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chapter nineteen

Microbe-mediated synthesis 
of silver nanoparticles
A new drug of choice against 
pathogenic microorganisms

Deene Manikprabhu and Wen-Jun Li

19.1 Introduction
In writing this chapter, the first question that came to our mind was “what are these 
nanoparticles?” What is so interesting about them that researchers around the globe are 
behind it? Well the answer lies in the unique properties possessed by these particles and, 
besides, due to the fact that they can be revolutionized the way we want. The term nano is 
adapted from the Greek word meaning “dwarf” and acts as a bridge between bulk materi-
als and atomic or molecular structures (Thakkar et al., 2010).

Although the concept of nanoparticles was first presented by Richard Feynman 
through his famous lecture entitled “There’s a plenty of room at the bottom” at the 
American Institute of Technology (Hulkoti and Taranath, 2014), nanoparticles have been 
used since antiquity. For example, the Chinese used gold nanoparticles as an inorganic 
dye to introduce red color into their ceramic porcelains more than a thousand years ago. 
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390 Antimicrobials: Synthetic and natural compounds

A  Roman period glass called the Lycurgus Cup contained metal nanoparticles, which 
provided beautiful colors. In medieval times, nanoparticles were used for decoration of 
cathedral windows. Siddhars, the great Indian ancient scientists, practiced the use of 
Rajat Bhasma (Rajat is silver and Bhasma means fine powder) in medicine (Hansen et al., 
2008; Manikprabhu and Lingappa, 2014).

Among various nanoparticles, silver nanoparticles are of great importance. The 
word “silver” is of Gothic origin, meaning shiny white; the Latin name “argentines” 
originates from an Aryan root, which means white and shining. Silver has been popu-
lar for domestic use since the ancient times; historically, silver was equated with the 
moon due to white brightness of silver. Silver antimicrobial properties were known 
from antiquity, having historical associations with humans dating back to 4000 BC. 
Silver vessels were used to preserve water and wine. Hippocrates, the father of medi-
cine, promoted the use of silver for healing injuries. Alexander the Great was advised 
by Aristotle to store water in silver vessels and boil prior to use. Evidence of the use of 
silver nitrate as an antibacterial agent in the Roman pharmacopeia also exists. During 
the late eighteenth century, Crede, a German obstetrician, popularized the use of pro-
phylactic 1% silver nitrate eye solution for the prevention of ophthalmia neonatorum. 
During the mid-nineteenth century, Joseph Lister and Marion Sims promoted the use 
of silver wire sutures in order to reduce the incidences of septic complications (Pradeep 
and Anshup, 2009).

At present, silver nanoparticles are used as antimicrobial agents in most public places 
such as elevators and railway stations in China. The mutation resistant antimicrobial 
activities of silver are being used in different pharmaceutical formulations such as anti-
bacterial clothing, burn ointments, and coating for medical devices (Prabhu and Poulose, 
2012; Manikprabhu and Lingappa, 2013a). Various physical and chemical methods were 
reported for the synthesis of silver nanoparticles, but most of these methods cause poten-
tial environmental and biological hazards. Compared to physical and  chemical methods, 
biological synthesis using microbes and plants was regarded as a safe and eco-friendly pro-
cess (Manikprabhu and Lingappa, 2013b). In this chapter, we focus on microbe- mediated 
synthesis of silver nanoparticles and antimicrobial activity against various pathogenic 
microorganisms.

19.2 Microbe-mediated synthesis of silver nanoparticles
Microbe-mediated synthesis of silver nanoparticles (Figure 19.1) requires a special 
ability, that is, “resistance of the organism to withstand silver ions.” It is noted that 
those microorganisms that synthesize silver nanoparticles are vulnerable to higher 
concentrations of silver ions. Even though the organism has the resistance to silver 
ions, it becomes useless at the higher concentration. That is why silver can be called 
a “moiety with two functions.” One is inducing the organism to synthesize nanopar-
ticles at lower concentration; another is the induction of cell death at higher concentra-
tion (Deepak et al., 2011). The synthesis of nanoparticles was preliminary confirmed 
by a color change from colorless to brown. Further, synthesis was confirmed by UV–
visible absorption spectroscopy; the maximum absorption between 400 and 450  nm 
due to surface plasmon resonance in the visible region indicates the synthesis of sil-
ver nanoparticles. In x-ray diffraction pattern, the intense peaks corresponding to 
(111), (200), (220), and (311) correspond to crystalline nature of silver nanoparticles 
(Manikprabhu and Lingappa, 2013a).
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391Chapter nineteen: Microbe-mediated synthesis of silver nanoparticles

19.2.1 Synthesis of silver nanoparticles using bacteria

One reason why bacteria are preferred for nanoparticle synthesis is because they are easy 
to manipulate. The first evidence of bacteria-synthesizing nanoparticles was established 
using Pseudomonas stutzeri AG259 strain, which was isolated from a silver mine (Slawson 
et al., 1992).

