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Preface

The study of fungal biology has developed into a valuable science in the last century
as it has provided control over a number of infectious diseases. In this trend, nano-
technology has emerged as a potential candidate for similar applications. Biogenic
tailored nanoparticles from fungi are gaining consideration due to their cost-effec-
tive, sustainable, resource-efficient, simple, and eco-friendly nature. In this book
entitled Fungal Nanotechnology, the editor has accrued numerous advanced
approaches for studying the fungal system for the benefit of humankind. The book
covers the synthesis of nanoparticles by fungi, the mechanism involved in such
biosynthesis, and a unique template for synthesis of tailored nanoparticles targeted
at therapeutics, diagnostics, agriculture, and industries.

This book should be immensely useful to microbiologists, nanotechnologists,
researchers, technocrats, scientists of fungal biology, and to those who are inter-
ested in fungal nanotechnology. I am honored that the leading scientists who have
extensive, in-depth experience and expertise in fungal system and nanotechnology
took the time and effort to develop these outstanding chapters. Each chapter is writ-
ten by internationally recognized researchers/scientists so the reader is given an
up-to-date and detailed account of our knowledge of the nanobiotechnology and
innumerable 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 Jeffrey Taub, Project Coordinator, Springer,
for generous assistance, constant support, and patience in initializing the volume.
Special thanks go to my lovely wife Dr. Avita Maurya for her constant support and
motivations in putting everything together. Dr. Prasad in particular is very thankful
to Professor Ajit Varma, Amity University, for the kind support and constant encour-
agement. Special thanks are due to my esteemed friend and well-wisher Mr. Manjit
Kumar and all faculty colleagues of AIMT, Amity University.

Noida, Uttar Pradesh, India Ram Prasad
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Chapter 1
Fungal Nanotechnology: A Pandora
to Agricultural Science and Engineering

Mugdha Rao, Babita Jha, Anal K. Jha, and Kamal Prasad

Abstract This chapter highlights the current status and the awaiting panorama of
fungal nanotechnology in the compass of agricultural science and engineering. The
existent advances, potential applications, and challenges of myconanotechnology in
agri-food sector have been discussed. It summarizes some of the most promising
applications of mycogenic nanomaterials in agriculture that involves nanoformula-
tions for increased crop yield, smart field systems with precision farming, and early
disease detection measures along with crop improvement through mycomimetic
models. Another aspect captivates their use in food packaging materials that possess
extremely high gas barriers and antimicrobial properties and nanosensors which can
detect microorganisms. There are tremendous potentials of myconanotechnology in
agriculture wherein most of the research projects are in their nascent stage, and it
will surely bang all doors of agri-food sector with strong intents and purposes. It
conclusively focuses on possible benefits of employing myco-fabricated nano-
products and their novel application potentialities.
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1.1 Introduction

The awareness about nanotechnology has gained a pace from past a decade which
basically deals with the fabrication of matter at nanoscale (1-100 nm). This technol-
ogy is applicable to multi-sectional area due to the features of nanoparticles (NPs)
being extremely small and large surface-to-volume ratio which cumulatively imparts
unique properties to them. One of the subbranches of nanotechnology is fungal
nanotechnology, which has been coined as ‘myconanotechnology’ by Rai et al.
(2009) to elucidate fungi-mediated nanofabrication. Nanofabrication is also possi-
ble through physical (Chen and Yeh 2002; Abou El-Nour et al. 2010) and chemical
methods (Wanga et al. 2005; Raza et al. 2016). The significance of these methods
has declined over time as biogenic nanosynthesis manifested by bacteria (Jha et al.
2010), actinomycetes (Sowani et al. 2015), fungi (Jha et al. 2008; Korbekandi et al.
2014; Prasad 2016), algae (Patel et al. 2015; Aziz et al. 2015), plants, and plant parts
(Jha et al. 2009a; Ahmed et al. 2016; Prasad 2014) has proved to be superior in
many aspects. But among all biogenic sources for nanoparticle (NP) synthesis,
fungi can be advantageous due to easy maintenance (Honary et al. 2013a), ease in
scaling up (Yadav et al. 2015), enriched with extracellular enzyme (Ingle et al.
2008), and supremely a solvent-less synthesis (Duran and Seabra 2012). Also the
fungi have preeminent advantage in terms of cellular level organization and meta-
bolic fluxes for nanofabrication. These reasons persuaded the exploration of
myconanotechnology for heterogeneous applications (Youtie et al. 2008; Jha et al.
2009a; Gade et al. 2010) and rise in number of publications as well. Overall, the
biogenic method is cost-effective. Green biogenic fabrication protocols paved the
way to synthesize numerous nanomaterials like silver, gold, platinum, zinc oxide,
titanium dioxide, etc. using fungi.

With the growing population, a hefty demand on agriculture/food (agri-food)
sector has become a challenge to the society. The upcoming technology like nano-
technologies may act as jackpot to unburden the heaviness imposed on this area.
The advancement of technology provided a better insight of nano-dimensional
properties; thus new avenues were explored for the penetration of mycosynthesized
nano-products in sectors like agriculture and food. Despite huge funding in the nan-
otechnology research in almost all expansions, the area that has just scratched the
periphery of the sphere is agriculture sector, wherein food nanoscience has started
blooming. According to Duncan (2011), packaging in agri-food seems to be the
highly prompting area. Majority of the research is still at its budding stage and has
yet to be commercialized.

It indeed brings laurels to nanotechnology, as it promises to revolutionize the
agriculture and food sector with new tools for crop improvement, smart delivery
systems for controlled and targeted release of agrochemicals, precision farming,
and early detection of diseases, nano-antimicrobials in food pathogen detection,
and nanosensors in smart packaging (Prasad et al. 2014, 2017). It works as a cata-
lyst in the agrarian cycle as depicted in Fig. 1.1. Technical innovations in the agri-
sector is the demand of time to meet the global challenges like population growth,
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Fig. 1.2 Putative utilization of fungus-negotiated nanomaterials/technology in agri-food sector

depleting soil fertility, pests’ resistance to pesticides, climatic changes, and
bounded availability of resources. Groundwork on role of fungal nanotechnology
in agricultural science and engineering is advancing and probably would be the
possible solutions to all problems in agriculture and food sector. Figure 1.2 por-
trays the potentiality of fungus-negotiated nanomaterials/technology in agri-food
sector for diverse pursuits.

This chapter estimates the possible areas and avenues for future
myconanotechnology-based agriculture and food applications. It also briefly
describes the underlying mechanism of synthesis of nanomaterials by fungi and
takes a preliminary look at research efforts, opportunities, and potential applications
of fungi in the area of agricultural science and engineering. The goal of this chapter
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is to look upstream and have an insight of the fungal nano-agri-food envision. With
the success of nanotechnology, we will soon be observing the nano-products enter-
ing the agri-food supply chain from research laboratories to the fields and finally to
our kitchen and environment.

1.2 Myconanofabrication

Fungi are eukaryotic organisms that inhabits in a capacious range of natural envi-
ronment (Mehra and Winge 1991) with nearly 1.5 million anticipated species, out
of which 70,000 species have been characterized (Quester et al. 2013). Being
decomposers, these organisms are bestowed with the quality to release enzymes
into their surrounding system, thereby becoming capable to decompose materials
into simpler molecules.

1.2.1 Fungi as an Efficient Nanofactory

It’s been more than a decade that fungal cultures are used for nanoparticle fabrica-
tion, for instance, extracellular synthesis of silver nanoparticles (Ag NPs) and
CdS nanoparticles, respectively, by Verticillium sp. (Mukherjee et al. 2001a) and
Fusarium oxysporum (Ahmad et al. 2002). There are numerous reasons for fungi
to be the choicest candidate for nanofabrication. Fungi can be grown with ease,
maintained in the laboratory, and handily subcultured and are renewable source
for nanofabrication (Honary et al. 2013a; Soni and Prakash 2012). Fungal nano-
fabrication can be scaled up easily without experiencing cell disruption during
agitation in the bioreactor (Yadav et al. 2015). It is well documented that fungal
cell wall provides mechanical strength to overcome osmotic pressure and environ-
mental fluctuations as well (Duran and Nombela 2004; Yadav et al. 2015).
Recently, Yadav et al. (2015) reviewed that most of the fungal system supports
extracellular synthesis. These organisms are cost-effective for nanoparticle (NP)
synthesis due to minimum downstream processing steps in the purification pro-
cess with an added advantage of nanoparticles’ high yield supported by the release
of bountiful extracellular enzyme (Rai et al. 2009; Ingle et al. 2008; Birla et al.
2009; Kumar et al. 2007; Quester et al. 2013; Yadav et al. 2015; Gade et al. 2008;
Zhang et al. 2011; Honary et al. 2013b; Prasad et al. 2016). Fungal cells when
charged with metal ions promote its speedy reduction by the secreted enzymes
innoxiously to obtain highly monodispersed nanoparticles with well-defined
shape and size (Kashyap et al. 2012). Above all fungi have well-defined nucleus
and hence can be genetically manipulated to secrete plentiful of enzymes required
for nano-conversions; thereby, huge quantity of nanoparticles could be obtained
with reduced particle size (Jha and Prasad 2016).
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1.2.2 Myconanosynthesis Procedure

There are primarily a couple of approaches for fabrication of nanoparticles:

(a) Bottom-up, which firstly involves unification of atoms and molecules by self-
association forming the base followed by the final product. As an outcome, the
well-defined nanoparticles of various sizes and shapes are formed (Mittal et al.
2013) and

(b) Top-down, herein an appropriate preparatory material undergoes reduction
either through physical (machining, templating, or lithographic) or chemical
techniques (Gade et al. 2010).

According to the literature, the bottom-up approach is reasonably better than top-
down as there is a fair chance to obtain nanostructures coerced by Gibbs free energy
with thermodynamically controlled chemical compositions (Thakkar et al. 2010;
Behari 2010). Myconanofabrication drives the reduction of compounds to their
respective nanoparticles through their enzymes and metabolites as a reducing agent
(Zhang et al. 2011). Kashyap et al. (2012) mentioned in their review that mycosyn-
thesis follows bottom-up approach for nanofabrication.

1.2.3 Contemplated Mechanism

Till date fungal nanoparticle synthesis mechanism is vague but on intent study by
various researchers (Rai et al. 2011; Jha and Prasad 2016; Yadav et al. 2015;
Mukherjee et al. 2008; Duran et al. 2011; Ingle et al. 2008) has been hypothetically
presented on the basis of microorganisms’ ability to withstand high metal concen-
tration which might have developed defense mechanisms, and as a consequence of
this, nanoparticle synthesis seemingly occurs. Rai et al. (2011) described fungal
mycosynthesis as a three-step process which involves trapping of metal ion, biore-
duction, and finally synthesis. Besides, they also explained that nitrate reductase
enzyme catalyzes extracellular nanoparticle synthesis. Myconanofabrication is an
outcome of reaction between fungal biomass and salt solution, which occurs either
extracellular or intracellular, and the former one predominates. Table 1.1 represents
the various fungal species-derived nanoparticles implicated/potential in agri-food
sector. The mechanism involved in fungal nanoparticle synthesis is mainly twofold
(a) extracellular and (b) intracellular.

Jha and Prasad (2016), in their profoundly studied mechanism of myconanosyn-
thesis, have deciphered that fungi undergo stress and reciprocate as a cellular
defense at three different levels upon exposure to metal/metal oxide solution. Ion
stress triggers bioreduction wherein the nanoparticles are formed on the cell wall
surfaces. In previous studies it has been mentioned that fungal cell produces
enzymes and metabolites to circumvent metal toxicity and convert it into a least
toxic product such as nanoparticles (Kashyap et al. 2012). Fusarium is being



M. Rao et al.

Table 1.1 List of potential/applicable myco-fabricated nanoparticles in agriculture

Fungi/yeast Confinement References

Silver (Ag) nanoparticles

Verticillium sp. Intracellular Mukherjee et al. (2001a)
Fusarium oxysporum Extracellular Ahmad et al. (2003)

Phoma sp. Extracellular Chen et al. (2003)

Yeast strain MKY3 Intracellular Kowshik et al. (2003)
Verticillium sp. Intracellular Senapati et al. (2004)
Fusarium oxysporum Extracellular Duran et al. (2005)
Aspergillus fumigatus Extracellular Bhainsa and D’souza (2006)
Phanerochaete chrysosporium Extracellular Vigneshwaran et al. (2006)
Aspergillus flavus Extracellular Vigneshwaran et al. (2007a)
Fusarium oxysporum Extracellular Mohammadian et al. (2007)
Pleurotus sajor-caju Extracellular Vigneshwaran et al. (2007b)
Aspergillus niger Extracellular Gade et al. (2008)
Fusarium acuminatum Extracellular Ingle et al. (2008)
Fusarium semitectum Extracellular Basavaraja et al. (2008)

Penicillium sp.

Extracellular and

Sadowski et al. (2008)

intracellular
Trichoderma asperellum Extracellular Mukherjee et al. (2008)
Alternaria alternata Extracellular Gajbhiye et al. (2009)
Phytophthora infestans Extracellular Thirumurugan et al. (2009)
Pleurotus sajor-caju Extracellular Nithya and Ragunathan (2009)
Volvariella volvacea Extracellular Philip (2009)
Cladosporium cladosporioides Extracellular Balaji et al. (2009)
Coriolus versicolor Extracellular Sanghi and Verma (2009)
Penicillium brevicompactum Extracellular Shaligram et al. (2009)
Fusarium solani Extracellular Ingle et al. (2009)
Penicillium fellutanum Extracellular Kathiresan et al. (2009)
Penicillium sp. Extracellular Maliszewska et al. (2009)
Phoma glomerata Extracellular Birla et al. (2009)
Penicillium sp. Extracellular Hemanth et al. (2010)
Aspergillus niger Extracellular Jaidev and Narasimha (2010)
Aspergillus clavatus Extracellular Verma et al. (2010)
Fusarium oxysporum Extracellular Pandiarajan et al. (2010)
Aspergillus flavus Extracellular Jain et al. (2010)
Aspergillus fumigatus Extracellular Navazi et al. (2010)
Bipolaris nodulosa Extracellular Saha et al. (2010)
Fusarium solani Extracellular El-Rafie et al. (2012)
Aspergillus clavatus Extracellular Saravanan and Nanda (2010)
Aspergillus sp. Extracellular Saravanan (2010)
Rhizopus stolonifer Extracellular Binupriya et al. (2010a)
Trichoderma viride Extracellular Fayaz et al. (2010)
Pestalotia sp. Extracellular Raheman et al. (2011)

(continued)
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Table 1.1 (continued)

Fungi/yeast

Confinement

References

Cochliobolus lunatus

Extracellular

Salunkhe et al. (2011)

Nigrospora oryzae

Extracellular and

Saha et al. (2011)

intracellular
Phoma sorghina Extracellular Gade et al. (2011)
Trichoderma reesei Extracellular Vahabi et al. (2011)

Neurospora crassa

Extracellular and

Castro-Longoria et al. (2011)

intracellular

Aspergillus fumigatus Extracellular Alani et al. (2012)
Aspergillus terreus Extracellular Liet al. (2012)
Saccharomyces boulardii Extracellular Kaler et al. (2013)
Cylindrocladium floridanum Extracellular Narayanan et al. (2013)
Epicoccum nigrum Extracellular Qian et al. (2013)
Penicillium citrinum Extracellular Honary et al. (2013b)
Neurospora intermedia Extracellular Hamedi et al. (2014)
Penicillium nalgiovense Extracellular Maliszewska et al. (2014)
Macrophomina phaseolina Extracellular Chowdhury et al. (2014)
Penicillium chrysogenum Extracellular Pereira et al. (2014)
Aspergillus oryzae
Trichoderma harzianum Extracellular Sundaravadivelan and

Padmanabhan (2014)
Fusarium oxysporum Extracellular Gholami-Shabani et al. (2014)
Saccharomyces cerevisiae Extracellular Korbekandi et al. (2016)
Guignardia mangiferae Extracellular Balakumaran et al. (2015)
Fusarium oxysporum Extracellular Salaheldin et al. (2016)
Aspergillus terreus Extracellular Ammar and EI-Desouky (2016)
Penicillium expansum
Monascus purpureus Extracellular El-Baz et al. (2016)
Rhizopus stolonifer Extracellular AbdelRahim et al. (2017)
Gold (Au) nanoparticles
Verticillium sp. Intracellular Mukherjee et al. (2001b)
Fusarium oxysporum Extracellular Mukherjee et al. (2002)
Colletotrichum sp. Extracellular Shankar et al. (2003)
Fusarium oxysporum Extracellular Shankar et al. (2004)

Trichothecium sp.

Extracellular and

Ahmad et al. (2005)

intracellular
Verticillium luteoalbum Intracellular Gericke and Pinches (2006)
Aspergillus niger Extracellular Xie et al. (2007)
Fusarium semitectum Extracellular Sawle et al. (2008)
Helminthosporium Extracellular Kumar et al. (2008)
Volvariella volvacea Extracellular Philip (2009)
Yarrowia lipolytica Extracellular Pimprikar et al. (2009)
Penicillium sp. Intracellular Zhang et al. (2009a)

(continued)
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Table 1.1 (continued)
Fungi/yeast Confinement References
Rhizopus oryzae Extracellular Das et al. (2009)
Das and Marsili (2010)
Coriolus versicolor Extracellular and Sanghi and Verma (2010)
intracellular
Coriolus versicolor Extracellular and Sanghi and Verma (2010)
intracellular
Rhizopus stolonifer Extracellular Binupriya et al. (2010a)
Aspergillus oryzae var. viridis Extracellular Binupriya et al. (2010b)
Penicillium chrysogenum Intracellular Sheikhloo and Salouti (2011)
Sclerotium rolfsii Extracellular Narayanan and Sakthivel (2011)

Penicillium sp.

Extracellular and

Du et al. (2011)

intracellular
Aspergillus clavatus Intracellular Verma et al. (2011)
Fusarium oxysporum Extracellular Anitha and Palanivelu (2011)

Neumspom crassa

Extracellular and

Castro-Longoria et al. (2011)

intracellular
Phanerochaete chrysosporium Extracellular Sanghi et al. (2011)
Alternaria alternata Extracellular Sarkar et al. (2012)
Aspergillus sp. Extracellular Gupta and Bector (2013)
Penicillium sp. Extracellular Honary et al. (2013a)
Cylindrocladium floridanum Extracellular Narayanan and Sakthivel (2013)
Nigrospora oryzae Extracellular Kar et al. (2014)
Trichoderma viride Extracellular Mishra et al. (2014)
Hypocrea lixii
Fusarium accuminatum Extracellular Tidke et al. (2014)
Aspergillus niger Extracellular Chakravarty et al. (2015)
Aspergillus terreus Extracellular Balakumaran et al. (2016)
Rhizopus oryzae Extracellular Kitching et al. (2016)
Penicillium aculeatum Extracellular Barabadi et al. (2017)

Titanium dioxide (TiO,) nanoparticles

Fusarium oxysporum Extracellular Bansal et al. (2005)
Saccharomyces cerevisiae Extracellular Jha et al. (2009b)
Aspergillus flavus Extracellular Rajakumar et al. (2012)
Zinc oxide (ZnO) nanoparticles

Candida albicans Extracellular Shamsuzzaman et al. (2013)
Aspergillus fumigatus Extracellular Raliya and Tarafdar (2013)
Alternaria alternata Extracellular Sarkar et al. (2014)
Aspergillus aeneus Extracellular Jain et al. (2012)
Aspergillus fumigatus Extracellular Raliya et al. (2016a)

Cadmium sulfide (CdS) nanoparticles

Candida glabrata

Extracellular

Domeron et al. (1989)

(continued)
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Table 1.1 (continued)

Fungi/yeast Confinement References
Schizosaccharomyces pombe Intracellular Williams et al. (1996)
Kowshik et al. (2002)
Fusarium oxysporum Extracellular Ahmad et al. (2002)
Schizosaccharomyces pombe Intracellular Krumov et al. (2007)
Saccharomyces cerevisiae Extracellular Prasad and Jha (2010)
Phanerochaete chrysosporium Extracellular Chen et al. (2014)
Iron/magnetite (Fe;0,) nanoparticles
Fusarium oxysporum Extracellular Bharde et al. (2006)
Aspergillus oryzae Extracellular Tarafdar and Raliya (2013)
MgO nanoparticles
Aspergillus tubingensis Extracellular Raliya et al. (2014a)
Aspergillus flavus Extracellular Raliya et al. (2014b)

Silica (SiO,) nanoparticles

Fusarium oxysporum ‘ Extracellular ‘ Bansal et al. (2005)

majorly explored for nanoparticle synthesis due to its richness in membrane-bound
and cytosolic enzymes like cellulase, nitrate reductase, oxidoreductase (Duran
et al. 2005), and oxidase (Jha and Prasad 2016). These enzymes are credited due to
their flexibility as it confers switch on and off mode upon pH change, as oxidase
catalyzes a reaction at lower pH and reductase at higher pH (Jha and Prasad 2010).
The role of nitrate reductase in extracellular synthesis is mostly acknowledged
(Ahmad et al. 2003; Duran et al. 2005; Ingle et al. 2008; Li et al. 2012). Ahmad
et al. (2003) were the first to propose mechanism for Ag NP synthesis by Fusarium
oxysporum by NADPH-dependent reductase. Accordingly both anthraquinone and
NADPH catalyze the silver ion (Ag*) to neutral silver (Ag®). In another study,
-NADPH upon reduction to -NADP generates electrons that are transferred to Ag*
ions which in turn forms Ag°, and the process is accomplished by an electron shut-
tle hydroxyquinoline (Kumar et al. 2007). The lower fungi like Aspergillus and
Penicillium species release numerous hydroxy/methoxy derivatives of benzoqui-
nones and toluquinones in response to metallic stress (Jha and Prasad 2016). As
proposed by Jha and Prasad (2010), these metabolites expeditiously undergo a
redox reaction to generate nanoparticles. In other words silver ion acts as a sub-
strate that binds to enzyme (reductase) wherein NADPH gets reduced to NADH
releasing electrons which brings about the conversion. The hidden fact is that
enzymes are basically proteins. Investigators (Das et al. 2009; Mukherjee et al.
2008; Jain et al. 2010; Gade et al. 2008) have hypothesized the involvement of
polypeptide/proteins in bioreduction of metal ions to their corresponding nanopar-
ticles and their role as encapsulating agent. Surprisingly the mechanisms proposed
up to now are essentially for silver and gold nanoparticles. A few investigators have
come up with metal oxide mechanism (Bansal et al. 2004; Durdn and Seabra 2012;
Jha and Prasad 2016).
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The intracellular synthesis embarks with chelation of metal ions over fungal cell
surface. This could be the result of electrostatic interaction between the metal ions
and the presence of positively charged groups in enzymes/proteins at the cell wall
(Rai et al. 2009; Kashyap et al. 2012). Jha and Prasad (2016) mentioned in their
report about extracellular mucilaginous materials having superb toxic metal-binding
capabilities, and these metal ions are transported in the cell with the help of trans-
porters/channels (proteins). This creates a metabolic chaos inside the cell and to
bypass this situation cells gives off desired nanoparticles. There is a possibility of
nanoparticle diffusion out of the cell due to concentration gradient only if the rate at
which the substrate enters the cell is in equilibrium with the product formed.
Otherwise nanoparticles may get aggregated, and cell disruption may occur due to
excess accumulation of particles inside.

1.3 Myconanotechnology for the Agricultural Sector:
From Research to the Field

The present scenario of agricultural science and engineering is beyond “cultivation
of fields.” Conventional farming limitations could not meet the expanding demands
of increased productivity and ecosystem restoration. This has paved the way for
“conservation farming” (Hobbs et al. 2008) and “organic farming” (Kirchmann
and Thorvaldsson 2000). These methods proved to be the helpless stars as they
could neither accomplish exorbitant productivity nor ensure environment restora-
tion to its pristine state. In this scenario nanotechnology emerged as the techno-
logical platform for the convolution of agri-food system, and few are exemplified
in Table 1.2. Agricultural science and engineering field have gained momentum
with the burgeoning applications of myconanotechnology in agrarian science.
Mycogenic nanomaterials such as nanowires, nanostructures, nanoformulations,
nanosensors, and quantum dots are being utilized to suppress plant pathogen and
target delivery and for interactive agrochemicals like pesticide and insecticides
(Kashyap et al. 2012). The advent of nanotechnology gave access to the develop-
ment of nanostructures and nanodevices with prospective novel applications in the
agricultural sector (Scott and Chen 2003). This accelerating pace of potential agri-
cultural applications has envisioned that ingenious engineering of novel nano-bio-
materials would have innovative nanotechnology advances for the benefit of a
sustainable society (Scott and Chen 2013; Singhal et al. 2017). The complexities of
farm production systems demand nanomaterials with flexible dimensions which
could efficiently perform task in a thermodynamically open system (Mukhopadhyay
2014). The mycogenic products are utilized for multitude applications in agriculture
which are highly interdisciplinary making its categorization difficult. This section
attempts to sum up some of the advances and in a coarse grain analysis categorize
it in following subsections.
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Table 1.2 Nanomaterials with potential applications in agri-sector

11

Nanoparticles/
nanomaterials

Potential applications

References

Carbon nanotubes

As growth stimulator in
seed germination and plant
growth

Khodakovskaya et al. (2009)

Liu et al. (2009)

Mondal et al. (2011)

Tripathi et al. (2011)

Villagarcia et al. (2012)

Tiwari et al. (2014)

Nanosilica/
nanoaluminosilicate

Antimicrobial agent/
pesticides/delivery agent for
pesticides and chemicals

Liu et al. (2006)

Torney et al. (2007)

Barik et al. (2008)

Goswami et al. (2010)

Manikandan and Subramanian (2014)

Silica silver

Fungicide/pesticide

Park et al. (2006)

Pt black and carbon

In the study of endogenous

Mclamore et al. (2010)

nanotube in SR TAA auxin transport in root

microsensor epidermal cells

Gold Water hygiene management | Das et al. (2009)

Silver As pesticides/insecticide/ Kim et al. (2009)

fungicide Jo et al. (2009)

Gajbhiye et al. (2009)
Aguilar-Méndez et al. (2010)
Lamsal et al. (2011)
Jayaseelan et al. (2011)
Velmurugan et al. (2013)
Aziz et al. (2015, 2016)
Bhattacharyya et al. (2016a)

Nanostructured Insecticidal Stadler et al. (2010)

alumina

Nano-copper Antimicrobial Cioffi et al. (2004)
Esteban-Tejeda et al. (2009)

Polyethylene Insecticidal Yang et al. (2009)

glycol-coated

Titanium dioxide

As fertilizers

Raliya et al. (2015a)

Magnesium oxide

As fertilizers

Raliya et al. (2014b)

Iron In agriculture Tarafdar and Raliya (2013)
Nadi et al. (2013)

SiO, + TiO, As fertilizers Lu et al. (2002)

Sulfur NPs Antifungal Rao and Paria (2013)

Urea-modified As fertilizers Kottegoda et al. (2011)

hydroxyapatite

Rare earth oxide NPs
(CCOZ, La203, Gd203s
Yb,03)

As fertilizers (root growth)

Ma et al. (2010)
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1.3.1 Nanoformulations for Agrochemicals

Nanoparticles/nanomaterials can be directly enforced in the field or could be ame-
nably mutated as formulations for effective action. The agrochemical active ingre-
dients are encapsulated, emulsified, coated, or adhered with inorganic nano-carriers
to enhance their activity with minimized wastage. The abovementioned efficacious
ingredients could be herbicides, pesticides, fertilizers, pheromones, or plant growth
regulators (Bhattacharyya et al. 2016b). These nanoformulations are expedient and
prove to be a boon to the agriculture as schematized in Fig. 1.3. Nanocapsulated
herbicides offered reduced ecotoxicity (Pérez-de-Luque and Rubiales 2009), while
surface-modified hydrophobic nanosilica displayed enhanced pesticidal effect
(Barik et al. 2008). Nanoformulations like porous hollow silica nanoparticles
depicted shielding protection to photosensitive pesticides like avermectin (Li et al.
2007). However, the major challenges faced by these ideas are in maintaining stabil-
ity under field conditions and release of the formulations at specific targets in the
plant. The idea of nanodevices enabling controlled release of pesticides, fertilizers,
and other agrochemicals regulated by time and location could recast the agricultural
practices in the near future (Bhattacharyya et al. 2016b). In this direction, two of the
most esteemed areas of nanoformulation pertinence are discussed below.

1.3.1.1 Nano-pesticides
Mycosystems serve as an indispensable resource for the fabrication of nanomateri-

als used for plant disease control. Due to their high metal tolerance and ability to
accumulate metals (Prasad et al. 2016), they are extensively exploited for the

w\ ‘ Prevents Photolysis

’ Nanoformulanons

Prevents Hydrolysis

V nldnlu ation

. Reduced
Reduced Leaching i

Biodegradation

Enhanced Efficiency

Fig. 1.3 A benefaction to agriculture: nanoformulations
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fabrication of metal nanoparticles like silver, gold, platinum, iron, etc. Silver
nanoparticles have wide applications as antifungal agents against plant pathogenic
fungi (Jo et al. 2009; Lee et al. 2013; Gopinath and Velusamy 2013). Silver nanopar-
ticles synthesized extracellularly by the fungus Alternaria alternata were evaluated
for antimycotic sweep in association with fluconazole (a fungicide) against phyto-
pathogenic fungi Phoma glomerata, Phoma herbarum, Fusarium semitectum,
Trichoderma sp., and Candida albicans. Maximum inhibition was depicted against
Candida albicans, and it was confirmed that silver nanoparticles cause significant
enhancement of activity of fluconazole (Gajbhiye et al. 2009). Nanoparticles with
inorganic nano-carriers like nanosized silica-silver congregate were investigated as
a potent biocide for plant diseases (Park et al. 2006). Chitosan and chitin derivatives
are incorporated in formulations for delivering pesticides (Yin and Zhang 2010;
Ding et al. 2011). Fusarium oxysporum has been discovered to be capable of syn-
thesizing silica nanoparticles (Bansal et al. 2005), a functional plant nutrient that
augments disease resistance in plants. It has been well documented that fungi are
potent sources for synthesis of nanoparticles, like silver and silica, and thus could
be easily harvested for indemnity of crops.

1.3.1.2 Nano-fertilizers

Fungus-mediated nanoparticles especially metal oxides delivered through soil are
being utilized as nano-nutrient fertilizers. The small size gives them the extra
advantage of increased uptake rate as compared to conventional fertilizers which
circumvent the problem of eutrophication (Wang et al. 2013). Iron nanoparticles
were synthesized by green synthesis approach using fungi Aspergillus oryzae
TFRO. The synthesized nanoparticles having size between 10 and 24.6 nm were
spherical in shape and have wide applications in the field of agriculture, biomedi-
cal, and other sectors (Tarafdar and Raliya 2013). Nadi et al. (2013) in a field
assay investigated the effect of nano-iron on yield of faba bean (Vicia faba L.) at
different spraying time and varied concentration. They concluded that highest
grain yield was achieved by sprinkling 6 g/l during flowering period. In another
venture, titanium dioxide and magnesium oxide nanoparticles have been shown to
improve photosynthetic process and efficiency. Magnesium oxide nanoparticles of
average size 5.8 nm were synthesized extracellularly from fungus Aspergillus tub-
ingensis TFR-3 (Raliya et al. 2014a). Raliya et al. (2014b) in another research
have shown that magnesium oxide nanoparticles of size 5.8 nm synthesized from
A. flavus at 15 mg/1 concentration on 2-week-old Cyamopsis tetragonoloba could
increase the chlorophyll content by 76.1%. Titanium dioxide nanoparticles of
12—15 nm size obtained from Aspergillus flavus were seen to enhance chlorophyll
content in the mung bean plant leaves by 46.4% (Raliya et al. 2015a). These
nanoparticles enhance plant photosynthesis by boosting solar light absorption.
ZnO NPs fabricated from ZnNO; by the fungus Aspergillus fumigatus TFR-8 were
foliar fed at 10 ppm concentration on cluster bean (Cyamopsis tetragonoloba L.)
leaves, and its ability to enhance phosphorus-mobilizing enzyme as well as nano-
induced gum production was studied (Raliya and Tarafdar 2013). In a recent study,
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ZnO NPs synthesized from Aspergillus fumigatus TFR-8 were applied as phos-
phorus fertilizer. Nano-Zn increased the phosphorus uptake by 10.8% in mung
bean (Raliya et al. 2016a).

1.3.2 Myconanotechnology in Smart Field Systems
and Precision Farming

A smart field system with precision farming is the next-generation farming for “sus-
tainable intensification” (Sekhon 2014). Natural processes of a farm production sys-
tem with multiple variables are simulated upon scientific intervention for successful
implementation in these future generation fields. Engineered nanomaterials in a
predesigned and holistic manner restrain the climatic changes and overcome the
energy and resource constraints. Nanosensors and nanobiosensors employed in
fields effectively sense a wide variety of additives like fertilizers, herbicides, and
pesticides and at the same time dispense information about moisture, soil pH, and
pathogenic load. Myconanotechnology as an entrant in this area of nanodevices is
known to produce quantum dots. Extracellular microbial biosynthesis of face-
centered cubic (fcc) cadmium sulfide (CdS) quantum dots with average size of
2.56 nm by using white rot fungus Phanerochaete chrysosporium has been reported
(Chen et al. 2014).

Nanomaterials could be applied as smart delivery systems in various applications
in agriculture particularly in pest control and disease management. It could serve as
“magical bullets” to target particular plant parts and release the active ingredients.
Nanocapsules capable of penetrating through the cuticles and tissues of undesirable
plants are used for effective, slow, and constant release of herbicides (Pérez-de-
Luque and Rubiales 2009). Agrochemicals like fertilizers and pesticides tagged to
nanoparticles lead to precision and controlled discharge of fertilizers and pesticides.
This prevents undesirable damage of nontargeted plant parts and reduces the release
of chemicals into the environment (Nair et al. 2010). Nanofibrous mats and nanofi-
ber arrays with high surface area and porous structures serve as a perfect medium
for site-targeted delivery of diverse macromolecules in plants for varied purposes
(Moaveni et al. 2010). Trichoderma viride, a fungus used as a biofungicide, has
been used in preparation of a nanofibrous mat in combination with chitosan by elec-
trospinning (Spasova et al. 2011). The fibrous mat contained viable spores with the
ability to inhibit the growth of test phytopathogens. Fungi could thus be explored
for synthesis of vehicles in targeted delivery.

Besides these nanoformulations, early detection of disease-causing plant patho-
gens is essential; in this area fluorescent probes made with silica nanoparticles have
successfully detected plant pathogens (Yao et al. 2009). Mycogenic fabrication of
silica nanoparticles is well augmented. Nanoparticles are stable and could be used as
diagnostic tools for early disease detection (Sharon et al. 2010). Nanostructured
materials like nanowires have been synthesized using fungi that could be useful in
miniaturization of electronic devices for use in precision farming and crop protection.
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Gold microstructures of 1-2 um were synthesized by self-assemblage of colloidal
gold on living filamentous fungi Aspergillus nidulans, Aspergillus niger, and
Neurospora crassa (Sugunan et al. 2007). Porous gold microwires synthesized by
heat treatment of highly loaded fungal hyphae of A. niger with gold nanoparticles are
reported (Rehman et al. 2011). The nanowires could be tuned for inventing diagnostic
tools and monitoring devices for detection of pathogens and chemicals in agricultural
fields. A nanosensor has been developed that could do early detection of grain spoil-
age during storage (Neethirajan et al. 2009). This sensor could easily detect the pres-
ence of insects or fungus in the stored grain.

Precision farming techniques are based on active surveillance of crop in field
conditions through nano-enabled diagnostic techniques and have proved to be a
blessing for the agriculture. These diagnostic techniques involve the use of biosen-
sors with components at nanoscale linked to global positioning systems for impart-
ing real-time information about crops’ well-being. Remote sensing devices
transmit the whole story of crop field, for instance, level of soil nutrient, water
stress, pathogenic mass, etc. This information helps in increased productivity with
proper agrochemical management and environmental protection. Furthermore
nanosensor for the study of plant growth monitoring has been invented. Auxin is a
vital hormone for root development and seed germination. The nanosensor reacts
with auxin and provides an electrical signal which determines the auxin concentra-
tion at a particular point. This data would be very helpful for auxin research and
understanding the mechanism of plant root adaptation to environment like mar-
ginal soils (McLamore et al. 2010). Smart field systems with precision farming in
unison with fungal nanotechnology prove to have tremendous potentials to recon-
stitute the agricultural sector.

1.3.3 Myconanotechnology and Crop Biotechnology

Researches in the field of agriculture have always focused on improving the effi-
cacy of crop production. Development of plants capable of exhibiting drought
resistance, salt tolerance, and excess moisture stress has always been the center of
interest. Nanotechnology in amalgamation with biotechnology provides a new
tool to pursue such goals through targeted gene delivery for genetic engineering.
Mesoporous silica nanoparticles have been utilized as receptacle for delivering
DNA into isolated plant cells. These are chemically coated for targeted delivery
through the plant cell walls (Torney et al. 2007). 3D DNA crystals have been pro-
duced using synthetic DNA sequences that possess the ability to self-assemble
into a series of three-dimensional triangle-like patterns. These DNA crystals could
be used for crop improvement by conjugating moieties like lipids, nucleic acids,
proteins, and carbohydrates to their sticky ends that can attach to another mole-
cule in an organized fashion (Zheng et al. 2009). Mycomimetic models with
immense possibilities are under research for synthesis of such nanoscale carriers
for crop biotechnology.
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1.3.4 Associated Constraints

Agriculture provides prodigious opportunities for myconanotechnologic applica-
tions, but its execution is limited, some of which are laid out in Table 1.3. There
are several associated constraints in this disposition. The pace of progress of
myconanotechnologic intervention in agriculture although with abundance of
funding seems to be modest. Research endeavors in the field of agricultural sci-
ence and engineering have intensively focused on only two broadened areas:
future agrochemical formulation and post-harvest food arena. Share of nanotech-
nology in others remains minuscule. Possible reasons for this delinquency may be
the fact that it is fundamentally impossible to control the fate and performance of
the nanomaterials added (Mukhopadhyay 2014). The moira of the nanomaterials
is diffused from the point source of application. Besides this, the behavior of
nanomaterials in contrast to closed systems demands flexibility for a thermody-
namically open system. Complicated intrinsic alliance is expected in between
nanomaterials and Mother Nature, thereby causing disposal problems, matching
nanomedicine in humans and animals. Studies on the toxicological impact of
nanoparticles are on the way. Impact of TiO, and ZnO nanoparticles translocation
in tomato plants and resultant plant response has been examined (Raliya et al.
2015b). The uptake, translocation, and accumulation of 30-80 nm gold nanostruc-
tures in watermelon plant have been investigated, and it was observed that
nanoparticles’ shape, application method, and nature of plant tissues are the deci-
sive factors (Raliya et al. 2016b). Active surveillance in farms with infinite vari-
ables is time exhausting and capital intensive. The mode of penetration,
transportation, and excretion of nanoparticles by the plants along with reactivity
features is an area of extensive research to harvest maximum benefit of nanotech-
nology in agriculture. The rigor of this challenge demands masterminds from all
fields to work in a well-knit fashion.

Table 1.3 Myconanotechnology in agriculture

Fungi species Nanoparticle | Application References
Rhizopus oryzae Au Water hygiene management Das et al. (2009)
Alternaria Alternata | Ag Fungicide Gajbhiye et al. (2009)
Trichoderma viride | Ag Vegetable and fruit preservation | Fayaz et al. (2009)
Aspergillus oryzae Fe Agriculture Tarafdar and Raliya
(2013)
Aspergillus ZnO Nano-induced gum production | Raliya and Tarafdar
Sfumigatus and phosphorus fertilizer (2013)
Aspergillus flavus MgO Enhance plant photosynthesis Raliya et al. (2014b)
Aspergillus flavus TiO, Enhance plant photosynthesis Raliya et al. (2015a)
Aspergillus ZnO Phosphorus fertilizer Raliya et al. (2016a)
fumigatus
Piriformospora Zinc oxide Plant gowth Singhal et al. (2017)
indica DSM 11827 | nanorod
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1.4 Myconanotechnology: A Highly Treasured Technology
to Food (Processing-Storage-Packaging-Transportation)

Fields are not only the area to be locked up under agricultural nanotechnology;
more willingly agricultural products’ processing-storage-packaging-transportation
(PSPT) is equally exigent aspect that can’t be untouched. But above all food safety
during PSPT is a humongous disquiet. The worldwide folks are quite aware of edi-
ble button mushrooms (Agaricus bisporus) a macrofungus, but myconanotechnol-
ogy seems to be uncommon among all. The common people are not aware of the
fact that these edible mushrooms could be packed with low perishability and sold to
raise the economic status of their country/place.

Nonetheless nanotechnology has raised its way in, in almost all areas at an abso-
lutely tremendous pace with a low acceptance in the food sector as fresh food prod-
ucts have always being charmed by us. But we cannot overlook the wastage of food
due to microbial infection, quoting pathogenic bacteria like Salmonella and E. coli
that surge eggs and beef, lettuce, and vegetables through contamination, respec-
tively (Ray et al. 2013).

This section will emphasize on myconanotechnology in food safety as the primary
motto is to reduce the perishability of food. The spotlight is to protect the food at vari-
ous stages like processing, storage, packaging, and transportation. A discrete number
of myconanoparticle have been fabricated as mentioned in Table 1.1 that have been
applied/potential in food safety. Food and packaging are basically partitioned as poly-
mer nanocomposites as packaging material (antimicrobial packaging, nanocoated
packaging) and nanosensors embedded packaging/intelligent packaging.

1.4.1 Myco-nanocomposites in Food Packaging

The environmental conditions harshly affect the food is a truly commonly authenti-
cated fact. A packaging hybrid system film Durethan KU2-2601 being materialized
by Bayer Polymers that incorporates nanosilicates proved to be a barrier to food
putrefaction by partially diminishing the access of gases and moisture to the food
(Duran and Marcato 2013). A representative scanning electron microscope (SEM)
image of nanoparticle-embedded polymer (nanocomposite) is depicted in Fig. 1.4.
Emamifar et al. (2010) in their research have demonstrated the application of
low-density polyethylene (LDPE) materials impregnated with silver and zinc oxide
nanoparticles hiked the shelf life of crude orange juice near to freezing point (4 °C).
There was no lump of nanomaterial in the packaging film, thus making the nano-
composites of exclusively better quality. The ZnO NPs in packaging material have
shortened the perishability of orange juice without any change in its phenotypic
quality; also Ag NPs are found to have antimicrobial activity on yeast and molds a
bit higher than ZnO NPs. The above packaging works for longer time only if raw
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Fig. 1.4 SEM image of a cryo-fractured surface of a representative nanocomposite

orange juices were treated with a mild heat. Few researchers have demonstrated the
fungal synthesis of ZnO NPs by Candida albicans, Aspergillus fumigatus, and
Alternaria alternata (Shamsuzzaman et al. 2013; Raliya and Tarafdar 2013; Sarkar
et al. 2014), and also a huge number of fungal species were explored for Ag NP
fabrication (Table 1.1). Zhao et al. (2012) in their work to look at the effect of nano-
composite based packaging in green tea preservation prepared a packaging material
by amalgamating polyethylene with Ag NPs, TiO, NPs, and attapulgite. This
research provided an attractive substitute to maintain the high quality of green tea
on storage for enhanced period. Searchingly for safekeeping apples by decrement in
the reduction of enzymes (polyphenol oxidase, pyrogallol peroxidase) associated
with its deterioration, a packaging composite material as ZnO NP powder embed-
ded onto polyvinylchloride film was developed (Li et al. 2011). In another example
diffused TiO, NPs copolymerized film EVOH (ethylene vinyl alcohol) was noticed
for biocide effect on food poisoning bacteria and yeasts in the presence of light.
Also a nanocomposite comprises of TiO, NPs and polyethylene showed the antimi-
crobial effect on leafy vegetable lettuce toward Escherichia coli (Duncan 2011).

1.4.2 Potential Myco-bionanosensors

Nanosensors are still burgeoning, but very soon will emerge as handy solutions to the
people for self-food analysis. Architecture of general bionanosensor is depicted in
Fig. 1.5. A few examples are highlighted in this column. A group of researchers have
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intimated the hidden potential of bio-conjugated gold nanoparticle (Au NP)-based
assay for detection of multiple drug-resistant bacteria (MDRB: Salmonella; E.coli).
But this technique is still at its budding stage. They have found the huge potential of
bio-conjugated Au NPs for MDRB diagnostics and their proximate quelling. Herein
investigators utilized the plasmonic properties of Au NPs for selective bacterial con-
signing and photothermal suppression upon conjugation with bacteria-specific bio-
logical entity like antibody. The author predicted this bio-conjugated Au NPs as
nanoscopic heaters, and they have the capability to vanish MDRB without the use of
antibiotics from food samples (Ray et al. 2013). For commercialization of such
application at minimal cost, Au NP synthesis has to be scaled up. Recently Kitching
et al. (2015) and his group in their comprehensively review conferred practically
convenient bioreactors for scale-up of mycogenic Au NPs. Batch air-lift fermentor
and fluidized bed bioreactor could be used for scale-up of Au NPs using Rhizopus
oligosporus and Trametes versicolor, respectively. They have also mentioned about
the less cost-effective scale-up of Au NPs through conventional stirred-type
bioreactor.

In many instances Salmonella enteritidis arousal in food is found to cause a
quick state of affliction (Cogan and Humphrey 2003; Antunes et al. 2016). So a
biosensor system was introduced by Alocilja et al. (2013) for the detection a specific
IeL gene element of Salmonella enteritidis. They have reported the involvement of
two nanoparticles in the biosensor setup. The system resembles a sandwich model
wherein Au NPs are coated with the target-specific DNA probe which recognizes
the target DNA as IeLL gene element and magnetite (MNPs) are coated with another
specific target DNA to perform easy and flawless separation. The whole sandwiched
model is incorporated onto the screen-printed carbon electrode (SPCE) chip. This
disposable SPCE biosensor detects (IeL) gene of Salmonella. Bharde et al. (2006)
in their report have stated the potential of Fusarium oxysporum and Verticillium sp.
to fabricate MNPs. The large-scale mycogenic production of MNPs is not yet
reported, but Moon et al. (2010) developed a large-scale production protocol for
MNPs using Thermoanaerobacter.

Fig. 1.5 Schematic of a
bionanosensor
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Fungi release mycotoxins as secondary metabolites required for their survival
which in turn contaminate food and animal feed (cereals, stored grains, etc.) but
makes our survival difficult. There are various mycotoxins deciphered till date (afla-
toxins, zearalenone, deoxynivalenol, cyclopiazonic acid, fumonisins, citrinin, och-
ratoxin A, patulin, vomitoxins, etc.) (Bullerman and Bianchini 2007; Rai et al.
2015). Among all, aflatoxins (AFs) are of great concern as it poses hepatotoxic,
mutagenic, carcinogenic, and teratogenic properties, and their permissible limits in
human food and animal feed are 20 ppb and 300 ppb, respectively (Wu et al. 2013).
For detection of ochratoxin A (OTA), magnetic nanoparticles were used in the prep-
aration of nanobiosensors to detect the presence of OTA in apples (Fernandez-Baldo
etal. 2011). In the research persuaded by Zhang et al. (2009b) on different nanoma-
terials for the development of nanobiosensors, Au NPs were considered as the pro-
ductive candidate in the nanobiosensor formation for tracking polyionic drugs such
as protamine and heparin. In a study by Liu et al. (2008) to analyze OTA in coffee,
gold nanoparticles were used in the immunochromatographic chip. TiO, NPs are
light sensitive, and employing this property an oxygen-detecting ink has been devel-
oped which detects oxygen when exposed to UV light; thus food spoilage due to the
presence of oxygen can be understood. However the most important concern is the
interaction of these nanoparticles with biological system (FAO/WHO 2010).

1.4.3 Myconano-antimicrobials in Food

Numerous antimicrobials are available till date, and few of them are commercially
as well as homely successful (essential oils, organic acids, etc.). There is a possibil-
ity that antimicrobials may not withstand rasping industrial steps or microbes may
win by developing resistance against these antimicrobials. These disadvantages
have paved the way for nano-based antimicrobials and acted as a research arouser.
In packaging, materials like Ag and Ag,O NPs, Cu and CuO NPs, ZnO NPs, CdSe
NPs, and TiO, NPs are incorporated in the polymer base of the packaging material
to defeat food spoilage (Llorens et al. 2012; Sharon et al. 2010; Lu and Bowles
2013; Duncan 2011).

A large number of works have been reported on the synthesis of Ag NPs by fungi
and their antimicrobial role in food sciences. In Fig. 1.6, a few potential inventory
applications of Ag NPs as antimicrobials in food are represented An et al. 2008;
Emamifar et al. 2010; Fayaz et al. 2009; Fernandez et al. 2010a, b; Li et al. 2009. In a
research by Fayaz et al. (2009), Trichoderma viride fabricated polydispersed Ag NPs
were incorporated into sodium alginate and the so-formed antimicrobial film appeared
to be a good preservative for fruits (pears) and vegetables (carrots). These edible items
were coated with the antimicrobial film after surface sterilization using chlorine diox-
ide and showed up to 10 days of storage without any loss. There were no changes in
the physical appearance and taste thus marked its acceptability (Fayaz et al. 2009).

Duncan (2011) reported numberless application of Ag NPs as antimicrobials.
The antimicrobial properties of Ag NPs could be used for preparations of nano-
composite packaging materials in combination with polyethylene and chitosan.
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Asparagus spears
(An ef al. 2008)
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(Fayaz et al. 2009)

Beef meat
(Fernandez 2010a)

Melon

(Fernandez 2010b)

Orange juice
(Emamifer er al. 2010)

Chinese jujube
(Li ef al. 2009)

Fig. 1.6 Silver nanoparticles as antimicrobials in food preservation/packaging

These packaging options besides overcoming contamination issues have the added
advantage of efficient moldability and gas fencing properties. Besides this, the col-
loidal Ag NPs also have probable future application as packaging material for pro-
tection against various bacterial and fungal infections on being coated upon paper
through ultrasonic treatment. An et al. (2008) studied antimicrobial Ag NPs-PVP
coating on asparagus, and positive results were obtained as asparagus spears retain
its original quality for 25 days at low temperature.

1.5 Conclusion and Future Prospects

Biogenic synthesis of nanomaterials through greener method is advantageous, but
its production at commercial scale is a challenge. Fungi are one of the most prom-
isingbiologicalentitiesforscale-upofnanomaterial synthesis. Myconanotechnology
will surely bang all doors of agri-food sector with strong intents and purposes.
This chapter has summarized some of the most promising applications of myco-
genic nanomaterials, including food packaging materials that possess extremely
high gas barriers and antimicrobial properties, and nanosensors which can detect
microorganisms. Another aspect involves smart field systems, early disease detec-
tion by fluorescent probes, crop improvement through mycomimetic model carri-
ers, and crop yield using nanoformulations. There are tremendous potentials of
myconanotechnology in agriculture wherein most of the research projects are in
their nascent stage.
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Myconanotechnology in food may come up with various colorants to energize
health drinks at low cost and hence affordable to all, in other words a boon to mal-
nutrition. With the enhanced pace of research in the concerned zone, the possibility
of fat and sugar-free fungi-derived nano-modified food will not be a dream.
Definitely much aspiration and sweat is needed to bring fungi-derived nanomateri-
als from lab to industry, but its benefits and advantages will fuel up the efforts.
Myconano-functionalized agrochemicals, preharvest and post-harvest crop protec-
tion, sensing system, and genetic engineering devices for direct application in farms
and fields are set to boost in the near future. Communication of associated risk and
privileges of the technology will shape up the public perception and fate of fungal
nanotechnology in agri-food science and engineering.

Despite these potential benefits, the most important concern regarding myco-
based NPs in the coming future will be the toxicity in human beings, animals,
plants, and off course our ecosystem, and these issues can’t be overlooked. Much
attention is needed on the accumulations of nanomaterials in plants/human systems
which can bring about biotransformations.
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Chapter 2
Agriculture Applications of Entomopathogenic
Fungi Using Nanotechnology

Sandra Pérez Alvarez, Marco Antonio Magallanes Tapia,
Karel Ismar Acosta Pérez, and Amaury Méndez Guerrero

Abstract Globally, a great percent of crops are affected or loses due to plant
diseases, and commonly, pathogen control is through chemical (pesticides). For
sustainable agriculture and environment safety, the reduction of pesticides is abso-
lutely necessary, so the use of entomopathogen such as fungi, bacteria, virus, proto-
zoa, and nematodes is important in the natural regulation of pest population.
Nanotechnology is one of the main technologies of the twenty-first century that
promises to enhance agricultural practices through the improvement of manage-
ment and conservation of crops. Delivery of pesticides, herbicides, biocontrol
agents, and sensors for the control of plant diseases are some of the topics solved by
nanotechnology for agriculture. Some aspect about the potential of nanotechnology
in crop protection, nano-entomopathogenic fungi, and chitosan nanoparticles are
discussed in this chapter.
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2.1 Introduction: Entomopathogenic Fungi as Part
of Integrated Pest Management (IPM) in Modern
Agriculture

Nanotechnology for modern agriculture is being used for insect pest control with
metal particles that can be used to prepare formulations of pesticides, insecticides,
and repellent (Esteban-Tejeda et al. 2010; Zahir et al. 2012). Another application of
nanotechnology in agriculture is the gene (deoxyribonucleic acid — DNA) transfer
by the nanoparticles, so some desire characteristics can be transferred into the plant
tissues for host plant defense against the pest insects (Torney 2009).

Entomopathogenic fungi are microorganisms that specifically infect and often
kill insects and other arthropods. Most are nonpathogenic to plants and relatively
nontoxic to humans and animals. Even with their many advantages over other bio-
logical and chemical products, entomopathogenic fungi remain underutilized.
Modern agriculture is a necessary combination of different tool to increase food
production, and for this purpose entomopathogenic fungus is poised to become a
significant component of IPM (Skinner et al. 2014).

2.1.1 Entomopathogenic Fungi as Biological Control Agents

The entomopathogenic fungi have proved to be effective as a tool in IPM systems as
microbial insecticides, due to their biological characteristics and mode of action. Its
action and effectiveness are usually independent of the host’s eating habits, infect-
ing the insect through the integument, a characteristic that makes its use feasible in
the control of sucking insects, eggs, and pupae of all taxonomic orders (Gonzélez
et al. 2012; Barrios et al. 2016).

The development of biopesticides is fundamentally based on obtaining pure iso-
lates in culture media from the control agent, and its selection must be made mainly
in terms of its virulence and other essential characteristics such as specificity in
action, tolerance to environmental factors, ease of production, durability in storage,
and high safety in mammals (Méndez 2012).

