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Nanotechnology has rapidly developed as an important field of modern research, generating most
promising applications in electronics and medicine. It involves different approaches for the synthesis
and application of nanoparticles having dimension smaller than 100 nm. Nanoparticles are the
fundamental building blocks for preparing many nanostructured materials and devices. Therefore, there
is an enormous interest in developing safe, cost effective and ecofriendly techniques for synthesis of
nanoparticles. Biological synthesis has emerged as an attractive alternative to overcome the side
effects accompanied with physical and chemical methods of synthesis. This led to the development of
new branch of nanotechnology called “green nanotechnology” or ‘“nanobiotechnology” which
combines biological principles with physical and chemical procedures to generate eco-friendly nano-
sized particles with specific functions. Various biological entities could be employed for the
biosynthesis of nanoparticles including plant, algae, fungi, yeast, bacteria and viruses. Recently, much
attention has been given on exploring fungi as potent biofactories for synthesis of silver nanoparticles
since they possess numerous bioactive properties which find variety of applications in the field of
biomedicine. Its use in the form of effective antimicrobial agent and disinfectant is known since time
immemorial. The present chapter emphasize on the richness of endophytic fungal diversity and their
role in biosynthesis of silver nanoparticles. It gives detailed overview about the mechanism of
synthesis, characterization techniques involved in analysis of silver nanoparticles and biomedical
application of silver nanoparticles with special reference to their antimicrobial potential.
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INTRODUCTION

Nanotechnology has rapidly evolved as an important field electronics and medicine (Boisselier and Astruc, 2009).
of science as a result of its increasing applications in Specially, nanotechnology has limitless potential in
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Table 1. Changes in the properties of metals after reduction to the nanoscale level.

SIN Metals Properties at macroscale

Properties at nanoscale

Reference

1 Copper Opaque
2 Platinum Inert

3 Aluminium Stable
4 Silicon Insulator

Transparent Zong et al., 2005; Gao et al., 2003
Catalyst Luo et al., 2005; Tian et al., 2007
Combustible Shafirovich et al., 2006
Conductor Patel, 2008

biomedical applications, since our own biological system
is basically a complex of nano-machines. Nanotechnology
is the branch of research involving novel strategies for
the design, synthesis, manipulation and application of
particles with dimension smaller than 100 nm. These
particles are known as “nanoparticles”. Nanoparticles are
considered as essential building blocks for nano-
technology. They are the starting points for preparing
many nano-structured materials and devices. Because of
their extremely small size and high surface area to
volume ratio, hanoparticles possess certain extraordinary
physicochemical properties. These properties makes
them applicable in different sectors viz., electronics and
photonics, catalysis, information storage, chemical
sensing and imaging, environmental remediation, drug
delivery and biological labelling, thus enhancing their
commercial value (Prabhu and Poulose, 2012).

In the last decade, application of nanoparticles has
extensively increased leading to high demands for their
synthesis. Nanoparticles of a wide range of materials can
be prepared by a number of methods which are
categorized mainly in three groups: chemical, physical
and biological methods. Out of these biological methods
are the most promising ones for synthesis of
nanoparticles, since physical and chemical methods
usually involves the use of toxic radiations and chemicals
which has hazardous effects. This has led to the
emergence of a new field called “Nanobiotechnology” as
integration between biotechnology and nanotechnology
for developing biosynthetic and environment friendly
technology for synthesis of nanoparticles (Kalishwaralal
et al., 2008). It is commercially viable, clean and nontoxic
approach which involves the use of biological agent’s viz.
bacteria, fungi and plants for the synthesis of metal
nanoparticles. The use of fungi, particularly endophytic
fungi in the synthesis of nanoparticles is potentially
exciting since they secrete large amounts of enzymes
and are simpler to deal with in the laboratory (Singh et
al., 2013). Endophytic fungi are endosymbiont that live
within a plant for least part of their life without causing
apparent harm and are relatively unexplored potential
source of biosynthesized silver nanoparticles (Petrini,
1991). These nanoparticles have recently emerged up as
novel antimicrobial agents to overcome the outbreak of
the infectious diseases caused by different antibiotic
resistant pathogenic microorganisms (Kim et al., 2007).
Moreover silver is known to be a health additive in

traditional ayurvedic medicine. Biosynthesized silver
nanoparticles thus present an important source of various
therapeutic agents particularly antimicrobial agents. The
present book chapter gives a detailed description about
the mechanism of biosynthesis of silver nanoparticles by
using endophytic fungi.

NANOPARTICLES: “AS BUILDING BLOCKS OF
NANOTECHNOLOGY”

Nanoparticles are materials at nanoscale levels that is
they have dimensions between 1 and 100 nm. Recently,
they have attracted great scientific interest of researchers
as they bridge the gap between bulk materials and
atomic or molecular structures. Moreover they are the
basic components of many nanoengineered products
having varied applications (Saifuddin et al., 2009). At
present, different types of metal nanoparticles are being
produced using copper, zinc, titanium, magnesium, gold,
alginate and silver. These particles exhibit unique
properties at nanoscale of 1 to 100 nm. The changes in
properties are due to their very small sizes and large
surface area to volume ratio which leads to the
dominance of quantum effects. Several examples which
depict the difference in properties of metals at
macroscale and nanoscale are as described in Table 1.

Some of their extraordinary properties which make
them useful in various fields are as follows:

1. High tensile strength

2. Better thermal and electrical conductivity
3. Larger surface area to volume ratio

4. High reactivity

Metallic nanoparticles, including gold, silver, iron, zinc
and metal oxide nanoparticles, have shown great potential
in terms of biomedical applications (Bhattacharya and
Mukherjee, 2008; Hirst et al., 2009). This is so because
these particles not only possess large surface area to
volume ratio, but also exhibit different biomedical
activities. Several experiments have demonstrated
bioactive properties of metal nanoparticles Vviz.,
application of gold and cerium oxide nanoparticles for the
treatment of tumours and anti-inflammation respectively
(Muangman et al., 2009). In the present scenario silver
nanoparticles has gained more importance as compared



to any other metallic nanopatrticle since it finds significant
use in the field of medicine as therapeutic agents. It
possesses extraordinary antimicrobial and anti-
inflammatory properties which are useful for the
treatment of various diseases.