The most widely accepted mechanism of silver biosynthesis is the presence of the 
nitrate reductase enzyme. During the reduction, nitrate is converted into nitrite and the 
electron is transferred to the silver ion; hence, the silver ion is reduced to silver (Ag+ to 
Ag0) (Prabhu and Poulose, 2012). Further, in different microorganisms, various enzymes 
are believed to take part in the bioreduction process involving the transport of electrons 
from certain electron donors to metal electron acceptors. Some studies of nonenzymatic 
reduction mechanism suggested that some organic functional groups of microbial cell 
walls could be responsible for the bioreduction process (Baker et al., 2013), for example, 
cells of Lactobacillus sp. A09 can reduce silver ions by the interaction of the silver ions 
with the groups on the microbial cell wall (Fu et al., 2000). Apart from these, proteins and 
microbial pigment were also used as reducing and stabilizing agent for the synthesis of 
nanoparticles (Jain et  al., 2011; Manikprabhu and Lingappa, 2013a). All the mentioned 
mechanisms could result in the intracellular or extracellular complexion and the deposi-
tion of metal nanoparticles.

The mechanisms involved in the intracellular synthesis of nanoparticles are as fol-
lows. First, the cell wall of the microorganism is being negatively charged, which inter-
acts electrostatically with the positively charged metal ions. Then, the enzymes present 
in the cell wall bioreduce the metal ions. Finally, aggregation of particles and synthesis 
of nanoparticles take place. The advantages of intracellular nanoparticles synthesis are 
that, the nanoparticles are small in size and nearly monodispersed, but in order to release 
 intracellular-synthesized nanoparticles, additional processing steps such as ultrasound 
treatment or reaction with suitable detergents are required (Mukherjee et al., 2001; Sharma 
et al., 2007). Various bacteria have been reported for intracellular synthesis of nanopar-
ticles like recently, an airborne Bacillus sp. isolated from the atmosphere was found to 
reduce Ag+ ions to Ag0. This bacterium accumulated metallic silver of 5–15 nm in size in 
the periplasmic space of the cell. Lactobacillus sp. in buttermilk produced silver crystals 
of well-defined morphology within the cell with no disturbance in its viability (Nair and 
Pradeep, 2002; Di Gregorio et  al., 2005). Spherical silver nanoparticles of size 10–20  nm 

Figure 19.1 Biological synthesis of silver nanoparticles.
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392 Antimicrobials: Synthetic and natural compounds

were synthesized using Proteus mirabilis PTCC 1710 (Samadi et  al., 2009). Synthesis at 
extreme conditions was also reported, for example, Corynebacterium sp. SH09 produced 
silver nanoparticles at 60°C on the cell wall in the size range of 10–15 nm (Zhang et al., 
2005). Further synthesis at high concentration of silver nitrate was also reported by the 
metal-tolerant bacteria Idiomarina sp. PR58–8 (Seshadri et al., 2012). Although several bac-
teria for intracellular synthesis of silver nanoparticles were reported, most of them are 
 difficult to implement for industrial use due to the tedious recovery process. In this regard, 
extracellular synthesis of silver nanoparticles is the current focus of research. Extracellular 
synthesis using bacteria isolated from different environments was reported. Bacillus strain 
CS 11 isolated from the industrial area produce spherical extracellular silver nanoparticles 
of 42–92 nm size range (Das et al., 2014). Gram-negative marine bacteria Pseudomonas aeru-
ginosa (Shivakrishna et  al., 2013) and Stenotrophomonas synthesized silver nanoparticles 
in a range of 35–46  and 40–60  nm, respectively (Malhotra et  al., 2013). Synthesis using 
the gram-positive marine bacteria Bacillus sp. was also reported (Maruthamuthu, 2012). 
The first thermophilic bacterium reported for silver nanoparticles was Geobacillus stearo-
thermophilus, which synthesized nanoparticles extracellularly (Fayaz et al., 2011). Similarly, 
the extremophilic bacteria Ureibacillus thermosphaericus strain reported synthesis of silver 
nanoparticles at 80°C with the particle size range of 10–100 nm (Juibari et al., 2011). The 
endophytic bacterium Bacillus cereus (Sunkar and Nachiyar, 2012), the psychrophilic bac-
teria Pseudomonas antarctica, Pseudomonas proteolytica, Pseudomonas meridiana, Arthrobacter 
kerguelensis, and Arthrobacter gangotriensis, and the mesophilic bacteria Bacillus indicus and 
Bacillus cecembensis were also reported for green synthesis of silver nanoparticles (Shivaji 
et al., 2011). Further, detailed information regarding extracellular synthesis of nanopar-
ticles by bacteria is mentioned in Table 19.1.

