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2.1 Introduction

“Nano” refers to any parameter when it is expressed as a measure of 10�9 times of

SI units. Until recent past, the very existence of nanoparticles and their applications

remained undetected. Nanotechnology was first proposed to have applications in

the field of electronics for the miniaturization of the electronic devices. In fact,

the term “Nanotechnology” has been coined by Norino Taniguchi, a researcher

at the University of Tokyo, Japan (Taniguchi 1974). This slowly expanded to

various fields. Even when various scientists reported the remediation of various

heavy metals by microorganisms, the remediated nanosized zero valent metal

crystal remained unnoticed (Mullen et al. 1989). But, when the significances of

the nanoparticles were discovered, their applications also increased. When it comes

to silver nanoparticles, they are used as antimicrobial agents in most of the public

places such as elevators and railway stations in China. Besides, they are used as

antimicrobial agents in surgically implanted catheters in order to reduce the infec-

tions caused during surgery and are proposed to possess antifungal, antiinflam-

matory, antiangiogenic and antipermeability activities (Kalishwaralal et al. 2009;

Gurunathan et al. 2009a, b; Sheikpranbabu et al. 2009). Primarily, silver nanopar-

ticles are considered as an alternative to silver ions (obtained from silver nitrate),

which were used as antimicrobial agents. Silver was used as storage devices during

historical periods and silver nitrate solution was directly used for wound healing

during Second World War (Chu et al. 1988; Deitch et al. 1987; Margraff and Covey

1977; Silver 2003; Atiyeh et al. 2007; Law et al. 2008). Before the advent of silver

nanoparticles, silver was the main component in the various creams for wounds.

However, silver ions have the disadvantage of forming complexes and the effect

of the ions remained only for a short time. This disadvantage has been overcome

by the use of the silver nanoparticles which are in inert form and also exhibit
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antimicrobial function by inducing the production of reactive oxygen species such

as hydrogen peroxide. Both the top-down and bottom-up approaches have been

followed to synthesize nanoparticles. Here, chemical and biological methods have

been successfully applied to synthesize silver nanoparticles.

2.2 Brief History

Silver was known only as a metal till recently and it is only when the nano era

came into existence that people started to believe that silver could even be produced

at the nanoscale. As previously mentioned, nanoparticles remained unnoticed even

when many organisms were used for remediation of various metals. The competent

organisms have been used to remove various reactive metal salts from the environ-

ment. Both the Gram positive and Gram negative metals have been used for the bio-

sorption of metals such as silver, cadmium and copper. Various organisms have been

tested for their efficiency to adsorb these metal ions and these metal ions remained

as a colloidal aggregate mostly on the cell surface, occasionally on the cytoplasm.

The size of the nanoparticles played no significant role during those times. These

capable organisms were in turn termed as the “competent organisms” which could

bind large amounts of metal ions (Beveridge and Murray 1976; Mullen et al. 1989;

Doyle et al. 1980; Beveridge and Fyfe 1985). Cell walls of Gram positive bacteria

such as Bacillus subtilis were found to bind with large quantities of metals than the

Gram negative bacteria such as Escherichia coli (Beveridge and Fyfe 1985). The

synthesis methods in the early 1980s described the reduction of metal ion as a two-

step procedure; in first step very small particles were synthesized, which were then

enlarged to several nanometers. The difference remained in the use of the reducing

agent for the synthesis where in the former step a stronger reducing agent was used,

and in latter step a weaker reducing agent was used (Sintubin et al. 2009). Chemical

methods were used for the size-dependent synthesis of silver nanoparticles, a

controlled process mediated by the addition of specific reducing agents at raised

temperatures and various pH values. Silver nanoparticles were also synthesized

through an array of methods such as spark discharging, electrochemical reduction,

solution irradiation and cryochemical synthesis.

The biosynthesis of nanoparticles as an emerging highlight of the intersection

of nanotechnology and biotechnology has received increasing attention due to a

growing need to develop environmentally benign technologies in material synthesis

(Kalishwaralal et al. 2008). The biological synthesis of nanoparticles germinated

from the experiments on biosorption of metals with Gram negative and Gram

positive bacteria. The synthesized molecules were not identified as nanoparticles

but as aggregates (Mullen et al. 1989).

The role of microbial cells in the fate of metals in the environment was not

thoroughly examined; however, it was conceived that they represent an important

component of metal dynamics. The first evidence of synthesizing silver nanopar-

ticles was established in 1984 using the microorganism Pseudomonas stutzeri AG259,
a bacterial strain that was originally isolated from silver mine (Haefeli et al. 1984;
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Zhang et al. 2005; Nair and Pradeep 2002). Thin sections of bacteria under the trans-

mission electron microscope showed the deposition of the silver on the cell membrane.

This opened new avenues towards the preparation of nanostructured materials that

incorporate silver-based crystalline particles with defined structural, compositional

and morphological properties. Biological methods are gaining impetus because of the

use of normal conditions for the synthesis that enable control over the size of the nano-

particles. The formation of nanoparticles has beenwell elucidated inMorganella sp. The
organism was grown at different concentrations of AgNO3, but the bacterium was able

to grow at 0.5 mMAgNO3. The growth rate decreased with increase in AgNO3 concen-

tration. The bacterium was allowed to grow up to the late exponential phase, and

different concentrations of AgNO3 were then added. As a consequence, similar experi-

ments have been performed in the closely related bacterium E. coli to understand the

role of silver resistance in AgNPs production fromMorganella sp. (Parikh et al. 2008).

