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Abstract  The critical need for development of reliable and eco-friendly processes 
for synthesis of metallic nanoparticles has recently been realized in the field of 
nanotechnology. Increasing awareness toward green chemistry and biological 
processes has elicited a desire to explore environmentally friendly approaches for 
the synthesis of nanoparticles as a safer alternative to physical and chemical methods, 
which involves harsh conditions and use of hazardous chemicals. Therefore, the 
use of natural resources, including bacteria and fungi, has been exploited for 
cost-effective and environmentally nonhazardous nanoparticle synthesis. The rich 
microbial diversity of bacteria and fungi contains the innate potential for the 
synthesis of nanoparticles and may be regarded as potential biofactories. In fact, 
microbial synthesis of nanoparticles has emerged as an important branch of nano-
biotechnology. The synthesis of inorganic materials by biological systems occurs 
through remarkable processes at ambient temperature and pressures and neutral pH. 
Among the various biological systems, bacteria are relatively easy to manipulate 
genetically, whereas fungi have an advantage of easy handling during downstream 
processing and large-scale production. In spite of the successes achieved in biological 
synthesis of nanoparticles, there is still a need to improve the rate of synthesis 
and monodispersity of nanoparticles. Also, microbial cultivation and downstream 
processing techniques must be improved, and more efficient methods should be 
developed. Furthermore, in order to exploit the system to its maximum potential, 
it is essential to understand the biochemical and molecular mechanisms involved 
in nanoparticle synthesis. Delineation of specific genomic pathways and charac-
terization of gene products involved in biosynthesis of nanoparticles are required. 
The underlying molecular mechanisms that mediate microbial synthesis of nano-
particles will help in understanding the molecular switches and factors necessary 
to control the size and shape, as well as crystallinity of nanoparticles. Indeed, bio-
logical systems are still relatively unexplored, and therefore, the opportunities are 
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open for budding nanobiotechnologists to utilize nonpathogenic biological systems 
for metallic nanoparticle synthesis with commercial perspectives.

5.1 � Introduction

Nanotechnology is a fascinating area that is emerging as a cutting-edge technology 
encompassing interdisciplinary subjects such as physics, material science, chemis-
try, biology, and medicine. The prefix “nano” in the term nanotechnology is derived 
from a Greek word nanos, which means “dwarf”. It refers to any engineered matter 
that is one billionth (10−9 m) in size and expressed as nanometer (nm) or roughly 
the length of three atoms side by side. Comparative analysis of nanoparticle size 
with that of other molecules indicates that the DNA molecule is 2.5 nm wide, a 
protein is approximately 50 nm in length, and a flu virus is about 100 nm vis-à-vis 
a human hair, which is approximately 10,000 nm thick. The concept of nanotech-
nology was first presented by Richard Feynman in 1959 through his famous lecture, 
at the American Institute of Technology, entitled “There’s plenty of room at the 
bottom”. Nanotechnology is a multidisciplinary field that has attracted the attention 
of material scientists, mechanical and electronics engineers, medical researchers, 
biologists, physicists, and chemists. With advancements in nanoparticle synthesis, 
many new applications of nanomaterials are emerging rapidly. In fact, the synthesis 
of nanoparticles is regarded as a cornerstone of nanotechnology. Developing new 
methods for nanoparticle synthesis is an active research area. The surge of interest 
in this field is due to the distinctness of nanoparticles in their physical, chemical, 
electronic, electrical, mechanical, magnetic, thermal, dielectric, optical, and bio-
logical properties as compared with the characteristics of bulk materials (Schmid 
1992; Daniel and Astruc 2004).

Diminution of particle size exerts pronounced effects on the physical properties 
of nanoparticles. The change in their physical properties is due to the large surface 
area, large surface energy, spatial confinement, and reduced imperfections. 
Nanoparticles are significantly different from bulk materials owing to their surface 
plasmon resonance, enhanced Rayleigh scattering, surface enhanced Raman scat-
tering, quantum size effect, and supermagnetism. Therefore, they serve as basic 
units for next-generation electronics, optoelectronics, and a range of chemical and 
biochemical sensors, based on their size, shape, and crystallinity (Ramanavicius 
et al. 2005). Typically, nanoparticles measure 0.1–100 nm in each spatial dimension 
and are commonly synthesized using top-down and bottom-up strategies (Fendler 
1998). In the top-down approach, the bulk materials are gradually broken down to 
nano-sized materials by machining and etching techniques. In contrast, the atoms 
or molecules are assembled into molecular structures in the nanometer range in the 
bottom-up approach, which is commonly applied for chemical and biological syn-
thesis of nanoparticles.

Generally, the methods used for nanoparticle synthesis follow chemical routes 
that are not environmentally friendly and often generate hazardous by-products, 
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which could potentially pollute the environment. Chemical synthesis involves 
conditions such as high temperature, high pressure, and environmental inertness; 
such synthesis reactions are also cost-intensive (Rao et al. 2003). Furthermore, the 
use of toxic chemicals and organic solvents during nanoparticle synthesis and their 
occurrence on the surface of nanoparticles limit their applications. Such drawbacks 
necessitate the development of clean, biocompatible, nonhazardous, and eco-
friendly methods for nanoparticle synthesis. Consequently, biological systems have 
been focused on and exploited as a preferred, green alternative for synthesis of 
nanoparticles. In nature, living organisms from bacteria to beetles rely on protein-
based nanomachines, which perform excellent jobs from whipping flagella to flex-
ing muscles. Indeed, the molecular machinery evolved by nature surpasses 
everything that mankind knows and designs with conventional manufacturing tech-
nology (Lowe 2000). Undoubtedly, biological systems have a unique ability to 
control the structure, phase, orientation, and nanostructural topography of inorganic 
crystals (Cui and Gao 2003).

It is well known that microbes such as bacteria (Beveridge and Murray 1980; 
Brierley 1990), yeast (Huang et al. 1990), fungi (Frilis and Myers-Keith 1986), and 
algae (Sakaguchi et  al. 1979; Darnall et  al. 1986) are capable of adsorbing and 
accumulating metals. These microorganisms could be used for recovery of metals 
and reduction of environmental pollution (Klaus et al. 1999; Sharma et al. 2000; 
Mukherjee et al. 2001a; Nair and Pradeep 2002; Oremland et al. 2004). The poten-
tial of microbes to reduce metals has provided another new dimension of “Quantum 
Dots” or bimetallic nanoparticles with immense use in semiconductor devices 
(Dameron et al. 1989). A well-known example of reduction of metals includes the 
magnetotactic bacteria that synthesize magnetic nanoparticles (Schuler and Frankel 
1999) with widespread applications (Safarik and Safarikova 2002). Also, lactic acid 
bacteria in whey of buttermilk exhibit the capability of producing gold–silver com-
posite materials when challenged with a mixture of the two metal ions. Fungi, due 
to their tolerance to metals and metal bioaccumulation ability, are well-suited for 
metal nanoparticle generation (Sastry et al. 2003). Based on their enormous bio-
technological applications, microorganisms such as bacteria, fungi, and yeast are 
now regarded as possible eco-friendly “nano-factories” (Ahmad et al. 2002).

Microbial resistance to toxic heavy metals is due to the chemical detoxification 
and energy-dependent ion efflux from the cell by membrane proteins that function 
as either ATPase or chemiosmotic cation or proton anti-transporters. The detoxifi-
cation of metal ions occurs by reduction and/or precipitation of soluble toxic inor-
ganic ions to insoluble nontoxic metal nanoclusters. Such processes could be 
accomplished by either extracellular biomineralization, biosorption, complexation, 
precipitation or intracellular bioaccumulation. Microbes produce the inorganic 
materials either intra- or extracellularly in nanoscale dimensions. In the case of 
intracellular production, the accumulated particles are of relatively smaller dimen-
sion with low polydispersity. Since polydispersity is a major concern for practical 
commercial nanoparticle synthesis, it is important to optimize the conditions for 
monodispersity in biological processes (Bao et al. 2003). For controlling the size 
and shape of biological nanoparticles, genetically engineered microbes capable of 
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producing specific reducing agents can be developed. Nevertheless, the combinatorial 
approach such as photobiological methods, as demonstrated in the case of Fusarium 
oxysporum-mediated silver nanoparticle production (Mohammadian et  al. 2007), 
could be helpful in increasing the rate of production. Moreover, there are certain 
advantages to fungal synthesis of nanoparticles such as (1) economic viability, 
(2) ease in scale-up as in the thin solid substrate fermentation method, (3) ease in 
handling biomass, and (4) large-scale secretion of extracellular enzymes. Although 
biological methods are regarded as safe, cost-effective, sustainable, and environ-
mentally friendly, they still have some drawbacks in terms of culturing of microbes, 
which is time-consuming and difficult in providing optimal control over nanopar-
ticle size distribution, shape, and crystallinity. However, proper strain selection and 
optimization of conditions such as pH, incubation temperature and time, concentra-
tion of metal ions, and amount of biological material can help in successful imple-
mentation of biological and biomimetic approaches for large-scale nanoparticle 
production for commercial applications.

5.2 � Nanoparticle Synthesis by Bacteria

Bacteria are among the most extensively exploited natural resources for synthesis 
of metallic nanoparticles. The key reason for bacterial preference for nanoparticle 
synthesis is their relative ease of manipulation. While exploring the secrets of 
microbial synthesis of nanoparticles, the formation of magnetite particles was 
documented in magnetotactic bacteria (Lovley et al. 1987; Dickson 1999), siliceous 
materials by diatoms (Pum and Sleytr 1999), and gypsum and calcium layers by 
S-layer bacteria (Milligan and Morel 2002). The interactions between metals and 
microbes have been exploited for various biological applications in the fields of 
bioremediation, biomineralization, bioleaching, and biocorrosion (Klaus-Joerger 
et al. 2001). Lately, the microbial synthesis of nanoparticles has emerged as a prom-
ising field of research as has nanobiotechnology. The status of research on biosyn-
thesis of some generally studied and commonly used metal nanoparticles by 
different bacteria, actinomycetes, and cyanobacteria is discussed below.