These characteristics presented in the development of biopesticides have made it
possible for these biological control agents to be used worldwide. Some products
obtained from entomopathogenic fungi are shown in Table 2.1 (Faria and Wraight
2007). In Table 2.1 a total of 171 products are showed and only 97 of them are cur-
rently on the market. South America and Central America use 50% of these prod-
ucts. In North America, the use of products based on entomopathogenic fungi is
about 21% of which 13% is produced and used in Mexico which demonstrates the
rise in the use of biopesticides. The rest of the percentage is distributed in the rest of
the world (Faria and Wraight 2007).
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Table 2.1 Commercial mycoinsecticides and geographical zone
South Central | North

Fungi species Products | America | America | America | Europe | Asia | Africa | Oceania
Aschersonia 1 1

aleyrodis

Beauveria 58 22 5 17 5 7 2
bassiana

Beauveria 7 1 4 1 1
brongniartii

Conidiobolus 2 1 1
thromboides

Helminthosporium 3 1 2

thompsonii

Isaria 10 4 4 1 1

fumosorosea

Isaria sp. 1 1

Lagenidium 1 1

giganteum

Lecanicillium 2 1 1

longisporum

Lecanicillium 3 1 2

muscarium

Lecanicillium sp. 11 4 1 1 2 3

Metarhizium 3 1 2
acridum

Metarhizium 57 32 6 8 6 3 2
anisopliae

Metarhizium 1 1 1 2
brunneum

Nomuraea rileyi 1 1

Sporothrix 3 3

insectorum

Mezclas (2 0 mds) 7 4 2 1

Total 171 73 12 35 21 21 5 4

100% 42.7% 71% |20.6% |12.4% | 12.4% 2.9% |2.4%

2.1.2 Main Methods of Production of Biopesticides Based

on Entomopathogenic Fungi

The development of simple and reliable entomopathogenic fungus production
methods is mainly based on processes such as liquid fermentation submerged for
the production of biomass, solid state fermentation for the production of aerial
conidia, and the biphasic method (Sahayaraj et al. 2008).
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The latter method is considered the most viable in the mass production of
entomopathogenic fungi, combining the high biomass production of the fungus in
liquid medium submerged with the production of stable and hydrophobic conidia in
solid medium, achieving yields in the order of 10° conidia g~! substrate in a shorter
time and natural products and low cost (Leite et al. 2003, cited by Santoro et al.
2005).

2.1.3 Production of Entomopathogenic Fungi by Biphasic
Method

This method is being well developed for massive production methods of B. bassi-
ana (Bradley et al. 1992) and Metarhizium flavoviride Gams y Rozsypal (Jenkins
and Thomas 1996). Jenkins et al. (1998) have established the following advantages
for the biphasic method:

e The competitiveness of the fungus is favored, since it reduces the risk of coloni-
zation of the substrate by contaminating microorganisms.

e The liquid phase can act as a filter for contaminations that may be present in the
original culture.

e Uniform growth of the fungus is ensured throughout the substrate, with good
coverage of all solid particles.

e Substrate colonization and conidia formation are faster, reducing incubation time
and saving space.

2.1.4 Production of Fungal Biomass in Liquid Medium

To produce the fungus in an industrial way, standardized methodologies are required,
which use liquid media. Few species develop well with this process, producing
conidia, such as B. bassiana, while others produce high yields of blastospores and
mycelium, such as M. anisopliae and N. rileyi, which are very suitable for a second
stage on a solid substrate, like rice (Jarrold et al. 2007).

The liquid culture can be made with relatively inexpensive and easily obtainable
substrates that combine a source of carbon, a source of nitrogen, and some microel-
ements (Kao 2008). In the case of N. rileyi, Caro et al. (2005) informed that the
combination of carbon and yeast extract sources in liquid medium was effective for
the production of biomass, which can be very useful in a biphasic process of mass
production of the fungus.

The addition of sterile and moist air to the entomopathogenic fungi production
system generally increases yields and can accelerate the sporulation process and
help extract excess heat from the system (Bradley et al. 1992). This aspect has a
great importance since all mitosporic fungi are aerobic and require oxygen for
growth and sporulation. Most low-cost production systems do not incorporate
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forced aeration but rather take advantage of the passive exchange between the
breeding unit and the environment (Jenkins et al. 1998).

2.1.5 Production of Conidia in Solid Medium

Once the culture in liquid medium reaches the exponential growth phase, it must be
transfer to the solid medium (Jenkins et al. 1998). Substrate selection depends on
several factors that included local availability, costs, and the preference of the fun-
gus to be cultivated (Desphande et al. 2003).

There is a great diversity of solid substrates available for the mass production of
fungi for biological control among which can be mentioned cereal grains and other
agricultural products or by-products (Jenkins et al. 1998; Kao 2008).

The production units can be of many different types such as glass jars, plastic
containers, metal or plastic trays, and polypropylene bags that can be sterilized, the
latter being the most used in the majority of production processes worldwide
(Desphande and Tour 2001).

Special attention should be paid to the optimization of the various parameters of
the production process, such as temperature, substrate moisture content, light condi-
tions, and incubation time, among others (Santoro et al. 2005).

At the end of the production process, the substrate colonized by the fungus must
be dried, and its moisture content should be below 15%. Similarly, the way in which
the conidia extraction will be performed must be studied, and in these processes, the
greatest automation must be used (Jenkins et al. 1998; Cherry et al. 1999).

2.2 Potential of Nanotechnology in Crop Protection

Nanotechnology is a new technology that plays a vital role in different fields of sci-
ence such as medicine, engineering, electronic, pharmaceuticals, agriculture, and
food industry (Prasad 2014; Prasad et al. 2014, 2016, 2017). Nanoparticles have
unique targeted characteristics with high strength, conductance of electricity and
extra chemical reactivity (Nykypanchuk et al. 2008). The nanoparticles have a size
of 107 in diameter with typical chemical, physical, and biological properties
(Bhattacharyya et al. 2010; Sabbour 2013; Prasad et al. 2016). Scientists these days
are trying to synthesize organic, inorganic, and hybrid nanoparticles with physical,
optical, and biological properties. From agricultural point of view, nanotechnology
has become a helping tool for phytopathologists in detection treatment of plant dis-
eases by the use of different nanoparticles, detection of pests by the use of nanosen-
sors, enhanced capability of plants for nutrients absorption, and so on (Chaudhry
et al. 2008; Rai and Ingle 2012; Prasad et al. 2014, 2017; Ismail et al. 2017,
Sangeetha et al. 2017).
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2.2.1 Agriculture and Diseases in Crops

Agriculture represents one of the activities more important in the world due to its
economic value, nutrition, and jobs generated. However, it is not exempt from dam-
age that causes considerable decrease of agricultural production. Plant diseases
study the yield losses they cause; plants become sick when their normal functions
are altered by environmental conditions or by pathogens that infect them, causing
symptoms such as wilts, root rots, leaf spots, cankers, mosaics, yellowing, and
blight, among others. Agents causing disease in plants usually are grouped on the
basis of disorders resulting in the plants organs affected; nevertheless, the most use-
ful way of classifying refers to the agents, which are divided into noninfectious
(abiotic) and infectious (biotic) including such pathogens as bacteria, fungi, nema-
todes, phytoplasma, and virus (Vidhyasekaran 2004; Agrios 2005).

2.2.1.1 Disorders Abiotic Noninfectious

Most environmental factors that affect plants hinder their normal physiological pro-
cesses. These noninfectious disorders are conditions in which no primary parasite is
involved, and they may be due by the lack of an essential substance such as water or
nutrients that causes an excess of a toxic substance in the soil or in the air and also
to abnormal conditions such as an atmospheric pollution, carbon dioxide, climate
change, humidity, light, oxygen, or temperature (high and low). Much economic
loss of crops is brought about by adverse environmental factors (Weir and Cresswell
1993; Shurtleff and Averre 1997; Agrios 2005).

2.2.1.2 Bacteria as a Disease of Plants

Bacteria are very small microscopic organisms (0.2-1.2 pm in diameter and 0.4—
14 pm in length), which are usually constituted by prokaryotic cell wall that can be
subdivided into Gram positive and Gram negative. These pathogens may be in the
form of rod (bacillus), spherical, ellipsoid, spiral, or filamentous. This pathogen
group can cause a wide variety of disease symptoms in plants such as chlorosis,
wilting, stunting, rots, necrosis, galls, and scabs. The type and severity of symptoms
are related with several factors including the host, climatic conditions, the amount
of inoculum, and the method of infection (Sigee 1993; Saddler 2002).

2.2.1.3 Fungi Plant Pathogens

This group of phytopathogens is large and diverse. They occur in most taxonomy
groups and can grow easily in culture and survive as saprophytes in the soil or dead
vegetative material, while the active fungus pathogen may produce spores to
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disseminate the disease. Only few organisms of this group are obligate parasites,
such as rusts and powdery and downy mildews, obtaining their nutrition directly
from plant tissue in development. The symptoms on leaves are produced by a shot-
hole effect when the lesions become necrotic and the dead area falls away, while
extensive leaf necrosis is often due to blight. In respect to the stems, cankers or
limited lesions of anthracnose can be observed and in root and collar may lead to
damping off in seedlings or wilting or sudden death of mature plants. The term mil-
dew is referred when the pathogen produces a visible growth over the host surface
(Webster 1988; Ulloa and Hanlin 2000; Agrios 2005).

2.2.1.4 Plant-Parasitic Nematodes

Nematodes are the largest group of non-segmented organisms on earth. They have
bilateral symmetry with a physiological system similar to the higher animals and
measure from 0.2 to 10 mm in length and 0.01-0.5 mm in width. They have a cylin-
drical and thin form, except those genera in which the females in their advanced
stage of development adopt forms of lemon, circular, or kidney (Perry and Wright
1998; Bird and Kaloshian 2003). The parasite nematodes are fed by their stylet,
which causes a secretion of enzymes to occur inside the cells, in order to degrade
the cellular components and to be able to extract them from the protoplasm. The
form of feeding carried out by these organisms causes the damaged cell set to cause
death of the plant or severely weaken the root growth points such as the buds and
root tips, to form lesions, and to degrade the tissue, producing the abnormal growth
of the cells and with this the formation of galls in different parts of the plant (Luc
et al. 1991; Nickle 1991).

2.2.1.5 Phytoplasma Plant Pathogens

The phytoplasmas, formerly known as mycoplasma-like organisms (MLOs), are
unicellular prokaryotes belong to the class Mollicutes. These parasitic organisms do
not possess a cell wall and cause diseases of over 300 plant species around the
world. The phytoplasmas are very small; their diameter can vary between 200 and
800 nm and possesses a very small chromosome ranging in size from about 680 to
2000 kb, with high gene content and a single tRNA gene isoleucine (McCoy et al.
1989; Kirkpatrick et al. 1994; Marcone et al. 1999; Bertaccini 2007). Insect vector
of these phytopathogens is restricted to phloem-feeding leathopper and plant hop-
per members of the Cicadellidae, Coccidia, Fuloroidea, and Psylloidea (Tsai 1979;
Weintraub and Beanland 2006). The symptomatology caused by the phytoplasmas
is very diverse and manifests itself differently in the wide range of plants or is often
confused with viral symptoms. Plants infected include generalized stunting, filodia,
floral abnormalities, virescence, shoot proliferation, floral necrosis, yellowing of
foliage, and decline of vigor often leading to death of the plant (Lee et al. 1996;
Zhang et al. 2004; Bertaccini 2007).
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2.2.1.6 Virus Diseases

Viruses represent 47% of the diseases that affect plants. These phytopathogens are
infective particles considered as obligate intracellular parasites, as they perform
their own replication within a host cell. 90% of these biological entities are com-
posed by ribonucleic acid (RNA), whereas 10% by DNA. Viruses are usually encap-
sulated in a protein or lipoprotein layer and do not form a cellular structure. Plant
viruses need the help of insect vectors, such as mites, nematodes, and certain soil-
borne fungi to penetrate the cell through the cell wall; however, they can also be
transmitted from plant to plant such as vegetative propagation and mechanical
transmission through the sap and through seeds and pollen (Hull 2002; Anderson
et al. 2004; Madigan et al. 2006). Most viral diseases often shorten the life of
infected plants, and severe stunting can occur. Other symptoms include chlorosis or
yellowing of leaves veins, mosaic or mottled, flower abortion, necrosis, and defor-
mation in the leaves, such as wrinkling and curling. As a result, crop yields are
severely affected (Agrios 2005; Schuman and D’ Arcy 2010).

2.2.2 Impact of Crop Protection

Crop plants live in a very complex ecosystem in competition with neighboring
plants including weeds, which are attacked by bacteria, birds, fungi, insects, mam-
mals, mites, nematodes, spiders, and viruses, among others. One mission of agricul-
ture is protecting crops from pests and diseases, and in this sense, there have been
several efforts to provide a measure of global crop losses. Thus, the principle of
protection is avoiding the infection of the crops. Many of the measures considered
powerful involve the use of pesticides on seeds and in the root system and foliage
plants, environmental regulation, selection of growing areas, cultivation practices,
and preventive methods against pathogens. The use of chemical insecticides acts as
an important control of pests; however, some collateral effects are attributed to their
indiscriminate use such as environmental pollution, reduction in the number of nat-
ural enemies, resistance to insecticides and of course human poisoning. It is impor-
tant to mention that global warming and climate change will have serious
consequences on diversity and abundance of pests and the extent of losses due to
pests, which will impact both crop production and food security (Loebenstein and
Thottappilly 2007; Perlatii et al. 2013; Reddy 2015).

2.2.3 How Nanotechnology Help in Crop Protection?

During the years, several chemicals have been used to control or kill the insects on
agriculture; however, it is necessary to make it more effective on the pests, because
its indiscriminate use leads to problems of ecosystem pollution, affecting human
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health, together with the costs of application for the producer, coupled with the
increasing worldwide demand for foods. This problem requires new technological
advances of agricultural production to minimizing losses in the crops, and to
increase nutrient- and water-use efficiency, new tools are emerging such as nano-
technology. The word “nano” is developed from the Greek word meaning “dwarf.”
Naturally, the word nanotechnology evolved due to the use of nanometer-sized par-
ticles (size of 1-100 nm). The potential of nano- and microparticles has been reach-
ing a prominent position, opening up a wide variety of uses and benefits. These
include agricultural productivity enhancement involving nanoporous zeolites for
slow release and efficient dosage of water and fertilizer, nanocapsules for herbicide
delivery and vector and pest management, and nanosensors for pest detection, not
only in lethal action on the target insect but also in all ecosystems, including natural
enemies, animals, and the man himself (Panagiotakopulu et al. 1995; Moraru et al.
2003; Bhattacharyya et al. 2010).

Nanopesticides define as any formulation that intentionally includes elements in
the nm size range and/or claim novel properties associated with this small-sized
range; it would appear that some nanopesticides have already been on the market for
several years. Nanopesticides encompass a great variety of products and cannot be
considered as a single category. Nanopesticides can consist of organic ingredients
(e.g., polymers) and/or inorganic ingredients (e.g., metal oxides) in various forms
(e.g., particles and micelles) (Ragaei and Sabry 2014). In this sense, micro- or nano-
formulations containing insecticides prepared in powder or colloidal suspensions
have been developed where they have several advantages such as synergism, reduc-
tion in foliar leaching, specificity, increased stability of the active organic com-
pound, foliar discoloration, and systemic action, among others. These characteristics
enable the use of smaller amount of active compound per area, as long as the formu-
lation may provide an optimal concentration delivery for the target insecticide for
longer times and reduce number of applications, human exposure to insecticides,
and environmental impact. Nevertheless, this technology is also used in natural
products such as herbal extracts and entomopathogenic organisms (Tamez-Guerra
et al. 2002; Casanova et al. 2005; Owolade et al. 2008; Peteu et al. 2010; Tsuda et al.
2011; Margulis-Goshen and Magdassi 2012; Batista et al. 2014; Sabbour 2015a).

2.3 Nano-entomopathogenic Fungi

The applications of nanotechnology in agriculture specifically the use of nanomate-
rials will aloud the development of efficient and potential approaches for the man-
agement of pest (Rai and Ingle 2012), so it is important that more researchers all
over the world work in this important area. The use of nanotechnology together with
entomopathogenic fungi as biotic alternate, because they can control effectively a
wide range of insect pests (Sabbour and Singer 2013; Sabbour and El Aziz 2015;
Sahab et al. 2015), it is a potential tool for modern agriculture.
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Nanomaterials-nanoparticles in different forms could be used for effective man-
agement of pests and formulations of insecticides and pesticides (Rai and Ingle
2012; Bhattacharyya et al. 2016). Most of these applications are used with metal or
some other materials that have been proven to control plant pathogens, insect, and
pests through the preparation of formulations such as pesticides, insecticides, and
insect repellants (Gajbhiye et al. 2009; Goswami et al. 2010). Some studies showed
the use of silver nanoparticles against the fungus Raffaelea sp., which was respon-
sible for the mortality of many oak trees in Korea, and researchers found that silver
nanoparticles inhibited significantly the growth of fungi (Kim et al. 2009). Esteban-
Tejeda et al. (2009) studied copper nanoparticles in soda lime glass powder and
results showed efficient antimicrobial activity against Gram-positive, Gram-negative
bacteria and fungi.

Other materials like oil in water (nano-emulsions) were useful for the formula-
tions of pesticides, and these could control some insect pests in agriculture (Wang
et al. 2007); also essential oil-loaded solid lipid nanoparticles have been study and
they can be used for the formulations of nanopesticides (Liu et al. 2006).

Nanosilica, unique nanomaterial, has been used as nanopesticide because nano-
silica gets absorbed into the cuticular lipids by physisorption and thereby causes
death of insects by physical means when applied on leaves and stem surface (Barik
et al. 2008).

The topic of nanotechnology applied to entomopathogenic fungi has not been
investigated deeply. Some nanomaterials have been proven with entomopathogenic
fungus such as three kinds of multi-walled carbon nanotubes (MWCNT) toward the
conidia of entomopathogenic fungus Isaria fumosorosea that was examined in an
in vitro study by Gorczyca et al. (2015). Results showed that germination of conidia
after contact with the MWCNT was not significantly modified, and raw MWCNT
significantly stimulates in vitro pathogenicity of 1. fumosorosea conidia toward
insects; this is not observed in the case of carboxylated nanotubes. Also it was
observed that carboxylation of MWCNT reduces the bioactivity of this nanomate-
rial toward the investigated conidia (Gorczyca et al. 2015).

The entomopathogenic species Metarhizium anisopliae (Metsch.) Sorok also
was studied in relation to mycelium sporulation and pathogenicity toward test
insects, and the research demonstrated a result identical to that of I. fumosorosea
(Gorezyca et al. 2015), such as the possibility of great sporulation in subculturing,
especially in the case of short contact periods with nanomaterial and improved
pathogenicity compared to the control (Gorczyca et al. 2014).

Some other researchers studying the bioactivity of raw and carboxylated
MWCNT for other than fungal live eukaryotic cells also confirmed that any initial
reactivity, including raw nanotube toxicity, could be eliminated by carboxylation-
type functionalization (Hamilton et al. 2013; Liu et al. 2014).

Recently some studies revealed that intracellular sustained release of any sub-
stances loaded with nanoparticles is more effective, and chitosan is an example.
Chitosan has been selected as a material for the preparation of nanoparticles in
several applications due to its biodegradable and nontoxic properties (Yien et al.
2012), for example, Helan et al. (2013) evaluated LCs, and LTs, of chitosan
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nanoparticle coated fungal metabolite (CNPCFM), uncoated fungal metabolite
(UFM), and fungal spores (FS) of entomopathogenic fungi Nomuraea rileyi (F)
Samson on the pest Spodoptera litura; as aresult the pesticidal activity was improved
using chitosan nanoparticles being CNPCFM better according to the pesticidal
activity when compared with UFM and FS (Helan et al. 2013).

Some nanoparticles can be obtained from entomopathogenic fungi, for example,
silver and gold. Beauveria bassiana (Balsamo) Vuillemin was used for the synthe-
sis of silver nanoparticles to obtain a biolarvicide against the different larval instars
of dengue vector, Aedes aegypti, and results showed that first and second larval
instars were controlled at 100% (all dead), and for the third instar, mortality was
between 50% and 80%, so it is suggested that the entomopathogenic fungus synthe-
sized silver nanoparticles would be appropriate for environmentally safer and
greener approach for vector control strategy through a biological process (Banu
and Balasubramanian 2014). Gold nanoparticles are widely used because of the
oxidation resistance, biocompatibility, and stability, but their chemical obtained
produces toxic residues that damage the environment, so microorganism like ento-
mopathogenic fungi can be used for this purpose such as Trichoderma viride Pers.
that can be used for the rapid Au** bioreduction kinetics in cell-free filtrate (Mishra
et al. 2014).

Nowadays nanotechnology is used in agriculture as nanopesticides, nanofungi-
cides, and nanoherbicides (Owolade et al. 2008). Companies around the world use
nanotechnology in different ways, some made formulations with nanoparticles
within the 100-250 nm size range because they can be dissolving in water more
effectively than others, and some other companies use nano-emulsions (nanoscale
particle), which can be water or oil based and contain uniform suspensions of pesti-
cidal or herbicidal nanoparticles in the range of 200—400 nm; this nano-emulsions
have many uses such as preventative measures, treatment, or preservation of the
harvested product and some others (Goswami et al. 2010).

Nanotechnology based in the use of entomopathogenic fungi can provide green
and eco-friendly alternatives for insect pest management without harming the
nature; this is something really necessary these days when the environment is dam-
age continuously.

2.4 Chitosan Nanoparticles

Chitosan (CHT) is a natural, safe, and cheap biopolymer produced from chitin, the
major constituent of arthropods exoskeleton and fungi cell walls and the second
renewable carbon source after lignocellulosic biomass (Kurita 2006). For industrial
production, solid chitin is soaked in 40-50% (w/v) NaOH. This process removes
more than 80% of the acetyl residues and converts N-acetyl-D-glucosamine into -1,
4-D-glucosamine. The CHT preparations are heterogeneous as for deacetylation
degree, molecular mass, polymerization degree, viscosity, and acid dissociation
constant (pKa value), and the term “chitosan’ does not describe a unique compound
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but a group of commercially available copolymers. This heterogeneity can greatly
affect the physical properties of CHT, thus governing its biological applications
(Kurita 2006).

In addition to its low cost of production, CHT also possesses several favorable
biological properties such as biodegradability, biocompatibility, and non-
allergenicity. CHT is susceptible to degradation by specific and nonspecific
enzymes, and it shows low toxicity to humans (Wang et al. 2006; Park and Kim
2010; Keawchaoon and Yoksan 2011), thus it has been the material of choice for the
preparation of nanoparticles in various applications. All these characteristics make
CHT very useful for several industries, namely, cosmetology, food, biotechnology,
pharmacology, and medicine (Hamed et al. 2016; Choi et al. 2016).

The availability of industrial quantities of CHT in the late 1980s enabled it to be
tested in agriculture. CHT has been proven to stimulate plant growth, to protect the
safety of edible products, and to induce abiotic and biotic stress tolerance in various
horticultural commodities. Recent innovative uses of CHT include synthesis of
CHT nanoparticles as a valuable delivery system for fertilizers, herbicides, pesti-
cides, and micronutrients for crop growth promotion by a balanced and sustained
nutrition (Malerba and Cerana 2016). Their application in agriculture is relatively
recent compared with their use in drug delivery and pharmaceuticals. Smart deliv-
ery of nutrients, pesticides, herbicides, biocontrol agents, and sensors for the diag-
nosis of plant diseases are some of the emerging topics of nanotechnology for
agriculture.

All over the world, the conventional practice of using chemical pesticides and
other agrochemicals is either waning or being banned due to their toxic effects on
human beings and livestock, residual toxicity, pest outbreaks, and adverse impact on
beneficial nontarget organism (Enkerli et al. 2004; Sahayaraj et al. 2008).

In the current situation, it is absolutely necessary to limit the use of chemical
pesticides to remain in the world market and sustain the competition. Among the
safe and effective alternatives considered, entomopathogens such as bacteria, virus,
fungi, protozoa, and nematodes even otherwise play a major role in the natural regu-
lation of pest population and, therefore, offer opportunities for gainful employment
as augmentative biocontrol agents. Their relative specificity to target pest, safety to
nontarget beneficial organisms, and their ability to cause epizootics make them
attractive alternatives for sustainable pest management (Ghazal and Houssein 2005;
Hafez et al. 1994; Sahayaraj et al. 2011).

Fungi are ubiquitous natural entomopathogens that often cause epizootics in host
insects and possess many desirable traits that favor their development as microbial
control agents (MCAs). Presently, commercialized microbial pesticides based on
entomopathogenic fungi largely occupy niche markets. A greater understanding of
fungal ecology is needed to define their roles in nature and evaluate their limitations
in biological control. More efficient mass production, formulation, and delivery sys-
tems must be devised to supply an ever-increasing market (Lacey et al. 2015).

In this sense, using nanotechnology, the nanoparticle carrier and nano-metabolite
variants with entomopathogenic fungi have been reported as an alternative formula-
tion and delivery systems. Thus, further nanoparticles composed of a chitosan
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nanocarrier and a metabolite from entomopathogenic fungi N. rileyi showed higher
pesticide activity against the pest Spodoptera litura than the corresponding uncoated
fungal metabolite and fungal spores (Chandra et al. 2013).

Chitosan nanoparticles incorporated insecticidal protein beauvericin (CSNp-BV)
was evaluated against improved pesticide activity with Spodoptera litura and
revealed that all the life stages were susceptible to the CSNp-BV formulation, and
maximum mortality was recorded in early larval instars. CSNp-BV treatment
revealed reduced pupal and adult emergence (Arvind et al. 2014).

In other studies, using the nanoparticles of destruxin from Metarhizium aniso-
pliae against the stored product insect pests Schistocerca agregaria, found that the
infections were significantly decreased when treated (Sabbour 2014a). Sabbour
(2014b) found that, under laboratory conditions, the LC 50s were significantly
decreased when the adult female of grasshopper Hetiracris littoralis was treated
with nano-destruxin and reached to 153 x 10* spores/ml. While under laboratory
conditions, the number of eggs laid/female of Plodia interpunctella (Lepidoptera-
Pyralidae) was significantly decreased to 17.4 = 3.8 and 10.6 + 9.5 eggs/female after
destruxin and nano-destruxin applications, as compared to 99.9 + 7.9 eggs/female
in the control after 120 days (Sabbour 2015b). However, in these studies chitosan-
coated nanoformulations was not used, feature that could be improvement effect of
metabolite from entomopathogenic fungi against the pests.

Recently, a variety of molecular tools and technologies have recently allowed
reclassification of numerous species based on phylogeny, as well as matching ana-
morphs (asexual forms) and teleomorphs (sexual forms) of several entomopatho-
genic taxa in the Phylum Ascomycota. Although these fungi have been traditionally
regarded exclusively as pathogens of arthropods, recent studies have demonstrated
that they occupy a great diversity of ecological niches. Entomopathogenic fungi are
now known to be plant endophytes, plant disease antagonists, rhizosphere coloniz-
ers, and plant growth promoters (Lacey et al. 2015). These newly understood attri-
butes provide possibilities to use fungi in multiple roles.

Unfortunately there is dearth of information regarding the toxicity of chitin/chi-
tosan to beneficial microbes, nematodes, or insects other than those purposely
applied as biological control agents alongside chitin products, including saprotro-
phic/necrotrophic organisms. One study (Palma-Guerrero et al. 2008) did show that
chitosan was more toxic to phytopathogenic fungi than to beneficial nematophagous
and entomopathogenic fungi.

Further work is still required to optimize the application methods for chitin-
based treatments. Notable areas where there is currently a lack of information
include the effects on mite, beetle, and fly pests, as well as requirement for an
improved understanding of the phytotoxicity resulting from super-optimal applica-
tion. Also, the use of nanoparticles provides an effective means of protecting ento-
mopathogenic fungi against premature degradation, resulting in prolongation of its
effect on the target pest. Therefore, adding chitin-based products to the growing
environment may aid beneficial antagonists by stimulating the production and acti-
vation of chitinases that can then be used to attack pests. Thus the addition of chitin
tothesoil around cultivated crops could be to promote the growth of entomopathogenic
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fungi for control of some insect pests that live or present any life stage in the soil.
Such information will be useful for improving the integration of chitin treatments
into IPM systems on farms and nurseries.

From the point of view of sustainable agriculture, nanotechnology can help in the
development of environmentally friendly agricultural inputs, improving the safety
and stability of active agents, enhancing their activity in pest control, and, conse-
quently, increasing their acceptance by producers (Nair et al. 2010; Srilatha 2011;
Khot et al. 2012; Agrawal and Rathore 2014; Prasad et al. 2014, 2017; Ismail et al.
2017). There is also a need to streamline the legislative procedures for registering
biopesticides to make chitin-based products realistic alternatives to conventional
synthetic pesticides (Chandler et al. 2011).

2.5 Conclusions and Future

The application of chemical pesticides has adverse effects on animals, the ecosys-
tem, and humans, and an integrated pest management strategy is insufficient. It is
necessary to reconsider the strategies used for the conservation of biodiversity
through alternative approaches such as nanotechnology. Nanomaterials have dem-
onstrated their capability to act as an artificial immune system for plants, as they
have the potential to better interaction and mode of action at a target site of the plant
or in a desired pest due to its tunable controlled release system and larger superficial
area, this confer it more selective. Likewise, they can use smaller amount of active
compound per area, so there is no need for reapplications. This potential of nanobio-
technology has been demonstrated in crop protection by increasing crop yields.
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Chapter 3
Fungi as Ecosynthesizers for Nanoparticles
and Their Application in Agriculture

Khamis Youssef, Ayat F. Hashim, Ahmed Hussien,
and Kamel A. Abd-Elsalam

Abstract Nanotechnology covers various fields of science and technology includ-
ing agriculture sector and plant disease management. To produce nanoparticles, sev-
eral means including chemical and physical methods were cited. However,
weaknesses, i.e., chemical toxicity and production of high-energy supplies, make
them difficult to be broadly employed. In contrast, nanoparticle fabrication using
the biological means is promising as it would overcome the previous problems;
hence using them for nanoparticle synthesis has been encouraged. Several fungi
(Aspergillus spp., Fusarium spp., Alternaria spp., Trichoderma spp., Verticillium
spp., Penicillium spp., etc.) were employed for nanoparticle synthesis with fine size
and shape due to their resistance to many harsh conditions. Myconanotechnology
can offer eco-friendly and economically alternative ways. In this chapter, several
approaches including nanoparticle biosynthesis using fungi as natural factories,
characterization of mycosynthesized metal nanoparticles, mycosynthesis mecha-
nism, nanoparticles strategies, and the application of nanoparticles in plant disease
management will be discussed.
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Fig. 3.1 Major fungal species served as ecosynthesizers for nanoparticles

3.1 Introduction: Mycosynthesis of Metal (Silver, Zinc, Gold,
and Cadmium) Nanoparticles

A novel interdisciplinary field of science that combines knowledge from nanotech-
nology and mycology is representing as a new applied science with great possibili-
ties due to extraordinary diversity of fungi. Myconanofabrication (nanoparticle
production through fungi) can be defined as the synthesis of metal nanoparticles
using fungi. The myconanofactories have already been exploited for the biosynthesis
of metal nanoparticles of silver, gold, zinc, CdS, etc. (Fig. 3.1) (Sastry et al. 2003).

3.2 Mycosynthesis of Silver Nanoparticles

A great number of fungal strains can synthesize silver nanoparticles (AgNPs), such
as Pestalotiopsis sp., Phoma sp., Humicola sp., Fusarium oxysporum, Aspergillus
niger, Trichoderma sp., Hormoconis resinae, Phaenerochaete chrysosporium,
Penicillium fellutanum, and Rhizopus stolonifera.

3.2.1 Pestalotiopsis sp.

It has been revealed that the endophytic fungus Pestalotiopsis sp. is capable of fab-
ricating silver nanoparticles extracellularly. The fungal mat of Pestalotiopsis sp.
was inoculated in PDB medium and was incubated for 2 weeks at 25 °C for opti-
mum growth. Once the growth is observed, different volumes (1, 1.5 and 2 ml) of
1 mM AgNO; were added to the medium and then kept in a shaker to allow the fungi
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to intake the nanoparticles. The synthesis of nanoparticles was detected to be 123—
195 nm in scanning electron microscope analysis (Vardhana and Kathiravan 2015).

3.2.2 Phoma sp. and Humicola sp.

Silver nitrate solution was treated with freeze-dried mycelium of Phoma sp. strain
3.2883 for 50 h. Adsorption assays showed that the mycelium had absorbed approx-
imately 13 mg of silver, and TEM micrographs exhibited silver nanoparticles of
around 70 nm (Chen et al. 2003). When the thermophilic fungus Humicola sp.
reacted with Ag* ions, that reduces the precursor solution, and extracellular nanopar-
ticles were synthesized. The cytotoxicity of silver nanoparticles on NIH3T3 mouse
embryonic fibroblast cell line and MDA-MB-231 human breast carcinoma cell line
was assessed (Syed et al. 2013).

3.2.3 Fusarium oxysporum and Aspergillus sp.

Some strains of Fusarium oxysporum can achieve the extracellular fabrication of
silver nanoparticles with the help of nitrate-dependent reductase enzyme and a shut-
tle quinone extracellular pathway (Balaji et al. 2009). That has demonstrated the
synthesis of silver nanoparticles using Fusarium oxysporum. The enzyme nitrate
reductase might be responsible for the reduction of silver ions (Duran et al. 2005).
Pure AgNPs were synthesized at a size range of 5—15 nm.

The synthesis of silver nanoparticles by Aspergillus fumigatus was verified using
XRD and TEM analysis. The XRD spectrum showed intense peaks in consent with
the Bragg reflections of crystalline silver. TEM micrograph of nanoparticles showed
variable shape with majority of them spherical with some triangular form with size
range of 5-25 nm (Bhainsa and D’Souza 2006). Endophytic fungus Aspergillus
clavatus effectively synthesized silver nanoparticles with spherical and hexagonal
shape (Verma et al. 2010). Final concentration of 1 mM of AgNO; was used in fun-
gal extract LCF of Aspergillus foetidus (reducing agent) and incubated at 28 =2 °C
and agitated at 150 rpm in dark. Positive control (biomass only, without the silver
nitrate) and negative control (silver nitrate solution only) were also run along with
the experimental flask. It was found that the dimension of the synthesized silver
nanoparticles was in the range of 20-40 nm in TEM (Roy et al. 2013).

3.2.4 Trichoderma sp.

Many species of Trichoderma can synthesize large amounts of extracellular metab-
olites and enzymes which can catalytically reduce toxic silver ions to nontoxic
nanoparticles when the mycelium is challenged with silver nitrate solution
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(Ramanathan et al. 2009). Trichoderma viride is reported to behave similarly (Fayaz
etal. 2011).

Trichoderma reesei is a useful fungus, and it is well known for its development
of extracellular enzyme. Volume of 1 mM of silver nitrate was mixed with 10 g of
fresh biomass fungus 7. reesei. Then the reaction mixture was placed on a 100 rpm
shaker for 120 h at 28 °C. The results indicated that biosynthesis of AgNPs by
T. reesei produces particles with the diameters 5-50 nm (Vahabi et al. 2011).

Trichoderma asperellum is a nonpathogenic biocontrol agent and can be used for
synthesis of silver nanoparticles which are stable after 6 months of storage. This
particle capping is possibly responsible for their stabilization as established by
FTIR and Raman spectroscopy studies (Mukherjee et al. 2008).

3.2.5 Hormoconis resinae and Neurospora crassa

Treatment of silver nitrate solution with unfamiliar fungus Hormoconis resinae will
produce within an hour silver nanoparticles. The shape is not uniform and varies
from triangle to spherical and the size from 20 to 80 nm (Varshney et al. 2009).

Intracellular and extracellular filamentous fungus Neurospora crassa can
produce silver nanoparticles. This fungus displays a rapid growth rate, with
ability to reduce metallic ions quickly to regularly sized nanoparticles
(Longoria et al. 2011).

3.2.6 Phaenerochaete chrysosporium

Silver nanoparticles were synthesized extracellularly when incubating mycelium of
a white rot fungus Phaenerochaete chrysosporium with silver nitrate solution.
Under TEM, pyramidal shape of nanoparticles is detected. The fungus remains non-
pathogenic, and its easy control and mass productions contribute to its benefit
(Vigneshwaran et al. 2006).

3.2.7 Penicillium fellutanum

Penicillium fellutanum isolated from coastal mangrove sediments is able to pro-
duce nanoparticles under controlled parameters of temperature, pH, silver ion
concentration, and time of exposure (Kathiresan et al. 2009). This fungus is also
able to facilitate rapid production within few minutes by adding substrate to the
culture filtrate. High polydispersity is achieved in compacting and producing
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fungus Penicilliun brevicompactum, and nanoparticle’s varying size 23—105 nm is
obtained under TEM.

3.2.8 Rhizopus stolonifer

Particles synthesized from Rhizopus stolonifer are showed by TEM to be actually small
and have size ranges from 3 to 20 nm which may verify benefits for particular applica-
tions. This extracellular synthesis method yields nanoparticles in 24 h (Banu et al. 2011).

3.3 Mycosynthesis of Zinc Oxide Nanoparticles

The synthesis of zinc oxide nanoparticles using culture filtrate of Aspergillus sp. and
Saccharomyces cerevisiae was reported.

3.3.1 Aspergillus sp. and Saccharomyces cerevisiae

The fungus Aspergillus terreus was grown aerobically and was agitated in an orbital
shaker at 160 rpm for 4 days at 32 °C. The fungal culture was filtered under vacuum.
Concentration of 1 mM ZnSQ, salt was added to the filtrate and kept for 2 days at
32 °C in a shaking incubator at 150 rpm. White precipitate deposition started to
occur which showed the transformation process. The white aggregate formed was
separated from the filtrate by centrifugation at 10,000 rpm for 10 min and
lyophilized.

Aspergillus terreus can be used for large-scale synthesis of zinc oxide nanopar-
ticles. FTIR analysis confirmed the functional groups present in the zinc oxide
nanoparticles by the peaks in the range of 560-3690 cm~!. In XRD analysis, sharper
and stronger diffraction peaks confirmed the synthesis. From SEM analysis, synthe-
sized zinc oxide nanoparticles were in size ranges from 54.8 to 82.6 nm and were
found to be spherical in shape (Baskar et al. 2013).

Concentration of 1.0 mM ZnSO, salt was added to A. fumigatus filtrate by adjust-
ing the pH to 6.5 and incubated for 150 rpm at 32 °C for 72 h. Zinc oxide nanopar-
ticles synthesized by A. fumigatus JCF that was confirmed with UV have shown a
peak at 350 nm. Zinc oxide nanoparticles of spherical structure were observed using
SEM (Rajan et al. 2016).

The ZnS nanoparticles in significant system by Saccharomyces cerevisiae MTCC
2918 yeast were synthesized in low yield and the size range of 30-40 nm (Mala and
Rose 2014).
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3.4 Mycosynthesis of Gold Nanoparticles

3.4.1 Verticillium sp.

One of the earliest reports of the synthesis of gold nanoparticles by fungi was demon-
strated by the fungus Verticillium sp. Gericke and Pinches (2006) have confirmed intra-
cellular synthesis of gold nanoparticles. The fungus Verticillium luteoalbum was used
for the synthesis of gold nanoparticles. The biosynthesized nanoparticle showed vari-
able morphologies including spherical, triangular, hexagonal, and other shapes in TEM
micrographs. It was detected that the cells age at the time of exposure to AuCl~* solu-
tion did not have any significant effect on the shape of nanoparticles. The pH of the
reaction solution has played a significant role in the particle synthesis. TEM images of
the particle synthesized at pH 3, 5, 7, and 9 revealed particles with shape including
triangles, hexagons, spheres, and rods. The EDS spectrum showed that the Au nanopar-
ticles were mainly composed of Au with trace amounts of C, O, Na, Si, and Al. Thus,
the synthesis of gold nanoparticles was related to the incubation temperature. Increased
temperature caused faster particle growth rate. Gold nanoparticles were synthesized
intracellularly by growing Verticillium sp. cells in a well-defined medium and moved
to aqueous auric chloride solution; the pale yellow color of the fungal cells changed to
vivid purple over 24 h. The gold nanoparticle synthesis was confirmed by UV visible
spectra at an absorption peak on 540 nm. The TEM and higher magnification TEM
studies showed the presence of gold nanoparticles with an average size of 20—28 nm on
the cell wall and the cytoplasm (Mukherjee et al. 2001).

3.4.2 Penicillium sp. and Hormoconis resinae

Size-controlled nanoparticles can be synthesized from Penicillium sp. where the
nanoparticle separation could be simply released from the fungal cell lysate by
using the ultrasonication and centrifugation methods (Xiaorong et al. 2009). The
gold nanoparticles have been synthesized from Penicillium brevicompactum. The
cytotoxic nature of nanoparticles has been examined using mouse mayo blast cancer
C,C,, cells (Mishra et al. 2011).

The fungus Hormoconis resinae was found to produce stable gold nanoparticles
that are spherical. This showed economy source of material offers the chance for
cost-effective preparation of many gold-based nanostructures (Mishra et al. 2010).

3.4.3 Candida albicans

Volume of 5 ml solution of 10~ M aqueous HAuCl, is added to different volumes
(1-5 ml) of cytosolic extract. The volume was made up to 10 ml by adding the suit-
able volume of deionized water. The mixture was incubated to complete the reaction
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for 24 h. The synthesized gold particle morphology depended on the abundance of
C. albicans in cytosolic extract. TEM micrograph, nanophox particle analysis, and
atomic force microscopy showed the size of spherical gold nanoparticles to be in the
range of 20—40 nm, and nonspherical gold particles were revealed to be 60-80 nm
(Chauhan et al. 2011).

3.4.4 Yarrowia lipolytica

Great amount of biomass of the nonconventional yeast Yarrowia lipolytica has been
used for the generation of gold nanoparticles. The synthesis occurs in a pH-
dependent method in both seawater and freshwater. The mechanism of the causal
process is not obviously defined, but the presence of inherent proteases and reduc-
tases may be involved (Agnihotri et al. 2009).

3.4.5 Alterneria alternate and Paraconiothyrium variabile

Culture filtrate of Alterneria alternate produced gold nanoparticles with average
diameter of 12 nm and is very stable (Sarkar et al. 2011). Laccase purified from
Paraconiothyrium variabile is used to reduce HAuCl, (Faramarzi and Forootanfar
2011). Particle formation increased with decreasing laccase activity assuming that
exposure to reducing functional groups may be responsible for the formation of
particle.

3.4.6 Aspergillus sp.

Endophytic fungus Aspergillus clavatus has synthesized gold nanotriangles.
This fungus intracellularly reacted with chloroaurate ions which may be found
to have possible uses in various areas (Verma et al. 2011). Both live and dead
cells of Aspergillus oryzae produce gold nanoparticles which are economically
significant in the food industry. Purple color formation could be seen in the
reaction medium by reduction of trivalent aurum to gold nanoparticles
(Binupriya et al. 2010). TEM micrograph showed high polydispersity in the
range of 10-400 nm.

The interaction of gold ions with the supernatant of Aspergillus niger leads to the
production of gold nanoparticles (Bhambure et al. 2009). The extracellular enzyme
responsible for the reduction process may also cap the particles and prevent them
from aggregation.
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3.4.7 Volvariella volvacea

The additional protein presence in the system may favor nanoparticle synthesis as
occurred in the instance of extracts from naturally arising edible mushroom
Volvariella volvacea which synthesizes gold nanoparticles along with silver and
gold-silver ones of 20150 nm. The efficiency improvement is a positive issue, and
using mushrooms is more reasonable too (Philip 2009).

3.4.8 Colletotrichum sp.

The gold nanoparticles were mostly spherical while some were triangular or hex-
agonal. An endophytic fungus Colletotrichum sp. isolated from Pelargonium gra-
veolens showed ability to synthesis of spherical gold nanoparticles (Shankar et al.
2003). The XRD study showed formation of stable gold nanoparticle aggregates
while the TEM studies showed synthesis of predominantly spherical nanoparticles
and some aggregated into irregular structures with no well-defined morphology.
The smaller spherical nanoparticles ranged in size from 8 to 40 nm. It was found
that the fungal proteins were responsible for the stabilization of gold
nanoparticles.

3.4.9 Trichothecium sp.

The fungus Trichothecium sp. could synthesize gold nanoparticles by both extra and
intracellular method (Ahmad et al. 2005). Rapid extracellular production of gold
nanoparticles was obtained when the biomass of fungal was kept in stationary con-
dition, whereas intracellular synthesis of nanoparticles was resulted when the bio-
mass was kept in shaking condition on a rotary shaker. The extracellularly
synthesized gold nanoparticles showed individual gold nanoparticles along with
few aggregates in TEM photographs. The TEM photographs of the extracellularly
synthesized gold nanoparticles showed number of individual gold nanoparticles
along with few aggregates. The particle’s morphological study described the pres-
ence of polygons (especially triangles and hexagons) and some polydisperse spheres
and rods. The selected area electron diffraction (SAED) pattern exposed the Scherrer
ring pattern which is characteristic of face-centered cubic (fcc) gold structure while
the TEM micrographs of the intracellularly synthesized gold nanoparticles dis-
played formation of small particles with spherical morphology. The SAED pattern
of these gold particles exhibited diffuse rings with lattice spacing which were in
agreement with that of gold. According to Bragg, reflections of gold XRD data
revealed the presence of intense peaks (111, 200, 220 and 311). It was determined
that when the reaction conditions are changed, the enzymes and proteins which are
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released in the stationary phase do not release in shaking condition and hence result
in the intracellular and extracellular synthesis of gold nanoparticles.

3.5 Mycosynthesis of Nanocadmium and Cadmium
Quantum Dots

3.5.1 Coriolus versicolor

Coriolus versicolor, immobilized on a ceramic bead column, has reduced cadmium
to nanoparticles which were quite stable without the addition of any stabilizers.
SH-containing proteins, released by the fungus, may be involved in the fabrication
of these particles (Sanghi and Verma 2009).

3.5.2 Schizosaccharomyces pombe and Candida glabrata

Two different types of yeasts Schizosaccharomyces pombe and Candida glabrata
were able to collect cadmium metal when cultured in a metal-rich batch-fed process
(Krumov et al. 2007). As the metal is toxic to cells, detoxification by an intracellular
mechanism is adopted by them during which the metal is reduced to CdS nanopar-
ticles of 35 kDa.

3.5.3 Fusarium oxysporum

Q-state cadmium sulfide nanoparticle fabrication has been reported to be produced
by Fusarium oxysporum. The enzyme sulfate reductase from the fungus was
revealed to facilitate the synthesis of nanoparticles, and this enzymatic pathway can
be used for the synthesis of a varied range of nanoparticles (Ahmad et al. 2002). The
synthesis of CdS quantum dots by the fungus Fusarium oxysporum was showed by
extracellular enzymatic reduction of sulfate ions. This fungus plays the role of a
bioreducing agent (enzyme sulfate reductase) in the reaction of Cd** ions with sul-
fate ions and the enzymatic reduction of sulfate ions to sulfide ions for the formation
of CdS quantum dots. The semiconductor nanoparticles were monodisperse in size
from 5 to 20 nm. The XRD analysis of particles exhibited the nanocrystalline nature
of nanoparticles with Bragg reflections characteristic for hexagonal CdS particles.
It was demonstrated that the synthesis of highly luminescent CdSe quantum dots
at room temperature could be achieved using F. oxysporum (Kumar et al. 2007b).
The fungus F. oxysporum was challenged with aqueous CdCl,, SeCl, solution. The
CdSe nanoparticle synthesis was shown after 96 h of reaction with a change in col-
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oration to reddish brown. The UV-vis spectra of the reaction mixture displayed
strong surface plasmon peak at 370 nm. The FTIR analysis revealed intense peaks
at 100, 111, 220, 311, and 222 corresponding to Bragg reflections of CdSe particles.
The TEM analysis of the CdSe particles indicated polydisperse particles in size
range of 9—15 nm with spherical morphology. The X-ray photoelectron spectros-
copy of the particles obviously showed presence of Cd, Se, C, O, N, and Na as
prominent elements.

3.6 Characterization of Mycosynthesized Metal
Nanoparticles

The advanced instrumentation techniques used for the characterization of synthe-
sized metal nanoparticles have revealed a valuable insight into several morphologi-
cal and structural features with respect to their size. UV-vis spectroscopy used to
follow up the reaction process. Fourier transform infrared (FTIR) spectroscopy is a
powerful tool for detecting types of chemical bonds in a molecule and analyzing the
characteristic functional groups present in the synthesized nanoparticles. Information
about particle size, crystal structure, and surface morphology is obtained using
X-ray diffraction (XRD), transmission electron microscopy (TEM), and scanning
electron microscopy (SEM). Atomic force microscopy (AFM) or scanning force
microscopy (SFM) can be used to image and manipulate atoms and structures on a
variety of surfaces. Energy-dispersive X-ray (EDX) spectroscopy is an analytical
technique used for the elemental analysis or chemical characterization of nanopar-
ticles. Dynamic light scattering (DLS) analysis was used to determine the size dis-
tribution profile of nanoparticles. The stability of the particles can be recognized by
the reported techniques.

3.7 Mechanistic Basis for Myconanoparticle Synthesis

The study of biosynthesis of nanomaterials using the fungal system suggests a valu-
able role in material synthesis. Development of nanoscale approaches using biosyn-
thesized nanomaterials and their use in a wide range of applications has recently
fascinated researchers toward bionanotechnology (Rai et al. 2008; Mohanpuria
et al. 2008; Prasad et al. 2016). Fungi can accumulate metal ions by physicochemi-
cal and biological mechanisms with extracellular binding by polymers and metabo-
lites, binding to particular polypeptides, and metabolism-dependent accumulation
(Holan and Volesky 1995). Fungi can reduce metal ions to nano-sized particles by
two different mechanisms (Fig. 3.2).
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NADPH-dep

Fig. 3.2 Hypothetical mechanistic basis for myconanoparticle synthesis: (a) entrapment of silver
ions in the fungal cell wall followed by reduction and formation of nanoparticles and (b) nitrate
reductase assay

3.7.1 Mechanism I (The Cell Wall of Fungi)

The cell wall of fungi particularly cell wall sugars is likely to play a significant role
in the metal ion reduction (Pebberdy 1990). The fungal cell wall is a dynamic struc-
ture, which modifies and changes at different stages in the fungal life cycle. It is
consisted of a microfibrillar component found to the inner side of the wall and usu-
ally inserted in an amorphous matrix material. The main components of the fungal
cell wall consist of B-linked glucans and chitin, while the matrix contains generally
of polysaccharides that are commonly water soluble.

The fungal cell wall shows a very important role in the absorption of heavy met-
als. The intracellular synthesis of nanoparticles can be clarified using a stepwise
mechanism. In the initial step of bioreduction, trapping of metal ions occurs at the
fungal cell surface. This is possibly due to the electrostatic interaction of the posi-
tively charged groups in enzymes present on the mycelia cell wall. In the next step,
the enzymes within the cell wall probably reduced the metal ions which lead to the
aggregation of metal ions and synthesis of nanoparticles. The TEM studies of the
fungus show the presence of nanoparticles on the cytoplasmic membrane in addi-
tion to cytoplasm. These display the probability of some particles to diffuse through
the cell wall and are reduced by the cytoplasmic membrane enzymes and cytoplasm
although some of the smaller nanoparticles diffuse through the fungal cell wall and
get trapped in the cytoplasm (Sastry et al. 2003).
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3.7.2 Mechanism II Nitrate Reductase Assay

The enzyme a-NADPH-dependent nitrate reductase was isolated from Fusarium
oxysporum and used for the in vitro synthesis of silver nanoparticles. The extracel-
lular synthesis method may possibly involve the NADPH-dependent nitrate reduc-
tase enzyme which is excreted by the fungi into the reaction medium. The process
of reduction of metal ions to the nanolevel is accompanied simultaneous with con-
version of NADPH to NADP*. The UV-vis spectra of the control samples depicted
absorption bands at 260-270 nm corresponding to proteins, a-NADPH and hydroxy-
quinoline. The spectra of reaction mixture displayed strong surface plasmon reso-
nance at 413 nm which intensified with time while the absence of absorption band
at 413 nm for the reaction mixture in the absence of enzyme evidently showed that
the reduction of silver involves enzymatic reduction of nitrate to nitrite. It is hypoth-
esized that the hydroxyquinoline shuttles the electrons generated during the enzy-
matic reaction, involving the conversion of nitrate to nitrite, to the Ag' ions,
converting them to Ag®. The absence of enzyme from the reaction medium leads to
conspicuous disappearance of all the bands, thus validating the active enzymatic
role in the whole process.

To discover the mechanism of extracellular synthesis of nanoparticles using
fungi whether it is possibly due to reductase action or by electron shuttle quinones
or both, the nitrate reductase assay test was conducted through the reaction of nitrite
with 2,3-diaminophthalene. The emission spectrum confirmed two major peaks of
fluorescence intensity at 405 and 490 nm relating to the emission maximum of
nitrite and 2,3-diaminonapthotriazole (DAN), respectively. The intensity of these
two bands was increased with the addition of a 0.1% KNOj; solution, approving the
presence of nitrate reductase. Thus, it was determined that the enzyme reductase is
responsible for the reduction of Ag* ions and then formation of silver nanoparticles.
The role of nitrate reductase in the synthesis of nanoparticles was also considered
by (Kumar et al. 2007a). It was shown that the nitrate reductase test using commer-
cially available nitrate reductase disks will explain the synthesis of silver nanopar-
ticles. The color of the disk converted to reddish from white when tested with fungal
filtrate signifying the presence of nitrate reductase. Thus, it can be determined that
the enzyme a-NADH-dependent reductase is associated with the reduction of Ag* to
Ag® in the instance of fungi (Ingle et al. 2008; Prasad et al. 2016).

3.8 Mycosynthesis Nanoparticles Strategies

The synthesis of metal nanoparticles is divided into two strategies: a bottom-up
(self-assembly) and a top-down (Marchiol 2012). Bottom-up approach indicates the
building of a structure atom-by-atom, molecule-by-molecule, or by self-organization.
Top-down approach in which a suitable starting material is reduced in size by physi-
cal or chemical methods. Typical production techniques have been established to
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obtain particles on the nanoscale, e.g., cutting, grinding, and etching (Singh et al.
2011). The production of functional nanometer-sized objects and semiconductor
QDs is a good model of bottom-up approach (Saravanan et al. 2008). One of the
bottom-up advantages is the better probabilities to achieve nanostructures (nano-
tubes, nanorods, nanocubes, nanowires, nanosheets, etc.) with slight defects and
more homogeneous chemical compositions (Thakkar et al. 2010). This is because
the bottom-up approach is obtained mostly by the reduction of Gibbs free energy so
that such synthesized nanostructures/nanomaterials are in a case closer to a thermo-
dynamic equilibrium state (Behari 2010).

3.9 The Applications of Myconanoparticles in Agriculture

Nanotechnology has the potential to develop different sectors of the agriculture and
allied parts that likely will produce myriads of nanostructured materials (Mandal
et al. 2006; Garcia et al. 2010; Gade et al. 2010; Goel 2015; Rai and Ingle 2012,
2015; Prasad 2014). Apart from its major application as antimicrobial agents for the
plant protection, nanoparticles can assist as nanofungicides, nanopesticides, nanoin-
secticides, and nanofertilizers (Prasad et al. 2014, 2017; Bhattacharyya et al. 2016).
Some of the prominent applications in various sectors of agriculture have been
described in following sections. Nanomaterials are also useful for the development
of nanobiosensors which can be effectively used for sensing a wide variety of fertil-
izers, herbicide, pesticide, pathogens, moisture, and soil pH (Mousavi and Rezaei
2011; Prasad et al. 2014, 2017). These systems permit the farmer to recognize the
best time for planting and harvesting to avoid of bad weather conditions.