2.3 An Account of Organisms Synthesizing
Silver Nanoparticles

Biological methods of silver nanoparticle synthesis require a special ability: “Resis-

tance of the organism to silver ions” (the resistance mechanism will be explained

later in this chapter). It is to be noted that those organisms which synthesize silver

nanoparticles are also vulnerable to higher concentrations of silver ions. For example,

Bacillus licheniformis is one such organism used to synthesize silver nanoparticle at

1 mM concentration, i.e., when the concentration of the silver ion in the environ-

ment is 1 mM, the organism can synthesize silver nanoparticles without undergoing

cell death. But, when the concentration of the silver ions is raised, say 10 mM, the

organism undergoes cell death within minutes, i.e., when the concentration crosses

the threshold level (Kalimuthu et al. 2008; Pandian et al. 2010). Even though the

organism has the resistance to silver ions, it becomes useless at the higher concentra-

tion. That is why silver can be rightly called “moiety with two functions” – one is

inducing the organism to synthesize nanoparticles at lower concentration, another is

the induction of cell death at higher concentration. The following are some of the

organisms which had been reported to synthesize silver nanoparticles.

2.3.1 Various Species of Microorganisms Synthesizing
Silver Nanoparticles

Bacteria:

S. No Organism Size (nm) Author (year)

1 Pseudomonas stutzeri AG259 200 Tanja et al. (1999)

2 Lactobacillus Strains 500 Nair and Pradeep (2002)

3 Bacillus megaterium 46.9 Fu et al. (1999)

4 Klebsiella pneumonia (culture supernatant) 50 Ahmad et al. (2007)

(continued)
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S. No Organism Size (nm) Author (year)

5 Bacillus licheniformis 50 Kalimuthu et al. (2008)

6 Bacillus licheniformis (culture supernatant) 50 Kalishwaralal et al. (2008)

7 Corynebacterium sp. 10–15 Zhang et al. (2005)

8 Bacillus subtilis (culture supernatant) 5–60 Saifuddin et al. (2009)

9 Geobacter sulfurreducens 200 Law et al. (2008)

10 Morganella sp. 20 � 5 Parikh et al. (2008)

11 Bacillus subtilis 5–60 Saifuddin et al. (2009)

12 Escherichia coli 1–100 Gurunathan et al. (2009a, b)

13 Proteus mirabilis 10–20 Samadi et al. (2009)

14 Bacillus sp. 5–15 Pugazhenthiran et al. (2009)

15 Bacillus cereus 4 and 5 Ganesh Babu and

Gunasekaran (2009)

16 Staphylococcus aureus 1–100 Nanda and Saravanan (2009)

17 Lactic acid bacteria 11.2 Sintubin et al. (2009)

18 Brevibacterium casei 50 Kalishwaralal et al. (2010)

Fungi:

S. No Organism Size (nm) Author (year)

1 Fusarium oxysporum 5–50 Ahmad et al. (2003)

2 Aspergillus fumigatus 5–25 Bhainsa and D’Souza (2006)

3 Aspergillus niger 20 Gade et al. (2008)

4 Phanerochaete chrysosporium 100 Vigneshwaran et al. (2006)

5 Aspergillus flavus 8.92 � 1.61 Vigneshwaran et al. (2007)

6 Cladosporium cladosporioides 10–100 Balaji et al. (2009)

7 Fusarium semitectum 10–60 Basavaraja et al. (2008)

8 Trichoderma asperellum 13–18 Mukherjee et al. (2008a, b)

9 Cladosporium cladosporioides 10–100 Balaji et al. (2009)

10 Trichoderma viride 5–40 Fayaz et al. (2010)

11 Penicillium fellutanum 1–100 Kathiresan et al. (2009)

12 Penicillium brevicompactum WA 2315 23–105 Shaligram et al. (2009)

13 Verticillium sp. 25 � 12 Mukherjee et al. (2001)

14 Fusarium solani 5–35 Gade et al. (2009)

15 Fusarium acuminatum 5–40 Ingle et al. (2008)

16 Aspergillus clavatus 10–25 Verma et al. (2010)

Plants:

S. No Organism Size Author (year)

1 Azadirachta indica 50 Shankar et al. (2004)

2 Cinnamomum camphora leaf 55–80 Huang et al. (2007)

3 Glycine max (soybean) leaf extract 25–100 Vivekanandhan et al. (2009)

4 Jatropha curcas 10–20 Bar et al. (2009)

5 Cinnamomum camphora Leaf 5–40 Huang et al. (2008)

6 Phyllanthus amarus 18–38 Kasthuri et al. (2009)

7 Carica papaya 60–80 Mude et al. (2009)

8 Gliricidia sepium 10–50 Raut et al. (2009)

9 Coriandrum sativum leaf extract 26 Sathyavathi et al. (2010)
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When genomic analysis of these organisms has been performed, it may show

that one thing which confers resistance to silver ions will be common in most of the

above-mentioned organisms.

2.4 Mechanism Involved in Silver Nanoparticle Synthesis

Not all the organisms are found to be competent for the synthesis of silver nano-

particles. As previously mentioned, those organisms which contain the “Silver

resistance machinery” can synthesize silver nanoparticles provided that the con-

centration of the silver ions does not cross the “threshold limit”. The resistance

mechanism differs with organisms. Extracts from bio-organisms may act both as

reducing and capping agents in Ag NPs synthesis. The reduction of Ag+ ions by

combinations of biomolecules found in these extracts such as enzymes/proteins,

amino acids, polysaccharides and vitamins is environmentally benign, yet chemi-

cally complex. But, the mechanism which is widely accepted for the synthesis of

silver nanoparticles is the presence of enzyme “Nitrate reductase” (Anil Kumar

et al. 2007; Kalimuthu et al. 2008). Nitrate reductase is an enzyme in the nitrogen

cycle responsible for the conversion of nitrate to nitrite (Duran et al. 2005). The

reduction mediated by the presence of the enzyme in the organism has been found

to be responsible for the synthesis. The use of a specific enzyme a-NADPH-
dependent nitrate reductase in the in vitro synthesis of nanoparticles is important

because this would do away with the downstream processing required for the use of

these nanoparticles in homogeneous catalysis and other applications such as non-

linear optics. During the catalysis, nitrate is converted to nitrite, and an electron will

be shuttled to the incoming silver ions. This has been excellently described in the

organism B. licheniformis. B. licheniformis is known to secrete the cofactor NADH
and NADH-dependent enzymes, especially nitrate reductase, that might be respon-

sible for the bioreduction of Ag+ to Ag0 and the subsequent formation of silver

nanoparticles. Figure 2.1 shows that the nitrate reductase present in the bacteria

may aid the synthesis of silver nanoparticles (Kalimuthu et al. 2008).

