candida
glabrata and Schizosaccharomyces pombe, cultured in the presence of cadmium
salts. The biosynthesized quantum CdS crystallites were more monodisperse than
CdS nanoparticles synthesized chemically. Later, in 2001, a team of National
Chemical Laboratory, India, used fungus Verticillium to reduce aqueous silver
nitrate solution into silver nanoparticle of 25 nm (Mukherjee et al. 2001a). The
reduction of the metal ions occurs on the surface of the mycelia (extracellular) lead-
ing to the formation of silver nanoparticles of fairly well-defined dimensions and
tolerable monodispersity. In-spite of different proposed synthesis mechanism (intra-
cellular vs. extra-cellular), both of these early landmark studies suggested that pro-
tein/peptide play a key role in the reduction of metal salt.

The advantage of biosynthesis reaction is obvious from the sustainability point of
view (e.g., recycling or utilization of bio-based objects for chemical production)
(Murphy 2008). The fungal mediated synthesis of nanoparticles has many advan-
tages over other biosynthesis approaches (using whole cell(s), secretion, extract or
lysate of bacteria, plant or animal source) such as ease of scale-up process, minimum
downstream processing, economically viable, easy to maintain the culture and han-
dling of biomass (Prasad et al. 2015). Compared to bacteria, fungi are saprophytic in
nature, the large surface area covered by mycelia (help in intracellular synthesis) and
also known to secret much higher amounts of protein (help in extracellular synthe-
sis), thereby fungi has significant attention to using as nanoparticle production.

2 Fungal Mediated Nanoparticle Synthesis and Mechanistic
Aspects

Fungi are drawing the attention of nanotechnology researchers for the bottom up
and top down synthesis of nanoparticles due to metal tolerance, bioaccumulation,
and saprophytic ability (Sastry et al. 2003; Thakkar et al. 2010; Raliya et al. 2013).
Over the several nanoparticle biosynthesis sources such as bacteria, plant, and
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Table 11.1 Synthesis of metal and metal oxide nanoparticles using fungi

Type of
Fungi species/name nanoparticles Size (nm) References
Verticillium sp. Ag, Au 25+12 Mukherjee et al. (2001a,
b) and Sastry et al. (2003)
Fusarium oxysporum Ag, Au, CdS, 4-40 Ahmad et al. (2002,
Zirconia, 2003), Mukherjee et al.
BaTiO; Ag-Au (2002), Senapati et al.
bi-metallic (2005) and Bansal et al.
(2006)
Aspergillus oryzae Fe 10-24.6 Raliya and Tarafdar
(2013a)
Aspergillus fumigatus Ag 5-25 Bhainsa and D'Souza
(2006)
Aspergillus terreus Ag 2.5 Raliya and Tarafdar
(2012)
Aspergillus flavus Ag 8.92+1.61 | Vigneshwaran et al.
(2007)
Aspergillus tubingensis TiO,, 1.5-30 Tarafdar et al. (2012,
Phosphorous 2013)
Rhizoctonia bataticola Au 6.2 Raliya and Tarafdar
(2013a, b, ¢, 2014)
Pochonia chlamydosporium, Zn, Ti, Mg and 12-95 Kaul et al. (2012), Raliya
Aspergillus fumigatus, Fe and Tarafdar (2014) and
Curvularia lunata, Chaetomium Raliya et al. (2014a, b)
globosum, Aspergillus wentii,
Aspergillus tubingensis,
Aspergillus flavus, Aspergillus
terreus

higher kingdom animal tissues, fungi are a potential candidate to scale-up nanopar-
ticle synthesis process due to economic viability (Prasad et al. 2015). Table 11.1
summarizes the metal and metal oxide nanoparticles synthesize using fungi.
Scientific literature survey suggests that fungi have been used primarily for metal
and metal oxide nanoparticles, in particular, silver (Ag), gold (Au), zinc (Zn), zinc
oxide (ZnO) and titanium di oxide (TiO,) nanoparticles synthesis (Table 11.1).
The fungus can synthesize nanoparticles both inside the cell (intracellular) and
outside the cell (extracellular). One of the early report on the use of fungus for intra-
cellular nanoparticle synthesis by using Verticillium sp. was reported by Mukherjee
etal. (2001a). Author exposed fungal biomass with aqueous silver nitrate suspension.
As aresult of the intracellular reduction of the metal ions, 20-30 nm silver nanopar-
ticles were observed below the cell wall surface (Fig. 11.1). It was also observed in
the same study that silver nanoparticle didn’t exert any toxic effect rather increased
biomass after biosynthesis of silver nanoparticles. Similarly, the same Verticillium
sp. used for the bioreduction of gold chloride and found similar to the size of the
silver nanoparticle as reported above (Mukherjee et al. 2001b). The authors
explained that internalization of a precursor salt of gold ions on the surface of fungal
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Fig. 11.1 TEM micrograph Verticillium cells after reaction with silver nitrate at different magni-
fications (a—d). The scale bars in (a—d) correspond to 1 pm, 500, 200, and 100 nm respectively
(Mukherjee et al. 2001a)

cells perhaps occurs by electrostatic interactions with positively charged groups
such as lysine residues in enzymes that existed in the mycelial cell wall. In addition
to Verticillium, Fusarium oxysporum has also been used for the synthesis of CdS
(Ahmad et al. 2002), BaTiO; (Bansal et al. 2006), Ag (Ahmad et al. 2003), Au
(Mukherjee et al. 2002) and Ag-Au bi-metallic (Senapati et al. 2005). Diversion to
the extracellular synthesis of nanoparticles using fungi is believed to simplify the
purification steps for synthesized nanoparticles.

Mechanistically, it is proved that molecular machinery and various cellular pro-
teins are involved in the bioreduction of the metal salt. Barwal et al. (2011) explained
that ATPase, sedoheptulose-1, 7-bisphosphatase, carbonic anhydrase, ferredoxin
NADP+ reductase, superoxide dismutase, oxygen evolving enhancer protein ribu-
lose bisphosphate carboxylase and nuclear histone are involved in the bioreduction
of silver nitrate by the unicellular algae Chlamydomonas reinhardtii. Raliya and
Tarafdar (2012) explained the mechanism of extracellular synthesis of silver
nanoparticles using the fungus Aspergillus terreus (Fig. 11.2). Authors also
explained that protein capping enabled nanoparticle stability, monodispersity and
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Fig. 11.2 Mechanism for biosynthesis of silver nanoparticles using A. ferreus (Raliya and Tarafdar
2012)

environmentally benign (Raliya and Biswas 2015). In the recent development of
nanoparticle biosynthesis, peptides (isolated from bio-source or in vitro synthesized)
are being used for the precursor metal ion reduction. A patent granted to Belcher
et al. (2015), showed a method for producing magnetic nanocrystals by using a
biological molecule that has been modified to possess an amino acid oligomer that
is capable of specific binding to a magnetic material. Unal Gulsuner et al. (2015)
described multidomain (modular) peptides, which direct a cascade reaction is cou-
pling the synthesis and surface functionalization of gold nanoparticles in a single
step (Fig. 11.3). Synthesized gold particles have improved colloidal stability on the
counter approach of nanoparticle synthesis. Design and construct of biological mac-
romolecules control the assembly of inorganic material (metal and metal oxide).
Peptide-mediated synthesis approach opened the door for the scale up of engineered
nanoparticles.

3 Applications of Nanoparticles Synthesized by Fungus

The nanoparticle is being used for various applications in biomedical engineering,
medicine, environment, manufacturing and material, energy and electronics, pesti-
cides and fertilizers. Owing to high inputs of energy and use of harmful chemicals;
physical and chemical methods are less preferred. More emphasis has been given
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Fig. 11.3 Schematic illustration of the MDP design for one-step synthesis and surface modifica-
tion of AuNPs. (a) Chemical sketch of a proof-of-concept MDP, RGDSGGGGKDopa-Am, where
Dopa and Lys serve as synthesis and stabilization units, Gly4 functions as a steric linker to Arg-
Gly-Asp-Ser, an integrin-binding peptide sequence. (b) Proposed synthesis and surface modifica-
tion (capping) of AuNPs with the peptides (Unal Gulsuner et al. 2015)

currently for the synthesis of nanoparticle in a sustainable approach like using of
fungi bacteria and plants. With advantages of fewer inputs of energy and devoid of
harmful chemicals, use of fungi for nanoparticles synthesis becomes a prime choice.
Another possible reason is perhaps due to recent advancement in the use of fungus
for the scale of nanoparticle synthesis. There are very few reports on the application
of fungus mediated nanoparticle synthesis. So far, metal, in particular, Ag and Au,
and metal oxide (ZnO, MgO, and TiO,) are dominant nanoparticles synthesized and
explored by researchers (Table 11.2).

Fungus mediated Ag nanoparticles of various size and shape have been exten-
sively harnessed for its antimicrobial properties either nascent particles or in com-
bination with existing antimicrobial agents (Rai et al. 2009). Silver nanoparticles of
3-30 nm, synthesized by Aspergillus niger have antibacterial activity against
Bacillus sp. and E. coli (Jaidev and Narasimha 2010). Mechanistically, silver
nanoparticles cause dissipation of proton motive force, and the pitting of the bacte-
rial cell membrane leads to cellular death. Fayaz et al. (2010) studied biogenic
synthesis of silver nanoparticles and their synergetic effect with antibiotics against
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Table 11.2 Application of biosynthesized nanoparticles
Fungus used to Size
Nanoparticles | synthesize (nm) Application Reference
Ag Alternaria 20-60 Activity against pathogenic | Gajbhiye et al.
alternata fungi (2009)
Ag Trichoderma 5-40 Synergistic effect with Fayaz et al.
viride antibiotics (2010)
Zn Rhizoctonia 15-25 Nanofertilizer for pearl Tarafdar et al.
bataticola millet (2014)
MgO Aspergillus flavus | 5.8 Nanonutrient for Cyamopsis | Raliya et al.
tetragonoloba (2014a, b)
ZnO Aspergillus 1.2-6.8 | Enhance native Raliya and
fumigatus phosphorous mobilization Tarafdar (2013c)
in rhizosphere Raliya et al. 2016
TiO, Aspergillus flavus | 18 Physiological improvement | Raliya et al.
in mung bean (2015a)
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Fig. 11.4 Synergistic activity of AgNPs with ampicillin (Amp) against bacteria. (a) Formation of
core silver nanoparticles with ampicillin. (b) Interaction of silver nanoparticles-Amp complex over
the cell wall of bacteria. (c¢) Silver nanoparticles-Amp complex inhibits the formation of cross-
links in the peptidoglycan layer (which provides rigidity to the cell wall), leading to cell wall lysis.
(d) Silver nanoparticles-Amp complex prevents the DNA unwinding (Fayaz et al. 2010)

gram-positive and gram-negative bacteria. Author synthesized silver nanoparticles
of 540 nm using the fungus Trichoderma viride. It was observed that silver
nanoparticles exert synergistic antibacterial effect with antibiotics such as ampicil-
lin, kanamycin, erythromycin, and chloramphenicol. Figure 11.4 shows a schematic
of synergetic activity of silver nanoparticle with ampicillin.
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In contrast to antibiotics, fungus originated silver nanoparticle also enhances the
activity of antifungal agents. Gajbhiye et al. (2009) synthesized silver nanoparticles
of 20—60 nm using the fungus Alternaria alternata and evaluated antifungal activity
along with commercial counterpart fluconazole. Disk diffusion method was used to
evaluate in vitro antifungal activity of fluconazole against pathogenic fungi Phoma
glomerata, Phoma herbarum, Fusarium semitectum, Trichoderma sp., and Candida
albicans. To determine the synergitic antifungal effect, each standard paper disk
was saturated with 20 pL of the freshly prepared silver nanoparticles. The antifun-
gal activity of fluconazole increased significantly in the presence of silver nanopar-
ticles. Antimicrobial effect of nanoparticles depends on particle size, concentration,
and surface zeta potential that causes reactive oxygen species formation, cellular
leakage as a result of membrane pore and electrostatic interaction involved in the
binding of nanoparticles on the surface of a microbial agent (Rai et al. 2009).

Recently, fungus mediated nanoparticles in particular metal oxides are being used
as nano nutrient fertilizer, delivered either by soil or root application. It is believed that
due to smaller size nanoparticles based nutrient uptake rate is quite higher than con-
ventional fertilizer applied through the soil (Wang et al. 2013; Raliya et al. 2015a, b).
Enhanced uptake of nutrients by plants may help to avoid eutrophication in the aquatic
body, maintain soil health and economically viable too. A group of Indian Council of
Agricultural Research isolated a fungus Aspergillus fumigatus to synthesize zinc
oxide nanoparticles using a precursor salt zinc nitrate (Raliya and Tarafdar 2013c).
Zinc act as a cofactor of various phosphorous mobilizing enzymes such as phytase,
alkaline, and acid phosphatase, have the potential to mobilize native phosphorous in
the rhizospheric soil. It is important to mention that maximum proportion of conven-
tional phosphorous fertilizer applied in soil getting fixed as a stable inorganic complex
with calcium, iron or aluminum. Such complex is unavailable to plants for uptake and
runoff with water that ultimately causes eutrophication by increasing phosphorous
availability in water-body. The zinc oxide nanoparticle (1.2—-6.8 nm) synthesized by
A. fumigatus, significantly improve plant biomass (27.1%), chlorophyll content
(276.2 %), total soluble leaf protein (27.1 %), rhizospheric microbial population (11—
14 %), acid phosphatase (73.5 %), alkaline phosphatase (48.7 %), and phytase (72.4 %)
activity in clusterbean rhizosphere (Raliya and Tarafdar 2013c). Similar effect were
also found in pearl millet (Pennisetum americanum) as a result of zinc nanofertilizer
applied through foliar spray (Tarafdar et al. 2014).

To enhance solar light absorption by plant leaves to boost plant photosynthesis,
fungus originated titanium dioxide nanoparticles and magnesium oxide nanoparti-
cles were used because of their photocatalytic activity and essential part of pigment
(chlorophyll) structure, respectively. Aspergillus flavus mediated titanium di oxide
nanoparticles of 12—-15 nm enhances chlorophyll content in the mung bean plant
leaves by 46.4 % (Raliya et al. 2015b). Similarly, magnesium oxide nanoparticles
(5.8 nm) synthesized by A. flavus increase in chlorophyll content by 76.1 % by the
application of biologically synthesized MgO nanoparticle at 15 Mg L' concentra-
tion on 2 week old Cyamopsis tetragonoloba plants (Raliya et al. 2014b).
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4 Conclusions

The fungus is a preferential source for nanoparticle synthesis over other biological
sources such as bacterial, animal tissue lysate or plant cell due to easy and scalable
mass culture, saprophytic nature, low downstream processing, environmentally
benign and economically viable. Fungi used more for metal and metal oxide nanopar-
ticle synthesis. Among the entire synthesized particle, fungus explored more for sil-
ver nanoparticle synthesis. Nanoparticle synthesis reaction is mediated by
oxidation-reduction reaction mechanism carried out by fungus enzymatic protein
and application used as an antimicrobial agent and also exert synergetic effect when
to combine with antibiotics or antifungal agents. Rhizospheric fungus harnessed for
the synthesis of agriculturally important nanoparticles help to mobilize native nutri-
ent mobilization by boosting plant physiological and metabolic activities.
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Chapter 12
Microbial Laccases and Nanobiotechnology:
Environmental Perspective

Sunita J. Varjani

Abstract In recent years advances in nanotechnology have open up a new era in
industrial technology. Majority of nanoparticles are incorporated into products.
Laccases (EC 1.10.3.2) are oxidoreductases belonging to multi-copper oxidases,
which have been subject of intensive research in last decade due to their ability to
oxidize both phenolic and nonphenolic lignin related compounds. They are widely
distributed in bacteria, fungi, plants and insects. Among all these sources fungi is
reported as the best laccase producer. They have been described in different genera
of ascomycetes and deuteromycetes, however mainly laccases are found in basidio-
mycetes. Laccases have number of industrial and environmental applications
including bioremediation, pulp and paper industry, textile industry, food technol-
ogy, nanobiotechnology, medicine and cosmetology. More recently laccase is also
used in design of biosensors, biofuel cells and as bioremediation agent to clean up
herbicides, pesticides and certain explosives in soil. Especially they are used in the
field of biodegradation and treatment of xenobiotics. Though it has been studied
from last century it remains a topic of research till today due to its enormous hidden
potential. This paper reviews the occurrence, general properties and applications of
laccases. This review is also emphasized on role of nanobiotechnology in environ-
mental and various industrial sectors.

1 Introduction

The modern technology accepts that the concept of interdisciplinary research in
engineering and sciences leads to creation of environmentally benign "green pro-
cesses" (Varjani et al. 2015) with special concern to nanoscience and nanotechnol-
ogy (Kannan and Subbalaxmi 2011). Recently enzymes are widely used in diverse
industries. Many such potential enzymes are present in nature; laccases are one
among them (Madhavi and Lele 2009). Laccases are the oldest and most studied
enzymatic systems (Pannu and Kapoor 2014). Study of nanotechnology with
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biotechnology is referred to as nanobiotechnology. Nanobiotechnology offers new
ways to improve methods used to solve environmental and industrial problems. It
can contribute to reduce energy consumption and waste production as well as to
achieve sustainable industrial and societal development. Nanobiotechnology has
emerged up as integration between nanotechnology and biotechnology for develop-
ing bioactive, biosynthetic and ecofriendly technology for synthesis of nanomateri-
als (Kannan and Subbalaxmi 2011; Prasad and Swamy 2013). Norio Taniguchi,
Tokyo Science University was the scientist who first defined the term Nanotechnology
in 1974. Nanotechnology deals with structures in the size range between 1 and
100 nm and involves developing materials or devices within that size (Suman et al.
2010; Arivalagan et al. 2011). Methods employed for synthesis of nanomaterial are
physical, mechanical and chemical. However, these methods are very expensive
and some of them which involve hazardous chemicals. Therefore, there is emergent
need to develop environmentally benign and sustainable methods for nanomaterial
synthesis (Shraddha et al. 2011; Prasad 2014). Green chemistry processes led to
environmental friendly method of synthesis and safe process as compared to other
methods (Aziz et al. 2015; Varjani et al. 2015). Biological sources such as fungi,
bacteria, viruses, actinomycetes, algae and plant materials, etc. can catalyze specific
reactions to produce ecofriendly nanomaterial (Shraddha et al. 2011; Aziz et al.
2015; Prasad et al. 2015). These can be used as alternate source for physical, chemi-
cal methods, ultraviolet irradiation, lithography, laser ablation, ultrasonic fields, and
photochemical reduction techniques. Current perspective of biological synthesis
process should focus towards use of highly structured physical and biosynthetic
activities of microbial cells to achieve controlled manipulation of the size and shape
of nanomaterial (Kannan and Subbalaxmi 2011).

Laccase (p-diphenol:O, oxidoreductase, EC 1.10.3.2) is a glycoprotein made up
of 500-600 amino acids and the carbohydrate fraction constitutes 10—-40% of
molecular weight (Gavnholt et al. 2002). Laccases exhibit activity on wide substrate
range like diphenols, polyphenols, aromatic amines, hydroxyindols, benzenethiols
and even some inorganic compounds such as iodine (Viswanath et al. 2008).
However most other enzymes are generally substrate specific. This is the major
reason for attractiveness of laccases for several biotechnological applications
(Nyanhongo et al. 2002; Riva 2006; Viswanath et al. 2008). Due to energy saving
and biodegradable nature laccase based biocatalysts are preferred for development
of highly efficient, sustainable and eco-friendly industrial processes (Xu 2005; Riva
2006). Laccases are found to have several biotechnological applications in various
industries, synthetic chemistry, cosmetics, bioremediation i.e. removal of toxic or
recalcitrant pollutants like herbicides, pesticides, dyes (Novotny et al. 2004).
Laccases are encoded by multigene family. Laccases have been characterized
mostly from fungi till now while limited research has been performed in plants,
bacteria and insects (Wang et al. 2015). Immobilization techniques such as layer-
by-layer, micro patterning and self-assembled monolayer technique can be used to
preserve the enzymatic activity of laccase (Pannu and Kapoor 2014). Recently lac-
cases have been efficiently applied to nanobiotechnology. Laccases catalyze elec-
tron transfer reactions without additional cofactor (Shraddha et al. 2011).
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There is a emergent need to assemble information available on microbial laccases
from different sources in order to throw light their importance in environmental and
industrial sectors which can yield much more potential laccase source and broaden
their applications which are ecofriendly and economic. The present review will
encompass the information about nanobiotechnology, laccases as enzyme, micro-
bial sources of laccases and their potential application in bioremediation & selected
industrial sectors. It also explores the untapped potential of laccases.

2 Nanobiotechnology and Nanomaterial

Nanotechnology is emerging as a rapidly growing field due to its versatile applica-
tions in science and technology for manufacturing of new materials at nanoscale
level (Albrecht et al. 2006). Nanotechnology was originally a field within the physi-
cal sciences, the intersection of nanotechnology and biotechnology was realized
from the potential applications of nanomaterials to environmental as well as biotech-
nological problems (Viswanath et al. 2008; Agrawal and Rathore 2014).
Nanobiotechnology is an interdisciplinary area of research that operates at interface
of biotechnology, environmental science, chemistry, biology, materials science,
engineering and medicine (Kannan and Subbalaxmi 2011; Swamy and Prasad 2012).
Figure 12.1 illustrates application of nanobiotechnology in scientific research.

Drug Delivery

Pharmacology

Biological and Pharmacy

Science

Environmental
Science

Nanobiotechnology

Neuroscience

Biocatalysts

Fig. 12.1 Application of nanobiotechnology in scientific research (Source: Kannan and
Subbalaxmi 2011)
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Nanobiotechnology is defined as an area that applies the nanoscale principles
and techniques to understand and transform biosystems (living or non-living).
Various terms have been used to describe nanomaterials according to their chemical
composition; carbon related nanomaterials, dendrimers, semi-conductor nanocrys-
tals, zero-valent metal nanoparticles and metal containing nanoparticles (Klaine
et al. 2008). Nanomaterials can be nanoparticles, nanofibres or nanoplates respec-
tively, having three, two or one dimensions within nano-scale. Nanorods and nano-
tubes examples of nanofibres. Nanowires are electrically conductive nanofibres.
Nanoprism have been used to describe various polyhedral nanoparticles (Agrawal
and Rathore 2014). A nanosphere is a general term used to describe a quasi-spheri-
cal nanoparticle but in practice perfect spheres are not achieved instead many near-
spherical nanoparticles have a multi-faceted topology (Pal et al. 2007; Agrawal and
Rathore 2014). Nanostructured materials such as nanoparticles and nanofibers have
been used extensively as carrying materials for preparing biosensor and biofuel cell.
The high potential impacts of nanotechnology almost cover all fields of human
activity viz. environmental, economy, industrial, clinical and health-related etc.
(Albrecht et al. 2006; Agrawal and Rathore 2014; Prasad et al. 2014). In biotechno-
logical analysis nanomaterial can be used as different materials such as bacterio-
static, antibacterial, antistatic, cryogenic superconducting, and biosensor etc. (Cao
et al. 2002; Prasad 2014; Palza 2015).