19.2.2 Synthesis of silver nanoparticles using actinomycetes

Actinomycetes are gram-positive bacteria but share some important characteristics of 
fungi and at present are the center of attraction due to their ability to produce a large 
number of secondary metabolites. The first actinomycete that was reported to synthesize 
nanoparticles was Thermomonospora sp. mainly due to its ability to survive in a wide range 
of environmental conditions (Rautaray et al., 2004). Since then, many other actinomycetes 
were explored for the synthesis of nanoparticles. Streptomyces sp. 09 PBT 005 was able 
to synthesize silver nanoparticles extracellularly, which had antibacterial activity (Kumar 
et al., 2015). Similarly, Streptomyces aureofaciens, Streptomyces coelicolor klmp33, Streptomyces 

Table 19.1 Synthesis of silver nanoparticles by different bacteria

Synthesized from Location References 

Staphylococcus aureus Extracellular Nanda and Saravanan (2009)
Bacillus subtilis EWP-46 Extracellular Velmurugan et al. (2014)
Pseudomonas aeruginosa Extracellular Kumar and Mamidyala (2011)
Escherichia coli Extracellular Gurunathan et al. (2009)
Bacillus licheniformis Extracellular Kalishwaralal et al. (2008)
Klebsiella pneumoniae Extracellular Kalpana and Lee (2013)
Enterobacter cloacae Extracellular Shahverdi et al. (2007)
Brevibacterium casei Extracellular Kalishwaralal et al. (2010)
Salmonella typhimurium Extracellular Ghorbani (2013)
Bacillus megaterium Extracellular Karkaj et al. (2013)
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393Chapter nineteen: Microbe-mediated synthesis of silver nanoparticles

rochei, Streptomyces sp. ERI-3, and Streptomyces hygroscopicus were also reported to synthe-
size extracellular silver nanoparticles (Prabhu et al., 2011; Manikprabhu and Lingappa, 
2013a; Golinska et  al., 2014; Zonooz and Salouti, 2011; Sadhasivam et  al., 2010). Further 
reports on marine Streptomyces parvulus SSNP11 and Streptomyces albidoflavus CNP10 
reduced silver ions by reducing nitrate to nitrite and ammonium were also reported (Shetty 
and Kumar, 2012; Baker et al., 2013). Streptomyces sp. BDUKAS10 isolated from mangrove 
reported to synthesize nanoparticles (Sivalingam et al., 2012). Nanoparticles synthesized 
by Streptomyces sp. VITPK1 showed anticandidal activity (Sanjenbam et al., 2014). Similarly, 
silver nanoparticles synthesized using Streptomyces sp. JF714876 (Vidyasagar et al., 2012), 
Streptomyces sp. JAR1 (Chauhan et al., 2013), and Streptomyces sp. VITSTK7 (Thenmozhi 
et  al., 2013) showed good antimicrobial activity. Not only the genus Streptomyces was 
the center of attraction, but other genera such as Rhodococcus sp., Actinomycetes sp., and 
Nocardiopsis sp. (Golinska et al., 2014) were also reported to synthesize silver nanoparticles.