Although all these are speculation, direct evidence was provided by Anil Kumar

et al. (2007) who directly used the purified nitrate reductase from the organism

Fusarium oxysporum for the synthesis of silver nanoparticle in test tube. Their

reaction mixture contained only the enzyme nitrate reductase, silver nitrate and

NADPH. Slowly, the reaction mixture turned brown with all the characteristics of

silver nanoparticles. This is the first direct evidence for the involvement of nitrate

reductase in the synthesis of silver nanoparticles.

Although silver nanoparticles synthesis is considered as a “capability” of the

organism, it is primarily considered as a defense mechanism by the organisms to

the incoming very reactive silver ions. Interesting facts about silver nanoparticle

synthesis can be understood when the real mechanism involved in the antimicrobial

activity of silver ions is known (Silver et al. 2006). Silver ions are very reactive and

are known to bind with various vital components of the cells inducing cell death.
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Interestingly, “apoptosis” is a mechanism which is considered to be applicable not

only to multicellular organisms but also to unicellular microorganisms. (Engelberg-

Kulka et al. 2006). The following are the effects by which silver ions exhibit their

antimicrobial functions. (1) Binding of silver ions to the negatively charged DNA

(prokaryotes do not contain histones) thereby making the DNA to lose its structure

and also inhibiting the replication of DNA. (2) Binding of silver ions with the thiol-

containing proteins, thereby inhibiting the function of proteins. (3) Induction of

reactive oxygen species synthesis leading to the formation of highly reactive

radicals that destroy the cells. Silver ions are known to particularly inhibit enzymes

such as NADH dehydrogenase II in the respiratory system, which is implicated as a

candidate for the site of production of reactive oxygen species in vivo. The free

radicals resulting from H2O2 are mainly hydroxyl (OH�) groups that result from

the Fenton reaction (Matsumura et al. 2003; Gautam and Sharma 2002; Cabiscol

et al. 2000). This mechanism can also be indirectly studied, i.e., catalase is

considered as a scavenger of reactive oxygen species in microbes. During experi-

ments with B. licheniformis the increase in the silver ions concentration was

accompanied by an increase in the catalase synthesis, which is upto the minimal

inhibitory concentration, beyond which even catalase did not help the cell to
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Fig. 2.1 A hypothetic diagram of how silver ions are reduced to silver atom by the enzyme nitrate

reductase [figure adopted from Kalimuthu et al. (2008)]
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“survive”. This was also evidenced by Matsumura et al. (2003) where the mutated

strain of E. coli UM1 (katE katG), deficient in catalase, was found to be more

sensitive to both silver zeolite and silver nitrate than its parent. This shows that

silver ions induce apoptosis in bacteria. Therefore, the bacterial cell tries to protect

itself from the incoming silver ions, by converting them to inactive Ag0 form.

Further incoming silver ions were also shuttled with electrons and this leads to the

growth of the crystals (Fig. 2.2).

This defense mechanism is applicable to various metals, where the difference

occurs only in the respective enzyme. Here, in B. licheniformis, the nitrate reduc-

tase is found at the cell membrane as respiratory nitrate reductase. A picture of cells

treated with silver nitrate shows the particles to be present on the circumference of

the cell, i.e., at the cell membrane (Fig. 2.3) (Pandian et al. 2010). Therefore, it can

be regarded as that in most of the organisms identified to synthesize silver nano-

particles, nitrate reductase will be a part and parcel of the organism.

Moreover, when the condition of the silver nanoparticle synthesis is alkaline, the

synthesis will be faster than in acidic conditions. In other words, synthesis enhances

as the pH increases towards alkaline region and reaches the maximum at pH 10 after

Fig. 2.2 Silver is a bifunctional molecule. At lower concentration the enzyme responsible for

nanoparticle synthesis (nitrate reductase) may convert the incoming Ag+ to Ag0 and favor the

deposition of them as crystals. Whereas at higher concentrations (beyond the threshold limit), the

conversion may occur, but more reactive silver ions induces “apoptosis” in bacterial cells by

various mechanisms
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which the speed of the nanoparticle synthesis decreases. This shows that the syn-

thesis of silver nanoparticles will be favored by the alkaline environment. At

alkaline conditions there is no need of agitating the mixture for the formation of

silver nanoparticles and all the silver ions supplied will be converted to silver

nanoparticles even within 30 min. The proteins involved in the synthesis may

bind with silver at thiol regions (–SH) forming a –S–Ag bond, a clear indication

of which aids the conversion of Ag+ to Ag0. In addition, the alkaline ion (�OH) is

very much required for the reduction of metal ions. It takes 4 days for the pro-

duction of silver ions in normal conditions whereas it is very much less than an hour

when the pH is made alkaline. Moreover, under alkaline conditions the ability of the

enzyme responsible (not only nitrate reductase) for the synthesis of silver nano-

particles increases (Sanghi and Verma 2009).

2.4.1 Size Control Over the Biological Synthesis
of the Nanoparticles

Although chemical synthesis aids the size control over the synthesis of nanoparticles,

size control can also be achieved in biological methods. A report by Gurunathan

et al. (2009a, b) showed that by controlling the environment of nanoparticle synthe-

sis, silver nanoparticles of various sizes and shapes could be synthesized. At room

temperature, silver nanoparticles of 50 nm are synthesized whereas at 60�C nano-

particles of 15 nm are synthesized. Similarly at acidic pH the size of the nanoparticle

ranged 45 nm whereas at pH 10 the size is just 15 nm. Even the size of 2–20 nm

silver nanoparticles could be synthesized by organisms such as Verticillium sp.