2.1 Advantages of Nanomaterials

In nanobiotechnology biological principles and materials are used to create new
devices and systems integrated from the nanomaterial. Perhaps the most striking
example is the control of pollution (D’Souza 2001; Kannan and Subbalaxmi 2011).
This technology is ecofriendly (Albrecht et al. 2006). Owing the environment
friendly nature of biosynthetic process, there is a great interest in studying the syn-
thesis of nanoparticle by biological route (Klaine et al. 2008; Prasad et al. 2015).
Benefits of nanoscale materials over microscale particles are (1) nanoparticles can
diffuse or penetrate into a contamination zone where microparticles cannot reach,
and (2) higher reactivity to redox-amenable contaminants (Nurmi et al. 2005).

3 Laccases: Properties and Occurrence

Laccases (EC 1.10.3.2) are chief ligninolytic enzyme, which belongs to blue multi-
copper oxidases and participates in crosslinking of monomers and degradation of
xenobiotics (Call and Miicke 1997; Gianfreda et al. 1999). They are defined as
oxidoreductases in Enzyme Commission (EC), which oxidizes diphenol and allied
substances & use molecular oxygen as an electron acceptor. There are diverse
sources of laccase producing organisms like bacteria, fungi, plants and insects
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(Pannu and Kapoor 2014). But they have been widely characterized in fungi than in
higher plants. Due to broad range of application there is a growing need for isolation
and identification of new laccase producing organisms to be used in industries
(Madhavi and Lele 2009).

3.1 Properties of Laccases

Laccase catalyses reduction of O, to water by oxidising phenolic substrates. Laccase
molecule binds four copper atoms responsible for electron transfer (Viswanath et al.
2008). Copper-binding regions of the enzyme are highly conserved throughout evo-
lution (Lewis et al. 1999). It was initially thought that laccases would only be able
to oxidize phenolic substrates as they have a lower redox potential (150-800 mV)
than those of lignolytic peroxidases (>1 V) (Kersten et al. 1990). But later on lac-
cases have received attention of researchers due to their ability to oxidize both phe-
nolic and nonphenolic lignin-related compounds as well as highly recalcitrant
environmental pollutants (Pannu and Kapoor 2014).

The enzymatic catalysis by laccases in different industrial applications such as
textile dye bleaching, pulp bleaching and bioremediation could serve as a more
environmentally benign alternative than currently used chemical processes (Octavio
et al. 2006). Apart from its benefits there are some problems to commercialize use
of laccases. One of them is lack of sufficient enzyme stock. Thus, efforts have to be
made in order to achieve cheap overproduction of laccase in heterologous hosts
(Manzanares et al. 1995; Shraddha et al. 2011) Laccases can also be modified by
chemical means or protein engineering to obtain more robust and active enzyme
(Shraddha et al. 2011). Another additional problem is cost and toxicity of redox
mediators. Further investigation should be focused on less polluting mediators
(Pannu and Kapoor 2014).

3.2 Sources of Laccases

Laccases are ubiquitous in nature. The presence of laccases has been found in
plants, fungi, bacteria and insects (Pannu and Kapoor 2014). Laccases are generally
distributed in a wide range of higher plants and fungi. In fungi specifically white rot
basidiomycete laccases appear more than the higher plants (Shraddha et al. 2011).
In general plant and insect laccases have lower redox potential. Microbial laccases
are divided in three groups according to redox potential of laccases (a) Bacterial
laccases possess low-redox-potential, (b) basidiomycete white-rot fungi laccases
have high redox-potential and (c) majority of ascomycete and some basidiomycete
fungi laccases show middle-redox-potential (Mate and Alcalde 2014; Pardo and
Camarero 2015).
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3.2.1 Fungi

Fungal laccases have been comprehensively identified from ascomycetes, deutero-
mycetes, and basidiomycetes. Fungi seem to hold more laccase producers when
compared to other sources (Table 12.1) (Pannu and Kapoor 2014). Research on
laccase is mainly focused on basidiomycetes fungi because among all fungi the
white-rot basidiomycetes are the best laccase producers (Madhavi and Lele 2009).
These are involved in lignin degradation, morphogenesis, pathogenesis and stress
defense (Baldrian 2006).

Fungal laccases are produced in cells, secreted and accumulated outside the
hyphal filaments i.e. fungal laccases are of secretory type (Shraddha et al. 2011;
Subramanian et al. 2014). Commonly laccases are produced by wood rotting fungi
such as Phanerochaete chrysosporium, Theiophora terrestris, Trametes versicolor,
Trametes hirsuta, Trametes ochracea, Trametes villosa, Trametes gallica, Cerena
maxima, Coriolposis polyzona, Lentinus tigrinus, Pleurotus eryngii (Assavanig
et al. 1992; Viswanath et al. 2008; Pannu and Kapoor 2014). Pannu and Kapoor
(2014) have reported production of laccases from Phlebia radiate, Neurospora
crassa and Pleurotus ostreatus. First laccase was characterized from ascomycete,
Monocillium indicum which showed peroxidase activity (Thakker et al. 1992).

3.2.2 Bacteria and Archea

Laccase enzymes are widely distributed in plants and fungi, laccase activity has also
been reported in few bacteria viz. Azospirillum lipoferum, Marinomonas mediter-
ranea, Streptomyces griseus, and Bacillus subtilis (Diamantidis et al. 2000; Hullo
et al. 2001; Octavio et al. 2006). Hullo et al. (2001) reported CotA in Bacillus sub-
tilis, which participates in pigment biosynthesis and protection against UV light.

Laccase have also been identified in archaea (Sharma and Kuhad 2009).
Thermostable and salt tolerant laccase LccA was studied from halophilic archaeon
Haloferax volcanii (Uthandi et al. 2010).

Table 12.1 Production of laccases by different sources

S. No. | Source Name of organisms

1. Fungi Phanerochaete chrysosporium, Theiophora terrestris, Lenzites, betulina,
Phlebia radiate, Pleurotus ostreatus, Trametes sp., Neurospora crassa,
Cerena maxima, Coriolposis polyzona, Lentinus tigrinus, Pleurotus
eryngii, Monocillium indicum

2. Plant Arabidopsis thaliana, Brassica napus, Oryza sativa, Zea mays,
Liridendron tulipifera, Nicotiana tabacum, Lolium perenne, Saccharum
officinarum

3. Bacteria Azospirillum lipoferum, Marinomonas mediterranea, Streptomyces
and archea | griseus, Bacillus subtilis, Haloferax volcanii

4. Insect Monochamus alternatus, Bombyx mori, Apis mellifera
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3.2.3 Insects

Laccases are mainly associated with cuticle sclerotization of insects. Various insects
such as Monochamus alternatus, Bombyx mori and Apis mellifera have been found to
have laccases (Yatsu and Asano 2009; Elias-Neto et al. 2010; Shraddha et al. 2011).

3.3 Laccases Application

Ecologically oxidoreductases play an essential role in mobilization of carbon into
the ecosystem. Laccase is an oxidative enzyme that has the ability to oxidize lignin
using molecular oxygen, which is reduced to water (Madhavi and Lele 2009). The
oxidative ability of laccase is employed in a number of industrial and environmental
applications including bioremediation, nanotechnology, pulp and paper industry,
textile industry, food technology and pharmaceutical (medical and cosmetology)
industry (Octavio et al. 2006; Kannan and Subbalaxmi 2011; Pannu and Kapoor
2014). Application of laccase enzyme is shown in Fig. 12.2.
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Madical and
Cosmetology
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Food Aplication of Textile

technology Laccases industry

Organic
Nanobiotechnology compound
synthesis
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Fig. 12.2 Application of laccase enzyme
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3.3.1 Bioremediation

Laccases have many possible applications in bioremediation (Madhavi and Lele
2009). Laccases can be used to decolorize dye effluents that are hardly decolorized by
conventional sewage treatment plants (Novotny et al. 2004). In addition to dye house
effluents, laccases can decolorize wastewater from olive oil mills and pulp mills
(Manzanares et al. 1995; D’ Annibale et al. 2000) by removing colored phenolic com-
pounds. With the application of nanoparticles microbial cells can be immobilized that
can degrade or biorecover specific chemicals. These immobilized microbial cells can
also be used as biocatalysts for reductive dechlorination (Nurmi et al. 2005).
Another potential environmental application for laccases is bioremediation of
contaminated soils, as laccase and laccase mediator system (LMS) are able to oxi-
dize toxic recalcitrant organic pollutants such as various xenobiotics, poly aromatic
hydrocarbons (PAHs), chlorophenols and other contaminants (Alcalde et al. 2006;
Madhavi and Lele 2009; Pannu and Kapoor 2014). Phenolic compounds are present
in wastes from several industrial processes, coal conversion, petroleum refining, pro-
duction of organic chemicals and olive oil production (Aggelis et al. 2003).
Immobilized laccase was found to be useful for removal of phenolic and chlorinated
pollutants (Hublik and Schinner 2000; Octavio et al. 2006; Pannu and Kapoor 2014).
Laccase can be used to reduce concentration of synthetic heterocyclic compound
such as halogenated organic pesticides in soil. LMS is being included in several
enzymatic bioremediation programs (Alcalde et al. 2006; Pannu and Kapoor 2014).

3.3.2 Nanobiotechnology

Nanoscience has grown rapidly in last decade. Good biosensing system possesses vari-
ous positive attributes such as its specificity, sensitivity, reliability, portability, real time
analysis and operation simplicity (D’Souza 2001). A number of biosensors containing
laccase have been developed for immunoassays and for determination of glucose, aro-
matic amines and phenolic compounds (Simkus et al. 1996; Freire et al. 2002; Park
et al. 2003). Laccase catalysis can be used to assay other enzymes. Laccases are cova-
lently conjugated to a biobinding molecule which can be used as a reporter for immu-
nochemical (ELISA, Western blotting), histochemical, cytochemical or nucleic
acid-detection assays. The bio reporter applications are important for high-sensitivity
diagnostic field. In addition to biosensors laccases could be immobilized on the cath-
ode of biofuel cells that could provide power eg. for small transmitter systems (Park
et al. 2003). Nurmi et al. (2005) used dimetallic nanoparticles as an effective oxidant
instead of granular zero-valency metal in the cleanup of environmental pollutants.

3.3.3 Pulp and Paper Industry
In industrial preparation of paper, separation and degradation of lignin in wood pulp

are conventionally obtained using chlorine- or oxygen-based chemical oxidants.
Non-chlorine bleaching of pulp with laccase was first patented in 1994 using an
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enzyme treatment to obtain a brighter pulp with low lignin content (Luisa et al.
1996). Environment polluting chlorine-based methods have been replaced by oxy-
gen delignification process in last decade. In spite of this new method, the pretreat-
ments of wood pulp with laccase can provide milder and cleaner strategies of
delignification that also respect the integrity of cellulose (Barreca et al. 2003;
Gamelas et al. 2005). Laccases can delignify pulp when they are used together with
mediators. The mediator is oxidized by laccase and oxidized mediator molecule
further oxidizes subunits of lignin that otherwise would not be laccase substrates
(Pannu and Kapoor 2014). Potential of laccase for cross-linking and functionalizing
ligninaceous compounds was discovered by Guebitz and Paulo (2003). Laccases
can also be used for binding fiber-, particle- and paper boards (Bajpai 1999).

3.3.4 Textile Industry

Laccase is used in textile industries to improve whiteness in conventional bleaching of
cotton and biostoning process. Advantages of laccase in textile industry include chemi-
cals, energy and water saving. In 1996 Novozyme (Novo Nordisk, Denmark) launched
a new industrial application of laccase enzyme in denim finishing. DeniL.ite® is the first
industrial laccase and the first bleaching enzyme acting with help of a mediator.
Laccase can be used in situ to convert dye precursors for better and more efficient fab-
ric dyeing (Pannu and Kapoor 2014). Laccases find potential applications for cleansing
viz. as cloth washing and dish washing. Laccase may be included in a cleansing formu-
lation to eliminate odor on fabrics, including cloth, sofa surface and curtain or in a
detergent to eliminate the odor generated during cloth washing (Kirk et al. 2002).
Lantto et al. (2004) found that wool fibers can be activated with LMS. Therefore the
use of laccase for anti-shrink treatment of wool seems very attractive.

4 Conclusion

Nanobiotechnology is an intersection between nanotechnology and biotechnology. In
this branch of science novel applications for very small materials are being realised at an
alarming rate. Owing to its versatility laccases are continuously under investigation for
new applications. They are multicopper enzymes. They are capable of degrading lignin
and are present abundantly in white rot basidiomycetes. They decolorize and detoxify
the industrial effluents and help in wastewater treatment. They act on both phenolic and
nonphenolic lignin-related compounds as well as highly recalcitrant environmental pol-
lutants, which help researchers to put them in various biotechnological applications.
They can be actively used in paper and pulp industry, textile industry, xenobiotic degra-
dation and bioremediation. Laccases in biotechnological applications act as nanobiosen-
sor. Laccase has been applied to nanobiotechnology, which is an increasing research
field and catalyzes electron transfer reactions without additional cofactors. Laccases are
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promising enzymes to replace conventional chemical processes to control environmental
pollution. The benefits and environmental shortcomings of nanobiotechnology will only
be realized after extensive investigation.

Acknowledgement I express my sincere gratitude to academic and administrative staff of
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Chapter 13
Polymer Inorganic Nanocomposites:
A Sustainable Antimicrobial Agents

Ayat F. Hashim, Mousa A. Alghuthaymi, Alexander Yu. Vasil’kov,
and Kamel A. Abd-Elsalam

Abstract Certainly there is a vital necessitates to identify such more compounds to
present more alternatives to some of the over-used antimicrobial compounds. Some
of these new green and/or hybrid composites may reveal antimicrobial efficacy that
differ mechanistically from other classical synthetic antimicrobials that being used.
Additionally, using green nanotechnology to reduce probable ecological, plant and
human health hazards linked with the drug and pesticides industries and use of
nano-based agricultural products, and to find more eco-friendly bioactive materials.
Biopolymers include plant-derived materials (starch, cellulose, other polysaccha-
rides, proteins), animal products (proteins, polysaccharides), microbial products
(polyhydroxybutyrate) and polymers synthesized chemically from naturally derived
monomers (polylactic acid, PLA). Uses a combination of active ingredients from
polymer inorganic nanocomposites may increase antimicrobial activity, reduce drug
and pesticide dose. In the current article, synthesis and characterize a new green
and/or hybird polymer inorganic nanocomposites will be reviewed to demonstrate,
synthesis characterize, synergistic antimicrobial activity, toxicity and recyclable in
soil and water environment, and understood toxicity dynamics of new nanocompos-
ites. As a final point, we will discuss the applications and our future trends on how
outlook research should be oriented to contribute in the replacement of synthetic
materials with new polymer inorganic nanocomposites.
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1 Introduction

The biodegradable polymers created from bioorganic material including polysaccharides
such as starch, cellulose and chitin/chitosan. Also, some polyester like poly lactic acid
(PLA) is also naturally biodegradable polymers (Yu et al. 2006). Recently, the use of
biocompatible and biodegradable polymers has risen because their environmentally-
friendly nature and low dependence of non-renewable resources (Alix et al. 2013; Prasad
et al. 2016). Noble metal nanoparticles (NPs) have been of great scientific interest due to
their unique properties at the nanoscale and have a wide range of applicability for optical,
catalytic, electrical, magnetic and antimicrobial activities (Kalita et al. 2009; McKenna
2009; Morones et al. 2005; Romanska and Mazur 2003; Schmid and Simon 2005). Metal
NPs have attracted significant consideration as an antimicrobial agent due to their high
surface area to volume ratio, which permits NPs to be effective in very small doses
(Sundaresan et al. 2012). Nanoparticles covered with the biopolymer such as polyethyl-
ene glycol (PEG) that were coated with natural oil of garlic were screened for their bio-
cidal activity against red flour beetle (Tribolium castaneum) in adult stage (Yang et al.
2009). Few researchers have investigated antimicrobial effects of the combined inorganic
NPs with bioorganic pesticides for controlling plant pathogens in greenhouse and open
field (Joselito and Soytong 2014; Xue et al. 2014). Uses a combination of active ingredi-
ents may increase antifungal activity, reduce pesticide dose and avoid development of
fungal strain resistance (Soytong et al. 2013). An Ecofriendly hybrid nanofungicide
enable minor doses of the active ingredients to be used efficiently over a given period of
time and in that their nano engineered design allows them to resist the difficult environ-
mental practices that work to eliminate conventionally applied pesticides in agro-ecolog-
ical zone, i.e., leaching, evaporation and photolysis, chemical hydrolysis and
biodegradation. Examples of polymer/metal composites designed to have antimicrobial
activities, with a special focus on copper and silver metal nanoparticles and their mecha-
nisms were described by Palza (Palza 2015). The main objective of current review article
to discuss on the synthesis, characterize of metal-polymer nanoparticles, toxicity and its
application in various fields especially as nano-antimicrobial (Fig. 13.1).

| Chitosan-metal ' 1 SEM, TEM : Drug delivery
i Cellulose-metal , 1 FTIR. XRD nanodiagonastic
: | Nanbiosensoers

T e e e e ) T i 1

: Starch-metal i il TGA, DLS ! ' Antimicrobial
i Polylactic acid -metal | 1 EDS, NMR | | nanopesticdes
I I

I I

' | Anti-cancer

Fig. 13.1 Synthesis, characterize of metal-polymer nanoparticles, and its application in various
fields especially as nanoantimicrobial
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1.1 Synthesis of Mono and Bimetallic Nanocomposites
Using Metal-Vapor

The metal-vapor synthesis (MVS) is an efficient route to produce biologically active
metal nanoparticles and their based composites with biocompatible polymers for
biomedical applications. The method is based on co-condensation of metal vapors
with organic reactants in an evacuated reactor (1072 Pa) whose walls are cooled with
a low temperature cooling agent (e.g., liquid nitrogen). Metal vapor were produced
by successive evaporation of metal from a tungsten rod upon resistive heating. The
synthetic procedure involved metal-ligands co-condensation. As the synthesis com-
pleted, cooling was stopped, the co-condensate was heated until melting. Then the
organosol obtained was used to impregnate in vacuum polymer kept in the Schlenk
flask. The excess of the organosol was deleted, and the remaining product was dried
in vacuum (Cdrdenaz et al. 2009).

The structure of the resultant Au-containing composite materials was elucidated
using X-ray and synchrotron techniques. The presence of gold nanoparticles within
the composite materials is unambiguously supported by EXAFS/XANES, XRD and
XPS (the Au 4f7/2 binding energy is 85.2 eV, which is only by 1.2 eV higher than
that for bulk Au due to size effects). According to SAXS, the gold nanoparticles are
essentially spherical and characterized by the predominant size of 6 nm, although
the size distribution is asymmetric due to a fraction of larger particles with sizes of
up to 30 nm (Belyakova et al. 2013).

The new method for formation of metal-polymeric nanocomposites based on
biocompatible polymers such as ultrahigh molecular weight polyethylene, ultra-
fine polytetrafluoroethylene and cellulose, which combines modification of pow-
der polymer samples with supercritical carbon dioxide (method of impulse
modification) and introduction of metal nanoparticles with MVS has been devel-
oped (Nikitin et al. 2011). Modification of some polymers (polyethylene, poly tet-
rafluoroethylene, poly vinylpyrrolidone etc.) in supercritical carbon dioxide (SC
CQO,) is complicated by the low values of swelling coefficients that makes it impos-
sible to introduce the required amount of metal nanoparticles into polymer. The
usage of MVS for formation of metal-polymeric nanocomposites requires rather
porous materials. Therefore, an effective solution of this problem is to use ultrafine
materials with developed surface, which is enough to stabilize significant amount
of metal nanoparticles. The method of porous structure forming in polymers from
SC CO, could be used to increase active surface of composites. It should be noted
that the use of SC CO, is an effective way of modifying biocompatible polymers,
polyvinyl pyrrolidone in particular, with drugs to create functional materials for
dosage delivery of drugs.

A series of medical bandaging materials have been prepared via the modification
of traditional cotton gauze with gold and silver nanoparticles synthesized by the
MVS (Belyakova et al. 2013).
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2 Characterization of Metal Polymer Nanocomposites

In order to understand the enhancement of the properties of the polymeric
nanocomposites proper material characterization is mandatory. Many routinely
used techniques for the analysis and characterization of nanomaterials (Abd-
Elsalam and Khokhlov 2015). Dynamic light scattering (DLS) is also known as
photon correlation spectroscopy (PCS). DLS is one of the most accepted light-
scattering techniques used today because it is a quick procedure that allows recogni-
tion of particle size up to 1 nm in diameter. The invention of the atomic force
microscope (AFM) which is also known as scanning probe microscope (SPM) has
modernized the scientific revise of surfaces. Metallic or polymeric thin-film sur-
faces can be now imaged with nanometer high resolution. Electron microscopy
(EM) has long been used for ultrastructural analysis of both biological and non-
biological samples. There are basically two types of electron microscopy, transmis-
sion and scanning electron microscopy (TEM and SEM). TEM can picture internal
subcellular structures from thin sliced cells, while SEM can yield more lifelike cell
surface images. TEM is of high resolution, and it is one of the only few available
apparatus capable of resolving the structural properties of nanoscale particles. The
characteristic functional groups present in the molecules of synthesized nanoparti-
cles were analyzed using Fourier Transform-Infra Red (FT-IR) spectroscopy. X-Ray
Diffraction (XRD) technique was used to determine the crystalline structure of the
particles. Thermogravimetric Analysis (TGA) technique is used to determine poly-
mer degradation temperatures in polymer or composite materials (Alonso 2012).

3 Properties of Natural Polymers

Easy availability: In many countries, they are widely available in nature from dif-
ferent bio sources.

Economic: They are cheaper and their production cost is less than synthetic
materials.

Biodegradable: Naturally occurring polymers are degradable by all living organ-
isms. They will show no side effects on the environment or human being.

Biocompatible and non-toxic: chemically, nearly all of these plant materials are
carbohydrates in nature and composed of repeating monosaccharide units. Hence
they are non-toxic.