19.2.3 Synthesis of silver nanoparticles using fungi

Fungi are eukaryotic, sporeforming, and filamentous branched organisms. Fungi can 
accumulate metals by physicochemical and biological mechanisms, including extracellular 
binding by metabolites and polymers, binding to specific polypeptides, and metabolism-
dependent accumulation (Gade et  al., 2010). Many fungi such as Cladosporium cladospo-
rioides (Balaji et al., 2009), Neurospora crassa (Castro-Longoria et al., 2011), and Penicillium 
brevicompactum (Shaligram et al., 2009) were exploited for the synthesis of metal nanopar-
ticles. Intracellular synthesis of silver nanoparticles by Verticillium of size range 2–25 nm 
deposited to the surface of the cytoplasmic membrane was reported by Sastry et al. (2003). 
“Green synthesis” of highly stabilized nanocrystalline silver particles by a nonpathogenic 
and agriculturally important fungus, Trichoderma asperellum, was reported by Mukherjee 
et  al. (2008). The marine-derived fungus Aspergillus flavus synthesized intracellular sil-
ver nanoparticles in acidic pH, while the same fungus in alkaline pH range supported 
rapid extracellular synthesis of silver nanoparticles (Vala et al., 2014). This indicates that 
the synthesis on nanoparticles is pH dependent. Not only terrestrial fungi were explored 
but marine fungi too. The marine fungi Penicillium fellutanum isolated from coastal man-
grove sediment synthesized nanoparticles using proteins as a reducing agent (Kathiresan 
et al., 2009). The mushroom Agaricus bisporus was reported to synthesize nanoparticles, 
which showed remarkable antimicrobial activity (Dhanasekaran et al., 2013). Similarly, the 
edible mushroom Pleurotus florida synthesized polydispersed nanoparticles of size 20 ± 
5 nm (Bhat et al., 2011). Further detailed information regarding extracellular synthesis of 
nanoparticles is mentioned in Table 19.2.

The significant drawback of using these bio-entities in nanoparticles synthesis is that 
the genetic manipulation of eukaryotic organisms as a means of over-expressing specific 
enzymes is difficult when compared with bacteria.

19.3 Antimicrobial mechanism of silver nanoparticles
Silver nanoparticles are ideal bacterial agents due to their slow oxidation and liberation 
of Ag+ ions to the surroundings. Moreover, the small size of these particles facilitates 
their penetration through cell membranes to affect intracellular processes from inside. 
Additionally, the excellent antibacterial properties exhibited by nanoparticles are due 
to their well-developed surface that provides maximum contact with the environment 
(Krutyakov et al., 2008).
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394 Antimicrobials: Synthetic and natural compounds

The exact antimicrobial mechanism of silver nanoparticles is still not clear. However, 
various theories of the action of silver nanoparticles on microbes to cause the antimicro-
bial effect were proposed. One is that silver nanoparticles have the ability to anchor 
to the bacterial cell wall and subsequently penetrate inside the cell, thereby causing 
structural changes in the cell membrane like the permeability of the cell membrane lead-
ing to death of the cell (Manikprabhu and Lingappa, 2013a). Another theory is that the 
formation of free radicals by the silver nanoparticles may be considered to be another 
mechanism by which the cells die. The electron spin resonance spectroscopy studies 
suggested that there is formation of free radicals by the silver nanoparticles when in con-
tact with the bacteria, and these free radicals have the ability to damage the cell mem-
brane and make it porous, which can ultimately lead to cell death (Danilcauk et al., 2006). 
Yet another theory has also been proposed that there can be a release of silver ions by 
the nanoparticles, which can interact with the thiol groups of many vital enzymes and 
inactivate them and finally lead to the death of the cell (Matsumura et al., 2003). Another 
fact is that DNA has sulfur and phosphorus as its major components; the nanoparticles 
can act on these soft bases and destroy the DNA, which would definitely lead to cell 
death. The interaction of the silver nanoparticles with the sulfur and phosphorus of the 
DNA can lead to problems in the DNA replication of the bacteria and thus terminate the 
microbes (Manikprabhu and Lingappa, 2013a). It has also been found that the nanopar-
ticles can modulate the signal transduction in bacteria. It is a well- established fact that 
phosphorylation of protein substrates in bacteria influences bacterial signal transduc-
tion. Nanoparticles dephosphorylate the peptide substrates on tyrosine residues, which 
lead to signal transduction inhibition and thus the stoppage of growth (Prabhu and 
Poulose, 2012).

19.3.1 Antibacterial activity of silver nanoparticles

Silver nanoparticles have been demonstrated as an effective antibacterial agent against 
a broad bacterial spectrum, including both gram-negative and gram-positive bacte-
ria (Marambio-Jones and Hoek, 2010). Silver nanoparticles showed antibacterial activ-
ity against various pathogenic bacteria like Escherichia coli, Bacillus subtilis, Enterococcus 
 faecalis, Salmonella typhimurium, Staphylococcus epidermidis, and Staphylococcus aureus 
(Schrofel et al., 2014; Gopinath et al., 2015). The investigation of antimicrobial activity of 
silver nanoparticles on gram-negative and gram-positive bacteria showed that E. coli was 
inhibited at a low concentration of Ag-NPs (3.3 nM), which was 10 times less than the 
minimum inhibitory concentration on S. aureus (33 nM), that may be due to difference 