Fig. 2.3 TEM image of thin section of the bacteria challenged with 1 mM silver nitrate, showing

the synthesis of silver nanoparticles along the circumference of the bacteria. Image adopted from

Pandian et al. (2010)
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(Mukherjee et al. 2001) intracellularly. The size-controlled synthesis of silver nano-

particles by controlling the environment is due to the formation of many seed

crystals. At acidic pH and lower temperatures there will be less nucleation for silver

crystal formation on which new incoming silver atoms deposit to form larger sized

particles. But as the pH and temperature increase, the dynamics of the ions increase

and more nucleation regions are formed due to the availability of –OH ions and

increased temperature. The conversion of Ag+ to Ag0 increases followed by increase

in the kinetics of the deposition of the silver atoms (Fig. 2.4).

2.5 Process Design for Silver Nanoparticulate Synthesis
in the Industry and Identification of the Chief
Components Involved in Synthesis

The above-mentioned fact is limited only to the biomass, i.e., only to the cells. The

problems which may occur during nanoparticle synthesis by the biomass are:

Fig. 2.4 A schematic imaginary diagram that depicts the reason for size control over the synthesis

of silver nanoparticles. At lower temperature and pH, less nucleation occurs thereby forming larger

particles whereas at higher pH and temperature more nucleationmay occur thus forming smaller particles
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(a) Primarily silver nanoparticles are attached to the cell membrane. So the first

step will be to break the cells and to isolate the silver nanoparticles.

(b) To purify the nanoparticles from the other components present in the supernatant.

This may sound tedious for some applications and large-scale production. To

overcome the first problem, the particles can be synthesized using a culture supern-

atant. But when it comes to the supernatant, there are various components which may

aid the synthesis of silver nanoparticles. There are also reports of synthesis of silver

nanoparticles by the culture supernatant. Although supernatant can contain the

enzyme nitrate reductase, it is less likely that NADPH is present in the supernatant.

It is here where the question arises, what is the real factor that aids the synthesis of

silver nanoparticles by the cell-free culture supernatant? Culture supernatant is found

to be the easiest way for the size-controlled synthesis of silver nanoparticles. The

environment of the culture supernatant can be easily modified and maintained than

the biomass, where the components in the cytoplasm would try to maintain constant

environment such as heat shock proteins. Therefore, culture supernatant can be used

for the synthesis of silver nanoparticles rather than cells itself. But, synthesis of

nanoparticles by culture supernatant as a whole is not specific. Moreover, the culture

supernatant possesses the second problem of downstream processing.When synthesis

of silver nanoparticles is closely analyzed some components are vital for the synthe-

sis. The components required for the synthesis of silver nanoparticles are:

(a) Silver nitrate

(b) NADH2

(c) Stabilizer

(d) Catalyst that converts silver ion to nanoparticles

Therefore a mixture similar to culture supernatant can be prepared which can be

successfully applied for the nanoparticle synthesis. This could overcome the afore-

said problems in the nanoparticle synthesis.

The reasons for using a mixture similar to culture supernatant for the synthesis of

silver nanoparticles are given below.

2.5.1 Large Quantity of Synthesis

Since silver ion is toxic to cells, the concentration of silver ions for the synthesis

should be lesser than what we say as the “threshold level”, i.e., the conditions

beyond which the cells die. So for the synthesis of silver nanoparticles by bio-

mass the optimum concentration that has been patented is 1 mM (Ahamd et al.

2003; Kalimuthu et al. 2008). But higher concentrations of silver ions had been

reported for the synthesis of silver nanoparticles by the crude culture supernatant

(Gurunathan et al. 2009a, b). When a specific mixture is used, the concentrations

can be increased as the amount of enzyme is increased.
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2.5.2 Specific Reaction Can be Induced by Adding
Various Inducers

Silver nanoparticle synthesis can be made specific, because only the enzyme nitrate

reductase will be present in the supernatant (Kalishwaralal et al. 2008). Moreover,

the activity of the enzyme can be induced by various inducers of the enzyme. Because

ionic silver has the ability to bindwith the various components present in the cells, 100%

yield of silver nanoparticle synthesis will be attained after a specific period of time

which may be due to the impedance created by the cell wall and plasma membrane

because of osmotic pressure. These could be overcome by using the enzyme alone.

2.5.3 Easy Control of Size (and shape) by Controlling
the Environment

Previously Gurunathan et al. (2009a, b) have reported the size-controlled synthesis

of silver nanoparticles by controlling the temperature and pH of the supernatant of

E. coli. The supernatant was added with 1 mM AgNO3 and incubated at various

temperatures and pH. The average size distribution varied according to the envi-

ronment. When the temperature was increased the size of the nanoparticles reduced

up to 60�C, which increased thereafter. This can be explained on the basis of

thermal kinetics, i.e., as temperature increases and favors more nucleation the

particle size is reduced. But, after a certain temperature deposition of silver was

rather more than the nucleation and aggregation may also have been a part of it. In

case of pH the average size went on decreasing up to pH 10 after which it also

increased.

2.5.4 Immobilization of Enzymes

Biomass once used for the synthesis of nanoparticles cannot be reused, which

applies for the enzymes in free form also. But when the enzymes are immobilized

using a support the enzymes can be used for a large number of reactions. Essentially

the enzymes should be immobilized upon the surface of particle of immobilization

to rule out the diffusion limitation (Clark 1994).

2.5.5 Easy Downstream Steps for the Purification
of Nanoparticles

Think of a small comparison. Will it be easy to purify the compound with large

number of impurities or with very less impurities. Obviously the latter is the
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better. Using purified enzymes will make the downstream steps much simpler as

the enzyme will mostly be the impurity, but when immobilized enzymes are

used this can also be ruled out where the downstream steps can be very much

reduced.