5.2.1 � Silver Nanoparticles

A plethora of methods, namely, photocatalytic reduction (Chang et  al. 2006), 
chemical reduction (Yu 2007), radiation–chemical reduction, metallic wire explo-
sion, sonochemistry, polyol process (Nersisyan et  al. 2003), photoreduction 
(Courrol et  al. 2007), reverse micelle-based methods (Xie et  al. 2006), matrix 
chemistry (Ayyad et al. 2010), and biological synthesis (Zeiri et al. 2002; Shahverdi 
et al. 2007; Durán et al. 2007; Sathishkumar et al. 2009; Kalishwaralal et al. 2010) 
have been employed for production of silver nanoparticles. Klaus et  al. (1999) 
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reported generation of silver crystals using silver-resistant bacterium Pseudomonas 
stutzeri AG259 isolated from silver mines. This bacterium has been found to gener-
ate pyramidal and hexagonal silver nanoparticles measuring up to 200 nm in size, 
embedded in the organic matrix of the bacterial cell. Similarly, Morganella sp. 
RP-42, an insect midgut isolate, upon exposure to silver nitrate (AgNO

3
), produced 

extracellular crystalline nanoparticles measuring 20 ± 5  nm. Three gene homo-
logues (silE, silP, and silS) have been identified in silver-resistant Morganella sp. 
The homologue of silE from Morganella sp. showed 99% nucleotide sequence 
similarity with the previously reported gene, silE, encoding a periplasmic silver-
binding protein. Also, the cells of Corynebacterium sp. SH09 have been shown to 
produce silver nanoparticles at 60°C within 72 h on the cell wall in the size range 
of 10–15 nm with diamine silver complex [Ag(NH

3
)2]+ (Zhang et al. 2005). The 

silver-binding proteins provide amino acid moieties that serve as nucleation sites 
for the formation of silver nanoparticles. Silver precipitating peptides (AG3 and 
AG4) have also been found with the capability of precipitating silver from aqueous 
solution of silver ions and form face-centered cubic (fcc) structured silver crystals 
(Naik et al. 2002). Under normal conditions, the small periplasmic silver-binding 
proteins bind silver at the cell surface and by efflux pumps propels the incoming 
metals and protects the cytoplasm from metal toxicity (Li et al. 1997; Gupta and 
Silver 1998). An airborne Bacillus sp. reduced Ag+ ions to Ag0 and accumulated 
metallic silver nanoparticles of 5–15 nm size in the periplasmic space of the cell 
(Pugazhenthiran et  al. 2009). Silver nanoparticles of diameter 6.4  nm have also 
been produced by dried cells of Aeromonas sp. SH10, which reduced [Ag(NH

3
)2]+ 

to Ag0 within 4 h. These particles were monodispersed and uniform in size and 
remained stable for more than 6 months without aggregation and precipitation 
(Mouxing et  al. 2006). Culture supernatants of Enterobacteriaceae (Klebsiella 
pneumoniae, Escherichia coli, and Enterobacter cloacae) also rapidly synthesize 
silver nanoparticles in sizes ranging from 28.2 to 122 nm with an average size of 
52.5 nm by reducing Ag+ to Ag0. Addition of piperitone partially inhibited silver 
ion reduction, which suggested the involvement of nitroreductase enzymes in the 
reduction process (Shahverdi et  al. 2007). Similarly, the culture supernatant of 
nonpathogenic bacterium B. licheniformis has been used for the extracellular syn-
thesis of silver nanoparticles of ~50  nm size (Kalishwaralal et  al. 2008). Barud 
et al. (2008) demonstrated the formation of homogeneous silver containing bacte-
rial cellulose membranes obtained from hydrated membranes of Acetobacter xyli-
num cultures soaked on silver ion with triethanolamine (Ag+-TAE) solution. 
Recently, Musarrat et al. (2010) have reported the biosynthesis of silver nanopar-
ticles in the size range of 5–27 nm, produced by an industrially important fungal 
strain KSU-09, isolated from the roots of date palm (Phoenix dactylifera). It has 
been demonstrated that mycelia-free water extracts obtained from mycelia sus-
pended in water for 72 h facilitated the production of stable, predominantly mono-
dispersed, and spherical nanoparticles upon addition of 1  mM silver nitrate, as 
determined by UV–visible spectroscopy, XRD, AFM, and TEM (Figs.  5.1–5.4). 
The infrared spectrum revealed the presence of fungal proteins in the medium, 
plausibly responsible for nanoparticle stability (Fig. 5.5). Thus, bacteria from the 
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environment could be exploited as a natural bioresource for simple, nonhazardous, 
and efficient synthesis of AgNPs for development of new generation nano-antimi-
crobials against multidrug-resistant microorganisms with a multitude of applica-
tions. This is discussed in a separate section of this chapter.

5.2.2 � Gold Nanoparticles

Bacteria have been extensively used for the synthesis of gold nanoparticles. 
Ahmad et  al. (2003a) demonstrated bacterial synthesis of monodispersed gold 
nanoparticles with extremophilic Thermomonospora sp. biomass via reduction 
of AuCl

4
 ions through enzymatic processes. Konishi et al. (2004) reported gold 
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Fig. 5.1  Conical flasks containing fungal biomass in aqueous solution of 1 × 10−4 M AgNO
3
 at the 

beginning and after 72 h of reaction. Panel (b) shows the UV–Visible absorption spectra of extra-
cellularly synthesized silver nanoparticles at 420 nm exhibiting time-dependent increase in typical 
SPR bands upon (a) 2 h, (b) 24 h, (c) 48 h, (d) 72 h of incubation. The inset shows the change in 
SPR as a function of time (Adapted from Musarrat et al. 2010.)



1075  Microbially Synthesized Nanoparticles: Scope and Applications

nanoparticle synthesis using the mesophilic bacterium Shewanella, with H
2
 as an 

electron donor. Shiying et al. (2007) showed that the bacterium Rhodopseudomonas 
capsulata produced spherical gold nanoparticles in the range of 10–20 nm, upon 
incubation of bacterial biomass with aqueous chlorauric acid (HAuCl

4
) solution at 

a pH range of 4.0–7.0. Solution pH is an important factor in controlling the mor-
phology of biogenic gold particles and location of gold deposition in cells. 
Alkalotolerant Rhodococcus sp. produced more intracellular monodispersed gold 
nanoparticles on the cytoplasmic membrane than on the cell wall due to reduction 
of the metal ions by enzymes present in the cell wall and on the cytoplasmic mem-
brane, but not in the cytosol (Ahmad et al. 2003b). Bacterial cell supernatants of 
Pseudomonas aeruginosa have been used for reduction of gold ions and for extra-
cellular biosynthesis of gold nanoparticles (Husseiny et  al. 2007). The exact 
mechanism leading to reduction of metal ions in organisms has not yet been elu-
cidated. Nevertheless, gel electrophoresis observations revealed the presence of 
four different proteins ranging from 10 to 80 KDa, which could be responsible for 
reduction of the chloroaurate ions and capping of the gold nanoparticles. Bacillus 
subtilis 168 has been reported to reduce water-soluble Au3+ ions to Au0 and pro-
duce nanoparticles of octahedral morphology and dimensions of 5–25 nm inside 
cell walls (Beveridge and Murray 1980). Heterotrophic sulfate-reducing bacterial 
enrichment from a gold mine has been exploited to destabilize gold (I)-thiosulfate 
complex Au(S

2
O

3
)2 to elemental gold of 10  nm size in the bacterial envelope, 

releasing H
2
S as an end product of metabolism (Lengke and Southam 2006). E. coli 

DH5a-mediated bioreduction of chloroauric acid to Au0 resulted in accumulation 
of nanoparticles, mostly spherical and some triangles and quasi-hexagons, on the 
cell surface (Du et  al. 2007). These cell-bound nanoparticles offer promising 

Fig. 5.2  XRD pattern 
depicting the crystalline 
nature of silver nanoparticles. 
Diffraction at 38.5°, 44°, 
64.5°, and 72° 2q indexed to 
the (111), (200), (220), and 
(311) planes of the face-
centered cubic (fcc) silver, 
respectively. Particle size 
based on Scherrer’s algo-
rithm was 22 nm (Adapted 
from Musarrat et al. 2010.)
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applications in electrochemistry of hemoglobin and other proteins (Du et  al. 
2007). Bioreduction of trivalent aurum has also been reported in the photosyn-
thetic bacterium Rhodobacter capsulatus, which has a higher biosorption capacity 
of HAuCl

4
 per gram dry weight in the logarithmic phase of growth. The carote-

noids and NADPH-dependent enzymes embedded in the plasma membrane and/or 
secreted extracellularly have been found to be involved in the biosorption and 
bioreduction of Au3+ to Au0 on the plasma membrane and also outside the cell 
(Feng et al. 2007).

Fig.  5.3  The electron and atomic force microscopic analyses of AgNPs. Panel (a) shows the 
representative transmission electron micrograph recorded from a drop-coated film of the AgNPs 
produced by fungus on Morgagni™ 268 (d) instrument at a voltage of 80 kV. Panel (b) shows the 
3D topography of nanoparticles in both the perspective and top views. Scan size is 5 × 5 mm. The 
intensity of color in side bar reflects the height of the particles (our unpublished data)
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5.2.3 � Magnetic Nanoparticles

The synthesis of magnetic nanoparticles has been widely reported in magnetotactic 
bacteria, which are Gram-negative bacteria of diverse morphology and occur widely 
in marine and freshwater sediments. They are known to produce intracellular, 
membrane-bound magnetite (Blakemore et  al. 1979), greigite, and pyrrhotite 
(Bazylinski et al. 1993). Mann et al. (1984) reported that a microaerophilic bacte-
rium Aquaspirillum magnetotacticum, isolated from sediments, produces crystals 
of ordered single-domain magnetite (Fe

3
O

4
) particles with octahedral prism 

morphology of (111) faces truncated by (100) faces. The marine magnetotactic 
bacterium MV-1, isolated from sulfide-rich sediments of an estuarine salt marsh, anaero-
bically bioreduced nitrous oxide and ferric quinate to yield iron-rich magnetosomes. 

Fig. 5.4  Panel (a): Transmission electron-microscopic (TEM) image analysis of extracellularly 
produced silver nanoparticles in the size range of 16–23 nm, Panel (b): TEM image of intracel-
lularly produced silver nanoparticles, Panel (c): Scanning electron-microscopic (SEM) image of 
fungus producing silver nanoparticles (our unpublished data)
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Fig. 5.5  FTIR spectrum of silver nanoparticles synthesized by fungus (our unpublished data)
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Each magnetite (Fe
3
O

4
) particle is a parallelepiped with dimensions 40 × 40 × 60 nm, 

with a single magnetic domain (Bazylinski et al. 1988). Similarly, magnetotactic 
bacteria isolated from brackish and marine sulfide-rich water and sediments intra-
cellularly deposited single crystals of ferromagnetic iron sulfide, greigite (Fe

3
S

4
), 

reportedly associated with nonmagnetic iron pyrite (FeS
2
) and aligned in chains. 