METHODS OF SYNTHESIS

As the nano-revolution unfolds synthesis of safe, reliable
and ecofriendly nanoparticles has become an important
component of the rapidly growing research efforts in
nanoscience and nanoengineering (Verma et al., 2010).
The nanoparticles of a wide range of materials can be
prepared by a number of methods which are categorized
mainly in three groups: Chemical, physical and biological
methods. These methods follow either of the two
approaches for synthesis, that is, top-down or bottom-up
approach. In top down approach the bulk materials are
mechanically grinded and the resulting nanosized
particles are stabilized by addition of colloidal stabilizing
agents. On the other hand bottom-up approach includes
the reduction of bulk metals by electrochemical methods
(Amulyavichus et al., 1998).

The physicochemical methods involved in production of
metal-based nanoparticles mainly include chemical
reduction, thermal treatment, irradiation and laser
ablation (Peterson et al., 2007; Tsuji et al., 2002; Sun and
Luo, 2005; Shao and Yao, 2006). But these methods are
usually associated with certain disadvantages such as
requirement of expensive equipments and the use of
toxic reducing agents like sodium borohydride and N,N
dimethylformamide which produce hazardous effects on
environment and health. Due to the drawbacks of
physicochemical methods and growing usability of
nanoparticles in biological systems especially as drug
delivery vehicles into the cellular world, the need to
prepare metal nanoparticles using nature friendly
biological methods is on the rise.

Biosynthetic approach involves the use of diverse
biological species including plant and plant products,
algae, fungi, yeast, bacteria and viruses for synthesis of
nanoparticles (Sunkar and Nachiyar, 2012). Various
reports have earlier advocated the production of intra-
cellular as well as extracellular biosynthesis of
nanoparticles by unicellular and multicellular organisms.
This led to the development of new branch of
nanotechnology called “green nanotechnology” or
“nanobiotechnology” which combines biological principles
with physical and chemical procedures to generate eco-
friendly nano-sized particles with specific functions.

BIOSYNTHESIS OF SILVER NANOPARTICLES

Recently biosynthesis of silver nanoparticles has received
increasing attention of the researchers to overcome the
drawbacks of physical and chemical methods of

Sandhu et al. 685

synthesis. Besides this the growing need of silver
nanoparticles in the biomedical field has led to the search
of biosynthetic methods for the generation of ecofriendly
silver naanoparticles. It has emerged as an intersection
between nanotechnology and biotechnology. First
evidence of biosynthesis was reported using
Pseudomonas stulzeri (Klaus et al., 1999) where the
nanoparticles were deposited on the cell membrane. This
study was followed by various other reports that
demonstrated the use of different microorganisms
including Bacillus licheniformis (Kalimuthu et al., 2008),
Lactobacillus strains (Nair and Pradeep, 2002), Bacillus
subtilis (Saifuddin et al., 2009), Fusarium oxysporium
(Ahmad, 2003) and Aspergillus fumigatus (Bhainsa and
D’Souza, 2006). The biological systems most commonly
used for this purpose are herbal extracts, microalgae,
fungi and bacteria. Biosynthetic methods come under the
bottom-up approach wherein the silver nanoparticles are
produced by reduction via, enzymes and other
metabolites secreted by the biological agents. The
experimental procedure for the synthesis of silver
nanoparticles is usually the same with just slight
differences depending upon the type of fungi being used
(Figure 1).

ENDOHYTIC FUNGI AS SOURCE OF SILVER

NANOPARTICLES

The increasing problem of antibiotic resistant microbes
has resulted in an urgent need for development of novel
antimicrobial agents. The use of silver nanoparticles has
emerged as most promising approach for overcoming
antibiotic resistance of microorganisms. It has been
known as effective antimicrobial agent since ancient
times (Klasen, 2000). Silver is advantageous over other
metals since it exhibits higher toxicity to broad spectrum
of microorganisms and lower toxicity to mammalian cells.
Silver ions are also known to be effective against a broad
range of antibiotic-resistant microorganisms (Sharma et
al., 2013). Their antimicrobial activity is due to higher
surface to volume ratio compared to common metallic
silver.

Silver nanoparticles show inhibitory effect over
microorganisms by various mechanisms. They enter
inside the microbial cells and disturb functions of cell
membranes such as permeability and respiration. Besides
this they inhibit enzyme functioning of the microbial cells
by interacting with sulphur containing proteins and
phosphorus-containing compounds such as DNA. Thus,
silver nanoparticles interrupt the respiratory chain and
cell division leading to cell death (Sondi and Sondi, 2004;
Song et al., 2006). Such complex action mechanisms of
silver decrease the probability of development of
microbial resistance against them.

A number of reports are available on the biological
synthesis of silver nanoparticles, but the potential of
endophytic fungi in this respect has not yet been
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Isolation of endophytic fungi from collected plant sample on Potato Dextrose Agar media

l(at 28+2°C for 72h)

Endophytic fungi then grown in Potato Dextrose Broth with agitation

l(at 28+2°C, 200 rpm, for 72hrs)

Mycelia separated by filtration and washed with Milli Q sterilized deionized water.

10 gm harvested wet fungal biomass transferred to 100 ml Milli Q water

l(at 284+2°C, 200 rpm for 72 hrs)

!

Intracellular Synthesis

Mixture is centrifuged at 3000g for 10 min

}

ImM AgNO3 added to the supernatant

Colour of the mixture changes to yellowish brown indicating the formation of silver nanoparticles.