2.5.6 Easy for Scaling-up of the Reactions

Use of biomass for the large-scale synthesis requires various power-consuming

processes such as agitation and harvesting the biomass. In addition, the purification

of the nanoparticles is a tedious process. Here using immobilized nitrate reductase

will also reduce most of the power consumption processes and downstream proces-

sing steps.

2.5.7 Separation of Nanoparticles by Gel Electrophoresis
According to Size and Shape

The synthesis of nanoparticles results in a wide distribution in the size of the

nanoparticles. An easy method for separation of the nanoparticles using gel has

been reported (Hanauer et al. 2007). To use size- and/or shape-dependent material

properties, such as quantum confinement or plasmon resonances, it is critical to

have nanoparticles with the lowest size and shape dispersion possible. An alterna-

tive to the high-yield synthesis of nanoparticles with ultranarrow size distribution

is the postsynthetic separation of particles similar to cleaning procedures in organic

synthesis. Gel electrophoresis is commonly used to separate biomolecules, but this

technique is also used in the separation of nanoparticles based on size. The separa-

tion is mediated by the number of polymer chains attached and these are character-

ized by the strong colors induced by plasmon resonance. The strong influence of

size and shape on the frequency or wavelength of the plasmon resonance would

make it desirable to obtain monodisperse samples for various applications. Com-

pared to the other separation techniques, gel electrophoresis has the advantage of

allowing multiple runs in parallel on the same gel, which is a considerable advan-

tage at the stage of understanding mechanisms and optimizing conditions. To

stabilize the nanoparticles, we coat them with a layer of polyethylene glycol

(PEG, MW 5,000), which is covalently attached at one end to the metal surface

via a thiol group (“PEGylation”). The other end of the polymer chain may carry

different functional groups, which we exploit for controlling the overall particle

charge and mobility. The size and shape of the nanoparticles obtained are used to

synthesize particles of different shapes and these have been analyzed using gel

electrophoresis.
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2.6 Scaling-up of Silver Nanoparticle Synthesis

One of the important challenges in nanomaterials production is scaling up

laboratory processes to the industrial scale. Mathematical modeling is an integral

component of our research strategy, both for process scale-up and design and for

process optimization and control. Large-scale biological synthesis of nanoparti-

cles has always been a big challenge. Here also the synthesis of silver nanopar-

ticles by biomass is a tedious process. Therefore, the second option of

nanoparticle synthesis by nitrate reductase will be a better option. Scaling up

of silver nanoparticle synthesis biologically should start from the first step of

production of nitrate reductase. In a report by Vaidyanathan et al. (2010) this step

has been reported where they have optimized the synthesis of nitrate reductase by

the organism B. licheniformis. The optimization of nitrate reductase led to the

enhanced synthesis of silver nanoparticles. The synthesis was found to be

dependent on the enzyme activity. Since all the culture supernatants were

supplied with same concentration of silver ions, there is no chance of extra silver

ions coming into picture. This has revealed that increase in the amount of enzyme

increases the rate of reaction.

Although, currently there are no reports on very large quantity of synthesis

of silver nanoparticles, some prototypes have been designed in continuous flow

reactors similar to chemical methods. The use of plant product from Cinnamomum
camphora leaf has been used to synthesize silver nanoparticles in a continuous flow
tubular microreactor (Huang et al. 2008). Scaled-up production of monodisperse

colloidal nanoparticles has become an important research subject in recent years.

In this regard, continuous flow reactors are generally favored over batch reactors.

Decomposition of organometallic precursors in organic solvents is one of the most

commonly used approaches to nanoparticles because the narrow size distribution

can be achieved in such reaction systems. Rapid injection of precursors into a

heated mixture of solvent, coordinating ligands, and other precursors is often

required. A batch process is suitable for those reactions, but often limited to

small-scale synthesis due to the low production yield of nanoparticles and the

time-consuming nature of the process. A flow reactor, on the other hand, can

generate products on a continuous basis once the reaction reaches steady state

and is more appropriate for a large-scale production than the batch reactor. Further-

more, targeted reaction temperatures can be achieved in second or even millisecond

time scales in a microreactor. The advantage of tubular reactor is that it can be

easily scaled up by increasing the length of the reactor (Synthesis of Silver

Nanoparticles in a Continuous Flow Tubular Microreactor). Based on the above

methods, two kinds of process design can be made for the synthesis of silver

nanoparticles by the biomass and the enzyme.

Using the former design the biomass synthesized can be harvested and used for

the synthesis of silver nanoparticles (Fig. 2.5). But it may require some more

additional downstream steps such as purification of the nanoparticle from the

other proteins. But when the immobilized enzymes are used, the downstream
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steps will be very less and will be advantageous as the nitrate reductase can be

reused for the synthesis of silver nanoparticles (Fig. 2.6).

2.7 Conclusion

Reducing the size of a particle has a greater impact on the property of the

molecule and the properties also completely differ from the bulk material. But

the synthesis of nanomaterials at nanoscale involves tedious phenomena (reduc-

ing agents) when synthesized chemically. Moreover, the chemically synthesized

nanoparticles require another step for the prevention of aggregation of the parti-

cles. But, biological synthesis of silver nanoparticles uses harmless, eco-friendly

reducing agents and the nanoparticle structure is stabilized by the proteins present

in the environment eliminating the extra step in preventing the aggregation of

Fig. 2.5 Process design for the industrial scale synthesis of silver nanoparticle synthesis by

biomass
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chemically synthesized nanoparticles by stabilizers. Since the biological mole-

cules are eco-friendly, the pollution due to chemicals and byproducts can be

prevented from reaching the environment. The size and shape of the particle

can also be completely regulated by controlling the environment where the

nanocrystal growth occurs (pH and temperature). Moreover, biological methods

have the greater advantage of easy bulk synthesis which can be exploited for

industrial scale production too.