Each chain contains approximately ten nanoparticles measuring 75  nm in size. 
Most of the particles have irregular shape, whereas some exhibit octahedral and 
cubo-octahedral symmetry with strong diffraction contrast (Mann et  al. 1990). 
Bacteria such as Magnetospirillum magneticum have demonstrated the ability to 
synthesize fine (50–100 nm) intracellular membrane-bound ferromagnetic particles 
composed of magnetite (Fe

3
O

4
) or greigite (Fe

3
S

4
). These particles are surrounded 

by an intracellular phospholipid membrane forming structures called magneto-
somes (Schuler and Frankel 1999). Each bacterial cell contained from 0 to 45 
nanoparticles with polydispersity. Magnetosomes comprise both crystallite and 
noncrystallite magnetic crystals. In M. magnetotacticum (MS-1), magnetite (Fe

3
O

4
) 

nanoparticles have been found assembled into single or multiple chains and 
anchored inside the cell, enabling the bacteria to passively orient themselves along 
the geomagnetic field. Each nanoparticle assembled in the bacterial phospholipid 
membrane has a cubo-octahedral crystal structure with a diameter of ~50 nm and 
magnetic moment of ~6 × 10−17 A m2. Accumulation of magnetic iron mineral crys-
tals into highly ordered chain-like structures was also evidenced in the magneto-
somes of M. gryphiswaldense (Lang and Schuler 2006). Watson et  al. (1999) 
demonstrated the synthesis of magnetic iron sulfide (FeS) nanoparticles of 2 nm on 
the surface of sulfate-reducing bacteria. Moreover, Bharde et  al. (2005) studied 
magnetite nanoparticle synthesis by Actinobacter, a nonmagnetotactic bacterium. 
Lee et al. (2004) demonstrated that by manipulating magnetotactic bacteria in fluid 
using microelectromagnets, the assembly of magnetic nanoparticles inside the cell 
can be controlled. Furthermore, the multicellular magnetotactic bacterium 
Candidatus Magnetoglobus multicellularis has been reported to interact with the 
geomagnetic field on the basis of biomineralized magnetic nanocrystals (Perantoni 
et al. 2009). The magnetite nanoparticles formed by bacteria such as A. magnetot-
acticum (Mann et al. 1984), the magnetotactic bacterium MV-1 (Bazylinski et al. 
1988), Sulfate-reducing bacteria (Watson et  al. 1999), M. magnetotacticum (Lee 
et al. 2004), and M. gryphiswaldense (Lang and Schuler 2006) largely exhibited 
octahedral prism, parallelepipeds, cubo-octahedral, and hexagonal prism morphol-
ogies in the size range of 2–120 nm.

5.2.4 � Uranium Nanoparticles

Cell-free extracts of Micrococcus lactilyticus have been reported to reduce uranium 
(VI) to uranium (IV) (Woolfolk and Whiteley 1962). Also, Alteromonas putrefa-
ciens grown in the presence of hydrogen as electron donor and U (VI) as electron 
acceptor reduced U(VI) to U(IV) (Myers and Nealson 1988; Lovley et al. 1989). 
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Lovley et al. (1991) demonstrated that G. metallireducens GS-15, grown anaerobically 
in the presence of acetate and U(VI) as electron donor and electron acceptor, 
respectively, reduced soluble U(VI) to insoluble U(IV), oxidizing acetate to CO

2
. 

The Gram-positive sulfate-reducing bacterium Desulfosporosinus sp., isolated from 
sediments, has been found to reduce U(VI) to U(IV), which is precipitated to yield 
uraninite (UO

2
) crystals of 1.5–2.5 nm size range, coated on the cell surface (Suzuki 

et  al. 2002). Marshall et  al. (2006) found that c-type cytochrome (MtrC) on the 
outer membrane of dissimilatory metal-reducing bacterium S. oneidensis MR-1 is 
involved in the reduction of U(VI), predominantly with extracellular polymeric 
substance as UO

2
-EPS, both in cell suspension and periplasm.

5.2.5 � Cadmium Nanoparticles

Cadmium is primarily used in the synthesis of particles called quantum dots (QDs), 
which are semiconductor metalloid-crystal structures of approximately 2–100 nm 
and containing about 200–10,000 atoms (Smith et al. 2008; Juzenas et al. 2008). 
Due to their small size, QDs have unique optical and electronic properties that 
impart the nanoparticles with a bright, highly stable, “size-tunable” fluorescence. 
The large surface area due to their small size also makes QDs easily functionalized 
with ligands for site-directed activity. Thus, QDs have potential applications in 
biological imaging at the cellular level, cancer detection, radio- and chemosensitiz-
ing, and targeted drug delivery (Juzenas et al. 2008; Alivisatos 2004; Smith et al. 
2008; Hardman 2006). The active center of the QD demonstrated as the core con-
sists of atoms from groups II to VI with CdSe and CdTe, most commonly used for 
biological applications (Smith et al. 2008). The significant characteristic of QDs is 
their size-tunable fluorescence. They are significantly brighter than organic fluoro-
phores and far more stable. Since the fluorescence is size-dependent, a single light 
source can be used for excitation and emission, which is tuned via particle size to 
various wavelengths spanning the UV, visible, and near and mid-infrared regions of 
the electromagnetic spectrum. Unlike organic fluorophores, QDs are also much 
larger, permitting easy addition of targeting groups to the surface of the nanopar-
ticle. CdSe and CdTe are important for optical, bioananalytic, and bioimaging 
applications, with CdSe fluorescence spanning the visible light region of the spec-
trum and CdTe utilizing the infrared regions. Since the QDs are hydrophobic, their 
functionalization with secondary coatings or “capping” materials such as mercap-
topropionic acid and polyethylene glycol (PEG) is required to improve solubility 
and maintain them in a nonaggregated state. These coatings can be further conju-
gated with targeting molecules such as receptor ligands or antibodies, which guide 
the QD to a specific tissue or organ (Medintz et al. 2005; Smith et al. 2008). Thus, 
QDs have the potential to dramatically improve medical therapy with respect to 
cancer detection and treatment.

Among early reports of intracellular semiconductor nanoparticle synthesis,  
E. coli has been found to accumulate nanocrystals composed of wurtzite crystal in 
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the size range of 2–5 nm, with spherical and elliptical shapes when incubated with 
cadmium chloride and sodium sulfide. The production of nanocrystals is reported 
to be 20-fold higher when the E. coli cells are grown to the stationary phase as com-
pared to late logarithmic phase. It has also been found that spherical aggregates of 
2–5  nm diameter sphalerite (ZnS) particles are formed within natural biofilms 
dominated by aerotolerant sulfate-reducing bacteria of the family Desulfobacteriaceae 
(Labrenz et al. 2000). Among semiconductor nanocrystals, CdS synthesized by C. 
thermoaceticum, Klebsiella pneumoniae (Smith et al. 1998), and E. coli (Sweeney 
et al. 2004) showed spherical and elliptical shapes in the size range of 2–200 nm. 
Sharma et  al. (2000) isolated a highly cadmium-resistant Klebsiella planticola 
strain Cd-1 from reducing salt marsh sediments. The strain could grow in up to 
15 mM CdCl

2
 under a wide range of NaCl concentrations and at pH values ranging 

from acidic to neutral. In growth media amended with thiosulfate, the strain pre-
cipitates significant amounts of cadmium sulfide (CdS), as confirmed by X-ray 
absorption spectroscopy. Klebsiella aerogenes synthesized CdS crystallites of 
spherical shape, bound to the cell wall as electron-dense particles in the size range 
of 20–200 nm, upon exposure to Cd2+ in the growth medium. Energy dispersive 
X-ray analysis has established that cadmium and sulfur occur in a 1:1 ratio (Holmes 
et al. 1995). Bai et al. (2009) showed that Rhodopseudomonas palustris, a purple 
nonsulfur, photosynthetic bacterium, produced CdS nanocrystals extracellularly at 
room temperature. TEM and electron diffraction analyses confirmed the spherical 
distribution of fcc structured nanoparticles of 8.01 ± 0.25 nm size. Cysteine desulf-
hydrase (C-S lyase) activity has been reported to be responsible for the formation 
of CdS nanocrystals. The bacterial cellulose isolated from the strain 
Gluconoacetobacter xylinus has also been used in the synthesis of 30-nm CdS 
nanoparticles (Li et al. 2009).

5.2.6 � Selenium Nanoparticles

Considering selenium oxyanions as the electron acceptor, bacteria such as 
Sulfurospirillum barnesii, B. selenitireducens, and Selenihalanaerobacter shriftii 
form uniform and stable crystalline extracellular nanoparticles of Se nanoparticles 
measuring ~300  nm. The spectral properties of nanoparticles differ significantly 
from that of amorphous Se0 formed by the chemical oxidation of H

2
Se and the vitre-

ous (black) Se0 formed chemically by reduction of selenite with ascorbate. Oremland 
et al. (2004) reported the structural and spectral features of selenium nanospheres 
produced by Se-respiring bacteria. Stenotrophomonas maltophilia SELTE02, a 
strain isolated from rhizospheric soil of selenium hyperaccumulator legume 
Astragalus bisulcatus, showed promising transformation of selenite (SeO

3
2−) to ele-

mental selenium (Se0) and accumulation of selenium granules in either the cell 
cytoplasm or extracellular space (Gregorio et al. 2005). Also, the facultative anaero-
bic bacterium, E. cloacea SLD1a-1 (Losi and Frankenberger 1997), purple nonsulfur 
bacterium Rhodospirullum rubrum in oxic and anoxic conditions, and Desulfovibrio 
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desulfuricans (Tomei et al. 1995) are reported to bioreduce selenite to selenium both 
inside and outside the cell. E. coli has also been found to deposit elemental selenium 
both in the periplasmic space and cytoplasm (Gerrard et al. 1974; Silverberg et al. 
1976). P. stutzeri is also known to aerobically reduce selenite to elemental selenium 
(Lortie et al. 1992). Recently, Yadav et al. (2008) have showed that P. aeruginosa 
SNT1, isolated from rhizospheric seleniferous soil, biosynthesized nanostructured 
selenium by biotransforming selenium oxyanions both intracellularly and extracel-
lularly to spherical amorphous allotrophic elemental red selenium. Selenium has 
photo-optical and semiconducting properties and, therefore, has applications in pho-
tocopiers and microelectronic circuit devices.

5.2.7 � Titanium, Platinum, and Palladium Nanoparticles

The extracellular culture filtrate of Lactobacillus sp. has been shown to produce 
titanium nanoparticles at room temperature in the form of spherical aggregates 
ranging in size from 40 to 60  nm (Prasad et  al. 2007). Titanium dioxide (TiO

2
) 

nanoparticles are lighter in weight and resistant to corrosion and, therefore, have 
widespread applications in automobiles, missiles, airplanes, submarines, cathode 
ray tubes, and in desalting plants, besides a promising role in gene delivery and 
cancer chemotherapy. TiO

2
 nanoparticles also exhibit photocatalytic activities, and 

therefore, are recommended for use as antibacterial agents, UV protecting agents, 
water and air purifiers, and in gas sensors and high-efficiency solar cells. Its photo-
activity is strongly related to its structure, microstructure, and powder purification. 
The three known crystalline structures for TiO

2
 include the anatase (tetragonal, 

a = 0.3785  nm, c = 0.9514  nm, band gap = 3.2  eV, which is equivalent to a wave-
length of 388  nm), rutile (tetragonal, a = 0.4593  nm, c = 0.2959  nm, band 
gap = 3.02  eV), and brookite (orthorhombic, a = 0.9182  nm, b = 0.5456  nm, 
c = 0.5143 nm, band gap = 2.96 eV). The anatase form of TiO

2
 has more photocata-

lytic activity than rutile. The rutile is thermodynamically more stable than anatase 
and brookite.