}

Characterization of biosynthesised silver nanoparticles

I

Extracellular Synthesis

Fungal biomass removed by filtration

}

ImM AgNO3 added to the filtrate

(incubated at 28+2°C,200 rpm, for 72hrs)

Figure 1. General Methodology for biosynthesis of silver nanoparticles by using endophytic

fungi (Shukla and Sandhu 2017).

explored. These fungi lives inside the internal tissues of
plants and do not cause any side effects (Wilson, 2000).
Several researchers have reported endophytic fungal
flora as a source of various bioactive compounds with
potential activities but very few of them have used
endophytic fungi for biosynthesis of nanoparticles. In one
such study an endophytic fungus Pestaloptiopsis
pauciseta isolated from the leaves of Psidium guajava
Linn. was used for the extracellular synthesis of silver
nanoparticles (Vardhana and Kathiravan, 2015).

Similarly, biosynthesis of silver nanoparticles was
carried out by using endophytic fungi Aspergillus conicus,
Penicillium janthinellum and Phomosis sp. isolated from
Avicennia marina, Suaeda monica and Rhizophora

mucronata plant leaf. Thereafter, the antibacterial efficacy
of these silver nanoparticles was also examined
(Bharthidasan et al, 2012). Fungi possess some
advantages over bacteria in nanoparticles synthesis, as
most of the fungi are easy to handle, require simple
nutrients, possess high wall-binding capacity, as well as
intracellular metal uptake capabilities (Dias et al., 2002;
Sanghi and Verma, 2009). Compared to bacterial broth,
fungal broth can be easily filtered by filter press thus
saving considerable investment costs for specialized
equipment which may be needed for other methods. As a
result, for large-scale production of nanoparticles fungi is
preferred over other biological systems. Moreover the
use of fungi is potentially exciting since they secrete large
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Figure 2. Colour change of reaction mixture from transparent to brown,
indicating the biosynthesis of silver nanoparticles after incubation

(Shukla and Sandhu 2017).

amounts of enzymes and are simpler to deal with in the
laboratory. The initial confirmation for the synthesis of
silver nanoparticles is done by observing a colour change
in the reaction mixture from pale yellow to brown. Rahi
and Parmar (2014) confirmed the presence of silver
nanoparticles when 10 g of Penicillium species biomass
was exposed to 1 mM silver nitrate solution. The colour of
the reaction mixture changed from transparent to brown
after incubation at 28+2°C for 3 days under shaking
condition. The fungus used for the experiment was
isolated from Aloe roots. Similarly, three endophytic fungi
namely, Aspergillus tamarii PFL2, Aspergillus niger PFR6
and Penicllium ochrochloron PFR8 isolated from an
ethno-medicinal plant Potentilla fulgens L. were used for
the biosynthesis of silver nanoparticles (Devi and Joshi,
2015).

Figure 2 clearly depicts that colour of the reaction
mixture containing mycelia free water extract and 1 mM
silver nitrate turns to yellowish brown due to the reduction
of silver nitrate by certain reducing agents released in the
water by the respective fungus. On the other hand there
is no change in the colour of the control flask containing
mixture of sterile distil water and 1 mM silver nitrate
indicating no reduction of silver nitrate.

Thus, several experimental results (Table 2) suggest
that endophytic fungi are potential bio factories for the
synthesis of antimicrobial silver nanoparticles.

Diversity of endophytic fungi and their functional
roles

Endophytic fungi are those microorganisms that resides
inside plants especially leaves, stems, roots without

causing apparent harm to host (Azevedo et al., 2000).
They are found to inhabit almost all classes of vascular
plants and grasses examined to date (Zhang et al.,
2006). Besides fungi, different groups of organisms such
as bacteria, actinomycetes and mycoplasma are reported
as endophytes of plants (Bandara et al., 2006). Their
existence has been known for over one hundred years.
The word endophyte is derived from Greek word ‘endon’
meaning within, and ‘phyton’ meaning plant. The
research on endophytic fungi and their huge diversity
among plants has a long history. Recently it has been
reported that each plant harbour one or more endophytic
fungi (Verma et al., 2007; Kharwar et al., 2008). These
endophytic fungi are an outstanding source of secondary
metabolites which possess variety of bioactive potential.
They have received considerable attention in last 20
years for their capacity to protect against deadly
pathogens. Besides this much interest has been taken by
Botanists to carry out research into the plant endophyte
relation.

Host endophyte relationship

It is clear from some recent studies that endophytes are
not host specific. One endophyte can invade number of
host plants. Endophytic fungi isolated from different
plants grow under different conditions and belongs to
different families belongs to different families (Petrini,
1986). It has also been suggested through some
research works that different strains of the same fungus
isolated from different parts of the same host differ in
their ability to utilize different substances. Therefore the
host endophyte relationship is variable for different hosts
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Table 2. Silver nanoparticles synthesized by different endophytic fungi.

S/N  Host plant name Endophytic fungi Size Activity Reference
1 Gloriosa superba L. ]{*'t?‘ma”a solani GS1, P. 5-20 nm Antimicrobial Lamabam et al., 2014
uniculosum GS2 5-10 nm
2 Phellodendron amurense Epicoccum nigrum - Antifungal Qian et al., 2013
3 Leaves of the C. asiatica L.  Aspergillus niger 10-50 nm Antibacterial Netala et al.,2015
4  Azadirachta indica Aspergillus clavatus 10-25 nm Antimicrobial Verma et al., 2010
5 Centella asiatica Penicillium sp. 100 nm Antibacterial Nameirakpam et al., 2012
6 Syzygium cumini Pestalotia sp 10-40 nm Antibacterial Rahman et al., 2011
7 Phoenix dactylifera Amylomyces rouxii 5-27 nm Antimicrobial Mussarat et al., 2010
8 Curcuma longa Penicillium sp. 25-30 nm Antibacterial Singh et al., 2014
9 Justicia beddomei Aspergillus sp - Antimicrobial Devi et al., 2015
10 R. dumetorium Penicillium nodositatum - Antibacterial Hullikere et al., 2014
11 Aloe vera root Penicillium species 16.1-39.6 nm  Antibacterial Rahi and Parmar, 2014
12  Phoenix dactylifera Aspergillusterreus 5-30 nm Antimicrobial Abeer et al., 2013
Avicennia marina, Suaeda  Aspergillus conicus, 6-2 mm .
13  monica and Rhizophora Penicillium janthinellum 8-14 mm Antibacterial Bharathidasan and
mucronata plant leaf and Phomosis sp. 10-16 mm Panneerselvam, 2012
14 Rhizophora Aspergillus terreus 100 nm Antll-.dermatophytlc Rathana et al., 2013
annamalayanna activity
15 Cannabis sativa Aspergillus fumigatus - Antibacterial Bala et al.,2013
16 Garcinia xanthochyumus GX2 13-35 nm Antibacterial gg;l?far and Nachiyar,
17  Potentilla fulgens L. grsyftosporlopas ericae 55+3.1nm Antimicrobial Devi and Joshi, 2014
18 Withania sominnifera Fusarium sp. 12-20 nm Antibacterial Singh et. al., 2015

and endophyte.