Acknowledgments The Authors are thankful toCouncil of Scientific and IndustrialResearch (CSIR),

New Delhi for the award of Senior Research Fellowship (Reference No. 9/10/2(0001)/2k10-EMR-I

(DV); 9/10/2(0003)/2k10-EMR-I (KK); 9/10/2(0002)/2k10-EMR-I(SRKP)). Prof. G. Sangiliyandi

is thankful to CSIR project grant (no 37/0347) which helped him in the basic research of silver

nanoparticles synthesis.

Fig. 2.6 Process design for the industrial scale synthesis of silver nanoparticle by immobilized

nitrate reductase

2 An Insight into the Bacterial Biogenesis of Silver Nanoparticles 31



References

AhmadA,Mukherjee P, Senapati S,Mandal D, KhanMI, Kumar R (2003) Extracellular biosynthesis

of silver nanoparticles using the fungus Fusarium oxysporum. Colloids Surf B 28:313–318

Ahmad RS, Sara M, Hamid RS, Hossein J, Ashraf-Asadat N (2007) Rapid synthesis of silver

nanoparticles using culture supernatants of Enterobacteria: a novel biological approach.

Process Biochem 42:919–923

Anil Kumar S, Abyaneh MK, Gosavi Sulabha SW, Ahmad A, Khan MI (2007) Nitrate reductase-

mediated synthesis of silver nanoparticles from AgNO3. Biotechnol Lett 29:439–445

Atiyeh BS, Costagliola M, Hayek SN, Dibo SA (2007) Effect of silver on burn wound infection

control and healing: review of the literature. Burns 33:139–148

Balaji DS, Basavaraja S, Bedre Mahesh D, Prabhakar BK, Venkataraman A (2009) Extracellular

biosynthesis of functionalized silver nanoparticles by strains of Cladosporium cladosporioides.
Colloids Surf B 68:88–92

Bar H, Bhui DK, Gobinda PS, Priyanka S, Santanu P, Ajay M (2009) Green synthesis of silver

nanoparticles using seed extract of Jatropha curcas. Colloids Surf A Physico Chem Eng Asp

348:212–216

Basavaraja S, Balaji SD, Lagashetty A, Rajasab AH, Venkataraman A (2008) Extracellular

biosynthesis of silver nanoparticles using the fungus Fusarium semitectum. Mater Res Bull

43(5):1164–1170

Beveridge TJ, Fyfe WS (1985) Metal fixation by bacterial cell walls. Can J Earth Sci 22:1893–1898

Beveridge TJ, Murray RGE (1976) Uptake and retention of metals by cell walls of Bacillus
subtilis. J Bacteriol 127:1502–1518

Bhainsa KC, D’Souza SF (2006) Extracellular biosynthesis of silver nanoparticles using the

fungus Aspergillus fumigatus. Colloids Surf B 47:160–164

Cabiscol E, Tamarit J, Ros J (2000) Oxidative stress in bacteria and protein damage by reactive

oxygen species. Internal Microbiol 3:3–8

Chu CS, McManus AT, Pruitt BA, Mason AD (1988) Therapeutic effects of silver nylon dressing

with weak direct current on Pseudomonas aeruginosa infected burn wounds. J Trauma

28:1488–1492

Clark DS (1994) Can immobilization be exploited to modify enzyme activity? Trends Biotechnol

12(11):439–443

Deitch EA, Marin A, Malakanov V, Albright JA (1987) Silver nylon cloth: in vivo and in vitro
evaluation of antimicrobial activity. J Trauma 27:301–304

Doyle RJ, Matthews TH, Streips UN (1980) Chemical basis for selectivity of metal ions by the

Bacillus subtilis cell wall. J Bacteriol 143:471–480
Duran N, Marcato PD, Alves O, Souza G (2005) Mechanistic aspects of biosynthesis of silver

nanoparticles by several Fusarium oxysporum strains. J Nanotechnol 3:8

Engelberg-Kulka H, Amitai S, Kolodkin-Gal I, Hazan R (2006) Bacterial programmed cell death

and multicellular behavior in bacteria. PLoS Genet 10:135

FayazM, Tiwary CS, Kalaichelvan PT, Venkatesan R (2010) Blue orange light emission from biogenic

synthesized silver nanoparticles using Trichoderma viride. Colloids Surf B 75(1):175–178

Fu JK, Zhang WD, Liu YY, Lin ZY, Yao BX, Weng SZ (1999) Characterization of adsorption and

reduction of noble metal ions by bacteria. Chin J Chem Univ 20:1452–1454

Gade AK, Bonde P, Ingle AP, Marcato PD, Durán N, Rai MK (2008) Exploitation of Aspergillus
niger for synthesis of silver nanoparticles. J Biobased Mater Bioenergy 3:123–129

Gade A, Ingle A, Bawaskar M, Rai M (2009) Fusarium solani: a novel biological agent for the

extracellular synthesis of silver nanoparticles. J Nanopart Res 11:2079–2085

Ganesh Babu MM, Gunasekaran P (2009) Production and structural characterization of crystalline

silver nanoparticles from Bacillus cereus isolate. Colloids Surf B 74(1):191–195

Gautam AS, Sharma A (2002) Involvement of caspase-3 like protein in rapid cell death of

Xanthomonas. Mol Microbiol 44:393–401

32 V. Deepak et al.



Gurunathan S, Lee KJ, Kalishwaralal K, Sheikpranbabu S, Vaidyanathan R, Eom SH (2009a)

Antiangiogenic properties of silver nanoparticles. Biomaterials 30:6341–6350

Gurunathan S, Kalishwaralal K, Vaidyanathan R, Venkataraman D, Pandian SRK, Muniyandi J,