Safe and avoid side effects: They are widely available in natural sources and hence,
safe having no side effects. In general natural polymers: having inherently biode-
gradable and extra ordinary properties, such as self-assembly, specific recognition
of other molecules, and formation of reversible bonds (Petrak 1990).
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4 Polymer/Metal Antimicrobial Activity

The main biomedical device that based on the polymer nanocomposite containing
metal nanoparticles is the antimicrobial effects that composed of polymer and metal
nanoparticles, which is a mostly silver nanoparticle (Shanmugam et al. 2006). Many
reports investigated the deposition of metal nanoparticles to polymeric fabric sub-
strates, i.e., metal/fabric nanohybrids, due to their strong antimicrobial activity
(Geranio et al. 2009; Lee et al. 2003, 2007; Perelshtein et al. 2008; Smiechowicz
etal. 2011). Polymer-metal complexes showed higher activity than the single metal.
The incorporation of nanoparticles into polymer nanofiber attracts the interest of
researchers who work in biomaterial, nano-agri products and drug delivery fields.
Different types of nanomaterials like copper, zinc, titanium, magnesium, gold (Gu
et al. 2003) alginate (Ahmad et al. 2006). Ag NPs have showed to be most effectual
as they exhibit high potent antimicrobial efficacy against bacteria, viruses and other
microorganisms. Ag NPs is used as a disinfectant drug (Gong et al. 2007).

4.1 Metal Antimicrobial Activity

Many literatures have investgated that both ionic and metallic silver exhibit antimicro-
bial activity (Chien et al. 2007). Different nano silver-coated barrier dressings were
reported to exhibit antimicrobial activity and reduce infection in wounds (Supp et al.
2005). Silver nanoparticles have high therapeutic potential and exhibit good antimi-
crobial activity. It has a wide range of antimicrobial activities and exhibit high perfor-
mance even at a very low concentration. It has been identified to possess good potential
for the treatment of cancer (Sriram et al. 2010). Silver nanoparticles could inhibit the
growth of the fungus Raffaelea spp. (Kim et al. 2009). It was demonstrated that the
antimicrobial effect of silver nanoparticles strongly depends on their size. Nanoparticles
showed greater antimicrobial activity than microparticles (Honary et al. 2011). One of
the potential applications of silver is in management of plant diseases. Silver displays
multiple modes of inhibitory action against plant pathogenic fungi (Park et al. 2006).
Therefore, it may be used with relative safety for control of various plant pathogens,
compared to synthetic fungicides (Min et al. 2009).

Some metal oxide nanoparticles including Zn, Cu and silver have antimicrobial
effects (Raghupathi et al. 2011) For example, Panacek et al. (Panacek et al. 2009)
reported that silver nanoparticle had better antifungal effect against candida by lesser
concentration. The antibacterial and antifungal activity of ZnO microparticles has
been reported by (Yamamoto 2001) and (Sawai and Yoshikawa 2004). Also it has
been demonstrated ZnO nanoparticles possess significant antifungal properties against
Botrytis cinerea and Penicillium expansum and the inhibitory effects increase by dif-
ferent concentrations (He et al. 2011). ZnO and CuO nanoparticles can be effective
against C. albicans, and this subject can be studied more on different strains of this
yeast, and other fungal species (Najafzadeh et al. 2015). Copper is an interesting
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candidate to be implemented in novel food safety strategies. Copper is an essential
cofactor for metalloproteins and enzymes and, at high concentrations, is a wide-
ranging antimicrobial effective against main food-borne pathogenic bacteria, such as
Salmonella enteric and Campylobacter jejuni (Faundez et al. 2004). The antifungal
activity of copper nanoparticles against plant pathogenic fungi was reported by Cioffi
et al. (Cioffi et al. 2004). It is considered the most toxic element to microorganisms in
the following sequence: Ag>Hg>Cu>Cd>Cr>Pb>Co>Au>Zn>Fe>Mn>Mo>
Sn (Berger et al. 1976). Nanofungicides can be synthesized in an easy cost-effective
manner are suitable for formulating new types of biohybrids nanocide materials
would be used as a new environment friendly antimicrobial against different fungal
pathogenic organisms (Abd-Elsalam and Alghuthaymi 2015).

4.2 Polymer Antimicrobial Activity

Chitosan reduces the fungal and bacterial growth some pathogens, showing broad
spectra of antibacterial activity, high killing rate, and low toxicity toward mamma-
lian cells (Fang et al. 1994; Kim et al. 1997; Liu et al. 2001; Rinaudo 2006).
Chitosan, chitosan films have excellent antimicrobial properties, may used in food
packaging (Tripathi et al. 2009). Several reports on antifungal activity of chitosan
against plant pathogens have been carried out (Arul et al. 1992; Baba et al. 1996;
Reddy et al. 1998) and reviewed (Rabea et al. 2003; Sautista-Banos et al. 2006).
Chitosan/Ag/ZnO nanoparticle composite membranes were prepared via a sol-cast
transformation method resulting in a good and homogeneous dispersion of ZnO and
Ag nanoparticles within the chitosan matrix (Li et al. 2010). It was also found that
chitosan/Ag/ZnO films had antimicrobial activities higher than those exhibited by
Chitosan/Ag and Chitosan/ZnO films, a synergetic effect being then observed.
Incorporation of titania in the obtainment of titania-chitosan nanocomposites
increased the mechanical properties (Al-Sagheer and Merchant 2011; Kavitha et al.
2013) prepared different titania-chitosan nanocomposites varying the chitosan ratio
by an in situ sol-gel method. The increase in chitosan content led to an enhancement
in antibacterial activity against S. aureus.

Cellulose, which is a naturally occurring complex polysaccharide, is biodegrad-
able and the most abundant renewable organic raw material at low costs in the
world. Modification of cellulose by graft copolymerization and direct chemical
modification techniques allows one to chemically change the cellulose chain by
introducing functional groups, which leads to new cellulose products with new
properties (Abu-Laiwi et al. 2003). Starch is one of the most abundant materials on
earth due to its cheapness; it is widely-used in stabilizing and controlling size and
shape of metal nanoparticles (Li et al. 2011). The possibility of Preparing nano-
sized metals and metal oxides, mainly silver (Ag), titanium dioxide (TiO,), zinc
oxide (ZnO) and cooper II oxide (CuO), has brought about the development of
novel ranges of biocides. Poly lactic acid (PLA) is widely used in various medical
applications such as surgical implants, tissue culture, resorbable surgical sutures,
wound closure, and controlled release systems (Jain 2000; Mikos et al. 1994; Park
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etal. 1992; Taylor et al. 1994). Other composites films with antimicrobial properties
based on chitosan and poly(lactic acid) (Sebastien et al. 2006), cellulose (Shih et al.
2009) have been reported for food packaging applications, among others.

4.3 Chitosan Metal Antimicrobial Activity

Recently, hybrid materials based on chitosan (CS) have been synthesized, including
conducting polymers, metal nanoparticles, and oxide agents, due to their excellent
antimicrobial properties (Li et al. 2010). The bactericidal effects of chitosan tripoly-
phosphate nanoparticles loaded with diverse metal ions was tested, the results
showed that antibacterial activity was improved by the loaded metal ions (Du et al.
2008). The monocomponent chitosan is antimicrobial agent is not already full fill-
ing the requirements of some conditions. For instance, the combination of chitosan
with other inorganic agents such as Ag, Zn, SiO,, and TiO, and among them chito-
san-Ag nanoparticles composite had significantly have high antibacterial activity
with only small presence of Ag-nanoparticles which exhibit potential antifungal
properties (Li et al. 2010). The chitosan have a high chelating capability with
diverse metal ions such as Ag, Cu, Zn, Mn and Fe in acidic conditions and this chi-
tosan metal complex is stronger in their antimicrobial activity (Kong et al. 2010).

Nanochitosans are effective against different types of microorganisms (Ahn
etal. 2009; Alt et al. 2004; Friedman and Juneja 2010; Poosti et al. 2013; Yang et al.
2012). Biosynthesis silver nanoparticles-chitosan composite was applied to develop
an effective antibacterial (Di et al. 2012). A novel chitosan-Ag-nanoparticle com-
posite was synthesized and investigated a significantly higher antimicrobial activity
than its components at the relevant concentrations (Sanpui et al. 2008). Ag/chitosan
nanoformulation has significant antifungal activity against the screened fungi such
as A. flavus, A. alternata and R. solani. Therefore, it can be successfully used against
diverse plant phytopathogenic fungi to protect the various crop plants and their
products, in preference to using the commercially available synthetic fungicides,
which show higher toxicity to humans and agri-ecosystems (Kaur et al. 2015). The
synergistic antimicrobial activity of a CS-Ag nanoparticle composite in the pres-
ence of molecular iodine was increased (Banerjee et al. 2010). The application of
silver nanocomposite and chitosan as antifungal effect in C. militaris (Cm) and A.
cinnamomea (Ac) is uncommon. It was showed a selective inhibition by chitosan
and silver nanoparticles—chitosan composite, suggesting that the cellular wall com-
position or modification of Cm and Ac is distinct. With the promotion of antifungal
capability of chitosan and silver nanoparticles—chitosan composite, it could offer a
new alternative to traditional antibiotics and a great prospect to develop the next-
generation of antibiotics (Fig. 13.2) (Wang et al. 2015).

Notes: Droplets were pushed out from pin tip of a pump-driven syringe and then
dropped into NaOH solution, which was used for silver nanoparticles’ reduction and
chitosan solidification. Silver nanoparticles—chitosan composite spheres were
formed in 15 min. The distance between solidifying liquid surface and the tip was
1 cm. The diameter of the needle of the syringe was 8.73 mm.
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Fig. 13.2 Schematic drawing of the silver nanoparticles-chitosan composite spheres synthesis
(Wang et al. 2015)

Green synthesized colloidal stable Cu-chitosan NPs with a size range of
20-30 nm have been successfully in the presence of a biopolymer. It was indicate
that high antimicrobial activity of copper NPs for fighting pathogenic microorgan-
isms. This formulation may be appropriate for novel kinds of antimicrobial agents
for both of pharmaceutical and biomedical application (Manikandan and
Sathiyabama 2015). The selection of chitosan as stabilizer of the Cu-NPs is because
of its capacity to chelate metals, which makes a perfect candidate for metal NP
synthesis. In general, the use of bio-polymers as stabilizers for the synthesis of
Cu-NPs is gaining momentum because of their availability, biocompatibility and
low toxicity (Hardy et al. 2004). Chitosan nanoparticles and copper-loaded nanopar-
ticles could reduce the growth of different pathogens markedly and exhibit higher
antibacterial activity than chitosan itself or doxycycline (Qi et al. 2004). The anti-
microbial properties of metallic copper nanoparticles synthesized in chitosan poly-
mer medium were evaluated (Usman et al. 2013). Copper-loaded chitosan
nanoparticles have been synthesized and exhibit their biological activities due to the
unique characters of nanoparticles, including the small size and quantum size effects
(Du et al. 2008; Qi et al. 2004; Varma et al. 2004).

The ZnO—-CS NPs showed significant antimicrobial activity and biofilm inhi-
bition activity against M. luteus and S. aureus. It was showed the promising
potential of ZnO—CS NPs as antimicrobial and biofilm inhibition agents (Dhillon
etal. 2014). The advantages of combining chitosan with ZnONPs as an alternative
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to the widely used Ag NPs reside in their low cost, lack of color and UV-blocking
properties (Abou-Okeil and El Shafei 2011). The combination of CS and Zn on
the antimicrobial activity of the coated textile surface is discussed (Perelshtein
et al. 2013). Biopolymer films, like chitosan, modified with CuNPs were evalu-
ated to be effective in inhabiting of two microorganisms affecting food quality
and therefore could be used to enhance food quality and extending the shelf-life
of foods (Cdrdenaz et al. 2009). Biopolymer chitosan one of the best plant resis-
tance inducers (Youssef and Roberto 2014). The antifungal properties of some
inorganic nanoparticles like S, Ag, CuO, MgO and ZnO were discovered alone
or combined with biopolymer in very recently published articles (Brunel et al.
2013; Mohan et al. 2011). In vitro assay, The chemical combination of chitosan
nanoparticles were found most efficient at 0.1 % concentration and showed
89.5%, 63.0% and 60.1 % growth reductions of Alternaria alternate (Saharan
et al. 2013).

The colloidal Cu-nanoparticles-chitosan composite films were obtained using
MVS (Cérdenaz et al. 2009). The antimicrobial activity of films against
Staphylococcus aureus and Salmonella enterica serovar Typhimurium, were also
tested. The composite film was effective in alteration of cell wall and reduction
of microbial concentration in liquid culture for both bacteria tested. Nowadays,
the dermal biomimetic scaffolds are widely used in regenerative medicine.
Collagen-chitosan scaffold one of these materials possesses antibacterial activ-
ity, good compatibility with living tissues and has been already used as a wound-
healing material. Collagen-chitosan scaffolds modified with Ag and Au
nanoparticles have been synthesized using the metal-vapor synthesis (Rubina
et al. 2016). The nanocomposite materials are characterized by XPS, TEM, SEM
and synchrotron radiation-based X-ray techniques. According to XRD data, the
mean size of the nanoparticles (NPs) is 10.5 and 20.2 nm in Au-Collagen-
Chitosan (Au-CollCh) and Ag-Collagen-Chitosan (Ag-CollCh) scaffolds, respec-
tively in fair agreement with the TEM data. SAXS analysis of the composites
reveals an asymmetric size distribution peaked at 10 nm for Au-CollCh and
25 nm for Ag-CollCh indicative of particle’s aggregation. According to SEM
data, the metal-carrying scaffolds have layered structure and the nanoparticles
are rather uniformly distributed on the surface material. XPS data indicate that
the metallic nanoparticles are in their unoxidized/neutral states and dominantly
stabilized within the chitosan-rich domains.

A high synergistic effect between chitosan and copper in reducing fungal growth
of Fusarium graminearum was examined. The combined copper (II) chitosan col-
loids as a new generation of copper-based bio-pesticides (Brunel et al. 2013). Micro
chitosan and chitosan based microparticles combined with copper ions was screened
for fungicidal potency against toxicogenic fungi F. solani (Vokhidova et al. 2014).
Chitosan biopolymer has been used to coat different type of fruits and vegetables
because of its antimicrobial activities, and producing a variety of plasticized chito-
san films for protection of food products due to the created-mediated modified
atmosphere (Miranda et al. 2007).
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4.4 Cellulose Metal Antimicrobial

Metal-cellulose had an excellent antimicrobial activity. The excellent antimicrobial
property and binding durability of the nanoparticles for the metal cellulose make
them effective in biological applications ranging from environmental materials
such as air or water purification system to biomedical materials like wound dress.
These robust metal-cellulose nanohybrids are quite attractive in environmental and
biomedical technologies because of their excellent antimicrobial activity and low
possibility for human tissue damage by enhanced binding durability of metal
nanoparticles with fabric substrate (Park et al. 2012).

Cellulose fibers have found a broad application in medical textile field owing to the
unique characteristic, such as high moisture and liquids’ adsorption, low impurity
content, antistatic behavior, and fine mechanical properties. Nevertheless, cellulose
fibers offer an excellent surface for microbial growth. Because of their molecular
structure and a large active surface area, cellulose fibers, may be an ideal matrix for
the design of bioactive, biocompatible, and smart materials (Belyaev 2000; Stashak
et al. 2004; Vigo 2001). According to the literature cellulose fibers are one of the most
polymer materials for antimicrobial functionalization. The surface modification of the
cellulose fibers is currently considered to be the best route for obtaining modern func-
tionality on textiles for the use in medical applications (Gao and Cranston 2008).

In a suspension of cellulose nanocrystal and metallic salts, most of the metallic
particles can absorb on the surface cellulose nanocrystal (CNC) due to electrostatic
interactions between oxygen of polar hydroxyl and metallic particles (He et al.
2003). This effect controls sizes the size of metallic particles by avoiding particles
agglomeration. Porous nanocomposites based on polysaccharides are widely used
in cosmetic and medical fields (Sescousse et al. 2011). Materials from cellulose are
of special interest due to abundance and renewability of this natural polymer.
Modification of this natural polymer with metal nanoparticles gives special antibac-
terial properties to the material (Maneerung et al. 2008).

The cellulose/copper composites was generated by physical methods and showed
a high antifungal effect. The microbial growth of S. cerevisiae was reduced in con-
tact with the cellulose/copper composites, but the effectiveness depended on the
procedures applied to synthesis the composite material, and on the obtainable con-
centration of copper ions the feasibility of the cellulose/copper composites to inhibit
the growth of pathogens in contact with dripped fruit juices was tested under con-
trolled conditions (Llorens et al. 2012a, b). The sensitivity of some strains of
Fusarium, Penicillium and Aspergillus to a copper surface, and found resilient
spores of Aspergillus niger. The minimal inhibitory concentrations of copper sul-
phate of about 4.7 mmol kg™! for P. expansum, and around 8 mmol kg~! for B. cine-
rea, some fungal isolates are resistant to copper (Judet-Correia et al. 2011).

Silver ions from cellulose/silver nanocomposites are effective to reduce micro-
bial growth in contact with meat or fruit exudates. Conversely, proteins counteract
the inhibitory action of silver ions against spoilage-related pathogens, being the
fruit drips a mainly favorable substrate to realize the desired antimicrobial activities
of silver in food preservation applications (Llorens et al. 2012b; Lloret et al. 2012).
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Cellulose nanocrystal can offer high antimicrobial effect for ZnO nanoparticles
(Azizi et al. 2008). The cellulose-antibiotics metal complexes were found to be
highly active against Escherichia coli, Pseudomonas aeruginosa, Staphylococcus
aureus, Candida albicans and Aspergillus flavus than the parent Cloxacillin, tetra-
cycline and cellulose. The fabricated cellulose Rod-like nanocrystal/polyrhodanine
(CNC/PR) core—sheath nanoparticles exhibited promising antimicrobial properties
against Escherichia coli and Bacillus subtilis (Tang et al. 2015). The mesoporous
hybrid material was prepared from microcrystalline cellulose modified with gold
nanoparticles by metal-vapor synthesis (Vasil’kov et al. 2015). The BET surface
area has been measured as 40 m? g™\

4.5 Starch Metal Antimicrobial Activity

Synthesis of starch stabilized silver nanoparticles was approved using f-p-glucose
as a nontoxic reducing agent (Raveendran et al. 2003, 2006). Corn starch stabilized
silver nanoparticles synthesized quickly in aqueous system by the assistance of
microwave Irradiation. Result also showed that AgNPs can reduce the growth of A.
niger (Nnemeka et al. 2014).

The antifungal activity of silver nanoparticles against Candida spp. was evalu-
ated (Panacek et al. 2009). Also, the antifungal activity of the silver nanoparticles
against clinic isolates and ATCC strains of Trichophyton mentagrophytes and
Candida spp, was investigated (Kim et al. 2008). The starch-stabilized silver NPs
showed that a good antifungal activity against C. albicans (Raji et al. 2012). The
fungicidal activity of some antifungals such as amphotericin B(MFC _2-16 mg=L),
posaconazole (MFC _8 mg=L), itraconazole and voriconazole (MFC >10 mg=L)
less than starch-stabilized silver NPs (Panacek et al. 2009).

ZnO nanoparticles loaded in polymer matrices such as soluble starch are a good
example of functional nanostructures with potential for applications such as
UV-protection ability in textiles, sunscreens, and antibacterial finishes in medical
textiles and inner wears (Bhuyan et al. 2015). The stabilization of these nanoparti-
cles was realized by the presence of soluble starch in the reaction medium.

The quick helical form of the soluble starch to protect and prevent the ZnO
nanoparticles for agglomeration by action of steric hindrance. The average size of
the ZnO nanoparticles was estimated to be 38 +3 nm using a TEM (Vigneshwaran
et al. 2000).

The biopolymer starch confirmed to be a well-organized matrix for stabilization
of uniform, monodispersed metallic and bimetallic nanoparticles of copper, silver in
aqueous medium. The biopolymer matrix gives the special advantage for use in
biomedical applications and the nanoparticles solutions exhibited excellent antibac-
terial agent (Valodkar et al. 2012). The non-cytotoxic green Cu—starch conjugate
offers a rational approach towards antimicrobial application and for integration to
biomedical devices (Valodkar et al. 2012).
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4.6 Polylactic Acid Metal Antimicrobial

A polylactic acid (PLA) nanobiocomposite was combined with silver nanoparticles
and cellulose nanocrystals obtaining an antimicrobial film with improved barrier
properties (Fortunati et al. 2013). Ag/PLA-NC films possessed a strong antibacte-
rial activity with the increase in the percentage of Ag-NPs in the PLA. Thus, Ag/
PLA-NC films can be used as an antibacterial scaffold for tissue engineering and
medical application (Shameli et al. 2010).

Copper antimicrobial activity has been established over a broad spectrum of
human pathogens such as Escherichia coli O157:H7, Staphylococcus aureus,
Enterobacter aerogenes, Pseudomonas aeruginosa, Listeria monocytogenes (Wilks
et al. 2006), Salmonella entérica, Campylobacter jejuni (Faundez et al. 2004),
Klebsiella pneumoniae, Mycobacterium tuberculosis, Candida albicans (Mehtar
et al. 2008), Clostridium difficile (Wheeldon et al. 2008), Aspergillus flavus,
Aspergillus niger, Pénicillium chrysogenum (Weaver et al. 2010) and Saccharomyces
cerevisiae (Quaranta et al. 2011). The antimicrobial effect of modified montmoril-
lonites MtCu?*/PLA nanocomposites, would be given by the presence of Cu*,
because these ions have a strong antimicrobial activity removing electrons from the
cell walls and cell membranes, thereby causing the output of the cytoplasm and the
oxidation of the core cell, with the cell death, to L. innocua (Wilks et al. 2006) and
E. coli (Nan et al. 2008). Alternatively, the antimicrobial activity of films MtCu®%/
PLA nanocomposites can be attributed to copper nanoparticles which can be trans-
formed into different chemical species with high antimicrobial activity, such as Cu*,
Cu*? and CuO (Ren et al. 2009). The PLGA/CuO hybrid nanofiber scaffolds reduced
both Gram-positive and Gram-negative bacterial growth. The mechanism of the
antibacterial activity was accomplished to be based on the CuO nanoparticles and
Cu™ ions release. Therefore, evaluated that PLGA/CuO hybrid nanofiber scaffolds
can be a useful candidate for wound dressing (Haider et al. 2015). Copper-containing
nanomaterials have been evaluated as antimicrobial agents for food packaging
applications. This nano-antimicrobial was composed of copper nanoparticles
inserted in poly-lactic acid, which has been tested as a biodegradable polymer
matrix (Longano et al. 2013). PLA/ZnO nanocomposites are potential candidates
for applications in packaging and in medical applications (Murariu et al. 2011).