The Gram-negative Cyanobacterium P. boryanum UTEX 485 has been reported 
to produce extracellular Pt (II)-organics and metallic platinum nanoparticles with 
spherical, bead-like chains, and dendritic morphologies in the particle size range 
of 30–300  nm. Stationary phase culture of metal ion-reducing bacterium 
Shewanella algae in aqueous solution of H

2
PtC

l6
, under anaerobic conditions at 

room temperature and neutral pH, has been shown to reduce PtCl
6

2− ions within 
60 min to metallic platinum in the presence of lactate as electron donor. Platinum 
nanoparticles of ~5 nm size have been observed deposited in the periplasmic space 
between inner and outer membranes of the bacterial cell (Konishi et  al. 2007). 
Also, the sulfate-reducing bacterium D. desulfuricans NCIMB 8307 anaerobically 
bioreduced and biocrystallized palladium (2+) ions to palladium nanoparticles on 
the cell surface in the presence of formate as an exogenous electron donor within 
minutes at neutral pH (Yong et al. 2002). De Windt et al. (2005) have demonstrated 



114 J. Musarrat et al.

that an iron-reducing bacterium, S. oneidensis MR-1, reduced Pd(II) to Pd(0) 
nanoparticles in the presence of lactate as electron donor on the cell wall and within 
the periplasmic space. This cell-associated nano-bioPd has an application as a cata-
lyst in the dechlorination of polychlorinated biphenyls.

5.3 � Nanoparticle Biosynthesis by Actinomycetes

Actinomycetes are generally considered as the primary source for the synthesis of 
secondary metabolites like antibiotics. However, screening of actinomycetes for 
their innate potential for nanoparticle synthesis is an area open for further explora-
tion. An extremophilic actinomycete Thermomonospora sp. has been reported to 
synthesize extracellular monodispersed, spherical gold nanoparticles of average 
size 8 nm (Ahmad et al. 2003a). Fourier transform infrared spectroscopic (FTIR) 
analysis confirmed the presence of amide (I) and (II) bands of protein as capping 
and stabilizing agent on the surface of nanoparticles. Furthermore, an alkalotolerant 
actinomycete Rhodococcus sp. accumulated intracellularly gold nanoparticles of 
5–15 nm. The available reductases on the cell wall reduced Au3+ and accumulated 
Au0 on the cell wall and cytoplasmic membrane.

5.4 � Nanoparticle Biosynthesis by Cyanobacteria

The cyanobacterium Plectonema boryanum UTEX 485 has been found to produce 
silver nanoparticles. Also, this filamentous cyanobacterium upon incubation with 
aqueous Au(S

2
O

3
)2 and AuCl

4
 solutions produced cubic gold nanoparticles and 

octahedral gold platelets, respectively (Lengke et al. 2006a, b). The mechanism of 
gold bioaccumulation by cyanobacteria from gold (III)-chloride solution suggested 
that its interaction with cyanobacteria promotes the precipitation of nanoparticles 
of amorphous gold (I)-sulfide at the cell wall, and finally deposited metallic gold in 
the form of octahedral (III) platelets (10 nm to 6 mm) near cell surfaces and in solu-
tion (Lengke et al. 2006a, b). Some common Anabaena, Calothrix, and Leptolyngbya 
cyanobacteria have also been found to produce intracellular Au, Ag, Pd, and Pt 
nanoparticles, which naturally released in the culture medium and stabilized by 
algal polysaccharides for their easy recovery. Indeed, the size of the recovered par-
ticles and yield depend on the cyanobacteria genus (Brayner et al. 2007).

5.5 � Nanoparticle Biosynthesis by Yeast

The yeast Candida glubrata has been used for the intracellular production of 
monodispersed spherical and peptide-bound CdS quantum dots measuring 2 nm, 
by forming a metal–thiolate complex with phytochelatins (Dameron et al. 1989). 
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Schizosaccharomyces pombe also produced wurtzite-typed hexagonal lattice 
structured CdS nanoparticles in mid-log phase in the size range of 1–1.5  nm 
(Kowshik et al. 2002). The synthesis of fcc structured PbS nanocrystallites exhibiting 
quantum semiconductor properties by yeast Torulopsis sp. has been reported 
(Kowshik et al. 2002). The quantum dots are intracellularly produced in the vacu-
oles with a dimension of 2–5 nm spherical shape. These nanoparticles are used to 
fabricate diode heterojunction with poly ( p-phenylenevinylene). In addition, 
Baker’s yeast, Saccharomyces cerevisiae, has been reported to biosorb and reduce 
Au3+ to elemental gold in the peptidoglycan layer of the cell wall by the aldehyde 
group present in reducing sugars (Lin et al. 2005). Similarly, another yeast, Pichia 
jadinii (Candida utilis), intracellularly produced spherical, triangular, and hexagonal 
gold nanoparticles of 100 nm size within 24 h (Gericke and Pinches 2006). Another 
tropical marine yeast, Yarrowia lipolytica NCIM 3589, produced hexagonal and 
triangular gold crystals of average size ~15 nm, nucleated on the cell surfaces by 
reduction of gold ions at pH 2.0. Further, S. cerevisiae has been found to produce 
spherical antimony oxide (Sb

2
O

3
) nanoparticles in the size range of 2–10  nm at 

room temperature, exhibiting semiconductor properties. The plausible mechanism 
could be the radial tautomerization of membrane-bound quinines or by membrane 
bound/cytosolic pH-dependent oxidoreductases (Jha et  al. 2009). Extracellular 
production of hexagonal silver nanoparticles 2–5 nm in size has also been reported 
in the silver-tolerant yeast strain MKY3 in the exponential growth phase (Kowshik 
et al. 2003).

5.6 � Nanoparticle Biosynthesis by Fungi

Biosynthesis of metal nanoparticles using fungi such as F. oxysporum (Senapati 
et  al. 2004; Bansal et  al. 2004, 2005; Kumar et  al. 2007), Colletotrichum sp. 
(Shankar et  al. 2003), Trichothecium sp., Trichoderma asperellum, T. viride, 
(Ahmad et  al. 2005; Mukherjee et  al. 2008; Fayaz et  al. 2010), Phaenerochaete 
chrysosporium (Vigneshwaran et al. 2006), Fusarium solani USM3799 (Ingle et al. 
2009), Fusarium semitectum (Basavaraja et  al. 2008), Aspergillus fumigatus 
(Bhainsa and D’Souza 2006), Coriolus versicolor (Sanghi and Verma 2009), 
Aspergillus niger (Gade et  al. 2008), Phoma glomerata (Birla et  al. 2009), 
Penicillium brevicompactum (Shaligram et  al. 2009), Cladosporium cladospori-
oides (Balaji et  al. 2009), Penicillium fellutanum (Kathiresan et  al. 2009), and 
Volvariella volvacea (Philip 2009) has been extensively studied. Indeed, fungi are 
regarded as more advantageous for nanoparticle biosynthesis as compared to other 
microorganisms because (1) fungal mycelial mesh can withstand flow pressure, 
agitation, and other conditions in bioreactors compared to bacteria, (2) they are 
fastidious to grow and easy to handle, and (3) they produce more extracellular 
secretions of reductive proteins and can easily undergo downstream processing. 
Moreover, the nanoparticles precipitated outside the cell can be directly used in 
various applications. The size limit of nanoparticles could be related to the fact that 
the particles nucleate within the organism. Such nanoparticles could be smaller 
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compared to extracellularly produced nanoparticles. Mukherjee et al. (2001b) dem-
onstrated the biological synthesis of 20-nm gold nanoparticles using Verticillium 
sp. (AAT-TS-4). TEM analysis of ultrathin sections of fungal mycelia showed 
mostly spherical forms and few triangles and hexagonal nanoparticles on cell walls 
and quasi-hexagonal morphology on cytoplasmic membranes. In addition, 
Verticillium luteoalbum has been reported to produce spherical 10-nm gold nano-
particles within 24 h at pH 3.0. However, at pH 5.0, spheres and rods were formed 
along with triangular and hexagonal morphologies (Gericke and Pinches 2006). 
Trichothecium sp. has also been found to accumulate gold nanoparticles intracel-
lularly (Dastjerdi et al. 2009).

Furthermore, Verticillium sp. Biomass, on exposure to aqueous silver nitrate 
solution, resulted in accumulation of silver nanoparticles beneath the fungal cell 
surface (Mukherjee et al. 2001a; Senapati et al. 2004). Phoma PT35 and Phoma 
sp.3.2883 have been shown to selectively accumulate silver nanoparticles (Pighi 
et al. 1989; Chen et al. 2003). Vigneshwaran et al. (2007) reported that Aspergillus 
flavus accumulated silver nanoparticles 8.9 nm in size on the surface of its cell 
wall when incubated with silver nitrate solution for 72 h. Since fungi are known 
to secrete much higher amounts of proteins compared to bacteria, it could be one 
of the contributory factors for significantly higher productivity of nanoparticles in 
this biosynthetic approach. In order to elucidate the mechanism of nanoparticle 
formation, species-specific NADH-dependent reductase, released by F. oxyspo-
rum, has been used to catalyze the reduction of AuCl

4
 ions to gold nanoparticles. 

The trapping of AuCl
4
 ions on the surface of fungal cells could occur by electro-

static interactions with positively charged lysine residues present in the mycelia 
cell wall. The gold ions could be reduced by enzymes within the cell wall, leading 
to aggregation of metal atoms; however, the exact mechanism of formation of the 
gold nanoparticles is still unknown. It has been suggested that extracellularly produced 
nanoparticles are stabilized by proteins and other reducing agents secreted by the 
fungus. Experimental data suggest the association of some high-molecular-weight 
proteins including the NADH-dependent reductase released by fungal biomass in 
nanoparticle synthesis and stabilization. Fluorescence emission spectra reveal that 
the native form of these proteins present in solution as well as bound to the sur-
faces of nanoparticles remains unaltered and the reduction of metal ions did not 
significantly influence protein tertiary structure (Macdonald and Smith 1996; 
Kumar and McLendon 1997).

Proteins isolated from fungal cultures have been successfully used to demon-
strate nanoparticle production. For instance, nanocrystalline zirconia has been 
produced at room temperature by cationic proteins, similar in nature to silicatein, 
secreted by F. oxysporum and was capable of extracellularly hydrolyzing aqueous 
ZrF

6
 ions (Bansal et al. 2004).

Growth conditions play an important role during biosynthesis of nanoparticles. 
Trichothecium sp. biomass under stationary conditions produced extracellular 
nanoparticles when incubated with gold ions. However, under agitation, the fungus 
produces intracellular gold nanoparticles. The plausible reason for this could be the 
release of enzymes and proteins responsible for nanoparticle synthesis in the 
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medium under stationary conditions and no release under shaking conditions 
(Ahmad et al. 2005). Bharde et al. (2006) reported the synthesis of magnetic nano-
particles by using F. oxysporum and Verticillium sp. at room temperature. Both 
fungi secreted the proteins capable of hydrolyzing iron precursors to form iron 
oxides extracellularly (Gericke and Pinches 2006). Bhainsa and D’Souza (2006) 
have reported the production of monodispersed silver nanoparticles within 10 min 
using A. fumigatus. Also, Bansal et al. (2006) demonstrated the production of tetragonal 
barium titanate (BaTiO

3
) nanoparticles of <10 nm dimension using F. oxysporum 

under ambient conditions. The ferroelectric properties of these nanoparticles have 
tremendous potential for revolutionizing the electronics industries with their appli-
cations in preparing ultrasmall capacitors and ultrahigh density nonvolatile ferro-
magnetic memories. Furthermore, Bansal et al. (2005) and Kumar et al. (2007) have 
reported the synthesis of highly luminescent CdSe quantum dots, and silica and 
titania nanoparticles using the fungus F. oxysporum.