Hariharan N, Eom SH (2009b) Biosynthesis, purification and characterization of silver nano-

particles using Escherichia coli. Colloids Surf B 74(1):328–335

Haefeli C, Franklin C, Hardy K (1984) Plasmid-determined silver resistance in Pseudomonas
stutzeri isolated from silver mine. J Bacteriol 158:389–392

Hanauer M, Pierrat S, Zins I, Lotz A, Solnnichsen C (2007) Separation of nanoparticles by gel

electrophoresis according to size and shape. Nano Lett 7(9):2881–2885

Huang J, Li Q, Sun D, Lu Y, Su Y, Yang X (2007) Biosynthesis of silver and gold nanoparticles by

novel sundried Cinnamomum camphora leaf. Nanotechnology 18:105104.1–105104.11

Huang J, Lin L, Li Q, Sun D, Wang Y, Lu Y, He N, Yang K, Yang X, Wang H, Wang W, Lin W

(2008) Continuous-flow biosynthesis of silver nanoparticles by lixivium of Sundried Cinna-
momum camphora leaf in tubular microreactors. Ind Eng Chem Res 47(16):6081–6090

Ingle AP, Gade AK, Pierrat S, S€onnichsen C, Rai MK (2008) Mycosynthesis of silver nanopar-

ticles using the fungus Fusarium acuminatum and its activity against some human pathogenic

bacteria. Curr Nanosci 4:141–144

Kalimuthu K, Babu RS, Venkataraman D, Mohd B, Gurunathan S (2008) Biosynthesis of silver

nanocrystals by Bacillus licheniformis. Colloids Surf B 65:150–153

Kalishwaralal K, Deepak V, Ramkumarpandian S, Nellaiah H, Sangiliyandi G (2008) Extracellu-

lar biosynthesis of silver nanoparticles by the culture supernatant of Bacillus licheniformis.
Mater Lett 62:4411–3

Kalishwaralal K, Banumathi E, Pandian SBRK, Deepak V, Muniyandi J, Eom SH (2009) Silver

nanoparticles inhibit VEGF induced cell proliferation and migration in bovine retinal endothe-

lial cells. Colloids Surf B 73:51–7

Kalishwaralal K, Deepak V, Pandian SRK, Kottaisamy M, BarathManiKanth S, Kartikeyan B,

Gurunathan S (2010) Biosynthesis of silver and gold nanoparticles using Brevibacterium casei.
Colloids Surf B 77(2):257–262

Kasthuri J, Kathiravan K, Rajendiran N (2009) Phyllanthin-assisted biosynthesis of silver and gold

nanoparticles: a novel biological approach. J Nanopart Res 11(5):1075–1085

Kathiresan K, Manivannan S, Nabeel MA, Dhivya B (2009) Studies on silver nanoparticles

synthesized by a marine fungus, Penicillium fellutanum isolated from coastal mangrove

sediment. Colloids Surf B 71(1):133–137

Law N, Ansari S, Livens FR, Renshaw JC, Lloyd JR (2008) The formation of nano-scale elemental

silver particles via enzymatic reduction by Geobacter sulfurreducens. Appl Environ Microbiol

74:7090–7093

Margraff HW, Covey TH (1977) A trial of silver–zinc-allantoine in the treatment of leg ulcers.

Arch Surg 112:699–704

Matsumura Y, Yoshikata K, Kunisak S, Tsuchido T (2003) Mode of bactericidal action of silver

zeolite and its comparison with that of silver nitrate. Appl Environ Microbiol 69:4278–4281

Mude N, Ingle A, Gade A, Rai M (2009) Synthesis of silver nanoparticles using callus extract of

Carica papaya – a first report. J Plant Biochem Biotechnol 18(1):83–86

Mukherjee P, Ahmad A, Mandal D, Senapati S, Sainkar SR, Khan MI, Parishcha R, Ajaykumar

PV, AlamM, Kumar R, Sastry M (2001) Fungus-mediated synthesis of silver nanoparticles and

their immobilization in the mycelial matrix: a novel biological approach to nanoparticle

synthesis. Nano Lett 1:515–519

Mukherjee P, Roy M, Mandal BP, Dey GK, Mukherjee PK, Ghatak J, Tyagi AK, Kale SP (2008a)

Green synthesis of highly stabilized nanocrystalline silver particles by a non-pathogenic and

agriculturally important fungus T. asperellum. Nanotechnology 19:075103.1–075103.7

Mukherjee P, Roy M, Mandal BP, Dey GK, Mukherjee PK, Ghatak J (2008b) Green synthesis of

highly stabilized nanocrystalline silver particles by a non-pathogenic and agriculturally impor-

tant fungus T. asperellum. Nanotechnology 19:7

2 An Insight into the Bacterial Biogenesis of Silver Nanoparticles 33



Mullen MD, Wolf DC, Ferris FG, Beveridge TJ, Flemming CA, Bailey GW (1989) Bacterial

sorption of heavy metals. Appl Environ Microbiol 55:3143–3149

Nair B, Pradeep T (2002) Coalescence of nanoclusters and formation of submicron crystallites

assisted by Lactobacillus strains. Cryst Growth Des 2:293–298

Nanda A, Saravanan M (2009) Biosynthesis of silver nanoparticles from Staphylococcus aureus
and its antimicrobial activity against MRSA and MRSE. Nanomedicine 5(4):452–456

Pandian SRK, Deepak V, Kalishwaralal K, Viswanathan P, Gurunathan S (2010) Mechanism of

bactericidal activity of silver nitrate – a concentration dependent bi-functional molecule. Braz J

Microbiol 41:805–809

Parikh RY, Singh S, Prasad BL, Patole MS, Sastry M, Shouche YS (2008) Extracellular synthesis

of crystalline silver nanoparticles and molecular evidence of silver resistance from Morganella.
sp.: towards understanding biochemical synthesis mechanism. Chembiochem 9:1415–1422