4.7 Nanogels

Bioactive polysaccharides, such as chitosan (CS), dextran, starch, cyclodextrin, cel-
lulose, pullulan and poly (amino acids) could be modified with various reactants to
prepare nanogels (Namazi and Dadkhah 2008; Namazi and Mosadegh 2011;
Ragauskas et al. 2007). The synthesis of nanogels can be achieved by diverse cross-
linking techniques, like crosslinking copolymerization, chemical cross linking and
functional group cross-linking (Yallapu et al. 2007). Nanogels in common have
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high capacity, low cytotoxicity and consistency. Encapsulation of antimicrobial
essential oils within nano organogel has other benefits such as controlled and sus-
tained release of a certain amount of oils from the carrier e.g. nanogel as well. This
would allow the nutrients to be exposed to specific and adequate amounts of essen-
tial oils for a longer time (Herrero et al. 2014; Raemdonck et al. 2009). The encap-
sulation of Mentha piperita essential oil in chitosan—cinnamic acid nanogel was
prepared, the extract showed high antifungal potency against A. flavus. The mini-
mum inhibitory concentration of free and encapsulated M. piperita essential oils
against A. flavus were at 2100 and 500 ppm, respectively (Beyki et al. 2014). The
encapsulation of the thyme essential oils using chitosan and benzoic acid-made
(CS-BA) nanogel in order to investigate their possible synergistic property in
removal of A. flavus was screened. A high significantly antifungal potency of the
encapsulated oils at concentrations over 700 mg/1 was observed (Khalili et al. 2015).

5 Toxicity of Polymer Metal Nanocomposites

The use of engineered nanoparticles in the environment as a consequence of the
development of nanotechnology is a serious case of concern of environmental biol-
ogists worldwide. However, a few studies have already demonstrated the toxic
effects of NPs on various organisms, including mammals. Nanotechnology is still in
discovery phase in which novel materials are first synthesized in small scale in order
to identify new properties and further applications (Amara et al. 2009; Arora et al.
2012; Blaser et al. 2007; PCAFVDK and Hofmann 2008; Toksha et al. 2008). The
wide application of engineered NPs and their entry into the environment, the study
of their impact on the ecosystem and a growing concern in society regarding the
possible adverse effects of manufactured nanoparticles has been raised in recent
years (Amara et al. 2009; Arora et al. 2012; Blaser et al. 2007; Innovation and Island
2010; Maynard 2006; PCEFVDK and Hofmann 2008; Simonet and Valcdrcel
2009; Tiede et al. 2009; Toksha et al. 2008). Therefore, it is required to study their
release, uptake, and mode of toxicity in the organisms. Furthermore, to understand
the long-term effect of NPs on the ecosystem, substantial information is required
regarding their persistence and bioaccumulation.

Nanoparticles are increasing used in a wide range of applications in science,
technology and medicine. Unfortunately, a material that has been shown to be safe
and biocompatible at bulk level may turn out to be toxic at nano-level. The need to
bring out these out comes is the aim of nanomaterial toxicity study. This would give
us a better understanding of the variety of nanomaterial being used as well as help
us design new material with lesser toxic effect.

Phytotoxicity of different types of nanomaterials has been widely studied in
recent years (Dietz and Herth 2011; Khodakovskaya et al. 2013; Yang and Watts
2005). Under certain condition, any nano-sized material can be toxic for plants.
The age and type of plants used for nano-toxicological experiments are particularly
significant parameters for specific plant response. The level of toxicity will also
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dependent on the major properties of material, including chemical structure (toxic
metals), size, shape, aggregation, concentration, functional groups or attachments,
method of delivery, and purity of nanomaterial used (Rico et al. 2011). Silver
nanoparticles (AgNPs) show strong inhibitory and antibacterial effects and limited
toxicity to mammalian cells (Hollinger 1996; Mahapatra and Karak 2008).
Chitosan inhibits the growth of a wide variety of bacteria and fungi, showing broad
spectra of antibacterial activity, high killing rate, and low toxicity toward mam-
malian cells (Fang et al. 1994; Kim et al. 1997; Liu et al. 2001). Silver has a long
history as an antimicrobial agent, especially in the treatment of wounds. Silver
nanoparticles (AgNPs) show strong inhibitory and antibacterial effects and limited
toxicity to mammalian cells (Hollinger 1996; Mahapatra and Karak 2008).

The level of the phytotoxicity depends on the type of nanoparticles and how they
are applied. Lin and Xing (2007) studied the phytotoxicity of different nanoparticles
(MWCNTs, AlLO;, ZnO, Al, and Zn) and their influence on the germination rates of
radish, canola, ryegrass, lettuce, corn, and cucumber and reported that higher con-
centrations (2000 mg L") of Zn and ZnO inhibited germination in all the plants
tested. The toxicity of NPs depends on different physicochemical properties such as
size distribution, state of dispersion, shape, agglomeration and aggregation, surface
chemistry, surface charge, interaction with other chemicals in aqueous media, con-
centration, and porosity (Freese et al. 2012; Jiang et al. 2009; Mu et al. 2012).

6 Safety of Polymer-Metal Nanocomposites

The environmental safety of materials, which consist of or contain nanosize compo-
nents, becomes one of the most important emerging topics of the Nanotechnology
within the last few years. The main concerns dealing with the rapid development
and commercialization of various nanomaterials are associated with (Ain 2007;
Cushen et al. 2011; Siegrist et al. 2007):

* The approved higher toxicity of many nanomaterials (NMs) in comparison with
their larger counterparts,

* The absence of the adequate analytical techniques for detection of NMs in the
environment

* The absence of the legislation normative for permitted levels of various NMs in
water and air. In this regard the increase of the safety of NMs is of particular
importance. One way to prevent risk is the development of the environmentally-
safe polymer-metal nanocomposite materials that consist in a functional polymer
with immobilized MNPs distributed mainly by the surface of the polymer with a
higher stability to prevent release of the MNPs. The material represents what
makes them maximally accessible for the bacteria to be eliminated. Core-shell
MNPs contain a superparamagnetic core coated with the functional metal shell,
which provides the maximal bactericide activity. The MNPs are strongly cap-
tured inside the polymer matrix that prevents their escape into the medium under
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treatment. The superparamagnetic nature of MNPs provides an additional level
of the material safety as MNPs leached from the polymer matrix can be easily
captured by the magnetic traps to completely prevent any post-contamination of
the treated medium.

7 Mode of Action

Silver nanoparticles have a high specific surface area and a high fraction of surface
atoms that lead to high antimicrobial activity compared to bulk silver metal (Cho
et al. 2005). AgNPs biocidal action against microbial has been proposed to be that
Ag interacts with the -SH groups of proteins on the cell walls, thereby blocking
respiration and causing death (Prasad 2014; Sepideh et al. 2012). Other reports have
that “pits” are formed in the cell wall of bacteria, thereby causing permeability and
resulting in death (Joseph and Mathew 2014). Yet another explains silver ions form
metal-organic complexes and insoluble compounds with the sulphhydryl groups in
cell walls of bacteria and fungi, inhibiting metabolism and electron transport by
making essential enzymes dysfunctional (Sondi and Sondi 2004). Silver nanoparti-
cles may directly attach to the cell membrane and penetrate to kill spores, although
penetration of silver nanoparticles into microbial cell membranes is not completely
understood (Morones et al. 2005).

ZnO nanoparticles increased intensity of lipid and protein bands in E. coli (Liu
et al. 2009). The antimicrobial activity of chitosan is assigned to the amino groups,
which in acidic media form ammonium salts (Ravi-Kumar 2000). Mechanisms pro-
posed for the antifungal activity of chitosan focused mainly on its effect on fungal
cell wall (Allan and Hadwiger 1979) and cell membrane (Zakrzewska et al. 2005).

8 Applications and Future Trends

In this chapter a review of the most important and recent researches on development
characterization and application of biodegradable polymer inorganic nanocompos-
ites. Materials scientists, peptide chemists, and applied microbiologists should inter-
act to develop these novel antimicrobial polymers effectively. Biomedical applications
are still at the laboratory level. Additional studies are necessary before we can expect
clinical applications and commercialization of chitin and chitosan-based nanofibers.
With the emphasis on sustainability, nanocomposite technology may be applied to
the development of biopolymers as viable packaging materials. The combination of
active technologies such as antimicrobials and nanotechnologies such as nanocom-
posites can synergistically lead to bioplastic formulations. Researchers have reported
various aspects of nanoparticle formulation, characterization, effect of their charac-
teristics, and their applications in management of plant diseases (Alghuthaymi et al.
2015). Nanoparticles by themselves find many biomedical/biological applications.
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In order to enhance their applicability these nanoparticles are conjugated with
nanoparticles has been practiced since decades (Baekeland 2014). Nanomaterials are
useful in developing diagnostic tool, drug delivery system, sunscreens formulation,
antimicrobial bandages, disinfectants, nanobiosensors, as catalyst for greater effi-
ciency in current manufacturing process by minimizing the use of toxic materials and
an alternative energy production (Aziz et al. 2015; Prasad et al. 2012, 2014, 2015;
Prasad and Swamy 2013; Prasad 2014; Swamy and Prasad 2012; Yumak et al. 2011).
Chitosan-metal complexes could be promising candidates for novel antimicrobial
agents in cosmetic, food and textile industries (Kaur et al. 2015). Previous studies
provided the evidence of applicability of silver for controlling plant pathogenic fungi
such as Bipolaris sorokiniana, Magnaporthe grisea (Jo et al. 2009), Golovinomyces
cichoracearum or Sphaerotheca fusca (Lamsal et al. 2011) and Raffaelea sp. (Kim
et al. 2009). Chitosan has been used as both a reducing agent and stabilizer to form
AgNPs (Sanpui et al. 2008). The binding interaction between chitosan and the silver
nanoparticles results in stabilization of the chitosan-AgNP composite. Once materi-
als are prepared in the form of very small particles, they change significantly their
physical and chemical properties. In fact in nano-dimension, percentage of surface
molecule compare to bulk molecule is high and this enhances the activity of the par-
ticle in nano dimension and therefore, the normal properties of the particle like heat
treatment, mass transfer, catalytic activity, etc are all increases. But compare to non-
metal nanoparticles, metal nanoparticles have more industrial application.
Nanoparticles offer many new developments in the field of biosensors, biomedicine
and bio nanotechnology-specifically in the areas of drug delivery, diagnostic tools,
and cancer treatment agent (Prasad et al. 2015). Nanoparticles and nanostructure are
becoming a part in human medical application, including imaging or the delivery of
therapeutic drugs to cell, tissues and organs. Drug loaded nanoparticles interact
organ and tissues and are taken up by cells. Several studies have shown that the tis-
sue, cell and even cell organelle distribution (Alexiou et al. 2000; Savic et al. 2003)
of drugs may be controlled and improved by their entrapment in colloidal nanomate-
rials, mainly of the micellar structure, such as nanocontainer. Magnetic nanoparticles
have been receiving considerable attention because of their wide range of applica-
tions, such as the immobilization of the proteins and enzymes, bioseparation, immu-
noassays, drug delivery, and biosensors (Chen and Liao 2002). Nanoparticles of
ferromagnetic materials are of importance because of their reduced sizes that can
support only single magnetic domains. The recent synthesis of arrays of 4 nm diam-
eter FePt nanoparticles with an extremely narrow size distribution has promoted a
significant research effort in this area, due to their potential technological application
as recording media (Varlan and Sansen 1996).

For agricultural applications, polymer nanocomposites are ecofriendly (i.e., biode-
gradable and starch nanocomposites are commonly used). In this direction, the devel-
opment of mulch films can be useful for farmers to retain moisture and control weeds
(Ray 2013). Nanomaterials are including polymeric nanoparticles, iron oxide nanopar-
ticles, gold nanoparticles, and silver ions have been exploited as pesticides. The big-
gest benefit of nanopesticides is that they’re effective at protecting crops. They’re
effective at fighting pests and increasing crop yields, but they achieve that efficacy
with added benefits, targeting with no residues left behind and with additional worker
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Fig. 13.3 Comparison between fungicides and bio and/or nanofungicides regarding safety inter-
val, usage, dose, side effects and costs and number of targeted pathogens and their effects on value
proposition in green house, agriculture in open air and organic agriculture

safety benefits. Comparison between fungicides and bio and/or nanofungicides
regarding safety interval, usage, dose, side effects and costs and number of targeted
pathogens and their effects on value proposition in greenhouse, agriculture in open air
and organic agriculture was shown in Fig. 13.3.

Bio and/or safe nanofungicides could in no way penetrate mainstream agricul-
ture without the big players leading this penetration. Development and
commercialization of these products requires highly technical product develop-
ment, market development and market education. This can come primarily from the
big players for rapid growth. We must add to these factors also the macro trends of
“going green nanotechnology” and of lack of unique products in the industry. All
these together are reasons for the rapid development. That biopesticides are effec-
tive is the biggest selling point, but on top of that, they offer things which the mar-
ketplace, whether driven by regulations or consumers, is demanding.

Acknowledgments Unit of Excellence in Nano-Molecular Plant Pathology Research, Agricultural
Research Center (ARC), Egypt for funding this study. This work was partially funded by the
Science and Technology Development Fund (STDF), Egypt (STDF-ERJCG), Grant ID. 13791 to
Kamel Abd-Elsalam. Also, this work was partially funded by Russian Foundation for Basic
Research grant (RFBR-15-53-61030).

References

Abd-Elsalam KA, Khokhlov AR (2015) Eugenol oil nanoemulsion: antifungal activity against
Fusarium oxysporum f. sp. vasinfectum and phytotoxicity on cotton seeds. Appl Nanosci
5:255-265

Abd-Elsalam KA, Alghuthaymi MA (2015) Nanobiofungicides: are they the next-generation of
fungicides? J Nanotechol Mater Sci 2:1-3

Abou-Okeil A, El Shafei A (2011) ZnO/carboxymethyl chitosan bionano-composite to impart
antibacterial and UV protection for cotton fabric. Carbohydr Polym 83:920-925



282 A.F. Hashim et al.

Abu-Laiwi FA, Ahmed MB, Ibrahim NA, Ab. Rahman MZ, Md. Dahlan KZ, Wan Yunus WMZ
(2003) Graft copolymerization of methyl methacrylate onto rubber-wood fiber using H,O, and
Fe?* as an initiator system. J Appl Polym Sci 88:2499-2503

Ahmad Z, Pandey R, Sharma S, Khuller GK (2006) Alginate nanoparticles as antituberculosis
drug carriers: formulation development, pharmacokinetics and therapeutic potential. Indian
J Chest Dis Allied Sci 48:171-176

Ahn S, Vang MS, Yang HS et al (2009) Histologic evaluation and removal torque analysis of nano-
and microtreated titanium implants in the dogs. J Adv Prosthodont 1:75-84

Ain P (2007) Nanotechnologies: what we do not know. Technol Soc 29:43-61

Alexiou C, Arnold W, Klein RJ, Parak FG, Hulin P, Bergemann C, Erhardt W, Wagenpfeil S,
Lubbe AS (2000) Locoregional cancer treatment with magnetic drug targeting. Cancer Res
60:6641-6648

Alghuthaymi MA, Almoammar H, Rai M, Galiev ES, Abd-Elsalam KA (2015) Myconanoparticles:
synthesis and their role in phytopathogens management. Biotechnol Biotechnol Equip
29(2):221-236. doi:10.1080/13102818.2015.1008194

Alix S, Mahieu A, Terrie C, Soulestin J, Gerault E, Feuilloley MGJ, Gattin R, Edon V, Ait-Younes
T, Leblanc N (2013) Active pseudo-multilayered films from polycaprolactone and starch based
matrix for food-packaging applications. Eur Polym J 49:1234-1242

Allan CR, Hadwiger LA (1979) The fungicidal effect of chitosan on fungi of varying cell wall
composition. Exp Mycol 3:285-287

Alonso A (2012) Development of polymeric nanocomposites with enhanced distribution of cata-
lytically active or bactericide nanoparticles. Ph.D. Thesis, Universitat Autdbnoma de Barcelona

Al-Sagheer FA, Merchant S (2011) Visco-elastic properties of chitosan—titania nano-composites.
Carbohydr Polym 85:356-362

Alt V, Bechert T, Steinrucke P, Wagener M, Seidel P, Dingeldein E, Domann E, Schnettler R
(2004) An in vitro assessment of the antibacterial properties and cytotoxicity of nanoparticulate
silver bone cement. Biomaterials 25:4383-4391

Amara D, Felner I, Nowik I, Margel S (2009) Physicochemical and engineering aspects synthesis
and characterization of Fe and Fe;O, nanoparticles by thermal decomposition of triiron dode-
cacarbony. Colloids Surf A Physicochem Eng Asp 339:106-110

Arora S, Rajwade JM, Paknikar KM (2012) Nanotoxicology and in vitro studies: the need of the
hour. Toxicol Appl Pharmacol 258:151-165

Arul EJ, Asselin A, Benhamou N (1992) Antifungal activity of chitosan on postharvest pathogens
induction of morphological and cytological alterations in Rhizopus stolonifer. Mycol Res
96:769-779

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

Azizi S, Ahmad MB, Mahdavi M, Abdolmohammadi S (2008) Preparation, characterization, and
antimicrobial activities of ZnO nanoparticles/cellulose nanocrystal nanocomposites.
Bioresources 8:1841-1851

Baba Y, Yamashita T, Kawano Y, Uchida Y (1996) Antifungal activity of aqueous soluble chitosan
derivatives on Fusarium and Verticillium. Nippon Kagaku Kaishi 1:48-53

Baekeland LH (2014) Bakelite, a new composition of matter: its synthesis, constitution, and uses.
Sci Am 68(Suppl 1909):322

Banerjee M, Mallick S, Paul A, Chattopadhyay A, Ghosh S (2010) Heightened reactive oxygen
species generation in the antimicrobial activity of three component iodinated chitosan-silver
nanoparticle composite. Langmuir 26:590-5908

Belyaev EY (2000) Drug synthesis methods and manufacturing technology, New medical materi-
als based on modified polysaccharides (Review). Pharm Chem J 34:607-612

Belyakova OA, Shulenina AV, Zubavichus YV, Veligzhanin AA, Naumkin AV, Vasil’kov AY
(2013) Diagnostics of gold containing surgical dressing materials with X-Ray and synchrotron
radiation. J Surf Invest X-Ray Synchrotron Neutron Tech 7:509-514

Berger TJ, Spardaro JA, Bierman R, Chapin SE, Becker RD (1976) Antifungal properties of elec-
trically generated metallic ions. Antimicrob Agents Chemother 10:856-860


http://dx.doi.org/10.1080/13102818.2015.1008194

13 Polymer Inorganic Nanocomposites: A Sustainable Antimicrobial Agents 283

Beyki M, Zhaveh S, Khalili S, Rahmani-Cherati T, Abollahi A, Bayat M, Tabatabaei M, Mohsenifar
A (2014) Encapsulation of Mentha piperita essential oils in chitosan—cinnamic acid nanogel
with enhanced antimicrobial activity against Aspergillus flavus. Ind Crop Prod 54:310-319

Bhuyan T, Mishra K, Khanuja M, Prasad R, Varma A (2015) Biosynthesis of zinc oxide nanopar-
ticles from Azadirachta indica for antibacterial and photocatalytic applications. Mater Sci
Semicond Process 32:55-61

Blaser SA, Scheringer M, Macleod M, Hungerbiihler K (2007) Estimation of cumulative aquatic
exposure and risk due to silver: contribution of nano-functionalized plastics and textiles. Sci
Total Environ 390:396-409

Brunel F, Gueddari NE, Moerschbacher BM (2013) Complexation of copper (II) with chitosan
nanogels: toward control of microbial growth. Carbohydr Polym 92:1348-1356

Cdrdenaz G, Diaz JV, Meléndrez MF, Cruzat CC, Cancino AG (2009) Colloidal Cu nanoparticles/
chitosan composite film obtained by microwave heating for food package applications. Polym
Bull 62:511-524

Chen DH, Liao MH (2002) Preparation and characterization of YADH-bound magnetic nanopar-
ticles. J Mol Catal B Enzym 16:283-291

Chien PJ, Sheu F, Yang FH (2007) Effects of edible chitosan coating on quality and shelf life of
sliced mango fruit. J Food Eng 78:225-229

Cho KH, Park JE, Osaka T, Park SG (2005) The study of antimicrobial activity and preservative
effects of nanosilver ingredient. Electrochim Acta 51:956-960

Cioffi N, Torsi L, Ditaranto N, Sabbatini L, Zambonin PG, Tantillo G, Ghibelli L, Sabbatini T,
Bleve-Zacheo M, Zambonin PG, D’Alessio M, Traversa E (2004) Antifungal activity of poly-
mer-based copper nanocomposite coatings. Appl Phy Lett 85:2417-2419

Cushen M, Kerry J, Morris M, Cruz-romero M, Cummins E (2011) Nanotechnologies in the food
industry recent developments, risks and regulation. Trends Food Sci Technol 24:30-46

Dhillon GS, Kaur S, Brar SK (2014) Facile fabrication and characterization of chitosan-based zinc
oxide nanoparticles and evaluation of their antimicrobial and antibiofilm activity. Int Nano Lett
4:107-117

Di Y, Li Q, Zhuang X (2012) Antibacterial finishing of Tencel/cotton nonwoven fabric using Ag
nanoparticles-chitosan composite. J Eng Fibers Fabr 7:24-29

Dietz K, Herth S (2011) Plant nanotoxicology. Trends Plant Sci 16:582-589

Du WL, Xu YL, Xu ZR, Fan CL (2008) Preparation, characterization and antibacterial properties
against E. coli K88 of chitosan nanoparticle loaded copper ions. Nanotechnology 19:085707.
doi:10.1088/0957-4484/19/8/085707

Fang SW, Li CF, Shih DYC (1994) Antifungal activity of chitosan and its preservative effect on
low-sugar candied kumquat. J Food Prot 57:136-140

Faundez G, Troncoso M, Navarrete P, Figueroa G (2004) Antimicrobial activity of copper surfaces
against suspensions of Salmonella enterica and Campylobacter jejuni. BMC Microbiol 4:1-7

Fortunati E, Peltzer M, Armentano I, Jiménez A, Kenny JM (2013) Combined effects of cellulose
nanocrystals and silver nanoparticles on the barrier and migration properties of PLA nanobio-
composites. ] Food Eng 118:117-124