5.7 � Scope and Applications of Nanoparticles

Production of inorganic and metal-based nanomaterials has stimulated the develop-
ment of a new field linking many disciplines of sciences for the quest for different 
types of nanoparticles with unique properties. Designing and developing novel and 
affordable techniques for scale-up production of nanomaterials have not only pro-
vided an interesting area of study but will also address the expanding human 
requirements including health safety and environmental issues. In industry, the 
application of nanomaterials is increasingly adopted, and they will soon replace the 
harmful or toxic chemicals conventionally used as antimicrobial agents (Mucha 
et al. 2002). Application of nanoparticles and their nanocomposites offers a sound 
and relatively safer alternative (Chen et al. 2006; Dimitrov 2006) and, therefore, 
open up new opportunities for development of antimicrobials. Since ancient times, 
silver has been most extensively studied and used to fight against infection and 
prevent spoilage (Rai et al. 2009). It is a safer antimicrobial agent in comparison to 
certain organic antimicrobial agents (Dastjerdi et  al. 2010). Silver has been 
described as being oligodynamic because of its ability to exert a bactericidal effect 
on products containing silver, principally due to its antimicrobial activities and low 
toxicity to human cells (Dastjerdi et  al. 2009). Its therapeutic property has been 
proven against a broad range of microorganisms (Jeong et  al. 2005; Lok 2006). 
Lately, Musarrat et al. (2010) demonstrated the broad-spectrum antimicrobial activity 
of biosynthesized AgNPs against several human and plant pathogenic bacteria and 
fungi such as Shigella dysenteriae type I, Staphylococcus aureus, Citrobacter spp., 
E. coli, P. aeruginosa, B. subtilis, Candida albicans, and F. oxysporum.

Similarly, ZnO nanoparticles and nanorods have remarkable applications in 
solar cells, sensors, displays, gas sensors, piezoelectric devices, electroacoustic 
transducers, photodiodes and UV light emitting devices, sunscreens, gas sensors, 
UV absorbers, antireflection coatings, photocatalysis, and chemical catalysts  
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(Pan et al. 2001; Xu and Xie 2003). Gold nanoparticles are also known for their 
potent antibacterial activity against acne or scurf and have commercial applica-
tions in soap and cosmetic industries. They can remove waste materials from skin 
and control sebum (Park et al. 2006; Zhang et al. 2008). Zhang et al. (2008) have 
reported Au nanoparticle-mediated growth inhibition of different Gram-positive 
and Gram-negative bacteria and fungi. Park et al. (2006) loaded gold nanoparti-
cles inside the liposomes, which could be used as a controlled release delivery 
system.

Nanoparticles have enormous applications in biology and medicine. In a 
dynamic range of size <100 nm, they could be used as probes attached to peptides, 
antibodies, or nucleic acids for detection and quantification of molecular reactions 
in vivo (Niemeyer 2001). The potential for coating nanoparticles with antibodies, 
collagen, and other substances makes them biocompatible for detection and medi-
cal diagnosis. Bruchez et  al. (1998) showed that nanoparticle-based fluorescent 
labeling is superior to the use of conventional fluorophores. Wu et  al. (2003) 
observed that quantum-dot-based immunofluorescent labeling of the cancer marker 
Her2 is more efficient than normal fluorophores in labeling different target cell-
surface receptors, nuclear antigens, the cytoskeleton, and other intracellular organ-
elles. They also demonstrated that bioconjugated colloidal quantum dots were 
valuable in cell labeling, cell tracking, DNA detection, and in vivo imaging. Zhang 
et al. (2002) showed that surface modification of superparamagnetite nanoparticles 
with ethylene glycol and folic acid is effective in facilitating phagocytosis by cancer 
cells for potential cancer therapy and diagnosis. O’Neal et al. (2004) observed in 
mice that selective photothermal ablation of tumors using near infrared-absorbing 
polyethylene-coated gold nanoshells of 130 nm size inhibited tumor growth and 
increased survival of animals for up to 90 days compared with controls. Moreover, 
the antibody-coated magnetic iron nanoparticles reported by Perkel (2004) have 
been proven very effective to heat and virtually burn tumors. Gopalan et al. (2004) 
reported nanoparticle-based gene therapy using a novel tumor suppressor gene, 
FUSI, to be effective in systemic gene treatment of lung cancer. Dufes et al. (2005) 
reported gene therapy by intravenous administration of nanoparticle-based vector 
systems using tumor necrosis factor (TNF)-a expression plasmid and found 
increased transgene expression and long-term survival of rats with no toxicity. In 
vitro studies with breast cancer cells have shown the efficacy of nanoparticle-mediated 
gene delivery of the wild-type p53 gene. Cancer cells, upon nanoparticle-based 
gene delivery, exhibited an increased and sustained antiproliferative activity. Kaul 
and Amiji (2005) observed that PEG-modified gelatin nanoparticles used for tumor-
targeted gene delivery have been highly effective, biocompatible, biodegradable, and 
long-circulating for systemic delivery to solid tumors.

Pathogen detection is another widely explored area in BioMEMS research. 
Culture and colony counting methods and PCR have been the two conventional and 
most selective/reliable methods in molecular biology laboratories, although they 
take hours to days to provide conformity. The emphasis of detection technologies 
has been moved to BioMEMS/sensor technology because this provides equally reli-
able results in a fraction of the time employed for conventional methods.
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5.8 � Conclusions

During the past several years, various methods based on chemical reduction, thermal 
treatment, irradiation and laser ablation, etc. have been used for synthesis of metal 
nanoparticles. Most of these methods rely heavily on the use of organic solvents and 
toxic reducing agents like sodium borohydride and N, N-dimethylformamide, which 
may pose severe environmental problems and biological risks. Therefore, biological 
and biomimetic approaches for green synthesis of nanomaterials are now highly 
appealing, utilizing the potential of bacteria, fungi, and even plants for nanoparticle 
synthesis as eco-friendly nanofactories. The cell mass and leached components from 
microorganisms have reportedly been utilized for the reduction of metal ions to 
nanoparticles, through enzymes such as oxidoreductases and a shuttle quinone extra-
cellular process. Filamentous fungi possess some distinctive advantages over bacte-
ria due to ease of handling, mass cultivation, high metal tolerance, wall-binding 
capacity, and intracellular metal uptake capabilities. Nanoparticles of noble metals 
like gold, platinum, palladium, and silver, etc. have attracted scientific attention in 
recent years due to their unique chemical and physical attributes that differ from the 
respective bulk substance. The extremely small size and large surface area relative 
to their volume make them useful for many applications viz. nonlinear optics, spec-
trally selective coatings for solar energy absorption, optical receptors, catalysis in 
chemical reactions, biolabelling, and as antibacterials. Thus, the use of biologically 
compatible materials for nanoparticle synthesis and stabilization could play a crucial 
role in medical diagnosis and therapeutics including the detection of genetic disor-
ders by color-coded fluorescent labeling of cells using semiconductor quantum dots 
and cell transfection for gene therapy and drug delivery.

References

Ahmad, A., Mukherjee, P., Senapati, S., Mandal, D., Khan, M. I., Kumar, R., and Sastry, M. 2002. 
Extracellular biosynthesis of silver nanoparticles using the fungus Fusarium oxysporum. 
Colloids Surf. B Biointerfaces 28: 313–318.

Ahmad, A., Senapati, S., Khan, M. I., Kumar, R., and Sastry, M. 2003a. Extracellular biosynthesis 
of monodisperse gold nanoparticles by a novel extremophilic actinomycete Thermomonospora 
sp. Langmuir 19: 3550–3553.

Ahmad, A., Mukherjee, P., Senapati, S., Mandal, D., Khan, M. I., Kumar, R., and Sastry, M. 
2003b. Extracellular biosynthesis of silver nanoparticles using the fungus Fusarium oxyspo-
rum. Colloids Surf. B Biointerfaces 28: 313–318.

Ahmad, A., Senapati, S., Khan, M. I., Kumar, R., and Sastry, M. 2005. Extra-/intracellular, bio-
synthesis of gold nanoparticles by an alkalotolerant fungus, Trichothecium. J. Biomed. 
Nanotechnol. 1: 47–53.

Alivisatos, P. 2004. The use of nanocrystals in biological detection. Nat. Biotechnol. 22: 47–52.
Ayyad, O., Rohas, D. M., Sole, J. O., Romero, P. G. 2010. From silver nanoparticles to nanostruc-

tures through matrix chemistry. J. Nanopart. Res. 12: 337–345.
Bai, H. J., Zhang, Z. M., Guo, Y., and Yang, G. E. 2009. Biosynthesis of cadmium sulfide 

nanoparticles by photosynthetic bacteria Rhodopseudomonas palustris. Colloids Surf.  
B Biointerfaces 70: 142–146.



120 J. Musarrat et al.

Balaji, D. S., Basavaraja, S., Deshpande, R., Mahesh, B. D., Prabhakar, B. K., and Venkataraman, A. 
2009. Extracellular biosynthesis of functionalized silver nanoparticles by strains of 
Cladosporium cladosporioides fungus. Colloids Surf. B Biointerfaces 68: 88–92.

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

Bansal, V., Sanyal, A., Rautaray, D., Ahmad, A., and 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., Poddar, P., Ahmad, A., and Sastry, M. 2006. Room-temperature biosynthesis of fer-
roelectric barium titanate nanoparticles. J. Am. Chem. Soc. 128: 11958–11963.

Bao, C. Y., Jin, M., Lu, R., Zhang, T. R., and Zhao, Y. Y. 2003. Preparation of Au nanoparticles 
in the presence of low generational poly (amidoamine) dentrimer with surface hydroxyl 
groups. Mater. Chem. Phys. 81: 160–165.

Barud, H. S., Barrios, C., Regiani, T., Marques, R. F. C., Verelst, M., Dexpert-Ghys, J., et al. 2008. 
Self-supported silver nanoparticles containing bacterial cellulose membranes. Mat. Sci. Eng. 
C 28: 515–518.

Basavaraja, S., Balaji, S. D., Lagashetty, A., Rajasab, A. H., and Venkataraman, A. 2008. 
Extracellular biosynthesis of silver nanoparticles using the fungus Fusarium semitectum. Mat. 
Res. Bull. 43: 1164–1170.

Bazylinski, D. A., Frankel, R. B., and Jannasch, H. W. 1988. Anaerobic magnetite production by 
a marine magnetotactic bacterium. Nature 334: 518–519.

Bazylinski, D. A., Heywood, B. R., Mann, S., and Frankel, R. B. 1993. Fe
3
O

4
 and FeS

4
 in a bac-

terium. Nature 366: 218.
Beveridge, T. J., and Murray, R. G. E. 1980. Sites of metal deposition in the cell wall of Bacillus 

subtilis. J. Bacteriol. 141: 876–887.
Bhainsa, K. C., and D’Souza, S. F. 2006. Extracellular biosynthesis of silver nanoparticles using 

the fungus Aspergillus fumigates. Colloids Surf. B Biointerfaces 47: 160–164.
Bharde, A., Rautaray, D., Bansal, V., Ahmad, A., Sarkar, I., Yusuf, S. M., Sanyal, M., and Sastry, M. 