3.9.1 Nanofungicides

Myconanotechnology represents a new trend in the development of nanofungicides.
There are a large number of fungal species that are common plant pathogens and
can be managed by nanomaterials (Ingle and Rai 2011, 2014; Singh et al. 2015;
Bhattacharyya et al. 2016, Ismail et al. 2017). It was considered that the antifungal
activity of double-capsulized nanosilver (1.5 nm) solution against rose powdery
mildew is caused by Sphaerotheca pannosa var. rosae. A large area infected by rose
powdery mildew was sprayed with nanosilver (1.5 nm) solution which was diluted
up to 10 ppm. Two days after the spray, more than 95% of rose powdery mildew
faded out and did not recur for a week (Kim et al. 2008a). The toxic effect of the
silver nanoparticles of 5-24 nm on Colletotrichum gloesporioides, which causes
anthracnose in a wide range of fruits, such as apple, avocado, mango, and papaya
has also been studied. A significant delayed growth of C. gloesporioides in the pres-
ence of silver nanoparticles was reported. Consequently, nanosilver could be a sub-
stitute of fungicide to manage plant diseases (Aguilar-M’endez et al. 2010).
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Mycelia free media of Bipolaris nodulosa, a phytopathogenic fungus of nodular
group, can yield anisotropic silver nanoparticles which display efficient antimicro-
bial activity against representative organisms of public concern (Saha et al. 2010).
These particles, when conjugated with proteins, may be catalyzing chemical reac-
tions in aqueous solutions and be utilized as biolabeling agents. Spherically shaped
monodispersed silver nanoparticles, produced from Amylomyces rouxii fungal
strain KSU-09, indicated activity against Shigella dysenteriae type 1, Citrobacter
sp., Escherichia coli, Pseudomonas aeruginosa, Staphylococcus aureus, Candida
albicans, and Fusarium oxysporum.

It was demonstrated that the different functional associated groups (C = O, C-N,
N-H, O-H, N = O) make the synthesized zinc oxide nanoparticles as effective anti-
microbial agent. Synthesized zinc oxide nanoparticles can be used as effective anti-
fungal agent. These nanoparticles can be added to the food to reduce the food
poisoning effect by the various Aspergillus sp., which is legally approved.

Particles from an endophytic fungus Aspergillus clavatus display spherical and
hexagonal shapes with ease of down-steam processing and good antibacterial activ-
ity against Candida albicans, Pseudomonas fluorescens, and Escherichia coli. The
average minimum inhibitory concentration is reported to be 5.83 pg ml~! with mini-
mum fungicidal concentrations of 9.7 pg ml™! against C. albicans (Verma et al.
2010).

3.9.2 Nanopesticides

Nanopesticides represent a wide spectrum of chemical molecules that vary in terms
of nature (organic/inorganic) and form (particles/micelles). Nanoformulation is the
counterprocess of pesticide formulations and usually has similar aims: (a) increase
solubility, (b) slow release of active compounds, and (c) increase persistence by
protecting active compounds from rapid degradation. Nanopesticide has already
been commercialized for quite a long time, since basic definition of nanopesticide
will be inclusion of nanoparticles in pesticide to gain novel properties, which will
already apply to many of common pesticides.

Metal nanoparticles have proved effectiveness against many plant pests, which
will give them advantage to be included in new pesticide formulations (Barik et al.
2008; Goswami et al. 2010). Hollow silica nanoparticles (PHSNs) have shown effi-
ciency in controlling the release of water-soluble pesticide and improve their deliv-
ery to targeted locations (Liu et al. 2006). Prolonged release of pesticide represents
desired property that can be achieved by usage of PHSNs. Nanoemulsion was used
in insecticide formulations and demonstrated higher effectiveness against insect
pests (Wang et al. 2007).

Studies on the biocidal effect of nanosilica against insect pests verified their
absorption into the cuticular lipids by physiosorption and therefore overcoming a
variety of circular lipids that insects used to protect from water evaporation and
cause lethal effect for insects (Barik et al. 2008). Hydrophobic nanosilica that ranges
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in size from 3 to 5 nm and carries surface charge may have strong biocidal effect
against insect pests (Ulrichs et al. 2005). Rice weevil (Sitophilus oryzae) and gras-
serie disease (baculovirus B. mori nuclear polyhedrosis virus) were effectively con-
trolled by the application of verity of nanoparticles like aluminum oxide, silver
nanoparticles, titanium dioxide, and zinc oxide (Goswami et al. 2010).

The effect of nanoparticles on plant pathogenic fungi was particularly evaluated
against sclerotia-forming fungi, and silver nanoparticles (4-8 nm) have shown
higher antimicrobial effectiveness in comparison to bulk silver that was majorly
attributed to the higher surface area and higher fraction of surface atoms of nanopar-
ticles (Min et al. 2009). Separation of layers of hyphal walls in addition to collapse
of hypha was shown by microscopic examination when fungal hypha was treated by
silver nanoparticles with size ranging 4-8 nm.

Research on application of nanoparticles for crop protection has significantly
accumulated over the last few years and encourages more studies to consider the
effect of nanopesticide (Kah and Hofmann 2014). As toxicity of nanoparticles is
vital issue for their application as antimicrobial compounds, silver has proved
greater advantage particularly for their nontoxic effect to human (Elchiguerra et al.
2005; Yeo et al. 2003). Silver nanoparticles have proved induced antimicrobial
effect due to their larger surface area-to-volume ratio, which increases contact and
penetrability (Kim et al. 2008a, b). As plant pests and humans compete for vegeta-
tion resources, humans should safeguard their main food source by developing
durable pest control strategies. Nanopesticides represent novel and promising plant
protection products that can be useful tool in increasing global food production
(Bouwmeester et al. 2009).

Studies have shown effectiveness of silver nanoparticles against oak wilt causal
agent (Raffaelea sp.) and highlighted the damage caused to fungal hypha by appli-
cation of silver nanoparticles. Also, silver nanoparticles interfere with microbial
biological functions like nutrient absorption, growth, and conidial germination
(Woo et al. 2009). Other reports showed silver nanoparticle biocidal characters
against R. solani, S. sclerotiorum, and S. minor (Min et al. 2009). Similarly, Jo et al.
(2009) reported silver nanoparticles antimicrobial effect against B. sorokiniana and
M. grisea and showed their effect on spore germination assessed as colony forma-
tion and effect on disease progress. All such scientific reports show the possible
advantage and superiority of novel nanoparticles over traditional pesticides.

3.9.3 Nanofertilizers

Continuous application of chemical fertilizers in traditional agriculture has shown
to cause serious consequences on soil fertility and water contamination. Reasonable
and targeted application of fertilizers will protect soil and water resources from the
negative prolonged effect of chemical fertilizers. Nanofertilizers could serve as
novel and effective alternative to conventional fertilization techniques and products,
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as they minimize unnecessary applications and reduce undesired drawbacks of
chemical fertilizers.

Nanoformulation of fertilizers to achieve slow release or induced release through
biological and physical activation will improve properties of fertilizers and allow
overcoming complications to agriculture and environment. Meanwhile, nanofertil-
izers will improve nutrition efficiency of plants and will avoid toxicity of excess of
chemical fertilizers. Therefore, that will particularly help developing countries to
develop sustainable agriculture programs (Naderi and Danesh-Shahraki 2013;
Prasad et al. 2017).

New conception was suggested for slow and continuous release of fertilizer by
using chitosan nanoparticle in chemical fertilizers formulation (Corradini et al.
2010). That new conception will help in overcoming chemical fertilizers leaching
into the environment because of excess application. Chinnamuthu and Boopathi
(2009) have reported natural nanoparticles like nanoclay and zeolites can be applied
as nanofertilizers. Urea-fertilized zeolite chips were assessed as slow-release nitro-
gen fertilizer (Milldn et al. 2008). Ammonium-zeolite particle-carrying charges gain
the potential to increase phosphate solubility and hence phosphorus uptake. Other
reports showed that hexadecyltrimethylammonium can be used as carrier surfactant
to modify zeolite particles and control nitrate release (Li 2003). Furthermore, coat-
ing potash fertilizers with plaster of Paris or wax will slow down the release and
minimize leaching of fertilizers in the soil (Subbarao et al. 2013).

Application of nanotechnology in field of crop biotechnology has improved
many essential agriculture practices such as herbicide treatments. Nanoparticles can
help herbicide to penetrate through plant cuticle and tissue and maintain regular
levels of release for extended effectiveness. Such nanocapsules can perform as
“magic bullet” to improve delivery of active substances (herbicides, fertilizers,
gene, etc.) into precise partitions in plants (Pérez-de-Luque and Rubiales 2009).
Mesoporous silica nanoparticles (3 nm) were assessed as delivering carriers of DNA
and chemical molecules into plant cells. They achieve improved delivering by com-
prising the active substances, passing through the plant cell wall, and transporting
the target molecules while avoiding toxicity of traditional delivery systems. That
delivery system was initially assessed to transport DNA to tobacco and corn plants
(Torney et al. 2007).

3.9.4 Nanoparticles in Electrochemical Sensors
and Biosensors

Utilization of nanoparticles as electrochemical and biosensors has received great
attention recently and showed promising potential in different sensing systems.
Different forms of nanoparticles were evaluated such as oxide, metal, and semicon-
ductor nanoparticles. The substantial characteristics of nanoparticles that provide
them with advantage as biosensors are their particular features of immobilization of
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biomolecules and catalyzing electrochemical reactions. Also, they can improve the
electron transfer between electrodes and can act as markers for biomolecules while
retaining their chemical activity. Gold nanoparticles were commonly used to immo-
bilize proteins (Liu et al. 2003). Gold nanoparticles were bonded to gold electrode
modified by monolayer of cysteamine and were used to immobilize horse radish
peroxidase (Xiao et al. 1999). DNA molecules were also proved to be able to immo-
bilize by nanoparticles and form DNA sensors. In order to achieve DNA immobili-
zation, DNA was manipulated by adding meticulous function groups that can bind
strongly with nanoparticles (Cai et al. 2001).
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Chapter 4
Myconanotechnology in Agriculture

Sairengpuii Hnamte, Busi Siddhardha, and V. Venkateswara Sarma

Abstract Nanotechnology is a fast-growing field of science that involves synthesis
and development of various nanomaterials, production, manipulation and use of
materials ranging in size from less than a micron to that of individual atoms.
Formation of nanoparticles employing fungi and their application in medicine, agri-
culture and other areas is known as myconanotechnology. Fungal nanoparticles
could be used in various fields including agriculture, industry and medicine. In the
present chapter, the status of research carried out on fungal nanoparticles in the area
of agriculture is consolidated and presented. Myconanotechnology has emerged as
one of the key eco-friendly technologies, and its use in management of bacterial and
fungal diseases, pest control, preserved foods and beverages is constantly being
explored. Thus, myconanotechnology provides a greener alternative to chemically
synthesized nanoparticles. Mycosynthesized nanoparticles found their vast applica-
tion in pathogen detection and control, wound healing, food preservation, textile
fabrics and many more. The present chapter provides an appraisal on the application
of myconanotechnology in agriculture and looks into the future prospects.

4.1 Introduction

There is a rapid growth in the field of nanotechnology which involves the synthesis
and production of various nanomaterials and nanostructures. The synthesis of
nanoparticles with fungi is known as myconanotechnology. Fungi produce large
amount of enzymes which can be used for the synthesis of nanoparticles. There are
three methods in the synthesis of metal nanoparticles such as physical, chemical and
biological methods. Among these, biological synthesis is favoured than chemical
and physical synthesis due to their fast synthesis and ability to control shape and
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size. Therefore, they are of cost-effective and environment friendly in nature
(Saxena et al. 2014). Different fungi have been investigated for the synthesis of
nanoparticles such as gold, silver, selenium, platinum, zinc oxide, titanium nanopar-
ticles, etc. by various researchers. Fungi have numerous advantages from other
organisms in the synthesis of nanoparticles. They are easy to isolate and handle and
are capable of secreting extracellular enzymes (Mandal et al. 2006; Mohanpuria
et al. 2007; Alghuthaymi et al. 2015) and have the ability to withstand flow pressure
than bacteria and plants (Narayanan and Sakthivel 2010). In addition, the process of
synthesis has a greener approach as it is nontoxic and occurs at low cost. Fungi-
based synthesis of nanoparticles has received much attention to researchers due to
their extensive advantages in different fields. Fungal nanoparticles can be used in
various fields like agriculture, engineering, pharmaceuticals, environment, textiles,
medicine, food industry, etc. (Dasgupta et al. 2015; Nanda and Majeed 2014; Yadav
et al. 2015; Prasad et al. 2016). Thus myconanotechnology provides a greener alter-
native to chemically synthesized nanoparticles. The present chapter provides the
application of myconanotechnology in agriculture and its future perspectives.

4.2 Synthesis of Fungal Nanoparticles

Fungal nanoparticles can be synthesized both intracellularly and extracellularly
(Fig. 4.1). There have been several reports on the intracellular and extracellular
synthesis of nanoparticles using fungi. The work done by researchers in the synthe-
sis of fungal nanoparticles is listed in (Table 4.1). Nanoparticles are fabricated
inside the cell of the fungus in intracellular where the biomass of the fungus is
reacted with a metal, whereas in extracellular synthesis, the filtrate of the fungus
reacts with the solution of a metal (Yadav et al. 2015). Electrostatic interactions
occur during intracellular synthesis where ions of the metal bind upon the fungal
cell. The ions of the metal are reduced by the enzymes present in the cell wall, and
then formation of nanoparticles occurs due to aggregation of the metal ions. During
extracellular synthesis, the fungus, when exposed to the metal ions, leads to release
of reductase enzymes and formation of nanoparticles, which are highly stable
(Kashyap et al. 2013). A rapid extracellular and intracellular biosynthesis of gold
nanoparticles using the fungus Penicillium sp. was reported by Du et al. (2011).
Intracellular synthesis of gold nanoparticles was obtained when AuCl,~ ions reacted
with the cell filtrate of the fungus in 1 min, whereas extracellular synthesis occurred
when solution of AuCl,~ incubated with fungal biomass for 8 h. There are two dif-
ferent methods for the preparation of extracellular biosynthesis, i.e. rapid synthesis
and slow synthesis, whereas intracellular biosynthesis is a time-limiting factor
which depends on in vivo synthesis of cells (Moghaddam 2010). Due to an addi-
tional step required to obtain the purified nanoparticles, the extracellular synthesis
method is more favourable than intracellular method (Kuber et al. 2006).

The extracellular and intracellular syntheses of fungal nanoparticles reported by
various researchers are described below.
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Fig. 4.1 Mycosynthesis of nanoparticles

Fatima et al. (2016) reported the mycosynthesis of silver nanoparticles using
Aspergillus flavus. The synthesized nanoparticle was found to be spherical in shape
with 50 nm in size which showed antimicrobial effect against pathogenic fungi and
bacteria. Further, it is also reported to be a microbicidal agent in the field of agricul-
ture. In another study conducted by Ingle et al. (2009), Fusarium solani was reported
to be a new biological agent in the extracellular synthesis of silver nanoparticles.
Fourier transform infrared spectroscopy (FTIR) revealed the silver nanoparticle to
be highly stable due to the presence of capping agent. Extracellular synthesis of
gold nanoparticles using Fusarium oxysporum f. sp. cubense JTI and its antimicro-
bial activity against Pseudomonas sp. was reported by Thakker et al. (2013). The
mycelium reacted with auric chloride and changed the yellow colour to purple
colour within 60 min indicating the formation of gold nanoparticles with particle
size of 22 nm. The extracellular synthesis of gold nanoparticles using
Helminthosporium tetramera was studied by Shelar and Chavan (2014). The syn-
thesized gold nanoparticle was found to be polydispersed spherical with size range
of 8-50 nm. This study would be appropriate for establishing a process for large-
scale manufacturing of scanty AuNPs. Zinc oxide nanoparticles against two



80 S. Hnamte et al.

Table 4.1 List of mycosynthesis of nanoparticles

Fungal species Nanoparticle | Synthesis Size (nm) | Reference
Aspergillus flavus Silver Extracellular 50 Fatima et al.
(KF934407) (2016)
Fusarium solani Silver Extracellular 5-35 Ingle et al. (2009)
Fusarium oxysporum Gold Extracellular 22 Thakker et al.
f. sp. cubense JT1 (2013)
Helminthosporium Gold Extracellular 8-50 Shelar and
tetramera Chavan (2014)
Botrytis cinerea and Zinc oxide Extracellular 70 He etal. (2011)
Penicillium expansum
Aspergillus terreus Zinc oxide Extracellular 54.8-82.6 | Baskar et al.
(2013)
Coriolus versicolor Silver Intracellular and | 10 Sanghi and Verma
extracellular (20094, b)
Saccharomyces cerevisiae | CdS Extracellular 2.5-55 Prasad and Jha
(2010)
Coriolus versicolor CdsS Extracellular 10 Sanghi and Verma
(2009a, b)
Aspergillus flavus Titanium Extracellular 62-74 Rajakumara et al.
dioxide (2012)
Alternaria alternata Selenium Extracellular 13-15 Sarkar et al.
(2011)
Fusarium oxysporum Platinum Extracellular 5-30 Syed and Ahmad
(2012)
Mucor hiemalis Silver 5-15 Aziz et al. (2016)

pathogenic fungi, i.e. Botrytis cinerea and Penicillium expansum, and its antifungal
activity were investigated by He et al. (2011). The results suggest that zinc oxide
nanoparticles could be used in agriculture as a productive fungicide and applica-
tions in food safety. Baskar and his co-workers also studied a greener synthesis of
zinc oxide nanoparticles against Aspergillus terreus. The synthesized crystalline
zinc nanoparticles were characterized by UV absorption spectrum, X-ray diffrac-
tion spectrum and Fourier transform infrared spectroscopy and were found to be
spherical in shape, and scanning electron microscope revealed the size range from
54.8 to 82.6 nm. The synthesized zinc oxide nanoparticle was found to be a potent
antifungal agent against fungal species (Baskar et al. 2013).

An intracellular synthesis and extracellular synthesis of silver nanoparticles
using the fungus C. versicolor was demonstrated by Sanghi and Verma (2009a)
reported for the first time. The fungus when treated with silver nitrate solution
agglomerated the silver nanoparticles on its surface in 72 h. The reaction was quick
and could easily continue at room temperature even without stirring under alkaline
conditions. The resulting AgNPs displayed controllable structural and optical prop-
erties depending on the experimental parameters such as pH and reaction tempera-
tures. The average size, morphology and structure of particles were characterized by
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TEM, AFM, XRD and UV-vis spectrophotometry. The FTIR study imparts that the
particles were bound by the amino groups which was responsible for the nanopar-
ticle stability. Another study of intracellular and extracellular synthesis of gold
nanoparticles using an alkalotolerant fungus Trichothecium sp. was investigated by
Ahmad et al. (2005). Gold ions when reacted under stationary conditions, with the
fungal biomass, produced extracellular synthesis, while the biomass reaction with
agitating conditions resulted in intracellular growth of the nanoparticles. The syn-
thesized gold nanoparticles were found to be spherical and triangular in morphol-
ogy. They demonstrated that altering the conditions of the reactions of the fungal
biomass and gold ions resulted in the intracellular and extracellular synthesis, where
under stationary conditions, the enzymes and proteins are released into the medium
but are not released under shaking conditions.

A rapid and eco-friendly method of biosynthesis of CdS nanoparticle using S.
cerevisiae was reported by Prasad and Jha (2010). Another extracellular synthesis of
CdS nanoparticle was studied by Sanghi and Verma (2009b) using an immobilized
fungus Coriolus versicolor. The first report on fungus-based biosynthesis of tita-
nium dioxide nanoparticle was investigated by Rajakumara et al. (2012). The syn-
thesized nanoparticle was found to have good antibacterial property. Scanning
electron microscopy disclosed the particle to be oval and spherical shapes with size
being in the range of 62—74 nm. Sarkar et al. (2011) reported for the first time in
synthesizing selenium nanoparticles with Alternaria alternata. The synthesized
nanoparticles were characterized by atomic force microscopy, dynamic light scat-
tering and transmission electron microscopy and revealed the nanoparticle size to be
in the range of 30-15 nm. An extracellular synthesis of platinum nanoparticles
using Fusarium oxysporum was studied by Syed and Ahmad (2012). Fusarium oxy-
sporum reacted with hexachloroplatinic acid resulted in the formation of selenium
nanoparticle with size in the range of 5-30 nm which are highly stable. Because of
their high stability, ability not to flocculate and having a good monodispersity, they
may find applications in various fields.

4.3 Factors That Affect Nanoparticles Mycosynthesis

There are several factors that affect the synthesis of fungal nanoparticles such as
temperature, biomass, concentration and time in exposure of substrate, pH and the
presence of particular enzyme (Fig. 4.2). These are known to be the major factors
that affect the shape and size of nanoparticles (Kashyap et al. 2013). Khan et al.
(2016) studied the optimization of various parameters such as pH, quantity of fun-
gal biomass, temperature and concentration of silver nitrate in the synthesis of silver
nanoparticles from Aspergillus niger. They concluded that optimizing the above
parameters will enhance the silver nanoparticles synthesis as well as its yield.
Optimizing the cultural and physical conditions in the synthesis of silver nanopar-
ticles from Fusarium oxysporum has also been studied by Birla et al. (2013).
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Fig. 4.2 Parameters effecting mycosynthesis of nanoparticles

One of the most important factors affecting the mycosynthesis of nanoparticles
is pH. It greatly influences the nature and size of the nanoparticles synthesized
(Gardea-Torresdey et al. 1999; Armendariz et al. 2004). The synthesis of gold
nanoparticles with Aspergillus terreus and its antibacterial property against
Escherichia coli was studied by Priyadarshini et al. (2014). The nanoparticle was
found to be 10-19 nm at pH 10 based on UV-vis spectroscopy, XRD, TEM, EDX
and FTIR results which revealed the characteristic property of the synthesized
nanoparticle. Temperature plays an important role in regulating the activity of the
fungus and the movement of the ions (Dhillon et al. 2012). The synthesis of nanopar-
ticles with a greener approach requires temperatures less than 100 °C or ambient
temperature. The effect of temperature in the synthesis of fungal based nanoparti-
cles was studied by Fayaz et al. (2009). They found that increase in temperature of
the reaction results in decrease of the nanoparticle size but increase in monodisper-
sity. Incubation time is also another important factor affecting the synthesis of fun-
gal nanoparticles. The time period in which the reaction medium incubates greatly
enhances the type of nanoparticle synthesized and the quality (Darroudi et al. 2011).
The incubation time might occur in different ways such as the particles may
aggregate because they are stored for a longer period of time; therefore, the poten-
tial is affected (Baer 2011).
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4.4 Strategies for Mycosynthesis of Nanoparticles

There are two widely used approaches or strategies for the synthesis of nanoparti-
cles. It can be synthesized using the top-down approach and bottom-up approach. In
top-down method, physical methods, like diffusion, thermal decomposition, irradia-
tion, etc., are employed. Nanoparticles are fabricated by using biological approach
like biological entities and chemical approach like chemical reduction, seeded
growth method, electrochemical synthesis and polyol synthesis method in bottom-
up approach (Tikariha et al. 2012). In top-down approach, etching and machining
techniques are employed in top-down approach where the large materials are rup-
tured down slowly to nanosized materials (Lengke et al. 2011). The synthesis of
fungal nanoparticles is a bottom-up approach. The main reaction of mycosynthesis
of nanoparticles resembles bottom-up approach because it includes substrate oxida-
tion or reduction resulting to colloidal structures. The possibilities to a greater
degree for acquiring nanostructures such as nanotubes, nanorods, nanowires, nano-
cubes, nanosheets, etc. with better uniformity in chemical composition in bottom-
up approach make more advantageous than other approaches. This is due to this
approach, which is mainly steered by reduction of Gibbs free energy that brings
those synthesized nanomaterials or nanostructures to a state closer to thermody-
namic equilibrium state (Kashyap et al. 2013).

4.5 Applications of Mycosynthesis of Nanoparticles
in Agriculture

Nanotechnology is a fast-developing industry which has an impact in the field of
agriculture. Fungus-based synthesis of nanoparticles has attracted the researchers
due to their enormous applications in various fields. Some of the applications in
various fields of agriculture are illustrated below.

4.5.1 Nanofungicides

The common plant pathogens are fungi compared to viruses and bacteria. These
plant pathogens such as species of Aspergillus, Fusarium and Phytophthora can be
used as a nanomaterial for the synthesis of nanoparticles (Yadav et al. 2015). Kim
etal. (2012) reported a silver nanoparticle of nanosize which can be used as an effec-
tive antifungal agent in the treatment of different plant pathogens. In vitro assay was
performed on petri dish. They used 18 plant pathogenic fungi for treating the silver
nanoparticles on malt extract agar, potato dextrose agar and cornmeal agar plates.
The fungal inhibition was calculated to evaluate the antifungal activity of silver
nanoparticles against the pathogens. The results revealed that silver nanoparticles
possess antifungal properties against these plant pathogens at different levels. In vitro
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as well as field conditions trial was conducted by Lamsal et al. (2011). They demon-
strated the effects of silver nanoparticles using Colletotrichum species and pepper
anthracnose disease. Silver nanoparticle solution at different concentrations, viz. 10,
30, 50 and 100 ppm, was used. In vitro assay was performed. The maximum inhibi-
tion rate was at 100 ppm silver nanoparticles solution with a percentage of 93.50%,
while the lowest inhibition was found to be 11.33% at 10 ppm. In the case of field
trial analysis, an experiment was conducted before and after the pepper was infected.
Two positive controls, i.e. commercial fungicide NSS-F and chemical fungicide
Feneri, were used. The leaves of the plants were treated with silver nanoparticles
3—4 weeks before and after the outbreak of the disease. After the disease outbreak
treatment, results were analysed 1 week after the final treatment. Before the disease
outbreak treatment, results were obtained 4 weeks after final treatment. Each experi-
ment was performed in triplicates. Moreover, after the disease outbreak treatments,
disease incidence was higher compared to before the disease outbreak treatments
with NSS-F 72.1% and Fenari 63.4%. The lowest disease incidence was noticed on
plants treated with 50 ppm silver nanoparticles before the disease outbreak with
9.7%, whereas the highest disease incidence was observed on plants treated with
NSS-F after the disease outbreak with 72.1%. The results showed that before the
outbreak of the disease, silver nanoparticle treatment was applied which suppressed
the pathogen attack. Park et al. (2006) also studied the efficiency of nanosized silica-
silver in controlling plant pathogenic microbes. Silica-silver nanoparticles were pre-
pared, and antifungal activity was performed against Rhizoctonia solani, Botrytis
cinerea, Magnaporthe grisea, Colletotrichum gloeosporioides and Pythium ultimum.
Antifungal effect was performed on powdery mildew in the field. The results suggest
that since silver and silica are nontoxic and safe for human health, the cost is much
lower than the commercial fungicide. This nanoformulation is highly useful for man-
aging different fungal plant diseases (Bhattacharyya et al. 2016).

4.5.2 Nanopesticides

Plant diseases have reduced agriculture production. Various methods have been
employed in combating the different diseases of plants such as natural or artificial
methods. Excessive use of pesticides can cause environmental hazards. Therefore,
scientists have been investigating for the replacement of chemical-based pesticides
(Kim et al. 2012). Due to its durability, and high efficacy, nanopesticides represent
the next-generation pesticides (Bhattacharyya et al. 2016). Nanopesticide can be
prepared in two ways: organic ingredients which are polymers and inorganic, i.e.
metal oxides (Yadav et al. 2015). Bramhanwade et al. (2016) studied a stable copper
nanoparticle and their fungicidal activity against three crop pathogenic fungi.
Cetyltrimethylammonium bromide and copper nitrate were used to synthesize sta-
ble copper nanoparticles at room temperature. The antifungal effect was determined
against three crop pathogenic Fusarium spp., i.e. F. oxysporum, F. culmorum and
F. equiseti, and found to exhibit significant antifungal activity. Therefore, copper
nanoparticles can be used as antifungal agents.
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4.5.3 Nanofertilizers

Nanofertilizers are those vital nutrients for the growth of the plants for improvement
in their production and supporting their growth (Liu and Lal 2015; Prasad et al.
2014, 2017). Excessive consumption and continuous use of chemical fertilizers
decrease the fertility of soil and in the crop production. Therefore, nanofertilizers
can replace in regaining and protecting the fertility of soil. The use of nanofertilizers
leads to an increase in nutrient efficiencies and reduces toxicity of the soil (Prasad
et al. 2014, 2017). An eco-friendly and low-cost method was reported by Tarafdar
et al. (2014). Zinc nanoparticle was employed as a nanofertilizer in pearl millet
Pennisetum americanum L. for enhancing crop production. Zinc oxide solution
reacted with the fungus R. bataticola for 62 h resulted in the extracellular synthesis
of high monodispersed zinc nanoparticles with an average size of 18.5 nm as con-
firmed by transmission electron microscopy. In order to determine the effect of the
synthesized zinc nanoparticle as a nanofertilizer, seeds of pearl millet were sown at
3 cm depth in the field. The field experiment was conducted with three treatments
such as control, i.e. without any treatment, nanosize and normal size zinc oxide.
After 2 weeks of germination, foliage was sprayed with the normal size zinc oxide
and nanozinc. Results were observed after 4 weeks of spray in which significant
improvement was observed in shoot length, root area and root length. In addition,
the chlorophyll content, dry biomass plant, total soluble leaf protein, dehydroge-
nase, and enzyme activities of acid phosphatase were also estimated in 6-week-old
plants. In another study conducted by Pandey et al. (2010), zinc oxide nanoparticle
served as an efficient nanofertilizer for zinc, which is an essential nutrient for the
growth of the plants. Singhal et al. (2017) ‘reported that nano-embedded fungus’
formed by impact of synergistic association of ZnO-nanorods and fungus
Piriformospora indica DSM 11827, for growth of Brassica oleracea var. botrytis
(Broccoli). Hydrothermal method was employed for the synthesis of zinc oxide
nanoparticles and was characterized by powder X-ray diffraction, and field emission
electron microscopy provided the size range with a diameter of 20-30 cm and is of
spherical shape. Zinc oxide nanoparticle was used during the root growth and seed
germination of Cicer arietinum which resulted in an increased level of Indole acetic
acid in the roots, therefore bringing out an increase in the rate of plant’s growth.

4.6 Conclusion and Future Perspectives

Mycosynthesis of nanoparticles has attracted a wide attention among researchers due
to their desirable characteristics and nontoxicity. The chapter illustrates the various
reports exhibited by the researchers on the extracellular and intracellular synthesis of
fungal nanoparticles. The different parameters that affect nanoparticles mycosynthe-
sis have been discussed. Moreover, the applications in the field of agriculture such as
nanofungicide, nanopesticide and nanofertilizer are also exemplified. An extensive



86 S. Hnamte et al.

research of myconanotechnology in the field of agriculture will improve in the
growth of the plants and crop protection. In-depth studies are essential on the mecha-
nism of mycosynthesis of nanoparticles at the molecular and cellular level.
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Chapter 5

Fungus-Mediated Bioleaching of Metallic
Nanoparticles from Agro-industrial
By-Products

Madan L. Verma

Abstract Nanotechnology is a multidisciplinary area that involves the synthesis of
advanced material at the nanoscale level. Nowadays applications of the nanomate-
rial are widely accepted and being observed in all the areas ranging from health to
environment sectors. Hence there is a surge of nanotechnology for production of
nanomaterial at the large scale without compromising the eco-hazardous concerns
of the chemical synthesis routes of nanoparticles. The chapter describes the advances
and applications of the fungi in bioleaching of waste materials ranging from fly ash
to agro-industrial by-products for the production of metallic nanomaterial with ref-
erence to silica nanoparticle.

5.1 Introduction

Nanotechnology involves the manipulation of the matter with at least one dimen-
sion in the range of 1-100 nm that has various applications in different sectors rang-
ing from electronics, optics, sensing, catalysis, drug delivery, bioseparation, etc.
(Verma 2017; Verma et al. 2012, 2013a, b, ¢, d, 2016; Abraham et al. 2014; Puri
et al. 2013; Prasad 2014; Prasad et al. 2014, 2016, 2017a, b). The application of
nanomaterials is vast; however, to tap the maximum potential, efficient methods of
nanofabrication are required (Paull et al. 2003). Generally, nanomaterial is synthe-
sized via three routes: physical, chemical, and biological (Fig. 5.1). Among the dif-
ferent routes of nanofabrication, the physical route employs the top-down approach
that involves the synthesis of nanomaterial by size reduction of bulk material in very
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Fig. 5.1 Overview of methods employed for nanoparticle synthesis

specific physical engineering tools such as thermal decomposition, vapor condensa-
tion, spray pyrolysis, and photo-irradiation (Sakamoto et al. 2009; Burda et al.
2005; Swihart 2003; Sun et al. 2000), while the chemical method employs bottom-
up approach for the synthesis of the nanomaterials. The wet chemical method was
superior than physical method as size and shape are excellent manipulated via
chemical routes. The chemical method or solution-based method involves oxida-
tion/reduction of metal ions that resulted in assembly of atomic/molecular nano-
crystals with the aid of capping agents, solvents, and template (Verma et al. 2016;
Bansal et al. 2012). However, the negative concern to the environment is associated
with the synthetic chemical methods due to the toxic chemicals and extreme reac-
tion conditions of temperature, pH, and pressure (Verma 2017; Bansal et al. 2012;
Thakkar et al. 2010). To overcome disadvantage of physicochemical methods, toxic
chemical-free methods, typically known as “green” environmentally benign meth-
ods, have become more promising.

Massive generation of wastes from the industries and household activities causes
a serious concern. Waste treatment methods such as pyrometallurgical and hydro-
metallurgical have been employed to overcome the menace caused to the environ-
ment (Park and Fray 2009; Lee et al. 2007). However, these methods can pose
environment risks due to toxic reagent and excessive by-products. The synthetic
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route is comparatively not cost-effective in addition to eco-hazardous output. Thus,
waste management through eco-friendly methods is most urgently needed. In this
direction, bioleaching has provided a novel solution to extract wealth from waste
using microorganisms.

Bioleaching is considered a green technology employed for extracting value-
added metals from diverse waste materials (Pathak et al. 2017; Priya and Hait
2017; Wu and Ting 2006). Bioleaching of waste material rich in metal elements
can be done by a variety of microorganisms. Although the different microbes used
for the synthesis of nanoparticles, yet fungi are efficient candidates for biogenic
fabrication of metal nanoparticles both intra- and extracellular (Adil et al. 2015;
Shelar and Chavan 2014; Roy et al. 2013; Dhillon et al. 2012; Li et al. 2012;
Pavani et al. 2012; Vahabi et al. 2011; Gade et al. 2010; Thakkar et al. 2010;
Verma et al. 2010; Rai et al. 2009; Mohammadian et al. 2007; Sastry et al. 2003;
Mulligan and Kamali 2003; Aziz et al. 2016). Fungi show the promising candi-
dates among all the living organisms for syntheses of nanoparticles due to the
unique properties such as high wall binding capacity, ease of culturing, and bio-
mass separation (Vagoé et al. 2016; Siddiqi and Husen 2016; Yadav et al. 2015;
Vala 2015; Kitching et al. 2015; Maliszewska et al. 2014; Singh et al. 2014;
Pantidos and Horsfall 2014; Duran et al. 2011; Jain et al. 2011; Duran et al. 2005;
Mukherjee et al. 2001; Prasad et al. 2016).

Bioleaching is extraction of the metals by interaction of microorganisms with
waste material enriched with metals elements (Khan et al. 2014). Solubilization of
metals and biotransformation of solid waste yield economic recovery of value-
added elements (Brombacher et al. 1997). It involves three steps to complete the
bioleaching process: (a) transformation of inorganic/organic acids (proton), (b)
oxido-reduction reaction, and (c) extraction of complex agents (Khan et al. 2014).
Microorganisms endow with high metal tolerance that has been employed to syn-
thesize metallic nanomaterials from the waste materials (Fig. 5.2; Bajaj et al. 2012;
Dhanjal and Cameotra 2010; Bhattacharya and Gupta 2005).

In this article, we have discussed the role of fungi as a bioleaching carrier for the
conversion of waste materials to the value-added silica nanoparticles (Table 5.1).
Silica is an important inorganic material that has a plethora of applications in differ-
ent fields such as enzyme technology, biocatalyst support, molecular sieves, resins,
and biomedical carrier (Verma et al. 2012; Mousavi and Rezaei 2011; Barik et al.
2008; Hubert et al. 2000). In contrary to harsh environmental conditions of chemi-
cal synthesis of silica, various biological and biomimetic routes were employed for
synthesis of crystalline as well as amorphous silica (Patwardhan 2011; Farrell et al.
2006; Sumper and Kroger 2004; Perry and Keeling-Tucker 2000, 2003; Pohnert
2002; Morse 1999; Mann and Ozin 1996; Mann 1995). Three cases of waste materi-
als including rice husk, zircon sand, and fly ash have been discussed with reference
to a special fungus Fusarium oxysporum, a plant mesophilic fungus. The same fun-
gus can be easily grown on MGYP (malt extract, glucose, yeast extract, and pep-
tone) media at ambient reaction conditions.
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Table 5.1 List of fungus employed for leaching nanoparticles from different natural/synthetic

materials
Bioleaching
Fungus name materials Product References
Fusarium oxysporum | Sand Silica nanoparticles Bansal et al. (2005)
F. oxysporum Rice husk Nanocrystalline silica Bansal et al. (2006)
F. oxysporum Fly ash Silica nanoparticles Khan et al. (2014)
Humicola lanuginosa | Glass/modified glass | Silica nanoparticles Kulkarni et al.

(2008)

F. oxysporum

Zirconia sand

Silica nanoparticles

Bansal et al. (2007)
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5.2 Fungus-Mediated Bioleaching of Fly Ash for Producing
Extracellular Silica Nanoparticles

Fly ash is the product of coal burning or other materials. The waste material is pro-
duced in massive amount on daily basis in thermal power plant and deposited in the
landfills/dump site that causes leaching out to the underground water body (Mizutani
etal. 1996). It causes a number of environment hazards in particular to air pollution
and soil pollution.

Fly ash is categorized into two types: high-rank fly ash (rich in silicon and alu-
minum) and low-rank fly ash (rich in calcium, magnesium, iron). However low-rank
fly ash is not employed as additive to cement. High-grade fly ash has application in
the cement industry (Sklivaniti et al. 2017; Behfarnia and Rostami 2017; Palla et al.
2017; Hemalatha and Ramaswamy 2017). Fly ash is composed of silica-rich inor-
ganic minerals (Khan et al. 2014) such as quartz (SiO,), mullite (AlsS1,0,3), silli-
manite (Al,SiOs), and glassy compounds (silica glass and other oxides). Such waste
material harbors a rich source of metals such as Al and Si and excellent material for
synthesis of aluminosilicate compounds that have enhanced the speed of the reac-
tion by acting as catalysts such as zeolite. Thus it may be considered as artificial ore
(Bosshard et al. 1996).

Commercial utilization of the fly ash by extracting value-added elements (silica
and aluminum) has provided technological advantage by utilization of waste mate-
rial through chemical treatments such as organic acid, inorganic alkali, ultrasonica-
tion, or in combination (Gao et al. 2017). Such process are high efficient to separate
elements by providing high purity (99%) and high yield (51%) of SiO,. Gao et al.
(2017) demonstrated application of extracted SiO, toward adsorption of cationic
dyes (methylene blue and malachite green).

Khan et al. (2014) demonstrated the methodology for production of water-
soluble silica nanoparticles from fly ash waste materials using mesophilic fungus
Fusarium oxysporum at ambient reaction conditions. Silica nanoparticle was func-
tionalized with bioleached fungal protein that exhibited crystalline and fluorescent
properties. At short period of 1 day incubation, fungus leached out quasi-spherical
silica nanoparticles from fly ash. Analytical techniques such as spectroscopy
(UV-Vis, Fourier transform infrared), microscopy (transmission electron), X-ray
(X-ray diffraction, energy-dispersive analysis of X-rays), and photoluminescence
supported the bioleaching of unique silica nanoparticles.

Khan et al. (2014) employed isolated fungus Fusarium oxysporum from plant
material for bioleaching the fly ash waste material. Bioprocessing for optimal
fungal biomass was done using MGYP (malt, glucose, yeast, peptone) media.
Subculturing was done using fresh slants from active growing stock culture.
Three-day-old culture was employed for fermentation study. Fungus was grown
in MYGP media with continuous high shaking at ambient temperature for 3 days.
After completion of fermentation, fungal mycelial mass was separated by cen-
trifugation and washed with excessive amount of distilled water three times. The
fungal biomass and waste material were taken aseptically at the ratio of 6:1 for
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silica nanoparticles production and kept in the dark under optimized reaction con-
ditions (pH 6.5, 25 ° C, 200 rpm).

Sophisticated instruments were employed for the characterization of the biole-
ached nanosilica. UV-Vis spectroscopy was employed for characterization of
fungus-mediated fly ash bioleaching reaction at the resolution of 1 nm. The fly ash
was unreacted and did not show any absorption peak in the entire range of 240—
800 nm. However, fungus-mediated bioleaching of fly ash showed two peaks:
prominent absorption (275 nm) and absorption edge (350 nm). Absorption peak of
wavelength 275 nm was assigned due to aromatic amino acids such as tryptophan,
tyrosine, and phenylalanine (Eftink and Ghiron 1981). Aromatic amino acids were
presented in the protein secreted by fungus during bioleaching reaction. Such pro-
teins/enzymes were secreted by fungus during stress conditions of element-rich
waste materials of fly ash. The selected fungus reported for high affinity for silica
elements (Bansal et al. 2007).

Bansal et al. (2006) showed the formation of initial bioleached product in the
form of enzyme-silicic acid complex due to interaction of fungal secreted protein/
enzyme with silicic acid component of fly ash. Initial bioleached complex was
hydrolyzed by the fungal hydrolytic enzyme. The isoelectric point (pI:2) of silica is
of very low that envisaged the mechanism of bioleaching extraction that involves
cationic nature of fungal hydrolytic proteins.

Khan et al. (2014) performed the fly ash treatment at acidic reaction conditions
(pH: 4) without fungus to explore the possibility of production of silica nanoparti-
cles. The reaction product/filtrate was characterized by analytical techniques. There
was no peak reported in UV-Vis and XRD. Photoluminescence study was done
using fungal treated fly ash as well as untreated fly ash powder. The untreated fly ash
powder did not show any emission bands at selected excited bands. However, fungal
treated fly ash produced photoluminescence phenomenon at the interface of silica
nanocrystal in SiO, (Pavesi et al. 2000). This unique property of bioleached silica
nanoparticle can be applied in different fields such as diagnostics, biosensors, drug
delivery (Khan et al. 2014).

The size and shape of the bioleached silica nanoparticle were done by transmis-
sion electron microscopy (TEM). TEM and HR-TEM study was done at 200 kV and
300 kV. In both the measurements, bioleached nanoparticles were prepared by drop
coating the particles suspended in aqueous media on carbon-coated copper grids
(Khan et al. 2014). Nanoparticles were polydispersed and quasi-spherical in shape
and water soluble due to capping of biomolecules secreted by fungal. The particle
size distribution histogram of nanoparticles was in the range of 2026 nm with an
average diameter of 22 nm. X-ray diffraction pattern of bioleached nanoparticle was
aligned with crystalline polymorph of silica, and even the protein capping of the
nanoparticles did not change the crystallinity as revealed from Bragg reflections.
The XRD pattern and SAED spots were indexed with reference to the crystal struc-
ture from the PCPDF chart: silica (PCPDF card no. 040-1498).

Fourier transform infrared spectroscopy (FTIR) study of bioleached nanoparti-
cles was done using KBR pellet. Fly ash powder showed different vibrational peaks
of individual components. The characteristic peak corresponding to individual
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components were reported as follows: Si-O-Al stretching vibrations correspond to
600 wave number; 1098 wave number assigned to Si-O-Si asymmetric correspond-
ing vibrations; and 1608 wave number corresponds to H-O-H bending vibrations
(Frances et al. 2008; Innocenzi et al. 2003; Palomo et al. 1999). There was no amide
region in the fly ash control sample. However, fungal treated fly ash showed all
peaks of controlled fly ash in addition to two amide peaks of proteins (1641 and
1540 wave number corresponds to amide I and amide II peak) and thus confirmed
silica nanoparticles leached out by fungus in the extracellular solutions.

The energy-dispersive analysis of X-rays for fly ash powder showed the presence
of different components such as Si, Ca, Mg, Fe, Al, etc. Fungal mediated bioleach-
ing of fly ash showed two prominent peaks corresponding to Si (1.74 KeV) and O
(0.51 KeV), respectively. Higher amount of silica in bioleached sample confirmed
higher purity of silica nanoparticle (72%). The results of XRD and FTIR studies
confirmed the bioleaching of silica nanoparticles.

Khan et al. (2014) demonstrated the role of mesophilic fungus in the bioleaching
of waste material that produced extracellular surface-functionalized and water-
soluble metallic nanoparticles at ambient reaction conditions.

5.3 Fungus-Mediated Bioleaching of Sand for Producing
Extracellular Silica Nanoparticles

Bansal et al. (2007) demonstrated bioleaching of silica present in zircon by using
mesophilic fungus at ambient temperature. This approach has twofold benefits:
firstly it has bioleached silicon impurities in the form of silica nanoparticle; sec-
ondly it has concentrated the zirconia in zircon sand. Bioleaching process by fungus
was rapid and completed in 1 day. Bansal et al. (2007) developed the methodology
for bioleaching of silica nanoparticles. The fungal biomass (20 g wet weight) was
mixed aseptically with 10 g zircon sand in the ratio of 2:1 that suspended in distilled
water under constant fast shaking. The fungal sand reaction was incubated for 1 day
at 27 °C.

For the extracellular bioleaching of silica from zircon sand by F. oxysporum, the
bioleached nanoproduct was pooled from the aqueous component by removing the
fungal mycelia through filtration. The aqueous product of bioleached sample was
made powder by low-pressure evaporation. The nanopowder was treated further by
high-temperature calcination. The bioleached nanoproduct after the treatment of
Fusarium oxysporum-zircon sand reaction mix at the pH of 3.5 for 1 day was ana-
lyzed by TEM. The nanoparticles depicted an overall quasi-spherical morphology
and nanoparticle size range from 2 to 10 nm, with an average size of 5.5 nm (Bansal
et al. 2007). The crystalline nature of nanoparticles was confirmed by SAED analy-
sis, and the diffraction pattern could be indexed on the basis of the cristobalite
polymorph of silica. The XRD and SAED patterns were indexed with reference to
the crystal structures from the PCPDF charts: silica (PCPDF card nos. 03-0272,
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32-0993, 45-0112, and 45-0131). FTIR analysis of nanoparticles from the fungus-
zircon sand reaction medium showed two absorption amide I and II bands that con-
firmed the role of fungal secreted proteins in synthesis of quasi-spherical silica
particles during reaction with zircon sand.

The XRD spectrum of nanosilica showed well-defined Bragg reflection charac-
teristics of cristobalite polymorph of crystalline silica. In addition to well-defined
Bragg reflections, the FTIR signatures corresponding to silica-entrapped proteins
showed entrapped proteins in the silica particles did not interfere with crystallinity.
Zircon sand was incubated at an acidic pH to explore the possibility of silica leach-
ing out due to the acidic nature of the reaction medium, and then the filtrate was
found absence of characteristic Si-O-Si vibrational modes of silica as well as signa-
tures (Si-OH vibrational modes) from silicic acid (Innocenzi et al. 2003; Silverstein
1967).

In this sand-derived nanoparticle, authors demonstrated the use of fungus
Fusarium oxysporum for selective bioleaching of silica present in zircon sand. The
crystalline silica of the size ca. 5 nm was functionalized by stabilizing fungal pro-
teins that secreted into solution by the fungus. Additionally, bioleaching of silica
from zircon sand also enhanced significantly the zirconium component in zircon
sand at ambient reaction conditions.

5.4 Fungus-Mediated Bioleaching of Agro-industrial
By-Products for Production of Silica Nanoparticles

Rice husk is the by-product of rice (Oryza sativa) which is the principle cereal crops
in India, China, Sri Lanka, Africa, and Latin America that fulfill the nutritional
needs of a large mass of population (~70%) of these countries (Saha 2016). At
world level, a rice crop is grown on 161 million hectares, with an annual production
of about 679 million tons. Asia contributes a major, i.e., ~90% portion of rice pro-
duction (FAOSTAT 2012; FAO 1995). In comparison to the production and con-
sumption of rice in global scenario, India produced more than 100 million metric
ton in the last 5 years, in particular to 2011-2012, and recent trends of rice produc-
tion keep on increasing due to advance in technologies.

However, major cereal crop has produced post-harvesting by-products, i.e., rice
husk. Among agro-industrial waste, rice husk is the primarily by-products from the
rice harvesting as well as rice mill industry as it constitutes ~22% of its production.
Rice husk contains high contents of silicon as SiO, in the range of 9-12% (Martin
1938; Ding et al. 2005; Aisuncion et al. 2005). The nature of silica in rice husk is of
hydrated amorphous type. Bansal et al. (2006) demonstrated biotransformation of
amorphous silica present in rice husk to its corresponding crystalline form at ambi-
ent reaction conditions of fermentation. The same researchers developed methodol-
ogy for bioleaching of amorphous silica and simultaneously converted to value-added
nanoparticles in the form crystalline morphology by using a mesophilic fungus. The
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selected fungus Fusarium oxysporum was used to extracellular leaching in the
aqueous environment at ambient temperature. The biotransformation process medi-
ated by fungus was quick to get the value-added product in the form crystalline
silica from cheap silica present in the rice husk. The researchers claimed first type
of the study as compared to previous studies (Kroger et al. 2002; Cha et al. 2002).
Authors demonstrated the selected plant-pathogenic fungus as the excellent route
for biogenic synthesis of metallic nanoparticles via bioleaching of precursor salts
(Mukherjee et al. 2002).

Bansal et al. (2006) developed a methodology for the biotransformation of amor-
phous silica present in rice husk. Authors used 10 g rice husk and 20 g wet biomass
of fungus Fusarium oxysporum and in the ratio of 1:2 and kept the suspension on
continuous shaking condition at ambient temperature for 1 day. Then both the mate-
rials were separated by filtration process. The filtrate was treated with a biphasic
solvent system (phenol-chloroform) to remove the extracellular proteins. The
protein-free nanoparticle suspension was converted into powder form by low-
temperature evaporation process. The nanopowders were treated for before and
after calcination. Authors also checked the extracellular fungal proteins for the
capacity to biosynthesize silica nanoparticles.

The morphology of silica present in the rice husk was also confirmed by EDX
analysis. Chemically treated rice husk with hydrofluoric acid selectively released
silica nanoparticles. EDX is a semiquantitative technique; thus, quantitative
approach to measure silica bioleaching process was followed in the form of X-ray
photoemission spectroscopy (XPS) analysis. Fungus-mediated reaction with rice
husk resulted in the leaching out of 96% of silica from rice husk in aqueous form
(Bansal et al. 2006).

The time-dependent FTIR analysis of nanoparticles from the fungus-rice husk
reaction medium using KBr pellets was carried out to understand the leaching
mechanism of silica after the regular interval of 4 h each till 24 h of reaction rice
husk in the form of silica nanoparticles (Bansal et al. 2006). FTIR spectra of the
filtrate containing silica nanoparticles synthesized by exposing rice husk to the fun-
gus Fusarium oxysporum for 24 h, from silica nanoparticles calcined at 400 °C for
2 h, and from the filtrate obtained by exposing rice husk to water of pH 4.5 for
15 days. XRD patterns of silica particles synthesized by the exposure of rice husk to
the fungus Fusarium oxysporum before and after calcination at 400 °C for 2 h sup-
ported the findings as in FTIR studies.

Bansal et al. (2006) demonstrated Fusarium oxysporum as an efficient fungus
employed for biotransformation of amorphous silica present in rice husk to highly
crystalline silica nanoparticles. The nanosilica of the size range 2—6 nm was func-
tionalized by stabilizing fungal proteins. Calcination of the nanosilica particles
leads to loss of occluded protein and apparently leads to a porous structure often of
cubic morphology. The amorphous silica particles can also be bioleached from rice
husk under in vitro conditions using cationic extracellular proteins; however, these
proteins alone do not lead to biotransformation of amorphous silica into silica nano-
crystallites. Fusarium oxysporum have demonstrated the biotransformation of
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amorphous silica present in rice husk, cheap source of inorganic nanosilica, into
highly crystalline silica nanoparticles (Bansal et al. 2006).

Kulkarni et al. (2008) demonstrated leaching of silicates from borosilicate glass
by using Humicola sp. Fungal mediated bioleaching of glass resulted the release of
sub-10 nm monodispersed silicate nanoparticles. However, the presence of B-O and
B-O-Si bonds disapproved the synthesis of pristine silica and confirmed the boro-
silicate type nanoparticles. Additionally, modified glass confirmed the silicate mate-
rials leaching by selected fungus.

5.5 Conclusion

Nanotechnology holds the current status of emerging cutting-edge technology that
have plethora of applications. Although physicochemical routes of nanomaterial
synthesis are the attractive routes, synthetic chemical routes have disadvantages of
being eco-hazardous and extreme reaction conditions. Such limitations can be over-
come with ease by employing eco-friendly routes. This has been achieved by using
living organisms such as fungi, bacteria, actinomycetes, lichens, and viruses. This
unique behavior of fungi has emerged as a key player for the nanofabrication via
green chemistry route.

Through nanobiotechnology intervention, the conversion of waste materials to
the value-added material has been feasible at the bench scale. However, there is
urgency to upgrade the bench scale technology to the industrial scale. The ambient
temperature synthesis of nanomaterials using fungi starting from potential cheap
agro-industrial waste materials is an exciting possibility that an energy-conserving
and economically viable green approach toward the large-scale synthesis of metallic
nanomaterial. In the conclusion, an extension of such nonhazardous approach to
technologically challenged large quantities waste materials such as magnetite, chro-
mite, etc. also warrants further investigation.