Freese C, Uboldi C, Gibson MI, Unger RE, Weksler BB, Romero IA et al (2012) Uptake and cyto-
toxicity of citrate-coated gold nanospheres: comparative studies on human endothelial and
epithelial cells. Part Fibre Toxicol 9:23. doi:10.1186/1743-8977-9-23

Friedman M, Juneja VK (2010) Review of antimicrobial and antioxidative activities of chitosans
in food. J Food Prot 73:1737-1761

Gao Y, Cranston R (2008) Recent advances in antimicrobial treatments of textiles. Text Res
1 87:60-72

Geranio L, Heuberger M, Nowack B (2009) The behavior of silver nano textiles during washing.
Environ Sci Technol 43:8113-8118

Gong P, Li H, He X, Wang K, Hu J, Zhang S, Yang X (2007) Preparation and antibacterial activity
of Fe304@ Ag nanoparticles. Nanotechnology 28:604-611

Gu H, Ho PL, Tong E, Wang L, Xu B (2003) Presenting vancomycin on nanoparticles to enhance
antimicrobial activities. Nano Lett 3:1261-1263


http://dx.doi.org/10.1088/0957-4484/19/8/085707
http://dx.doi.org/10.1186/1743-8977-9-23

284 A.F. Hashim et al.

Haider A, Kwak S, Gupta KC, Kang IK (2015) Antibacterial activity and cytocompatibility of
PLGA/CuO hybrid nanofiber scaffolds prepared by electrospinning. J Nanomater 2015:832762.
doi:10.1155/2015/832762

Hardy JJE, Hubert S, Macquarrie DJ, Wilson AJ (2004) Chitosan-based heterogeneous catalysts
for suzuki and heck reactions. Green Chem 6:53-56

He J, Kunitake T, Nakao A (2003) Facile in situ synthesis of noble metal nanoparticles in porous
cellulose fibers. Chem Mater 15:4401-4406

He L, Liu Y, Mustapha A, Lin M (2011) Antifungal activity of Zinc oxide nanoparticles against
Botrytis cinerea and Penicillium expansum. Microbiol Res 166:207-215

Herrero AM, Carmona P, Jiménez-Colmeneroa F, Ruiz-Capillas C (2014) Polysaccharide gels as
oil bulking agents: technological and structural properties. Food Hydrocoll 36:374-381

Hollinger MA (1996) Toxicological aspects of topical silver. Crit Rev Toxicol 26:255-260

Honary S, Ghajar K, Khazaeli P, Shalchian P (2011) Preparation, characterization and antibacterial
properties of silver-chitosan nanocomposites using different Molecular weight grades of chito-
san. Trop J Pharm Res 10:69-74

Innovation N, Island R (2010) Ion release kinetics and particle persistence in aqueous nano-silver
colloids. Environ Sci Technol 21:69-75

Jain RA (2000) The manufacturing techniques of various drug loaded biodegradable poly (lactide-
co-glycolide) (PLGA) devices. Biomaterials 2:2475-2490

Jiang J, Oberdorster G, Biswas P (2009) Characterization of size, surface charge, and agglomera-
tion state of nanoparticle dispersion for toxicological studies. J Nanopart Res 11:77-89

Jo Y K, Kim BH, Jung GH (2009) Antifungal activity of silver ions and nanoparticles on phyto-
pathogenic fungi. Plant Dis 93:1037-1043

Joselito D, Soytong K (2014) Construction and characterization of copolymer nanomaterials
loaded with bioactive compounds from Chaetomium species. J Agric Technol 10:823-831

Joseph S, Mathew B (2014) Microwave assisted biosynthesis of silver nanoparticles using the
rhizome extract of Alpinia galanga and evaluation of their catalytic and antimicrobial activi-
ties. J Nanopart 2014:1-9

Judet-Correia D, Charpentier C, Bensoussan M, Dantigny P (2011) Modeling the inhibitory effect
of copper sulfate on the growth of Penicillium expansum and Botrytis cinerea. Lett Appl
Microbiol 53:558-564

Kalita M, Basel MT, Janik K, Bossmann SH (2009) Optical and electronic properties of metal and
semiconductor nanostructures. In: Nanoscale materials in chemistry. Wiley, London, pp 537-
578. doi:10.1002/9780470523674.ch16

Kaur P, Thakur R, Barnela M, Chopra M, Manujaand A, Chaudhury A (2015) Synthesis, charac-
terization and in vitro evaluation of cytotoxicity and antimicrobial activity of chitosan-metal
nanocomposites. ] Chem Technol Biotechnol 90:867-873

Kavitha K, Sutha S, Rajendran V, Prabhu M, Jayakumar T (2013) In situ synthesized novel bio-
compatible titania-chitosan M nanocomposites with high surface area and antibacterial activ-
ity. Carbohydr Polym 93:731-739

Khalili ST, Mohsenifar A, Beyki M, Zhaveh S, Rahmani-Cherati T, Abdollahi A, Bayat M, Tabatabaei
M (2015) Encapsulation of thyme essential oils in chitosan-benzoic acid nanogel with enhanced
antimicrobial activity against Aspergillus flavus. LWT Food Sci Technol 60:502-508

Khodakovskaya MV, Kim BS, Kim JN, Alimohammadi M, Dervishi E, Mustafa T, Cernigla CE
(2013) Carbon nanotubes as plant growth regulators: effects on tomato growth, reproductive
system, and soil microbial community. Small 9:115-123

Kim CH, Choi JW, Chun HJ, Choi KS (1997) Synthesis of chitosan derivatives with quaternary
ammonium salt and their antibacterial activity. Polym Bull 38:387-393

Kim KIJ, Sung WS, Moon WS, Choi JS, Kim JG, Lee DG (2008) Antifungal effect of silver
nanoparticles on dermatophytes. J Microbiol Biotechnol 18:1482—-1490

Kim SW, Kim KS, Lamsal K, Kim YJ, Kim SB, Jung M, Sim SJ, Kim HS, Chang SJ, Kim JK, Lee
YS (2009) An in vitro study of the antifungal effect of silver nanoparticles on oak wilt pathogen
Raffaelea sp. J] Microbiol Biotechnol 19:760-764

Kong M, Chen XG, Xing K, Park HJ (2010) Antimicrobial properties of chitosan and mode of
action: a state of the art review. Int J Food Microbiol 144:51-63


http://dx.doi.org/10.1155/2015/832762
http://dx.doi.org/10.1002/9780470523674.ch16

13 Polymer Inorganic Nanocomposites: A Sustainable Antimicrobial Agents 285

Lamsal K, Kim SW, Jung JH, Kim YS, Kim KS, Lee YS (2011) Application of silver nanoparticles
for the control of Colletotrichum species in vitro and pepper Anthracnose disease in field.
Mycobiology 39:194-199

Lee HJ, Yeo SY, Jeong SH (2003) Antibacterial effect of nanosized silver colloidal solution on
textile fabrics. J Mater Sci 38:2199-2204

Lee HY, Park HK, Lee YM, Kim K, Park SB (2007) A practical procedure for producing silver
nanocoated fabric and its antibacterial evaluation for biomedical applications. Chem Commun
28:2959-2961

Li LH, Deng JC, Deng HR, Liu ZL, Xin L (2010) Synthesis and characterization of chitosan/ZnO
nanoparticle composite membranes. Carbohydr Res 345:994-998

Li P, Wang Y, Peng Z, She F, Kong L (2011) Effects of starch nanocrystal on structure and proper-
ties of waterborne polyurethane-based composites. Carbohydr Polym 85:698-703

Lin D, Xing B (2007) Phytotoxicity of nanoparticles: inhibition of seed germination and root
growth. Environ Pollut 150:243-250

Liu XF, Guan YL, Yao KD (2001) Antibacterial action of chitosan and carboxymethylated chito-
san. J Appl Polym Sci 79:1324-1335

Liu Y, He L, Mustapha A, Li H, Hu ZQ, Lin M (2009) Antibacterial activities of zinc oxide
nanoparticles against Escherichia coli O157:H7. J Appl Microbial 107:1193-1201

Llorens A, Lloret E, Picouet P, Fernandez A (2012a) Study of the antifungal potential of novel cellu-
lose/copper composites as absorbent materials for fruit juices. Int J Food Microbiol 158:113-119

Llorens A, Lloret E, Picouet PA, Trbojevich R, Fernandez A (2012b) Metallic-based micro and nano-
composites in food contact materials and active food packaging. Trends Food Sci Technol 24:19-29

Lloret E, Picouet P, Ferndndez A (2012) LWT—Matrix effects on the antimicrobial capacity of
silver based nanocomposite absorbing materials. Food Sci Technol 49:333-338

Longano D, Ditaranto N, Cioffi N, Niso FD, Sibillano T, Mezzapesa FP, Ancona A, Conte A, Del
Nobile MA, Sabbatini L, Torsi L (2013) One- vs two-step preparation of antimicrobial coatings
composed of laser ablated copper nanoparticles and polylactic acid. MRS Proc 1453, mrss12-
1453-gg11-03. doi:10.1557/0pl.2012.1044.

Mahapatra SS, Karak N (2008) Silver nanoparticle in hyperbranched polyamine: synthesis, char-
acterization and antibacterial activity. Mater Chem Phys 112:1114-1119

Maneerung T, Tokura S, Rujiravanit R (2008) Impregnation of silver nanoparticles into bacterial
cellulose for antimicrobial wound dressing. Carbohydr Polym 72:43-51. doi:10.1016/
j.carbpol.2007.07.025

Manikandan A, Sathiyabama M (2015) Green synthesis of copper-chitosan nanoparticles and
study of its antibacterial activity. J Nanomed Nanotechnol 6:1-5

Maynard AD (2006) Nanotechnology: risks. Nano Toady 1:22-33

McKenna KP (2009) Unique bonding in nanoparticles and powders. In: Nanoscale materials in
chemistry. Wiley, London, pp 15-36. doi:10.1002/9780470523674.ch2

Mehtar S, Wiid I, Todorov SD (2008) The antimicrobial activity of copper and copper alloys
against nosocomial pathogens and Mycobacterium tuberculosis isolated from healthcare facili-
ties in the Western Cape: an in-vitro study. J Hosp Infect 68:45-51

Mikos A, Lyman M, Freed L, Langer R (1994) Wetting of poly (L-lactic acid) and poly (D,
L-lactic-co-glycolic acid) foams for tissue culture. Biomaterials 15:55-58

Min JS, Kim KS, Kim SW, Jung JH, Lamsal K, Kim SB, Jung M, Le YS (2009) Effects of colloidal
silver nanoparticles on sclerotium-forming phytopathogenic fungi. Plant Pathol J 25:376-380

Miranda SP, Miranda E, Serrano J (2007) Chitosan and gamma irradiated chitosan against
Aspergillus flavus in maize. Asian Chitin J 3:37-47

Mohan R, Shanmugharaj AM, Hun RS (2011) An efficient growth of silver and copper nanopar-
ticles on multiwalled carbon nanotube with enhanced antimicrobial activity. J] Biomed Mater
Res B 96:119-126

Morones JR, Elechiguerra JL, Camacho A, Holt K, Kouri JB, Ramirez JT, Yacaman JM (2005)
The bactericidal effect of silver nanoparticles. Nanotechnology 16:2346-2353

Mu Q, Hondow NS, Krzeminski £, Brown AP, Jeuken LJ, Routledge MN (2012) Mechanism of
cellular uptake of genotoxic silica nanoparticles. Part Fibre Toxicol 9:29. doi:10.1186/1743-
8977-9-29


http://dx.doi.org/10.1557/opl.2012.1044
http://dx.doi.org/10.1016/j.carbpol.2007.07.025
http://dx.doi.org/10.1016/j.carbpol.2007.07.025
http://dx.doi.org/10.1002/9780470523674.ch2
http://dx.doi.org/10.1186/1743-8977-9-29
http://dx.doi.org/10.1186/1743-8977-9-29

286 A.F. Hashim et al.

Murariu M, Doumbia A, Bonnaud L, Dechief AL, Paint Y, Ferreira M, Campagne C, Devaux E,
Dubois P (2011) High-performance polylactide/ZnO nanocomposites designed for films and
fibers with special end-use properties. Biomacromolecules 12:1762-1771

Najafzadeh H, Ghorbanpour M, Hekmati-Moghaddam SH, Karimiyan A (2015) Antifungal effect
of magnesium oxide, zinc oxide, silicon oxide and copper oxide nanoparticles against Candida
albicans. Zahedan J Res Med Sci 17, e€2179

Namazi H, Dadkhah A (2008) Surface modification of starch nanocrystals through ring-opening
polymerization of epsilon-caprolactone and investigation of their micro structures. J Appl
Polym Sci 110:2405-2412

Namazi H, Mosadegh M (2011) Bio-nanocomposites based on naturally occurring common poly-
saccharides chitosan, cellulose and starch with their biomedical applications. In: Tiwari A (ed)
Recent developments in bio-nanocomposites for biomedical applications. pp 379-397

Nan L, Yang W, Liu Y, Hui X, Ying L, Manqi L, Ke Y (2008) Antibacterial mechanism of copper-
bearing antibacterial stainless steel against E. coli. ] Mater Sci Technol 24:197-201

Nikitin LN, Vasil’kov AY, Banchero M, Manna L, Naumkin AV, Podshibikhin VL, Abramchuk SS,
Buzin MI, Korlyukov AA, Khokhlov (2011) Composite materials for medical purposes based
on polyvinylpyrrolidone modified with ketoprofen and silver nanoparticles, Russian J. of Phys
Chem A 85, 1190-1195.

Nnemeka I, Sule M, Friday A, Philbus D, Godwin EU, Shola O, Moses O, Rufus S (2014) Rapid
synthesis of silver nano particles capped in starch and its anti-mold activity. Int J Innov Sci Res
9:16-25

Palza H (2015) Antimicrobial polymers with metal nanoparticles. Int ] Mol Sci 16:2099-2116

Panacek A, Kolar M, Vecerova R, Prucek R, Soukupova J, Krystof V, Hamal P, Zboril R, Kvitek L
(2009) Antifungal activity of silver nanoparticles against Candida spp. Biomaterials
30:6333-6340

Park HJ, Kim SH, Kim HJ, Choi SH (2006) A new composition of nanosized silica-silver for con-
trol of various plant diseases. Plant Pathol J 22:295-302

Park SY, Chung JW, Priestley RD, YeopKwak S (2012) Covalent assembly of metal nanoparticles
on cellulose fabric and its antimicrobial activity. Cellulose 19:2141-2215

Park T, Cohen S, Langer R (1992) Poly (L-lactic acid)/pluronic blends: characterization of phase
separation behavior, degradation, morphology and as protein releasing matrices.
Macromolecules 25:116-122

PCZAFVDK £, Hofmann MBZAT (2008) Nanoparticles: structure, properties, preparation and
behaviour. Environ Media 17:326-343

Perelshtein I, Applerot G, Perkas N, Guibert G, Mikhailov S, Gedanken A (2008) Sonochemical
coating of silver nanoparticles on textile fabrics (nylon, polyester and cotton) and their antibac-
terial activity. Nanotechnology 19:245705-245711

Perelshtein I, Ruderman E, Perkas N, Tzanov T, Beddow J, Joyce E, Mason TJ, Blanes M, Molla
K, Patlolla A, Frenkele Al, Gedanken A (2013) Chitosan and chitosan—ZnO-based complex
nanoparticles: formation, characterization, and antibacterial activity. J Mater Chem B
1:1968-1976

Petrak K (1990) Polymers for use in drug delivery. Br Polym J 22:213-219

Poosti M, Ramazanzadeh B, Zebarjad M, Javadzadeh P, Naderinasab M, Shakeri MT (2013) Shear
bond strength and antibacterial effects of orthodontic composite containing TiO, nanoparticles.
Eur J Orthod 35:676-679

Prasad R, Swamy VS, Varma A (2012) Biogenic synthesis of silver nanoparticles from the leaf
extract of Syzygium cumini (L.) and its antibacterial activity. Int J Pharm Bio Sci
3(4):745-752

Prasad R, Swamy VS (2013) Antibacterial activity of silver nanoparticles synthesized by bark
extract of Syzygium cumini. J Nanopart 2013, 431218. doi:10.1155/2013/431218

Prasad R (2014) Synthesis of silver nanoparticles in photosynthetic plants. J Nanopart 2014,
963961. doi:10.1155/2014/963961

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


http://dx.doi.org/10.1155/2013/431218
http://dx.doi.org/10.1155/2014/963961

13 Polymer Inorganic Nanocomposites: A Sustainable Antimicrobial Agents 287

Prasad R, Pandey R, Barman 1 (2015) Engineering tailored nanoparticles with microbes: quo
vadis? WIREs Nanomed Nanobiotechnol 8(2):316-330. doi:10.1002/wnan.1363

Prasad R, Pandey R, Varma A, Barman I (2016) Polymer based nanoparticles for drug delivery
systems and cancer therapeutics. In: Kharkwal H, Janaswamy S (eds) Natural polymers for
drug delivery. CABI, UK (in Press)

Qi L, Xu Z, Jiang X, Hu C, Zou X (2004) Preparation and antibacterial activity of chitosan
nanoparticles. Carbohydr Res 339:2693-2700

Quaranta D, Krans T, Espirito Santo C, Elowsky CG, Domaille DW, Chang CJ, Grass G (2011)
Mechanisms of yeast contact-killing on dry metallic copper surfaces. Appl Environ Microbiol
77:416-426

Rabea EI, Badawy MET, Stevens CV, Smagghe G, Steurbaut W (2003) Chitosan as antimicrobial
agent: applications and mode of action. Biomacromolecules 4:1457-1465

Raemdonck K, Demeester J, De Smedt S (2009) Advanced nanogel engineering for drug delivery.
J Soft Mater 5:707-715

Ragauskas AJ, Zhang AJ, Elder TJ, Pu YQ (2007) Facile synthesis of spherical cellulose nanopar-
ticles. J Carbohydr Polym 69:607-611

Saharan V, Mehrotra A, Khatik R, Rawal P, Sharma SS, Pal A (2013) Synthesis of chitosan based
nanoparticles and their in vitro evaluation against phytopathogenic fungi. Int J Bio Macromol
62:677-683

Raghupathi KR, Koodali RT, Manna AC (2011) Size-dependent bacterial growth inhibition and
mechanism of antibacterial activity of zinc oxide nanoparticles. Langmuir 27:4020-4028

Raji V, Chakraborty M, Parikh PA (2012) Synthesis of starch-stabilized silver nanoparticles and
their antimicrobial activity. Particulate Sci Technol 30:565-577

Raveendran P, Fu J, Wallen SL (2003) Completely green synthesis and stabilization of metal
nanoparticles. ] Am Chem Soc 125:13940-13941

Raveendran P, Fu J, Wallen SL (2006) A simple and green method for the synthesis of Au, Ag, and
Au-Ag alloy nanoparticles. Green Chem 8:34-38

Ravi-Kumar MNV (2000) A review of chitin and chitosan applications. React Funct Polym
46:1-27

Ray SS (2013) Environmentally friendly polymer nanocomposites: types, processing and proper-
ties. Woodhead Publishing, Cambridge

Reddy MVB, Arul J, Ait-Barka E, Angers P, Richard C, Castaigne F (1998) Effect of chitosan on
growth and toxin production by Alternaria alternata f. sp. lycopersici. Biocontrol Sci Technol
8:33-43

Ren GG, Hu D, Cheng EWC, Vargas-Reus MA, Reip P, Allaker R (2009) Characterisation of cop-
per oxide nanoparticles for antimicrobial applications. Int J Antimicrob Agents 33:587-590

Rico CM, Majumdar S, Duarte-Gardea M, Peralta-Videa J, Gardea-Torresdey JL (2011) Interaction
of nanoparticles with edible plants and their potential interactions in the food chain. J Agric
Food Chem 59:3485-3498

Rinaudo M (2006) Chitin and chitosan: properties and applications. Prog Polym Sci 31:603-632

Romanska D, Mazur M (2003) Electrochemical preparation of thiol-coated silver nanostructures
on highly oriented pyrolytic graphite. Langmuir 19:4532-4534

Rubina MS, Kamitov KK, Zubavichus YV, Peters GS, Naumkin AV, Suzer S , Vasil’kov AY (2015)
Collagen-Chitosan Scaffold modified with Au and Ag nanoparticles: synthesis and structure.
Appl. Surf. Sci, 2016, DOI:10.1016/j.apsusc.2016.01.107

Sanpui P, Murugadoss A, Prasad PVD, Ghosh SS, Chattopadhyay A (2008) The antibacterial prop-
erties of a novel chitosan-Ag-nanoparticle composite. Int J Food Microbiol 124:142—-147

Sautista-Banos S, Hernandez-Lauzardo AN, Velazquez-Del Valle MG, Hernandez-Lopez M,
Barka E, Bosquez-Molina E, Wilson CL (2006) Chitosan as a potential natural compound to
control pre and postharvest diseases of horticultural commodities. Crop Prot 25:108-118

Savic R, Luo L, Eisenberg A, Maysinger D (2003) Micellar nanocontainers distribute to defined
cytoplasmic organelles. Science 300:615-618

Sawai J, Yoshikawa T (2004) Quantitative evaluation of anti-fungal activity of metallic oxide pow-
ders (MgO, CaO and ZnO) by an indirect conductimetric assay. J] Appl Microbiol 96:803-812


http://dx.doi.org/10.1002/wnan.1363
http://dx.doi.org/10.1016/j.apsusc.2016.01.107

288 A.F. Hashim et al.

Schmid G, Simon U (2005) Gold nanoparticles: assembly and electrical properties in 1-3 dimen-
sions. Chem Commun 6:697-710

Sebastien F, Stephane G, Copinet A, Coma V (2006) Novel biodegradable films made from chito-
san and poly(lactic acid) with antifungal properties against mycotoxinogen strains. Carbohydr
Polym 65:185-193

Sepideh H, Ghaseminezhad SM, Shojaosadati SA, Shokrollahzadeh S (2012) Comparative study
on silver nanoparticles properties produced by green methods. Iran J Biotechnol 10:191-197

Sescousse S, Gavillon R, Budtova T, (2011) Aerocellulose from cellulose-ionic liquid solutions:
preparation, properties and comparison with cellulose-NaOH and srllulose-NMMO routes.
Carbohydrate Polym 83, 1766—1774

Shameli K, Ahmad MB, Yunus WMZ, Ibrahim NA, Abdul Rahman R, Jokar M, Darroudi M
(2010) Silver/poly (lactic acid) nanocomposites: preparation, characterization, and antibacte-
rial activity. Int J] Nanomed 5:573-579

Shanmugam S, Viswanathan B, Varadarajan TK (2006) A novel single step chemical route for
noble metal nanoparticles embedded organic—inorganic composite films. Mater Chem Phys
95:51-55