Pugazhenthiran N, Anandan S, Kathiravan G, Prakash NKU, Crawford S, Ashokkumar M (2009)

Microbial synthesis of silver nanoparticles by Bacillus sp. J Nanopart Res 11(7):1811–1815
Raut R, Jaya SL, Niranjan DK, Vijay BM, Kashid S (2009) Photosynthesis of silver nanoparticle

using Gliricidia sepium (Jacq.). Curr Nanosci 5(1):117–122

Saifuddin N, Wong CW, AA Nur yasumira (2009) Rapid biosynthesis of silver nanoparticles using

culture supernatant of bacteria with microwave irradiation. Eur J Chem 6:61–70

Samadi N, Golkaran D, Eslamifar A, Jamalifar H, Fazeli MR, Mohseni FA (2009) Intra/extracel-

lular biosynthesis of silver nanoparticles by an autochthonous strain of Proteus mirabilis
isolated from photographic waste. J Biomed Nanotechnol 5(3):247–253

Sanghi R, Verma P (2009) Biomimetic synthesis and characterisation of protein capped silver

nanoparticles. Bioresour Technol 100(1):501–504

Sathyavathi R, Krishna MB, Rao SV, Saritha R, Rao DN (2010) Biosynthesis of silver nanopar-

ticles using Coriandrum sativum leaf extract and their application in nonlinear optics. Adv Sci

Lett 3(2):138–143

Shaligram NS, Bule M, Bhambure R, Singhal RS, Singh SK, Szakacs G, Pandey A (2009)

Biosynthesis of silver nanoparticles using aqueous extract from the compactin producing

fungal strain. Process Biochem 44(8):939–943

Shankar SS, Rai A, Ahmad A, Sastry M (2004) Rapid synthesis of Au, Ag and bimetallic Au core–Ag

shell nanoparticles usingNeem (Azadirachta indica) leaf broth. JColloid Interface Sci 275:496–502
Sheikpranbabu S, Kalishwaralal K, Venkataraman D, Eom SH, Park J, Gurunathan S (2009) Silver

nanoparticles inhibit VEGF-and IL-1b-induced vascular permeability via Src dependent path-

way in porcine retinal endothelial cells. J Nanobiotechnol 7:8

Silver S (2003) Bacterial silver resistance: molecular biology and uses and misuses of silver

compounds. FEMS Microbiol Rev 27:341–353

Silver S, Phung LT, Silver G (2006) Silver as biocides in burn and wound dressings and bacterial

resistance to silver compounds. J Ind Microbiol Biotechnol 33:627–34

Sintubin L, DeWindt W, Dick J, Mast J, Ha DV, Verstraete W, Boon N (2009) Lactic acid bacteria

as reducing and capping agent for the fast and efficient production of silver nanoparticles. Appl

Microbiol Biotechnol 84(4):741–749

Taniguchi N (1974) Proceedings of International Conference on Precision Engineering (ICPE),

Tokyo, Japan

Tanja K, Ralph J, Eva O, Claes-G€oran G (1999) Silver-based crystalline nanoparticles, microbially

fabricated. Proc Natl Acad Sci 96:13611–13614

Vaidyanathan R, Gopalram S, Kalishwaralal K, Deepak V, Pandian SRK, Gurunathan S (2010)

Enhanced silver nanoparticle synthesis by optimization of nitrate reductase activity. Colloids

Surf B 75(1): 335–341

Verma VC, Kharwar RN, Gange AC (2010) Biosynthesis of antimicrobial silver nanoparticles by

the endophytic fungus Aspergillus clavatus. Nanomedicine 5(1):33–40

Vigneshwaran N, Kathe AA, Varadarajan PV, Nachane PR, Balasubramanya RH (2006) Biomi-

metics of silver nanoparticles by white rot fungus, Phaenerochaete chrysosporium. Colloids
Surf B 53:55–59

34 V. Deepak et al.



Vigneshwaran N, Ashtaputre NM, Varadarajan PV, Nachane RP, Paralikar KM, Balasubramanya

RH (2007) Biological synthesis of silver nanoparticles using the fungus Aspergillus flavus.
Mater Lett 66:1413–1418

Vivekanandhan S, Misra M, Mohanty AK (2009) Biological synthesis of silver nanoparticles using

Glycine max (soybean) leaf extract: an investigation on different soybean varieties. J Nanosci

Nanotechnol 9(12):6828–6833

Zhang H, Li Q, Lu Y, Sun D, Lin X, Deng X (2005) Biosorption and bioreduction of diamine silver

complex by Corynebacterium. J Chem Technol Biotechnol 80:285–290

2 An Insight into the Bacterial Biogenesis of Silver Nanoparticles 35



http://www.springer.com/978-3-642-18311-9


	Chapter 2: An Insight into the Bacterial Biogenesis of Silver Nanoparticles, Industrial Production and Scale-up
	2.1 Introduction
	2.2 Brief History
	2.3 An Account of Organisms Synthesizing Silver Nanoparticles
	2.3.1 Various Species of Microorganisms Synthesizing Silver Nanoparticles

	2.4 Mechanism Involved in Silver Nanoparticle Synthesis
	2.4.1 Size Control Over the Biological Synthesis of the Nanoparticles

	2.5 Process Design for Silver Nanoparticulate Synthesis in the Industry and Identification of the Chief Components Involved in 
	2.5.1 Large Quantity of Synthesis
	2.5.2 Specific Reaction Can be Induced by Adding Various Inducers
	2.5.3 Easy Control of Size (and shape) by Controlling the Environment
	2.5.4 Immobilization of Enzymes
	2.5.5 Easy Downstream Steps for the Purification of Nanoparticles
	2.5.6 Easy for Scaling-up of the Reactions
	2.5.7 Separation of Nanoparticles by Gel Electrophoresis According to Size and Shape

	2.6 Scaling-up of Silver Nanoparticle Synthesis
	2.7 Conclusion
	References