References

Abraham RE, Verma ML, Barrow CJ, Puri M (2014) Suitability of ferrite nanoparticles immobil-
ised cellulases in enhancing enzymatic saccharification of pretreated hemp biomass. Biotechnol
Biofuels 7:90

Adil SF, Assal ME, Khan M (2015) Biogenic synthesis of metallic nanoparticles and prospects
toward green chemistry. Dalton Trans 44:9709-9717

Asuncion MZ, Hasegawa I, Kampf JW, Laine RM (2005) The selective dissolution of rice hull
ash to form [OSiO; 5]s[Rs;N]s (R=Me,CH,CH,0H) octasilicates. Basic nanobuilding blocks
and possible models of intermediates formed during biosilicification processes. J] Mater Chem
15:2114-2121

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


https://doi.org/10.3389/fmicb.2016.01984

5 Fungus-Mediated Bioleaching of Metallic Nanoparticles from Agro-industrial... 99

Bajaj M, Schmidt S, Winter J (2012) Formation of Se (0) nanoparticles by Duganella sp. and
Agrobacterium sp. isolated from Se-laden soil of North-East Punjab, India. Microb Cell
Factories 11(0):64

Bansal V, Sanyal A, Rautaray D, Ahmad A, Sastry M (2005) Bioleaching of sand by the fungus
Fusarium oxysporum as a means of producing extracellular silica nanoparticles. Adv Mater
17:889-892

Bansal V, Ahmad A, Sastry M (2006) Fungus-mediated biotransformation of amorphous silica in
rice husk to nanocrystalline silica. ] Am Chem Soc 128:14059-14066

Bansal V, Syed A, Bhargava SK, Ahmad A, Sastry M (2007) Zirconia enrichment in zircon sand by
selective fungus mediated bioleaching of silica. Langmuir 23:4993-4998

Bansal V, Bharde A, Ramanathan R, Bhargava SK (2012) Inorganic materials using unusual micro-
organisms. Adv Colloid Interf Sci 179-182:150-168

Barik TK, Sahu B, Swain V (2008) Nano-silica from medicine to pest control. Parasitol Res
103:253-258

Behfarnia K, Rostami M (2017) Effects of micro and nanoparticles of SiO, on the permeability of
alkali activated slag concrete. Constr Build Mater 131:205-213

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

Bosshard PP, Bachofen R, Brandl H (1996) Metal leaching of fly ash from municipal waste incin-
eration by Aspergillus niger. Environ Sci Technol 30:3066-3070

Brombacher C, Bachofen R, Brandl H (1997) Biohydrometallurgical processing of solids: a patent
review. Appl Microbiol Biotechnol 48:577-587

Burda C, Chen X, Narayanan R, El-Sayed MA (2005) Chemistry and properties of nanocrystals of
different shapes. Chem Rev 105:1025-1102

Cha JN, Stucky GD, Morse DE, Deming TJ (2002) Biomimetic synthesis of ordered silica struc-
tures mediated by block polypeptides. Nature 403:289-292

Dhanjal S, Cameotra SS (2010) Aerobic biogenesis of selenium nanospheres by Bacillus cereus
isolated from coalmine soil. Microb Cell Factories 9:52-52

Dhillon GS, Brar SK, Kaur S, Verma M (2012) Green approach for nanoparticles biosynthesis by
fungi: current trends and applications. Crit Rev Biotechnol 32:49-73

Ding TP, Ma GR, Shui MX, Wan DF, Li RH (2005) Silicon isotope study on rice plants from the
Zhejiang province, China. Chem Geol 218:41-50

Duran N, Marcato PD, Alves OL, DeSouza G, Esposito E (2005) Mechanistic aspects of biosyn-
thesis of silver nanoparticles by several Fusarium oxysporum strains. J Nanobiotechnol 3:1-8

Duran N, Marcato PD, Durdn M, Yadav A, Gade A, Rai M (2011) Mechanistic aspects in the
biogenic synthesis of extracellular metal nanoparticles by peptide, bacteria, fungi, and plants.
Appl Microbiol Biotechnol 90:1609-1624

Eftink MR, Ghiron CA (1981) Fluorescence quenching studies with proteins. Anal Biochem
114:199-227

FAO World Rice Information (1995) issue No. 1. FAO, Rome

FAOSTAT Database FAO (2012) Rome, www.faostat.fao.org

Farrell NO, Houlton A, Horrocks BR (2006) Silicon nanoparticles: applications in cell biology and
medicine. Int J Nanomedicine 1(4):451-472

Frances IH, Denisse VA, Meghan EG (2008) High temperature aerogels in the AL,O;- SiO, system.
American chemical society 236th national meeting, Philadelphia

Gade A, Ingle A, Whiteley C, Rai M (2010) Mycogenic metal nanoparticles: progress and applica-
tions. Biotechnol Lett 32(5):593-600

Gao M, MaQ LQ, Chang J, Ma H (2017) A novel approach to extract SiO, from fly ash and its
considerable adsorption properties. Mater Des 116:666—675

Hemalatha T, Ramaswamy A (2017) A review on fly ash characteristics—towards promoting high
volume utilization in developing sustainable concrete. J Clean Prod 147:546-559

Hubert DHW, Jung M, Fredrik PM, Bomans PHH, Meuldijk J, German AL (2000) Vesicle-directed
growth of silica. Adv Mater 12:1286-1290


http://www.faostat.fao.org/

100 M.L. Verma

Innocenzi P, Falcaro P, Grosso D, Babonneau F (2003) Order-disorder transitions and evolution of
silica structure in self-assembled mesostructured silica films studied through FTIR spectros-
copy. J Phys Chem B 107:4711-4717

Jain N, Bhargava A, Majumdar S, Tarafdar JC, Panwar J (2011) Extracellular biosynthesis and
characterization of silver nanoparticles using Aspergillus flavus NJP0O8: a mechanism perspec-
tive. Nanoscale 3:635-641

Khan SA, Uddin I, Moeez S, Ahmad A (2014) Bioleaching of waste material such as fly-ash as a
means of producing extracellular protein capped fluorescent and water soluble silica nanopar-
ticles. PLoS One 9(9):e107597

Kitching M, Ramani M, Marsili E (2015) Fungal biosynthesis of gold nanoparticles: mechanism
and scale up. Microb Biotechnol 8:904-917

Kroger N, Lorenz S, Brunner E, Sumper M (2002) Self-assembly of highly phosphorylated silaf-
fins and their function in biosilica morphogenesis. Science 298:584-586

Kulkarni S, Syed A, Singh S, Gaikwad A, Patil K, Vijayamohanan K, Ahmad A, Ogale S (2008)
Silicate nanoparticles by bioleaching of glass and modification of the glass surface. J Non-
Cryst Solids 354:3433-3437

Lee JC, Song HT, Yoo JM (2007) Present status of the recycling of waste electrical and electronic
equipment in Korea. Resour Conserv Recycl 50(4):380-397

Li G, He D, Qian Y et al (2012) Fungus mediated green synthesis of silver nanoparticles using
Aspergillus terreus. Int ] Mol Sci 13:466—476

Maliszewska I, Juraszek A, Bielska K (2014) Green synthesis and characterization of silver
nanoparticles using ascomycota fungi Penicillium nalgiovense AJ12.J Clust Sci 25:989-1004

Mann S (1995) Biomineralization and biomimetic materials chemistry. J Mater Chem 5:935-946

Mann S, Ozin GA (1996) Synthesis of inorganic materials with complex form. Nature 382:313-318

Martin JL (1938) The desilicification of rice hulls and a study of the products obtained. M.S. Thesis,
Louisiana State University, Eunice

Mizutani S, Yoshida T, Sakai S, Tatatsuki H (1996) Release of metals from MSW 1 fly ash and
availability in alkali condition. Waste Manag 16:53-544

Mohammadian A, Shaojaosadati SA, Rezee MH (2007) Fusarium oxysporum mediates photo-
generation of silver nanoparticles. Sci Iran 14:323-326

Morse DE (1999) Silicon biotechnology: harnessing biological silica production to construct new
materials. Trends Biotechnol 17:230-232

Mousavi SR, Rezaei M (2011) Nanotechnology in agriculture and food production. J Appl Environ
Biol Sci 1:414-419

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

Mukherjee P, Senapati S, Mandal D, Ahmad A, Khan MI, Kumar R, Sastry M (2002) Extracellular
synthesis of gold nanoparticles by the fungus Fusarium oxysporum. Chembiochem
3(5):461-463

Mulligan CN, Kamali M (2003) Bioleaching of copper and other metals from low-grade oxidized
mining ores by Aspergillus niger. ] Chem Technol Biotechnol 78(5):497-503

Palla R, Karade SR, Mishra G, Sharma U, Singh LP (2017) High strength sustainable concrete
using silica nanoparticles. Constr Build Mater 138:285-295

Palomo A, Grutzeck MW, Blanco MT (1999) Alkali-activated fly ashes a cement for the future.
Cem Concr Res 29:1323-1329

Pantidos N, Horsfall LE (2014) Biological synthesis of metallic nanoparticles by bacteria, fungi
and plants. ] Nanomedicine Nanotechnol 5:5

Park YJ, Fray DJ (2009) Recovery of high purity precious metals from printed circuit boards.
J Hazard Mater 164(2):1152-1158

Pathak A, Morrison L, Healy MG (2017) Catalytic potential of selected metal ions for bioleaching,
and potential techo-economic and environmental issues: a critical review. Bioresour Technol
229:211-221



5 Fungus-Mediated Bioleaching of Metallic Nanoparticles from Agro-industrial... 101

Patwardhan SV (2011) Biomimetic and bioinspired silica: recent developments and applications.
Chem Commun 47:7567-7582

Paull R, Wolfe J, Hébert P, Sinkula M (2003) Investing in nanotechnology. Nat Biotechnol
21:1144-1147

Pavani KV, Kumar NS, Sangameswaran BB (2012) Synthesis of lead nanoparticles by Aspergillus
species. Pol J Microbiol 61:61-63

Pavesi L, Negro LD, Nazzoleni C, Franzo G, Priolo P (2000) Optical gain in silicon nanocrystals.
Nature 408:440-444

Perry CC, Keeling-Tucker T (2000) Biosilicification: the role of the organic matrix in structure
control. J Biol Inorg Chem 5(5):537-550

Perry CC, Keeling-Tucker T (2003) Model studies of colloidal silica precipitation using biosilica
extracts from Equisetum telmateia. Colloid Polym Sci 281(7):652—-664

Pohnert G (2002) Biomineralization in diatoms mediated through peptide- and polyamine-assisted
condensation of silica. Angew Chem Int Ed Eng 41(17):3167-3169

Prasad R (2014) Synthesis of silver nanoparticles in photosynthetic plants. J Nanopart
11:963955-963961

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

Prasad R, Pandey R, Barman I (2016) Engineering tailored nanoparticles with microbes: quo vadis.
WIREs Nanomedicine Nanobiotechnol 8:316-330

Prasad R, Pandey R, Varma A, Barman I (2017a) Polymer based nanoparticles for drug delivery
systems and cancer therapeutics. In: Kharkwal H, Janaswamy S (eds) Natural polymers for
drug delivery. CAB International, UK, pp 53-70

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

Priya A, Hait S (2017). Feasibility of bioleaching of selected metals from electronic waste by
Acidiphilium acidophilum. Waste Biomass Valor pp 1-7

Puri M, Barrow CJ, Verma ML (2013) Enzyme immobilization on nanomaterials for biofuel pro-
duction. Trends Biotechnol 31:215-216

Rai M, Yadav A, Bridge P, Gade A (2009) Myconanotechnology: a new and emerging science.
In: Rai MK, Bridge PD (eds) Applied mycology. CAB International, New York, pp 258-267

Roy S, Mukherjee T, Chakraborty S, Das TK (2013) Biosynthesis, characterization and antifungal
activity of silver nanoparticles synthesized by the fungus Aspergillus foetidus MTCC8876. Dig
J Nanomater Biostruct 8:197-205

Saha M (2016) An overview of rice diseases in India. Everyman’s Sci 3:183-191

Sakamoto M, Fujistuka M, Majima T (2009) Light as a construction tool of metal nanoparticles:
synthesis and mechanism. J Photochem Photobiol C: Photochem Rev 10(1):33-56

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

Shelar GB, Chavan AM (2014) Fungus—mediated biosynthesis of silver nanoparticles and its anti-
bacterial activity. Arch App Sci Res 6:111-114

Siddiqi KS, Husen A (2016) Fabrication of metal nanoparticles from fungi and metal salts: scope
and application. Nanoscale Res Lett 11:98

Silverstein RM (1967) Spectrometric identification of organic compounds, 2nd edn. Wiley,
New York, p 102

Singh D, Rathod V, Ninganagouda S, Hiremath J, Singh AK, Mathew J (2014) Optimization
and characterization of silver nanoparticle by endophytic fungi Penicillium sp. isolated from
Curcuma longa (turmeric) and application studies against MDR E. coli and S. aureus. Bioinorg
Chem Appl 408021:8

Sklivaniti V, Tsakiridis PE, Katsiotis NS, Velissariou D, Pistofidis N, Papageorgiou D, Beazi M
(2017) Valorisation of woody biomass bottom ash in Portland cement: a characterization and
hydration study. J Environ Chem Eng 5(1):205-213


https://doi.org/10.3389/fmicb.2017.01014
https://doi.org/10.3389/fmicb.2017.01014

102 M.L. Verma

Sumper M, Kroger N (2004) Silica formation in diatoms: the function of long-chain polyamines
and silaffins. J Mater Chem 14:2059-2065

Sun S, Murray CB, Weller D, Folks L, Moser A (2000) Monodisperse FePt nanoparticles and fer-
romagnetic FePt nanocrystal superlattices. Science 287:1989-1992

Swihart MT (2003) Vapor-phase synthesis of nanoparticles. Curr Opin Colloid Interface Sci
8(1):127-133

Thakkar KN, Mhatre SS, Parikh RY (2010) Biological synthesis of metallic nanoparticles.
Nanomedicine 6:257-262

Vagé A, Szakacs G, Safran G, Horvath R, Pécz B, Lagzi I (2016) One-step green synthesis of gold
nanoparticles by mesophilic filamentous fungi. Chem Phys Lett 645:1-4

Vahabi K, Mansoori GA, Karimi S (2011) Biosynthesis of silver nanoparticles by the fungus
Trichoderma reesei. Insci J 1:65-79

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

Verma ML (2017) Enzymatic nanobiosensors in the agricultural and food industry. In: Ranjan S.,
Dasgupta N., Lichtfouse E. (eds) Nanoscience in food and agriculture 4, Sustainable agricul-
ture reviews series, vol 24. Springer International Publishing, Cham, pp 229-245

Verma VC, Kharwar RN, Gange AC (2010) Biosynthesis of antimicrobial silver nanoparticles by
endophytic fungus Aspergillus clavatus. Biomedicine 5:33—40

Verma ML, Barrow CJ, Kennedy JF, Puri M (2012) Immobilization of p-galactosidase from
Kluyveromyces lactis on functionalized silicon dioxide nanoparticles: characterization and lac-
tose hydrolysis. Int J Biol Macromol 50:432-437

Verma ML, Barrow CJ, Puri M (2013a) Nanobiotechnology as a novel paradigm for enzyme immo-
bilization and stabilisation with potential applications in biofuel production. Appl Microbiol
Biotechnol 97:23-39

Verma ML, Chaudhary R, Tsuzuki T, Barrow CJ, Puri M (2013b) Immobilization of B-glucosidase
on a magnetic nanoparticle improves thermostability: application in cellobiose hydrolysis.
Bioresour Technol 135:2-6

Verma ML, Naebe M, Barrow CJ, Puri M (2013c) Enzyme immobilisation on amino-functionalised
multi-walled carbon nanotubes: structural and biocatalytic characterisation. PLoS One
8(9):e73642

Verma ML, Rajkhowa R, Barrow CJ, Wang X, Puri M (2013d) Exploring novel ultrafine Eri silk
bioscaffold for enzyme stabilisation in cellobiose hydrolysis. Bioresour Technol 145:302-306

Verma ML, Puri M, Barrow CJ (2016) Recent trends in nanomaterials immobilised enzymes for
biofuel production. Crit Rev Biotechnol 36(1):108-119

Wu HY, Ting YP (2006) Metal extraction from municipal solid waste (MSW) incinerator fly ash-
chemical leaching and fungal bioleaching. Enzym Microb Technol 38(6):839-847

Yadav A, Kon K, Kratosova G, Duran N, Ingle AP, Rai M (2015) Fungi as an efficient mycosystem
for the synthesis of metal nanoparticles: progress and key aspects of research. Biotechnol Lett
37(11):2099-2120



Chapter 6
Synthesis and Applications of Nanofungicides:
A Next-Generation Fungicide

Sonu Kumari and Suphiya Khan

Abstract With the increasing population, the pressure of enhancing food produc-
tion and management of fungal diseases of food crops and fruits in agriculture sec-
tor needs urgent concern. Nanofungicides due to their vast physiochemical and
functionalization properties could be easily applied for plant disease management.
This chapter covers the different types of nanofungicide synthesis with mechanism.
The chapter also gives comprehensive idea about fungal mycotoxins and its harm-
ful effects on agricultural sector. Apart from it, this chapter also highlights the
effects of nanoparticles (NPs) on mycotoxins produced by fungi and its mechanism
of action.

6.1 Introduction

Nanoparticles (NPs) are defined as particles of size in range of 1-100 nm. Professor
Norio Taniguchi of Tokyo Science University in 1974 first coined the term nano-
technology (Taniguchi 1974). The NPs nanosize provides great opportunities in
several areas. Nanotechnology provides knowledge to synthesis nanostructures,
and their unique properties show new application areas like environmental, phar-
macology and medicine (Rai et al. 2009; Gupta et al. 2012; Aziz et al. 2015). In
recent years, utilization of fungi as a source for NPs synthesis has been observed
(Li et al. 2008).

NPs synthesis through different non-toxic and environment-friendly methods
has been newly emerged. In this respect, there has been increasing research for NPs
synthesis through microorganisms (Bernhardt et al. 2010). The NPs synthesis fol-
lows three steps that are appropriate solvent medium selection, reducing agent and
stabilizing agents for NPs stabilization (Raveendran et al. 2003). Generally, this
reduction mechanism is carried out by fungi enzymes for NPs synthesis (Kalimuthu
et al. 2008; Kalishwaralal et al. 2008). Importantly, fungi have also secreted fairly
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large amount of proteins and secondary metabolites extracellularly, and hence, the
fungal biomass could reduce the metal ions more easily leading to the rapid forma-
tion of NPs (Prasad et al. 2016). Because of these advances, the myco-based extra-
cellular synthesis method is often considered as a better resource for higher
productivity of NPs. The myconanoparticles play advantageous role over chemical
antifungal agents as these have low tendency for microbial resistance. Among sev-
eral inorganic NPs, silver has been comprehensively used because of its advantages
over NPs such as copper, gold, zinc oxide NPs, etc. (Kalishwaralal et al. 2008).
Mycotoxins are secondary metabolites produced by fungi, and Bennett and
Bentley (1989) defined it as “metabolic intermediates or products, found as a dif-
ferentiation product in restricted taxonomic groups, not essential to growth and life
of the producing organism, and biosynthesized from one or more general metabo-
lites by a wider variety of pathways than is available in general metabolism”. Two
groups were formed for toxigenic fungi infecting crops as “field” and “‘storage”
fungi. Among all mycotoxins, aflatoxins, patulin, ochratoxin A, fumonisins and
citrinin are considered the most disadvantageous types for crops. The confirmed
mechanism for NPs action on fungi is not well understood. Many possible mecha-
nisms were given by researchers, but the exact mechanism has not been reported.
This chapter provides insight into mycosynthesis of NPs and its mechanism. The
different mycotoxins and its effects on crops were compiled along with NPs effects on
the produced mycotoxins. The mechanism of action of NPs on fungi is also included.

6.2 Synthesis of Myconanoparticles

Nowadays, fungi are used as substrate for the production of different NPs. The fab-
rication of NPs using fungi has some practical advantages. Fungi have proved to be
more beneficial for NPs synthesis compared to other microorganisms. Laboratory
scale synthesis of fungi is done which provide the same biomass density as bacteria.
Xu et al. (1999) and Taherzadeh et al. (2003) reported the biomass yield of 0.31 g
g~! and 0.55 g g7! for Escherichia coli and Rhizopus oryzae culture when grown
with glucose batch bioreactor. Several fungi species were reported for extracellular
production of different NPs, such as Penicillium, Fusarium oxysporum, Aspergillus
and Verticillium (Mukherjee et al. 2001; Gericke and Pinches 2006). Fungi can be
used as excellent source of various extracellular enzymes which influence NPs syn-
thesis (Saxena et al. 2014). There are several advantages of NPs synthesis from
fungi over bacteria and plants.

6.2.1 Protein Secretion

Fungi secrete high concentration of extracellular enzymes that catalyze the heavy
metal ions and form NPs. This results in faster production of NPs using fungi than
chemical synthesis (Rai et al. 2009).
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6.2.2 Isolation and Culture

Due to simple nutritional requirements, fungi are easy to isolate and subculture.
There are various isolation methods for fungi such as plating, hyphal extraction and
serial dilutions. Fungi are totipotent, and therefore hyphae or spores can be used to
grow fungus and can be subcultured to obtain pure isolate (Rai et al. 2009).

6.2.3 Growth Control

The several enzymes secreted by fungi can be used to synthesize NPs of defined size
and shape. Fungi are able to maintain under high agitation and flow pressure as
compared to bacteria and plants (Saha et al. 2010).

6.2.4 Extracellular Synthesis of NPs

Fungi can produce NPs extracellularly which is suitable for easier downstream pro-
cessing and handling of biomass. Extracellular synthesis of silver NPs using
Aspergillus sp. has been reported (Gade et al. 2008).

Fungi can produce NPs both intracellularly and extracellularly through two dif-
ferent mechanisms (Saxena et al. 2014).

Silver NPs were synthesized extracellularly using Aspergillus fumigates (Bhainsa
and D’Souza 2006). The NPs synthesis mechanism is shown in Fig. 6.1. Gopinath
and Arumugam (2014) investigated the synthesis of gold NPs from F. solani culture
filtrate. TEM analysis showed the size of gold NPs was in the diameter range
between 20 and 50 nm. Some researchers reported the biosynthesis of silver NPs by
using Trichoderma reesei. In the production of silver NPs by 7. reesei, mycelium
contacts to the silver nitrate solution. This stimulates the fungus to secrete enzymes
and metabolites for its survival mechanism. Further, the reduction of silver ions was
done by secreted enzymes and metabolites. 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 (Chan and Don 2012). Cuevas et al. (2015)
described the use of the extract of Stereum hirsutum for preparing copper and cop-
per oxide NPs. 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 investi-
gated. CuCl, (5 mM) gave the highest NPs formation at alkaline conditions. The
extracellular protein in this extract may be responsible for NPs formation and stabi-
lization. Sanghi and Verma (2009) described a continuous and extracellular forma-
tion of cadmium sulphide NPs (CdS) by immobilized Coriolus versicolor in a
column reactor. The protein was reported as a capping agent. TEM analysis showed
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Fig. 6.1 Mechanism of extracellular NPs formation by fungi. (a) Extracellular NADH reductase
enzyme action, (b) electron shuttle quinines action

the embedded NPs in the fungal matrix were well-dispersed spherical NPs with
uniform size (about 5-9 nm) (Sanghi and Verma 2009). Bansal et al. (2005) showed
that F. oxysporum secreted proteins competent of hydrolyzing zirconia ions at
30 °C. The research showed that metal halide precursors can be hydrolyzed by this
fungus in acid medium (Bansal et al. 2005). To use as biosorbent agent, the group
of SiO,-NPs (N-Si) with P. funiculosum for the synthesis of N-Si-Pen was investi-
gated. This biosynthesized NP was utilized to adsorb Pb(II). The maximum capacity
value was 1266.7 pmol g~! for N-Si-Pen combined particle. Sorption equilibrium
was obtained in about 20 min.

Raliya and Tarafdar (2014) synthesized the magnesium, titanium and zinc NPs
through the utilization of different fungus species, i.e., A. niger, A. flavus, A. tubin-
gensis, A. fumigates, A. terreus and A. oryzae with various precursor salts of chlo-
rides, nitrates, oxides and sulphates (Raliya and Tarafdar 2014; Klaus et al. 1999).
The various factors of protocol were also optimized for increasing the production of
NPs. The biosynthesis of silver NPs by the cell-free filtrate of P. nalgiovense was
observed by the researcher (Maliszewska et al. 2014). The authors stated that proteins
containing cysteine are responsible for reduction of metal ions for synthesis of NPs.

6.2.5 Intracellular NPs Synthesis

It was reported that NPs synthesized inside the organism could have smaller size as
compared to extracellular NPs. Vigneshwaran et al. (2007) demonstrated the incu-
bation for 72 h of A. flavus with silver nitrate for silver NPs synthesis. The NPs were
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obtained on its cell wall surface with average particle size of 8.92 nm (Vigneshwaran
et al. 2007). In addition, Verticillium sp. produced silver NPs on exposure with
aqueous silver nitrate solution (Mukheree et al. 2001). The Verticillium sp. was used
for production of gold NPs, and NPs were detected on the surface and membrane of
mycelium. Further, TEM analysis showed the hexagonal, spherical and triangular-
shaped gold NPs on cell wall (Mukherjee et al. 2001). The gold NPs of less than
10 nm were synthesized using V. luteoalbum when incubated at pH 3.0 for 24 h
(Gericke and Pinches 2006). Gold NPs were also synthesized intercellularly using
Trichothecium sp. (Ahmad et al. 2005). The size of silver and gold NPs synthesized
through fungi was in the range of 8.92-25 nm.

6.3 Mechanism of Mycosynthesis of NPs

The confirmed mechanism for NPs synthesis, for instance, of Ag NPs, in fungi is
still not given, even though various researchers have worked to find possible mecha-
nism for production of NPs (Duran et al. 2005; Meyer 2008). The mechanisms were
reported for extracellular synthesis of NPs such as nitrate reductase action, electron
shuttle quinones or both. The nitrate reductase method was observed due to reaction
between nitrite and 2,3-diaminonaphthalene (Duran et al. 2005; Kumar et al. 2007).
In many fungi species including Penicillium, the NPs synthesis was initiated by
nitrate reductase, while some enzymes like extracellular shuttle quinine, alpha-
NADPH-dependent reductases and nitrate-dependent reductases were responsible
for silver NPs synthesis for F. oxysporum. The A. flavus was utilized for silver NPs
production, which is possible due to “33 kDa” and cysteine protein which stabilizes
the NPs by functioning as a capping agent (Jain et al. 2011). Most of the research
paper favoured the nitrate reductase for NPs synthesis (Vigneshwaran et al. 2006;
Perez-de-Luque et al. 2008; Deepa and Panda 2014). Fungal cell wall and cell wall
sugars execute a major role for the absorption and reduction of metal ions (Sastry
et al. 2003).

The proposed mechanisms by researchers for NPs intracellular synthesis consist
of two steps (Kashyap et al. 2013):

(a) The binding of metal ions on the fungal cell wall surface via electrostatic inter-
action between negatively charged carboxylate groups in enzymes of the myce-
lia cell wall and positive charge of metal ions.

(b) Metals ions were reduced by enzymes, which lead to aggregation of NPs within
the cell wall.

Extracellular NPs synthesis showed the interaction of metal ions and released
enzymes (reductase), which leads to the formation of NPs in the solution (Kashyap
et al. 2013). This method is advantageous than intracellular as its fungal cell lysis
not required, NPs recovery and purification is easily achieved (Gade et al. 2008).
The purification of NPs obtained through intracellular process is tedious task and
requires time-consuming techniques. Kumar et al. (2007) showed the role of enzyme
alpha-NADPH-dependent nitrate reductase in silver NPs synthesis.
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6.4 Mycotoxins Produced by Fungi

Three genera of fungi were mainly reported for production of mycotoxins, namely,
Fusarium, Aspergillus and Penicillium with dematiaceous fungal genera “Alternaria,
Helminthosporium, Drechslera, Phoma and Zygosporium” (Ismaiel and Papenbrock
2014). The various fungi produced mycotoxins in plants during growing stage when
environmental conditions are favourable. Toxigenic fungi in crops are grouped as:

(a) Field fungi: fungi which form toxins before crop harvest. It depends on factors
like plant host and environmental interactions (insects).

(b) Storage fungi: these show problem after harvest in stored material. It depends
on crop nutrients, moisture, temperature and insect’s competition.

But the source of both field and storage fungi is field. Among the all known
mycotoxins, aflatoxins, fumonisins, ochratoxin, citrinin and patulin are considered
most harmful for food cereals. Aflatoxins are the major mycotoxins produced by
genus Aspergillus. Almost 18 different aflatoxins were formed by A. flavus strains,
and aflatoxin B1 is the extremely toxic and carcinogenic type (Ismaiel and Tharwat
2014; Richard et al. 2003). Fusarium sp. is responsible for the production of fumoni-
sins (Thiel et al. 1991). Gelderblom et al. (1988) isolated the fumonisins B1 for the
first time from F. moniliforme MRC 826. Ochratoxin was first discovered in 1965 in
A. ochraceus (Van Der et al. 1965). Ochratoxin were mainly produced by A. niger,
A. carbonarius and P. verrucosum fungal strains (Ciegler et al. 1977; Abarca et al.
1994; Horie 1995). Citrinin is another mycotoxin which was first obtained by
Hetherington and Raistrick (1931) through P. citrinum. Several fungal species were
identified for citrinin synthesis such as P. verrucosum, M. ruber and A. terreus
(Ciegler et al. 1977). Chain et al. (1942) firstly isolated the patulin (PAT) mycotoxin
from P. claviforme and named as calviformin, later renamed PAT due to production
from P. patulum.

6.5 Phytotoxic Properties of Mycotoxins on Plant

Among all crop diseases, fungi are responsible for more than 70%, and fungi myco-
toxins cause maximum crop loss in species such as cotton, rice, groundnut and
wheat (Agrios 2005; Dhekney et al. 2007). Fungi inhibits the root parameters of
plant more than shoot or mass causing various diseases such as browning, necrosis,
lesions and wilt (McLean 1995; McLean et al. 1995). Several crop varieties were
affected by mycotoxins produced by fungi such as cowpea, mung, sesame and
gram. The carotenoid and chlorophyll synthesis and seed germination were also
highly affected in some plants (Crisan 1973; Sinha and Kumari 1990; Sinha and
Sinha 1993; Adekunle and Bassir 1997; Samuel and Valentine 2014). Inhibition of
root and leaf development and chlorophyll synthesis was observed in some crop
varieties due to aflatoxin (Reiss 1978). The lethal dose of aflatoxin was reported for
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barley, sorghum and wheat as 0.83 mg L~!, 2.75 mg L~! and 1.74 mg L', respec-
tively (Hasan 1999). Studies conducted showed the presence of necrosis and wilting
when treated with concentration of 1000 pg-mL~' of fumonisins for soybeans
(Abbas and Boyette 1992). Fumonisins severally affect the maize and tomato seed-
lings compared to aflatoxin mycotoxin (Lamprecht et al. 1994). The cell death in
plants was obtained by the ochratoxin produced by fungi (Wang et al. 2011). The
exposure of A. thaliana with ochratoxin caused growth inhibition and necrotic
lesions (Peng et al. 2010). When A. thaliana plants leaves were treated with ochra-
toxin solutions, the macroscopic lesions were seen within 2 days (Wang et al. 2011).
Ochratoxin showed inhibitory effect on Zea mays embryos with 5 pg-mL~" concen-
tration (McLean et al. 1995). Citrinin showed phytotoxic effects in several trials
conducted by researchers (White and Truelove 1972; Damodaran et al. 1975; Betina
1989; Macias et al. 2000). Bean, sorghum and cotton plants demonstrated wilting
effects when treated with citrinin (Damodaran et al. 1975). The seed number and
flower number of crops were affected by patulin mycotoxin presence (Ellis and
McCalla 1973; Ismaiel et al. 2014).

6.6 Effect of Nanoparticles on Fungi Mycotoxins

6.6.1 Aflatoxin

Aspergillus flavus is responsible for the synthesis of maximum number of aflatox-
ins. The chlorophyll synthesis in crops is mostly inhibited by it and responsible for
low crop production. Cereals are mostly exposed to A. flavus attack and micromy-
cete produced by them, so requirement for antifungal agents is developed (Al-othman
et al. 2014). Nabawy et al. (2014) reported the antifungal potential of ZnO and
Fe,O; NPs against isolated aflatoxigenic and non-aflatoxigenic A. flavus that were
recovered from animal and poultry feeds associated with animal diseases using well
and disc diffusion tests. The diameter zones of inhibition of non-aflatoxigenic
strains were larger than in aflatoxigenic strains. The growth of all tested strains was
not affected below the 25 pg ml~! NPs concentration treatment. The well diffusion
test proved better in studying of antifungal potential of NPs than disc diffusion. It is
interesting to report here that the zone of A. flavus growth inhibition appeared at
lower concentrations (50 pg ml~!) of ZnO and Fe,0; NPs, whereas, similar effects
in traditional antifungals required relatively higher concentration (100-200 pg
ml~t). Also, it was reported that the antifungal effects of clove oil against A. flavus
showed comparatively lower antifungal effects than NPs in the study. Significant
correlation between growth of A. flavus and aflatoxins production was clearly
observed. The decreasing levels of aflatoxin B1 were reported with inhibition of
fungal colonies till complete inhibition of both (Nabawy et al. 2014). Several stud-
ies evaluated the antimicrobial activity of NPs of metal oxide particularly ZnO pow-
der against fungi in culture media. Regarding the results of antifungal activities of
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ZnO, moulds as A. flavus, A. niger and A. ochraceus required higher concentration
of ZnO NPs to inhibit their growth. The diameters of zones of inhibition of ZnO
NPs against A. flavus and A. ochraceus were 7 and 15 mm at the concentration of
300 pg ml~!, whereas A. niger required relatively lower concentration (200 pg/ml)
(6 mm) of NPs to inhibit its growth (Hassan et al. 2014). The antifungal activities of
ZnO NPs against P. expansum, Aspergillus spp., Rhizopus spp. and yeast were
investigated by other researchers (Violeta et al. 2011). The minimum inhibition con-
centration (MIC) of ZnO against Aspergillus spp. and C. albicans was reported to
be 1.013-296 pg ml™! and for SDS and fluconazole was 0.001-0.56 and 0.062—
128 pg ml™!, respectively. Moreover, it was added that the use of lower concentra-
tions of ZnO NPs was the most effective antifungal and antibacterial. Furthermore,
different studies conducted in different laboratories showed that the antimicrobial
activity is influenced, not only by NPs concentration but also by the size of the ZnO
particles (Violeta et al. 2011).

Silver NPs were also used in place of fungicides for reducing the growth and
aflatoxin production by fungi. A. terreus was utilized for the synthesis of silver NPs,
and experiment was conducted to analyse the effect of these on aflatoxin production
by A. flavus. Inhibition in fungi growth and mycotoxin production was observed
best at 150 ppm of NPs treatment. The fungi inhibition was seen through deforma-
tion of fungal hypae and decrement in spore numbers (Al-othman et al. 2014).

6.6.2 Citrinin

Citrinin is mainly produced in crops after harvest and presents mainly in storage
products such as fruits, grains, spices, beans, etc. (Da Lozzo et al. 2002; Bragulat
et al. 2008). Magro et al. (2016) conducted a study for deletion of citrinin from
Monascus suspensions. For this experiment, “surface active maghemite nanoparti-
cles” (SAMNs) were synthesized, and 0.1 g L~ of Monascus suspension was treated
with 1 g L™ of SAMNSs. The 1 g L' concentration of SAMNs removed 70% of
citrinin and in second round with same concentration of NPs removed citrinin up to
0.2 mg L~". This showed the binding of citrinin on SAMNSs and formation of myco-
toxin complex with iron (IIT). The formation of mycotoxin-SAMNs complex mainly
depends on the presence of iron-chelating group on citrinin like keto-enol group
(Magro et al. 2016).

6.6.3 Fumonisin

Fusarium verticillioides, F. nygamai and F. proliferatum are responsible for the
production of fumonisins (Thiel et al. 1991; Rheeder et al. 2002). The decreased
fungi growth and mycotoxin formation was achieved by zinc NPs. Mycotoxins
synthesis level was lowered with increase in NPs concentration. The fumonisin B1
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synthesizing fungus was inhibited by 10 pg ml~! zinc NPs treatment. SEM analysis
revealed the rupture of fungi cell wall and reduction in the fumonisin production
(Hassan et al. 2013).

6.6.4 Ochratoxin

Mouhamed et al. (2015) evaluated the antifungal potential of ZnO and Fe,O;
nanoparticles in comparison with some commercial antifungal feed additives (pro-
biotic, propionic acid and clove oil) in inhibiting the growth of Aspergillus ochra-
ceus and Aspergillus niger strains that were isolated from animal and poultry feeds
using well and disc diffusion tests. The reported diameters of inhibition zones
induced by metal NPs for non-ochratoxigenic strains were larger than that of ochra-
toxigenic strains, and the zone diameters increased when the NPs concentration
increment. The 20 pg ml~' NPs concentration did not affect the growth of all A.
ochraceus and A. niger strains, whereas the zones of inhibition produced by the
metal NPs required lower concentration (25 pg ml~' and more) than that produced
by the commercial antifungal feed additives (50 pg ml~"' and more). The ochratoxin
A production by ochratoxigenic strains in liquid medium or on yellow corn was
significantly diminished in parallel with the decline parameters in colony count of
the treated ochratoxigenic strains. The field application of the used NPs and other
drugs on commercial animal feed evidenced the availability to use ZnO and Fe,0,
NPs only as antifungal, but their antimycotoxin effect was limited to their use as
feed additives during manufacture and before exposure of feeds to fungal contami-
nation. Further studies were required for investigating the synergistic effects of
combined antioxidant metal NPs and other commercial antimycotoxins to obtain
dual synergistic actions in order to decrease the amount of used chemicals in the
feed manufacture and to study the availability of its use in vivo (Mouhamed et al.
2015).

6.6.5 Patulin

Penicillium expansum and F. oxysporum fungi are considered as the major source
of a patulin and commonly found in rotting apples. Yehia and Ahmed (2013) con-
ducted an experiment on F oxysporum and P. expansum for analysing the toxic
efficiency of NPs. P. expansum showed high inhibitory effect against ZnO NPs
treatment than F. oxysporum. The mechanism of NPs action was explained as fungi
growth inhibition was due to fungal hypha structure deformation. It was observed
that patulin production was decreased by both fungi with the enhancement of NPs
concentration. Two postharvest fungi, Botrytis cinerea and P. expansum, were
treated with zinc oxide NPs with concentration of 3, 6 and 12 mmol L. P. expansum
growth was more inhibited by NPs activity (Yehia and Ahmed 2013).
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6.7 Fungicidal Mechanisms of NPs

Das et al. (2009) conducted a study to assess the gold NPs effects on S. cerevisiae
and Candida albicans. The study showed the mechanism of action of gold NPs on
fungi. SEM analysis confirmed the rupturing of fungi cell wall due to NPs interac-
tion and action (Das et al. 2009). The copper-based NPs interaction resulted in for-
mation of reactive oxygen species (ROS) and caused DNA disruption (Chen et al.
2006; Oberdiirster 2000; Heinlaan et al. 2008). Shah et al. (2010) reported the
reduction in lignocellulose-degrading enzymes. In addition, the interaction with
NPs also caused mitochondria and protein damage (Shah et al. 2010). The lethal
effects of NPs are described in Fig. 6.2.

6.8 Advantages

NPs synthesis through fungi has proved advantageous compared to other organisms
(Fig. 6.3). The fungi are favourable due to trouble-free isolation and capability of
extracellular enzyme secretion (Singh et al. 2014; Prasad et al. 2016). Also, the
process proved environmental friendly and less time-consuming for metal ion
reduction by the secreted proteins of fungi (Rai et al. 2009).
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Fig. 6.2 Mechanism of antifungal action of NPs
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Metal accumulation efficiency is high
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Large scale NPs production through extracellular
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Fig. 6.3 Advantages of fungi for NPs synthesis

NPs are considered remarkable antifungal agents over chemical agents because
of their low tendency to induce microbial resistance. The multiple modes of fungal
inhibition by NPs also proved advantageous factor for using nanofungicides. The
mentioned studies suggest that NPs can be used as an effective fungicide in agri-
cultural and food safety applications (He et al. 2011; Bhattacharyya et al. 2016;
Aziz et al. 2016; Ismail et al. 2017).

6.9 Conclusion

Nanotechnology is increasing in the agricultural sector for several applications.
There is an increasing interest in NPs production through fungi due to its advan-
tages over other sources. Several NPs were synthesized through fungi, but improve-
ment in methods is required for controlled synthesis of NPs of required shape,
composition and size. Mycotoxins were produced by several fungi, and effects on
crops can be seen on basis of before harvest (field fungi) and after harvest (storage
fungi). Aflatoxins, fumonisins, ochratoxin, citrinin and patulin were considered
most harmful for crops produced by mainly Aspergillus, Penicillium and Fusarium
species. The major disadvantage reported for agrochemicals used for various phyto-
pathogenic fungi is the resistant developed pathogens. Therefore, NPs were explored
as fungicides by several researchers. The studies suggested that the NPs are more
effective fungicides as compared to agrochemicals used. The antimycotoxin effects
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of NPs were limited to NPs dose provided. The antifungal property of NPs can be
helpful in agricultural sector and food storage industries. It can be concluded that
NPs are “new-generation fungicides” and can be synthesized by advantageous
mycosynthesis process.
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Chapter 7

Enzymes and Nanoparticles Produced

by Microorganisms and Their Applications
in Biotechnology

Emad Abada, Zarraq Al-Faifi, and Mohamed Osman

Abstract This chapter reports the most important microbial enzymes that have
been studied extensively due to their production, low cost, purification, and charac-
terization of their properties. Certain microorganisms have already been isolated
from extreme sources under strict culture conditions. The aim of this process is to
obtain isolated microbes that would have the capability to bio-synthesize special
enzymes. Enzymes having special features and characteristics are needed by some
bio-industries for their applications in preparation of necessary substrates and some
renewable raw materials for production. The microbial enzymes serve as biocata-
lysts to make reactions in bioprocesses in an economical, safe, and eco-friendly way
instead of utilizing chemical catalysts. Researchers benefited from the special fea-
tures and characteristics of enzymes for their commercial interest and industrial
applications, which involve thermotolerance, thermophilic nature, tolerance to a
varied range of pH, stability of enzyme activity over a range of temperature and pH,
and other harsh reaction conditions. It is assured that such enzymes have the utility
in bio-applications such as food industry, leather and textile production, animal feed
manufacturing, and in bioconversions.
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Abbreviations

Abs Antibodies

AgNPs Silver nanoparticles

AuNPs Gold nanoparticles

BacMPs Bacterial magnetic particles
BMs Bacterial magnetosomes

Brec Bovine retinal endothelial cells
CdS-NPs CdS nanoparticles

CSE Cell-soluble extract

GTPase Guanosine triphosphatase
HRP Horseradish peroxidase

MRI Magnetic resonance imaging
MTB Magnetotactic bacteria

PHB Polyhydroxybutyrate BRECs
TEM Transmission electron microscope

7.1 Introduction

An enzyme is considered as a biological catalyst that has important function in bio-
chemical reactions and metabolism of cell organism. The enzyme activity depends
on its capability to bind the reactants (substrates) at specific place called active side,
and the enzyme converts it into a product (Brahmachari et al. 2017). The active site
of the enzyme is specific for a certain substrate without any interference of others.
A group of enzymes requires nonprotein chemical compound or metallic ion called
cofactor or helper molecules including metals such as Zn and Fe or organic com-
pounds such as vitamins that support the biological reactions (Fig. 7.1). In nature,
the enzymes have a certain role in synthesis or biodegradation of compounds during

Fig. 7.1 The structure of
enzyme

Substrate

Active
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catabolic or anabolic process. It has been reported that the purification and
production on a large scale of enzymes could be used in a versatile field of applica-
tions. The ancient uses of enzymes were focused in brewing and leather industries.
Many enzymes have a special role and could be used as catalysts in many industrial
applications. Mostly, microbial enzymes are excellent enzymes for industrial appli-
cations and commercial way (Table 7.1). In the twentieth century, many studies
have been done about induction and characterization of microbial enzymes ranging
from small- to large-scale production. The most common sources of microbial
enzymes are fungi, yeast, and bacteria (Pandey et al. 1999). The microbial enzymes
could be used as free or in immobilized form, which depend on the enzyme specific-
ity. Due to rapid development of biotechnology, many microbial enzymes have been
designed or engineered using molecular techniques. These enzymes have improved
activity ready to use in many industrial applications (Chirumamilla et al. 2001).
Consequently, many new products have been synthesized commercially in world-
wide markets. Proteases are the most commercially applicable enzymes which are
synthesized by bacteria such as Bacillus, Pseudomonas, and Clostridium and few
fungi (Kumar and Takagi 1999). Moreover, xylanases have higher activity under a
temperature range of 40-60 °C which were produced by many fungal genera
Trichoderma, Penicillium, and Aspergillus (Ahmed et al. 2009). According to

Table 7.1 An overview of the most important microbial enzymes that have special industrial
characteristics and applications

Enzyme EC number | Sources Extraction Biotechnological use
Bacterial enzymes

oco-Amylase 3.2.1.1 Bacillus sp. Extracellular Starch industry
p- Amylase 3.2.1.2 Bacillus sp. Extracellular Starch industry
Asparaginase 3.5.1.1 E.coli Intracellular Health industry
Glucose 5.3.1.5 Bacillus sp. Intracellular Fructose syrup
isomerase

Penicillin 35.1.11 Bacillus sp. Extracellular Pharmaceutical
amidase industry
Protease 3.4.21.14 Bacillus sp. Extracellular Detergent
Pullulanase 3.2.1.41 Klebsiella Extracellular Starch

Fungal enzymes

a-Amylase 3.2.1.1 Aspergillus Extracellular Baking
Aminoacylase 3.5.1.14 Aspergillus Intracellular Pharmaceutical
Glucoamylase 3.2.1.3 Aspergillus Extracellular Starch

Catalase 1.11.1.6 Aspergillus Intracellular Food

Cellulase 32.14 Trichoderma Extracellular Waste
Dextranase 3.2.1.11 Penicillium Extracellular Food

Glucose oxidase | 1.1.3.4 Aspergillus Intracellular Food

Lipase 3.1.1.3 Rhizopus Extracellular Food

Pectinase 3.2.1.15 Aspergillus Extracellular Drinks

Yeast enzymes

Invertase 3.2.1.26 Saccharomyces I/E Confectionery
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resistance of different temperature ranges, enzymes are classified as thermophilic,
mesophilic, and psychrophilic, while enzymes resistant to different pH ranges are
classified as acidophile, neutrophile, and alkalophile. Thermostable microbial
enzymes that resist higher reaction temperatures decrease the probability of con-
tamination by microorganisms through the production of enzyme at large scale in
the industry (Banat et al. 1992; Wati et al. 1996; Wang et al. 2012). For example, the
complete hydrolysis and saccharification of valuable polysaccharides of agricul-
tural residues need more time to react that is frequently accompanied with huge
risks of contamination by time. Thus, the search of active, effective mass transfer
and stable enzymes at higher temperature during the reaction processes is recom-
mended (Berka et al. 2011; Cai et al. 2011).

7.2 Recent Important Microbial Enzymes
from Microorganisms

7.2.1 Protease

Proteases are hydrolytic enzymes which are considered as one of the most commercial
viable group enzymes that have been widely discussed and studied (Mukherjee et al.
2008; Rahman et al. 2003; Chudasama et al. 2010; Genckal and Tari 2006; Gupta et al.
2002; Sony and Potty 2017; Vijayalakshmi et al. 2011). Proteases produced from
microorganisms may be acidophile, neutral, and alkalophile. Alkalophilic protease is
very active at high pH conditions, and their active site is a serine (Gupta et al. 2002).
Alkalophilic proteases have particular importance since its stable in abnormal utmost
reaction conditions (high temperature and pH) even in existence of inhibitory compo-
nents (Gupta et al. 2002, 2008; Vijayalakshmi et al. 2011; Johnvesly and Naik 2001).
Bacillus has already optimized the culture conditions for producing thermophilic and
alkalophilic proteases (Vijayalakshmi et al. 2011). It has been reported that alkalophilic
proteases have high stability by using detergents (Vijayalakshmi et al. 2011; Johnvesly
and Naik 2001; Hadj-Ali et al. 2007). Moreover, the alkalophilic proteases produced
from other microorganisms have many applications in bio-industries such as tannery,
washing powders, leather processing, food industry, peptide synthesis, and pharmaceu-
tical industries (Pandey et al. 1999; Kumar and Takagi 1999).

7.2.2 Keratinases

Keratin is fibrous and an insoluble protein which are the main ingredients in wool
and feathers (Gopinath et al. 2015; Gushterova et al. 2005). The keratin containing
materials is difficult to hydrolyze by widespread proteases. Keratinase is a serine
proteolytic enzyme that is able to hydrolyze insoluble keratinous compounds.
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Recently, the keratinase is increasingly used in varied industrial applications as
leather production, detergent industry, animal feed manufacturing, medicine, and
textile. Keratinases have been produced and purified from fungi and actinomycetes
(Gushterova et al. 2005; Brandelli et al. 2010). It has been reported that the gene
encoding the keratinase in different expression systems has been organized, cloned,
and expressed (Gupta et al. 2013). The degradation of wool and feathers required
high temperature that could be possibly done by utilizing thermophilic keratinase.
The keratin solubility could be raised by the thermal stability of keratinase; it also
could boost equilibrium expiration in endothermic reaction. The modification of
keratinase thermal stability by tentative mutation or through computer design pro-
grams has been reported (Baihong et al. 2013). Keratinase of Bacillus subtilis
mutant exhibited additive and synergistic impacts at 60 °C besides doubling the
enzyme activity by 8.6-fold. In addition, the substitution of N122Y showed higher
activity of 5.6-fold due to increase in its catalytic activity in comparison to the wild-
type enzyme. It has been assured that an alkalophilic Streptomyces albidoflavus
strain produces a certain type of protease extracellularly that is able to degrade kera-
tin (Indhuja et al. 2012). As standardized, the biosynthesis of this enzyme was done
by using immersed batch culture at pH 10.5, and the production of enzyme was
enhanced by the use of chicken feathers as inducer substrate. At a percentage 0.8%
of the concentration of keratin as a catalyst the keratinase activity could be boosted
by sixfold. The highest keratinase activity was achieved at temperature between 60
and 70 °C and pH 9.0. These types of keratinases have considerable roles in indus-
trial applications due to its tolerance to solvents and detergents (Indhuja et al. 2012).
A recombinant alkaline keratinase of Bacillus licheniformis was expressed in
Bacillus subtilis expression system which showed its ability to be used in the treat-
ments of wool fiber (Liu et al. 2013).

7.2.3 Amylase

Amylase is an enzyme that belongs to the glycosidic hydrolases which catalyzes
the hydrolysis of starch to simple sugars. It has been reported that the amylase
enzyme has important applications in starch liquefaction; in production of corn
syrup, fructose syrup, and glucose syrup; and finally in clarification of fruit juices
(Nigam and Singh 1995; Pandey et al. 2000a, b; Khusro et al. 2017). In addition,
amylases are used in textile fiber industry and as digestive tablets to enhance
digestion of carbohydrates. Most of the amylase enzymes produced from micro-
organisms including bacteria and fungi. Based on the structural analysis, the
molecular studies, and the kinetic of the reactions, the enzyme was proved to
belong to the family a-amylases and grouped as cyclodextrin (Sivaramakrishnan
et al. 2006; Kumar et al. 2000; Singh et al. 1995). It has been reported that a ther-
mostable isoamylase of a Bacillus sp. has been characterized, cloned, and
expressed. The produced amylase was novel since it showed optimum activity at
a temperature rate of 30-70 °C and at pH range of 5.5-9.0 (Li et al. 2013). A
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Fig. 7.2 Industrial applications of the microbial enzymes

molecular characterization study of a-amylase isolated from a thermophilic
Geobacillus sp. has been reported. Diethylaminoethyl cellulose and Sephadex
columns were used to purify the enzyme preparation. The results of this study
showed that the enzyme is a novel because it has maximum activity at a pH 8.0
and at temperature of 90 °C with stability of 10 min (Gurumurthy and Neelagund
2012). Industrial applications of the microbial enzymes are shown in Fig. 7.2.

7.2.4 Xylanase

The agricultural residues are remnant of agriculture plants after harvesting such as
rice, maize, wheat straw, husk, and cotton stalks. The main components of this resi-
due are cellulose, hemicellulose, pectin, and lignin (Chakdar et al. 2016; Nigam and
Pandey 2009). Xylan is a p-1,4-linked D-xylopyranosyl sugar which is considered
as the main constituent of hemicellulose. The xylan of plant residues could be
hydrolyzed by using a mixture of xylanase named f-D-xylosidase and endo-f-1,4-
xylanase (Polizeli et al. 2005). It has been assured that xylanases have a great devel-
oped application in the field of biotechnology including the processes of clarifying
fruit juice, producing fuels, and enhancing the digestion of rumen (Nigam and
Pandey 2009). Xylanases have been extensively studied especially xylanases iso-
lated from extremophilic microorganisms (Collins et al. 2005). One of the most
important uses of xylanases is the treatment of wood pulp that is used in paper
industry (Srinivasan and Rele 1995; Garg et al. 1998). It has been reported that the
xylanase used in paper industry has maximum activity at higher temperature and
higher pH; in addition, it has no activity against cellulose which is so important for
the brightness of the paper. Xylanase enzyme of a thermophilic Actinomyces ther-
mophilus has been produced at a temperature of 50 °C and pH of 8.5 and thermo-
stable at 65 °C for 125 min (Kohli et al. 2001).
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In addition, an alkalotolerant and thermotolerant xylanase of Bacillus sp. has
been reported (Marques et al. 1998). Many expression systems including Pichia,
Escherichia coli, and Bacillus sp. have been used to clone and express xylanases to
be used in a commercial way (Jhamb and Sahoo 2012; Prade 1996; Luo et al. 2012).
Also, acidic-stable xylanases of an acidophilic fungus Bispora have been reported
(Luo et al. 2009). Mamo et al. (2009) have studied the catalytic activity of a xyla-
nase at high pH. Moreover, three thermophilic xylanases of Humicola sp. named
XynA, XynB, and XynC have been characterized for their possible use in brewing
industry (Du et al. 2013). XynA has been found to be stable and adapt alkaline con-
ditions and higher temperatures. Also, XynA possessed higher specificity and cata-
lytic efficiency against various substrates. Another study has shown that XynA,
XynB, and XynC have excellent performance in mashing, filtration, and viscosity
reduction of substrate in the brewing industry if compared to the performance of the
commercial xylanase of Novozyme (Du et al. 2013).

7.2.5 Laccase

Laccase is a copper-containing oxidase enzyme found in many microorganisms,
plants, and fungi. Laccase is classified as lignin-modifying enzyme that plays an
important role in the biodegradation of lignin. Laccase (ligninase) enzyme is used
in the hydrolysis of lignocellulosic compounds of the agricultural residues (Chen
etal. 2017). It has been reported that laccase is a synergistic and versatile enzyme;
this means it could be used in industrial applications including control of pollu-
tion and bioremediation (Nigam et al. 1987a, b; Dahiya et al. 1998, 2001; Robinson
et al. 2001a, b; Robinson and Nigam 2008). The cleaner of paper and pulp indus-
try requires an important step of degradation and separation of lignin from agri-
culture residues, which is established by using laccases. It has been reported that
the combination of laccase and xylanase could be used in enhancement of pulp
industry (Dwivedi et al. 2010). In addition, isoforms of thermophilic laccase iso-
lated from Opuntia vulgaris and Cereus pterogonus have been biophysically char-
acterized by Gali and Kotteazeth (2012, 2013) and Kumar and Srikumar (2011,
2012). Several studies have been done to isolate and characterize novel laccases
from Steccherinum ochraceum and Polyporus versicolor that can be used in bio-
technological applications (Quaratino et al. 2007; Uthandi et al. 2010; Papinutti
et al. 2008; Mishra and Kumar 2009).

7.2.6 Cellulase

Cellulase is an enzyme chiefly produced by bacteria, protozoans, and fungi
which catalyze the decomposition of cellulose and other related polysaccha-
rides. Cellulase breaks down the cellulose molecule into monosaccharides
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(simple sugars) such as beta-glucose, oligosaccharides, and shorter polysaccha-
rides (Sani et al. 2015). Worldwide, cellulase enzyme is considered as the third
most important enzyme for industrial uses. Researchers have focused on the
production of cellulases for commercial production of glucose from the cellu-
losic plant residues (Pandey et al. 1999). One of the most important cellulases is
those used in bioethanol production from cellulosic plant residues (Xue et al.
2017). Due to the amorphous and crystalline structure of cellulose, cellulose
possesses three forms of enzymes that work synergistically. The first enzyme
called endoglucanase acts on amorphous cellulose fibers, randomly hydrolyzes
the glucose-polymer chain, and finally releases nonreducing and free-reducing
ends. Then, the exoglucanase enzyme shall hydrolyze the free ends of the chain
that produces cellobiose. Finally, the third form of cellulase is f-glucosidase that
hydrolyzes the cellobiose to glucose as a final product of cellulose saccharifica-
tion. Thermostability of cellulases is so important in the saccharification process
of cellulose at higher temperatures, which is necessary to be maintained for the
completion of the process. It has been reported that the thermal activity and sta-
bility of cellulases isolated from two Basidiomycetes cultures were studied. The
results of this study showed that the treatment of enzyme preparation by heat
causes an activation of endo- and/or exoglucanase activities and improves the
enzyme stability during saccharification process. Many studies have been done
for cellulase biosynthesis having high activity and high-yield preparation.