2006. Extracellular biosynthesis of magnetite using fungi. Small 2: 135–141.
Bharde, A., Wani, A., Shouche, Y., Pattayil, A., Bhagavatula, L., and Sastry, M. 2005. Bacterial 

aerobic synthesis of nanocrystalline magnetite. J. Am. Chem. Soc. 127: 9326–9327.
Birla, S. S., Tiwari, V. V., Gade, A. K., Ingle, A. P., Yadav, A. P., and Rai, M. K. 2009. Fabrication 

of silver nanoparticles by Phoma glomerata and its combined effect against Escherichia coli, 
Pseudomonas aeruginosa and Staphylococcus aureus. Lett. Appl. Microbiol. 48: 173–179.

Blakemore, R. P., Maratea, D., and Wolfe, R. S. 1979. Isolation and pure culture of a freshwater 
magnetic spirillum in chemically defined medium. J. Bacteriol. 140: 720–729.

Brayner, R., Barberousse, H., Hemadi, M., Djedjat, C., Yéprémian, C., Coradin, T., Livage, J., 
Fiévet, F., Couté, A. 2007. Cyanobacteria as bioreactors for the synthesis of Au, Ag, Pd, and 
Pt nanoparticles via an enzyme-mediated route. J. Nanosci. Nanotechnol. 7(8): 2696–2708

Brierley, J. A. 1990. In: Biosorption of Heavy Metals (Volesky, B., Ed.), Boca Raton, USA,  
p. 305.

Bruchez, M. Jr., Moronne, M., Gin, P, Weiss, S., and Alivisatos, A. P. 1998. Semiconductor nano-
crystals as fluorescent biological labels. Science 281: 2013–2016.

Chang, C. C., Lin, C. K., Chan, C. C., Hsu, C. S., and Chen, C. Y. 2006. Photocatalytic properties 
of nanocrystalline TiO

2
 thin film with Ag additions. Thin Solid Films 494: 274–278.

Chen, J. C., Lin, Z. H., and Ma, X. X. 2003. Evidence of the production of silver nanoparticles via 
pretreatment of Phoma sp.3.2883 with silver nitrate. Lett. Appl. Microbiol. 37: 105–108.

Chen, Q., Shen, X., and Gao, H. 2006. One-step synthesis of silver-poly(4- vinylpyridine) hybrid 
microgels by -irradiation and surfactant-free emulsion polymerization, the photoluminescence 
characteristics. Colloids Surf. A Physicochem. Eng. Asp. 275: 45–49.

Courrol, L. C., Silva, F. R. D. O., and Gomes, L. 2007. A simple method to synthesize silver 
nanoparticles by photo-reduction. Colloids Surf. A Physicochem. Eng. Asp. 305: 54–57.

Cui, D., and Gao, H. 2003. Advance and prospects of bionanomaterials. Biotechnol. Prog. 19: 
683–692.



1215  Microbially Synthesized Nanoparticles: Scope and Applications

Dameron, C. T., Reese, R. N., Mehra, R. K., Kortan, A. R., Carroll, P. J., Steigerwald, M. L., Brus, L. E., 
and Winge, D. R. 1989. Biosynthesis of cadmium sulphide quantum semiconductor crystal-
lites. Nature 338: 596–597.

Daniel, M.-C., and Astruc, D. 2004. Gold nanoparticles: assembly, supramolecular chemistry, 
quantum-sizerelated properties, and applications toward biology, catalysis, and nanotechnology. 
Chem. Rev. 104: 293–346.

Darnall, D. W., Greene, B., Henzel, M. J., Hosea, M., McPherson, R. A., Sneddon, J., and 
Alexander, M. D. 1986. Selective recovery of gold and other metal ions from an algal biomass. 
Environ. Sci. Technol. 20: 206–208.

Dastjerdi, R., Mojtahedi, M. R. M., and Shoshtari, A. M. 2009. Comparing the effect of three 
processing methods for modification of filament yarns with inorganic nanocomposite filler and 
their bioactivity against Staphylococcus aureus. Macromol. Res. 17: 378–387.

Dastjerdi, R., Mojtahedi, M. R. M., Shoshtari, A. M., and Khosroshahi, A. 2010. Investigating the 
production and properties of Ag/TiO

2
/PP antibacterial nanocomposite filament yarns. J. Textile 

Inst. 101: 204–213.
De Windt, D., Aelterman, P., and Verstraete, W. 2005. Bioreductive deposition of palladium(0) 

nanoparticles on Shewanella oneidensis with catalytic activity towards reductive dechlorina-
tion of polychlorinated biphenyls. Environ. Microbiol. 7: 314–325.

Dickson, D. P. E. 1999. Nanostructured magnetism in living systems. J. Magn. Mater. 203: 
46–49.

Dimitrov, D. S. 2006. Interactions of antibody-conjugated nanoparticles with biological surfaces. 
Colloids Surf. A Physicochem. Eng. Asp. 282–283: 8–10.

Du, L., Jiang, H., Xiaohua, H., and Wang, E. 2007. Biosynthesis of gold nanoparticles assisted by 
Escherichia coli DH5a and its application on direct electrochemistry of haemoglobin. 
Electrochem. Commun. 9: 1165–1170.

Dufes, C., Keith, W. N., Bilsland, A., Proutski, I., Uchegbu, I. F., and Schatzlein, A. G. 2005. 
Synthetic anticancer gene medicine exploits intrinsic antitumor activity of cationic vector to 
cure established tumors. Cancer Res. 65: 8079–8084.

Durán, N., Marcato, P. D., Souza, G. I. H. D., Alves, O. L., and Esposito, E. 2007. Antibacterial 
effect of silver nanoparticles produced by fungal process on textile fabrics and their effluent 
treatment. J. Biomed. Nanotechnol. 3: 203–208.

Fayaz, M., Balaji, K., Girilal, M., Yadav, R., Kalaichelvan, P. T., and Venketesan, R. 2010. 
Biogenic synthesis of silver nanoparticles and their synergistic effect with antibiotics: a study 
against gram-positive and gram-negative bacteria. Nanomedicine 6: 103–109.

Fendler, J. H., Ed. 1998. Nanoparticles and Nanostructured Films. Wiley-VCH, Weinheim.
Feng, Y., Yu, Y., Wang, Y., and Lin, X. 2007. Biosorption and bioreduction of trivalent aurum by 

photosynthetic bacteria Rhodobacter capsulatus. Curr. Microbiol. 55: 402–408.
Frilis, N., and Myers-Keith, P. 1986. Biosorption of uranium and lead by Streptomyces longwood-

ensis. Biotechnol. Bioeng. 28: 21–28.
Gade, A. K., Bonde, P. P., Ingle, A. P., Marcato, P., Duran, N., and Rai, M. K. 2008. Exploitation 

of Aspergillus niger for synthesis of silver nanoparticles. J. Biobased Mater. Bioenergy 2: 
1–5.

Gericke, M., and Pinches, A. 2006. Biological synthesis of metal nanoparticles. Hydrometallurgy 
83: 132–140.

Gerrard, T. L., Telford, J. N., and Williams, H. H. 1974. Detection of selenium deposits in 
Escherichia coli by electron microscopy. J. Bacteriol. 119: 1057–1060.

Gopalan, B., Ito, I., Branch, C. D., Stephens, C., Roth, J. A., and Ramesh, R. 2004. Nanoparticle 
based systemic gene therapy for lung cancer: molecular mechanisms and strategies to suppress 
nanoparticle- mediated inflammatory response. Technol. Cancer Res. Treat. 3: 647–657.

Gregorio, S. D., Lampis, S., and Vallini, G. 2005. Selenite precipitation by a rhizospheric strain 
of Stenotrophomonas sp. isolated from the root system of Astragalus bisulcatus: a biotechno-
logical perspective. Environ. Int. 31: 233–241.

Gupta, A., and Silver, S. 1998. Silver as a biocide: will resistance become a problem? Nat. 
Biotechnol. 16: 888.



122 J. Musarrat et al.

Hardman, R. 2006. A toxicologic review of quantum dots: toxicity depends on physicochemical 
and environmental factors. Environ. Health Perspect. 114: 165–172.

Holmes, J. D., Smith, P. R., Evans-Gowing, R., Richardson, D. J., Russell, D. A., and Sodeau, J. R. 
1995. Energy-dispersive-X-ray analysis of the extracellular cadmium sulfide crystallites of 
Klebsiella aerogenes. Arch. Microbiol. 163: 143–147.

Huang, C. P., Juang, C. P., Morehart, K., and Allen, L. 1990. The removal of Cu (II) from dilute 
aqueous solutions by Saccharomyces cerevisiae. Water Res. 24: 433–439.

Husseiny, M. I., Abd El-Aziz, M., Badr, Y., and Mahmoud, M. A. 2007. Biosynthesis of gold 
nanoparticles using Pseudomonas aeruginosa. Spectrochim. Acta A Mol. Biomol. Spectrosc. 
67: 1003–1006.

Ingle, A., Rai, M., Gade, A., and Bawaskar, M. 2009. Fusarium solani: a novel biological agent 
for the extracellular synthesis of silver nanoparticles. J. Nanopart. Res. 11: 2079–2085.

Jeong, S. H., Hwang, Y. H., and Yi, S. C. 2005. Antibacterial properties of padded PP/PE nonwo-
vens incorporating nano-sized silver colloids. J. Mater. Sci. 40: 5413–5418.

Jha, A. K., Prasad, K., and Prasad, K. 2009. A green low-cost biosynthesis of Sb
2
O

3
 nanoparticles. 

Biochem. Eng. J. 43: 303–306.
Juzenas, P., Chen, W., Sun, Y. P., Coelho, M. A. N., Genralov, R., Genralova, N., and Christensen, L. 

2008. Quantum dots and nanoparticles for photodynamic and radiation therapies of cancer. 
Adv. Drug Deliv. Rev. 60: 1600–1614.

Kalishwaralal, K., Deepak, V., Ramakumarpandian, S., Nellaiah, H., and Sangiliyandi, G. 2008. 
Extracellular biosynthesis of silver nanoparticles by the culture supernatant of Bacillus licheni-
formis. Mat. Lett. 62: 4411–4413.

Kalishwaralal, K., Deepak, V., Pandian, S. R. K., Kottaisamy, M., Barath-ManiKanth, S., 
Kartikeyan, B., and Gurunathan, S. 2010. Biosynthesis of silver and gold nanoparticles using 
Brevibacterium casei. Colloids Surf. B Biointerfaces 77: 257–262.

Kathiresan, K., Manivanan, S., Nabeel, M. A., and Dhivya, B. 2009. Studies on silver nanoparti-
cles synthesized by a marine fungus, Penicillium fellutanum isolated from coastal mangrove 
sediment. Colloids Surf. B Biointerfaces 71: 133–137.

Kaul, G., and Amiji, M. 2005. Tumor-targeted gene delivery using poly (ethylene glycol)-modi-
fied gelatin nanoparticles: in vitro and in vivo studies. Pharm. Res. 22: 951–961.

Klaus, T., Joerger, R., Olsson, E., and Granqvist, C. G. 1999. Silver-based crystalline nanoparti-
cles, microbially fabricated. Proc. Natl. Acad. Sci. U.S.A. 96: 13611–13614.