Shih CM, Shieh YT, Twu YK (2009) Preparation and characterization of cellulose/chitosan blend
films. Carbohydr Polym 78:169-174

Siegrist M, Cousin-eve M, Kastenholz H, Wiek A (2007) Public acceptance of nanotechnology
foods and food packaging: the influence of affect and trust. Appetite 49:459-466

Simonet BM, Valcdrcel M (2009) Monitoring nanoparticles in the environment. Anal Bioanal
Chem 393:17-21

Smiechowicz E, Kulpinski P, Niekraszewicz B, Bacciarelli A (2011) Cellulose fibers modified
with silver nanoparticles. Cellulose 18:975-985

Sondi I, Sondi B (2004) Silver nanoparticles as antimicrobial agent: a case study on E. coli as a
model for Gram-negative bacteria. J Colloid Interface Sci 275:177-182

Soytong K, Charoenporn C, Kanokmedhakul S (2013) Evaluation of microbial elicitors to induce
plant immunity for tomato wilt. Afr J Microbiol Res 7:1993-2000

Sriram MI, Kanth SB, Kalishwaralal K, Gurunathan S (2010) Antitumor activity of silver nanopar-
ticles in Dalton’s lymphoma ascites tumor model. Int ] Nanomed 5:753-762

Stashak ST, Farstvedt E, Othis A (2004) Update on wound dressings: indication and best use. Clin
Tech Equine Pract 3:148-163

Sundaresan K, Sivakumar A, Vigneswaran C, Ramachandran T (2012) Influence of nano titanium
dioxide finish, prepared by sol-gel technique, on the ultraviolet protection, antimicrobial, and
self-cleaning characteristics of cotton fabrics. J Ind Text 41:259-277

Supp AP, Neely AN, Supp DM, Warden GD, Boyce S (2005) Evaluation of cytotoxicity and anti-
microbial activity of acticoat burn dressing for management of microbial contamination in
cultured skin substitutes grafted to athymic mice. J Burn Care Rehabil 26:238-246

Swamy VS, Prasad R (2012) Green synthesis of silver nanoparticles from the leaf extract of
Santalum album and its antimicrobial activity. J Optoelectron Biomed Mater 4(3):53-59

Tang J, Song Y, Tanvir S, Anderson WA, Berry RM, Ta KC (2015) Polyrhodanine coated cellulose
nanocrystals: a sustainable antimicrobial agent. ACS Sustain Chem Eng 3:1801-1809

Taylor MS, Daniels AU, Andriano KP, Heller J (1994) Six bioabsorbable polymers: in vitro acute
toxicity of accumulated degradation products. J Appl Biomater 5:151-157

Tiede K, Hassellov M, Breitbarth E, Chaudhry Q, Boxall ABA (2009) Considerations for environ-
mental fate and ecotoxicity testing to support environmental risk assessments for engineered
nanoparticles. J Chromatogr A 1216:503-509

Toksha BG, Shirsath SE, Patange SM, Jadhav KM (2008) Structural investigations and magnetic
properties of cobalt ferrite nanoparticles prepared by sol-gel auto combustion method. Solid
State Commun 147:479—483

Tripathi S, Mehrotra GK, Dutta PK (2009) Physicochemical and bioactivity of cross-linked chito-
san—PVA film for food packaging applications. Int J Biol Macromol 45:372-376

Usman MS, El Zowalaty ME, Shameli K, Zainuddin N, Salama M, Ibrahim NA (2013) Synthesis,
characterization, and antimicrobial properties of copper nanoparticles. Int J Nanomed
8:4467-4479



13 Polymer Inorganic Nanocomposites: A Sustainable Antimicrobial Agents 289

Valodkar M, Rathore PS, Jadeja RN, Thounaojam M, Devkar RV, Thakore S (2012) Cytotoxicity
evaluation and antimicrobial studies of starch capped water soluble copper nanoparticles.
J Hazard Mater 201:244-249

Varlan AR, Sansen W (1996) Nondestructive electrical impedance analysis in fruit: normal ripen-
ing and injuries characterization. Electromagn Biol Med 15:213-227

Varma AJ, Deshpande SV, Kennedy JF (2004) Metal complexation by chitosan and its derivatives:
a review. Carbohydr Polym 55:77-93

Vasil’kov AY, Rubina MS, Gallyamova AA, Naumkin AV, Buzin MI, Murav’eva JP, (2015)
Mesoporic material from microcrystalline cellulose with gold NPs: new approach to obtain
metal-carrying polysaccharides. Mendeleev Comm 25, 358-360

Vigneshwaran N, Nachane RP, Balasubramanya RH, Varadarajan PV (2006) A novel one-pot
‘green’ synthesis of stable silver nanoparticles using soluble starch. Carbohydr Res
341:2012-2018

Vigo TL (2001) Antimicrobial polymers and fibers: retrospective and prospective in bioactive
fibers and polymers. Am Chem Soc 11:175-200

Vokhidova NR, Sattarov ME, Kareva ND, Rashidova SS (2014) Fungicide features of the nanosys-
tems of silkworm (Bombyx mori) chitosan with copper ions. Microbiology 83:751-753

Wang LS, Wang CY, Yang CH, Hsieh CL, Chen SY, Shen CY, Wang JJ, Huang KS (2015) Synthesis
and anti-fungal effect of silver nanoparticles-chitosan composite particles. Int J Nanomed
10:2685-2696

Weaver L, Michels HT, Keevil CW (2010) Potential for preventing spread of fungi in air-
conditioning systems constructed using copper instead of aluminium. Lett Appl Microbiol
50:18-23

Wheeldon LJ, Worthington T, Lambert PA, Hilton AC, Lowden CJ, Elliott TSJ (2008) Antimicrobial
efficacy of copper surfaces against spores and vegetative cells of Clostridium difficile: the
germination theory. J Antimicrob Chemother 62:522-525

Wilks SA, Michel HT, Keevil CW (2006) Survival of Listeria monocytogenes Scott A on metal
surfaces: implications for cross-contamination. Int J Food Microbiol 111:93-98

Xue J, Luo Z, Li P, Ding Y, Cui Y, Wu Q (2014) A residue-free green synergistic antifungal nano-
technology for pesticide thiram by ZnO nanoparticles. Sci Rep 4:5408. doi:10.1038/srep05408

Yallapu MM, Reddy MK, Labhasetwar V (2007) Nanogels: chemistry to drug delivery. In:
Labhasetwar V, Pelecky LDL (eds) Biomedical applications of nanotech. Wiley, New York,
pp 131-172

Yamamoto O (2001) Influence of particle size on the antibacterial activity of zinc oxide. Int J Inorg
Mater 3:643-649

Yang FL, Li XG, Zhu F, Lei CL (2009) Structural characterization of nanoparticles loaded with
garlic essential oil and their insecticidal activity against Tribolium castaneum (Herbst)
(Coleoptera:Tenebrionidae). J Agric Food Chem 57:10156-10162

Yang L, Watts DJ (2005) Particle surface characteristics may play an important role in phytotoxic-
ity of alumina nanoparticles. Toxicol Lett 158:122-132

Yang YJ, Chuang CC, Yang HB, Lu CC, Sheu BS (2012) Lactobacillus acidophilus ameliorates H.
pylori-induced gastric inflammation by inactivating the Smad7 and NFkB pathways. BMC
Microbiol 12:38—45

Youssef K, Roberto SR (2014) Applications of salt solutions before and after harvest affect the
quality and incidence of postharvest gray mold of ‘Italia’ table grapes. Postharvest Biol Technol
87:95-102

Yu L, Deana K, Li L (2006) Polymer blends and composites from renewable resources. Prog
Polym Sci 31:576-602

Yumak T, Kuralay F, Muti M, Sinag A, Erdem A, Abaci S (2011) Preparation and characterization
of zinc oxide nanoparticles and their sensor applications for electrochemical monitoring of
nucleic acid hybridization. Colloids Surf B 86:397-403

Zakrzewska A, Boorsma A, Brul S, Hellingwerf KJ, Klis FM (2005) Transcriptional response of
Saccharomyces cerevisiae to the plasma membrane-perturbing compound chitosan. Eukaryot
Cell 4:703-715


http://dx.doi.org/10.1038/srep05408

Chapter 14

Advances in Bio-Botanicals Formulations
with Incorporation of Nanotechnology

in Intensive Crop Management

Pinki Bhandari, Megha Pant, P.K. Patanjali, and S.K. Raza

Abstract With changing environmental conditions, biotic and abiotic stresses with
direct impact on pest-diseases complexes, the usage of chemical pesticides has increased
tremendously in recent times. However, the increasing awareness on environmental and
human health safety along with food security concerns has opened up the path for an
array of botanical based pesticide formulations. The plant based products with insecti-
cidal activity are well used as active ingredients in different types of new generation
formulations as developed at Institute of Pesticide Formulation Technology (IPFT).
Various researches on new molecules to combat the different Isotypes of pest population
in different geography created a need to strengthen the Formulation technology now
days, although various agrochemical companies are indulge to enhance and improvise
their products and add significant value to the intensive crop management. Based on
research and development at IPFT with use of nanotechnology certain commercially
viable factor has been discovered and developed to develop new eco-friendly effective
nano based pesticide formulations for the safety of environment and human kind.

1 Introduction

Being a developing country, India exhibits a high resource potential in agriculture
as evident with attained status among top three global producers in major crops like
wheat, rice and sugarcane. It is acquiescent in respect of chemical pesticides that
lead to agriculture revolution has attributed successfully to fulfill food demand for
decades. The continuous development and discovery of new chemical molecules
acted as backbone to protect the plant health and delivered as high yielder. Chemical
protectants and Indigenous knowledge or technologies from rural agriculture has
worked together for many years to boost the Indian Agriculture. In attention to pest
ecology system, various scientific efforts has been made to reveal the huge plant
protectant potential of Biological pesticides and botanicals.

P. Bhandari (P<) « M. Pant » P.K. Patanjali * S.K. Raza

Institute of Pesticide Formulation Technology, Sector-20, Udyog Vihar,
Opp. Ambience Mall, Gurgaon, Haryana, India

e-mail: drpbhandari.ipft@gmail.com

© Springer International Publishing Switzerland 2016 291
R. Prasad (ed.), Advances and Applications Through Fungal
Nanobiotechnology, Fungal Biology, DOI 10.1007/978-3-319-42990-8_14


mailto:drpbhandari.ipft@gmail.com

292 P. Bhandari et al.
1.1 Biopesticides and Intensive Crop Management

The ever increasing problems of bio-accumulation of toxic components, food chain
poisoning, increased toxicity levels thereby significantly increased environmental
pollution and immense contamination of agricultural commodities with excessive
use of pesticides, ill-effects of the pesticide residues to human health have caused to
the adoption of better pest management strategies. Hence, the use of plant-based
products appeared as an alternative to the synthetic chemical based pesticides
(Dayan et al. 2009).

The plant based products fall under the category of biopesticides (Koul and
Walia 2009) which include microbial pesticides consisting of bacteria, entomo-
pathogenic fungi or viruses (and sometimes includes the metabolites that bacteria or
fungi produce), biochemical pesticides or herbal pesticides are naturally occurring
substances that control (or monitor in the case of pheromones) pests and microbial
diseases and plant-incorporated protectants (PIPs) have genetic material from other
species incorporated into their genetic material (i.e. GM Crops).

The process of mixing a pesticide with other materials to give it certain advanta-
geous properties makes up its “formulation” which includes processes as: physical
treatment including grinding and liquefaction, combination with inert materials like
talc, silica, diatomaceous earth etc., addition of adjuvants like wetters, spreaders,
emulsifiers, stickers, deflocculators and stabilizers for unique properties and combi-
nation with other toxic or non-toxic chemicals to increase their effectiveness (syner-
gistic action). The formulations are mainly categorized as conventional and new
generation. ‘Conventional’, refer to ‘old technology’ or ‘classical’ or ‘traditional’
because of their higher dose rate or repeated applications to get desired bioefficacy
(Copping and Sugavanam 2000). These higher doses and repeated applications lead
to accumulation of pesticide residues in food commodities along with environmental
pollution. Conventional formulations, because of their characteristics i.e. dustiness
and use of volatile organic solvents (VOCs) in their preparation maximize several
problems like pesticide residues in food and finished products etc (Foy and Pritchard
1996). The former are replaced by the water based new generation formulations with
a reduced dosage of active ingredients too. They are user and environment friendly,
target specific, low mammalian toxicity, pests do not develop resistance to them eas-
ily etc (De et al. 2013).

Formulation technology improve operator safety, reduce dose rate and wast-
age of pesticides applied to crops. Also, it helps in reducing environmental
impact and increasing food safety. Some of the possible areas in agrochemical
formulation technology are: Water based formulation technology, Floating tab-
let/spreading formulation technology, Microemulsion gel technologies,
Microemulsion technology in mixed formulation, Controlled release/ZW/nano-
encapsulation formulation technology/Floating tablet/ spreading formulation
technology etc.
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2 Biological Pesticide Formulations in India

The total world production of biopesticides have made biopesticide market of 3.6
billion USD in year 2014, which is expected to grow as 6.9 billion USD by year
2019 with 13.9 % CAGR. In India, biopesticide consumption has shown its increased
use over the time. In 2005-2006, consumption of biopesticides in India stands at
1920 MT. India has a vast potential for biopesticides. However, its adoption by
farmers in India needs education for maximizing gains. Biopesticides represent
only 2.89 % (as on 2005) of the overall pesticide market in India and is expected to
exhibit an annual growth rate of about 2.3 % in the coming years (Thakore 2006).

In India, bio pesticide market of 0.16 Billion USD with was reported by FICCI
in 2014 which is expected to grow upto 0.35 billion USD with 17.3 % CAGR. The
major contributing formulation in Indian biological pesticide market is Bt, NPV,
neem based pesticides, etc. which have already been registered under Central
Insecticide Board, India.

Biopesticides registered under Insecticide Act, 1968 are Bacillus thuringiensis
var. israelensis, Bacillus thuringiensis var. kurstaki, Bacillus thuringiensis var. gal-
leriae, Bacillus sphaericus, Trichoderma viride, Trichoderma harzianum,
Pseudomonas fluorescens, Beauveria bassiana, NPV of Helicoverpa armigera and
Spodoptera litura, Neem based pesticides and Cymbopogon.

Baculoviruses with rod shaped nucleocapsid and enveloped and contains a
single large covalently closed, double stranded DNA genome ranging between
80-180 Kbps (King et al. 2011). As represented by two different phenotypes: the
budded viruses (BV) and the occluded virus (OV) (Jehle et al. 2006). Later clas-
sification of family baculoviridae further divided into two sub families: the
Eubaculovirinae and the Nudibaculovirinae. Burand further classified the
Eubaculovirinae into two genera viz. Nuclear Polyhedrosis Virus (NPV) and
Granulovirus (GV) while Nudibaculovirinae contained only genus non-occluded
baculovirus (NOB); based on lack of occlusion body formation and virion
morphology.

These baculoviruses existing with main difference of type I NPVs which con-
tain the fusion protein GP64, actually required for virus entry into the cell and for
cell-to-cell transmission, whereas type II NPVs lack GP64 and instead contain a
generic fusion protein, called F protein, with the same role as GP64. This protein
can also be found in some vertebrate viruses (Beas-Catena et al. 2014). Such a vast
array of potential viruses with particle sizes of 1.5-2.00 pm/600 nm may act as a
potential tool for the management of most damaging insects through the applica-
tion of suitable nano- encapsulation of virus particles and application of nanotech-
nology in form of suitable nano delivery systems for biological viruses to be used
in agriculture (Fig. 14.1).
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Fig. 14.1 High potential strain of Spodoptera litura identified from IPFT field. Attributed to
Bhandari et al. (2015)

2.1 Plant Based Products as Green Pesticides
Under Development for Nano Application

2.1.1 Biodiesel by-Products

De-oiled seed cake of jatropha showed molluscicidal, insecticidal, fungicidal, and
nematicidal activity. De-oiled seed cake of karanja also possesses insecticidal and
nematicidal activity (Sharma et al. 2011). Neem and karanja oil cakes in combina-
tionalsoshowedinsecticidal propertiesagainstmosquito vectors (Shanmugasundaram
et al. 2008). Aqueous extract of Karanja and Jatropha seedcakes had a significant
effect on the termite (Odontotermes obesus) (Sharma et al. 2011). The main con-
stituents of Karanja and Jatropha responsible for insecticidal activity are karanjin
and phorbol esters which was 0.18 % and 0-0.8 %, respectively. But there is no rel-
evant information regarding the use of these aqueous extracts to formulate an essen-
tial oil to increase their shelf life and effectiveness.

The biodiesel production in India utilizes two main crops, karanja (Pongamia
pinnata) and jatropha (Jatropha curcas) as major source of non-edible oils.
Production of biodiesel generates 10 % biodiesel waste liquid by volume approxi-
mately as in general 10 kg of crude glycerol is generated as a by-product for every
100 kg of biodiesel produced. The process involves transesterification of vegetable
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oils with methanol catalyzed by KOH. The technology of biodiesel production
consumes only extracted vegetable oil from non-edible seeds and leaves behind a
large amount of unutilized mass as seed cake. Majority of industrial products
employ only purified glycerol as a raw material, and therefore bio diesel waste
liquid is often discarded as a waste product. This liquid biodiesel waste creates
disposal problems and in future, liquid biodiesel waste is likely to be produced in
large amounts, with detrimental effects on the environment. Hence, there is an
urgent need to convert crude glycerol into more valuable products. The self-
decomposition of seed cake in the open atmosphere by the action of various micro-
organisms generated the gases CH,, N,O, H,S, NH; and CO, volatile organic
compounds (VOCs). The approach of using of non-edible cakes as “Biomass”
resources instead of disposing as “waste” made possible as to meet energy and
economic benefits and also environmental benefits. Many strategies pertaining to
this have been worked out. Commonly, the generation of biogas from these cakes
is figured out as a best solution for its efficient utilization.

Biodiesel production produces three major biodiesel waste products: glycerin,
methanol, and (sometimes) water (Fig. 14.2).

Composition of biodiesel by product -Glycerol 40-50 %, alcohol 0.2—1 %, Mono-,
di- & tri-glycerides 1.5-3 %, Fee fatty acid 1-2 %, Triglyceride ester 0.1-0.2 %, water
0.1-0.3 %. The composition works as an emulsifier in the formulations and helps in
better mixing of the ingredients used. Glycerol helps in phase stabilization whereas
alcohol acts as a co-surfactant. Mono and di-glycerides function as emulsifiers for oil
in water emulsions and tri-glycerides for cream formulations. Free fatty acids are used
as emulsion stabilizers and the triglyceride esters as solvents.

Schematic of Biodiesel Production Path

Vegetable Oil/
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|
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Y
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Fig. 14.2 The biodiesel production process
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2.1.2 Essential Oils

Essential oils (Fig. 14.3) and their major components are emerging as potential pest
control agents because of their insecticidal and repellant properties.

Eucalyptus Oil

Eucalyptus oil has been placed under the GRAS (generally regarded as safe) category
by The U.S. Food and Drug Administration and classified as non-toxic (USEPA 1993;
Mahboubi et al. 2013). Even the Council of Europe has approved use of eucalyptus oil
as a flavoring agent in foods (>5 mg kg™), candies, and confectionary items
(<15 mg kg™). Vilela et al. (2009) also studied the effect of eucalyptus essential oil by
contact and head space volatile assay on food-spoiling fungi. The marker compound of
eucalyptus oil responsible for its insecticidal property, which makes 75-80 % content
of the oil along with some other components (Table 14.1).

The values of the oral and acute LD50 of eucalyptus oil and 1,8-cineole for rats
is 4440 mg kg™! body weight (BW) and 2840 mg kg~! (BW), respectively (Regnault-
Roger 1997), rendering it much less toxic than pyrethrins (with LD50 values of
350-500 mg kg™ BW) (USEPA 1993) and even technical-grade pyrethrum (LD50
value 1500 mg kg™' BW) (Batish et al. 2008).
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Fig. 14.3 Naturally occurring sources of essential oils. Source: Google Images
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Table 14.1 Composition of Percentage
Eucalyptus oil (Eucalyptus Compound identified composition
globulus) cis-Ocimen 2133
Camphene 0.21
f-Pinen 1.23
p-Myrcene 1.00
1,8-Cineole” 66.28
4-Terpineol 0.52
a-Terpineol 1.73
a-Terpinol acetate 3.39
Aromadendrene 2.85
Globulol 1.43
“1,8-Cineole is the main marker compund in euca-
lyptus oil responsible for insecticidal activity
Citronella Oil

Citronella oil is one of the essential oils obtained from the leaves and stems of dif-
ferent species of Cymbopogon (lemongrass). The oil is used extensively as a source
of perfumery chemicals such as citronellal, citronellol and geraniol. Citronella oil is
also a plant-based insect repellent, and has been registered for this use in the United
States since 1948. The United States Environmental Protection Agency considers
oil of citronella as a biopesticide with a non-toxic mode of action. Research also
shows that citronella oil has strong antifungal properties, and has even been used as
a successful spray-on deterrent against pets destroying household items including
effectiveness in repelling Aedes aegypti (Kim et al. 2005). The US Environmental
Protection Agency states that citronella oil has little or no toxicity when used as a
topical insect repellent, with no reports of adverse effects of concern over a 60 year
period. The US Food & Drug Administration considers citronella oil as generally
recognized as safe (GRAS) (USEPA 1993).

Dillapiole

Dillapiole is a phytochemical, monophenols, essential oil, commonly extracted
from Dill weed, but can also be found in variety of other plants, Piper aduncum,
Fennel root etc. (Shulgin and Sargent 1967). Dillapiole has been found to have a
significant synergistic action with insecticide like DDT, Carbaryl and Pyrethrin.
Dillapiole also shows anti-inflammatory, anti-bacterial, anti-housefly and larvicidal
activity against mosquitoes.
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3 Biopesticides Preference Over Synthetic Chemical Based
Pesticides for Application of Nano Delivery Systems

¢ Ascompared with the persistent and highly toxic synthetic chemical pesticides, the
bio-pesticides are biodegradable in nature and do not leave any harmful residue.

e These are ecofriendly in contrast to the synthetic ones, which are hazardous to
the environment and users.

e These are non-phytotoxic with greater selectivity towards the targeted pest
unlike the synthetic pesticides having phyto and mammalian toxicity and a broad
spectrum of action.

e The biopesticides have an array of constituents responsible for the insecticidal
action, so the chances of pests developing resistance is relatively less, whereas in
case of synthetic chemical pesticides, pest resistance and resurgence are quite
common.

e Availability of biological components (derived from naturally occurring plants)
is relatively easy as compared to the synthetic chemicals.

e The biopesticidal products have a great economic feasibility as low cost infra-
structure (equipments, raw materials etc.) is used in their production in contrast
to the synthetic products which use high cost machines and other ingredients.