Fungal endophyte diversity

Most of the plants in natural ecosystems are symbiotic
with fungal endophytes (Petrini, 1986). These fungal
endophytes have intense effects on plant ecology,
fitness, and evolution. They also have strong effects on
the community structure and diversity of associated
organisms for example bacteria, nematodes and insects.
Fossil records indicates that endophytic fungi plants have
been associated with plants (Krings et al., 2007) since
hundreds of years, thus playing a long and important role
in driving the evolution of life on land. Endophytic fungi
grow within roots, stems and/or leaves of the host plant
and sporulate at host-tissue senescence (Stone et al.,
2004).

Two major groups of endophytic fungi have been
recognized viz., the clavicipitaceous endophytes (C-
endophytes) and the nonclavicipitaceous endophytes
(NC-endophytes). C-endophytes infects some grasses
and can be recovered from the same, while the NC-
endophytes can be recovered from asymptomatic tissues
of nonvascular plants, ferns, allies, conifers, and
angiosperms.

C-endophytes also known as Class 1 endophytes are
fastidious in culture and limited to some cool- and warm-
season grasses. They represent a small number of
phylogenetically  related  clavicipitaceous  species
(Bischoff and White, 2005). Usually these endophytes
form systemic intercellular infections within plant shoots.
Three types of clavicipitaceous endophytes have been
recognized viz., symptomatic and pathogenic species
(Type 1), mixed interaction (Type Il) and asymptomatic
endophytes (Type IlI).

Class | endophytes are transmitted vertically, when
maternal plants pass them on to offspring via seed
infections. The potential of these fungi varies depending
upon the host species, host genotype and environmental
conditions (Faeth et al., 2006).

Class 2 endophytes have quite limited diversity in
individual host plants. Most of their species are members
of the Dikarya (Ascomycota or Basidiomycota). They
confer habitat specific stress tolerance to host plants
(Rodriguez et al.,, 2008). According to a proposed
hypothesis, Clavicipitaceous endophytes are defensive
mutualists of host grasses and this hypothesis is widely
accepted and followed by number of researchers
(Koulman et al., 2007).

Class 3 endophytes on the other hand are transmitted
horizontally and distinguished on the basis of their



occurrence. They usually occur in vascular, nonvascular
plants, woody and herbaceous angiosperms in tropical
forest and antarctic communities (Davis and Shaw,
2008). They are present in great diversity within individual
host plant. Individual leaves may harbor number of
species at the rate of one isolate per 2 mm of leaf tissue.
Therefore hundreds of different endophytic fungi are
associated with single host plant.

Class 4 endophytes are mainly found in plant roots and
have darkly melanized septa. They form structures like
inter and intracellular hyphae and microsclerotia in the
roots and are generally Ascomycetous fungi. They
harbour usually nonmycorrhizal host plants particularly
belonging to antarctic, arctic, alpine, sub-alpine,
temperate zones and tropical ecosystems.

Isolation of endophytic fungi

Various methods are available in literature for isolation of
endophytic fungi from their host plant. Most commonly
used method involves dipping of tissues in 70% alcohol
for few seconds or in 0.5 to 3.5% sodium hypochlorite for
1 to 2 min followed by rinsing in sterile double distilled
water. These tissue pieces are then plated on a nutrient
medium for isolation of endophytic fungi (Maheshwari,
2006) in another method surface sterilization of plant
tissues is performed by dipping sequentially in 70%
ethanol (1-3 min), 4% sodium hypochloride (3-5 min),
70% ethanol (2-10 s) and finally rinsing with double
distilled water (Verma et al., 2007). The tissue pieces are
air dried inside the laminar air flow and then place on
potato dextrose agar media plates containing 50 mg/I
chloramphenicol to suppress bacterial growth (Kharwar et
al., 2008). The tissues are cut into pieces of specific
diameter with the help of sterile knife blade (Strobel and
Daisy, 2003). Plates containing tissue pieces are kept in
incubator at temperature of about 25 to 30°C for fungal
growth. Suitable media for isolation of endophytic fungi
are water agar, potato dextrose agar, yeast extract agar,
Rose bengal chloramphenicol agar, Luria bertani agar,
humic acid vitamin agar.

Bioactive compounds from endophytic fungi

Endophytic fungi have been the source of several
important compounds possessing potential bioactivities.
In 1993, a novel anticancer compound taxol was
produced from fungus Taxomyces andreanae, isolated
from the yew Taxus brevifolia (Huang et al., 2008). In the
same way anti-inflammatory compounds pestacin and
isopestacin were isolated from Pestalotiopsis microspora
of the plant Terminalia morobensis (Strobel et al., 2002).
An antimicrobial compound clavatol was obtained from
endophytic fungi Aspergillus clavatonanicus isolated from
Torreya mairei (Verma et al, 2009). Two novel
compounds cytonic acid A and B have been isolated from
the endophytic fungus Cytonaema sp. These compounds
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show antiviral property by inhibiting human
cytomegalovirus (hCMV) and protease (Guo et al., 2000).

Many more such compounds from endophytic fungi
have been isolated, purified and characterized by various
researchers.