Klaus-Joerger, T., Joerger, R., Olsson, E., and Granqvist, C. G. 2001. Bacteria as workers in the 
living factory: metal-accumulating bacteria and their potential for materials science. Trends 
Biotechnol. 19: 15–20.

Konishi, Y., Ohno, K., Saitoh, N., Nomura, T., and Nagamine, S. 2004. Microbial synthesis of 
gold nanoparticles by metal reducing bacterium. Trans. Mater. Res. Soc. Jpn. 29: 
2341–2343.

Konishi, Y., Ohno, K., Saitoh, N., Nomura, T., Nagamine, S., Hishida, H., Takahashi, Y., and 
Uruga, T. 2007. Bioreductive deposition of platinum nanoparticles on the bacterium 
Shewanella algae. J. Biotechnol. 128: 648–653.

Kowshik, M., Ashtaputre, S., Kharrazi, S., Vogel, W., Urban, J., Kulkarni, S. K., and Paknikar, K. M. 
2003. Extracellular synthesis of silver nanoparticles by a silver-tolerant yeast strain MKY3. 
Nanotechnology 14: 95–100.

Kowshik, M., Deshmukh, N., Vogel, W., Urban, J., Kulkarni, S. K., and Paknikar, K. M. 2002. 
Microbial synthesis of semiconductor CdS nanoparticles, their characterization, and their use 
in the fabrication of an ideal diode. Biotechnol. Bioeng. 78: 583–588.

Kumar, V., and McLendon, L. 1997. Nanoencapsulation of cytochrome c and horseradish peroxi-
dase at the galleries of a-zirconium phosphate. Chem. Mater. 9: 863–870.

Kumar, S. A., Ayoobul, A. A., Absar, A., and Khan, M. I. 2007. Extracellular biosynthesis of CdSe 
quantum dots by the fungus, Fusarium oxysporum. J. Biomed. Nanotechnol. 3: 190–194.

Labrenz, M., Druschel, G. K., Thomsen-Ebert, T., Gilbert, B., Welch, S. A., and Kemner, K. M. 
2000. Formation of sphalerite (ZnS) deposits in natural biofilms of sulfate-reducing bacteria. 
Science 290: 1744–1747.



1235  Microbially Synthesized Nanoparticles: Scope and Applications

Lang, C., and Schuler, D. 2006. Biogenic nanoparticles: production, characterization, and application 
of bacterial magnetosomes. J. Phys. Condens. Matter. 18: S2815–S2828.

Lee, H., Purdon, A. M., Chu, V., and Westervelt, R. M. 2004. Controlled assembly of magnetic 
nanoparticles from magnetotactic bacteria using microelectromagnets arrays. Nano Lett. 4: 
995–998.

Lengke, M. F., and Southam, G. 2006. Bioaccumulation of gold by sulfate-reducing bacteria cul-
tured in the presence of gold (I)-thiosulfate complex. Geochim. Cosmochim. Acta 70: 
3646–3661.

Lengke, M. F., Fleet, M. E., and Southam, G. 2006a. Bioaccumulation of gold by filamentous 
cyanobacteria between 25 and 200°C. Geomicrobiol. J. 23: 591–597.

Lengke, M. F., Ravel, B., Fleet, M. E., Wanger, G., Gordon, R. A., and Southam, G. 2006b. 
Mechanisms of gold bioaccumulation by filamentous cyanobacteria from gold (III)-chloride 
complex. Environ. Sci. Technol. 40: 6304–6309.

Li, X., Chen, S., Hu, W., Shi, S., Shen, W., Zhang, X., and Wang, H. 2009. In situ synthesis of 
CdS nanoparticles on bacterial cellulose nanofibers. Carbohydr. Polym. 76: 509–512.

Li, X. Z., Nikaido, H., and Williams, K. E. 1997. Silver-resistant mutants of Escherichia coli 
display active efflux of Ag+ and are deficient in porins. J. Bacteriol. 179: 6127–6132.

Lin, Z., Wu, J., Xue, R., and Yang, Y. 2005. Spectroscopic characterization of Au
3
+ biosorption 

by waste biomass of Saccharomyces cerevisiae. Spectrochim. Acta A 61: 761–765.
Lok, C. 2006. Proteomic analysis of the mode of antibacterial action of silver nanoparticles. 

J. Proteome Res. 5: 916–924.
Lortie, L., Gould, W. D., Rajan, S., McCready, R. G. L., and Cheng, K. J. 1992. Reduction of 

selenate and selenite to elemental selenium by a Pseudomonas stutzeri isolate. Appl. Environ. 
Microbiol. 58: 4042–4044.

Losi, M. E., and Frankenberger, W. T. Jr. 1997. Reduction of selenium oxyanions by Enterobacter 
cloacae SLD1a-1: isolation and growth of the bacterium and its expulsion of selenium parti-
cles. Appl. Environ. Microbiol. 63: 3079–3084.

Lovley, D. R., Stolz, J. F., Nord, G. L. Jr., and Phillips, E. J. P. 1987. Anaerobic production of 
magnetite by a dissimilatory iron-reducing bacterium. Nature 330: 252–254.

Lovley, D. R., Phillips, E. J. P., and Lonergan, D. J. 1989. Hydrogen and formate oxidation cou-
pled to dissimilatory reduction of iron and manganese by Alteromonas putrefaciens. Appl. 
Environ. Microbiol. 55: 700–706.

Lovley, D. R., Phillips, E. J. P., Gorby, Y. A., and Landa, E. R. 1991. Microbial reduction of ura-
nium. Nature 350: 413–416.

Lowe, C. R. 2000. Nanobiotechnology: the fabrication and application of chemical and biological 
nanostructures. Curr. Opin. Struct. Biol. 10: 428–434.

Macdonald, I. D. G., and Smith, W. E. 1996. Orientation of cytochrome c adsorbed on a citrate-
reduced silver colloid surface. Langmuir 12: 706–713.

Mann, S., Frankel, R. B., and Blakemore, R. P. 1984. Structure, morphology and crystal growth 
of bacterial magnetite. Nature 310: 405–407.

Mann, S., Sparks, N. H. C., Frankel, R. B., Bazylinski, D. A., and Jannasch, H. W. 1990. 
Biomineralization of ferrimagnetic greigite (Fe

3
O

4
) and iron pyrite (FeS

2
) in a magnetotactic 

bacterium. Nature 343: 258–260.
Marshall, M. J., Beliaev, A. S., Dohnalkova, A. C., Kennedy, D. W., Shi, L., Wang, Z., Boyanov, M. I., 

Lai, B., Kemner, K. M., McLean, J. S., Reed, S. B., Culley, D. E., Bailey, V. L., Simonson, C. 
J., Saffarini, D. A., Romine, M. F., Zachara, J. M., and Fredrickson, J. K. 2006. c-Type cyto-
chrome-dependent formation of U(IV) nanoparticles by Shewanella oneidensis. PLoS Biol. 
4: 1324–1333.

Medintz, I. L., Uyeda, H. T., Goldman, E. R., and Mattoussi, H. 2005. Quantum dot bioconjugates 
for imaging, labeling and sensing. Nat. Mater. 4: 435–446.

Milligan, A. J., and Morel, F. M. M. 2002. A proton buffering role for silica in diatoms. Science 
297: 1848–1850.

Mohammadian, A., Shojaosadati, S. A., and Habibi-Rezaee, M. 2007. Fusarium oxysporum 
mediates photogeneration of silver nanoparticles. J. Sci. Iran 14: 323–326.



124 J. Musarrat et al.

Mouxing, F. U., Qingbiao, L. I., Daohua, S. U. N., Yinghua, L. U., Ning, H. E., Xu, D., Wang H., 
and Huang, J. 2006. Rapid preparation process of silver nanoparticles by bioreduction and 
their characterizations. Chinese J. Chem. Eng. 14: 114–117.

Mucha, H., Hofer, D., ABflag, S., and Swere, M. 2002. Antimicrobial finishes and modification. 
Melliand Textile Berichte. 83: 53–56.

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

Mukherjee, P., Ahmad, A., Mandal, D., Senapati, S., Sainkar, S. R., Khan, M. I., Ramani, R., 
Parischa, R., Ajaykumar, P. V., Alam, M., Sastry, M., and Kumar, R. 2001b. Bioreduction of 
AuCl

4
- ions by the fungus, Verticillium sp. and surface trapping of the gold nanoparticles 

formed. Angew. Chem. Int. Ed. Engl. 40: 3585–3588.
Mukherjee, P., Roy, M., Mandal, B. P., Dey, G. K., Mukherjee, P. K., Ghatak, J., Tyagi, A. K., 

and Kale, S. P. 2008. Green synthesis of highly stabilized nanocrystalline silver particles by 
a non-pathogenic and agriculturally important fungus T. asperellum. Nanotechnology 19: 
075103.

Musarrat, J., Dwivedi, S., Singh, B. R., Al-Khedhairy, A. A., Azam, A., Naqvi, A. 2010. 
Production of antimicrobial silver nanoparticles in water extracts of the fungus Amylomyces 
rouxii strain KSU-09. Bioresour. Technol. 101: 8772–8776.

Myers, C. R., and Nealson, K. H. 1988. Bacterial manganese reduction and growth with manga-
nese oxide as a sole electron acceptor. Science 240: 1319–1321.

Naik, R. R., Stringer, S. J., Agarwal, G., Jones, S. E., and Stone, M. O. 2002. Biomimetic synthesis 
and patterning of silver nanoparticles. Nat. Mater. 1: 169–172.

Nair, B., and Pradeep, T. 2002. Coalescence of nanoclusters and formation of submicron crystal-
lites assisted by Lactobacillus strains. Cryst. Growth Des. 2: 293–298.

Nersisyan, H. H., Lee, J. H., Son, H. T., Won, C. W., and Maeng, D. Y. 2003. New and effective 
chemical reduction method for preparation of nanosized silver powder and colloid dispersion. 
Mater. Res. Bull. 38: 949–956.

Niemeyer, C. M. 2001. Nanoparticles, proteins, and nucleic acids: biotechnology meets material 
science. Agnew. Chem. Int. Ed. Engl. 40: 4128–4158.

O’Neal, D. P., Hirsch, L. R., Halas, N. J., Payne, J. D., and West, J. L. 2004. Photothermal tumor 
ablation in mice using near infrared-absorbing nanoparticles. Cancer Lett. 209: 171–176.

Oremland, R. S., Herbel, M. J., Blum, J. S., Langley, S., Ajayan, P., Sutto, T., Ellis, A. V., and 
Curran, S. 2004. Structural and spectral features of selenium nanospheres formed by 
Se-respiring bacteria. Appl. Environ. Microbiol. 70: 52–60.

Pan, Z. W., Dai, Z. R., and Wang, Z. L. 2001. Nanobelts of semiconducting oxides. Science 291: 
1947–1949.

Park, S. H., Oh, S. G., Munb, J. Y., and Han, S. S. 2006. Loading of gold nanoparticles inside 
the DPPC bilayers of liposome and their effects on membrane fluidities. Colloids Surf. 
B Biointerfaces 48: 112–118.