7.2.7 Diverse Enzymes

Other microbial enzymes not mentioned or described previously have a significant
role in bio-industries. Lipase is an enzyme, which catalyzes the hydrolysis of lipids.
Lipase has been extensively studied for their structures and applications in biotech-
nological industries (Pandey et al. 1999). In addition, pectinase has determined its
role in the juice and fruit industries. In pharmaceutical industry, certain enzyme is
specifically involved in the production of analytical assays and diagnostic kits. The
most important enzymes and their applications in biotechnology are shown in
Table 14.1.

7.3 Biological Synthesis of Nanoparticles by Microorganisms

Inorganic materials and biological molecules have been found in continuous inter-
action with each other since the beginning of life on the earth. Because of this
interaction, life could incur on this planet with a well-organized ore of minerals.
Recently, scientists have become more concerned in the interaction between bio-
logical and inorganic molecules (Reddy et al. 2017). It has been clarified that
some microorganisms are able to produce inorganic nanoparticles (NPs)
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Table 7.2 Metals nanoparticles produced by different microorganisms

Nanoparticles Size
Microorganisms name (nm) Shape Place of production
Rhodococcus sp. Au 5-15 Spherical Intracellular
Shewanella oneidensis Au 12 +5 | Spherical Intracellular
Escherichia coli Au 20-30 | Triangles Extracellular
Bacillus cereus Ag 4-5 Spherical Intracellular
Corynebacterium Ag 5-50 Irregular Extracellular
glutamicum
Aspergillus flavus Ag 89+ Spherical Extracellular
1.61
Fusarium oxysporum Ag 5-50 Spherical Extracellular
Shewanella algae Pt 5 Not Intracellular
available
Enterobacter sp. Hg 2-5 Spherical Intracellular
Shewanella sp. Se 181 £ | Spherical Extracellular
40
Escherichia coli CdTe 2.0- Spherical Extracellular
32
Fusarium oxysporum Au-Ag alloy 4-18 Spherical Extracellular
Neurospora crassa Au, Au/Ag 20-50 | Spherical Intracellular,
extracellular

extracellularly or intracellularly. The production of many nanoparticles through
microorganisms has already been discussed involving metallic nanoparticles such
as silver, alloy, gold, and oxide nanoparticles consisting of nonmagnetic, mag-
netic, and sulfide (Table 7.2).

7.3.1 Metallic Nanoparticles
7.3.1.1 Gold Nanoparticles

During the Roman era, gold nanoparticles (AuNPs) were used as an ornamental and
a decorative material to stain glass. In addition, AuNPs were used in curing many
human diseases. AuNPs were synthesized 150 years ago by the researcher Michael
Faraday, who was the first to observe that colloid gold solution has characteristic,
which differs from piece of gold (Hayat 1989). Nanoparticle synthesis by microor-
ganisms is an emerging field in bionanotechnology that received a considerable
attention due to the growing demand for environment-friendly materials. It has been
reported that the AuNPs formed extracellularly by Fusarium oxysporum as well as
actinomycete Thermomonospora sp. (Mukherjee et al. 2002; Ahmad et al. 2003a, ¢).
Furthermore, the preparation of AuNPs intracellularly by Verticillium sp. has
already been discovered (Mukherjee et al. 2001a, b). Another study has been assured
that the AuNPs of nanoscale dimensions may be precipitated inward of bacterial
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cell by incubation of the cells with Au** ions (Li et al. 2016; Southam and Beveridge
1996). Under extreme biological conditions such as alkaline and somewhat higher
temperature, monodisperse AuNPs have been synthesized by using alkalotolerant
Rhodococcus sp. (Ahmad et al. 2003b). Different shapes of AuNPs have been syn-
thesized including cubic, octahedral, and spherical by cyanobacteria from Au,Clg
and Na;Au(S,0;), complexes (Lengke et al. 2006a, b). The growth of nanoalloys
and nanocrystals by using Lactobacillus has been shown (Nair and Pradeep 2002;
Singaravelu et al. 2007; Suresh et al. 2011; Gericke and Pinches 2006, Du et al.
2007; Agnihotri et al. 2009; Husseiny et al. 2007; He et al. 2007; Konishi et al.
2007a, b).

7.3.1.2 Silver Nanoparticles

Silver nanoparticles (AgNPs) have size ranging between 1 and 100 nm. AgNPs have
shown antibacterial activity not only against both Gram-negative and Gram-positive
bacteria but also against highly multiresistant such as Staphylococcus aureus
(Pandcek et al. 2006). Many microorganisms are able to reduce the Ag* ions into
spherical AgNPs (Mukherjee et al. 2001; Ahmad et al. 2003a, b, c; Fayaz et al.
2010). It has been reported that Pseudomonas stutzeri AG259 and E. coli were able
to produce AgNPs within their periplasmic space when it sets on concentrated solu-
tion of AgNO; (Klaus et al. 1999; Orlov et al. 2016). In case of using Fusarium
oxysporum, Aspergillus flavus, Verticillium, and Mucor hiemalis, AgNPs were pre-
pared as a film or accumulated in their cell (Jain et al. 2011; Vigneshwaran et al.
2006, 2007; Bhainsa and D’Souza 2006; Senapati et al. 2004; Kalishwaralal et al.
2010; Castro-Longoria et al. 2011; Kalimuthu et al. 2008; Gurunathan et al. 2009;
Snehaet al. 2010; Mohammed et al. 2009; Juibari et al. 2011; Babu and Gunasekaran
2009; Aziz et al. 2016) (Fig. 7.3).
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7.3.1.3 Alloy Nanoparticles

The result of preparation of two mixed nanoparticles is called alloy nanoparticles
that are very interesting to researcher because of their applications in catalysis, elec-
tronics, as optical materials, and coatings (Senapati et al. 2005; Zheng et al. 2010a,
b).It has reported that NADH plays an important role in biosynthesis and composi-
tion of Au-Ag alloy by F. oxysporum nanoparticles (Senapati et al. 2005). In addi-
tion, yeast cell is able to biosynthesize Au-Ag alloy nanoparticles (Zheng et al.
2010a, b). Characterization of Au-Ag alloy NPs by transmission and fluorescence
electron microscope revealed that it is synthesized extracellularly and found in
irregular polygonal NPs (Tripathi et al. 2015). Interestingly, it has been shown that
the use of Au-Ag alloy NPs in vanillin carbon electrode is able to enhance the elec-
trochemical response of the electrode by five times. It has been demonstrated that
the Au-Ag alloy NP suspensions of Fusarium semitectum were stable for weeks
(Sawle et al. 2008). Scanning electron microscope (SEM) photography shows the
different shapes and sizes of nanoparticles produced by microorganisms (Fig. 7.4).

7.3.1.4 Other Metallic Nanoparticles

Generally, heavy metals are those metals with relatively high atomic number, densi-
ties, or atomic weights. Heavy metals are toxic to various microorganisms.
Microorganisms able to resist the effect of heavy metals by chemical detoxification
could be used as chemiosmotic cation, proton anti-transporters, and ATPase.

Pd

Fig. 7.4 Scanning electron microscope photography showing Pd, Ni, Au, AgPd, AgAu and mag-
netite (Fe;0,) nanoparticles
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Moreover, aqueous PtCls>~ ion was reduced into platinum nanoparticles of 5 nm
size by Shewanella sp. when lactate was used as an electron donor (Konishi et al.
2007a, b). Also, HgNPs of size 2—5 nm were synthesized at pH 8 and low concentra-
tion of Hg by Enterobacter sp. (Sinha and Khare 2011). Interestingly, a hyperther-
mophilic and an anaerobic Pyrobaculum islandicum has the ability to reduce many
heavy metals such as Tc(VII), U(VI), Cr(VI), Mn(IV), and Co(IIT) when hydrogen
is used as an electron donor (Kashefiand and Lovley 2000). Moreover, Pd-NAPs
could be synthesized by Desulfovibrio desulfuricans, a sulfate-reducing bacteria
(Lloyd et al. 1998; Yong et al. 2002; De Windt et al. 2005; Lee et al. 2007; Bao et al.
2010).

7.3.1.5 Metal Oxide Nanoparticles

Metal oxide nanoparticle (MO-NP) synthesis represents a field of material chemis-
try that attracts considerable interest due to the potential technological applications
of these compounds. The effects of these materials on fields including information
technology, medicine, energy storage, sensing, and catalysis have paid the attention
of much research in developing synthetic pathways to such nanostructures. There
are two types of MO-NPs, nonmagnetic oxide and magnetic oxide nanoparticles
(Table 7.3).

Table 7.3 Oxide and sulfide nanoparticles produced by different microorganisms

Nanoparticles Place of
Microorganisms name Size (nm) | Shape production
Rhodopseudomonas CdS 8 Cubic Intracellular
palustris
Multicellular prokaryotes FeS, Not Not available Intracellular
available
Rhodobacter sphaeroides CdS 8 Hexagonal Intracellular
Rhodobacter sphaeroides ZnS 10.5 = Spherical Extracellular
0.15
Fusarium oxysporum CdS 5-20 Spherical Extracellular
Fusarium oxysporum SrCO; 10-50 Needle like Intracellular
Yeasts Zn;(PO,), 10-80 x Rectangular Extracellular
80-200
Shewanella oneidensis Fe;0, 40-50 Rectangular, Extracellular
rhombic
Lactobacillus sp. BaTiOs 20-80 Tetragonal Extracellular
Fusarium oxysporum TiO, 6-13 Spherical Extracellular
Saccharomyces cerevisiae Sb,0; 2-10 Spherical Intracellular
Lactobacillus sp. BaTiO; 20-80 Tetragonal Extracellular
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7.3.1.6 Magnetic Nanoparticles

New materials of magnetic nanoparticles have been established due to their unique
particular properties and micro-configuration such as high coercive force and super-
paramagnetic force and their promising applications in biomedicine fields and bio-
logical separation. Fe,O; (maghemite) and Fe;O, (magnetite) are considered as
magnetic nanoparticles, and both of them are biocompatible. Both Fe,O; and Fe;0,
were investigated to target stem cell sorting and cancer medication and treatment
(magnetic hyperthermia) and to apply in DNA analysis, magnetic resonance imag-
ing (MRI), and gene therapy (Fan et al. 2009). It has been reported that magnetotac-
tic bacteria are able to synthesize magnetic particles intracellularly including iron
sulfides and/or iron oxide (Bazylinski et al. 1994, 1995). Bacterial magnetite parti-
cles (BacMPs) that are arranged at an aligned row through the bacterium cell may
act as biological compass needles, which help the bacterium cell to move across
oxygen gradients in aquatic environments by the action of the Earth’s magnetic field
(Arakaki et al. 2008; Blakemore 1975; Shimoshige et al. 2017). Furthermore,
BacMPs include a single magnetite or magnetic domain that has magnetic proper-
ties (Thornhill et al. 1995). Magnetotactic bacteria possess various morphological
shapes such as spirilla; vibrios; ovoid, rod-shaped, cocci bacteria; and multicellular
bacteria which possess unique properties (Thornhill et al. 1995; Spring and Schleifer
1995). It has been shown that magnetotactic cocci are microaerophilic and have
high diversity at the water sediment surface. Three facultative anaerobic marine
vibrio bacteria were named as vibrio strain MV-1, MV-2, and MV-4 that have been
isolated from estuarine salt marshes. The three bacteria have been proven to belong
to a-Proteobacteria and family Rhodospirillaceae. They were observed to synthe-
size a truncated hexoctahedron shape of BacMPs when increased as chemolithoau-
totrophic or chemoorganoheterotrophic. Otherwise, the family member of
Magnetospirillaceae could be isolated by magnetic isolation techniques especially
magnetotactic bacteria (Dinali et al. 2017). It has been reported that the uncultured
magnetotactic bacteria were observed in numerous habitats that are able to grow at
or below 30 °C (Lefevre et al. 2010a, b). The cultured magnetotactic bacteria were
mesophilic and couldn’t grow over 30 °C anymore. Some researchers have described
the isolation of thermophilic magnetotactic bacteria (Marcano et al. 2017). A mag-
netotactic bacteria strain was isolated from hot spring with a temperature range of
32-63 °C and named as HSMV-1 (Lefevre et al. 2010a, b). The transmission elec-
tron microscope (TEM) images of unstained cells of HSMV-1 indicated a chain of
bullet-shaped magnetosomes with a polar flagellum. The magnetosome crystal
number was 12 + 6/cell and 113 + nm by 40 = 5 nm dimension. The results of this
study have elucidated that the magnetotactic bacteria are considered as moderately
thermophilic, since the growth and deposition of magnetosome magnetite were
around 63 °C (Lefevre et al. 2010a, b). In addition, the mesoporous structure of
magnetic Fe;O, was synthesized by yeast cells by using coprecipitation method
(Zhou et al. 2009; Perez-Gonzalez et al. 2010; Zhu et al. 2010; Amemiya et al.
2007; Li et al. 2007; Bose et al. 2009).
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7.3.1.7 Nonmagnetic Oxide Nanoparticles

Also, some researches discussed other oxide nanoparticles such as Sb,Os, TiO,,
BaTiOs;, ZrO,, and SiO, nanoparticles (Jha et al. 2009a, b; Jha and Prasad 2010;
Bansal et al. 2004, 2005, 2006; Narayanan and Sakthivel 2010). It has been shown
that a low-cost green Saccharomyces cerevisiae is able to biosynthesize Sb,O;NPs
at room temperature (Jha et al. 2009a, b). The analysis of Sb,O;NPs indicated that
they have a spherical shape aggregate of a size ranging from 2 to 10 nm (Jha et al.
2009a, b). Fusarium oxysporum could produce TiO, and SiO, nanoparticles from a
complex solution of TiF¢*~ and SiF4>~, respectively (Bansal et al. 2005). Moreover,
they prepare quasi-spherical ZrO, and tetragonal BaTiO; nanoparticles from F oxy-
sporum with a size range of 3—11 nm and 4-5 nm, respectively (Bansal et al. 2004,
2006) (Table 14.3).

7.3.1.8 Sulfide Nanoparticles

Also, sulfide nanoparticles have been discussed because of their great technical and
research usage and applications as cell labeling and fluorescent biomarkers on
account of their optical or electronic properties (Yang et al. 2005). Microorganisms
are able to synthesize CdS nanocrystal that is a typical type of sulfide nanoparticle.
It has been found that Clostridium thermoaceticum is able to precipitate CdS in the
medium and on their cell surfaces from CdCl, in the presence of cysteine hydro-
chloride in the growth medium using cysteine as a sole source of sulfide (Cunningham
and Lundie 1993). Also, when Klebsiella pneumoniae Cd** ions are present in the
growth medium, it form CdS NPs of size range between 20 and 200 nm on the cell
surface. Interestingly, Escherichia coli was able to form wurtzite crystal intracellu-
lar CdS nanocrystals when incubated with Na,SO, and CdCl, (Sweeney et al. 2004).
In addition, the growth phase of E. coli affects nanocrystal formation to 20-fold
when grown in the stability stage versus that grown in the late logarithmic stage. A
research group has utilized C. glabrata and S. pombe to produce CdS nanoparticles
intracellularly when used in cadmium solution (Dameron et al. 1989). It has been
shown that Desulfobacteraceae and Rhodobacter sphaeroides are able to use
ZnSNPs intracellularly in a range of 8 and 2-5 nm, respectively (Bai et al. 2006;
Labrenz et al. 2000). In addition, PbSNPs were synthesized by Rhodobacter sphaer-
oides (Bai and Zhang 2009). Fungi, for example, eukaryotic microorganisms, are an
excellent good choice for the preparation of sulfide nanoparticles (Ahmad et al.
2002). ZnS, CdS, MoS,, and PbS have been found to be produced extracellularly by
F. oxysporum when metal sulfate solution is used. Fe;S, has been reported to be
produced by magnetotactic uncultured bacteria (Bazylinski et al. 1995). Finally,
magnetic FS nanoparticles have been reported to be produced by sulfate-reducing
bacteria (Watson et al. 1999; Arakaki et al. 2010a, b; Bai et al. 2009; Sanghi and
Verma 2009; Prasad and Jha 2010; Sweeney et al. 2004; Kowshik et al. 2002).
Recently, fluorescent lead (IV) sulfide nanoparticles synthesized by Idiomarina sp.
strain PR8-8 have been reported (Srivastava and Kowshik 2017).
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7.3.1.9 Other Nanoparticles

Another study discussed that nanoparticles including Zn;(PO,),, PbCO;, SrCO;,
CdSe, and CdCO; have been recorded to be prepared by microorganisms (Sanyal
et al. 2005; Rautaray et.al. 2004; Pandian et al. 2009; Yan et al. 2009; Kumar et al.
2007). It has been reported that STCO;NPs were obtained by Fusarium oxysporum
when it grow in a solution of Sr** ions (Rautaray et al. 2004). Also, Zn;(PO,), NPs
have been shown to be synthesized at a size ranging from 10 to 80 nm by yeast
(Pandian et al. 2009; Yan et al. 2009). CdSeNPs have been shown that it could be
synthesized by F. oxysporum at room temperature (Kumar et al. 2007).

7.3.2 Mechanisms of Nanoparticle Formation
by Microorganisms

Nanoparticles are produced by microorganisms by different mechanisms. Firstly,
metal ions are trapped inside or on the surface of microbial cells. In the presence of
enzymes, the metal ions are reduced to nanoparticles. Generally, microorganisms
influence the NP formation by two special ways: firstly, the composition of the
solution becomes more supersaturated and, secondly, by impacting mineral forma-
tion through the microorganisms (Benzerara et al. 2010).

7.3.2.1 How Microorganisms Synthesize Nanoparticles

It has been proposed that the silver and gold nanoparticles are prepared by algal
biomass or Verticillium sp. through trapping the silver and gold ions on the surface
of the fungal cells. Then, an interaction occurs between the negatively charged cell
wall from the carboxylate groups and the ions in the enzymes. At this point, the
enzymes decreased the metal ions to form silver or gold nuclei that grow by further
accumulation and reduction subsequently (Sneha et al. 2010). Moreover, another
study postulated that the synthesis of AgNPs in B. licheniformis is catalyzed by
nitrate reductase (Kalishwaralal et al. 2008). NADH-dependent nitrate reductase
and NADH are considered as important factors that are involved in nanoparticle
formation. It has been stated that B. licheniformis reduces Ag* to Ag’ and then
AgNPs are formed by NADH and NADH-dependent nitrate reductase (Husseiny
et al. 2007; Prasad et al. 2016). For example, Cd**, Hg**, Co*, Ag*, Cu?*, Ni*,
CrO*, Zn**, and Pb* have a toxic effect on microorganism’s survival.
Microorganisms are developing proteomic and genetic responses that enable cell to
detoxify the effect of heavy metals by many mechanisms including efflux, reductive
precipitation, or complexation (Reith et al. 2007; Nies 1999). As a result metallo-
philic microorganisms are able to thrive in the presence of higher concentrations of
heavy metal ions (Mergeay et al. 2003). In addition, the biomineralization of BacMP



134 E. Abada et al.

by molecular mechanisms is a multistep process (Arakaki et al. 2008). Firstly, an
invagination of the cytoplasmic membrane and the vesicle formed serve as the pre-
cursor of the BacMP membrane. However, the mechanism of envelope formation
stays unclear. It has been assumed that BacMP vesical formation is probably medi-
ated by a specific GTPase, which is similar to eukaryotes. Then, the formed vesicle
will be assembled as a linear chain within a cytoskeletal filament. Secondly, the
ferrous ions are collected inside the BacMP biomineralized vesicle through the
transmembrane iron transporters. Finally, BacMP-bound proteins are able to
enhance morphology and/or nucleation of magnetite crystal (Ghashghaei and
Emtiazi 2016). The BacMP membrane together with other associated proteins may
have a functional role in magnetite formation such as iron supersaturation, oxida-
tion of iron, and maintenance of reductive conditions (Arakaki et al. 2008). It has
been proposed that Shewanella oneidensis can form magnetites by utilizing active
as well as passive mechanisms (Perez-Gonzalez et al. 2010). It has been suggested
that CdSNPs are formed through cysteine bond and may involve the cleavage of
S—-H bond and formation of a new bond, which is (—S—Cd) bond of Cd-thiolate
(Cd-S—CH,COOH) complex on the nanoparticle surface (Sanghi and Verma 2009).
It has been shown that cadmium-thiolate complexes reacted with H bound but did
not react with -NH, groups of protein. As a result, the archived CdS NPs are bonded
to —NH, groups by hydrogen by one oxygen atom of the carboxylic group (—COOH)
(Lover et al. 1997; Tang et al. 2005).

7.3.2.2 Control of Size and Morphology of Nanoparticles

The optical and electronic properties of nanoparticles are mostly dependent on the
shape and size. Most of the researchers are interested in managing the shape and size
of nanoparticles. Microorganisms have the ability to control the shape and size of
biological nanoparticles (Zhang et al. 2016). It has been shown that the synthesis of
AuNPs of various sizes and morphologies may be obtained by V. luteoalbum (Gericke
and Pinches 2006). The particle size and formation could be controlled by many
parameters such as concentration of gold, temperature, and pH (Gurunathan et al.
2009). The scanning electron microscope pictures showed that great variations in
size of particle range from 1 to 100 nm in diameter. Also, the results of the study sug-
gested that the triangular- and hexagonal-shaped NPs are bigger than spherical NPs.
On the synthesis of Pt nanoparticles, Riddin and coworkers found that in the absence
of the spatial restrictions of the cell wall, the cell-soluble extract (CSE) was able to
reduce Pt(IV) to form nanoparticles, which are stabilized in solution by bound pro-
teins and exhibit both geometric and irregular morphologies (Riddin et al. 2010). An
associated protein with bacterial magnetites called Mms6 was discovered in
Magnetospirillum magneticum AMB-1 (Arakaki et al. 2010a, b). The group found
the Mms6 protein involved in the formation of cuboctahedral magnetite crystals. In
addition, the recombinant Mms6 bacterial protein was used to synthesize the magne-
tite crystals in solution under low temperatures in aqueous solution using recombi-
nant Mms6 magnetotactic bacterial protein. Moreover, the aggregates of Mms6 have
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a sequence motif with high affinity to iron ions. The crystals exhibit similar sizes
(20 nm) and morphologies (cuboctahedral) versus crystals formed in the absence of
Mms6. This proposes that Mms6 has a huge impact in regulating the size as well as
shape of nanoparticles during the synthesis process (Amemiya et al. 2007).

7.3.2.3 Applications of Nanoparticles

Nanomedicine is one of the most hopeful research fields especially in the treatment
and diagnosis of diseases (Fadeel and Garcia-Bennett 2010). Usually, the dispersed
types of nanoparticles are employed as biological fluorescent labels, gene delivery,
detection of pathogen, engineering of tissues, destruction of tumor by heating, con-
trast enhancement of MRI, and pharmacokinetic studies (Chan and Nie 1998; Tian
et al. 2008; Cui et al. 2007; Pantarotto et al. 2003; Edelstein et al. 2000; De la Isla
et al. 2003; Ma et al. 2003; Shinkai et al. 1999; Weissleder et al. 1990; Parak et al.
2002; Prasad et al. 2016, 2017a, b). The usage of nanoparticles in the field of nano-
medicine in various research papers and reviews has been reported (Emerich and
Thanos 2006; Alanazi et al. 2010; Rodriguez and Villaverde 2010; Vaidyanathan
et al. 2009; Mahmoudi et al. 2010; Dias et al. 2011; Shen et al. 2011; Piao et al.
2011; Chakravarthy et al. 2010; Xiang et al. 2007a, b; Prasad et al. 2017a, b). Here,
we provide some examples to illustrate these applications.

7.3.2.4 Drug Delivery

Drug design accurately and safely to get the target sites in a timely manner to
achieve maximum therapeutic effect is the key issue in the design and development
of systems for the introduction of new medicines. In addition, it should be the nano-
carriers transmitted through blood tissue barriers to reach the target cells. They must
enter target cells via endocytotic transport and transcytotic techniques and mecha-
nisms across cellular barriers (Fadeel and Garcia-Bennett 2010; Sun et al. 2014).
Because of their small size, nano-drug carriers are nanoparticles which exceed
the blood-brain barrier and epithelial tight junctions of the skin that usually hinder
the delivery of drugs to the target site. Secondly, as a result of the high space for the
size of the nano-carriers, they show improved pharmacological and bio-distribution
of therapeutic agents, thus reducing the toxicity of the accumulation in the target
site (Vaidyanathan et al. 2009). Nano-carriers enhance the solubility of hydrophobic
compounds and make them easy to be administered. Moreover, higher nano-carriers
stabilize many therapeutic materials such as oligonucleotide and peptides (Emerich
and Thanos 2006). It has been known that nanoparticles such as Fe;O, (maghemite)
and Fe,O; (magnetite) are compatible and were investigated to target cancer dis-
ease, drug delivery, stem cell, MRI and gene therapy (Fan et al. 2009). The toxicity
of magnetosome of Magnetospirillum gryphiswaldense has been applied to fibro-
blasts of mouse, and the results showed that the sterilized and purified magneto-
somes were not toxic to mouse fibroblasts in vitro (Xiang et al. 2007a, b). The effect
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of magnetic bacterial nanoparticles on the immune response of mouse has been
reported (Meng et al. 2010). In this study, the antigen of ovalbumin was used and
was mixed with an adjuvant. BacMps were used for immunization of mouse
BALB/C. The IgG of anti-ovalbumin, T lymphocyte proliferation, IFN-gamma, and
the expression of ILs were estimated. The results of this study revealed that the
BMPs have no influence on immune responses of mouse, while the magnetosomes
could be used as a novel gene carriers or drug for the therapy of tumor. Moreover,
the load of doxorubicin onto BMs was reported to study the ability of these particles
to suppress the growth of tumor (Sun et al. 2007). The pharmacokinetics and bio-
compatibility of BMs were estimated in urine, serum and main organs after the
injection of BMs into Sprague-Dawley (SD) rat (Sun et al. 2009). The results of this
study revealed that the BMs were found only in the livers, while there was any evi-
dence for the existence of BMs in the urine, after 72 h of intravenous administration
(Sun et al. 2009). It has been shown that magnetotaxis was applied to change mag-
netotactic bacteria (MTB) that are embedded together with the flagella and magne-
tite nanoparticles to move inside the small blood capillaries (Felfoul et al. 2007). It
has been reported that the utilization of MTB nanoparticles to deliver gene using
Polyethyleneimine-associated (PEI-associated) with MTB for delivering the
[-galactosidase reporter plasmid both in vivo and in vitro (Xie et al. 2009). The
study revealed that the MTB-PEI nanoparticle systems are less toxic and more effi-
cient in comparison with PEI alone. It has been shown that the gold and its deriva-
tive compounds were used since ancient time of world civilization as medicinal
agents (Mukherjee et al. 2007; Mahdihassan 1988; Higby 1982; Patra et al. 2010;
Giljohann et al. 2010). In addition, the biological and chemical applications of
AuNPs were reported. In addition, Ag-NPs were used as a therapeutic drug because
of its properties as antifungal, antibacterial, anti-inflammatory and antiviral. It has
been shown that Ag-NPs of Bacillus licheniformis have a potential application as
anti-angiogenic (Kalishwaralal et al. 2009). It has been expected that NPs aiming
drug delivery would significantly decrease the dose of antitumor drugs with excel-
lent specificity and less toxicity and improve efficiency. Nearly in the future, we
expect the increase of applications in the field of diagnostic and therapeutic nano-
technology. It has been reported that the magnetic nanoparticles could be used for
treatment of cancer hyperthermia. The treatment of cancer hyperthermia would be
involving the administration of the nanoparticles inside the cancer tissue sites of the
body. The heating of specific sites locally shall be empowered by application of a
magnetic field (Chertok et al. 2008).

7.3.2.5 Antibacterial Agent

Due to increase and prevalence, the resistance of microorganisms against antiseptics
and antibiotic has been confirmed recently. It has been reported that Ag-NPs were
synthesized by Trichoderma viride. This study showed that Ag* ions were reduced
to AgNPs by using 7. viride filtrate with a size ranging from 5 to 40 nm. The anti-
microbial activity of AgNPs was tested together with many antibiotics against
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Gram-negative and Gram-positive bacteria. The results revealed the increase anti-
bacterial activity of kanamycin, ampicillin, chloramphenicol, and erythromycin
when AgNPs were added against tested strains. The results concluded that the addi-
tion of AgNPs with antibiotics has improved antimicrobial activity that opens the
gate to develop antimicrobial agents (Prasad 2014; Aziz et al. 2015, 2016; Prasad
et al. 2016; Abbasifar et al. 2017). It has been reported that the production of AgNPs
extracellularly by Fusarium oxysporum could be integrated into textile industries to
minimize or prevent deterioration or contamination with different bacteria and fungi
(Duran et al. 2007). Different applications of biologically synthesized nanoparticles
are shown in Fig. 7.5.

7.3.2.6 Biosensor

Interestingly, nanoparticles have optic and electronic properties that could be used
in applications of biosensor. It has been reported that SeNPs were formed by the
Bacillus subtilis having a diameter ranging from 50 to 400 nm (Wang et al. 2010).
These SeNPs were spherical and monoclinic that become one-dimensional, tri-
gonal, and anisotropic structure at room temperature. Moreover, SeNPs with high
ratio surface-volume, biocompatibility, adhesive ability, and biocompatibility were
utilizing as settled material to build and enhance horseradish peroxidase (HRP)
biosensor. The modification of SeNP electrode will be probably promising for
application in food, clinical, pharmaceutical, environmental, and industrial analyses,
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as well as detection of H,0O, in food. Another study has been shown that the biosensor
of AuNP glucose oxidase (GOx) was improved. The AuNPs was shown an increase
of GOx activity, and able to detect the glucose content in a glucose injection (Zheng
et al. 2010a, b). Efforts have been done for developing novel nanomaterial-based
biosensors for various targets, as well as the enormous potentials provided by these
biosensors (Hou et al. 2016).

7.3.2.7 Reaction Rate Enhancement Agent

It has been reported that nanoparticles were used widely for improvement of various
reactions as catalyst and/or reductants because of their special characteristics and
huge surface areas (Hildebrand et al. 2008). In addition, magnetic nanoparticles
have been reported to be improving the rate of various microbiological reactions.
Not only the magnetic nanoparticles were used for their catalytic behavior but also
for their ability to disband. A microbial cell of Pseudomonas delafieldii was coated
with Fe;O, magnetic nanoparticles to accomplish de-sulfurization of dibenzothio-
phene (Shan et al. 2005).

7.3.2.8 Magnetic Separation and Detection

The magnetic nanoparticles incorporated with biomolecules that are used as a label
material in biological assays have been proposed. In addition, antibodies carried on
BacMPs were improved for sensitive and rapid determination of tiny molecules
such as hormones, toxic detergents and environmental pollutants by using chemilu-
minescence immunoassays (Matsunaga et al. 2003; Tanaka et al. 2004).
Xenoestrogens, like alkyl phenol, bisphenol, and alkyl benzene, were detected by
the use of monoclonal antibodies immobilized on BacMPs. The modification of
magnetic nanoparticle surface is a very interesting research area with many applica-
tions. The surface of BacMP could be changed with amino saline to improve the
DNA extraction by magnetic nanoparticle system. The magnetic nanoparticles are
very promising biomolecules as an adsorbent solid phase that are suitable for DNA
extraction because it can be easily handled by application of simple magnet.

7.4 Future Prospects

Recently, the development of nanoparticle production from microorganisms and
their applications has been reported over the past years. Even so, intensive studies
are needed to progress the control and efficiency synthesis of nanoparticle morphol-
ogy and size. It has been known that the nanoparticle synthesis from microorgan-
isms is a very slow process that may take several hours to few days in comparison
to chemical and physical approaches. The reduction of time for nanoparticle
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synthesis would make the biosynthesis way much attractive. Both monodispersity
and particle size are very important points in the estimation of nanoparticle
synthesis.

Therefore, effective control of the particle size and monodispersity must be
extensively investigated. It has been shown that nanoparticles synthesized from
microorganisms might be hydrolyzed by time. As a result, there is a need for more
studies to prolong and enhance the stability of nanoparticles (Xiang et al. 2007a, b;
Hergt et al. 2005; Hergt and Dutz 2007). Changing parameters such as growth
phase, microorganism strain, physical conditions, growth medium, source of
nanoparticles, substrate concentrations, and nontarget ions might be sufficient to
control monodispersity and particle size. Nowadays, researchers are studying
microbial cells at proteomic and genomic level to understand the mechanism of
nanoparticle synthesis on a molecular and cellular level. As an example identifica-
tion and purification of the molecules that are able to reduce nanoparticles shorten
the reaction time and increase efficiency of synthesis.

7.5 Conclusion

Nowadays, the research of nanomedicine becomes a growing field of research with
huge possibilities for enhancing the diagnosis and treatment of human diseases. It is
believed that the biosynthesis of nanoparticles by microbes is pure, clean, and non-
toxic; it is necessary to implement eco-environmentally acceptable “green chemistry”
proceedings. There are two ratings for the use of microorganisms including bacteria,
yeast, fungi, and actinomycetes: intracellular and extracellular synthesis. This rating
depends on the location where nanoparticles are composed. It’s worth mentioned that
controlling parameters such as pH, temperature, and substrate concentration could
manipulate the rate of intracellular particle formation and therefore the size of the
nanoparticles. Nowadays, research is conducted manipulating microorganisms at both
the genomic and proteomic ranges. With the new progress and the continuing efforts
in enhancing particle synthesis effectively and finding out their biomedical applica-
tions, the usage of these methods and approaches on a wide range and their commer-
cial applications in medicine and health care will hopefully occur in the next years.
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Chapter 8
Biological Nanoparticles: Optical
and Photothermal Properties

Aditya Saran, Rajender Boddula, and Sharda Ranjan Sharan

Abstract The synthesis of metal nanoparticles (NPs) through biological approach
has proved to be safer than chemical approach and environment friendly. Still the
quality of the biologically synthesized metal NPs could not touch the quality stan-
dard of chemically synthesized metal NPs. This limits the application of biologi-
cally synthesized NPs. In the biosynthetic approach, the complications lie in
complicated biochemical pathways, cellular morphology, physiology and other bio-
logical and environmental limitations. On the other hand, chemical synthesis pro-
cess is simple because of limited chemical reactions and has ease to control and
change the required physical and chemical parameters like pH, temperature, humid-
ity, etc. as per need. Thus, chemically synthesized NPs are more uniform in shape
and size, have defined surface modification and are stable than its biological coun-
terpart. Here we will focus on the limitations of biological synthesis of metal NPs
through fungus and discuss the various approaches to counter these limitations to
enhance the quality of metal NPs so that biologically synthesized NPs can be used
practically on a wider scale.

A. Saran (D<)

ORCID ID: 0000-0001-5433-8769; CAS Key Laboratory of Standardization and
Measurement for Nanotechnology, National Center for Nanoscience and Technology,
No.11 ZhongguancunBeiyitiao, Beijing 100190, People’s Republic of China

e-mail: aditya8march @yahoo.com; aditya8march @ gmail.com

R. Boddula

ORCID ID: 0000-0001-8533-3338; CAS Key Laboratory for Nanosystem and Hierarchical
Fabrication, National Center for Nanoscience and Technology,

No.11 ZhongguancunBeiyitiao, Beijing 100190, People’s Republic of China

S.R. Sharan
Department of Physics, Deoghar College, S K M University, Dumka 814101, India

© Springer International Publishing AG 2017 151
R. Prasad (ed.), Fungal Nanotechnology, Fungal Biology,
DOI 10.1007/978-3-319-68424-6_8


mailto:aditya8march@yahoo.com
mailto:aditya8march@gmail.com

152 A. Saran et al.

8.1 Introduction: Nanoparticles, Nanostructures
and Nanomaterials

Nanotechnology deals with various structures of matter having dimensions of the
order of a 10~ of a metre. Nanoparticles are generally considered to be a number of
atoms or molecules bonded together with a radius of <100 nm. The structure which
comes under the dimension of a nanometre is also considered as nanostructures.
Hence, a haem molecule which is incorporated into haemoglobin molecule can be
considered as nanoparticle, and most of the viruses are nanostructures. Thus
nanoparticles and nanostructures can be built by assembling individual atoms or
subdividing bulk materials.

The physical and chemical properties change at dimensions of nanometre scale.
Mostly the crystal structure of large-sized nanoparticles remains the same as that of its
bulk, but lengths of primitives are somewhat different. It has been verified from X-ray
diffraction experiment that 80 nm aluminium particle has face-centred cubic (fcc),
which the bulk aluminium has. Particles of sizes smaller than 5 nm may have different
structures. Three to 5 nm gold particles have an icosahedral structure, whereas its bulk
has fcc structure. If one geometrical dimension has a nanosize length, the structure is
called a quantum well. If the electronic structure is quite different from the arrange-
ment where two dimensions in three-dimension are of nanometre length, it is called a
quantum wire. But if all the lengths in all three geometrical dimensions are in the
nano-range, then it is called a quantum dot (Poole and Owens 2003).

Nanomaterials are made up of cluster of atoms which can be assumed as supera-
toms (Khanna and Jena 1995). The number of atoms which makes the cluster stable
is called as structural magic number (Poole and Owens 2003). In an atom the posi-
tive charge of the nucleus is localized at a point and the electrons respond to 1/r
potential. On the other hand, in a cluster, the positive charge is assumed to be dis-
tributed over a positive ion core of the size of the cluster, and the electrons respond
to a square-well-type potential that is attractive to the core. The electron energy
levels in clusters are discrete and can be labelled by principal and angular momen-
tum quantum numbers, but the ordering of levels is different from electron’s energy
levels in an atom. The electronic structure of an atom is like 1s?, 2s2, 2p°, 3s2, 3p®,
3d'°, 4s? and so on, but in case of cluster, it is changed to 1s?, 1p®, 1d'°, 252, 14, 2p°®
and so on. For example, electronic structure of aluminium is 1s?, 2s2, 2p°® and 3s'.
Since Al is trivalent, an Al,; cluster has 39 electrons, which, in a jellium picture,
would correspond to an electronic configuration of 1s2, 1p®, 1d', 252, 1f'* and 2p°.
Note that chemical property is determined by the electrons in the outermost orbit.
Cluster also has the similar electronic features in ionization potential, electron affin-
ity and reactivity, but uniquely their nuclear potential is fixed, and attractive poten-
tial can be easily modulated. The attractive potential can be modulated by changing
its composition, the range can be controlled by its size, and its shape can be con-
trolled by the overall topology. Further, the electronic nature can be controlled by
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manipulating the number of valence electrons by doping with foreign atoms, and
the nature of the electronic degeneracy can be controlled by changing the geometry.
This allows much better control of the electronic spectrum and thereby on its prop-
erties (Rao et al. 1999). This is the reason why nanomaterial shows different proper-
ties from its bulk material (Fig. 8.1).

8.2 Metal Nanoparticles

This chapter deals with metal nanoparticles which may or may not be nanomateri-
als. The optical and photothermal properties of metallic nanoparticle are mainly
dependent upon its size and surface area. The nobility of a metal is decided by the
ability of metal surface to be oxidized. Gold is the only metal which has endother-
mic chemisorption energy. It means that it will not make bond to oxygen at all, and
hence, it remains inert in an oxygen atmosphere. The d-state orbital of Au is so low
in energy that the interaction with oxygen 2p states is net repulsive. So it is unlikely
that Au should be a good catalyst for an oxidation reaction. Uniquely in oxidation
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Fig. 8.1 A comparison between Bohr’s atomic model and jellium model; (a) Bohr’s atomic
model; (b) positive charge is assumed to be distributed over a positive ion core of the size of the
cluster, and the electrons respond to a square-well-type potential that is attractive within the ion
core and zero outside, shown in jellium model; (¢) distribution of electrons in different orbitals in
a jellium model
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of CO, Au nanoparticles are very good catalyst even at room temperature. This
activity of Au nanoparticle depends upon the size (Au <5 nm shows catalytic activ-
ity) (Hvolbak et al. 2007).

8.3 Excitation and Relaxation Processes of Metal
Nanoparticles

Generally an excitation due to intersystem crossing, internal conversions, fluores-
cence, etc. has a defined time scale for the average lifetime of an excited state (Turro
et al. 2012). In the case of metals, which have a relatively high number of electrons
close in energy to a large number of available empty states, their electrons can freely
transfer between states at room temperature. So in these cases, the time scale for
excitation is not limited (Hartland 2011). As per Mie theory, the choice of metal, as
well as size, shape, surrounding matrix, surface-bound molecules and degree of
aggregation of the particles, determines the frequency of light that can excite plas-
mons (Kelly et al. 2003; Stamplecoskie and Scaiano 2010). Light is an electromag-
netic wave and has both sinusoidal electric and magnetic fields mutually transverse
and always in phase, and these are transverse to the direction of propagation of light
wave. When light of a suitable wavelength or frequency is made incident on the
surface of the metal, the electric field in the incident light ray exerts force on elec-
trons and thus causes their displacements and hence changes the volume density of
electron, i.e. number of electrons per unit volume. Electric field of light expenses
energy, that is, light loses its intensity and it is absorbed. A periodic fluctuation of
positive and negative charges occurs which is called ‘surface plasmon polaritons’.
The nuclei being heavy provide a restoring force on the dynamic lighter electrons
which have moved away. This is similar to plasma oscillations in physics. The oscil-
lating charges create electromagnetic radiation.

For this reason, the frequency that can be used to excite plasmon absorptions is a
function of both the metal and the dielectric medium surrounding it. Some electrons
of metal nanoparticles get instantaneous excitation due to incident light. Moreover
the surface curvature is not uniform with respect to wavelength of light. For this
reason, the plasmon absorptions by nanoparticles occur in the visible region of the
electromagnetic spectrum, giving rise to the multitude of colours displayed by metal
nanoparticles. The plasmons of nanoparticles cannot move away because of their
confinement to the particle. Hence they are called as localized surface plasmons
(LSP).

Kasha’s rule states that the rate of an electronic relaxation is inversely propor-
tional to the difference in energy between energy states. This means that, for metals
with overlapping filled and unfilled energy bands, the rate of relaxation must be
very fast. The coherent oscillating electrons collide with one another causing the
electrons to rapidly go out of phase with one another. This dissimilarity in electron
phases causes a non-Fermi distribution of electrons, and it occurs within the ~10 fs
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of excitation. The excited electrons further scatter with each other leading to a more
random or chaotic distribution. The ‘electron-electron’ scattering occurs within the
first ~100 fs after excitation. Most spectroscopic techniques use lasers with greater
than 100 fs pulse widths, so these first electron relaxation steps are very rarely
observed experimentally. The final process in plasmon relaxation dissipates heat to
its surrounding. The heat transfer depends upon the excitation and thermal
conductivity of the medium. Heat transfer to the surroundings occurs in hundreds of
picoseconds to nanoseconds, following excitation. The ability to absorb a lot of
light, and release that energy locally in a short amount of time (<1 ns), is a unique
property of metal nanoparticles (Alarcon et al. 2015).

8.4 Plasmonics and Surface Plasmon Resonance

Plasmonics is a phenomenon of electromagnetic resonance encountered in nano-
structured metals, due to collective oscillation of conduction electrons called plas-
mons. Under certain conditions plasmons are excited by light that leads to strong
light scattering, absorption and local electromagnetic field (Fig. 8.2). The effect can
be manipulated by doing alteration and changes in the defined conditions (Fu et al.
2012). At nanoscale we are in the middle between classical and quantum effects,
macroscopic and microscopic properties of the matter (Wolf 2015).

The phenomenon of surface plasmon resonance (SPR) was first observed by
Wood in 1902. He made polarized light incident on a reflection grating which causes
final diffraction of light producing a pattern of ‘anomalous’ dark and light bands

Electric
A\Field

Light Wave

Electron Cloud

Fig. 8.2 Schematic illustration of plasmon excitation causing an instantaneous collective oscilla-
tion of electrons
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(Wood 1902, 1912). Lord Rayleigh initiated the physical interpretation of this
phenomenon (Rayleigh 1907), which was further refined by Fano (1941). Finally a
detailed explanation came in 1968 by Otto (1968) and independently by Kretschmann
and Raether (1968).

Experimentally a dip in the intensity of the reflected light is observed when a
polarized light is incident from the light source on the sensor chip with a gold
coating on a prism. At a certain angle of incidence (), excitation of surface plas-
mons occurs which results in a dip in the intensity of the reflected light. This dip in
intensity is caused by the oscillation of the free electrons which is generated because
of the interaction of photons of plane-polarized light with the free electrons of the
metal layer. The angle at which the maximum loss of the reflected light intensity
occurs is called resonance angle or SPR angle. The SPR angle is dependent on the
optical characteristics of the system such as on the refractive indices of the media at
both sides of the metal, usually gold. When an accumulated mass adsorbs (protein,
DNA, etc.) on the surface of metal in its vicinity and refractive index at the prism
side remains constant, the surface plasmon resonance condition changes, and the
shift of SPR angle provides the information on kinetics.

8.4.1 SPR Assay

To construct a SPR assay, the surface of the sensor needs to be modified to allow
selective capturing and thus selective measurement of the target compound. Often
SPR measurements are carried out to determine the kinetics of a binding process.
Recently SPR signals are also utilized in the detection of biomolecules through
ELISA (de la Rica and Stevens 2012, 2013; Rodriguez-Lorenzo et al. 2012; Cecchin
et al. 2014; Nie et al. 2014; Peng et al. 2014; Xianyu et al. 2014; Liang et al. 2015;
Zhang et al. 2015; Huang et al. 2016; Zhao et al. 2016; Hu et al. 2014).

8.4.2 Surface Plasmon Resonance (SPR) Biosensors

The term biosensor was introduced around 1975. Literally all devices capable of
reporting parameters of the living body are biosensors including a thermometer. As
per present definition, a biosensor should have a recognition element comprised of
biological origin and a physiochemical transducer.

The transducer detects a physiochemical change because of specific interaction
between the target analyte and the biological material. Further the transducer then
yields an analogue electronic signal proportional to the concentration of a specific
analyte/analytes. Application of SPR-based sensors to biomolecular interaction
monitoring was first demonstrated as physical methods for label-free, real-time
detection of biomolecules by Lundstrom in 1983(Liedberg et al. 1983). In 1990,
Pharmacia Biosensor AB launched the first commercial SPR product, the Biacore
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Fig. 8.3 A typical SPR signal of SPR biosensor detecting the binding of N-succinimidyl
3-(2-pyridyldithio)propionate (SPDP) to human immunoglobulin G (IgG). The red arrow is show-
ing the baseline of human IgG. The X-axis is showing the time line in seconds for the association,
steady state and dissociation of SPDP molecule. The blue bar is the SPR response in terms of
intensity for SPDP molecule. Higher SPR response corresponds to higher binding

instrument, which was the most advanced, sensitive, accurate, reliable and
reproducible direct biosensor technique (Jonsson et al. 1991). A typical binding of
SPDP to human IgG is demonstrated and analysed by SPR as shown in Fig. 8.3.

8.5 Surface-Enhanced Raman Spectroscopy (SERS)

Raman spectra usually contain many sharp peaks that correspond to specific molec-
ular vibrational frequencies, and these can provide a clear signature defining the
presence of specific molecules in a sample. Accordingly, Raman spectra can be used
to qualitatively and quantitatively discriminate between chemical species in materi-
als (Motz et al. 2006).

Raman scattering is an inelastic phenomenon that occurs when a sample is illu-
minated by a laser light, as first demonstrated by Raman and Krishnan in 1928
(Raman and Krishnan 1998). In Raman scattering the frequency or wavelength of
scattered light remains mostly unchanged except very weak lines with increase or
decrease in wavelength. This increase in wavelength is Stokes Raman scattering,
and decrease in wavelength is anti-Stokes Raman scattering.

The signals are weak and to enhance it, high-power lasers and long acquisition
times are required which are unsuitable for biological samples. In order to enhance
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the intensity of Raman spectral lines, a widely used method is SERS. Finally
Fleischmann in 1974 (Fleischmann et al. 1974) observed the reliability on absorp-
tion effect on Raman spectral lines. The absorption function of analyte(s) relies on
the surface of metal structures. The intensity of absorbed Raman lines can be 106—
108 times more. This is indicative of the importance of SERS. It is being discussed
in the following section.

Surface-enhanced Raman scattering (SERS) bypasses this limitation (Alarcon
etal. 2015). SERS evolves as the most promising label-free technique for molecular
sensing (Campion and Kambhampati 1998). SERS, used for extremely low concen-
trations of molecules, overcome the low Raman cross-sectional barrier by exploit-
ing the large field enhancement caused by electromagnetic coupling between the
nanoparticles (Alarcon et al. 2015). Under such conditions, the Raman signal of the
target molecule is enhanced by several orders of magnitude, enabling detection
down to a single molecule (Qian and Nie 2008; Abalde-Cela et al. 2010; Oh et al.
2011; Choi et al. 2010). Generally SERS is performed on gold, silver and copper.
The absorbance is mainly in the visible and near-IR wavelengths. Raman signal is
amplified because of two reasons: (1) the strong enhancement of the electromag-
netic field by the localized surface plasmon resonance (SPR) of metallic nanostruc-
tures and (2) surface chemical enhancement mechanism (Schatz and Van Duyne
2002; Faulds et al. 2004).

SERS has been widely used as an analytical technique in the fields of biochem-
istry, forensics, food safety, threat detection and medical diagnostics (Qian and Nie
2008; Ewena Smith 2002; McNay et al. 2011; Graham and Goodacre 2008). The
reason behind the wide acceptance of SERS is that it is a label-free molecular fin-
gerprint down to the level of single-molecule detection with multiplex detection
which works in both in situ and in vitro detection with minimum sample require-
ments (Alarcon et al. 2015; Siddhanta et al. 2017).

8.6 Photothermal Effect

Photothermal therapy using metal nanoparticles exploits the infrared light to heat
conversion of metal nanoparticles for selective destruction of tumours. The larger
wavelength has longer penetrating depth than the shorter wavelength; this is the
reason some of the red light makes it through the skin or mouth tissue. In photother-
mal therapy, the wavelength of excitation is an important factor then, since only red
light can penetrate deep into the tissue to excite the absorbing species (that subse-
quently releases heat). The multiphoton cross section for metal nanoparticles is very
high in comparison to dyes. This becomes even more relevant in PPTT treatments
when it is desirable to use near-infrared laser excitation. Metal nanoparticles are
particularly effective at absorbing near-infrared (NIR) light and converting that light
into heat (Alarcon et al. 2015).

Silver nanoparticles have large absorption cross section, and it almost absorbs
visible light and produces heat, thereby increasing its temperature. This makes it an
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important candidate with regard to plasmonic photothermal therapy (PPTT)
(El-Sayed et al. 2006). By controlling the surface functionalization of nanoparticles,
they can be tailored to accumulate in tumour cells.

Most photothermal therapy strategies presently use gold nanoparticles due to
their superior stability under many different conditions, in biological relevant medi-
ums. Biomolecule conjugated AgNP synthesis, with good stability, is rapidly
developing and opening the door to using AgNP in more PPTT strategies (Alarcon
et al. 2012, 2013). The superior optical properties of AgNP in comparison to gold
make it even more attractive for higher efficiencies of light to heat conversion in
PPTT.

8.7 Application of Optical and Photothermal Effect
in Biology

Day by day new methods are being introduced based on the optical and photother-
mal effects for the detection, diagnostics (in vitro and in vivo) and therapy.

8.7.1 In Vitro Detection and Diagnostics

In the field of in vitro detection of biomolecules, a new type of ELISA strategy is
developed and introduced by Steven’s group called plasmonic ELISA. They devel-
oped a plasmonic nanosensor with inverse sensitivity via enzyme-guided crystal
growth (Rodriguez-Lorenzo et al. 2012). Gold nanostars were used as the nanosen-
sors. Glucose oxidase (GOx) enzyme-linked detection antibody controls the genera-
tion of hydrogen peroxide (H,0O,), which reduces silver ions to atoms. At low
concentrations of GOx, conformal coating of silver on the gold nanostar is favoured
due to low Ag self-nucleation. It causes a large plasmon peak shift. In contrast, at
high loading of GOx, competitive Ag self-nucleation dominates owing to more
available H,0,. It reduces the deposition of silver on the gold nanostar, thus generat-
ing less peak shift. It therefore provides an inverse graph of spectral shift vs. analyte
concentration. In the buffered solution, 10~'3 g ml~! of a cancer marker prostate-
specific antigen (PSA) has been detected with a dynamic range between 10~!* and
10-"®gml-'.

In another work of Steven’s group, catalase enzyme was linked to the immuno-
complex through interactions between enzyme-decorated streptavidin and biotinyl-
ated secondary antibodies. In the presence of hydrogen peroxide, gold ions are
reduced. High concentration of hydrogen peroxide favours the formation of non-
aggregated, spherical nanoparticles that give rise to a red solution. When the con-
centration of hydrogen peroxide decreases, for example, due to the biocatalytic
action of the enzyme catalase, aggregates of nanoparticles are formed, and this turns



160 A. Saran et al.

the solution blue. The range of detection was obtained 10~'°-10~". This is the
highest possible limit of detection (de la Rica and Stevens 2012).

Inspired from this work, many researchers have followed the similar design idea
and demonstrated the great potentials of plasmonic ELISA in ultrasensitive detec-
tions (Zhao et al. 2016; Xianyu et al. 2014; Peng et al. 2014; Nie et al. 2014; Cecchin
etal. 2014; Huang et al. 2016; Tang et al. 2015). For instance, using antibody-tagged
gold nanoclusters (AuNCs) to catalyse the decomposition of hydrogen peroxide,
Zhao et al. showed sensitive detection of 1 x 1072 M protein avidin, 7.52 x 10~ U/
ml breast cancer antigen 15-3, 2 x 10~'® mg/ml triiodothyronine and 2.3 x 10~'® mg/
ml methamphetamine (Zhao et al. 2016). Using alkaline phosphatase (ALP) linking
antibody in combination with iodine-mediated etching of gold nanorods, Zhang
et al. exhibited sensitive detection of IgG with a LOD of 100 pg/ml (Zhang et al.
2015).

Based on the chiroplasmonic properties of nanoparticle dimers, Wu et al. (2013)
demonstrated the ultralow LOD of 5 x 1079 ng/ml for PSA. Li et al. fabricated a
three-dimensional (3D) hierarchical plasmonic nanostructure. The capture antigen
molecules were immobilized on plasmonic gold triangle nanopatterns, while the
detection antibody molecules were linked to Raman reporter-labelled gold
nanostars. In presence of biomarkers, greatly enhanced electromagnetic field
amplified the Raman signal remarkably. In the buffer solution for human immuno-
globulin G protein, the SERS immunosensor exhibits a detection range from
0.1 pg/ml to 10 ng/ml with a LOD of 7 fg/ml (Li et al. 2013). The strategy of etch-
ing of gold nanorods through the mediation of iodine to generate a plasmonic
effect can detect up to 100 pg/ml of IgG (Zhang et al. 2015). In another work for
the detection of glucose, gold nanorods were etched by the gradual oxidation in
presence of trace concentration of H,O, through the activity of HRP assisted by
halide ions by Saa et al. (2014). Silver nanoprism etching-based plasmonic ELISA
can detect 100 pg/ml with limit of detection of 4.1 fg/ml (Liang et al. 2015). In the
chemical etching, halide ions act as a ligand to reduce the electron potential of the
gold species, which enables ferric ions to oxidize the gold nanorods and results in
the etching of the gold nanorods. The redox etching leads to a significant decrease
of the gold nanorods in length but little change in diameter, which could be attri-
buted to less surface passivation or higher chemical reactivity of the tips of the gold
nanorods (Zou et al. 2009).