THE MECHANISM OF SILVER NANOPARTICLE
PRODUCTION USING ENDOPHYTIC FUNGI

Synthesis of nanoparticles using biological entities has
attracted much attention in the last decade because of
different unusual properties possessed by nanoparticles
viz., optical, chemical, photoelectrochemical and
electronic properties (Krolikowska et al., 2003; Kumar et
al., 2003; Chandrasekharan and Kamat, 2000). Although
the exact mechanism of nanoparticle biosynthesis is not
yet clearly defined but several hypothesis have been
proposed by many research scientists. According to
Mehra and Winge (1991) certain fungi have the ability of
producing extracellular metabolites and enzymes when
exposed to such environmental stresses like toxic
materials (such as metallic ions), predators and
temperature variations. These secreted materials serve
as agents for the survival of the respective fungus and
reduces silver ions present in its vicinity to nanosized
particles. Therefore, for the biosynthesis of metal
nanoparticles by a fungus, the fungus mycelium is
exposed to the metal salt solution. This solution creates
osmotic stress conditions for the fungus and prompts it to
produce enzymes and metabolites for its own survival.
These extracellular enzyme and metabolites of the
fungus then catalyzes the reduction of toxic metal ions to
the non-toxic metallic solid nanoparticles. Thus,
biosynthesis of nanoparticles by fungi is a two-step
mechanism which is as follows (Figure 3):

Step I: Involves trapping of metal ions in close vicinity of
the fungal cells;
Step II: Enzymes secreted by the cell reduce silver ions.

Besides these extracellular enzymes, several
naphthoquinones and anthraquinones with excellent
redox properties have been reported in some fungi that
could act as electron shuttle in metal reductions. The size
of nanoparticles and their rate of synthesis can be
controlled by manipulating parameters such as pH,
temperature, substrate concentration and exposure time
to substrate (Gericke and Pinches, 2006).

CHARACTERIZATION TECHNIQUES INVOLVED IN
THE ANALYSIS OF BIOSYNTHESISED SILVER
NANOPARTICLES

After preliminary confirmation of the formation of silver
nanoparticles by observing colour change of reaction
mixture from pale white to yellowish brown, several
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Endophytic fungi .:.

Extracellular Metabolites
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Nitrate reductase e =
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Figure 3. Schematic diagram of mechanism of silver nanoparticle synthesis by endophytic fungi

(Kalimuthu et al., 2008).

characterization techniques are applied to further confirm
the presence of silver nanoparticles in the solution
(Sunkar and Nachiyar, 2012). It is the most important part
of biosynthesis of silver nanoparticles because it not only
reveals information about the size and shape of silver
nanoparticles formed, but also describes about the
presence of any biomolecules associated with these
particles. Some of the most commonly used techniques
for characterization of nanoparticles are as follows:

UV-visible spectroscopic analysis

This technique confirms the presence of silver
nanoparticles by measuring the absorbance of bioreduced
solution at wavelengths between 200 and 800 nm. It is a
well known fact that exposure of silver nanoparticles
(brown solution containing reduced silver nitrate in water
extracts of fungi) to light leads to electron dipolar
oscillation and appearance of a strong absorption peak at
the wavelength range from 390 and 420 nm whereas no
absorption peak is observed at this wavelength range in
the control (pale white solution containing silver nitrate in
deionized Milli-Q water). This confirms the reduction of
silver nitrate in water extracts of endophytic fungi
(Kleemann, 1993). Many researchers have used this
technique for the analysis of biosynthesised silver
nanopatrticles.

Biosynthesis of silver nanoparticles using A. conicus,
Penicillium janthinellum and Phomosis was monitored in
the UV-Vis spectrophotometer by Bhartathidasan et al.
(2012). The UV-Vis spectra recorded after 24, 48 and 72
and 96 h incubation showed strong peak at 420 nm
indicating the presence of silver nanoparticles.

The reaction mixture containing fungal cell filtrate of
endophytic fungus Pestalotia sp. after treatment with
aqueous silver ions when subjected to optical analysis

using UV-Vis spectrophotometer showed a sharp peak at
415 nm which lies in the characteristic wavelength range
(390 to 420 nm) for silver nanoparticle (Rehman et al.,
2011).

Verma et al. (2010) also reported the formation of silver
nanoparticles by A. clavatus isolated from the stem of
Azaidrecta indica. This was confirmed with the UV
spectroscopic study of the colloidal silver nanoparticle
solution, which showed strong absorption peak at 415 nm
in comparison with the aqueous silver nitrate (AgNOs
solution.

Similarly, the mycelia free filtrates of three endophytic
fungal isolates namely, Aspergillus tamarii PFL2,
Aspergillus niger PFR6 and Penicllium ochrochloron
PFR8 were analysed via, UV-Visible spectrophometer.
These samples gave strong absorption peaks at 419, 430
and 430 nm respectively, thus indicating the presence of
reduced silver nanoparticles in them (Devi et al., 2015).

Electron microscopic analysis

The size and shape of nanopatrticles are important factors
which are responsible for their function. These factors
vary with the type of microorganism used, temperature
and pH of the medium etc. Therefore, considerable
varieties of nanoparticles are produced by different fungal
species. Electron microscopy plays an important role in
measuring the size and determining the shape of
nanoparticles. It is done by applying scanning electron
microscopy or transmission electron microscopy. Several
reports have been generated regarding the size of
nanoparticles by microscopic techniques. Scanning
electron microscope analysis was used to measure the
size of silver nanoparticles synthesized by fungi A.
conicus, P. Janthinellum and Phomosis. In this analysis
the size of nanoparticles was found to be 80 and 120 ym



(Bharathidasan and Panneerselvam, 2012). In the same
way oval shape of the silver nanopatrticles synthesized by
endophytic fungus Penicillium sp. was confirmed by
scanning electron microscopy (Devi et al., 2012).