Perantoni, M., Esquivel, D. M. S., Wajnberg, E., Acosta-Avalos, D., Cernicchiaro G., and Lins de 
Barros, H. 2009. Magnetic properties of the microorganism Candidatus Magnetoglobus mul-
ticellularis. Naturwissenschaften 96: 685–690.

Perkel, J. M. 2004. The ups and downs of nanobiotech. The Scientist 18: 14–18.
Philip, D. 2009. Biosynthesis of Au, Ag and Au-Ag nanoparticles using edible mushroom extract. 

Spectrochim. Acta A 73: 374–381.
Pighi, L., Pumpel, T., and Schinner, F. 1989. Selective accumulation of silver by fungi. Biotechnol. 

Lett. 11: 275–280.
Prasad, K., Jha, A. K., and Kulkarni, A. R. 2007. Lactobacillus assisted synthesis of titanium 

nanoparticles. Nanoscale Res. Lett. 2: 248–250.
Pugazhenthiran, N., Anandan, S., Kathiravan, G., Prakash, N. K. U., Crawford, S., and Ashok 

kumar, M. 2009. Microbial synthesis of silver nanoparticles by Bacillus sp.. J. Nanopart. Res. 
11: 1811–1815.



1255  Microbially Synthesized Nanoparticles: Scope and Applications

Pum, D., and Sleytr, U. B. 1999. The application of bacterial S-layers in molecular nanotechnology. 
Trends Biotechnol. 17: 8–12.

Rai, M., Yadav, A., and Gade, A. 2009. Silver nanoparticles as a new generation of antimicrobials. 
Biotechnol. Adv. 27: 76–83.

Ramanavicius, A., Kausaite, A., and Ramanaviciene, A. 2005. Biofuel cell based on direct bio-
electrocatalysis. Biosens. Bioelectron. 20: 1962–1967.

Rao, C. N. R., Kulkarni, G. U., John Thomas, P., Agrawal, V. V., Gautam, U. K., and Ghosh, M. 
2003. Nanocrystals of metals, semiconductors and oxides: novel synthesis and applications. 
Curr. Sci. 85: 1041–1045.

Safarik, I., and Safarikova, M. 2002. Magnetic nanoparticles biosciences. Monatsh. Chem. 133: 
737–759.

Sakaguchi, T., Tsuji, T., Nakajima, A., and Horikoshi, T. 1979. Accumulation of cadmium by 
green microalgae. Eur. J. Appl. Microbiol. Biotechnol. 8: 207–215.

Sanghi, R., and Verma, P. 2009. Biomimetic synthesis and characterisation of protein capped sil-
ver nanoparticles. Bioresour. Technol. 100: 501–504.

Sastry, M., Ahmad, A., Khan, M. I., and Kumar, R. 2003. Biosynthesis of metal nanoparticles 
using fungi and actinomycete. Curr. Sci. 85: 162–170.

Sathishkumar, M., Sneha, K., Won, S. W., Cho, C. W., Kim, S., and Yun, Y. S. 2009. Cinnamon 
zeylanicum bark extract and powder mediated green synthesis of nanocrystalline silver parti-
cles and its bactericidal activity. Colloids Surf. B Biointerfaces 73: 332–338.

Schmid, G. 1992. Clusters and colloids–metals in the embryonic state. Chem. Rev. 92: 1709–1727.
Schuler, D., and Frankel, R. B. 1999. Bacterial magnetosomes: microbiology, biomineralization 

and biotechnological applications. Appl. Microbiol. Biotechnol. 52: 464–473.
Senapati, S., Mandal, D., Ahmad, A., Khan, M. I., Sastry, M., and Kumar, R. 2004. Fungus medi-

ated synthesis of silver nanoparticles: a novel biological approach. Ind. J. Phys. 78A: 
101–105.

Shahverdi, A. R., Minaeian, S., Shahverdi, H. R., Jamalifar, H., and Nohi, A. A. 2007. Rapid 
synthesis of silver nanoparticles using culture supernatants of Enterobacteria: a novel biologi-
cal approach. Proc. Biochem. 42: 919–923.

Shaligram, N. S., Bule, M., Bhambure, R., Singhal, R. S., Singh, S. K., Szakacs, G., and Pandey, A. 
2009. Biosynthesis of silver nanoparticles using aqueous extract from the compactin producing 
fungal strain. Proc. Biochem. 44: 939–943.

Shankar, S. S., Ahmad, A., Pasrichaa, R., and Sastry, M. 2003. Bioreduction of chloroaurate ions 
by geranium leaves and its endophytic fungus yields gold nanoparticles of different shapes. 
J. Mater. Chem. 13: 1822–1826.

Sharma, P. K., Balkwill, D. L., Frenkel, A., and Vairavamurthy, M. A. 2000. A new Klebsiella 
planticola strain (Cd-1) grows anaerobically at high cadmium concentrations and precipitates 
cadmium sulfide. Appl. Environ. Microbiol. 66: 3083–3087.

Shiying, H., Zhirui, G., Zhanga, Y., Zhanga, S., Wanga, J., and Ning, G. 2007. Biosynthesis of gold 
nanoparticles using the bacteria Rhodopseudomonas capsulata. Mater. Lett. 61: 3984–3987.

Silverberg, B. A., Wong, P. T. S., and Chau, Y. K. 1976. Localization of selenium in bacterial cells 
using TEM and energy dispersive X-ray analysis. Arch. Microbiol. 107: 1–6.

Smith, A. M., Duan, H., Mohs, A. M., and Nie, S. 2008. Bioconjugated quantum dots for in vivo 
molecular and cellular imaging. Adv. Drug Deliv. Rev. 60: 1226–1240.

Smith, P. R., Holmes, J. D., Richardson, D. J., Russell, D. A., and Sodeau, J. R. 1998. 
Photophysical and photochemical characterization of bacterial semiconductor cadmium sul-
fide particles. J. Chem. Soc. Faraday Trans. 94: 1235–1241.

Suzuki, Y., Kelly, S. D., Kemner, K. M., and Banfield, J. F. 2002. Nanometer-size products of 
uranium bioreduction. Nature 419: 134.

Sweeney, R. Y., Mao, C., Gao, X., Burt, J. L., Belcher, A. M., Georgiou, G., and Iverson, B. L. 
2004. Bacterial biosynthesis of cadmium sulfide nanocrystals. Chem. Biol. 11: 1553–1559.

Tomei, F. A., Barton, L. L., Lemanski, C. L., Zocco, T. G., Fink, N. H., and Sillerud, L. O. 1995. 
Transformation of selenate and selenite to elemental selenium by Desulfovibrio desulfuricans. 
J. Ind. Microbiol. 14: 329–336.



126 J. Musarrat et al.

Vigneshwaran, N., Ashtaputre, N. M., Varadarajan, P. V., Nachane, R. P., Paralikar, K. M., and 
Balasubramanya, R. H. 2007. Biological synthesis of silver nanoparticles using the fungus 
Aspergillus flavus. Mat. Lett. 61: 1413–1418.

Vigneshwaran, N., Kathe, A. A., Varadarajan, P. V., Nachane, R. P., and Balasubramanya, R. H. 
2006. Biomimetics of silver nanoparticles by white rot fungus, Phaenerochaete chrysospo-
rium. Colloids Surf. B Biointerfaces 53: 55–59.

Watson, J.H.P., Ellwood, D.C., Soper, A.K., and Charrock, J. 1999. Nanosized strongly-magnetic 
bacterially-produced iron sulfide materials. J. Magn. Mater. 203: 69–72.

Woolfolk, C. A., and Whiteley, H. R. J. 1962. Reduction of inorganic compounds with molecular 
hydrogen by Micrococcus lactilyticus I. Stoichiometry with compounds of arsenic, selenium, 
tellurium, transition and other elements. J. Bacteriol. 84: 647–658.

Wu, X., Liu, H., Liu, J., Haley, K. N., Treadway, J. A., and Larson, J. P., Ge, N., Peale, F., and 
Bruchez, M. P. 2003. Immunofluorescent labeling of cancer marker Her2 and other cellular 
targets with semiconductor quantum dots. Nat. Biotechnol. 21: 41–46.

Xie, Y., Ye, R., and Liu, H. 2006. Synthesis of silver nanoparticles in reverse micelles stabilized 
by natural biosurfactant. Colloids Surf. A Physicochem. Eng. Asp. 279: 175–178.

Xu, T., and Xie, C. S. 2003. Tetrapod-like nano-particle ZnO/acrylic resin composite and its multi-
function property. Prog. Org. Coatings 46: 297–301.

Yadav, V., Sharma, N., Prakash, R., Raina, K. K., Bharadwaj, L. M., and Prakash, N. T. 2008. 
Generation of selenium containing nano-structures by soil bacterium, Pseudomonas aerugi-
nosa. Biotechnology 7: 299–304.

Yong, P., Rowsen, N. A., Farr, J. P. G., Harris, I. R., and Macaskie, L. E. 2002. Bioreduction and 
biocrystallization of palladium by Desulfovibrio desulfuricans NCIMB 8307. Biotechnol. 
Bioeng. 80: 369–379.

Yu, D. G. 2007. Formation of colloidal silver nanoparticles stabilized by Na+poly(-glutamic acid)–
silver nitrate complex via chemical reduction process. Colloids Surf. B Biointerfaces 59: 
171–178.

Zeiri, L., Bronk, B. V., Shabtai, Y., Czégé, J., and Efrima, S. 2002. Silver metal induced surface 
enhanced Raman of bacteria. Colloids Surf. A Physicochem. Eng. Asp. 208: 357–362.

Zhang, Y., Kohler, N., and Zhang, M. 2002. Surface modification of superparamagnetic magnetite 
nanoparticles and their intracellular uptake. Biomaterials 23: 1553–1561.

Zhang, Y., Peng, H., Huanga, W., Zhou, Y., and Yan, D. 2008. Facile preparation and characteriza-
tion of highly antimicrobial colloid Ag or Au nanoparticles. J. Colloid Interface Sci. 325: 
371–376.

Zhang, H., Li, Q., Lu, Y., Sun, D., Lin, X., Deng, X., He, N., and Zheng, S. 2005. Biosorption and 
bioreduction of diamine silver complex by Corynebacterium. J. Chem. Technol. Biotechnol. 
80: 285–290.


	Chapter 5: Microbially Synthesized Nanoparticles: Scope and Applications
	5.1 Introduction
	5.2 Nanoparticle Synthesis by Bacteria
	5.2.1 Silver Nanoparticles
	5.2.2 Gold Nanoparticles
	5.2.3 Magnetic Nanoparticles
	5.2.4 Uranium Nanoparticles
	5.2.5 Cadmium Nanoparticles
	5.2.6 Selenium Nanoparticles
	5.2.7 Titanium, Platinum, and Palladium Nanoparticles

	5.3 Nanoparticle Biosynthesis by Actinomycetes
	5.4 Nanoparticle Biosynthesis by Cyanobacteria
	5.5 Nanoparticle Biosynthesis by Yeast
	5.6 Nanoparticle Biosynthesis by Fungi
	5.7 Scope and Applications of Nanoparticles
	5.8 Conclusions
	References