* Bio pesticides are mostly target specific and susceptible to varying environment
conditions which mainly attribute to affect the efficacy of these molecules there-
fore the fast and accurate nano delivery systems may act as boon for eco- friendly
bio pesticides.

e Micro-emulsions, floating granules, surface spreading oils, combination formu-
lation with synergistic action and nano-encapsulations will be the future formu-
lation in biological pesticides.

4 Different Types of Plant Based Agrochemical Formulations

4.1 Conventional Formulations
4.1.1 Granules

A granular formulation is a product with a size range from 16 to 60 British Standard
BS mesh (250-1000 pm) with at least 90 % of the granules within the specified
mesh size range. Granules (Fig. 14.4A) are, therefore, the largest of the solid pesti-
cide formulations (apart from tablets) and their large size virtually eliminates drift
leading to much less loss of pesticide than with powder and liquid formulations.
Granular formulations are often used as pre-emergence herbicides or as soil insec-
ticides for direct broadcasting to the field. The active ingredient concentration is
usually from 1 to 40 % and the granules should be free flowing and should disinte-
grate in the soil to release the active ingredient (Agrow 1995).
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4.1.2 Wettable Powders

Wettable powders (Fig. 14.4B) are finely-divided solid pesticide formulations
which are applied after dilution and as a suspension in water. The powders contain
dry surfactants as powder wetting and dispersing agents and inert carriers or fillers
with the concentration of active up to 50 %. Wettable powders contain many parti-
cles of less than 5 pm and all the particles should pass through a 45 pm screen (350
BS Mesh or 325 ASTM Mesh) (Foy et al. 1998).

4.1.3 Dustable Powder

It consists of active ingredients (botanical powders) along with inerts and carriers
like china clay. Active ingredient either solid or liquid is gradually added in china
clay. After complete addition of the active ingredient it is ground in a mixer to get a
uniform composition. It is easy to formulate and use of inhalation during applica-
tion. Dust formulations (Fig. 14.4C) of spinosad have been found to be effective for
the control of some stored pests (Bonjour and Opit 2010). Dustable powder formu-
lations have been developed by IPFT, Gurgaon for the control of stored grain pests
and a patent has been filed.

4.1.4 Emulsifiable Concentrate (EC)

They are formulated by dissolving the active ingredient with emulsifying surfac-
tants in an organic solvent. EC (Fig. 14.4D) formulations are easy to use and, when
diluted in water, should give a stable “milky” emulsion with very little creaming
and no oil separation. Emulsion droplets up to about 10 pm are formed when the
product is diluted in water in the spray tank (Knowles 2008).

4.2 Drawbacks of Conventional Formulations

* Granules are considered to be the low strength products and require specialized
applicator equipments.

e Hazardous effects of dust and wettable powder during manufacture and
application.

e These are difficult to mix in spray tanks and have poor compatibility with other
formulations.

* Emulsion stability problems may arise after dilution in case of EC. They may be
phytotoxic to crops and use of solvent may harm the rubber/plastic in spray
applicators.
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Fig. 14.4 Plant based conventional and nanotechnology based new generation formulations
developed at IPFT
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5 New Generation Formulations

5.1 O/W Emulsions (EW)

Oil-in-water emulsions are now receiving considerable attention because of the
need to reduce or eliminate volatile organic solvents (VOCs) for safer handling. A
solid active may be dissolved in a water—immiscible solvent. Oil-in-water emul-
sions (EWs) consist of a dispersion of oil droplets in a continuous aqueous medium
(Tadros 1995).

5.2 Microemulsions

Microemulsions (Fig. 14.4E) are thermodynamically stable transparent dispersions
of two immiscible liquids and are stable over a wide temperature range. They have
a very fine droplet size of less than 0.05 pm (50 nm) and consist of three compo-
nents, namely: oily liquid or solid dissolved in organic solvent, water and surfac-
tant/co-surfactant system These components form a single phase containing
relatively large “swollen micelles” (Tadros 1995). Neem oil based microemulsions
were successfully developed at IPFT, Gurgaon, India (Singla and Patanjali 2013).

5.3 Nanoemulsions

Nanoemulsions are fine oil-in-water dispersions having droplet size ranging from
100 to 600 nm (Solans et al. 2003). They are thermodynamically and kinetically
stable with a natural oil and water in combination with a surfactant (Bouchernal
et al. 2004). Nanoemulsions using eucalyptus oil were successfully developed
against Tribolium castaneum, red flour beetle at IPFT, Gurgaon (Pant et al. 2014).

5.4 Novel Gel Technology

Gel (Fig. 14.4F) formulations are innovative products, which can be described as
thickened ECs packed in water-soluble bags. Gelation of liquid formulations can be
brought about by thickening agents such as polyacrylic acids, xanthan gum, silicas,
clays, surfactants and combinations thereof.
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5.5 Controlled Release Formulations (CRF),
Microencapsulation

This technology allows the controlled release of pesticide active ingredients and can
reduce product toxicity appreciably as well as reducing leaching from the soil
(Ribeiro et al. 2007). The polymer membrane or microencapsulation technique has
become popular in recent years which use the principle of interfacial polymeriza-
tion (Knowles 1998). Interfacial polymerization occurs at the interface where the
active component gets encapsulated. The rate of release of the active ingredient can
be controlled by adjusting the droplet size, the thickness of the polymer membrane
and the degree of cross-linking or porosity of the polymer (Fernandez-Pérez 2007).
Microcapsules (Fig. 14.4G) using neem seed oil and karanja oil were developed
against larvae of Aedes aegypti at IPFT, Gurgaon (Pant et al. 2012).

5.6 Tablet Formulations

Tablets (Fig. 14.4H) are emerging type of dry formulations especially useful with
compounds that are effective at grams per hectare application rate. The active ingre-
dients are compressed into a solid mass i.e. tablet with the help of a tablet machine.
The Basic components of pesticide tablet are active materials, diluents or filler,
binder, lubricants and wetting/dispersing agent. Floating tablets (Fig. 14.4]) are
used for aquatic insects and pests like mosquito larvae. Effervescent tablets can be
developed causing self-dispersion of pesticide. Botanical tablets were successfully
developed against Periplaneta americana (american cockroach) at IPFT, Gurgaon,
India. The technology was patented (Patanjali et al. 2014; Application No.: 2705/
DEL/2012).

5.7 Coil Formulations

Coil formulation comprises of botanical active ingredients, inerts: burning materials
and binders and preservatives in the proportion: Saw dust (binder) 30-60 %, Jigat
(binder) 20-30%, Guar gum (binder) 5-7 %, Potassium Nitrate (burning) 2-3 %,
Sodium Benzoate (preservative) 0.5-1.0 %. These ingredients are properly dried,
powdered, mixed well and finally extruded through a coil machine to get the prod-
uct i.e. coil. Preservatives are used to preserve the repellant properties for a longer
period and to increase their shelf life. Mosquito coils (Fig. 14.4])) against the adults
of Aedes aegypti were successfully developed at IPFT, Gurgaon, India. The technol-
ogy is patented (Patanjali et al. 2012; Application No.: 365/DEL/2010).
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6 Advantages of New Generation Formulations

* Replacement of toxic solvents by water in micro/nanoemulsions and selection of
safer solvents.

* Use of safer surfactant components with low toxicity, low skin irritation and
enhanced biodegradability in formulations like micro-emulsions, gels, o/w emul-
sions etc.

e Broad spectrum inerts/fillers can be used in the novel formulations viz. tablets
and coils.

* Controlled release formulations can be used with triggered release of active for
better performance and shelf life.

» Better surface coverage and target specificity is achieved in case of nanotechnol-
ogy based pesticide formulations due to size reduction.

e Majority of these formulations have compatibility in tank mixes.

* Sustained and residual bio-efficacy along with increased shelf life.

7 Conclusion

Increasing attention is being paid to the development of safer, effective and more
environmentally friendly pesticide formulations to combat the alarming problems
of pest-resistance, pest resurgence pesticide residues and contamination of bio-
sphere. This has led to the development of water-based liquid formulations regarded
as ‘new technology’. This chapter describes the new possible technological devel-
opments in pesticide formulations using nano- technology with details on research
and development done at Institute of Pesticide Formulation Technology which has
evolved new technologies that resulted into improving the shelf life of the product/
formulation and increasing its bio-efficacy against the targeted insect pest.

The developed world has progressed substantially in this regard to develop eco-
friendly formulations which are safer to food and the environment. Application of nano-
technology in formulation product development will be definitely helpful in decreasing
the load of pesticide by decreasing its dose required for pest control/crop protection.

The work carried out at IPFT, greatly emphasizes on the development of envi-
ronment and user-friendly pesticide formulations, also biodegradable, with the
incorporation of latest technologies, and also on their commercialization.
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Chapter 15
Nano-Biofungicides: Emerging Trend
in Insect Pest Control

Atanu Bhattacharyya, Prabha Duraisamy, Marimuthu Govindarajan,
Abdul A. Buhroo, and Ram Prasad

Abstract Application of pesticides, which encompasses insecticides, fungicides,
herbicides, nematicides etc., being used for plant defence mechanisms, embarrasses
pest organisms. Although, pesticides eliminate the problem of pests, the use of syn-
thetic pesticides has resulted in unsustainable management of our soil resources.
This can be explained as due to the development of resistance by the pest organisms
on continuous exposure to the pesticides, thus posing a challenge which leads to
development of new classes of pesticides. These pesticides, apart from targeting the
pest organisms, causes undesirable effects to all matrices of the environment-viz,
soil, water, air, biota etc., Hence, the need for the development of ecofriendly pesti-
cides becomes immediate inevitability. However, there is no one single method for
efficient command on insect pests. Among the various classes of pesticides, fungi-
cides form a major group of domineering plant diseases of fungal origin, either by
inhibiting the growth of the fungi or by complete biocidal activity. The significance
of fungicides is due to the fact that fungal diseases stands first in crop thrashing
world wide. Currently, apart from the existing synthetic fungicides in the market,
biofungicides occupies an unique position in controlling target diseases of fungal
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origin. An advanced technology in the field of biopesticides is the employment of
engineered nanomaterials. These nanomaterials are more reactive can conjugate
with biofungicides forming covalent bonds. This unique property of nanomaterials
are exploited to manage the plant-pest chain. Therefore, this manuscript focus on
nanobiofungicides as a powerful alternative for eco-friendly management of insect
pests, in the coming decade.

1 Introduction

Biofungicides denotes the class of fungicides which have been derived from a bio-
logical organism inclusive of, but not constrained to bacteria, fungi, animal or plant
and plant products. A consortium of beneficial fungi and bacteria that can colonize
and defeat plant pathogens can be very effective against plant pathogens, thereby
thwarting the diseases they cause. As these microorganisms are found in the soil,
they offer an eco-friendly way of suppressing insect pests. The mechanism of bio-
cidal activity of the biofungicides are different depending on the microorganisms
employed-viz, rhizosphere competence, parasitism, antibiosis, inducing metabolic
changes, stimulating plant growth etc. (Saraf et al. 2014; Shrivastava et al. 2014).
Although integrated pest management, which includes processes like, crop rotation,
selection of disease-tolerant or disease-resistant cultivars (cultivars genetically less
susceptible than other cultivars) (Francis and Keinath 2010) is considered efficient
in inspecting plant diseases, fungicides also play a significant role in plant disease
supervision as fungal infection has been shown to be the major cause of economic
loss in agriculture and crops of economic importance (Francis and Keinath 2010;
Gawai 2015). Bacillus pumilus, Bacillus subtilis, Pseudomonas syringe,
Coniothyrium minitans, Streptomyces griseoviridis, Trichoderma harzianum,
Streptomyce lydicus, Gliocladium virens, are a few examples of microorganisms
that play an ingredient in plant disease supervision (Francis and Keinath 2010). A
wide variety of chemical compounds are being used as antimicrobial agents to
inhibit pathogenic plant fungi (Gawai 2015). In view of the increased hazard put
forward by the synthetic pesticides, thus nanotechnology is being explored for their
possible controlling phenomena of numerous plant diseases. The role of nanotech-
nology in plant and soil systems demonstrates that nanomaterials may help in the
controlled release of agrochemicals for sustenance and defence against insect pests
and pathogens of plants (Sekhon 2014) (Fig. 15.1).

2 Biopesticides

Biopesticides refers to certain types of pesticides that may have their origin from any
biological form like animals, plants, bacteria etc. their non-toxic mechanism of
action projects them as a viable alternative towards sustainable insect pest control



15 Nano-Biofungicides: Emerging Trend in Insect Pest Control 309

Pesticide residues Chemical

Disease detection Biopesticides

plant origin
microorganisms
enzymes/inhibitors

Chemical

Catalytic Biofertilizers
reduction Micronutrients
Photocatalytic Plant growth promoting
reduction hormones

Nucleic
acid delive

Natural nanoclays RNAI
Remediation
Soil binding
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(Usta 2013). Microbial bio-pesticides are designed based on the pathogenicity of a
microorganism towards a target pest organism. The antimicrobial metabolites of some
species of bacteria belonging to the genus Bacillus sp. and Pseudomonas sp. have
been demonstrated to be effective bio-control agents. Russia, Australia and the United
States, etc. are marching towards new fungicide development. However, only a few
entomic-pathogens have been developed as bio-control agents. Trichoderma species
is a potential candidate which act as a safe microbial pesticide. China, Russia, Belarus
and to a lesser extent India and Thailand, is now becoming an imperative producer of
Bacillus thuringiensis products which are used at length. Several studies have demon-
strated the insecticidal action of Bt. delta-endotoxin Cry1C, which carry out bacte-
rium bio-pesticides potency (Leng et al. 2011; Prasad et al. 2014).

3 Biopesticide and Its Mode of Action

Bio-pesticides are microorganisms and their substances produced by microorgan-
isms. The ingredient of microorganisms performing as a biopesticide which should
be registered and can be used as a crop protection product. Plant stimulates micro-
organisms by the ascent of sap procedure. Furthermore, it is very essential to know
that the different modes of action of the bio-pesticide at the time of fungi-host inter-
action. This process exists a competition with several microorganisms. The effect of
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a bio-pesticide is an amalgamation of different modes of functions. Trichoderma
harzianum, for example exhibits a competition with antibiosis and there by induces
resistance in the plants. The current scenario of January, 2015 can be demonstrated
that most of the tomato and sweet pepper growers used integrated control for most
insect pests and plant diseases, almost year-round. It may be consider that eight new
bio-pesticides were used as test cases for easier registration in a ‘Green Deal pro-
cess' (Gupta and Dikshit 2010; Vijayalakshmi et al. 2015).

4 Nanomaterials-Based Insecticides

Nanotechnology is a promising field of interdisciplinary research extending a broad
spectrum of opportunities in various fields like insecticides, pharmaceuticals, elec-
tronics, agriculture etc (Bhattacharyya et al. 2015; Prasad et al. 2014). The potential
uses and benefits of nanotechnology are enormous which also includes supervision
of insect pests through formulation of nanomaterials-based insecticides. Conventional
strategies like integrated pest management used in agriculture are inadequate and
hence solicit for prevention of chemical pesticide application which have adverse
impacts on animals and mammalian system (Bhattacharyya et al. 2015). Therefore,
it is considered that nanotechnology can provide a green and efficient alternative for
the management of insect pests in agriculture without disturbing the natural harmony
(Ragaei and Sabry Al-Kazafy 2014). The pathogenic fungi such as Rhizoctonia
solani, Fusarium spp., Phythophora spp., infects whole plants whereas species such
as Botrytis cinerea infects only the green parts and fruit tissues (Abd-Elsalam and
Alghuthaymi 2015). Development of nanopesticide, however, is still in initial stage.
Expansion option of eco-safe antifungal agent like bio-based nanomaterials is the
immediate need of the hour to defend fungal pathogens. In this aspect, nanotechnol-
ogy coupled with biological mechanisms can prove to be an effective technology in
agricultural pest management. The expression nano-fungicides is used to explain any
fungicide formulation which includes, organic ingredients like, active ingredients,
polymer-based inorganic silica nanoparticles, titanium dioxide, nanoemulsions and
nanoclays in various forms (Lee et al. 2013; Nuruzzaman et al. 2016). Further, the
self regulating ability of the carriers aids in delivering the required dose of pesticides
into the plant tissue, thus minimizing pesticide use (Sharon et al. 2010). Therefore,
formulation of nano-biofungicide is under process which enables the microorganism
to exhibit its biocidal activity on the pathogen, only when the biopesticide is within
the target organism. This is made possible by the self-regulation capacity of the
nanomaterial (Nuruzzaman et al. 2016).

The commercially available “Diyarex Gold” can be shown as a best example for
biofungicide, developed and processed through molecular nanotechnology by
R.V. Agri Corporation. Diyarex Gold has been demonstrated to be an efficient bac-
tericide and fungicide which are attributed as due to the natural components that
make up the product. It has been certified that the product can be used as an eco-
friendly bio-fungicide that leaves no residue in the plants or their tissues (Certified
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by Biocert India) thus rendering safety to humans and the environment, especially
non toxic to economically important insect communities like bees etc. Diyarex
Gold is the new generation of bio-fungicides used in the control of powdery mil-
dews, downy mildews, rust and early and late blight diseases in vegetables, herbs,
grapevines and orchards etc.

4.1 Nanomaterials in Agriculture

Application of biosynthesized nanoparticles in agriculture aims towards sustain-
able development (Fig. 15.2). Nanomaterials are carrier of agrochemicals
(Bhattacharyya 2009a), which facilitating targeted delivery of essential nutrients,
thus enhancing growth and yield of the host. They also act as nano-biosensors for
crop protection (Singh et al. 2015a). Moreover, much importance is given to the
recent development in plant science pertaining to nano-biotechnology that focuses
on agricultural practice, plant growth and yield etc. (Bhattacharyya et al. 2009b,
2015). Bio-reduction of nanomaterials- may be obtained from either in vitro or
in vivo process. Enzymes, proteins, sugars, and phytochemicals like flavonoids,
phenolics, terpenoids, cofactors, mostly act as reducing and stabilizing agents for
synthesis of nanoparticles (Prasad 2014). Synthesis of TiO,-NPs (36-38 nm,

Nanoparticles synthesis
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Fig. 15.2 Schematic representation of synthesis of nanoparticles through biological/green method
(adopted from Singh et al. 2015a)
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spherical shape) using a leaf extract of Eclipta prostrata which clearly denotes that
nanomaterials, specially, titanium hydroxide may organize at room temperature
(Rajakumar et al. 2012). The reduction was endorsed due to presence of carboxyl
group (COOH) stretch and amine (N-H) group (other several secondary metabo-
lites) present in the extract of the plant. It can also be considered that the Cu ions
present in the plant that helps to reduce the biosynthesis of CuO NPs (5-10 nm,
spherical size) and they were found to be active against both Gram positive and
Gram negative bacteria (Awwad et al. 2015; Acharyulu et al. 2014; Philip 2009;
Vardhana and Kathiravan 2015). Moreover, the produced nanoparticles exhibit
greater antibacterial activity against Bacillus subtilis in comparison to ampicillin.
CeO, NPs (5 nm, spherical shape) with antibacterial properties were successfully
synthesized from Gloriosa superba leaf extract (Kargara et al. 2015; Arumugama
et al. 2015; Singh et al. 2015a). The use of nanoparticles for release of anti-micro-
biological or drug molecules will be highly demanding task in near expectations
for conduct of all pathological torment plants. The possible reimbursement of nan-
otechnology for agriculture and food need to be impartial alongside of concern as
the soil, water and environment are related in this process (Bhattacharyya et al.
2010; Khot et al. 2012; Singh et al. 2015a, b).

4.2 Nano-Pesticide

The persistence capacity of pesticides is considered to be of significant importance
during the early stages of plant development as it helps in reduces pest population
thus have an effective control over pests for longer phase. Hence, the use of active
ingredients in the applied surface of the host remnants is one of the most cost-effec-
tive and adaptable means of controlling insect pests. Encapsulation of the active
ingredient becomes essential to protect them from adverse environmental conditions,
thereby promoting a long persistence. For a biopesticide to act efficiently and thus
the process of nano-encapsulation can be implement successfully. Since, the process
of nano-encapsulation of the pesticides makes it possible for time controlled release
or released upon the occurrence of environmental triggers like temperature, humidity
and photoperiod etc. (Nair et al. 2010). The development of nano-encapsulated pes-
ticides is on the mounting progression (OECD and Allianz 2008). However, its avail-
ability in the commercial market is yet to take place in the near future, although
recent researches have proposed that the encapsulation of insecticides and fungicides
will help in improving the nano-formulations which offers efficient control of insect
pests, simultaneously preventing accumulation of residues in soil and other environ-
mental matrix (Manimaran 2015; Channabasava et al. 2015). The development of a
nano-encapsulated pesticide formulation that has slow releasing resources with
enhanced solubility, permeability, and stability (Manimaran 2015; Channabasava
et al. 2015). These assets are mainly attained through either protecting the encapsu-
lated active ingredients from early degradation or increasing their insect pest control
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Fig. 15.3 Schematic diagram of nanoencapsulation in pesticide applications (reprinted with per-
mission from reference Nuruzzaman et al. (2016), copyright 2016 American Chemical Society)

efficacy for a longer period. Nano-encapsulated pesticide formulation is able to
reduce the dosage of pesticides and thus no human hazard will expose. Moreover, it
may consider as high quality of eco-friendly material for crop protection. However,
be short of knowledge of the mechanism of synthesis and there is no appropriate
information of a cost-benefit analysis of nano-encapsulation materials delayed their
application process in relation to pesticide delivery (Fig. 15.3). The scientific research
deliver fundamental and critical information for technocrats in the field of nanotech-
nology, especially in the use of nano-encapsulation techniques in relation to pesti-
cides deliver (Nuruzzaman et al. 2016).