According to Musarrat et al. (2010) the Transmission
Electron Microscopic image of silver nanoparticles
synthesised by endophytic fungus Amylomyces rouxii
strain KSU-09 showed variable, but predominantly
spherical nanoparticles. The average size determined
was 20 and 14 nm. Similarly, TEM analysis finally
confirmed the synthesis of spherical and polydispersive
silver nanoparticles in the reaction mixture containing the
endophytic fungus Pestalotia sp. The particles were in
the range of 10 to 40 nm with average diameter of 12.40
nm (Raheman et al., 2011). Likewise the average particle
size of silver nanoparticles synthesised by endophytic
fungi A. tamarii PFL2, A. niger PFR6 and P. ochrochloron
PFR8 was determined to be 3.5 +3.3,8.7+x6 and 7.7
4.3 nm, respectively by using Transmission Electron
Microscope (Devi et al., 2015).

Recently, silver nanoparticles synthesized by
endophytic fungus A. tenuissima PGL#71 were analyzed
via, transmission electron microscope. These particles
were found to be spherical and polydispersed ranging
from 2 to 20 nm in size (Shukla and Sandhu, 2017).

X-Ray diffraction analysis

Silver nanoparticles coalesce to form large aggregates
after long time of incubation period (over 70 h). These
aggregates possess well defined morphologies and are
responsible for the crystalline nature of silver nanoparticle
which is further confirmed by X-Ray Diffraction analysis
(XRD). The crystalline nature of the silver nanoparticles
formed by endophytic fungi A. clavatus was observed by
XRD analysis (Verma et al., 2010). Peaks were obtained
at 38.06° (111) and 44.1392° (200) corresponding to the
diffraction facets of silver and indicating that the
precipitate is composed of pure crystalline silver.
Similarly, Devi et al. (2012) performed the XRD
analysis of silver nanoparticles synthesised by the
endophytic fungus Penicilium sp. The XRD patterns
revealed that silver nanoparticles were not well
crystallized and the crystalline peak corresponds to cubic
shapes of particles with an average grain size of 32 nm.

FTIR analysis

This technique gives detailed information about the
molecules associated with the silver nanoparticles which
are responsible for their formation and stability. It reveals
the molecular structures and chemical bonds of these
molecules which are probably secreted by the fungus
involved in the biosynthesis of nanopatrticles.

FTIR spectrum revealed that the silver nanoparticles
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synthesized from endophytic fungus Pestalotia sp.
showed the presence of peak at 1651.4, 1542, 1387 and
1057 cm™. The bands at 1651.4 and 1542.4 corresponds
to the bonding vibrations of the amide | and amide I
bands of proteins while the bands obtained at 1387 and
1057 cm™ are due to presence of C-N stretching
vibrations of aromatic and aliphatic amines (Raheman et
al., 2011). These results resembles with the findings of
Gole et al. (2001) who reported that proteins can bind to
nanoparticles either through free amine groups or cystein
residues or through the electrostatic attraction of
negatively charged carboxylate groups in enzymes
present in cell-wall of mycelia. FTIR spectroscopy has
confirmed that amino acid residues and peptides of
proteins has the stronger ability to bind with metal, so that
the proteins could most possibly form a coat covering the
metal nanoparticles, that is, capping of silver
nanoparticles to prevent agglomeration of the particles
and stabilizing in the medium (Basavaraja et al., 2008).

SILVER NANOPARTICLES: “IN CLINICAL MEDICINE”

Over the past decade, silver has been used for the
treatment of a variety of diseases viz., epilepsy, venereal
infections, acnes and leg ulcers. Besides this the use of
silver foil for improved healing of surgical wounds and
reduced post-operative infections has been practised
since ancient times. While pencils containing silver nitrate
mitigated with potassium nitrate were used for wart
removal and ulcer debridement (Klasen, 2000). Though
these approaches were useful but they have been shown
to be very impractical to use on large wounds or for
extended time periods due to instability.

These drawbacks were overcome with the advancement
of nanotechnology. It has enabled the application of pure
silver in the form of silver nanoparticles in medical
practice. The efficacy of silver nanoparticles depends
upon their size, shape and composition. Therefore
extensive research is going on synthesizing and
characterizing silver nanoparticles. The application of
nanosilver can be broadly divided into diagnostic and
therapeutic uses.

Nanosilver in diagnosis and imaging

Early diagnosis of any disease plays an important role in
the early treatment of the same. Surface-enhanced
Raman spectroscopy (SERS) has emerged as a powerful
analytical tool for the diagnosis of respiratory infections. It
utilizes metallic nanostructures particularly silver nanorods
to enhance the vibrational spectra of molecules adsorbed
to the surface that extends the possibilities of vibrational
spectroscopy. SERS therefore differs from standard
Raman scattering. Recently four strains of respiratory
syncytial virus (RSV) were readily detected at very low
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detection limits by using SERS composed of silver
nanorods (Shanmukh et al., 2008).

In another study, Au-Ag nanorods were used in
detection of cancer. It behaves as a nanoplatform for
multivalent binding by multiple aptamers, and helps in
cancer cell recognition. The molecular assembly of
aptamers on the nanorods was shown to lead to a 26-fold
higher affinity than the original aptamer probes (Huang et
al., 2008). Thus, these nanorods exhibit most promising
results in terms of for cell studies, disease diagnosis, and
therapy.

Nanoparticles in therapeutics
Anti-inflammatory properties of silver nanoparticles

Along with excellent anti-bacterial properties, the silver
nanoparticles also have anti-inflammatory properties.
Several reports on burn cases reveals that significantly
lower levels of the pro-inflammatory cytokine IL-6 are
found in animals treated with silver nanparticles using
guantitative real-time RT-PCR. On the other hand mRNA
levels of IL-10, an anti-inflammatory cytokine, remains
higher in the silver nanopatrticles treated cells (Wong et
al., 2009). Likewise findings of Nadworny et al. (2008)
and Bhol and Schechter (2007) clearly confirms that
silver nanoparticles had direct anti-inflammatory effects
and improved the healing process significantly when
compared with controls.