When gold nanoparticles with about 13 nm in diameter were modified by goat
antihuman IgG, the addition of human IgG could change the absorption of colloidal
gold solution, and the absorption intensity at 740 nm depended on the amount of
human IgG. A dynamic range of 10-500 pg/3 mL was found (Cao et al. 2009). Rod-
shaped Au@PtCu nanostructures show enhanced peroxidase-like activity, and it can
replace horse red peroxidase in ELISA. Through this the detection limit reached to
90 picogram per ml (Hu et al. 2014). The enzyme-like activity of NPs can vary by
replacing one metal with another. Increasing the percentage of Ag in Au@PtAg
decreases the catalytic activity reflected by K., (Hu et al. 2013b). Additionally Au@
PtAg nanorods have a potential antibacterial activity. On increasing the Ag fraction
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in the alloy shell up to 80%, the antibacterial activity gradually increases,
demonstrating a flexible way to tune this activity. At 80% Ag, the antibacterial activ-
ity is better than that of a pure Ag shell (Hu et al. 2013a).

HAuCl, salt solution is yellow in colour but changes to orange upon addition of
CTAB. Addition of ascorbic acid results in the formation of a colourless solution
forming the precursor solution for the plasmonic nanosensor. Irradiation with ion-
izing radiation results in the formation of coloured dispersions of gold nanoparticle.
The colour of gold nanoparticle dispersions (AuNPs) can vary depending on the
size of the nanoparticles (Pérez-Juste et al. 2004). This mechanism was utilized by
Pushpavanam et al. (2015) for the development of plasmonic nanosensor for dosim-
etry of therapeutic levels of ionizing radiation. They accomplished this by employ-
ing ionizing radiation, in concert with templating lipid surfactant micelles, in order
to convert colourless salt solutions of univalent gold ions (Au') to maroon-coloured
dispersions of plasmonic gold nanoparticles (Pushpavanam et al. 2015).

8.7.2 In Vivo Monitoring, Detection and Photothermal Effect

Because of biocompatibility and unique optical properties, gold nanorods (AuNRs)
have use in various applications in biomedical research such as imaging, drug and
gene delivery and thermal therapy (Weissleder 2001; Huang et al. 2006; Bonoiu
et al. 2009; von Maltzahn et al. 2009; Prasad et al. 2017). Jin et al. (2013) showed
that negatively charged AuNRs, other than positively charged AuNRs, can penetrate
deep into the tumour spheroids and achieve a significant thermal therapeutic benefit.
In thermal therapy due to localized surface plasmon resonance, AuNRs convert
luminous energy into heat when activated by laser at a specific wavelength
(Dickerson et al. 2008). The LSPR maximum can be tuned to near-infrared region
by controlling the aspect ratio of AuNRs (Jain et al. 2008). Tri-iodobenzene is used
as clinical X-ray contrast agent. Gold has higher absorption than iodine with less
bone and tissue interference achieving better contrast with lower X-ray dose.
Nanoparticles clear the blood more slowly than iodine agents, permitting longer
imaging times. Gold nanoparticles can be used as X-ray contrast agents with prop-
erties that overcome some significant limitations of iodine-based agents (Hainfeld
et al. 20006).

8.8 Synthesis of Metal NPs

Metal nanoparticles can be synthesized through either of the two approaches, ‘top-
down’ or ‘bottom-up’. Top-down approach involves the use of bulk materials and
reduces them into nanoparticles by way of physical, chemical or mechanical pro-
cesses, whereas bottom-up starts from molecules or atoms to obtain nanoparticles.
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Top-down approach usually comprises of mechanical energy, high laser energy,
lithography, atomization, annealing, arc discharge, laser ablation, electron beam
evaporation, radio frequency sputtering, focused ion beam lithography, etc.
Bottom-up approach can be divided into gaseous phase, liquid phase, solid phase
and biological methods. Chemical vapour deposition and atomic layer deposition
come under gaseous phase. Reduction of metal salts, sol-gel processes, templated
synthesis and electrodeposition come under the category of liquid-phase methods
(Hornyak et al. 2008). Here in this chapter, we will discuss the synthesis as nonbio-
logical and biological synthesis. For the nonbiological method, we will more focus
on bottom-up approach because biological synthesis follows only bottom-up
approach.

Synthesis via chemical reduction is widely used. It involves different phenome-
non/mechanism like reduction, nucleation, growth, etching and some others
(Cushing et al. 2004). For any redox reaction, the values of the standard reduction
potentials (Ey) determine the pairs of reactants required for successful chemical
conversion. It means that the free energy change in the reaction, AGy, must be nega-
tive or what is equivalent to AE,>0. For example, in the case of silver, the relatively
large electropositive reduction potential of Agt — Ag® in water (E, = +0.799 V,
Haynes (2016)) permits the use of several reducing agents, e.g. sodium citrate
(Ep = —0.180 V, Li et al. (2013)), sodium borohydride (E, = —0.481 V, Haynes
(2016)), hydrazine (E, = —0.230 V, Cushing et al. (2004)) and hydroquinone
(Ey = —0.699 V, Ullmann (2000); Alarcon et al. (2015)).

Some other commonly used methods are photochemical and electrochemical
methods. Direct photoreduction has been established as an important technique for
metal NP synthesis, where Mo is formed through the direct excitation of a metal
source, normally a salt. Due to the advantage of being free from reducing agents, it
has been widely employed in the various mediums including polymer films, glasses,
cells, etc. (Sakamoto et al. 2009).

8.8.1 Biological Methods

Biological approach can be classified on the basis of extracellular and intracellular
synthesis. Chemical reduction is the main mechanism behind almost all biological
methods for the synthesis of nanoparticles. A lot of reducing agents are available in
both the intracellular and extracellular environments. Simultaneously a lot of reduc-
ing agents are involved in the reduction process. Hence, a biological nanoparticle
produced in an intracellular or extracellular environment is the result of many
reducing agents. There is a lot of work published on the biological methods of syn-
thesis via bacteria, actinomycetes, algae, fungi, yeasts, viruses, etc. (Mukherjee
et al. 2001; Shankar et al. 2004; Gericke and Pinches 2006; Prasad 2014; Prasad
et al. 2016).
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8.9 Factors Behind Uniformity of NPs

For a tuned optical and photothermal effect, the shape and size of a synthesized
nanoparticle must be uniform. A more controlled and regulated process of synthesis
yields uniform nanoparticles accordingly. For a controlled and regulated synthetic
process, the reduction rate, reaction kinetics and physical parameters are the key
factor. Further identification of chemicals which takes part in reaction or affects the
reaction or attached to the surface of nanoparticles is necessary for a controlled
synthesis process which yields desired uniform nanoparticles in turn to get specific
optical or photothermal properties.

The redox potential is a characteristic of the chemical species to undergo an
oxidation-reduction reaction. It is a stored energy that has the ability to do work and
is measured in volt; thus, the greater the voltage, the greater the ability and propen-
sity to undergo a redox reaction (Harris 2010). The stronger the reducing agent, the
faster is the reaction. Mild reducing agent has a great role in achieving desired shape
and size of NPs. At many instances, synthesis of bimetallic or tri-metallic NPs is
achieved through mild reducing agents. It might be possible that during synthesis of
multimetallic NPs, strong reducing agent reduces one metal completely and other
metals may not reduce or partially reduce.

Kinetics of a reaction plays a crucial role in the determination of uniformity of
the product (NPs). A slow reaction is easy to monitor and control. A slow reaction
provides sufficient time to add other ingredients during different steps of a reaction.
A very fast reaction can provide non-uniform NPs. Taking silver nucleation as an
example, at too much basic condition, the reaction kinetics increases and yields
non-uniform AgNPs. When the same reaction is controlled and slowed down by
adding dispersing agent, the yield is almost uniform AgNPs with a sharp absorption
peak at 400 nm. Kinetics of a reaction is affected by parameters like temperature,
pH and concentration of ingredients and presence of poisons, drugs and inhibitors.
Catalytic activity of gold nanoparticles is poisoned by sulphur compounds, such as
sulphides and sulphites, and inhibited by protecting molecules, such as polyvinyl
alcohol (Comotti et al. 2004). There are a variety of types of inhibitors such as irre-
versible and reversible ones. Reversible inhibition can be further differentiated as
competitive, uncompetitive or mixed inhibition, each affecting the Michaelis-
Menten constant (Km) and maximal reaction velocity (V) in a specific fashion.
NaN; and Fe?* ions show inhibition behaviours to the oxidase-like activity of Au@
Pt NRs (Liu et al. 2011).

Surfactants and some other directional agents are used for the growth of NPs in
a shape and aspect ratio. Dispersing agents prevent the NPs from aggregation and
allow NPs to grow independently to a uniform shape and size. CTAB is a detergent
which acts as both surfactant and dispersing agent. Seed-mediated growth is a good
approach for the synthesis of uniform-shaped and uniform-sized NPs. Here seed
acts as nuclei which grow further. The directional agent directs the growth of a seed
to a specific shape. Similarly size and aspect ratio are determined by other constitu-
ents of the reaction such as Ag+ in case of AuNRs. The gold nanorods are synthesized
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through seed-mediated and surfactant-assisted method. The seed whichisa ~ 1.5 nm
diameter gold nanoparticle is synthesized by mixing aqueous solutions of hexa-
decylcetyltrimethylammonium bromide (CTAB) , hydrogen tetrachloroaurate (III)
hydrate and sodium borohydride in a specific ratio (Orendorff and Murphy 2006).
These fresh gold seeds are then added to a growth solution of concentrated CTAB,
silver nitrate, hydrogen tetrachloroaurate (IIT) hydrate and ascorbic acid (Nikoobakht
and El-Sayed 2003). Ascorbic acid is a weak/mild reducing agent that induces het-
erogeneous gold deposition at the surface of the seed particles (Murphy et al. 2005).
Anisotropic nanorod growth results from facet-selective gold deposition promoted
by the silver ions, which get adsorbed on the gold surfaces by an underpotential
deposition (UPD) mechanism as elucidated by Liu and Guyot-Sionnest (Liu and
Guyot-Sionnest 2005). The nanorod aspect ratio can be increased to a certain extent,
up to 4.5, by increasing the silver concentration (Nikoobakht and El-Sayed 2003),
and the absence of Ag* from the reactions leads to only a very low yield of Au
nanorods. CTAB coats the nanorod surface as a bilayer that prevents aggregation
(Nikoobakht and El-Sayed 2001). CTAB is also believed to aid nanorod growth by
facet-sensitive surface adsorption (Smith and Korgel 2008). The synthesis process
needs specific ingredients with purity, controlled and regulated reaction for the yield
of uniform gold nanorods and reproducible results. So a controlled and regulated
synthesis procedure with known ingredients and reaction mechanism results in the
yield of uniform NPs and reproducible results.

8.10 How to Get Uniform Biological NPs

To get uniform-shaped and uniform-sized biological NPs, the ingredients, reducing
agents, reaction mechanism and all other factors which can promote or inhibit the
synthesis must be known. Usually in an extracellular or intracellular environment,
several reducing agents are present in different concentrations from mild to strong.
The pH of the cellular environment is controlled by the cell and cannot be altered
too much. Inhibitors may also be present in the biological media which can inhibit
fully or partially the synthesis process. All the above-mentioned factors can vary in
concentrations with respect to growth rate or growth conditions and with change in
strains of bacteria or fungus. This is applicable to both types of extracts whether it
is intracellular or extracellular.

Mukherjee et al. (2012) tried to find out the mechanism of biosynthesis of gold
nanoparticle. It has been found that low (10-15 kDa) and high molecular weight
protein molecules (100-200 kDa), amino acids, phenolic compounds (wedelolac-
tone, desmethylwedelolactone, stigmasterol, etc.), starch, polysaccharides, alka-
loids, alcoholic compounds, vitamins, enzymes, etc. present in Eclipta alba leaf
help in the formation and stabilization of gold nanoparticles (AuNPs) (Shukla et al.
2008; Wilson et al. 1986; Jadhav et al. 2009; Chaudhary et al. 2011; Xie et al. 2007,
Zhu et al. 2008; Iravani 2011; Bhargava et al. 2005; Sarma and Chattopadhyay
2004). There may be several types of molecules present in a biological extract.
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A few can act as reductant and others may act as stabilizing agent. Many biologi-
cally synthesized NPs show good stability at different pH conditions. This is due to
many naturally present stabilizers which form mono- or multilayer over the surface
of NPs. Some compound acts as directional agents for growth process. The presence
of different directional agents causes the yield of different-shaped NPs from the
same synthesis method with different concentrations. Because of many directional
agents in the same reaction, the uniformity is not maintained.

Ascorbic acid is a naturally occurring mild reducing agent widely used for the
synthesis of NPs. CTAB is the surfactant, directional agent, dispersing agent and
stabilizer for NPs. It is widely used for the synthesis of AuNRs. A few reports have
been published about the biological synthesis of AuNRs (Parial et al. 2012). Till
date we don’t have any biological equivalent of CTAB which can replace it. For
defined NP synthesis, if the ingredients from biological origin such as reducing
agents, surfactants, directional agents, inhibitors and stabilizers are known, then
green NPs can be produced in vitro. Unknown biological compounds involved in
the synthesis of NPs can be known through different characterization techniques
like HPLC, gas chromatography, NMR, etc.

The spectra of nanoparticles provide information about the uniformity in terms
of shape and size. A sharp-pointed peak in spectra denotes specific information
about nanoparticle. A broad peak denotes nanoparticles of different shapes and
sizes. Spherical nanoparticles show a single peak, while nanorods show two peaks,
one longitudinal and the other transverse. It also provides information of other
chemicals present in the sample. For example, ascorbic acid which is widely used in
the synthesis of nanoparticles has a specific absorbance peak at 265 nm. A typical
spectrum of silver nanoparticles is shown in Fig. 8.4.
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Fig. 8.4 Spectra of silver nanoparticles synthesized via ascorbic acid as reducing agent and CTAB
as dispersing agent. Silver concentration is constant. Here CTAB controls the reaction rate. (a) In
absence of dispersing agent CTAB, the reaction is very fast that leads in non-uniform silver
nanoparticles having wide distribution in their shape and size. (b) At high concentration of CTAB,
the reaction rate is slow and thus controlled. The shape is uniform. With increase in reducing agent
AA, more silver reduced and results in the increase of size which is reflected from the increasing
extinction
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8.11 Conclusion

To obtain biological nanoparticles with defined optical and photothermal properties,
uniformity in shape and size is a must. Uniformity can be achieved by understand-
ing the mechanism of reaction, and one should have a control over it. Identification
of enzymes, reducing agents, dispersing agents, directional agents and stabilizers of
biological origin is necessary in order to synthesize uniform nanoparticles in vitro.
In vitro synthesis of nanoparticles has always better control over in vivo synthesis.
Additionally the purification of nanoparticles is easy and saves time.
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Chapter 9
Biogenic Synthesis of Silver Nanoparticles
and Their Applications in Medicine

Manjit K. Selwal and Krishan K. Selwal

Abstract The synthesis of metal nanoparticles is gaining momentum because of
their novel chemical, optical, electrical, and magnetic properties. Several methods
have been used for biofabrication of metal nanoparticles such as chemical reduc-
tion, photochemical or radiation reduction, metallic wire explosion, sonochemical
and polyol methods. In order to eliminate toxic chemical emanation during these
processes, green synthesis of nanoparticles using bacteria, fungi, enzyme, and plant
extract is an ecofriendly alternative to the abovementioned processes.

The nanoparticles produced through this technique have attained great interest
due to changes in optical, chemical, and photoelectrochemical properties and their
composition, shape, and size. The nanoparticles have several important applications
in the field of bio-labeling, sensors, antimicrobial agents, filters purifying drinking
water, degrading pesticides, and killing human pathogenic bacteria. Furthermore,
the development of nanoparticle structures can be made by employing different
substrates for delivery of drugs or therapeutic compounds.

9.1 Introduction

The concept of nanotechnology though considered to be a modern science has its
history dating to as back as the ninth century. Nanoparticles of gold and silver were
used by the artisans of Mesopotamia to generate a glittering effect to pots. The first
scientific description of the properties of nanoparticles was reported in 1857 by
Michael Faraday in his famous article “Experimental Relations of Gold (and Other
Metals) to Light” (Faraday 1857). The nano-revolution conceptually started in the
early 1980s with the first paper on nanotechnology being published in 1981 by
K. Eric Drexler of Space Systems Laboratory, Massachusetts Institute of Technology.
Nanobiotechnology is rapidly growing by generating various nanoproducts such as
nanotubes, biosensor, dye-resistant clothing, and gene and drug delivery vehicles
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and promises to be critical in advances in other related fields. Nanoparticles are
particulate dispersions or solid particles with a size in the range of 10—1000 nm.
Nanotechnology is being utilized in offering many new developments in the fields
of biosensors, biomedicine, bio-nanotechnology diagnosis, and therapeutic drug
delivery and in the development of treatments for many diseases and disorders
(Rudge et al. 2001; Prasad et al. 2014, 2016, 2017a, b).

Synthesis of silver nanoparticles (AgNPs) has great revolution in the field of
nanotechnology in the last 10 years and proves its potentials by new and varied
applications due to its unique physical, chemical, and biological properties. Various
synthesis methods are used that give different shapes, sizes, and voids. Recently,
there is an increasing trend of using biological materials such as plant, fungi, and
bacterial extract to reduce silver ions to elemental state. The unique properties of
NPs synthesized by biological materials have many advantages over other methods.
This chapter is devoted to preparation and applications of silver nanoparticles using
biological materials.

9.2 Approaches for Silver Nanoparticle Synthesis

The development of consistent processes for the synthesis of silver nanoparticles is
an important aspect of current nanotechnology research. Generally, physical and
chemical methods have been used in both for AgNP synthesis with particular shape
and size depending on specific requirements (Fig. 9.1). These methods for nanopar-
ticle synthesis used either the bottom-up or top-down approach. In the former
approach, production of silver nanoparticles entails mechanical grinding of a bulk
piece of the material, whereas the latter approach comprising chemical and

Nanosilver

Synthesis

Physical and Biological

Chemical Methods
Methods

Ultra sonication Chemical

Laser ablation reduction Bacteria

Irradiation Sol gel method Fungi

Microwave Inert Gas Plant
Condensation

Electrochemical

Fig. 9.1 Different methods for silver nanoparticle synthesis
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biological means to make nanostructures. These processes cause controlled conden-
sation of solute molecules that are formed during a chemical reaction. The restriction of
the condensation or growth leads to the formation of particles of desired size and
shape. Some of the commonly used methods are ion sputtering, thermal synthesis,
inert gas condensation, reduction, and sol-gel technique as described below.

9.2.1 Evaporation-Condensation

Various metal nanoparticles such as Ag, Au, PbS, and fullerene have previously
been produced using the evaporation/condensation method (Kruis et al. 2000).
In this method the inorganic or organic material is vaporized in the furnace followed
by homogeneous nucleation in gas phase and grows by coalescence of atoms. The
size and stability of NPs depend on gas pressure and vapor pressure of inert gas
(Gurav et al. 1994). However, the synthesis of silver nanoparticles using a tube fur-
nace has several drawbacks, because a tube furnace occupies a large space and
requires power consumption of more than several kilowatts and a long preheating
time to attain a stable operating temperature.

9.2.2 Laser Ablation

Laser ablation is the process of removing material from a solid surface by irradiat-
ing with a laser beam. At low laser flux, the material is heated by absorbed laser
energy and evaporates or sublimates. At higher flux, the material is converted to
plasma. The depth over which laser energy is absorbed and the amount of material
removed by single laser pulse depend on the material’s optical properties and laser
wavelength (Mafune et al. 2000). Carbon nanotubes can be produced by this method.
Various workers used this technique for the synthesis of silver nanoparticles from
metallic bulk materials and carbon nanotube in solution (Chen and Yeh 2002;
Kabashin and Meunier 2003). The advantage of laser ablation compared to other
conventional method for preparing metal colloids is the absence of chemical
reagents in solutions (Sylvestre et al. 2004).

9.2.3 Inert Gas Technique

This technique was developed in Japan in 1960, a very common method for nanopar-
ticle (NP) synthesis. The method synthesizes NPs by evaporation of substrate and
then subsequently condensation to produce required size particles normally in the
range of 10-100 nm. Inert gas such as helium or argon is introduced in the chamber
with a pressure of 1-40 torr leading to formation of NPs.
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9.2.4 Sputtering

This is an another version of evaporation and condensation technique which
comprises vaporizing materials from a solid surface by bombarding a target with
high-velocity ions of an inert gas, which causes ejection of atoms and clusters.
Gunther and Kumpmann (1992) applied an electron beam in an inert gas atmo-
sphere with pressures up to 5 mbar in order to produce 5 nm Al,O; and SiO,
particles. The advantage of sputtering is that it is mainly the target material which
is heated and that the composition of the sputtered material is the same as that of
the target.

9.3 Chemical Method

Chemical reduction is the most frequently applied method for the preparation of
AgNPs as stable, colloidal dispersions in water or organic solvents. The process
requires reaction between substrate, reducing agent, and stabilizing agents resulting
in the formation of uniform shape and size and stable silver nanoparticles. The com-
monly used reducing agents are borohydride, citrate, ascorbate and elemental
hydrogen, polyvinylpyrrolidone (PVP) with ethylene glycol, and oleylamine-liquid
paraffin system. The reduction of silver ions (Ag*) in aqueous solution generally
yields colloidal silver with particle diameters of several nanometers. Initially, the
reduction of various complexes with Ag* ions leads to the formation of silver atoms
(Ag0), which is followed by agglomeration into oligomeric clusters. These clusters
eventually lead to the formation of colloidal Ag particles ranging from monodis-
perse to spherical in nature.

9.4 Disadvantages of Physical and Chemical Methods

The synthesis of nanoparticles including physical and chemical processes is
costly and laborious. The use of these synthesis methods requires both strong
and weak reducing agents and protective agents like sodium borohydride,
sodium citrate, and alcohols. These mostly used agents are toxic, flammable,
and cannot be easily degraded which pose serious environmental issues.
Chemical methods produced nanoparticles of desired size; however, they require
stabilizing agents to prevent the AgNPs from agglomeration. So there is a need
to find out a green technology comprising microorganisms or plant extracts for
synthesis of NPs.
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9.5 Biological Synthesis of Silver Nanoparticles

9.5.1 Bacterial-Mediated Synthesis

Microorganisms are considered as a potential biofactory for the synthesis of
nanoparticles like gold, silver, and cadmium sulfide. Bacteria are known to produce
inorganic materials either intracellularly or extracellularly. Some well-known
examples of bacteria synthesizing inorganic materials include magnetotactic bacte-
ria (synthesizing magnetic nanoparticles) and S-layer bacteria which produce gyp-
sum and calcium carbonate layers. The probability of the bacterial-mediated
synthesis of silver nanoparticles has been successfully reported by various workers.
The first evidence of bacteria synthesizing silver nanoparticles was established
using the Pseudomonas stutzeri AG259 strain that was isolated from silver mine
(Haefeli et al. 1984). The research took momentum afterward, and various investi-
gators reported AgNP synthesis using different bacterial species. The process
involves the preparation of bacterial extract and reaction between the extract and
substrate for reduction of silver ions (Fig. 9.2). For preparation of bacterial extract,
the desired culture needs to grow in liquid medium and separation of supernatant by
centrifugation (Fig. 9.3). The presence of nitrate reductase, NADH, electron donor,
and acceptor in bacterial cell membrane facilitates synthesis of AgNPs (Prasad et al.
2016). Shahverdi et al. (2007) reported the rapid synthesis of metallic nanoparticles
of silver using the reduction of aqueous Ag+ ion using the culture supernatants of
Klebsiella pneumoniae, Escherichia coli, and Enterobacter cloacae. Silver nanopar-
ticles thus produced were then characterized by UV-vis spectroscopy, Fourier trans-
form infrared spectroscopy (FTIR), transmission electron microscopy (TEM), and
confirmed metallic nature of particles. Saifuddin et al. (2009) have described a
novel combinational approach for green biosynthesis using a combination of culture
supernatant of Bacillus subtilis and microwave irradiation in water. They reported
the extracellular biosynthesis of monodispersed silver NPs in the size range of
5-50 nm using culture supernatants and microwave radiation which help in heating
around the NPs and thus prevent aggregation. Similarly, Jain et al. (2010) used the
spore crystal mixture of Bacillus thuringiensis for synthesis of silver nanoparticles.
Nanoparticles were characterized using UV-vis absorption spectroscopy, X-ray dif-
fraction (XRD), and scanning electron microscopy (SEM). X-ray diffraction and
TEM analysis showed the average particle size of 15 nm with cubic and hexagonal
structure.

Fig. 9.2 Plant- and microbial-mediated synthesis of silver nanoparticles
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Cultivation of bacterial cultures in Nutrient Broth

Bacterial culture incubated for 24 h at 37°C

Filtration through Whatman paper No 1 (pore size 25 pm)

Bacterial extract mixed with aqueous AgNO3solution

Incubated with constant agitation for AgNPs

Fig. 9.3 Flow chart for biogenic synthesis of AgNPs using bacteria

The synthesis and stability of nanoparticles appeared to depend on the tempera-
ture, pH, or species of bacteria from which the supernatant was used. It was observed
that the AgNP synthesis by Arthrobacter kerguelensis supernatant was not influ-
enced by temperature, pH of media, and growth phase of culture, whereas Penicillium
antarctica, B. subtilis, and B. licheniformis culture extract produced stable AgNPs
at different growth conditions (Shivaji et al. 2011). Wei et al. (2012) obtained silver
NPs using solar irradiation of cell-free extracts of Bacillus amyloliquefaciens and
AgNO;. They demonstrated that light intensity, extract concentration, and NaCl
addition influenced the synthesis of AgNPs. TEM and XRD analysis confirmed that
circular and triangular crystalline nanoparticles with a mean diameter of 14.6 nm
were synthesized. Nanda et al. (2015) exhibited synthesis of stable, spherical silver
nanoparticles with an average size of 35.42 nm by exposing aqueous silver ions to
extracellular exudates of B. subtilis A1 under optimized laboratory conditions.

9.5.2 Fungus-Mediated Synthesis of AgNPs

Fungi have been broadly used for the biosynthesis of nanoparticles due to better
control on size, shape, ease to downstream process, and stability of nanoparticles
(Prasad et al. 2016). Furthermore, monodisperse nanoparticles with well-defined
dimensions and larger amount can be obtained using fungi. Most fungi have a very
high wall-binding capacity as well as intracellular metal uptake capacities (Volesky
and Holan 1995). They are easy to culture on a large scale by solid substrate fermen-
tation, thus making a large amount of biomass available for processing. Fungi can
grow over the surface of inorganic substrate which leads to the metal being distrib-
uted in a more efficient way as a catalyst. The fungal biomass is generally obtained
aerobically in medium like potato dextrose broth or Czapek Dox broth incubated at
25 °C. After incubation, the fungal biomass was separated and thoroughly washed
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with double deionized water. The biomass is suspended in distilled water for further
incubation at 25 °C for 24-72 h. Finally the supernatant is obtained by passing the
content through Whatman paper no. 1 and the same mixed with AgNO; solution to
facilitate nanoparticle formation. The change in color of the reaction mixture from
colorless to brown indicates formation of metallic silver nanoparticles. Verticillium
sp. fungal biomass when exposed to aqueous AgNOj; solution resulted in the intra-
cellular formation of silver nanoparticles, while Fusarium oxysporum biomass
resulted in the extracellular silver nanoparticles (Senapati et al. 2004). Duran et al.
(2005) carried out the extracellular production of silver nanoparticles using F. oxy-
sporum that leads to formation of silver nanoparticles in the range of 20-50 nm in
dimensions. Kumar et al. (2007) directly used the purified nitrate reductase from the
organism F. oxysporum for the synthesis of silver nanoparticle in test tube. Their
reaction mixture contained only the enzyme nitrate reductase, silver nitrate, and
NADPH. Slowly, the reaction mixture turned brown indicating the formation of
silver nanoparticles. This was the first direct evidence for the involvement of nitrate
reductase in the synthesis of silver nanoparticles. The mechanism underlying syn-
thesis of AgNPs is not clearly understood till date, nevertheless reduction of precur-
sor ions to metallic form occurs either by cysteine/amine group of cell wall proteins
or via electrostatic interaction of Ag* ions with carboxylate group of fungal enzyme
could be the possible rational behind AgNPs synthesis (Kathiresan et al. 2009).
Various workers have reported biological synthesis of AgNPs using different fungal
species such as Aspergillus fumigatus, Penicillium fellutanum, Amylomyces rouxii,
Fusarium solani, and Mucor hiemalis (Bhainsa D’Souza 2006; Sadowski et al.
2008; Musarrat et al. 2010; Vahabi et al. 2011; El-Rafi et al. 2012; Aziz et al. 2016).
Recently, our study explored stable silver nanoparticle synthesis with the size range
of 5-25 nm using Penicillium atramentosum KM. The process parameters were
optimized to produce stable AgNPs and showed antimicrobial activity against
various enteric pathogens. The XRD pattern depicted in Fig. 9.4 confirmed the
crystalline nature of AgNPs (Sarsar et al. 2015).

9.5.3 Plant-Mediated Synthesis of Silver Nanoparticles

The plant extract is also important for the synthesis of silver nanoparticles. It is eas-
ily prepared, safe, nontoxic to use that led to rapid synthesis of AgNPs in compari-
son to microbial and fungal extract (Mude et al. 2009). Various plants are used for
AgNPs ranging from algae, medicinal plants, and angiosperm. The process of
reduction of AgNO; is accomplished by plant extract prepared in similar manner as
that of microbes and fungal extract. For preparation of plant extract, any plant part
such as leaves, bark, stem, fruit, and flower can be utilized. The thoroughly washed
plant materials are finely chopped (10-20 g) and mixed with 100 ml of double-dis-
tilled water. The suspension is allowed to boil at 60 °C for 30 min followed by filtra-
tion through appropriate membrane, and the resultant extract solution would be
used for reduction of Ag* ions to Ag’. The bioreduction of Ag* ions was monitored
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Fig. 9.4 XRD peaks of 111, 200, 220, and 311 nanoparticles implying crystalline nature of AgNPs
(Sarsar et al. 2015)

by UV-vis spectra of the solution (Ahmad et al. 2011; Prasad and Swamy 2013;
Sarsar et al. 2014).

Phytochemicals are assumed to be responsible for the formation of silver
nanoparticles. The main phytochemicals involved are terpenoids, flavones, ketones,
aldehydes, amides, and carboxylic acids (Prasad 2014). Flavones, organic acids,
and quinones are water-soluble phytochemicals that are responsible for the immedi-
ate reduction of the ions (Jha et al. 2009; Karthikeyan et al. 2012). Li et al. (2007)
reported green synthesis of silver nanoparticles using Capsicum annuum leaf
extract. The results indicated that the proteins, which have amine groups, played a
reducing and controlling role during the formation of silver NPs in the solutions and
that the secondary structure of the proteins changed after reaction with silver ions.

Balaprasad et al. (2005) reported biosynthesis of gold and silver nanoparticles
using Emblica officinalis fruit extract mixed with aqueous silver sulfate and chloro-
auric acid solutions, rapid reduction of silver, and chloroaurate ions is observed
leading to the formation of highly stable silver and gold nanoparticles in solution.
Chandran et al. (2006) reported synthesis of gold and AgNPs using Aloe vera
extract. Reduction of silver ions by Aloe vera extract led to the formation of spheri-
cal silver nanoparticles of 15.2 + 4.2 nm size. Detection and characterization of
synthesized silver nanoparticles are carried out by FTIR and SEM. The former
showed peaks between 1000 and 2000 cm~" which confirmed the presence of pro-
teins and other ligands required for the synthesis and stabilization of silver nanopar-
ticles, whereas the latter micrograph exhibited the size of silver nanoparticles. Jha
et al. (2009) reported confirmation of silver nanoparticles using Eclipta leaf by
X-ray and TEM analyses which revealed spherical NPs with a size range of 2—6 nm.
Similarly, Singhal et al. 2010 used UV-Vis, atomic absorption spectroscopy (AAS),
dynamic light scattering (DLS), XRD, FTIR, and TEM techniques for characteriza-
tion of AgNPs using Ocimum sanctum (tulsi) leaf extract.



9 Biogenic Synthesis of Silver Nanoparticles and Their Applications in Medicine 179

Saxena et al. (2010) reported biological synthesis of silver nanoparticles by using
onion (Allium cepa) extract and their antibacterial activity. The morphology of sil-
ver nanoparticles was confirmed by TEM. The antibacterial activity of these
nanoparticles was studied against E. coli and Salmonella typhimurium. The
bactericidal property of nanoparticles was analyzed by measuring the growth curve
of bacterial population against 50 ug/mL concentration of silver nanoparticles.

9.6 Factors Affecting Green Synthesis of Silver
Nanoparticles

There is always a continuous interaction between living organisms and the environ-
ment in which they live. The environmental conditions exert an influence on growth
and development of organisms. The metabolite production by bacteria, fungi, and
plant is influenced by the conditions in which the organisms are cultivated (Fig. 9.5).
Therefore, optimization studies will not only support good growth but also enhance
product yield. Our previous studies also suggested that optimization of process
parameters such as incubation temperature, pH, incubation time, concentration of
the metal ions, the concentration ratio of the extract and metal ions played an impor-
tant role that increased productivity of AgNPs (Sarsar et al. 2014, 2015, 2016). Deva
et al. (2016) demonstrated that I mM precursor salt concentration, 1:9 ratio of bac-
terial extract and silver nitrate, 72 h of incubation at pH 7, and temperature 45 °C
resulted in higher yield of NPs using Microbacterium sp. Similarly, Nayak et al.

Fig. 9.5 Factors affecting
biogenic synthesis of
AgNPs

Ratio of extract
and metal ion
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(2011) demonstrated that increase in concentration of AgNO; increases the forma-
tion of silver nanoparticle using fungal extract of Penicillium purpurogenum
NPMEF. At 5 mM concentration, highly populated polydispersed nanoparticles were
formed. Furthermore, change in pH of the reaction mixture leads to changes in
shape and size of silver nanoparticles. At lower pH two peaks were observed in the
absorption spectra showing polydispersity of nanoparticles. However, highly mono-
dispersed spherical nanoparticles of 8—10 nm size form with 1 mM AgNO; concen-
tration at pH 8. Dwivedi and Gopal (2010) also achieved higher production of silver
nanoparticles at a concentration of 1 mM AgNOs;, incubation period of 25 min at
37 °C, and pH 7 using leaf extract of Chenopodium album.

9.7 Applications of AgNPs

9.7.1 Anticancer Activity of AgNPs

AgNPs attract the attention of researchers because of their extensive applications in
the field of medicine and cancer therapy. Drugs available for cancer treatment, such
as doxorubicin, cisplatin, vinblastine, bleomycin, and daunorubicin, are limited
with poor specificity, high toxicity, high cost, and emergence of drug-resistant dis-
eases. It is imperative to discover alternative diagnosis method and drug therapies to
solve the problems at an early stage of disease. Nowadays, the development of
nano-formulations is underway to fight against life-threatening diseases like glio-
blastoma, HIV, TB, and MDR bacterial infections (Locatelli et al. 2014). AgNPs
have been used in the screening, detection, and imaging of tumors studded with
biomarkers on nanoparticles for targeting tumor, drug delivery, and hyperthermia
therapy (Ong et al. 2013). Researchers have extensively exploited chemically as
well as biologically synthesized AgNPs to evaluate the in vitro as well as in vivo
anticancer and antitumor activities against different cancerous cell lines such as
MCF-7 human breast cancer cell line, BIOF17 melanoma cell, A549 lung epithelial
adenocarcinoma cell line, SiHa cervical cancer cell line, and HeLa cell line (Selvi
et al. 2011; Jannathul and Lalitha 2015).

Coulter et al. (2013) proposed a mechanism to treat tumor cell sensitization. They
suggested generation of an oxidizing agent by AgNPs, reducing the production of ATP
in tumor cells and thus increasing the production of intracellular reactive oxygen spe-
cies (ROS). The action of AgNPs on tumor cells can also occur via DNA damage,
because AgNPs have been shown to negatively regulate the activity of DNA-dependent
protein kinase, a key enzyme involved in DNA repair. Jeyaraj et al. (2013) studied the
caspase-mediated apoptotic cell death on treatment of AgNPs synthesized from
Podophyllum hexandrum leaf extract. The AgNPs of size ranging from 12 to 40 nm
showed the 50% cell death at a concentration of 20 mg/mL. Similarly, Coccini et al.
(2014) demonstrated that the AgNPs induced possible changes in the expression of
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oxidative gene in the testis and liver and induced oxidative stress gene, i.e., Gpxl,
SOD, FMO2, and GAPDH. The upregulation of gene SOD and Gpx|1 is a protective
mechanism in oxidative stress indicating the AgNP-induced cytotoxic effect.

Recently, Urbanska et al. (2015) explored antiproliferative properties of AgNPs
against human glioblastoma multiforme (GBM) cells and indicated that silver
nanoparticles showed proapoptotic properties against GBM cells. He et al. (2010)
observed cytotoxic effect of green-synthesized AgNPs on human lung cancer H1299
cells by MTT and trypan blue assays.

9.7.2 Silver Nanoparticles as Antiviral

AgNPs act as an excellent therapeutic agent in medical field as it displays antiviral
activity against monkey poxvirus (Rogers et al. 2008), herpes simplex virus (Baram-
Pinto et al. 2010), and hepatitis B virus (Lu et al. 2008). AgNPs synthesized from
Fusarium oxysporum, Chaetomium indicum, and Curvularia species showed cyto-
toxicity up to a concentration of 50 mg/mL, whereas antiviral concentration ranged
from 0.5 to 5 mg/mL. Silver NPs showed inhibitory activity against the influenza A
HIN1 virus, which was proved through hemagglutination-inhibition tests and
embryo inoculation assays (Xiang et al. 2011; Gaikwad et al. 2013). The use of the
combination of monoclonal antibodies and AgNPs was described by Lara et al.
(2011) in which the former act on the structure of the viral envelope and prevent
binding and entry of HIV viruses. Tefry and Wooley (2012) reported the develop-
ment of a method to evaluate the activity of AgNPs against pseudotyped HIV-1-
based viruses.

In another method, the infectivity of adenovirus type inhibited when viral ali-
quots were incubated with AgNPs for 2 h at 37 °C (Chen et al. 2013). They found
the cytotoxicity of chemically synthesized AgNPs at 50 mg/mL strongly damaged
not only the entire virus particles but DNA also. The particles damaged the capsid
protein which inhibits the virus attachment to host cell.

9.7.3 Silver Nanoparticles as Antibacterial/Antifungal

Silver nanoparticles are an effective antimicrobial agent against a broad spectrum of
Gram-positive and negative bacterial pathogens including antibiotic-resistant strains
(Percival et al. 2007; Aziz et al. 2015, 2016). The AgNPs are also effective, fast-
acting fungicide against various fungal genera such as Aspergillus, Candida, and
Saccharomyces. Silver nano-formulations were tested to determine the inhibitory
effect of fungal plant pathogens, namely, Alternaria alternata, Sclerotinia sclerotio-
rum, Macrophomina phaseolina, Rhizoctonia solani, Botrytis cinerea, and



182 M.K. Selwal and K.K. Selwal

Penetration of NS -

bacteria cell wall

disruption of bacteria
cell wall

Fig. 9.6 Interaction of silver nanoparticles with bacterial cell membrane

Nanosilver Nanosilver °
o @8 [ ] [ ]
L ] - .

[ ] L)
m sulphur HDNA MOLECULE
containing proteins
Interaction of nanosilver .
with protein In_teractlon_of DNA
with nanosilver

—i—-—— —-——

v 0

Causes Denaturation of Avoid DNAReplication
Proteins

Fig. 9.7 Interaction of silver nanoparticles with proteins and DNA

Curvularia lunata; and 15 mg concentration of NPs showed excellent inhibitory
activity against all the tested pathogens (Krishnaraj et al. 2012).

The possible mechanisms of action could be due to large surface area for better
contact with bacteria. These silver nanoparticles get attached to the cell membrane
and easily penetrate inside the bacteria as shown in Fig. 9.6. Silver nanoparticles
release Ag* ion inside the microbial cell which may create free radicals and induce
oxidative stress, thus further enhancing their bactericidal activity. Furthermore, sil-
ver nanoparticles interact with sulfur-containing proteins on microbial cell
membrane causing disruption of protein and DNA (Fig. 9.7) (Liau et al. 1997;
Matsumura et al. 2003; Prasad and Swamy 2013).
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9.8 Miscellaneous Applications

Silver nanoparticles are used in various ointments preparations such as antiseptic
soap, skin gels for healing burns, cream for dermatophytes. These are used in elec-
tronic devices like LCDs, high-intensity LEDs, and touch screens of various gad-
gets. AgNPs have a large number of applications in catalysis (Kamat 2002),
plasmonics (Maier et al. 2001), optoelectronics (Mirkin et al. 1996), biological sen-
sor (Gracias et al. 2002) antimicrobial activities (Shaverdi et al. 2007), DNA
sequencing (Cao et al. 2001), and surface-enhanced Raman scattering (Matejka
et al. 1992; Siddhanta et al. 2017). Nanoparticles are used into packaging material
for foodstuff, treating contaminated water for absorption of pesticides, water purifi-
cation, and air disinfection (Prasad et al. 2014, 2016, 2017b).

9.9 Conclusion

Green synthesis of silver nanoparticles using bacteria, fungi, yeast, and plant is
nonhazardous and an attractive area in the field of nanotechnology. For biogenic
synthesis of nanoparticles, the choice of the biological route is not a trivial decision
as the product (e.g., size and shape) depends on the substrate precursor concentra-
tion, pH, temperature of incubation, ratio of biological extract and metal precursor
and type of biological material. Different analytical techniques such as UV-vis
spectrophotometer, XRD, FTIR, SEM, and TEM are used to characterize silver
nanoparticle. Due to unique size and physical, chemical, and antimicrobial proper-
ties, AgNPs attract researchers to use them in various applications such as DNA
sequencing, sensors for detection of metabolites, and cancer detection and treat-
ment. Further improvements are required to build nanoparticles in order to apply
them in the next generation of drug delivery system. However, aggregation of
AgNPs could be toxic to the cells, and it is imperative to assess the toxicity effect of
nanosilver in vivo before drawing any inference.
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Chapter 10

Fungal Bionanotechnology, When Knowledge
Merge into a New Discipline to Combat
Antimicrobial Resistance

Juan Bueno

Nature doth thus kindly heal every wound. By the mediation of
a thousand little mosses and fungi, the most unsightly objects
become radiant of beauty. There seem to be two sides of this
world, presented us at different times, as we see things in
growth or dissolution, in life or death. And seen with the eye of
the poet, as God sees them, all things are alive and beautiful.

Henry David Thoreau (1817-1862)

If a healthy soil is full of death, it is also full of life: worms,
fungi, microorganisms of all kinds ... Given only the health of
the soil, nothing that dies is dead for very long.

Wendell Barry (1934-)

Abstract Currently antimicrobial resistance (AMR) is defined as the ability of any
microorganism (bacteria, fungi, virus, and parasites) to stop the pharmacological
action of an antimicrobial agent; for that reason, the World Health Organization
(WHO) has declared AMR as a global threat to public health and left luggage in
one of its strategic objectives of Global Action Plan: “increase investment in new
medicines, diagnostic tools, vaccines and other interventions.” In this way new
innovative approaches are necessary for the treatment of infectious diseases caused
by multidrug-resistant (MDR) pathogens that have the ability to tackle resistance
mechanisms and inhibit microbial invasion and tissue damage. In this issue, nano-
technology has emerged as a powerful tool to produce new antibiotics and design
new formulations that increase anti-infective activity of current medications as well
as novel devices with which to prevent the acquisition of nosocomial infections in
healthcare settings. But also, a strong concern has arisen, due to the risk of toxicity
that the extensive use of nanomaterials can cause in ecosystems and humans, in this
way an answer to this question is the development of biosynthetic methods oriented
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to obtain an eco-friendly production of materials useful in medicine, agriculture
and industry. This approach involves the development of a discipline known as
bionanotechnology that currently is an interesting branch of nanotechnology,
whose models of synthesis most used are fungi, bacteria, and plant extracts; among
them, fungi have several advantages for their ubiquity, their ease of isolation and
culture in vitro, as well as their metabolic and enzymatic capacity. Fungal bionano-
technology (or myconanotechnology) provides an important antimicrobial drug
discovery platform with applications in nanoparticle synthesis, antimicrobial
devices, and synthetic biology. Also the implementation of proper antimicrobial
screening platforms with the ability to predict clinical response and safe use in dif-
ferent environments is of critical importance (very important in the research work
with metallic nanoparticles). The aim of this chapter is to explore comprehensively
fungal bionanotechnology as an interdisciplinary approach to be applied in solu-
tions to stop the emergence of AMR without the environmental risks of chemical
synthesis of nanomaterials and wide applications as a radical model of translational
science.

10.1 Introduction

Microorganisms possess the molecular machinery to become resistant to antimi-
crobial drugs; this gene collection known as resistome constitutes an evolutionary
path of adaptation that allows the survival in different environments, which makes
antimicrobial resistance a natural phenomenon aggravated by the misuse of antibi-
otics (Brown and Wright 2016; Pawlowski et al. 2016). In this way, AMR is one of
the greatest challenges in clinical practice being a threat that grows dramatically
especially in developing countries, among them India, Bangladesh, Pakistan,
Nigeria, Brazil, and other countries of African and Asian continents (Syed and
Bana 2016). This crisis of infectious disease therapeutics is represented by these
events that are occurring simultaneously: broad transmission of MDR strains,
increasing of immunocompromised hosts, emergence of new pathogenic microor-
ganisms, and extension of resistance to other drugs such as extensive-resistant
(XDR) Mycobacterium tuberculosis (Saylor et al. 2009). Also multidrug-resistant
(MDR) pathogens which are resistant to most common antibiotics represent a
huge public health problem in infectious diseases. MDR microorganisms have
been classified by the Infectious Diseases Society of America as “ESKAPE”
pathogens (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae,
Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter spp.).
MDR infection produces twice as high mortality in affected patients (Lukowiak
etal. 2016).

To make matters worse, research on new antimicrobial agents has declined in
recent years. For that reason in the last 2 years, AMR has gained prominence on the
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agenda of G7 leaders considering it one of the great threats of our time, where it was
introduced in one of the fundamental pillars of the global vision of health (Utt and
Wells 2016). Also, in May 2015, the World Health Assembly (WHA) of the WHO
impulsed the AMR Global Action Plan (GAP) composed of five strategic objectives,
in which its objective 5 expresses “Develop the economic case for sustainable
investment that takes account of the needs of all countries, and increase investment
in new medicines, diagnostic tools, vaccines and other interventions” (Utt and Wells
2016). But it is very important to keep in mind that the process of obtaining a new
drug is long and costly, usually taking 13 years to reach the clinical phases (Bai
et al. 2016).

For that reason, the development of new, more effective, and less toxic formula-
tions is a great need to be applied in medicine, agriculture, and industry, because of
which nanoformulations have shown to be an important alternative to improve
activity and pharmacokinetic (PK) and pharmacodynamic (PD) profiles in infection
models of antimicrobial agents (Gautam et al. 2014; Azzopardi et al. 2015); this
approach solves several problems of current anti-infectious therapies using nano-
sized materials of 1-100 nm with unique physical and chemical properties (small
size, high surface-to-volume ratio, and amenable for surface modification) useful as
carriers of therapeutic and diagnostic agents, because they can cross with high-
efficiency physiological barriers (Bletcher et al. 2011; Sharma et al. 2012). Among
these materials are polymer-based nanoparticles (biodegradable), nanospheres,
nanocapsules, liposomes, and dendrimers. Equally, other materials have been
described as magnetic nanoparticles, metallic (gold and silver), semiconductors
(TiO2, CdSe, and so on), and carbon-based structures (fullerenes, carbon nano-
tubes, graphene), among others (DeVries et al. 2015), as well as nanobodies which
are recombinant, antigen-specific, single-domain, variable fragments of camelid
heavy-chain-only antibodies that can be conjugated to drug carriers in nanoformula-
tion (Hassanzadeh-Ghassabeh et al. 2013). In addition, this technology can be
applied to the development of healthcare products, molecular diagnostics, and ther-
apeutically products in different types of associations (Saude et al. 2013).

Following this line of reasoning, the synthesis of nanomaterials is of radical
importance for industry and development of new medications, but the possibility of
releasing potentially toxic substances into the environment makes it necessary to
seek for and develop clean, nontoxic, and biocompatible processes in order to obtain
technologies that improve “green” economic growth (Manivasagan et al. 2016).

Biosynthesis of nanomaterials is a new and promising choice to develop “green
chemistry” procedures using the biological systems present in microorganisms
(bacteria, fungi, algae, cyanobacteria, actinomycetes, myxobacteria) and plants that
can produce inorganic materials either intra- or extracellularly (Mohanpuria et al.
2008; Boroumand Moghaddam et al. 2015). Among the microbial systems, fungi
are most commonly used, due to presence of P450 enzymes, which are of difficult
expression in bacteria (Rodriguez et al. 2015; Yadav et al. 2015). Also, DNA editing
techniques are widely applicable to this type of organisms to create models of syn-
thetic biology with application in microbial factories (Kavscek et al. 2015).
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The potential of fungal bionanotechnology and its applications for the solution
of the threat of antibiotic resistance in a transdisciplinary model will be explored
during the course of this chapter; this translational science approach requires the
integration of antimicrobial drug discovery, antimicrobial resistance diagnostic, and
antimicrobial stewardship in an infection control program.

10.2 Nanobiotechnology

The conjugation of nanotechnology and biotechnology has multiple promising
applications. The combination between engineering, molecular biol-
ogy and nanobiotechnology have led to develop innovations in industry subsec-
tors as biopharmaceuticals, drug delivery, suppliers, instrumentation, devices
and diagnostics (Maine et al. 2014; Prasad et al. 2017a); using several nano-
objects with important biomedical applications as nanotubes, nanochannels,
nanoparticles, nanopores, nanocapacitors, and nanofibers (Morais et al. 2014).
So, in this order of ideas, nanomolecules have shown great activity against
MDR microorganisms as metallic nanoparticles of zinc (ZnO), copper (CuO),
and iron (Fe,0;) with activity against S. aureus, Bacillus subtilis, P. aeruginosa,
and E. coli (Kandi and Kandi 2015). Equally, nanoencapsulation of antibiotics
and new drugs has several advantages, among them decrease in adverse events,
increased solubility of injectable formulations for intravenous administration,
obtaining of sustained release formulations which decreases the number of
doses, increase of intracellular concentration of antimicrobials, and potentiation
of antimicrobial activity (Abed and Couvreur 2014). Nanobiotechnology is an
integrative discipline with the ability to produce innovations for different bio-
medical applications in new anti-infective treatments and new diagnostic meth-
ods and medical devices with a fundamental role to tackle AMR (Khan et al.
2015a, b; Prasad et al. 2017a).

10.3 Fungal Bionanotechnology in Antimicrobial Drug
Discovery

10.3.1 Biosynthesis of Metallic Nanomaterials

One of the strategies with the greatest impact and projection in the fight against
AMR is the use of metallic nanoparticles, in which their ability to interact on a
larger microbial surface can alter cell membranes and block respiration in MDR
strains; in addition nanoparticles can alter proteins containing sulfur and DNA
(Allahverdiyev et al. 2011), so they are a powerful alternative for the development
of new antimicrobials.
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Biosynthesis of cadmium selenide (CdSe) nanoparticles using fungi was reported
in 1989 in a model of Candida albicans, demonstrating the ability of fungi to synthe-
size metallic nanoparticles (Xue et al. 2016). In this way, fungi possess an important
secretome adapted to their environment, constituted by secreted proteins that degrade
the biomass (Meinken et al. 2014), particularly hydrolases, working as exodigesters of
biopolymers (starch, cellulose, pectin, xylan, proteins, and lipids) representing a
promising microbial cell factory (Girard et al. 2013; Meyer et al. 2015). Various fungal
species have been used as propitious resources for nanoparticle biomanufacture, such
as those belonging to the genera Fusarium, Aspergillus, Verticillium, and Penicillium
(Alghuthaymi et al. 2015), with the advantage in reducing costs because fungi per-
form extracellular biosynthesis that eliminates additional extractive processes such as
sonication (Boroumand Moghaddam et al. 2015; Raliya et al. 2016). In this order of
ideas, the most known antimicrobial nanomaterial produced by fungi is silver nanopar-
ticles (AgNPs), which are synthesized for extracellular enzymes like naphthoquinones
and anthraquinones that facilitate the reduction (Prabhu and Poulose 2012). Also,
there are 30 fungal species that synthesize gold nanoparticles (AuNPs), product of the
reduction of Au** in the cell wall by the secretome (Kitching et al. 2015).

In addition, in the great diversity of microbial cell factories, yeasts represent a
model with multiple advantages due to the possibility of having more control in
laboratory conditions and get a more rapid growth with the use of few nutrients;
among them, Candida glabrata, Saccharomyces pombe, and Rhodosporidium diob-
ovatum have been used to obtain AgNPs, AuNPs, and sulfide nanoparticles (Ingale
and Chaudhari 2013). In the particular case of AgNP biosynthesis, the use of silver-
tolerant yeast strain known as MKY3 has been more suitable to produce a large
number of nanoparticles (Boroumand Moghaddam et al. 2015). In other wise, in the
looking for bactericidal agents for MDR strains, a promising choice are metal oxide
nanoparticles, that have more powerful antimicrobial activity (Dizaj et al. 2014). In
this way, fungi like Fusarium oxysporum have been employed in biotechnological
approaches for the production of metal oxide nanoparticles which include TiO,,
Sb,0s, Si0,, ZnO, BaTiO;, and ZrO, (Li et al. 2011). These particles have excellent
antimicrobial activity against Gram positive and Gram negative bacteria, due to
their capacity of induce reactive oxygen species (ROS) production causing accumu-
lation of nanoparticles in the bacterial cytoplasm which produces death and cell
lysis (Raghupathi et al. 2011; Azam et al. 2012).

Also as interesting as the type of particles that can synthesize the fungi is the
bioprospective search for new organisms with metabolic capacity to produce nano-
materials more efficiently. An important kind of microorganism that colonizes inter-
or intracellularly host plant without causing disease is the endophytes. These fungal
endophytes are an important source of active metabolites and have a secretome
with high chemical diversity (Raja et al. 2015). As a result, the fungi Guignardia
mangiferae isolated from leaves of Citrus sp. have been detected as an organism
capable of synthesizing AgNPs with in vitro antibacterial, antifungal, and cytotoxic
activities (Balakumaran et al. 2015). Also, Aspergillus versicolor ENT7 isolated
from Centella asiatica has shown a major microbial factory of nanoparticles (Netala
et al. 2016).
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Finally, the most important projection of metallic nanoparticles is the possibility
of non-covalently attaching them with other molecules and discovered antibiotics as
like antimicrobial adjuvant with the end of increase their bactericidal activity, this
procedure known as nanoparticle functionalization is an important strategy for
reduce the emergence of resistance both existing anti-infectives and those under
development (Vigderman and Zubarev 2013).

10.3.2 Drug Carriers

Nanotechnology-based drug delivery systems are an approach that looks to increase
drug concentration and therapeutic effect (Hamidi et al. 2013); these delivery sys-
tems have to accomplish the following characteristics: achieve drug therapeutic
concentrations in affected tissues, prevent the release of the drug before reaching
therapeutic target, protect the pharmaceutical formulation from degradation and
elimination, and have the ability to distribute the drug efficiently in the human body
(Abed and Couvreur 2014; Prasad et al. 2017b). Nanocarriers have been used suc-
cessfully with antimicrobials as gentamycin, antituberculosis drugs, and ampicillin,
as well as antifungal drug amphotericin B (Saha et al. 2007).