4.3 Nanobiofungicide

Review of literature reveals extensive application of biosynthesized silver
nanoparticles as antifungal agents against potential plant pathogenic fungi (Jo et al.
2009; Lee et al. 2013; Gopinath and Velusamy 2013; Mishra et al. 2014; Adil et al.
2015). Microorganisms like bacteria, algae, yeast, fungi, actinomycetes and virus are
being used in biomediated synthesis of nanometals (Prasad 2014; Prasad et al. 2014,
2015; Aziz et al. 2015). In the near the beginning, copper nanoparticles were dis-
solved in water and used as fungicide for controlling diseases of grape trees and other
fruit trees (Lee et al. 2013; Bhattacharyya et al. 2015). Seeds coated with silver
nanoparticles have shown enhanced germination potential (Parveen and Rao 2015).
However, no significant difference has been observed when the silver nanoparticles
were used for seed germination in comparison with fungicides process. Therefore, it
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can be an option to use conventional fungicides for protecting the seeds against fun-
gal infection. The interest in nanopesticides appears as a centre part predominantly.
The different formulation process like, polymer-based nanoformulations, inorganic
nanoparticles such as silica and titanium dioxide, and nanoemulsions are the pre-
dominant one (Vijayalakshmi et al. 2015). Application of these formulations, com-
pared to existing formulations results in the discharge of active ingredient in a slow
and targeted manner to the host, thus protecting the seeds against degradation
(Vijayalakshmi et al. 2015). Nano encapsulated pesticide requires only a small quan-
tity which can be used for plant pathogen control. This pesticide is effectively used
without causing much harm to the environment. Several nano-pesticides have been
developed which are bio-safe and has a molecular communication with plant, soil
and environment on a dose dependent manner, when dispersed onto the soil (Nair
et al. 2010; Abd-Elsalam, 2013; Prasad et al. 2014). It is expected that large number
of nano-pesticide formulations will be introduced in agricultural fields commercially
in near future which move towards sustainability process (Vijayalakshmi et al. 2015).
Fungi are associate with the plant diseases and thus subsequently the most important
to economic loss. Numerous genera of plant pathogenic fungi, are widespread in
nature. To cite a few examples like, Fusarium sp., Phoma sp., Aspergillus sp.,
Phytopthora sp., Phyllosticta sp., are considered the most effective pathogens of
plants (Rai and Ingle 2012). It has been demonstrated that most of the pathogens can
be managed by nanomaterials or by nano-biofungicide (Ingle et al. 2014; Singh et al.
2015a; Yadav et al. 2015). Preliminary studies have shown the efficiency of nanoma-
terials in improving seed germination and development. The strengthening of natural
fibres from Cocos nucifera and Agave sisalana is made possible by employing car-
bon nano fibres (Khot et al. 2012; Abd-Elsalam and Alghuthaymi 2015).

It may be proposed that the several nanoparticles have been formulated with pes-
ticide colloidal suspensions or in powder form with nano or micro scale. These for-
mulations are effective in improving the stability of the active organic composite
(UV, thermal, hydrolysis, etc.), foliar settling, reduction in foliar leaching, systemic
action, synergism, specificity and other several forms. Collectively these mecha-
nisms results in minimum dose of pesticide application. Frequency of application of
pesticides thus mitigating the impacts of these pesticides on human and other envi-
ronmental exposures. These formulations may not be restricted to synthetic insecti-
cides but can also be extended to natural products like herbal or other plant extracts
for controlling insect pests (Joselito and Soytong 2014). Efficient green synthesis of
silver nanoparticles by extracellular processes of microorganisms have been reported
(Lamsal et al. 2011a, b). Extracellular synthesis of nanoparticles mediated through
the fungi- Pestaloptiopsis pauciseta and the endophytic fungus Pestaloptiopsis sp.
are exploited for use as antimicrobial agents either individually or in combination
with antibiotics. Silver nanoparticles synthesized extracellularly by the bacterium
Serratia sp. BHU-S4 has been demonstrated to be effective against the fungus
Bipolaris sorokiniana, a causative agent of Spot blotch disease in wheat (Lamsal
et al. 2011b). Further investigations in that meadow can lead to the improvement of
the methods for the treatment of microbial infections (Kah et al. 2013; Abd-Elsalam
2013; Vardhana and Kathiravan 2015).
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4.4 Fungi as Efficient Mycosystems

Mycosystems serve as an invaluable resource rendering immense provision in vari-
ous fields including but not limited to biotechnology, bioremediation of contami-
nated lands, biomining, bioleaching, biomineralization and biocorrosion etc.,
(Klaus-Joerger et al. 2001; Korbekandi et al. 2009; Narayanan and Sakthivel 2010).
Among the various biological agents that are harnessed for the synthesis of metal
nanoparticles, fungi are used predominantly due to their high metal tolerance poten-
tial and their ability to bioaccumulate metals (Prasad et al. 2015). Fusarium oxyspo-
rum, Aspergillus fumigates, Verticillum spp., Phytophthora infestans are few
examples of mycosynthesis of metal nanoparticles (Rai and Duran 2011). The fun-
gal system possesses high cell wall binding capacity and also intracellular metal
uptake capability (Sanghi and Verma 2008; Hemath et al. 2010; Ingle et al. 2014).
The fungus, Verticillium sp., for example, showed efficient reduction of silver ions
leading to the synthesis of silver nanoparticles below the surface of the fungal cells
(Mukherjee et al. 2001). Furthermore, Fungi can be easily cultured therefore syn-
thesis of nanoparticles is also very simple (Chan and Mashitah 2012). Furthermore,
it is an economically feasible technology on a large scale (Prasad et al. 2015). Fungi
secrete a large amount of extracellular enzymes required for synthesis and higher
yield of nanoparticles (Alani et al. 2012; Birla et al. 2009; Kumar et al. 2007,
Narayanan and Sakthivel 2010). Moreover, the nanoparticles precipitated extracel-
lular and hence are devoid of cellular components and therefore, can be directly
used for different applications (Narayanan and Sakthivel 2010). It is also important
to mention here that fungi requires simple nutrition for chemo-organotrophs
(Siqueira et al. 2002). The majority of these fungi grow on land and derive their
food from dead organic matter. Some fungi also grow as parasites (Volesky and
Holan 1995). Fungi generally feed by secreting enzymes that digest their food in
extracellular process and the remaining food is then absorbed and completely
digested internally (Frisvad et al. 2008; Alghuthaymi et al., 2015). As we know that
the secondary metabolite is a chemical compound produced by a limited number of
fungal species. Several secondary metabolites consists of all the different com-
pounds of fungus that can produce on a given substratum and includes toxins, anti-
biotics and other several compounds (Frisvad et al. 2008). As denoted earlier, the
fungal cell wall is a dynamic structure that provides the cells with perfunctory
potency to tolerate changes in osmotic pressure and environmental stress (Valentine
et al. 2002; Duran and Nombela 2004; Bowman and Free 2006).

5 Conclusion

Nanoformulations are viewed to be a safer and environment friendly option for
plant disease management. Nano-bio-fungicide may evolve as the next generation
pesticide owing to its properties like high effectiveness, durability and less dose of
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active ingredient required in this process. Nano-bio-fungicides can be equipped in a
simple and cost-effective manner for formulating hybrid nanocides. The component
can be used as a eco-friendly antimicrobial agent to different fungal pathogens in
different plants and also may act as insect pest control of the host plant. Fungi are
used as bio-manufacturing unit which will offer an additional advantage in exis-
tence form trouble-free use as compared to other microbes. The non-pathogenic
nature of some fungal species in synergism with other fungi helps in mass produc-
tion of silver nanoparticles. In view of safety of nanobiofungicides to public health
and to the environment as a whole, nanobiofungicides, similar to any new substance
should be subjected to toxicological evaluation before being made commercially
available. This is essential, as because, human uptake of nanomaterials through
food chain by consumption of plants and animals or their products treated with
nanomaterials during agriculture or farming practice which comprise a chief trans-
mit source of exposure.
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Chapter 16
Nanocellulose Production Using Cellulose
Degrading Fungi

Nadanathangam Vigneshwaran and Prasad Satyamurthy

Abstract Nanocellulose, a novel material derived from cellulosic biomass,
consists of cellulose having at least one dimension in the nano-size (<100 nm).
Very high surface area to volume ratio (50-200 m?%g), high tensile strength
(1-10 GPa) and low density (1.45 g/cc) make nanocellulose an attractive material
as reinforcement agents in high performance composites. Earlier, nanocellulose
was produced by concentrated sulphuric acid hydrolysis that removed the amor-
phous region leaving behind highly crystalline nanocellulose whiskers. Though
they are stable due to sulfation on surface, scaling up could not be achieved due to
reasons related to handling of concentrated (64 %) sulphuric acid and effluent dis-
posal. Recently, research effort is towards mechanical preparation of nanocellulose
by high pressure homogenization process that could circumvent the effluent prob-
lem. But, here the bottleneck is very high energy consumption (30,000 kWh/tonne)
for nanocellulose production and frequent clogging of the production system.
Various pre-treatments methodologies are evolved to reduce energy consumption
and to avoid clogging in homogenizer. One among them, cellulase enzyme pre-
treatment, is very popular and highly researched due to eco-friendliness and effi-
cacy. Apart from cellulase enzyme the cellulase secreting fungi as such are being
used for ease of handling and to reduce the cost of enzyme processing. Well studied
fungi include Trichoderma sp. and Aspergillus sp. for pre-treatment of cellulosic
biomass before homogenization process for production of nanocellulose. Lately,
controlled hydrolysis by fungi itself evolved for production of nanocellulose
thereby bypassing the homogenization process step. This makes fungi a versatile
organism for production of nanocellulose.
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1 Nanocellulose

Cellulose, the most abundant biomass available on Earth, is a biodegradable homo
-polymer of B-(1, 4) linked p-glucose units. Cellulose is a straight chain polymer
consisting of multiple units of b-glucose linked together in a repeating, overlapping
pattern, resulting in a high tensile strength polymer. Cellulose is the main structural
component of the primary cell wall of plants, many forms of algae and fungi. For
industrial use, cellulose is obtained from wood pulp, agro-biomass and cotton
(Satyamurthy and Vigneshwaran 2013). Nanocellulose is a novel biomaterial
derived from any cellulosic biomass by various processes viz., mechanical, chemi-
cal, biological and in combinations of them. They are very much interesting due to
its renewable nature, anisotropic shape, excellent mechanical properties, good bio-
compatibility, tailorable surface chemistry, and interesting optical properties (Prasad
et al. 2015; Abitbol et al. 2016). At least, any one dimension of nanocellulose has to
fall in the region of nanometres (1-100 nm). They are classified as nanocrystalline
cellulose (NCC) and nanofibrillated cellulose (NFC) according to its aspect ratio.
NCC has the aspect ratio less than 100, and in general, called as nanowhiskers due
to their elongated whisker shape. In case of NFC, the aspect ratio is more than 100,
and in general, they are more than 1000 so that it forms a very long fibrillated struc-
ture. Further classifications can be based on the method of preparation, source of the
raw material and intended application area. Figure 16.1 shows the overall classifica-

tion of nanocellulose.
Classificaitons of
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Fig. 16.1 Classifications of nanocellulose
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The purest form of nanocellulose could be obtained from cotton fibres and
bacterial cellulose, while other raw materials require extensive purification to
remove lignin, hemicellulose and other impurities. Nanocellulose can be produced
by top-down approach (mechanical/chemical/enzymatic degradation) or bottom-up
approach (bacterial cellulose synthesis). The major areas of application of nanocel-
lulose include pulp and paper, polymer film composites, paint and pigments, non-
calorific food thickeners and drug delivery system. In spite of established application
potential of nanocellulose, the major bottleneck encountered is the requirement of
huge amount of energy in production of nanocellulose. An extensive review on this
aspect was recently published by our research group (Bharimalla et al. 2015). The
NCC and NFC isolated from pure rice straw cellulose via sulfuric acid hydrolysis,
mechanical blending and TEMPO-mediated oxidation resulted in 16.9, 12 and
19.7 % yields, respectively. Sulfuric acid hydrolysis produced highly crystalline (up
t0 90.7 % Crl) rod-like (3.96—-6.74 nm wide, 116.6—-166 nm long) NCCs with nega-
tive surface charges (—67 to =57 mV); Mechanical defibrillated NFCs were 82.5 %
crystalline and bimodally distributed in sizes (2.7 nm wide and 100-200 nm long;
8.5 nm wide and micrometers long); and TEMPO mediated oxidation liberated the
most uniform, finest (1.7 nm) and micrometer long, but least crystalline (64.4 %
Crl) NCCs (Jiang and Hsieh 2013). Figure 16.2 shows the various options of modi-
fying nanocellulose for diversified applications (Dufresne 2013).

2 Cellulose Degrading Fungi

Cellulose is degraded by cellulase enzymes that are highly specific in nature and the
product of hydrolysis is glucose. The utility cost of enzymatic hydrolysis is low as
compared to acid or alkaline hydrolysis process since enzyme hydrolysis happens at
relatively mild conditions viz., pH 4.8 and temperature 45 °C (Sun and Cheng 2002).
In general, aerobic fungi and anaerobic bacteria are known to produce cellulase
enzyme. In case of aerobic fungi, cellulases are produced as multi component enzyme
system comprised usually of three components that act synergistically in the hydrolysis
of cellulose; endoglucanases (EC 3.2.1.4), cellobiohydrolase (EC 3.2.1.91) and cello-
biase (B-glucosidase, EC 3.2.1.91). In case of anaerobic bacteria, large multi protein
complexes known as cellulosome are involved in degradation of cellulose and it has
about 11 different enzymes aligned on the non-catalytic scaffolding protein that ensure
a high local concentration, together with the correct ratio and order of the components.
Figure 16.3 shows the action of cellulase enzyme on cellulosic substrate and Fig. 16.4
shows the action of cellulosome on cellulosic substrate (Beckham et al. 2011).

Cellulase has applications in diversified industries including agriculture (for
enhanced plant growth and flowering), bioconversion (ethanol from cellulose),
detergents (superior cleaning with fibre damage), fermentation (improved aroma
of wines), food (clarification of fruit juices), pulp and paper (co-additive in pulp
bleaching), and textile (biopolishing of textile fibers) (Kuhad et al. 2011;
Salahuddin et al. 2012).
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Fig. 16.2 Various modifications of nanocellulose for diversified applications. Reprinted with per-
mission from Dufresne (2013)

3 Production of Nanocellulose by Cellulose Degrading Fungi

The enzymatic hydrolysis of cellulose, particularly hydrogen-bonded and ordered
crystalline regions, is a very complex and slow process. Among the two major types of
cellulose (algal-bacterial type rich in cellulose Ia crystalline region and cotton—ramie
type rich in cellulose 1), algal-bacterial type is highly susceptible to cellulase enzyme.
The cotton cellulose is recalcitrant due to the dominance of cellulose I structure. In
our work (Satyamurthy et al. 2011) we have explored a possibility of controlled hydro-
lysis of microcrystalline cellulose (MCC) using the fungus 7. reesei with the yield of
22 %. The penetration of fungus into the ordered regions of MCC during incubation
resulted in reduced crystallinity of nanocellulose prepared by microbial hydrolysis
compared to that of acid hydrolysis. Figure 16.5 shows the AFM images of nanocel-
lulose prepared by controlled microbial hydrolysis in comparison with that of sulfuric
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Fig. 16.3 The Trichoderma reesei Family 7 cellobiohydrolase (Cel7A) acting on cellulose. Cel7A
is comprised of a 36-amino acid CBM, a linker domain with O-glycan (dark blue), and a large
catalytic domain with N-linked glycan (pink) and a 50-A tunnel for processing cellulose chains
(green). The cellobiose product is shown in yellow (e) and (f). Here, the putative steps that Cel7A
takes to deconstruct biomass and the hypothesized free energy surface for each elementary step
(a—f) is shown. Reprinted with permission from Beckham et al. (2011)

acid hydrolysis process. The soft rot ascomycetes fungus Trichoderma reesei is utilized
for industrial production of secreted enzymes, especially lignocellulose degrading
enzymes. 1. reesei uses several different enzymes for the degradation of plant cell wall-
derived material, including nine characterized cellulases, 15 characterized hemicellu-
lases and at least 42 genes predicted to encode cellulolytic or hemicellulolytic activities
(Mari Hékkinen et al. 2014). As this fungus is being exploited for commercial use,
nanocellulose production using this fungus also will add a new dimension. Earlier
studies reported the successful production of NFC using the endoglucanase enzyme in
combination with mechanical shearing and high-pressure homogenization (Henriksson
et al. 2007; Paikko et al. 2007; Zhu et al. 2011), but, with a lot of energy input.

In our another work, the enriched anaerobic microbial consortium (for cellulase
production) is proven to be efficient in hydrolyzing microcrystalline cellulose to
produce nanocellulose in a span of 7 days with a maximum yield of 12.3%.
Nanocellulose prepared by this process has a bimodal particle size distribution
(43+13 and 119+9 nm) (Satyamurthy and Vigneshwaran 2013). Figure 16.6 shows
the AFM image of nanocellulose prepared by anaerobic microbial consortium.
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Fig. 16.4 Multi-scale modeling can aid in the understanding of the cellulosomal complex and
enzyme—cellulose interactions in the cellulosome. Here are several open questions at various
degrees of resolution together with methods to probe each question. (a) A simple coarse-grained
model has been developed to study self-assembly of the entire cellulosome enzyme complex as a
function of enzyme concentration and other relevant variables. (b) Rigid body MD enables calcu-
lation of solution behavior directly from simulation to compare with SAXS and FRET experiments
of the large CbhA enzyme. (¢) Multiple scientific questions exist at the atomistic scale that can be
examined with methods such as rare event simulation to understand mechanisms of threading cel-
lodextrin chains into cellulase tunnels, free energy perturbation methods for relative binding free
energies and absolute binding free energies of carbohydrates to cellulases and CBMs, docking
calculations to understand the non-covalent binding at the atomic scale, steered MD to understand
the work to extend putatively flexible proteins, and REMD to understand intrinsic disorder.
Reprinted with permission from Beckham et al. (2011)

4 Purification of Nanocellulose

Purification of nanocellulose becomes a bottleneck while dealing with the microbial
process of nanocellulose production. Many of the broth components and fungal
secretes are also fall in the nanometer size range that makes it difficult for separation of
nanocellulose. The two different options of separation of nanocellulose from the fungal
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Fig. 16.6 AFM image of spherical nanocellulose prepared using anaerobic microbial consortium.
Reprinted with permission from Satyamurthy and Vigneshwaran (2013)

culture and broth components include differential centrifugation and filtration through
membrane filters. While differential centrifugation is a tedious and time consuming
process, the filtration process suffers due to frequent blocking. Also, since the nanocel-
lulose product size distribution is very wide, the differential centrifugation/filtration
techniques could not purify all the nanocellulose that formed during the process. Newer
ideas including immobilization of fungal cultures during the controlled hydrolysis pro-
cess in combination with differential rate of settling of nanocellulose in the broth are
being developed as alternate means of purification of nanocellulose. Figure 16.7 shows
the overall fermentation system for production of nanocellulose by hydrolysis of cel-
lulose using the fungus Trichoderma reesei.

5 Application of Nanocellulose

Three different applications of nanocellulose were recently reviewed (Gémez et al.
2016): (1) nanocellulose as a stabilizing agent, (2) nanocellulose as a functional food
ingredient and (3) nanocellulose in food packaging. The last is the most common
application of nanocellulose in the food industry. Nanocellulose has potential use as
a stabilizing agent in food emulsions, as dietary fiber and to reduce the caloric value
of food. Nevertheless, validated standards to characterize the produced nanostructure,
quantify its properties and evaluate its toxicity are still required to answer safety and
regulatory issues to achieve the incorporation of nanocellulose as a commercial
product in the food industry. In another work (Ioelovich 2016), applications of five
kinds of nanocellulose, crystalline nanoparticles, amorphous nanoparticles, nanofi-
brillated cellulose, bacterial nanocellulose, and cellulose nanoyarn that in various
areas of care and cure were discussed. The crystalline nanoparticles are applied as
multifunctional agents in cosmetic remedies and dentifrices. The amorphous
nanoparticles can be used as an antibacterial and hemostatic nanoagent. Nanofibrillated
cellulose is characterized by excellent thickening and gel-forming properties.
Bacterial nanocellulose finds applications in diverse areas of personal care and bio-
medicine. Nanoyarn can be used to create new types of wound dressings.



16  Nanocellulose Production Using Cellulose Degrading Fungi 329

/ l FERMENTATION SYSTIm
Cellulose
Ble——
Microcrystalline
cellulose

W | [ Cellulase

enzyme

l Nanocellulose

Glucose Nutrient & Inducer for cellulase

Purification

Nanocellulose

Fig. 16.7 Schematic representation of fermentation system for production of nanocellulose

The other main areas of nanocellulose research including photonics, films and
foams, surface modifications, nanocomposites, and medical devices were reviewed
in an another work (Abitbol et al. 2016). Nanocellulose, with its ability to form
hydrogen bonds resulting in strong network makes it very hard for the molecules to
pass through, suggesting excellent barrier properties associated with films made
from these material (Nair et al. 2014). In most of the applications dealing with bio-
logical system, it is better to have the nanocellulose without any surface modifica-
tion and without metallic contamination. While the chemically produced
nanocellulose inherits the sulfated or carboxylated surface, mechanically produced
nanocellulose suffers heavy metal contamination during processing in high energy
refining and milling processing. In these circumstances, nanocellulose produced by
fungal hydrolysis route offers an excellent alternative as they are bio-compatible
and retains the cellulosic nature on its surface.

6 Challenges and Ways Ahead

Table 16.1 shows the comparative aspects of nanocellulose produced by different
processes, viz., mechanical, chemical, enzymatic and microbial processes. Each
and every process has its own merits and demerits and selection depends on the
demand and potential application to be explored.
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Table 16.1 Comparison of nanocellulose produced by different processes

Parameters of Methods of preparation
final product
(Nanocellulose) Mechanical | Chemical Enzymatic Microbial/fungal
Rate of formation | Fast Fast Very slow Slow
Yield (%) >80 40-60 30-40 10-25
Morphology NFC NCC NCC NCC
Surface chemistry | Not changed | Sulfated or Not changed | Not changed
carboxylated
Stability Stable due to | Highly stable due | Relatively Stable due to bound
fibrillar to very high unstable protein and broth
structure surface charge components
Ease of operation | Very easy Difficult Easy Easy
Effluent No effluent Chemical effluent | Effluent with high BOD generated
generated (acidic) generated
with high COD
Cost of production | High Medium Very high ‘ High

The cellulose degrading fungi are found to have scope for large scale production
of nanocellulose for commercial exploitation. The major challenges are:

(a) To control the size distribution of the product (nanocellulose) in the dynamic
production system using cellulose degrading fungi

(b) To increase the yield as increase in substrate concentration act as a limiting fac-
tor in a fermentation system

(c) Purification of nanocellulose from the broth substances and the fungal
biomass

(d) Efficient control of cellulose degradation process by the cellulase enzyme
secreted by fungi.

By overcoming the above said challenges and as governed by the need for eco-
friendly system of production, fungal based nanocellulose production could be of
the future for diversified bio-based applications.
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