Wound dressing

The use of silver in wound dressings (Fong and Wood,
2006) has been documented in several researches.
Acticoat®, made up of two layers of polyamide ester
membranes covered with nanocrystalline silver ions, is
the first commercial dressing. Various in vitro studies
reveals that Acticoat® has lowest MIC and MBC values,
and possesses the fastest Kill kinetics against the five
bacteria. Further, the sustained release of silver particles
minimizes the likelihood of bacteria developing resistance
to silver. In a clinical trial including 30 burnt it was found
that the frequency of burn wound sepsis, as well as
secondary bacteraemia was lower in patients with treated
with silver nanoparticles (Tredget et al., 1998). According
to Sibbald et al. (2007) the use of silver nanoparticles
dressing on a variety of chronic non-healing wounds has
a beneficial effect of protecting the wound site from
bacterial contamination. Similarly, Liu et al. (2010) proved
that silver nanoparticles could promote wound healing
through facilitating the proliferation and migration of
keratinocyte.

Silver-impregnated catheters

Central venous catheters: Central venous catheters

(CVC) are widely used in infective complications such as
bloodstream infections at around 80000 cases annually
(Mermel, 2000). Recently, silver-impregnated catheters
have been developed for clinical use, on which silver ions
are bonded with an inert ceramic zeolite. On comparing
these silver-impregnated catheters with standard
catheters in terms of incidence of catheter-related blood
stream infections, it was shown that overall colonization
rate was significantly lower in the silver-impregnated CVC
tips.

Vascular prosthesis: Recently, the use of the InterGard
Silver® bifurcated polyester graft coated with collagen
and silver has been shown to achieve excellent patency
rates over a long-term period with a low rate of graft
infection (Ricco, 2006).

Ventricular drainage catheters: It is a commonly used
procedure in intensive care patients for the management
of acute occlusive hydrocephalus. The use of silver-
impregnated ventricular catheters have resulted in an
increased clinical efficacy in the treatment of neurological
and neurosurgical patients requiring external CSF
drainage. Furthermore, aseptic meningitis due to
inflammation was not seen in patients with the silver-
impregnated biomedical material (Galiano et al., 2008).

Silver in orthopaedics

Recently, bone cement loaded with nanosilver (Alt et al.,
2004a) has shown high antibacterial activity against
methicillin-resistant Staphylococcus aureus (MRSA). On
the other hand these nanoparticles were not found to be
cytotoxic against osteoblasts grown in vitro. It is clear
from the above study that silver nanoparticles could play
a critical role in orthopaedics.

Surgical mesh

Surgical meshes are commonly used for bridging large
wounds, as well as acting as reinforcements to tissue
repair. The use of silver nanoparticles polypropylene
mesh has been studied recently. In a study it was found
that silver nanoparticles polypropylene mesh had
significant bactericidal efficacy against S. aureus.
Furthermore, it was shown that silver nanoparticles could
continue to diffuse off the mesh and had sustained
activity (Cohen et al., 2007). These results clearly warrant
that silver nanoparticles-coated polypropylene mesh can
decrease the prosthetic infection rate and the host
inflammatory response in the clinical setting.

Future therapeutic directions
Antiviral drug

The antiviral properties of metal nanoparticles are of



significant medicinal interest. According to a study (Sun
et al., 2005), it was found that silver nanoparticles not
only possess anti-retrovirus activities but also inhibit HIV-
1 replication. Further, these nanoparticles did not show
acute cytotoxicity to either the Hut/CCR5 cells or to
normal peripheral blood mononuclear cells.

Anti-platelet agent

According to Shrivastava et al. (2009) silver nanoparticles
are effective in treatment of thrombotic disorders by
causing inhibition of platelet functional responses like
aggregation, secretion, adhesion etc. A similar study
exhibited anti-platelet properties of silver nanoparticles
wherein significant inhibition of platelet functions was
observed via, in vivo mouse models.

Effects on stem cells

The epidermal stem cells, which reside in the dermal
layer in the skin, play the most important roles for
repairing the epidermis, regenerating hair and maintaining
tissue homeostasis after injury. In recent years, many
scientists have found that proliferation of epidermal stem
cells in skin is promoted by silver nanoparticles at low
concentrations (Ito et al., 2007). However the exact
mechanism behind this theory is yet to be explored.

SILVER  NANOPARTICLES AS THERAPEUTIC
AGENTS WITH SPECIAL REFERENCE TO THEIR
ANTIMICROBIAL POTENTIAL

Silver has been used in the field of medical sciences
since ancient time. This precious metal was known
mainly as an effective antimicrobial agent and
disinfectant with no side effects (San Chan et al., 2012).
But since 1990's, it has been used as an alternative
medicine for treatment of various diseases (Fung and
Bowen, 1996). It is usually consumed in the form of
metallic silver and silver sulfadiazine for the treatment.
However, with the development of modern antibiotics the
use of silver agents in the field of medicine was restricted
mainly to topical silver sulfadiazine cream (Shrivastava et
al., 2007; Su et al., 2010). Silver returned to prominence
recently due to the emergence of antibiotic-resistant
microorganisms as a result of the overuse of antibiotics
(Madhumathi et al., 2010).

In the form of nanoparticles silver has attracted much
attention of researchers towards itself. The diameter of
silver nanopatrticles is generally smaller than 100 nm and
contains 20 to 15000 silver atoms (Lok et al., 2007). At
such small sizes they exhibit remarkably unusual
physicochemical and biological properties (Yen et al.,
2009). These properties make them exclusively applicable
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in the field of medical science. Silver nanoparticles
possess large surface area to contact with the target cells
and hence induce increased effects on them. Besides
this their nanosize provides them high penetration
potential into the target cell (Prabhu and Poulose, 2012).
Inspite of so many therapeutic properties the antimicrobial
nature of silver nanoparticles is the most exploited one
followed by anti-inflammatory nature.