In this development of new drug carriers, chitosan (poly-N-acetylglucos-
amine) is a biopolymer with perspectives as drug carrier because they are com-
patible, biodegradable, and mucoadhesive and with reduced toxicity. Also their
mucoadhesive properties allow this material to be attached to the intestinal
mucosa increasing the bioavailability of conjugated drugs (Sonia and Sharma
2011). Currently, chitosan is obtained from shrimp and crab shell, but fungal
chitosan from Rhizopus spp. can be an interesting source, more environmentally
friendly (Pochanavanich and Suntornsuk 2002). The biomedical applications of
chitosan nanoparticles are very broad and include wound dressing, orthopedic
tissue engineering, drug delivery carrier, and hemodialysis (Kong et al. 2010).
Equally, chitosan nanoparticles had also been employed in the form of micro-
spheres in order to release antimicrobial agents in a controlled manner in the
gastric cavity, such as ciprofloxacin, amoxycillin, and metronidazole (Qi et al.
2004; Ibrahim et al. 2015).

Otherwise, the hydrophilic and polycationic characteristics of chitosan make it
an effective polymer to develop antimicrobial coatings and new antibiotic formula-
tions, as well as to stabilize metallic nanoparticles (Zhu et al. 2014).

10.3.3 Biosurfactant

Nanoemulsions, defined as oil-in-water emulsions with an average droplet
diameter ranging from 50 to 1000 nm, have been investigated for their antimi-
crobial activity (Huh and Kwon 2011). In this order of ideas, the soybean oil
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nanoemulsions are the most studied, presenting high antimicrobial activity
(Texeira et al. 2007). Looking for new oils to be introduced in emulsions, there
are microorganisms with high lipid content known as “oleaginous.” Among
them, fungi accumulate 20-25% lipid, mainly triacylglycerol, which has biosur-
factant activity (Ratledge 1997). Biosurfactants have strong anti-infective activ-
ities such as antifungal, antibacterial, antimycoplasmal, and antiviral activities
(Singh and Cameotra 2004). On the other hand, the mechanism of antimicrobial
action of biosurfactants is affecting the adhesion of microorganisms, also pro-
ducing the cellular lysis by the changes in membrane structure as well as through
disrupting protein conformations that can alter the membrane functions such as
transport and energy production (Banat et al. 2010). In addition, biosurfactants
are ecologically safe and can be applied in bioremediation processes (Pacwa-
Plociniczak et al. 2011). Among the fungi that produce biosurfactants are C.
bombicola, C. lipolytica, C. ishiwadae, C. batistae, Aspergillus ustus, Ustilago
maydis, and Trichosporon ashii, sophorolipids being the major type of biosur-
factant produced (Bhardwaj et al. 2013). Sophorolipids are efficient microbi-
cides, spermicides, anti-HIV drugs, anticancer agents, and immunomodulators
(Bluth et al. 2006; Shah et al. 2005, 2007; Sleiman et al. 2009). Also, present
antibiofilm activity, useful for the design and development of new antimicrobial
adjuvants agents with the ability of inhibit biofilm formation during anti infec-
tive therapy (DeRienzo et al. 2015), for which they have great perspectives of
use in the pharmaceutical and cosmetic industry (Van Bogaert et al. 2007). The
antimicrobial, antibiofilm, and anti-adhesive properties of biosurfactants can be
used to obtain new medical devices, as well as for the design of new procedures
in healing and wound care (Sambanthamoorthy et al. 2014).

10.3.4 Antisense Technology

An important use of nanoparticles is the possibility to enhance the efficacy of
the drugs used in gene silencing (Vigderman and Zubarev 2013). A promising
use of synthetic RNA silencing as peptide nucleic acids (PNAs) and phosphoro-
thioate morpholino oligomers (PMOs) is to inhibit growth of bacteria (Good and
Stach 2011). These antisense molecules are active against several bacteria,
including K. pneumoniae, E. coli, S. enterica, Burkholderia, S. aureus, and
Streptococcus pyogenes, being tested in animal models of infectious disease,
increasing the survival, and reducing the microbial load in the affected organs
(Otsuka et al. 2017).

The strategy of using “antisense” agents to inhibit resistance mechanisms at the
nucleic acid level is a promising approach to restore susceptibility to antibiotics
inhibiting the activity of microbial intracellular nucleases (Woodford et al. 2009;
Beaman et al. 2014). For this purpose the use of nanoparticles and the search of new
pathways of synthesis are necessary to make these therapies more effective and
specific.
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10.3.5 Synthesis of Monoclonal Antibodies and Recombinant
Proteins

It has been estimated that about 30% of the new drugs approved will be antibodies
or antibody derivatives, which include Fc-fusion proteins, antibody—drug conju-
gates (ADCs), immunocytokines (antibody—cytokine fusion), and antibody—
enzyme fusions (Liu 2015). In this way, looking for new antimicrobial drugs that
prevent the disturbance of the normal functioning of the microbiome that permits
the antibiotic resistance spread through horizontal gene transfer, antibodies have
been considered as a choice to obtain new anti-infective therapeutic combinations
(Saylor et al. 2009; DiGiandomenico and Sellman 2015). Currently, monoclonal
antibodies (mAbs) that represent the most important biopharmaceutical products
today are produced using mammalian cells with elevated costs. For that reason,
there is a new trend to develop antibody fragments in microbial organisms, which
are easy to manipulate and cultivate (Spadiut et al. 2014). In this way expression
systems in the yeasts S. cerevisiae and Pichia pastoris have been designed (Vicentin
et al. 2014). Other interesting topics in the synthesis of monoclonal antibodies are
nanoantibodies (Nbs), which are functional antibodies from camelids with light
chains in the N-terminal domain and large biotechnological applications. They can
be expressed in microorganisms as yeast (S. cerevisiae) and have a high stability
and solubility (Harmsen and De Haard 2007). Nanoantibodies can be produced in
a scalable fermentation system easily without posttranslational modifications,
which makes it an ideal system for designing new medicines and diagnostic tech-
niques (Siontorou et al. 2013; Wang et al. 2016). Nbs have several advantages in
comparison with conventional antibodies as small size (15 kDa), high affinity and
specificity, high stability and solubility, low immunogenicity, and low manufactur-
ing costs (Siontorou et al. 2013). Nanobodies have been successfully evaluated in
inhibition of bacterial biofilm, bacterial toxin secretion, enhancing of antibiotic
activity and prevention of bacterial adhesion (Steeland et al. 2016). Antibodies
produced in mycotic cells are an important advance in the search for new biophar-
maceutical and diagnostic techniques useful in the treatment and prevention of
infectious diseases.

10.4 Fungal Bionanotechnology in Antimicrobial Resistance
Diagnostic

10.4.1 Biosensors

Biosensors combine a biological system with a physicochemical detector. In this
order of ideas, microorganisms, due to its low implementation cost, durability, and
efficiency in different environmental conditions, are the most suitable biosensing
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platform for biosensor development (Lei et al. 2006). In this promising application,
eukaryotic microbial biosensors using bioluminescent yeast strain of Saccharomyces
cerevisiae have shown the ability to detect any toxic chemical that interferes with
the cell metabolism resulting in a quantitative decrease in bioluminescence (Hollis
et al. 2000).

Otherwise, in antifungal drug discovery, the cell wall is an essential target, mak-
ing this an important screening platform for the evaluation of activity. In this way,
an interesting model using yeast S. cerevisiae AT-1, transformed with the gene
MLP1/YKL161c, has been shown to be a useful indicator of cell wall perturba-
tions, showing to be promising for the development of new platforms for high-
throughput antifungal screenings and identification of new compounds
(Rodriguez-Pefia et al. 2008).

Another interesting approach of fungal bionanotechnology in biosensors
development is the application of the plasmonic properties of nanosilver pro-
duced by fungi, defined plasmon as quantum of plasma oscillation, these nanopar-
ticles have electron oscillations with optical properties very useful in new devices
(Sotiriou and Pratsinis 2011). For that reason, the development of biosensors that
use silver plasmonic nanoparticles has a greater commercial interest because bio-
sensors developed using this technology have less interference, especially with
the fungal biosynthesis of triangular nanosilver particles as produced by Fusarium
oxysporum and Aspergillus fumigatus (Boroumand Moghaddam et al. 2015).
Plasmonic nanoparticles have a wide range of applications in the detection of
biomolecules and microorganisms related to Alzheimer’s disease, protein interac-
tions, cancer, and infectious diseases (Wark et al. 2007; Xu et al. 2012; Samanta
and Medintz 2016).

On the other hand, the use of magnetic particles (MPs) conjugated with biologi-
cal molecules as antibodies is an important source of new diagnostic methods of
greater precision and reproducibility, with a higher limit of detection than ELISA
(Li et al. 2011). Following this line of reasoning, MPs can be produced extracellu-
larly by fungi as F. oxysporum and Verticillium sp., for various diagnostic applica-
tions as biological detection, immunoseparation, and magnetic labeling of
biologically active compounds (Bharde et al. 2006; Safarik and Safarikova 2009).
For example, MPs have the ability to detect pathogenic microorganisms in clinical
samples in an amount corresponding to 20-50 colony-forming units (CFU)/mL in
2 h using immunomagnetic separation (Billington et al. 2014).

Finally, the development of biosensors requires extensive integration with the
development of new devices; for that reason, the inclusion of nano-biomaterials in
Bio-MicroElectroMechanical Systems (BioMEMS) has become very important in
recent years. BloMEMS are devices constructed by microfabrication, with the abil-
ity to perform identification, immobilization, growth, separation, purification, and
manipulation of cells, with interesting biomedical applications in detection and
diagnostics. These devices can potentiate the synthesized nano-biomaterials and
improve their properties (Bhattacharya et al. 2007).
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10.5 Fungal Bionanotechnology in New Antimicrobial
Nanomaterials

10.5.1 Antimicrobial Hydrophobins

Hydrophobins are bioactive surface proteins produced by filamentous fungi as a
result of mycotic growth and interaction with the environment (Bayry et al. 2012).
Hydrophobins have important biophysical properties such as high adhesive strength,
high surface activity, and self-assembly ability. For that reason, these molecules are
strong candidates for the development of antimicrobial surface coating of biomate-
rials such as surgical instruments and medical implants (Ribeiro et al. 2012). The
applications of fungal hydrophobins in coating can prevent bacterial adhesion and
biofilm formation as well as can be used in immobilization of molecules and cells
(Linder et al. 2005; Wosten and Scholtmeijer 2015). Equally, microbial contamina-
tion can lead to the decrease in the quality of surgical materials; in this order of
ideas, the design and implementation of new anti-adhesive materials that avoid
microbial adhesion and infection is of great interest; in that way hydrophobins can
be assembled in hydrophilic-hydrophobic interfaces into amphipathic membranes
increasing antifouling activity of several surfaces (Dumitrescu et al. 2013;
Krasowska and Sigler 2014).

In conclusion, the impact of these coated materials using fungal hydrophobins in
monolayers is of great potential for healthcare units and purification systems, as
well as to prevent the effects of degradation induced by biofilms (Rieder et al. 2011;
Khalesi et al. 2015).

10.5.2 Nanofiber

A nanofiber (NF) is considered as a fiber with an approximate size of 100—1000 nm
in diameter. These fibers have been obtained from synthetic polymers, such as
poly(ethylene oxide) (PEO), poly(vinyl alcohol) (PVA), poly(L-lactide) (PLA),
poly(glycolic acid) (PGA), polyvinylpyrrolidone (PVP), and mineral (hydroxyapa-
tite). Nanofibers have been a topic of interest in recent years due to its large surface
area, versatility, and biocompatibility. In this order of ideas, biopolymeric nanofi-
bers fabricated from chitosan and chitin which is a biopolymer existing in the cell
walls of fungi have wide uses in biomedicine (Ding et al. 2014). Equally, chitin and
chitosan have the advantages to be biocompatible, biodegradable, with low toxicity,
and antimicrobial activity (Cheung et al. 2015). In the search for new sources of
chitin and chitosan, mycelial cell walls are the most promising for this obtainment;
in this way the mycelia of various fungi including Absidia coerulea, Absidia
glauca, A. niger, Gongronella butleri, Mucor rouxii, and Rhizopus oryzae have
been suggested as chitosan sources (Mufioz et al. 2015). Also, the cell walls of
mushrooms also consist of chitin NFs in complex with glucans and are present in
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species of mushrooms as Pleurotus eryngii, Agaricus bisporus, Lentinula edodes,
Grifola frondosa, and Hypsizygus marmoreus (Ifuku 2014). In NF production,
electrospinning process has great relevance because it is a technique that can pro-
duce polymer nanofibers containing chitin or chitosan, with potential applications
in areas such as drug release, dental, tissue engineering, wound healing, protective
clothing, cosmetics, biosensors, and medical implants (Jayakumar et al. 2010;
Chaudhari et al. 2016).

10.5.3 Graphene

Graphene is defined as two-dimensional sheet of hexagonally arranged carbon
atoms packed into a honeycomb lattice (Allen et al. 2009). This material with unique
properties has various applications in biosensing, diagnosis, and antimicrobial drug
discovery (Gurunathan et al. 2014). Graphene has recently attracted attention as an
anti-infective agent due to its ability to induce oxidative stress by ROS and lipid
peroxidation in microbial cells (Nanda et al. 2016; Zhang et al. 2016).

In this order of ideas, biosynthesis of graphene, looking to improve the reduction
of graphene oxide, has attracted the attention of researchers and industrialists. In
this way, mushroom extracts from Ganoderma spp. have shown the ability to reduce
graphene oxide with low toxicity and absence of toxic waste, due to abundance of
polysaccharides (Gurunathan et al. 2014; Muthoosamy et al. 2015).

Graphene oxide nanosheets are an excellent material for the development of anti-
microbial surfaces with low cost and scalability, in combination with other nano-
technological approaches that improve antibiofilm and anti-adhesion activity (de
Faria et al. 2014; Perreault et al. 2015).

10.6 Conclusions and Perspectives

Fungal bionanotechnology is an integral field of development and knowledge for
the obtaining of products and services of wide impact in the health of the popula-
tions. In this enterprise, it is important to be clear that the applications of science
must be focused on solving problems with a view to achieving real innovations. In
this way, there is an urgent need for new antimicrobial drugs with excellent chemi-
cal quality, high activity, and low toxicity (Moloney 2016). An important alternative
is the development of nanoantibiotics that improve the pharmacokinetic/pharmaco-
dynamic (PK/PD) index looking to increase antibiotic efficacy (Azzopardi et al.
2015). In addition, the design of nanostructure carriers will increase the transport of
bioactive molecules to infected organs and tissues achieving greater therapeutic
potential which results in a higher quality of life of the patients (Saude et al. 2013;
Graef et al. 2016). Also, medical devices designed with these materials will avoid
contamination produced by biofilms and subsequent infection (Borse et al. 2016).
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Therefore, these new approaches that impact global public health must be pro-
duced on an industrial scale to reduce risks to populations; in addition, this process
of industrialization should be innovative in the integration of disciplines such as
what must occur with biotechnology and nanotechnology for the obtention of nano-
materials (Dorcheh and Vahabi 2016).

Equally it is necessary that these products which combine antimicrobial drugs,
devices, and biological molecules are regulated. Also, the unknown risks of nano-
drugs and nanoformulations must be evaluated over time (Paradise et al. 2009). But
it is also important to emphasize that with these new drugs, antimicrobial steward-
ship programs should also be designed, because this bad medical practice is associ-
ated with the emergence of resistance (LaPlante et al. 2016).

On the other hand, we are facing a great bioprospective search of new microor-
ganisms with applications in bionanotechnology, so the great potential of organisms
to obtain development and innovations is quite high, with a huge genetic sequence
diversity estimated in 7.27 x 107* only in yeasts (for humans is 1 x 10~*) which
shows us the enormous potential of industrial applications that we can access
(Steensels et al. 2014). Without counting the possibilities of the transformation of
strains mediated by genetic engineering (Meyer 2008; Castro et al. 2014), the ethi-
cal and political implications must be assessed monitoring opportunities and risks
(Grunwald et al. 2004).

In addition, new forms of biosynthesis must be taken into account as the use of
microorganism in biofilm state for the synthesis of nanomaterials mostly electro-
chemically active biofilms (EABs) (Iravani 2014; Ng et al. 2015).

Finally, we must consider clearly not to repeat the mistakes of the past and focus
much of the effort to determine whether nanotechnology can induce antimicrobial
resistance, because the possibility of inducing resistance has been reported related
to AgNPs, and this can have major consequences without the proper pharmacovigi-
lance strategies (Graves et al. 2015).
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Chapter 11
Fungal Nanotechnology and Biomedicine

Niraj Kumari, Anal K. Jha, and K. Prasad

Abstract The chapter details different members of fungi-mediated biosynthetic
processes for inorganic (metallic and oxide) nanoparticles and their applications in
biomedicine. The biosynthetic mechanism has been discussed. The synthesis of
nanoparticles broadly banks upon the variation of key parameters like concentra-
tion, temperature, pH, and other medium conditions. Applications of fungal nano-
synthesis are discussed like antimicrobial, cosmetics, drug delivery, diagnostics,
etc. In this chapter, different procedures for biosynthesis of inorganic (metal and
oxide) nanomaterials negotiated by different cohorts of fungi and their use in bio-
medicine have been delineated. The biosynthetic mechanism has been discussed.
The cues of synthesis broadly bank upon variation of key factors such as tempera-
ture, solute concentration, and pH, along with other medium requirements.
Applications of fungus-negotiated preparedness of nanoparticles such as antimicro-
bial, drug delivery, cosmetics, diagnostics, etc. are also discussed.

11.1 Introduction

Nanotechnology is one among the most assuring and new areas of research in mod-
ern science. It comprises the synthesis, manipulation, and utilization of materials that
range in size of less than a micron approximating to individual atoms. The concept
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of nanotechnology was given by Richard Feynman through his famous lecture
entitled “There is a plenty of rooms at the bottom” at the American institute of
Technology. The term nanotechnology was coined by Prof. Norio Taniguchi of
Tokyo University of Science. The word “nano” originates from the Greek word
nanos meaning “dwarf,” and when it is used as a prefix, it implies 107
Nanotechnology is defined as small structures/materials having the dimensions
lesser than 100 nm. For a few example, the hydrogen atom is ~0.1 nm, a strand of
DNA is 2.5 nm, a virus may be ~100 nm, a typical bacterium is ~1000-3000 nm,
and a red blood corpuscle is ~7000 nm in diameter, while an average human hair is
~10,000 nm wide. Nanoscience and technology is the branch of science and tech-
nology which deals on (1) the development of synthetic methods and surface ana-
lytical tools for building structures and materials, (2) to understand the change in
chemical and physical nature due to miniaturization, and (3) the use of such proper-
ties in the progress of novel and functional materials and devices. Nanoparticles are
delineated as particulate dispersions of solid particles with at least one dimension at
a size range of 10—1000 nm. The most significant notability of nanoparticles is their
surface area to volume facet ratio, avowing them to collaborate with other particles
easier. It is well entrenched that due to the quantum effect (spatial confinements),
large surface area, large surface energy, and reduced nanofabrication, there is an
alteration in the properties of conventional materials at nano-level, and the perfor-
mance of surfaces starts to lead the performance of bulk materials (Prasad et al.
2017). By amenably manipulating the size, shape, and composition of the nanoscale
materials, it is quite possible to tune their physical, mechanical, optical, thermal,
electrical, magnetic, chemical, photo-electrochemical, catalytic, and biological
properties (Suman et al. 2010; Daniel and Astruc 2004; Schmid 1992; Krolikowska
et al. 2003; Valtchev and Tosheva 2013). Many synthetic procedures have emerged
with time for the preparation of metals and/or oxide nanoparticles. There are two
main ways for the synthesis of metals and/or oxide nanoparticles: a bottom-up
approach (self-assembly) and a top-down approach. The bottom-up approach
includes synthesis of a material either atom by atom, molecule by molecule, or by
its self-arrangements, which is mostly based on Gibbs free energy, so that synthe-
sized nanomaterials are in a state closure to a thermodynamic equilibrium state. The
top-down approach mainly uses conventional methods to the synthesis of nanopar-
ticles. Nanoparticles can be synthesized by using a variety of methods, i.e., physi-
cal, chemical, biological, and amalgamated techniques. A conventional method of
synthesis includes physical and chemical methods. Some of the physical methods
which are being employed for the synthesis of nanoparticles are ball milling,
mechanical grinding, radiolysis, ultrasonication, spray pyrolysis, photo irradiation,
electrospinning, laser ablation, etc., while the chemical methods mainly include
chemical reduction, coprecipitation, sol-gel method, salvothermal, micellar
medium, spray pyrolysis, template-based methods, etc. (Fig. 11.1). Each of these
processes is either capital or labor, energy intensive, and time-consuming, employs
toxic chemicals, and also craves high temperature for reaction (Pingali et al. 2005;
Flores et al. 2013; Kalishwaralal et al. 2008; Shin et al. 2004; Wang et al. 2007).
Therefore, it is required to evolve the synthetic protocols that should be reliable,
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Synthesis of Nanoparticles

Fig. 11.1 Different ways for the synthesis of nanoparticles

nontoxic, clean, high-yield, low-cost, less time-exhausting, and eco-friendly which
occurs at ambient conditions for the synthesis of metal/oxide nanoparticles of con-
trolled size, shape, and monodispersity, which is possible through biological meth-
ods. So these methods for the synthesis of metal/oxide nanoparticles involve
microbial flora like bacteria, fungi, viruses, and algae. The use of fungi in producing
nanoparticles has received significant interest as they offer certain advantages over
the use of other microbes for the synthesis of metal/oxide nanoparticles. The ease of
scaling up, downstream processing, economic feasibility, and ubieties of mycelia
offering an increased surface area are important advantages to consider, which
secrete significantly higher amounts of proteins than bacteria; this would amplify
the nanoparticle synthesis productivity (Chandran et al. 2006; Jia et al. 2009; Prasad
2014; Song et al. 2010; Xie et al. 2007). During the last two decades, the biosynthe-
sis of noble metal/oxide nanoparticles (silver, gold, iron, platinum, zinc, zinc oxide,
iron oxide palladium, etc.) has been noticed significantly due to the thriving need to
develop eco-friendly technologies in material synthesis. In recent years, for the syn-
thesis of various types of nanomaterials, nanobiotechnology has emanated as an
upcoming field. The growth of ecologically benign, “green” synthesis cues is in
consonance with the recent RoOHS and WEEE legislation stipulated by the EU. Living
cells are the superlative known examples of machines which operate at the nanoscale
and enforce a number of works pasturing from generation of energy to extraction of
targeted materials with very high efficiency. Microorganisms are natural producers
of nanoscale materials. The cell factories have proved to be encouraging tools for
the upcoming technologies and biomedical applications. Fungi have remarkable
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advantage in terms of metabolic flux as well as cellular level organization. Yeast
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, nontoxic, and quite
amenable in terms of culturing. In the recent past, yeast and other fungal members
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; Duran et al. 2005; Fayaz et al. (2009a, b); Gharieb et al.
1999; Jha and Prasad 2010a, b; Jha et al. 2008a, b, 2009a, ¢, 2010; Kalishwaralal
et al. 2008; Kathiresan et al. 2009; Kowshik et al. 2002, 2003; Kumar et al. 2008;
Mukherjee et al. 2001a, b, 2002; Philip 2009a, b; Prasad et al. 2007, 2010, 2014,
2016; Reese and Winge 1988; Sanghi and Verma 2009; Sastry et al. 2003; Senapati
et al. 2005; Shaligram et al. 2009; Shankar et al. 2003; Narayanan and Sakthivel
2010b; Ray et al. 2011; Haq et al. 2015; 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; Labrenz et al. 2000; Mokhtari
et al. 2009; Nair and Pradeep 2002; Prasad and Jha 2009; Saifuddin et al. 2009;
Southam and Beveridge 1994; Ghodake et al. 2013; Liu et al. 2013, 2014; Tanvir
et al. 2012). This chapter will focus on how material science and biology can work
together to create a “green” way of synthesizing metal/oxide nanoparticles for a
wide ambit of its application in biomedicine.

11.2 Myconanotechnology

Fungus nanotechnology (myconanotechnology) is an emerging field, in which fungi
can be effectively used for the formation/fabrication of nanoparticles with desirable
shape and size Breierovd et al. (2002, 2004), Butt and Ecker (1987), Certik et al.
(2005), Chae et al. (1994), Choi et al. (1998), Dameron and Winge (1990), Gadda
and Fitzpatrick (1998), Gan (1991), GonzalezChavez et al. (2004), Gonzélez et al.
(2005), Pantidos and Horsfall (2014), Shanti and Karl (2006), Song et al. (2003).
The nanotransformation involving synthesis of metal, oxide, or chalcognide
nanoparticles apparently is the cumulative response of the biological system which
is being taken into use and its immediate chemical ambience along with basic signal
transduction, metabolic fluxes, and metabolite content of the organism being
engaged for the purpose. Fungi are perceived as eukaryotic, heterotrophic, and
absorptive organisms having chitinous cell walls, which reproduce mostly asexually
or sexually by producing spores and multiply by budding or even by cell elongation
of the hyphal tip. They are characterized by a distinctive, multinucleate vegetative
(somatic) thallus called mycelium and survive by obtaining nourishment systemi-
cally or through rhizoids. They have got naturally bestowed property to depolymer-
ize the complex molecules like proteins, carbohydrates, and lipids as source of
carbon and energy, and due to this, they are ecologically considered among primary
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Fig. 11.2 Biosynthesis of metal/oxide nanoparticles

decomposers. Due to microbial dimension and eukaryotic cell structure, they have
developed enrapturing modes of adaptability in order to continue to live right from
the stale decaying food to living human/animal body. It produces secondary metab-
olites like alkaloids that are identical in structure to plant metabolites and also con-
tains all respiratory enzymes that are essential for the life of an organism. Here the
membrane coerced (and cytosolic) oxidoreductases and quinines have played an
important role in nanotransformation. An integer of simple hydroxy/methoxy deriv-
atives of benzoquinones and toluquinones are produced by fungi in response to a
metallic stress. The presence of these metabolites triggers a redox reaction due to
tautomerization (keto to enol) leading to synthesis of nanoparticles. The oxidore-
ductases are pH responsive and work in a substitute manner. During lower value of
pH, oxidase gets triggered whereas a higher pH value activates the reductase. The
speculated mechanism for the synthesis of metallic and oxide nanoparticles is illus-
trated in Fig. 11.2. It is very well affirmed that the reduction potential of the culture
medium seems to decide the fate of metal ions exposed to the fungus. A raised
amount of reduction potential means at higher value of pH integration of metal NPs
takes place, and an oxide NP is resulted under reverse situations. The synthesis of
fungus-mediated metal/oxide nanoparticles and its conformation by different instru-
ments are represented in the form of a flowchart in Fig. 11.3. It is known that pH
along with other parameters like concentration of reducing agent, kinetics, mixing
ratio, incubation time, and solution chemistry are deciding the moirai of metal ions
to bio-reductant of fungus. Then, metal/oxide nanoparticles are formed that are
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Fig. 11.3 Postulated flowchart for the conformation of fungal biosynthesis of nanoparticles

conformed by UV spectroscopy in solution and used in further study (Jha and
Prasad 2010a, c; Halliwell 2006; Huang et al. 2007; JaroszWilkotazka et al. 2006;
Liuetal. 2014; Haq et al. 2015; Mehra and Winge 1991; Mehra et al. 1988; Marchiol
2012; Nair and Pradeep 2002; Paraszkiewicz and Dlugonski 2009; Paraszkiewicz
et al. 2007, 2010; Philip 2009a, b; Reese and Winge 1988; Saifuddin et al. 2009;
Sanghi and Verma 2009; Schafer and Buettner 2001; Schmid 1992; Shin et al. 2004;
Song et al. 2010; Southam and Beveridge 1994; Stadtman and Levine 2003;
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Stadtman et al. 2003; Suman et al. 2010; Thakkar et al. 2010; Tamas et al. 2005;
Tanvir et al. 2012; Ulla et al. 2000; Vesentini et al. 2006; Wang et al. 2007; Wood
etal. 2003; Wright et al. 1996; Wysocki and Tamas 2010; Xie et al. 2007; Yompakdee
et al. 1996; Avery 2001; Limon Pacheco and Gonsebatt 2009; 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 et al. 2008a, 2009a, 2010; Labrenz et al. 2000; Mokhtari et al. 2009; Nair and
Pradeep 2002; Prasad and Jha 2009).

11.3 Methodology

Metallic/oxide/chalcogenide nanoparticles were primed by using fungus like
Saccharomyces cerevisiae (baker’s yeast), Fusarium oxysporum, Aspergillus niger,
Aspergillus fumigates, Penicillium brevicompactum, Volvariella volvacea, Agaricus
bisporus, Tricholoma crassum, etc. (Table 11.1). Fungal cells (F. oxysporum,
S. cerevisiae) were allowed to incubate as suspension culture in the presence of suit-
able carbon and nitrogen source for 36 h. This was treated as source culture. A finite
small portion of it (25 ml) was filtered and four times diluted by mixing 30% EtOH-
bearing nutrients. This prepped culture was again allowed to incubate for another
24 h until it attains a light straw color/golden yellow color. Now, 20 ml of 0.025(M)
metal ion solution was mixed to the culture solution, and the culture was allowed to
grow. The culture solution was heated on steam bath up to 60 °C for 10-20 min until
the appearance of deposition at the bottom of the flask, indicative of the inception of
transformation. The value of pH of the culture solution is suitably adjusted at this
stage depending upon targeted task synthesis of a metal or an oxide or chalcogenide.
It is allowed to cool further in the laboratory ambience. After 2—3 days, the culture
solution is noticed to have distinctly marked deposits. It is filtered through a
Whatman filter paper and dried for subsequent characterization. The formations of
nanoparticles were checked by UV-visible spectroscopy.

11.4 Application of Fungal Nanotechnology

Fungus-negotiated fabrication of metal/oxide/chalcogenide nanoparticles comes
under fungus nanotechnology. Nanoparticles involve usage of nanotechnology for
the welfare of human health and well-being. The use of nanotechnology in various
sectors of biomedicine has refashioned the field of medical science where nanopar-
ticles of dimensions ranging between 1 and 100 nm are designed and used for diag-
nostics, as therapeutics, and as biomedical tools for research. Nanoparticles have
been created with chemically flexible surfaces in order to attach a divergency of
ligands which turn into biological tools like biosensors, molecular scale fluorescent
tags, imaging agents, and targeted molecular delivery vehicles, and they can easily
be distinguished between diseased and healthy tissue. This can provide therapy at a
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Application of Nanotechnology in Biomedicine
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Fig. 11.4 Application of nanotechnology in the field of medical sciences

molecular level with the help of tools and technique, thus treating the disease and
assisting in the study of the pathogenesis. Diagnostic methods with greater degree
of sensitivity aid in early detection of the disease and provide better prognosis.
Designing of drugs with greater degree of cell specificity improves efficacy and
minimizes adverse effects (Barkalina et al. 2014; Surendiran et al. 2009; Nikalje
2015; Cormode et al. 2009; Ninganagouda et al. 2014; Rai et al. 2013; Fakruddin
et al. 2012; Daniel and Astruc 2004; Du et al. 2007; Fayaz et al. 2009a, b; Fortin and
Beveridge 2000; Krolikowska et al. 2003; Mokhtari et al. 2009; Valtchev and
Tosheva 2013; Flores et al. 2013; Ghodake et al. 2013; Krolikowska et al. 2003; Liu
et al. 2013; Prabhu and Poulose 2012; Ray et al. 2011; Tripathi et al. 2007; Zhang
et al. 2012). Moreover, the biological procedures also occur at the nanoscale, and by
dint of their amenability to biological functionalization, the nanoparticles are find-
ing important applications in the field of medicine (Fig. 11.4).

11.4.1 Antimicrobial Nanotechnology

Nanoparticle is a new field of science and technology and interacts with biological
molecules at nanoscale; it broadens the field of inquest and development. Interactions
of nanoparticles with biomolecules can be understood both in the intracellular and
extracellular medium. Nanoparticles are gaining greater importance by a dint of
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Fig. 11.5 Antimicrobial
activity of silver and zinc
oxide nanoparticles on S.
aureus

their larger surface area and high antimicrobial activity at the nanoscale which
enables them to have a better contact with the microorganisms as compared to their
massive counterparts. The nanosize changes the physiochemical properties of the
metals; hence, different nanoparticles are being used as the potent antimicrobial
agents. It is an effective and fast-acting antimicrobial agent against a broad spec-
trum of common bacteria and fungi that have been utilized in various processes in
the field of medical science. One of those is silver nanoparticle (Ag NPs) which
showed effective antimicrobial (antibacterial and antifungal) activity (Aziz et al.
2015, 2016). It is found to exhibit a very strong antibacterial activity against both
Gram-positive and Gram-negative bacteria which interact with building blocks of
the bacterial membrane and damage the cells. The antibacterial activity of Ag NPs
was studied against S. aureus using agar well diffusion method. After the incubation
time, zones of inhibition (clear zones) were observed against the test organism with
Ag NPs as well as ZnO NPs (Fig. 11.5).

It is generally believed that the high closeness of silver toward sulfur and phos-
phorus is the crux element of the antimicrobial effect. This study suggests that the
mode of action of Ag NPs is that it attached to the sulfur-containing proteins on the
bacterial cell membrane, and it can also merge with phosphorus moieties in DNA
resulting in the inactivation of DNA replication, leading to increased permeability
of the membrane and inhibition of enzyme functions and finally causing cell death
(Prasad and Swamy 2013). It shows that Ag-ions released by active surfaces of Ag
NPs induce generation of intracellular reactive oxygen species (ROS) in bacterial
cells and uncouple respiratory electron transport from oxidative phosphorylation to
protons and phosphate. The antimicrobial activities of these nanoparticles depend
on chemisorbed Ag*, formed on the surface of Ag NPs by dint of extreme sensitivity
to oxygen. Silver nanoparticles have been studied to prepare different composites to
be used as disinfecting filters, coating materials for several devices and dependable
mean for antibiotic delivery which were explained the basis of inhibitory effect of
Ag NPs on a variety of bacteria. These have also been used to treat burns, wounds,
and infections (Singh et al. 2008; Sinha et al. 2009; El-Rafie et al. 2010; Fatima
et al. 2015; Verma et al. 2010; Duran et al. 2007; Aziz et al. 2015; Birla et al. 2009;
Bankura et al. 2012; Flores et al. 2013; Fortin and Beveridge 2000; Ghodake et al.
2013; Krolikowska et al. 2003; Liu et al. 2013; Prabhu and Poulose 2012; Ray et al. 2011;
Tripathi et al. 2007; Zhang et al. 2012; Barkalina et al. 2014; Surendiran et al. 2009;
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Nikalje 2015; Cormode et al. 2009; Ninganagouda et al. 2014; Rai et al. 2013;
Fakruddin et al. 2012).

11.4.2 Cosmetics Nanotechnology

Cosmetics are products used to augment the beauty, cleanness, appearance or odor,
and attractive features of the human body. Cosmetic products contain biologically
agile additives that claim to have medicinal or drug-like benefits, which are manu-
factured under pharmaceutical called cosmetic pharmaceuticals or cosmeceuticals.
It is topically applied and influences the biological function of the skin. The origin
of cosmetics was attributed to Egyptians, circa 4000 BC. The latest technology
advancement is incorporated into innovative formulation of highly differentiated
multifunctional products which focused on treatment and aesthetics that contains
active ingredients. This technology emphasizes the uses of delivery systems in cos-
metics which analyze new approaches for obtaining sophisticated cosmetic prod-
ucts and assay the most common methods for enhancing the skin penetration
properties. The main end in view of topical therapy is to modulate the limiting func-
tion of the skin and to administer an active ingredient to skin layers or compartment
that minimizes systemic involvement. The latest technology offers smart approaches
for novel cosmetic delivery systems by coupling the drug to a shipper particle such
as nanoparticles, liposome, niosomes, microemulsions, microspheres, etc. which
modulate the release and absorption characteristics of the drug. The goal of nano-
biotechnology is the development of nanoscale’s biologically active components
and analytical instruments for the investigation of cells at molecular levels (Arora
etal. 2012; Corley et al. 2009; Morganti 2010; Raj et al. 2012; Fortin and Beveridge
2000; Kawadkar et al. 2011; Krolikowska et al. 2003). Nanotechnology is the engi-
neering of materials on the nanoscale which have many shapes and sizes, and they
can be soft or hard, soluble, or insoluble for different applications. Some of these
nanoparticles used in an expanding number of commercial products include metals
(Ag, Au), metal oxides (TiO,, ZnO, Fe,0;, Si0,), lipophilic nanoparticles, carbon
nanotubes, fullerenes, and quantum dots (QDs). Lipophilic nanoparticles have been
designed for transcutaneous drug delivery in the form of liposomes and solid lipid
nanoparticles. Nanoemulsions and liposomal nanoparticles do not muddle with the
integrity of the skin lipid bilayers and are not washed out while cleansing the skin;
these formulations are believed to have a great future in the cosmetic products. TiO,
and ZnO are widely used in cosmeceuticals such as sunscreen, lotion, and condi-
tioner which reduce UV radiation that caused skin cancer because nanoparticles
have large surface area and reflect/scatter UVA and UVB rays. Nanoparticles must
be able to penetrate the skin barrier, deliver their contents, and clear from the body
without adverse side effects. Nanoparticle skin penetration is affected by anatomi-
cal locations, epidermal thickness, and hair follicle density of species. Nanoparticle
accumulation in hair follicles and stratum corneum penetration through barrier-
flawed skin are common trends which occur in many species. QDs are commonly



11 Fungal Nanotechnology and Biomedicine 221

used in cosmetic product as hair removal agents which are detected in ex vivo
human skin, and they also penetrate the mouse skin treated with ultraviolet B radia-
tion. The effect of UVB radiation enhances nanoparticle (TiO, and ZnO) stratum
corneum penetration that was approved in vivo study of nanoparticles applied to
pigs in sunscreen. The nanoparticles must be able to breach the stratum corneum
barrier and enter cells through receptor-mediated processes. Therefore, many tech-
niques including tape stripping, gene gun, electroporation, microneedles, and ultra-
sound have been developed to muddle the stratum corneum to help in nanoparticle
delivery (Lindemann et al. 2003; Polat et al. 2011; Kim et al. 2012). The therapeutic
applications in the skin have focused in three main areas such as (1) antimicrobials
and wound healing, (2) skin cancer imaging and targeted therapeutics, and (3)
immunomodulation and vaccine delivery. The penetration of ZnO and TiO, nanopar-
ticles constitutes minimal health concern. ZnO is soluble in acidic environments, so
the stratum corneum of the skin induces dissociation and penetration of ionic Zn
which is an essential mineral and therefore does not poses toxicity effects. TiO,
nanoparticles are highly insoluble and susceptible to agglomeration that hinders
their penetration.

11.4.3 Diagnostic Nanotechnology

Current methods for diagnosing most diseases are dependent upon the apparent
symptoms before medical professionals can see the patient suffers from a specific
illness, but the treatment has a decreased chance of being effective. Therefore, ear-
lier a disease is diagnosed; better the chance for a cure. Biomedical laboratory diag-
nosis plays a key role in today’s healthcare. Nanotechnology is spreading the options
commonly available, which will culminate in greater subtlety and far better efficacy
and economy. Nanobiotechnology is that branch of nanotechnology which deals
with biological and biochemical applications/uses. It extends the limits of diagnos-
tics to the nanoscale and generates nanodevices for diagnosing genetic diseases to
cancer such as screening tests for genetic abnormalities; mutation detection for cys-
tic fibrosis, neurodegenerative, and cardiovascular disease; and diagnostic imaging
during pregnancy and infection. The diagnostic applications of nanotechnology
show great promise to meet the accurate demands of the clinical laboratory for sen-
sitivity, cost-effectiveness, and multiplexing capabilities. Nanoparticles can be used
for both quantitative and qualitative in vitro and in vivo detection of disease cells.
The various applications of nanomaterials in diagnosis have led to generation of
nanodiagnostic tools/devices. Nanoparticles have emerged the characteristic
properties that they possess at the nanoscale with the feasible immobilization of
targeted ligands (proteins, peptides, amino acids) on the surface for efficient
diagnostics. Therefore, they become ideal candidates for sensitive detection and
highly efficient contrast agents for imaging, and it helps to create biomarkers with
well-distinguished colors. One of the first applications of nanoparticles will be
improved fluorescent markers for diagnostic and screening purposes. Conventional
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fluorescent markers require a complex color. Gold nanoparticles, quantum dots, and
magnetic nanoparticles are fluorescent materials used to detect the early stage of
cancer and other diseases. These nanoparticles are attached to biomarkers, which
may vary in their pattern of adherence and research attempts are ongoing to deci-
pher the state/status of biomarkers for different types of cancers. The use of nano-
systems for reading the state of biomarkers becomes important because of the high
surface area offered by the nanoparticle surface. Some nanotechnology-based tests
are being developed which appear to be extremely simple, specific, and fast in
detection of viruses, E.coli, DNA proteins, antibodies, etc. Nanotechnology could
significantly improve diagnostic capabilities. Nanoparticles will increase the effi-
ciency and accuracy of diagnosis from samples of body fluids. Illinois (USA)-based
company Northbrook has developed a technique that allows doctors to optically
detect the genetic compositions of biological specimens by individual target probes
using spherical gold nanoparticles. When target molecules labelled with quantum
dots (QDs) show fluorescence that will facilitate direct investigation of intracellular
signalling complex by optical techniques, i.e., confocal fluorescence microscopy.
(Kawadkar et al. 2011; Maojo et al. 2010; Cormode et al. 2009; Fortin and Beveridge
2000; Kawadkar et al. 2011; Krolikowska et al. 2003; Barkalina et al. 2014,
Surendiran et al. 2009; Nikalje 2015; Ninganagouda et al. 2014; Rai et al. 2013;
Fakruddin et al. 2012; Daniel and Astruc 2004; Du et al. 2007; Fayaz et al. 2009a,
b; Krolikowska et al. 2003; Mokhtari et al. 2009; Valtchev and Tosheva 2013).

11.4.4 Therapeutics Nanotechnology

Nanobiotechnology has been applied in almost every area of medical sciences for
human healthcare such as stem cell-based therapies to important therapeutic areas
like infections, cardiovascular diseases, neurological disorders, and cancer. A great
transformation is taking place in biotechnology and medical field due to nanotech-
nology. Initial test of various drug delivery systems, cancer, or tumor therapies or
detection has been successful by using nanotechnology. Nanoparticles are very
small, easy to inject, and targeted toward a specific portion in a body. In recent
years, gold nanorods which have strong scattering and absorption property in the
infrared are used successfully to detect and destroy cancer cells without affecting
the healthy cells. It is quite important as it would avoid killing of healthy cells
unlike in chemotherapy. Nanotechnology can aptly provide new formulations of
drugs with less side effects and amenable routes for drug delivery. Nanoparticles are
found in the form of drug carriers because of large surface area of materials and
small size due to which they are easily transported into cells and nuclei and specific-
ity to the target can be achieved as desired. This is achieved by different ways like
nanospheres, nanocapsules, nanopores, liposome, micelles, vesicles, dendrimers,
etc. Drugs can be encapsulated in nanocapsules and addressed toward craved parts
of a body. Drug can then be fast or slowly delivered, as desired, by opening the
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capsule using some external stimulus like magnetic field or infrared light or under
some physiological conditions. The action of the nanoparticle drug system can be
seen in the forms, i.e., of skin administration, oral administration, nasal administra-
tion, and ocular administration. Development of new drug delivery systems based
on this method is being tried for conditions like cancer, diabetes, bacterial infection,
fungal infections, and viral infections and in gene therapy. The main advantages of
this method of treatment are targeting of the drug and enhanced safety (Vaidyanathan
et al. 2009; Dean et al. 1997; Fortin and Beveridge 2000; Kawadkar et al. 2011;
Krolikowska et al. 2003; Singh et al. 2008; Sinha et al. 2009; El-Rafie et al. 2010;
Fatima et al. 2015; Verma et al. 2010; Duran et al. 2007; Aziz et al. 2015; Birla et al.
2009; Bankura et al. 2012; Flores et al. 2013; Ghodake et al. 2013).

11.4.5 Liposomes

The synergy between the brain and blood cells between fungal pathogens and infec-
tion sites confides on complex reaction between cells and surface characteristics.
Nanofabrication unscrambles the complexity of these interactions by modifying
surface characteristics with nanoscale resolutions, which can lead to hybrid biologi-
cal systems. This hybrid material can be used to screen drugs, as sensors, or as
medical devices and implants. An Irish drug company, Elan, developed a polymer
coating capable of changing the surface of drugs that have poor water solubility.
Liposomes are original models of nanoscaled drug delivery devices and being com-
posed of a lipid bilayer. They can be used as targeted drug delivery systems, and
these can be loaded with drugs either in the aqueous compartment or in the lipid
membrane shown in Fig. 11.6. Water-soluble drugs are loaded in aqueous compart-
ment, and lipid-soluble drugs are incorporated in the liposomal membrane. It can be
targeted to specific cell/tissue/organ by passive as well as active methods. Active
targeted drugs are immunoliposomes and ligand-directed liposomes which are con-
jugated with an antibody directed toward the tumor antigen. For example, these
liposomes are being tried with epirubicin, doxorubicin, and hamycin drugs for treat-
ment of diseases. The targeted liposomal preparations of drugs are found to have a
better efficacy than nontargeted liposomal drugs (Du et al. 2011; Fortin and
Beveridge 2000; Kawadkar et al. 2011; Krolikowska et al. 2003; Kumar et al. 2008).

Nanobiotechnology ensures treatment of ailments which cannot be accomplished
through normal pharmaceuticals. By convention, the traditional pharmaceutical
industry concentrates mainly on universally confirmed around 500 ailments only,
while this technology ensures manipulation of targets even on solid substrates
through tethering and thereby controlling the chemical reactions in a much quicker
process involving few materials. This leap of development will not only drastically
reduce the cost of novel discovery of potential drugs rather would also ensure a
plethora of choices among population of highly specific drugs.
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DRUG CONJUGATED WITH POLYMER

Fig. 11.6 Targeted drugs for drug delivery system

11.5 Conclusion

With changing pace of time, the demand for nanomaterials in diagnostics, prognos-
tics, therapeutics, and cosmetics is bound to rise, and this can very well be met by
going for green options like benign fungi-based synthesis. These naturally bestowed
decomposers are indeed wonderfully amenable time-surviving nanofabrication
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tools for fabricating regular as well as superspecialized nanomaterials for drug
delivery and diagnostics with the scope for scaling up.
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Chapter 12
Myconanotechnology to Treat Infectious
Diseases: A Perspective

Ernestina Castro-Longoria, Diana Garibo-Ruiz, and Sandy Martinez-Castro

Abstract In nanotechnology fungi have been identified as excellent candidates for
the production of nanoparticles (NPs), thus presenting a cleaner alternative to pro-
duce new materials with a wide range of potential applications in biomedicine and
industry. In this respect, several species have demonstrated excellent bio-reducing
capacity to produce metallic NPs, presenting a number of advantages over other
biological systems such as a rapid growth rate, simple nutrient requirements, and
easy handling of biomass/cultures. Furthermore, they secrete proteins that are
assumed to have enhanced reducing and stabilizing capacity (Prasad et al. WIREs
Nanomed Nanobiotechnol 8:316-330, 2016). Recent investigations have reported
the potential medical applications of fungal-mediated NPs, particularly silver
nanoparticles (AgNPs) for their excellent antimicrobial activity. Fungal-mediated
AgNPs (FM-AgNPs) have demonstrated successful inhibition against microorgan-
isms that cause infectious diseases in humans, even over those considered multire-
sistant to conventional antimicrobial drugs. Despite the advances in this field, there
is still much work to be done, particularly in finding new biomolecules to improve
the biocompatibility of the produced nanomaterial. In this chapter the state of the art
in FM-AgNPs against human pathogens is reviewed.
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12.1 Introduction: Infectious Diseases and the Problem
of Drug Resistance

Infectious diseases represent one of the most important health problems worldwide
and remain as the leading cause of mortality (Williams 2002). A number of patho-
gen microorganisms can cause severe infections and even death if not treated effi-
ciently. For instance, patients with diabetes mellitus are susceptible to develop foot
ulcerations and present a high risk of infection, gangrene, amputation, and even
death (Snyder and Hanft 2009). Although there are treatments on the market that are
effective for mild to moderate lesions (Yazdanpanah et al. 2015), the probability of
treatment failure increases when methicillin-resistant microorganisms, such as S.
aureus (MRSA), are present (Vardakas et al. 2008); it is estimated that between
50% and 70% of lower limb amputations are due to diabetic foot ulcers (Leone et al.
2012). Unfortunately, over the years the increasing emergence of drug-resistance
strains represent a serious threat to human health resulting in longer hospital stays,
increased doses of antibiotics, the use of more toxic drugs, and increase in the rate
of morbidity and mortality (Cohen 1992). Antimicrobial resistance has been pro-
voked mostly by the indiscriminate use of systemic antibiotics worldwide (Safdar
and Maki 2002). In the case of bacteria, they rapidly acquire resistance through
mutation of chromosomal genes during therapy with several antibiotics including
those of the quinolone and rifamycin classes (Cirz et al. 2005). Likewise, the risk
for opportunistic fungal infections (candidiasis, aspergillosis, cryptococcosis, and
zygomycosis) also increases with the indiscriminate use of broad-spectrum antibi-
otics (Diekema et al. 2002; Perea and Patterson 2002). It is precisely in severe or
persistent lesions that nanotechnology offers an alternative treatment, since the
effectiveness of silver nanoparticles (AgNPs) against bacteria, fungi, and viruses
has been demonstrated (Kim et al. 2009; Rai et al. 2009, 2012; Hu and Kwon 2011;
Elechiguerra et al. 2005; Lu et al. 2008). In fact, nanomaterials showing antimicro-
bial activity by themselves or improve the effectiveness of commercial drugs was
termed “nanoantibiotics” by Huh and Kwon (2011).

Thus, the development of nanoantibiotics presents a novel platform to solve
many problems associated with health. For instance, nanosilver has proven to be
effective to inhibit human pathogens, even strains considered multidrug resistant
(MDR) to conventional antimicrobial drugs (Ray et al. 2011; Rai et al. 2012; Pelgrift
and Friedman 2013). Furthermore, there is a noteworthy approach in which the
combination of commercial antibiotics with AgNPs becomes more effective instead
of using only NPs or antibiotics. In the last 10 years, nanotechnology research has
been intensified on the production of nanosilver using biological methods, which
offers several advantages over physical or chemical methods, such as being more
eco-friendly, facile, rapid, and cost-effective (Aziz et al. 2015; Prasad et al. 2016).
Fungi are excellent candidates to further explore their potential as bio-reducing
agents to produce nanomaterials, and many species have been utilized searching for
a cleaner alternative (Castro-Longoria 2016). Moreover, FM-AgNPs have shown
excellent antimicrobial activity and also present synergistic antimicrobial effect
when combined with commercial antibiotics (Birla et al. 2009; Fayaz et al. 2010;
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Dar et al. 2013; Aziz et al. 2016), which could potentially be a more effective treat-
ment. The use of commercial products containing silver is increasing, especially in
the field of wound care with a wide variety of silver-containing dressings including
Acticoat®, Aquacel® Ag, Contreet®, Actisorb® Silver 220, Urgotul SSD®, and
Avance® (Dowsett 2004). Those products are used to treat infections in surgical
wounds, burns, and chronic wounds such as leg ulcers (Lansdown 2004). Therefore,
FM-AgNPs could be incorporated into materials such as creams, liquid solutions,
dressings, surgical gowns, surgical materials, etc., to treat or prevent infectious
diseases. While the increased use of products containing silver in wound care has
created concern about possible development of bacterial resistance, currently there
is no solid evidence of emerging microbial resistance to silver (Percival et al. 2005).
Nevertheless, before suggesting potential uses in the clinic for FM-AgNPs, fungal
biocompatible molecules must be investigated since most of the current research on
FM-AgNPs has been conducted using pathogenic fungi. Still, myconanotechnology
is a promising field of research since thousands of fungal species remain to be inves-
tigated in order to find active molecules to be applied in the fabrication of more
efficient nanoantibiotics to combat resistant microorganisms.

12.2 Fungal-Mediated Nanoparticles Are Effective
Against Pathogenic Bacteria

Among the bacteria implicated in different infectious diseases, Staphylococcus
aureus, Pseudomonas aeruginosa, Escherichia coli, Klebsiella pneumoniae,
Enterobacter aerogenes, Clostridium perfringens, Serratia marcescens, Proteus
vulgaris, and Shigella dysenteriae are the major causes of hospitalization (Anderson
et al. 1998). Globally, infectious diseases are considered a serious public health
problem due to the fact that they are transmitted by a variety of vectors, including
person to person, by respiration of airborne particles, airborne contact of open
wounds, and through injection/insertion of medical devices as well as contaminated
food. Therefore, antibiotics are widely used to decrease the prevalence of such
infectious diseases. However, the overuse and misuse of antibiotics have resulted in
the antibiotic resistance crisis; in fact many isolated resistant bacteria lack options
for treatment, representing a serious public health concern (Weinstein et al. 2005).

In this respect, nanotechnology offers promising biogenic NPs to treat bacterial
infections (Aziz et al. 2015, 2016). Recently, myconanotechnology research has
been focused to develop eco-friendly methods to attain metallic NPs with antimi-
crobial properties. An increasing number of studies report the antimicrobial capac-
ity of fungal-mediated nanoparticles (FM-NPs) to inhibit many pathogenic bacteria,
including multiresistant strains (Table 12.1). Thus, FM-NPs could be incorporated
in a variety of products to treat infectious diseases not responding to conventional
treatments.

Antibacterial efficiency of NPs is highly dependent on the chemical composi-
tion, shape, size, and monodispersity of particles. Therefore most of the current
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research is concentrated in the synthesis of AgNPs due to their antibacterial activity
(Kim et al. 2007). Many studies have demonstrated the efficacy of FM-AgNPs to
inhibit growth of the most important pathogenic bacteria that have a threat to public
health; for example, Bacillus subtilis, Escherichia coli, Pseudomonas aeruginosa,
S. aureus, and S. typhi are among the most widely used strains for antibacterial
determinations (Table 12.1). However, most fungal species used to synthesize NPs
are pathogenic species; therefore the application of those synthesized NPs in
bacterial infections must be carefully evaluated. For instance, B. nodulosa which is
a plant pathogen was used as reducing agent for AgNPs production, which resulted
effective against B. subtilis, B. cereus, E. coli, M. luteus, P. vulgaris, and P. aerugi-
nosa (Saha et al. 2010). Also AgNPs from A. ferreus showed antimicrobial activity
against E. coli, P. aeruginosa, and S. aureus, and in all cases AgNPs showed higher
inhibitory effect than silver nitrate used as a control (Li et al. 2012). Furthermore, in
a recent study, AgNPs also from A. ferreus were successfully used to inhibit
antibiotic-resistant bacteria including E. faecalis and K. pneumoniae (Fig. 12.1)
(Balakumaran et al. 2016). Likewise, FM-AgNPs from Rhizopus stolonifer were
effective against two P. aeruginosa MDR strains isolated from burnt patients
(Rathod and Ranganath 2011). However, A. ferreus is considered an opportunistic
human pathogen (Person et al. 2010), and Rhizopus species can provoke aggressive
and fulminant infections under certain clinical conditions (Lehrer et al. 1980). Thus,
pathogenicity could be an important impediment to consider some fungal species as
candidates to produce NPs to combat human infections.