Antimicrobial properties

The silver nanoparticles are found to be effective against
both aerobic and anaerobic microorganisms. They
usually do so by precipitating cellular proteins and by
blocking the microbial respiratory chain system (Leaper,
2006; Barreiro et al., 2007; Gravante et al., 2009). Before
the advent of silver nanoparticles, silver nitrate was an
effective antibacterial agent used clinically (Monteiro et
al., 2009; Chen et al., 2008). With the advancement of
nanotechnology, the interest in the use of the anti-
microbial efficiency of silver nanoparticles has increased
as compared to silver compounds (Lok et al., 2007). This
has raised the demand for the development of
sustainable and ecofriendly methods for the synthesis of
silver nanoparticles on large scale. Biosynthetic
approaches utilizing endophytic fungi have come up as a
promising method leading to the green synthesis of silver
nanparticles. Rathna et al. (2013) isolated endophytic
fungus Aspergillus terreus and examined the anti-
dermatophytic activity of the silver nanoparticles
synthesised by it. The activity was tested against three
dermatophytes namely, T. rubrum, E. floccosum and T.
mentagrophytes by well diffusion method at different
concentration levels. The synthesised silver nanoparticles
exhibited maximum activity against E. floccosum followed
by T. rubrum and T. mentagrophytes.

Similarly, Rahi and Parmar (2014) evaluated the
antibacterial efficacy of silver nanoparticles synthesised
by Penicillium species isolated from Aloe vera roots. 15 pl
of silver nanoparticles was found to be active against
bacterial pathogens viz, Escherichia coli, Methicillin
resistant S. aureus (MRSA), Pseudomonas aeruginosa
and S. aureus. In a recent study antibacterial activity of
silver nanoparticles synthesised by the endophytic fungus
Fusarium sp. isolated from healthy leaves of Withania
sominnifera (Ashwagandha) was examined. Maximum
zone of inhibition of 26, 26 and 28 mm respectively at 60
pl concentrations of silver nanopatrticles against E. coli, S.
typhi and S. aureus was observed (Singh et al., 2015). In
the same way Shukla and Sandhu (2017) examined the
antimicrobial activity of silver nanoparticles synthesized
by endophytic fungal isolate A. tenuissima PGL#71.
Maximum zone of inhibition was observed against E. coli
MTCC#82 (32+0.82 mm), followed by Bacillus subtilis
MTCC#441 (28+0.41 mm) and Salmonella typhimurium
MTCC#3904 (28+0.28 mm). On the other hand highest
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Figure 4. Mechanism of action of silver nanoparticles ((Prabhu and Poulose, 2012).

antifungal activity was obtained against Candida albicans
MML#25 (18+0.25 mm) followed by Candida kruezi
MML#10 (10£0.23 mm) and Candida glabrata MML#32
(6.63+0.22 mm).

Possible mechanisms of action of silver nanoparticles

1. Because of their extremely large surface area silver
nanoparticles get attached to the microbial cell wall and
subsequently penetrate it after causing structural
changes which leads to cell lysis (Rai et al., 2009).

2. Silver nanoparticles bind to the sulphur and
phosphorous containing bases of the DNA of
microorganisms  perhaps inhibiting their function
(Matsumura et al., 2003).

3. They release silver ions which interact with the thiol
groups of many vital respiratory enzymes and inactivates
them resulting in microbial cell death (Sondi and Sondi,
2004).

4. They get accumulated inside the microbial cells and
have a sustained release of Ag" inside the cells which
may create free radicals and induce oxidative stress, thus

further enhancing their killing activity (Song et al., 2006)
(Figure 4).

Other therapeutic properties

1. Silver nanoparticles causes reduction in the activity of
local matrix metalloproteinase (MMP) thus reducing the
inflammation (Kirsner et al., 2001).

2. They are used in article joint replacements as bone
cements along with polymethyl methacrylate. (Alt et al.,
2004b).

3. Due to their unique size and shape nano silver is used
as biosensors for the detection of various diseases which
could not be detected by normal biosensors (Zhou et al.,
2011).

4. Silver nanoparticles act as excellent bioimaging
materials because of their plasmonic properties (Lee et
al., 2007).

5. They are used in wound dressings and are known to
speed up the healing process as a result of their better
effect on bacteria and easy penetration into the body
fluids in wound dressing (Burrell et al., 1995).



6. Silver nanoparticles have ample of applications in the
field of medical science viz., in drug delivery, silver-
impregnated central venous catheters, silver-impregnated
ventricular drainage catheters, orthopaedics, surgical
mesh, antiviral drug and anti-platelet agents

CONCLUSION

Silver nanoparticles are undoubtedly the most widely
used nanomaterials among all. They show great promise
in terms of biomedical applications viz, wound healing
properties, antimicrobial properties, anti-inflammatory
properties etc. Moreover the application of silver
nanoparticles in drug delivery systems and diagnostic
purpose has attracted the attention of researchers
worldwide. This has urged upon the need to develop
safe, reliable and ecofriendly approaches for large scale
production of silver nanoparticles. The use of biological
agents for synthesis of silver nanoparticles has emerged
as an attractive approach. This gave rise to a new branch
of nanotechnology called nanobiotechnology which
combines biological principles with physical and chemical
procedures to generate nano-sized particles with specific
functions. Biosynthesis of nanoparticles provides an
attractive alternative for the hazardous chemical and
physical methods of nanopatrticles synthesis.

Recently the use of endophytic fungal cells has emerged
as a novel approach for the biosynthesis of metal
nanoparticles. Advantages of this method include highly
reproducible synthesis, easy scale up process, economic
viability, tolerance towards high metal nanoparticle
concentration in the medium, easy management in large-
scale production of nanoparticles, good dispersion of
nanoparticle and much higher amounts. As a result, for
large-scale production of nanoparticles fungi is preferred
over other methods. While a number of reports are
available on the biological synthesis of nanopatrticles, the
potential of endophytic fungi has still not been explored
completely. Endophytic fungus Colletotrichum sp.
isolated from geranium leave, A. clavatus isolated from
sterilized stem tissues of A. indica, Pestalotia sp. isolated
from leaves of Syzygium cumini are some examples of
recently used fungi for the synthesis of nanoparticles with
antimicrobial properties.

It is clear from the present chapter that endophytic
fungi isolated from various plants synthesize silver
nanoparticles of varying size and morphology. These
nanoparticles show potential antimicrobial properties and
therefore can be employed as nanomedicines for the
treatment of various diseases. Therefore, endophytic
fungi should be explored more as prospective biofactories
for the green synthesis of silver nanoparticles.
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