On the other hand, Cordyceps militaris (Wang et al. 2016) and Penicillium
decumbens (Majeed et al. 2016) were recently used for the first time to biosynthe-
size AgNPs. Synthesized AgNPs from C. militaris exhibited antibacterial activity
against aquatic as well as clinical pathogenic bacteria. This fungal species could be
an excellent candidate for NPs production to be applied in humans since it is not
considered as pathogenic. In fact, it is categorized as a valuable edible and medicinal
fungus, rich in a variety of biologically active substances (Das et al. 2010).
Penicillium decumbens and other Penicillium species are reported to show bacteri-
cidal, fungicidal, and insecticidal capacity (Santamarina et al. 2002). Therefore,
those fungal species represent good candidates to further explore their use as reduc-
ing agents, since more efficient antimicrobial NPs could be produced. In fact, fungal
filtrate of P. decumbens showed bacterial inhibition, and synthesized AgNPs using
this extract displayed remarkable effectivity against MDR pathogens Proteus vul-
garis, E. coli, S. aureus, and Vibrio cholerae, isolated from urine, stool, and blood
(Majeed et al. 2016).

Even though FM-AgNPs are effective for bacterial inhibition, it has been shown
that in general terms the antibacterial activity against Gram-negative bacteria is
higher than the obtained Gram-positive bacteria (Wang et al. 2016). The variation in
efficiency has been explained in terms of the bacterial cell wall differences; Gram-
positive bacteria possess a more rigid and thicker structure, leading to a difficult
penetration of AgNPs compared to the thinner cell wall of Gram-negative bacteria
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(a) (b) () (d)

(e) () (g) (h)

Fig. 12.1 Antimicrobial activity of A. ferreus synthesized silver nanoparticles against human
pathogenic microorganisms by well diffusion assay. (a) E. coli, (b) P. aeruginosa, (¢) K. pneu-
moniae, (d) E. faecalis, (e) B. subtilis, (f) methicillin-resistant S. aureus, (g) S. aureus, (h) C.
albicans. Each well was treated with (i) mycelial free extract (25 pL), (ii) silver nitrate (1 mM),
(iii) silver nanoparticles (1 mg/mL), and (iv) streptomycin (1 mg/mL) for bacterial strains; flucon-
azole (1 mg/mL) in case of C. albicans (Reproduced from Balakumaran et al. (2016) with permis-
sion from Elsevier)

(Shrivastava et al. 2007). The mode of action of FM-AgNPs against bacteria has not
been fully explained, but it has been concluded that the antibacterial efficiency of
AgNPs is due to their attachment to the bacterial cell surface, which is believed to
significantly disrupt respiration and permeability (Morones et al. 2005).

Besides FM-AgNPs, fungal-mediated gold NPs (FM-AuNPs) have also been
tested as antimicrobial agents; however very few studies have demonstrated
FM-AuNPs with antimicrobial capacity. For instance, AuNPs from S. hygroscopicus
were tested against six different pathogens, and maximal growth inhibition was
observed against E. coli, S. typhimurium, and S. aureus, according to the MIC pro-
file determination (Sadhasivam et al. 2012). Remarkable antimicrobial activity was
reported from nanogold-bioconjugate (NGBC) produced with the use of R. oryzae
against pathogenic bacteria E. coli, P. aeruginosa, B. subtilis, S. aureus, S. cerevi-
siae, and the opportunistic fungus C. albicans (Fig. 12.2) (Das et al. 2009). Also,
AuNPs from F. oxysporum were reported to inhibit Pseudomonas sp. (Thakker
et al. 2013).

Other metallic FM-NPs have been also tried as nanoantibiotics, for instance,
TiO, NPs from A. flavus were recently reported as a novel antimicrobial nanomate-
rial; they were successfully tested against B. subtilis, E. coli, K. pneumoniae,
P. aeruginosa, and S. aureus (Rajakumar et al. 2012). Also, antibacterial activity of
iron nanoparticles (FeNPs) from A. alternata was reported against four species of



246 E. Castro-Longoria et al.

bacteria. FeNPs were described to be more effective against B. subtilis than E. coli,
S. aureus, and P. aeruginosa (Mohamed et al. 2015); commercial antibiotics were
more effective against those pathogens.

In general, most studies suggest the potential use of the FM-NPs as antimicrobial
agent for treatment of infectious diseases. However, to ensure the biosafety of using
those NPs in humans, in vivo studies are inevitable.

12.3 Fungal-Mediated Nanoparticles to Combat
Pathogenic Fungi

Pathogenic fungi are a frequent cause of life-threatening infections in patients who
are immunosuppressed. Even more problematic is the fact of a limited number of
available antifungal drugs to treat resistant strains. Therefore, their treatment and
control is becoming a major problem in the management of these diseases (Perea
and Patterson 2002). Thus, AgNPs and AuNPs synthesized from fungal species
seem to be alternative antifungal agents, which could be biocompatible and non-
toxic and obtained by eco-friendly methods (Prasad 2016). Metallic nanoparticles
of varying size using diverse fungal species as reducing agents and their antifungal
activity are listed in Table 12.2. Owing to the antimicrobial properties of silver,
AgNPs are the most frequently tested against pathogenic fungi. On the other hand,
few studies are available on the antifungal activity of AuNPs (Thakker et al. 2013;
Balakumaran et al. 2016).

In most studies using AgNPs, potent antifungal activity has been shown against
Candida and Fusarium species, being the most common etiological agents of fungal
infection. For instance, polydispersed spherical and hexagonal AgNPs from A. cla-
vatus with a size range of 10-25 nm exhibited good antifungal activity against
C. albicans with a fungicidal concentration (MFC) of 9.7 pg/ml (Verma et al. 2010).
Also, excellent antifungal activity against pathogenic species such as Candida spp.,
Aspergillus spp., Fusarium spp., C. neoformans, and Sporothrix schenckii (MIC
values of 0.125-1 pg/mL) was obtained with AgNPs from E. nigrum (Qian et al.
2013). FM-AgNP from S. commune inhibited the dermatophytic fungal pathogens
Trichophyton simii, Trichophyton mentagrophytes, and Trichophyton rubrum; those
pathogens are known to cause tinea of the scalp, nails, and skin in humans.
Antifungal activity of FM-NPs was reported to be concentration dependent (Arun
et al. 2014); however similar inhibition was found using the antifungal drug flucon-
azole as a positive control (Fig. 12.3).

Recently, AgNPs from the fungus A. fulvum showed antimicrobial activity
against Candida spp., Aspergillus spp., and Fusarium spp. Furthermore, the authors
presented the growth curves of C. albicans, C. parapsilosis, C. krusei, and C. tropi-
calis in the presence of AgNPs showing their fungistatic capacity (Xue et al. 2016).
The mode of action of AgNPs against fungal pathogens is not fully described; how-
ever Vazquez-Muifioz et al. (2014) examined the ultrastructural localization of
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Fig. 12.2 Antimicrobial activity of nanogold-bioconjugate (NGBC) material against (a) E. coli,
(b) P. aeruginosa, (¢) B. subtilis, (d) S. aureus, (e) S. cerevisiae, and (f) C. albicans. Cup contain-
ing (I) dispersed solution of R. oryzae and (II) NGBC; concentration of bioconjugate in each plate
was 50 pg/mL (Reproduced from Das et al. (2009) with permission from Elsevier)

AgNPs in C. albicans exposed to a commercial product and concluded that NPs
aggregate outside the fungal cells and the consequent release of silver ions infil-
trates through the cell wall leading to cell death. In general, FM-AgNPs have dem-
onstrated capacity to inhibit a wide variety of fungal pathogens; however it remains
to be determined which fungal species could be used to produce biocompatible
nanomaterial to combat fungal infections.

12.4 Antimicrobial Drugs Enhanced by Fungal-Mediated
Nanoparticles

Bacterial or fungal infections could potentially be treated with AgNPs when the
pathogen is resistant to commercial drug treatments. As previously mentioned, the
presence of pathogenic microorganisms resistant to multiple antibiotics is an
increasing problem that could be solved by the use of AgNPs. Also, there is an
important approach in which the combination of commercial antibiotics with
AgNPs may become more effective instead of the separate use of only antibiotics or
NPs. This approach was demonstrated by Li et al. (2005) when they studied the
synergistic antibacterial effects of amoxicillin and chemically synthesized AgNPs.
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The authors found a remarkable increased antimicrobial efficacy when E. coli was
exposed to a combination of amoxicillin and AgNPs. It was hypothesized that
amoxicillin acts on the surface of the bacterial cells causing cell wall destruction,
facilitating AgNPs internalization. Then AgNPs react with cell’s DNA, resulting in
more serious damage to the pathogen impeding cell recovery.

In this respect, biogenic NPs could represent a more biocompatible option rather
of using chemical synthetized NPs. For instance, some studies have reported the
synergistic effect of FM-AgNPs in combination with several antibiotics, increasing
the drug effectivity against pathogenic microorganisms. One of the first studies
reporting the synergistic effect of antibiotics and FM-AgNPs was reported by Birla
et al. (2009). AgNPs were synthesized using the fungal cell filtrate from P. glomer-
ata and were used in combination with ampicillin, gentamicin, kanamycin, strepto-
mycin, and vancomycin against E. coli, S. aureus, and P. aeruginosa. All pathogens
were more susceptible to the combination of antibiotics with AgNPs including the
bacteria with MDR (Birla et al. 2009). Extracellular AgNPs from the endophytic
fungus Pestalotia sp. also showed increased activity in combination with gentami-
cin and sulfamethizole against S. aureus and S. typhi (Raheman et al. 2011).
Increased antibacterial activity is obtained when using various antibiotics in combi-
nation with FM-AgNPs. For instance, E. coli, S. typhi, S. aureus, and M. luteus were
challenged with ampicillin, kanamycin, erythromycin, and chloramphenicol in
combination with AgNPs from 7. viride, and it was found that there is an increased
antibacterial activity in all tested strains (Fayaz et al. 2010). The antibiotics imipenem,
gentamicin, and ciprofloxacin combined with AgNPs from A. flavus also showed
increased effectivity against E. coli, S. aureus, P. aeruginosa, K. pneumoniae,
Bacillus spp., and M. luteus (Naqvi et al. 2013).

A remarkable increase in fold area of antibacterial activity against E. coli,
P. mirabilis, P. aeruginosa, S. typhi, and S. aureus was reported when AgNPs from
N. sphaerica were applied in combination with gentamicin (Muhsin and Hachim
2014). The antibacterial activity of ceftriaxone and streptomycin also increased sig-
nificantly in combination with AgNPs from S. radiatum when used against S. aureus,
B. subtilis, E. coli, and P. aeruginosa (Gudikandula et al. 2015). Recently, AgNPs
from P. decumbens showed a broad antimicrobial activity against various pathogenic
Gram-negative and Gram-positive bacteria. Furthermore, FM-AgNPs showed excel-
lent enhancement of antimicrobial activity in combination with carbenicillin, piper-
acillin, cefixime, amoxicillin, ofloxacin, and sparfloxacin in a synergistic mode
against P. vulgaris, E. coli, S. aureus, and V. cholerae (Majeed et al. 2016).

In most cases antibiotics showed increased activity in the presence of FM-AgNPs
against tested bacterial strains; however the mode of action for the synergistic
effect of AgNPs and commercial drugs has not been fully addressed. Nevertheless
Fayaz et al. (2010) used several antibiotics in combination with AgNPs from 7.
viride and found the highest enhancing effect for ampicillin against all tested
strains and concluded that ampicillin provokes cell wall lysis and thus AgNPs
penetrate more easily into the bacterium, similar to the hypothesis presented by Li
et al. (2005). The synergistic effect of ampicillin with AgNPs against bacteria is
represented in Fig. 12.4.
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control
control control

Fig. 12.3 Antifungal activity of AgNPs produced by S. commune against three dermatophytic
fungal pathogens. (a) Trichophyton mentagrophytes, (b) Trichophyton simii, and (¢) Trichophyton
rubrum. Concentrations used were AgNPs at 25, 50 and 100 pg control (fluconazole) at 100 pg/
well (Reproduced and modified from Arun et al. (2014) with permission from Springer)
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Fig. 12.4 Synergistic activity of AgNPs with ampicillin (Amp) against bacteria. (a) Formation of
core silver nanoparticles with ampicillin. (b) Interaction of AgNPs-Amp complex over the cell
wall of bacteria. (¢) AgNPs-Amp complex inhibits the formation of cross-links in the peptidogly-
can layer (which provides rigidity to the cell wall), leading to cell wall lysis. (d) AgNPs-Amp
complex prevents the DNA unwinding (Reproduced from Fayaz et al. (2010) with permission from
Elsevier B.V., the Netherlands)
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Fig. 12.5 Graphical representation of the zone of inhibition obtained for the combined effect of
fluconazole and AgNPs against five fungi species (Reproduced from Gajbhiye et al. (2009) with
permission from Elsevier)

The majority of studies exploring the synergistic effect of FM-AgNPs in
combination with commercial antimicrobial drugs have been carried out for
bacteria. Studies on fungal inhibition using antifungals combined with FM-NPs
are scarce. However, some studies have reported the synergistic effect of anti-
fungals with AgNPs, for instance, Vazquez-Munoz et al. (2014) reported the
synergistic effect of fluconazole with commercial AgNPs against C. albicans.
Fluconazole also displays enhanced antifungal activity in combination with
AgNPs from A. alternata; they were tested against P. glomerata, P. herbarum,
F. semitectum, Trichoderma sp., and C. albicans. Maximum inhibition was
found against C. albicans, followed by P. glomerata and Trichoderma sp.,
whereas no significant enhancement was found against P. herbarum and F.
semitectum (Fig. 12.5) (Gajbhiye et al. 2009).

The synergistic result of combining commercial antibiotics with FM-NPs seems
to be an excellent option to combat resistant pathogens; this approach could be
advantageous because it offers the possibility to reduce the amounts of silver and
commercial antibiotics to be applied in human infectious diseases. However, more
research is needed to determine the synergistic effect for antifungal drugs in combi-
nation with FM-NPs.
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12.5 Other Possible Applications of Fungal-Mediated
Nanoparticles to Prevent Infections

The antimicrobial efficacy of AgNPs has been proven by many studies. Therefore,
their incorporation into different materials has been explored and thus providing them
with sterile properties. By doing this, nosocomial infections could be prevented
using products coated or embedded with nanosilver, such as surgical coatings,
wound dressings, contraceptive devices, and surgical instruments, and medical
implants could prevent those infections; in fact some of these products are commer-
cially available (Cheng et al. 2004; Dowsett 2004; Muangman et al. 2006; Chen
et al. 2006; Lansdown 2006; Zhang et al. 2007; Cohen et al. 2007). Nevertheless, to
our knowledge the use of biogenic NPs for the fabrication of commercial products
is still not a reality.

Some efforts have been conducted to incorporate FM-AgNPs in cotton fabrics in
order to determine the antimicrobial capacity of the modified material. Antimicrobial
efficiency of cotton fabrics with FM-AgNPs from F. oxysporum was tested against
the Gram-negative bacterium E. coli, Gram-positive bacterium S. aureus, and the
fungus C. albicans. The authors reported good antibacterial property of the material
and proposed the use of cyanobacteria to treat the effluents from the washing pro-
cess of modified cotton fabric (Duran et al. 2007). In another report FM-AgNPs
from F. solani were successfully applied to cotton fabrics, and the material showed
antibacterial efficiency against S. aureus and E. coli. Modified cotton material
retained excellent antibacterial property even after exposing the material to
laundering for 20 cycles (El-Rafie et al. 2010). Similar results were found in cotton
fabrics with FM-AgNPs from A. alternata with AgNPs incorporated into cotton
fibers (Fig. 12.6); here the authors further evaluated the modified cotton fabric
against the microbial degradation process by the soil burial test. After 14 days the
material with NPs showed maximum protection against the adverse effects nor-
mally occurring by soil microflora (Ibrahim and Hassan 2016).

One important aspect for human health is water hygiene, thus looking for alter-
native water purification methods; gold nanoparticles from the fungus R. oryzae
were utilized successfully to obtain potable water free from pathogens and pesti-
cides, all in a single step (Das et al. 2009). FM-NPs have also been suggested as
mosquito-controlling agents, which transmit serious human diseases; for instance,
malaria is a mosquito-borne parasitic infection spread by Anopheles stephensi. Viral
diseases of major international public health concern like dengue and chikungunya
are transmitted by the mosquito Aedes aegypti. The use of AgNPs from Cochliobolus
lunatus, Isaria fumosorosea, and Trichoderma harzianum was suggested as larvi-
cide agents to control A. aegypti, A. stephensi, and Culex quinquefasciatus popula-
tions (Salunkhe et al. 2011; Banu and Balasubramanian 2014; Sundaravadivelan
and Padmanabhan 2014). Likewise, the use of silver and gold NPs from the fungus
Chrysosporium tropicum was proposed for mosquito control against the A. aegypti
larvae (Soni and Prakash 2012).
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Fig. 12.6 Scanning electron microscope images of untreated cotton fabric (a), fabric treated with
binder only (b), and fabric treated with the antimicrobial formulation (¢, d) (Reproduced from
Ibrahim and Hassan (2016) with permission from Elsevier)

On the whole FM-AgNPs could be applied in different ways to prevent/treat infec-
tious diseases; however to suggest their use in materials intended to be in human
contact, it is necessary to implement more complete studies. For instance, cytotoxic
analyses of FM-NPs are needed before suggesting them for clinical trials.

12.6 Does the Size of Nanoparticles is Important
for Microbicide Action?

The antimicrobial activity of FM-AgNPs has been demonstrated using different
size ranges (Tables 12.1 and 12.2). Nevertheless, the efficacy of AgNPs is reported
to be size and dose dependent; chemically synthesized AgNPs of average size 5, 7,
10, 15, 20, 30, 50, 63, 85, and 100 nm were tested against E. coli, B. subtilis, and
S. aureus. Antibacterial effectivity increased with AgNPs of smaller sizes. In fact,
the MIC and MBC values showed AgNPs of 5 nm with the best antibacterial activ-
ity against all the tested strains. By using the disk diffusion method (Fig. 12.7),
AgNPs of the smaller sizes (5, 7, and 10 nm) also showed a clear zone of inhibition
for the E. coli MTCC 443 strain. The authors also found different sensitivities
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Fig. 12.7 Disk diffusion tests for different sized silver nanoparticles (chemically synthesized)
against the E. coli MTCC 443 strain. The zone of inhibition is highlighted with a dashed circle
indicating a noticeable antibacterial effect (Reproduced from Agnihotri et al. (2014) with permis-
sion from The Royal Society of Chemistry)

among the strains; E. coli MTCC 443 and S. aureus were found to be the most and
least sensitive strains regardless of the size of AgNPs (Agnihotri et al. 2014).
Apparently, antibacterial efficacy also is shape dependent, since truncated triangu-
lar silver nanoplates with a {111} lattice plane as the basal plane were found to
display the strongest biocidal action, compared with spherical and rod-shaped
nanoparticles (Pal et al. 2007).

Similar studies have not been carried out with FM-AgNPs, as shape and size
control is still a challenge for biogenic NPs. Also, it is difficult to make any conclu-
sions from the results presented in different studies because most results lack of
MIC and MBC/MFC determinations. Therefore, it is important for further studies to
consider the incorporation of MIC and/or MBC/MFC assays.

12.7 Final Remarks

The effectivity of FM-AgNPs against human pathogens either alone or in combina-
tion with commercial antibiotics is clear; they can inhibit a wide variety of bacterial
and fungal strains. Furthermore, modified cotton material with FM-AgNPs showed
excellent antibacterial properties; thus FM-AgNPs could also be incorporated into
materials such as surgical coatings and wound dressings to prevent/treat infectious
diseases. However, the production of more biocompatible NPs remains to be further
investigated since fungal strains secrete a wide variety of compounds, and at present
most synthesis protocols have used fungal filtrates of many pathogenic fungi
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containing all secreted molecules. Therefore a feasible alternative is to use non-
pathogenic fungal strains and/or biocompatible molecules for the production of
NPs; this is of prime importance in order to suggest their use in the clinic.
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Chapter 13
Nanobiotechnology Applications in Special
Reference to Fungi

Safiye Elif Korcan and Muhsin Konuk

Abstract Nanobiotechnology is placed in the intersection point of nanobiology,
biotechnology, nanotechnology, and biology. This technique approach provides an
angle to scientists to imagine new systematic gates to study on. From the point of
biological sciences, it is an inspiring area for the studies which has not been created.
The fungi can synthesize nanoparticles both inside and outside of their cells. In
extracellular synthesis, after growing and obtaining the biomass these cells are incu-
bated in the presence of metal salt solutions. The synthesis of nanobioparticles can
be observed easily by looking at the color changes in the cultures. After completing
the synthesis, nanoparticles were then subjected to centrifuge in high speed
and density gradient. Then they were collected by washing with water or organic
solvents like EtOH/MeOH. The main focus of this review is to introduce the appli-
cation of fungi in the synthesis of nanoparticles biologically.

13.1 Introduction

The word “nano” is used to indicate the dimension of less than 100 nm. A nanopar-
ticle (NP) (nanopowder, nanocluster, or nanocrystal) is an ultramicroscopic particle.
Nanoparticles (NPs) have different physical, chemical, electronic, electrical,
mechanical, magnetic, thermal, dielectric, optical, and biological characters.
Developments of this area present great potential of various sectors like energy,
environment, agriculture, and healthcare. Hence, it has been building great expecta-
tions not only in the academia but also among the investors, governments, and
industries (Jain et al. 2011).
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Table 13.1 Mechanism of nanoparticle biosynthesis using different sources

Biological

systems Possible mechanism

Plant Secondary metabolites (alkaloids, flavonoids, saponins, steroids, tannins, and
other nutritional compounds) act as reducing and stabilizing agents

Algae Polysaccharides have hydroxyl groups and other functionalities that can play
important roles in both the reduction and the stabilization of nanoparticles

Fungi Reducing enzyme intracellularly or extracellularly and the procedure of
biomimetic mineralization

Yeast Membrane bound (as well as cytosolic) oxidoreductases and quinones

Bacteria The microbial cell reduces metal ions by the use of specific reducing enzymes
like NADH-dependent reductase or nitrate-dependent reductase

Virus Tobacco mosaic virus (TMV) was used as template for the synthesis of iron
oxides by oxidative hydrolysis, co-crystallization of CdS and PbS, and the
synthesis of SiO2 by sol-gel condensation. It happened with the help of external
groups of glutamate and aspartate on the external surface of the virus. Self-
assembled viral capsids of genetically engineered viruses were exploited as
biological templates for the assembly of quantum dot nanowires

Moghaddam et al. (2015); Yen and Mashitah (2012)

There are diverse techniques to synthesize different kinds of NPs (Xiangqgian
et al. 2011). Physical and chemical ones are popular but the use of toxic chemicals
greatly limits their biomedical applications. For this reason, improving of reliable,
nontoxic, and environmentally friendly methods for synthesis of NPs is very impor-
tant (Prasad 2014; Prasad et al. 2016, 2017). Research in biotechnology has revealed
that there are reliable, eco-friendly processes for synthesis of novel nanomaterials.
Biological synthesis of nanoparticles using various biological systems such as yeast,
bacteria, fungi, algae, and plant extract has also been in our knowledge (Yen and
Mashitah 2012; Prasad et al. 2016).

13.2 Nanoparticle Synthesis Using Microorganisms

In the last decade, the application of green nanotechnology has been investigated as
an alternative way to chemical and physical techniques. Green synthesis of nanopar-
ticles can be done by polysaccharide method, tollens method, irradiation method,
biological methods, and polyoxometalates method (Sharma et al. 2009). As shown
in Table 13.1, biological syntheses of NPs in different biological systems have been
reported (Yen and Mashitah 2012). As it is well known, many biological systems
accumulate inorganic material inside or outside of the cell to form NPs. Many
microbial species can produce metal NPs (gold, silver, goldsilver alloy, selenium,
tellurium, platinum, palladium, silica, titania, zirconia, etc.). This kind of syntheses
of NPs brings together the nanotechnology and biotechnology.
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13.2.1 Advantages of Biological Synthesis of Nanoparticles

(i) Routine methods for synthesing of the metal nanomaterials often need to use
of organic solvents and/or high-energy input. In opposition, microbes have
evolved to possess molecular machineries to detoxify heavy metals, mainly by
operating metal-binding peptides (Park et al. 2016).

(ii) Biological methods for nanoparticle synthesis would help avoiding many of
the detrimental features by enabling synthesis at mild pH, pressure and tem-
perature, and at a substantially lower cost (Jain et al. 2011).

(iii) Biological process is also an environmentally friendly way, because, both pro-
duction and remediation of NPs can be achieved at the same time.

(iv) Diverse NPs, including those that have never been chemically synthesized, can
be synthesized biologically (Park et al. 2016).

13.2.2 Advances of Fungal Synthesis of Nanoparticles

The fungi such as Fusarium oxysporum, Colletotrichum sp. (Shankar et al. 2003),
Trichothecium sp., Trichoderma asperellum, T. viride, (Ahmad et al. 2005; Fayaz
et al. 2010), Phanerochaete chrysosporium (Fayaz et al. 2006), F. solani (Ingle et al.
2009), F. semitectum (Basavaraja et al. 2008), A. fumigatus (Bhainsa and D’Souza
2006), Coriolus versicolor (Bhainsa et al. 2009), Aspergillus niger (Gade et al.
2008), Phoma glomerata (Birla et al. 2009), Penicillium brevicompactum (Shaligram
et al. 2009), Cladosporium cladosporioides (Balaji et al. 2009), Penicillium felluta-
num (Kathiresan et al. 2009), and Volvariella volvaceae (Philip 2009) have been
investigated for NPs synthesis. Potential fungal isolates used for the biosynthesis of
nanoparticles were given in Table 13.2.

13.2.3 Fungi Are More Advantageous Compared to Other
Microorganisms

(a) Mycelial mesh of fungi can flow pressure. Aggregation and other conditions in
bioreactors/chambers might be also compared to plant and bacteria.

(b) These are critical to grow and easy to both handle and manufacture. The extra-
cellular reductive protein secretions are high and can be easily managed.

(c) Since the nanoparticles precipitated outside the cell are devoid of unnecessary
cellular components, they might be directly used in various applications
(Narayanan and Sakthivel 2010).

(d) Since fungi have the advantage of producing very high secreted proteins, this
feature might increase nanoparticle synthesis grade.
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Table 13.2 Potential fungal isolates used for the biosynthesis of nanoparticles

S.E. Korcan and M. Konuk

Fungi NPs

Shape and location

Min and max
particle size
(nm)

References

Fusarium Pt
oxysporum

Rectangular, triangular,
hexagonal,square,spherical,
and aggregates

70-180

Govender et al.
(2009);
Moghaddam et al.
(2015)

Cd

Spherical, extracellular

9-15

Kumar et al.
(2007a, b);
Moghaddam et al.
(2015)

Ag

Aggregates, spherical,
extracellular

5-50

Ahmad et al.
(2003); Kumar

et al. (2007a, b);
Moghaddam et al.
(2015)

Au

Triangular, spherical,
extracellular, or intracellular

2-50

Mandal et al.
(2006); Zhang
etal. (2011);
Moghaddam et al.
(2015); Khandel
and Kumar
(2016)

PbCO;,
CdCO;

Spherical, extracellular

120-200

Sanyal et al.
(2005); Li et al.
(2011)

SrCO,

Needlelike, extracellular

10-50

Rautaray et al.
(2004); Li et al.
(2011)

CdSe

Spherical, extracellular

9-15

Kumar et al.
(2007a, b);
Narayanan and
Sakthivel (2010)

Cds

Spherical, extracellular

5-20

Ahmad et al.
(2002);
Salahuddin and
Azamal (2016)

TiO,

Spherical, extracellular

Bansal et al.
(2005);
Salahuddin and
Azamal (2016)

BaTiO,

Spherical, extracellular

4-5

Bansal et al.
(2006);
Narayanan and
Sakthivel (2010)

(continued)
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Fungi NPs

Shape and location

Min and max
particle size
(nm)

References

ZrOZ

Spherical,

3-11

Bansal et al.
(2004);
Salahuddin and
Azamal (2016)

Si

Quasi-spherical

Bansal et al.
(2005);
Narayanan and
Sakthivel (2010)

Bi,0;

Quasi

Uddin et al.
(2008);
Narayanan and
Sakthivel (2010)

BT

Extracellular

4-5

Bansal et al.
(2006); Khandel
and Kumar
(2016)

Fe;0,

Irregular, quasi-spherical

20-50

Bharde et al.
(2006); Khandel
and Kumar
(2016)

Fusarium Pt
oxysporum f. sp.
lycopersici

Hexagonal, pentagonal,
circular, squares, rectangles
Extra- and intracellular

10-100

Riddin et al.
(2006); Govender
et al. (2009);
Moghaddam et al.
(2015);
Narayanan and
Sakthivel (2010)

Fusarium spp. Zn

Alteration intracellular

100-200

Velmurugan et al.
(2010);
Moghaddam et al.
(2015)

Fusarium solani | Ag

Spherical, extracellular

Maliszewska

et al. (2009a, b);
Khandel and
Kumar (2016)

Fusarium
culmorum

Ag, Au,
Pb, Cu

Spherical, extracellular

Bharde et al.
(2006); Khandel
and Kumar
(2016)

Aspergillus Ag
clavitus

Extracellular

550-650

Saravanan and
Nanda (2010);
Moghaddam et al.
(2015)

Triangular, spherical and
hexagonal, extracellular

24.4

Verma et al.
(2011)

(continued)
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Table 13.2 (continued)
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Fungi

NPs

Shape and location

Min and max
particle size
(nm)

References

Aspergillus
Sfumigatus

ZnO

Spherical and hexagonal,
extracellular

1.2-6.8

Raliya (2013);
Moghaddam et al.
(2015)

Ag,
Ag-Au

Mostly spherical.
Extracellular

5-25/15-
>120

Bhainsa and
D’Souza (2006)

Aspergillus
oryzae TFR9

FeCl;

Spherical

10-24.6

Binupriya et al.
(2010a, b); Raliya
(2013);
Moghaddam et al.
(2015); Siddiqi
and Azamal
(2016)

Aspergillus
oryzae

Ag, Zn,
Au

Spherical, extracellular

2.78-5.76

Khandel and
Kumar (2016)

Aspergillus
oryzae var.
viridis

Various shapes Mycelial
surface

10-60

Binupriya et al.
(2010a, b);
Siddiqi and
Azamal (2016)

Aspergillus
tubingensis

Ca;P,0q

Spherical, extracellular

28.2

Tarafdar et al.
(2012); Siddiqi
and Azamal
(2016)

Aspergillus
niger

Au

Nanowalls, spiral plates,
polydispersed or spherical,

12.8-20

Xie et al. (2007);
Bhambure et al.
(2009)

Ag

Spherical, extracellular

3-30

Alani et al.
(2012);
Moghaddam et al.
(2015)

Aspergillus
flavus

Ag

Spherical, cell wall surface

8.92-17

Vigneshwaran

et al. (2007a, b);
Moghaddam et al.
(2015)

TiO,

Extracellular

12-74

Vigneshwaran

et al. (2007a, b);
Rajakumar et al.
(2012); Raliya

et al. (2015);
Moghaddam et al.
(2015)

Aspergillus
clavitus

Ag

Extracellular

100-200

Saravanan and
Nanda (2010)

Aspergillus
terreus

Ag,
Au-Ag

Spherical, extracellular

1-20

Khandel and
Kumar (2016)

(continued)
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Min and max
particle size

Fungi NPs Shape and location (nm) References
A. sydowii Au Spherical, extracellular 8.7-15.6 Vala (2015);
Siddigi and
Azamal (2016)
A. terreus Ag Spherical, extracellular 1-20 Lietal. (2012);
Siddiqi and
Azamal (2016)
Aspergillus Hg Alteration. Surface of 20.5+1.82 Das et al. (2008);
versicolor mycelia Moghaddam et al.
mycelia (2015)
Alternaria Ag,Cd | Spherical, extracellular 20-60 Gajbhiye et al.
alternata (2009); Khandel
and Kumar
(2016)
Rhizopus oryzae | Au Nanocrystalline or Various 10 Gericke and
triangular, hexagonal, Pinches (2006);
pentagonal, spheroidal, sea Das et al. (2009);
urchin-like, 2D nanowires, Maliszewska
nanorods. Cell surface et al. (2009a, b);
Das et al. (2010);
Moghaddam et al.
(2015)
Rhizopus Au Irregularly (uniform) 1-5 Binupriya et al.
stolonifer Ag Quasi-spherical 25-30 (2010a, b); Sarkar
etal. (2012);
Moghaddam et al.
(2015)
Rhizopus Ag Spherical, extracellular 7-20 Mohammadian
nigricans et al. (2007);
Khandel and
Kumar (2016)
Phanerochaete Ag Spherical, pyramidal, 50-200 Sanghi and Verma
chysosporium extracellular (2009); Khandel
and Kumar
(2016)
Au Spherical, extracellular 10-100 Philip (2009);
Moghaddam et al.
(2015)
Phyllanthus Ag Spherical, extracellular 30
amarus

(continued)
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Min and max
particle size

Fungi NPs Shape and location (nm) References

Pleurotus Au, Ag | Spherical, extracellular 2040 Husseiny et al.

sajor-caju (2007); Khandel
and Kumar
(2016)
Vigneshwaran
and Kathe (2007)

Penicillium Ag Mostly spherical, 5-25 Kathiresan et al.

Sfellutanum extracellular (2009); Khandel
and Kumar
(2016)

Penicillium Ag Mostly spherical 10-100 Maliszewska

strain J3 et al. (2009a, b);
Moghaddam et al.
(2015)

Penicillium Ag Spherical, extracellular 58.35+17.88 | Shaligram et al.

brevicompactum (2009); Khandel

WA2315 (139) and Kumar
(2016)

Penicillium Au Spherical, triangular and 10-60 Selvakannan et al.

brevicompactum hexagonal Extracellular (2004); Khandel
and Kumar
(2016)

Penicillium Ag Spherical. Extracellular 5-25 Kathiresan et al.

citrinum (2009); Khandel
and Kumar
(2016)

P. fellutanum Ag Spherical 5-25 Kathiresan et al.
(2009); Siddiqi
and Azamal
(2016)

P. nagiovense Ag Spherical cell-free filtrate 25+2.8 Maliszewska

AJI2 et al. (2014);
Siddiqi and
Azamal (2016)

P. rugulosum Au Spherical, triangular, 20-80 Mishra et al.

hexagonal (2012); Siddiqi
and Azamal
(2016)

Penicillium sp. Au Spherical cell filtrate 30-50 Duetal. (2011);

Siddiqi and

Azamal (2016)

(continued)
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Table 13.2 (continued)
Min and max
particle size
Fungi NPs Shape and location (nm) References
Trichoderma Ag Spherical, rod-like. 2-100 Mukherjee et al.
viride Extracellular (2008); Fayaz
et al. (2009a, b);
Fayaz et al.
(20104, b);
Moghaddam et al.
(2015)
Trichoderma Ag Nanocrystalline or spherical. | 13-18 Mukherjee et al.
asperellum Extracellular (2008);
Moghaddam et al.
(2015)
Trichoderma Ag Extracellular 5-50 Vahabi et al.
reesei (2011)
Trichoderma Au Small spheres to polygons. 1040 Maliszewska
Koningii Cell-free filtrate et al. (2009a, b);
Maliszewska
(2013); Siddiqi
and Azamal
(2016)
Trichoderma Cu, Ag | Spherical. Extracellular 20-35 Gajbhiye et al.
harzianum (2009); Khandel
and Kumar
(2016)
Tricholoma Au Spherical. Extracellular 8.62-9.12 Sawle et al.
crassum (2008); Khandel
and Kumar
(2016)
Pleurotus Ag Spherical extracellular 30.5 Vigneshwaran
sajor-caju and Kathe (2007)
Volvariella Au-Ag | Triangular,spherical, 20-150 Philip (2009);
volvaceae hexagonal extracellular, Thakkar et al.
(2010);
Moghaddam et al.
(2015)
Cladosporium Ag Mostly spherical or 10-100 Balaji et al.
cladosporioides hexagonal. Extracellular (2009); Khandel
and Kumar
(2016)
Cylindrocladium | Au Spherical. Extracellular 19.5 Zhang et al.
Sfloridanum (2012); Khandel
and Kumar
(2016)
Cochliobolus Ag Spherical. Extracellular 5-10 Khandel and
lunatus Kumar (2016)

(continued)
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Min and max
particle size

Fungi NPs Shape and location (nm) References

Cochlibolus Cu, Al Quasi- spherical. 3-21 Salunkhe et al.

lunatus Extracellular (2011);
Raheman et al.
(2011)

Hypocrea lixii Cu Spherical. Extracellular 24.5 Deplanche et al.
(2010); Khandel
and Kumar
(2016)

Phoma sorghina | Ag Rod shaped. Extracellular 120— Raheman et al.

160x30-40 | (2011)

Pestalotia sp. Ag Spherical extracellular or 1040 Raheman et al.

intracellular (2011)

Coriolus Ag Extra- and intracellular. 25-491 Sanghi and Verma

versicolor Spherical (2009);
Moghaddam et al.
(2015)

Verticillium sp. Fe;0, Extracellular. Cubo- 20-400 Bharde et al.

octahedral, quasi-spherical (2006);
Moghaddam et al.
(2015)

Au Spherical. Cell wall, 20 Mukherjee et al.
cytoplasmic membrane amd (2001);
mtracellular Ramanathan et al.

(2013)

Verticillium Ag Spherical. Extracellular 12-22 Bawaskar et al.

luteoalbum (2010); Fayaz
et al. (2009a, b);
Khandel and
Kumar (2016)

Au Spherical. Extracellular 12-15

Yarrowia Au Hexagonal, triangular, 15 Agnihotri et al.

lipolytica extracellular (2009);

Pimprikar et al.
(2009)

(e) Fungal mycelia provide higher surface area than bacteria and this advantage
could be used to support the interaction of metal ions and fungal agents. This is
enhancing the conversion of ions to metallic nanoparticles.

(f) Fungi also have the advantage to ease the downstream processing when extra-
cellular nanoparticles are produced.

(g) Scalability is another factor for consideration of commercial production of
nanoparticles. This gives fungi the edge as the chassis of choice for long-term
development as they might be easily used in large-scale reactors (Pantidos and
Horsfall 2014).
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Fig. 13.1 Generalized flow chart for the biosynthesis of metallic nanoparticles (Rath et al. 2014;
Punjabi et al. 2015)

13.3 Biosynthesis of Nanoparticles by Fungi

Researchers paid attention in recent years that the novel field of nano-biosynthesis
of metal nanoparticles called “myconanotechnology.” This new field is at the inter-
ference of nanotechnology and mycology combination which is interesting as a new
applied science with a substantial potential due to the wide range of diversity of
fungi. The fungal systems have already been used for the biosynthesis of metal
nanoparticles of silver, gold, zirconium, silica, titanium, iron (magnetite), and plati-
num as well as ultrafine oxide nanoparticles, such as Sb,0; and TiO,. A generalized
flow chart for the biosynthesis of metallic nanoparticles is shown in Fig. 13.1.

As happens in all cells, microbial cells also need metal ions primerly as cofac-
tors. Metal/metal ions can interact with fungi in various ways and rely on the type
of metal, organism, and environment. They accomplish toxic effects in some ways,
like inhibiting the enzymes. Microorganisms have the ability to survive at high con-
centrations of toxic metals. The adaptation of fungi exposed to heavy metal ions has
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been examined to increase the tolerance of fungi. Therefore, microbial cells have
evolved the ability to manage proper metal-protein interactions (Tottey et al. 2005;
Kang et al. 2008; Anahid et al. 2011; Park et al. 2016). Microorganisms have diverse
mechanisms of developing nanoparticles. Silver nanoparticle synthesis was sug-
gested as a defensive mechanism of cells for silver. Ahmad et al. (2003) reported
that NADH-dependent enzymes are responsible for the biosynthesis of nanoparti-
cles. The reduction mechanism seems to be initiated by electron transfer from the
NADH by NADH-dependent reductase as electron carrier.

Two mechanisms have been suggested for heavy metal tolerance/detoxication in
fungi:

1. Extracellular (chelation and cell wall binding) separation
2. Intracellular physical separation of metal by binding to ligands (peptides or oth-
ers) to prevent them from metal sensitive cellular targets.

During the intracellular synthesis of gold nanoparticles (A), the gold metal ions
firstly bind on the fungal cell surface, through electrostatic interaction force which
is generated due to opposite charges present on the metal ion surface and fungal cell
surface. After that, absorbed metal ions are reduced by enzymes of the fungal cell
wall. This is the result of the positively charged groups of these enzymes and this
leads to the aggregation and formation of metal nanoparticles. In case of extracel-
lular synthesis of silver nanoparticles (B) due to the nitrate reductase presents in the
cell of fungi. This enzyme reduces the silver metal ions into silver nanoparticles.
This finally results to the formation of highly stable silver nanoparticles (Fig. 13.2)
(Khandel and Kumar 2016).

Biogenic synthesis of metal nanoparticles engages bioreduction of metal salts to
elemental metals. This might be stabilizing the organic molecules present in the
microorganisms such as fungi and bacteria. The other way of producing metal
nanoparticles is biosorption. In this way, metal ions in the aqueous medium are
stuck to the organisms’ cell wall surface (Siddiqi and Azamal 2016).

Extracellular mechanisms are mainly intimated in the avoidance of metal entry.
In this mechanism, different organic molecules, which do not belong to the cell wall
matrix, are excreted by the fungal cell to chelate metal ions. This binding is called
biosorption. In general, surface of the cell surface is negatively charged due to the
presence of several anionic structures, such as glucan and chitin. This feature gives
microorganisms the ability to bind metal cations (Anahid et al. 2011). Chelating
agents can be organic or inorganic compounds and capable to bind to metal ions to
forming complex ringlike structure called ‘“chelates.” Chelating agents have
“ligand”-binding atoms which form either two or one and one coordinate or two
coordinate covalent linkages in the case of bidentate chelates. Mainly, S, N, and O
atoms function as ligand atoms in the form of chemical groups like —SH, —S-S, —
NH,, =NH, —OH, —OPO;H, or >C=0. Bidentate or multidentate ligands form ring
structures that include the metal ion and the two ligand atoms attached to the metal
(Andersen 1999).

Siderophores are small, high-affinity iron-chelating compounds secreted by
microorganisms such as bacteria and fungi. It was reported that most fungi produce
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Fig. 13.2 Mechanism of intracellular and extracellular synthesis of gold (Au) and silver (Ag)
nanoparticles through fungi (Khandel and Kumar 2016)

hydroxamate-type siderophores, but there is only little information regarding the
production of catecholate-type compounds by fungi (Gadd 1999; Renshaw et al.
2002; Haselwandter and Winkelmann 2002). However, the output of catecholate-
type chelating compounds has recently been depicted in wood-rotting fungi (Arantes
and Milagres 2006). Whether these compounds are true or not is unknown, since
siderophores are debatable due to their role in iron transport (Renshaw et al. 2002).

The presence of unspecific metal-chelating compounds such as organic acids
was also examined in the fungal cultures as the low pH of the culture filtrates pro-
poses the production of these acids. Oxalic, citric, and succinic acids are common
metabolites produced by several mycorrhizal fungi. Their production is associated
with the solubilization of insoluble metal-containing compounds (Fomina et al.
2005). It is known that depending on the concentration of these organic acids, they
can react with CAS reagent in the same form as true siderophores and cause color
changes in the mixtures.

The biosynthesis of metal nanoparticles by the fungi has also been reported. In
the colorimetric examinations, the filtrate color changes from almost yellow to
brown. This is a clear indication of the silver nanoparticles production in the reac-
tion mixture (Juraifani and Ghazwani 2015). This result has also indicated that
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organic acids can play an important role in the transport and metabolism of metals
in some microorganisms (Carson et al. 1992; Machuca et al. 2007).

Chelating compounds was determined by the Schwyn and Neilands (1987) spec-
trophotometrically using the Chrome Azurol S (CAS) reagent containing Fe(III)
Absorbance at 630 nm after 1 h of incubation at room temperature. Percentages of
compounds were calculated by subtracting the sample absorbance from the refer-
ence; and values >10% were considered as positive. They also investigated and
developed the measurement in solid medium using the CAS agar-plate assay. This
also depended on the color during the incubation period.

Biosynthesis of metal nanoparticles involves in bioreduction of metal salts to
elemental metal. This might stabilize the organic compounds already present in the
microorganisms. Sneha et al. (2010) exhibited the gold or silver ions were first cap-
tured on the surface of the fungal cells via electrostatic interaction between the ions
and negatively charged cell wall from the carboxylate groups in the enzymes. This
condition clearly indicates that metal ions are first sticks on the surface or inside of
the microbial cells then reduced to nanoparticles in the presence of the related
enzymes (Benzerara et al. 2010; Li et al. 2011). The reduction process takes place
on the surface by the enzymes found in the cell wall (Mukherjee et al. 2001).
Microorganisms affect the NP formation in two distinctive ways. First way, they
could modify the composition of the solution in order that the solution becomes
more supersaturated than its previous phase. Second way, microbes could impact
the mineral formation through the organic polymers production (Benzerara et al.
2010; Liet al. 2011).

Some phenolic compounds such as naphthoquinone and anthraquinones show
excellent redox properties and can act as electron shuttle in silver reduction. Specific
extracellular enzymes act on a specific metal (Medentsev and Alimenko 1998; Bell
et al. 2003; Siddiqi and Azamal 2016). For instance, nitrate reductase is essential for
ferric ion reduction. Nitrate reductase system might be responsible for the bioreduc-
tion and formation of silver nanoparticles (Kumar et al. 2003). Similarly, a number
of studies with Fusarium oxysporum demonstrated that the reduction of silver ions
happens in the presence of a nitrate-dependent reductase and a shuttle quinone for
extracellular process (Durdn et al. 2005). These findings suggested that metal ion
reduction needs not only the enzyme but also an electron shuttle (Durén et al. 2005).

NADH and NADH-dependent nitrate reductases are important factors in the bio-
synthesis of metal NPs. This enzymes catalyze NAD(P)H reduction of nitrate to
nitrite. Eukaryotic assimilatory nitrate reductase (NR) catalyzes the following
reaction:

NO™ + NADH — NO? + NAD""OH~
AG = -34.2kcal / mol (~143kJ / mol); AE = 0.74V

Two forms of the enzyme, NAD(P)H-bispecific forms (EC 1.6.6.2) and NADPH-
specific forms (EC 1.6.6.3), are found in fungi. Campbell (1999) suggested that NR
could also contribute to iron reduction in vivo since it catalyzes NADH ferric citrate
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reduction. Fusarium oxysporum MT 811 is able to reduce nitrates and nitrites to N,.
Fungal NR is similar to the bacterial enzyme that contains copper in their active site.
The reduction of NO to N, is catalyzed by cytosolic and mitochondrial NORases
(cytochrome P450). Its synthesis is specifically induced by nitrate and nitrite but
repressed under aeration (Takaya et al. 1999).

Morozkina et al. (2005) reported that NRases from F. oxysporum mycelia grown
aerobically and anaerobically differ in molecular weight, activity in several mineral
sources of nitrogen, and optimum temperature. This shows that NRase probably
exists in two different forms which function under both aerobic and anaerobic con-
ditions. NRase of F. oxysporum grown is inhibited by ammonium ions under aero-
bic conditions. NRase from the anaerobically grown mycelium had low sensitivity
to ammonium ions. F. oxysporum has also been shown to produce cadmium sulfide
(CdS), lead sulfide (PbS), zinc sulfide (ZnS), and molybdenum sulfide (MoS)
nanoparticles, when the appropriate salt is added to the growth medium (Ahmad
et al. 2002).

When NR assay was carried out by the reaction of nitrite with
2,3-diaminonaphthalene, it could initiate NP formation by many fungi including
Penicillium species. However, the exact mechanism of the formation of nanoparti-
cles is yet to be elucidated. Some Aspergillus flavus proteins are responsible for
synthesis of silver nanoparticles. It was reported that the synthesis procedure takes
place in two steps. In the first one, reduction process of bulk silver ions into silver
nanoparticles occurs, and in the next step, synthesized nanoparticles are capped.
The protein-nanoparticle interactions could play very meaningful role such as pro-
viding stability to nanoparticles (Fig. 13.3) (Jain et al. 2011). However, this interac-
tion between protein and nanoparticles is still not completely understood.
Understanding the protein-nanoparticle interactions would lead us to form future
“nano-factories.”

Intracellular metal trafficking systems (IMTS) work to reduce the metal loading
in the cytosol. In the IMTS, metal transport proteins might involve in metal toler-
ance. This could be either by expelling toxic metal ions from the cytosol out or let-
ting the metals into vacuolar systems (Anahid et al. 2011). Some microorganisms
could accumulate and detoxify heavy metals owing to various reductase enzymes.
These enzymes are able to reduce metal salts to metal nanoparticles with a narrow
size and less polydispersity. The size of the NPs is related to their nucleating activi-
ties. In accordance to the location where nanoparticles are formed, they can be clas-
sified into intracellular and extracellular NPs (Mann 2001). Trichothecium sp.,
Verticillium luteoalbum, and Phoma sp. have been explored for intracellular gold
and silver nanoparticle synthesis. Vigneshwaran et al. (2007a, b) reported the accu-
mulation of silver nanoparticles on the surface of its cell wall in Aspergillus flavus.
The intracellular formation and accumulation of NPs are composed of transporting
metal ions into the microbial cell in the presence of enzymes (Zhang et al. 2011). An
intracellular synthesis of NPs needs additional steps such as ultrasound treatment or
usage of suitable detergents to release the synthesized nanoparticles (Babu and
Gunasekaran 2009; Das et al. 2014).
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Fig. 13.3 Mechanism showing the role of extracellular proteins in the synthesis of silver nanopar-
ticles (Jain et al. 2011)

Extracellular biosynthesis is cheap and it requires simpler processes. This favors
large-scale production of NPs to examine its potential applications. Because of this
possible advantage, many studies have been focussed on synthesis of metal nanopar-
ticles outside of the cells (Duran et al. 2005; Das et al. 2014).

13.4 Factors Affecting Biosynthesis of Metal Nanoparticles

Major parameters (include temperature, pH, the presence of specific enzymes, type
of biomass, exposure time to substrate, and the substrate concentration) affect the
physical and chemical characters of nanoparticles.
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pH is an important factor for shape of nanoparticles. Gericke and Pinches (2006)
demonstrated the change in the shape of NPs with the variation of pH. Similarly,
Davis and Ogden (1997) discovered that reduction of metal ions were highly
sensitive to pH. Dhillon et al. (2012) reported that the movement of ions and activity
of microbial biomass were controlled by variation in temperature. It could be also
suggested that temperature plays an important role on the growth of organism as
well as on metal uptake by the surrounding environment. In addition to temperature
and pH, concentration of metal ions and type of enzyme also influence the synthesis
of metal nanoparticles. The concentration of reactants decides the rate of reaction
and also affects the size and shape of the synthesized particles. According to the
study carried out by Gericke and Pinches (2006), synthesis of nanoparticles at dif-
ferent time intervals and their influence on synthesis process were also studied. It
was found that incubation time increases the shape and size of nanoparticles. It has
been also reported that with increase in the incubation time, the synthesis of
nanoparticles also increases (Khandel and Kumar 2016).

13.5 Characterization of Metal Nanoparticles

After the biosynthesis of metal nanoparticles, characterizations of the nanoparticles
are also an important step for the identification (size, shape, chemical composition,
surface area, and dispersity). For the characterization of nanomaterials, different
techniques are employed. These techniques are divided into two categories.

13.5.1 Determination of the Size, Shape, and Conformity
of the Nanoparticles Synthesized

This includes mainly X-ray Diffraction (XRD), both Scanning electron microscopy
(SEM), and Transmission electron microscopy (TEM), Dynamic light scattering
(DLS), and Atomic force microscopy (AFM) analysis.

13.5.2 Functional Group Identification of Synthesized
Nanoparticles

Involves in UV-visible spectroscopic analysis, energy dispersive spectroscopy
(EDS), and Fourier transforms infrared spectroscopy (FTIR) analysis techniques
(Khandel and Kumar 2016).
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Table 13.3 Application of fungus-mediated synthesis of metal nanoparticles

NPs Fungi Application
Ag Alternaria alternata Enhancement in antifungal activity of fluconazole
against Phoma glomerata and water quality
monitoring
Aspergillus clavatus Antimicrobial activity
A. niger Antibacterial activity. Wound healing activity
Aspergillus sp. Antimicrobial activity
Aspergillus tubingensis | 44% inhibition of Syncitial virus infection
Colletotrichum Antifungal activity
gloeosporioides
Fusarium acuminatum | Antibacterial activity
F. oxysporum Textile fabrics
F. solani Textile fabrics
Lecanicillium lecanii Textile fabrics
Macrophomina Antimicrobial properties against multidrug-
phaseolina resistant bacteria
Neurospora oryzae Only 1-10 nm nanoparticles attached to virus
restraining virus from attaching to host cells. HIV
Penicillium oxalicum Catalytic activity
Penicillium sp. Antibacterial activity against MDR E. coli and
S. Aureus
Phytophthora infestans | Antimicrobial activity
Pleurotus ostreatus Antimicrobial activity
Raffaelea sp. Antifungal activity
Trichoderma crassum Antimicrobial activity
T. viride Vegetable and fruit preservation
Au Aspergillus japonicus Catalytic activity
AJPOI
A. niger Toxic to mosquito larvae
Rhizopus oryzae Water hygiene management
Cds Saccharomyces pombe | Electric diode
F. oxysporum Live cell imaging and diagnostics
Carbon F. oxysporum Developed for glucose, ethanol, sulfides, and
nanotubes sequence-specific DNA analysis
Sensors
Carbon Phoma glomerata Establish a fast electron transfer from the active
nanotubes with site of the enzyme through the CNT to an
enzymes electrode, in many cases enhancing the

electrochemical activity of the biomolecules

Siddiqi and Husen (2016)
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13.6 Applications of Nanobioparticles in Fungi

Owing to their great properties, nanoparticles have significant application in many
fields such as cosmetics, catalysts, lubricants, fuel additives, paints, agrochemicals,
food packaging, textile engineering, electronics, optics, environmental sensing,
nanomedicine, drug and gene delivery agents, biodetection of pathogens, tumor
destruction via heating (hyperthermia), magnetic resonance imaging, and phagoki-
netic studies (Prasad et al. 2014, 2016, 2017; Aziz et al. 2016; Siddiqi and Azamal
2016). Fungus-mediated synthesis of metal nanoparticles is getting much attention
due to their extensive application in various sectors (Table 13.3).

13.7 Conclusion

The synthesis of functional nanoparticles by using microorganisms has taken a big
concern in recent years. Microorganisms could alter the oxidation state of the met-
als. These microbial processes provide us new opportunities to synthesize metal
nanomaterials biologically. On the contrary to chemical and physical methods,
microbic synthesis of nanomaterials can be achieved under optimal environmental
conditions in aquatic media. This approach became one of the sustainable develop-
ment tools for the green bionanotechnological researches.

The mechanism of the biosynthesis has not been clear yet, but we can easily say
that it is an enzyme-dependent occurrence for microorganisms. For this reason, we
need to determine and characterize the specific enzymes and enlighten the pathways
involved in these processes. It is strongly believed in that this area of science is very
promising for the future of medicine and other health sciences.
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