Table 19.2 Synthesis of silver nanoparticles by different fungi

Synthesized from Location 
Size of 

nanoparticles (nm) References 

Aspergillus fumigatus Extracellular 5–25 Bhainsa and D’Souza (2006)
Phanerochaete chrysosporium Extracellular 50–200 Vigneshwaran et al. (2006)
Fusarium solani Extracellular 5–35 Ingle et al. (2009)
Amylomyces rouxii strain KSU-09 Extracellular 5–27 Musarrat et al. (2010)
Alternaria alternate Extracellular 20–60 Gajbhiye et al. (2009)
Aspergillus niger Extracellular 15–20 Gade et al. (2008)
Fusarium acuminatum Extracellular 4–50 Ingle et al. (2008)
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395Chapter nineteen: Microbe-mediated synthesis of silver nanoparticles

in cell membrane composition and permeability of gram-negative and gram-positive 
bacteria (Tran and Le, 2013). This conclusion was supported by Jung et al. (2008), which 
suggested that the thickness of the peptidoglycan layer of gram-positive bacteria may 
prevent the action of the silver ions to some extent.

The antibacterial activity of silver nanoparticles against different drug-resistant 
pathogens like ampicillin-resistant E. coli and erythromycin-resistant Streptococcus pyo-
genes was evaluated, and the minimum inhibitory concentrations and minimum bacte-
ricidal concentrations of silver nanoparticles ranged between 30 and 100 mM (Lara et al., 
2010). Recently, our study of methicillin-resistant S. aureus showed encouraging results; 
silver nanoparticles of average size 50 nm showed good antimicrobial activity; further, the 
synergistic activity of silver nanoparticles and antibiotics increases antimicrobial activity 
(Manikprabhu and Lingappa, 2013a). Similarly, antibacterial activity of silver nano particles 
against extended-spectrum beta-lactamase E. coli was also reported (Manikprabhu and 
Lingappa, 2014).

Apart from pH, the size of nanoparticles varied the antimicrobial activity. The antimi-
crobial activity of silver nanoparticles against Streptococcus mutans varied according to size; 
the minimum inhibitory concentration increased with increase in size (Espinosa-Cristobal 
et  al., 2009). Similarly, antimicrobial activity of silver nanoparticles is dose dependent. 
Further, different shapes of silver nanoparticles have different antimicrobial activity. Pal 
et al. (2007) demonstrated that truncated triangular silver nanoplates displayed the stron-
gest antimicrobial action against E. coli, when compared with spherical and rod shaped 
silver nanoparticles.

19.3.2 Antifungal activity of silver nanoparticles

Fungi are becoming a major concern of the world as their mycotoxins not only affect 
plants and animals, but also humans, causing many diseases and economic damage 
(Sanchez-Hervas et al., 2008). In this regard, silver nanoparticles were used as an anti-
fungal agent against various pathogens like Bipolaris sorokiniana, Magnaporthe grisea 
(Jo et al., 2009), and Trichophyton mentagrophytes (Kim et al., 2008). The antifungal activ-
ity of silver nanoparticles on dermatophyte like Candida albicans was reported and sug-
gested that silver nanoparticles exert an antifungal activity by disrupting the structure 
of the cell membrane and inhibiting the normal budding process due to the destruc-
tion of the membrane integrity (Kim et al., 2009). Fungus-mediated synthesis of silver 
nanoparticles (Alternaria alternate) showed antifungal activity against Phoma glomerata, 
Phoma herbarum, Fusarium semitectum, Trichoderma sp., and Candida albicans. Further, the 
synergetic of silver nanoparticles with fluconazole  increased the antifungal activity 
(Gajbhiye et al., 2009). This indicates that silver nanoparticles are good antimicrobial 
agents.

19.4  Antimicrobial activity of silver 
nanoparticles in various applications

19.4.1 Silver nanoparticles as a dressing material

Wound dressing materials play a major part in wound management. Dr. Robert Burrell is 
said to develop the world’s first nanosilver-based wound dressing in 1995 (Ahmad et al., 
2011). He developed Acticoat that speeds up the healing process and removes scars if any. 
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396 Antimicrobials: Synthetic and natural compounds

In recent times, the development of resistant strains of pathogens has become a major 
problem; to overcome this problem, newly designed wound dressing has provided a 
major breakthrough for the treatment of infection and wounds. Silver dressings make 
use of delivery systems that release silver in different concentrations. But different factors 
like the distribution of silver in the dressing, its chemical and physical forms, and affin-
ity of dressing to moisture also influence the killing of microorganisms (Rai et al., 2009). 
Many advancements in dressing material were made; recently, one dressing material was 
designed that has the potential to change color when the antibiotic is released and hence 
alerting that there is an infection in the wound. Experts believe that this dressing has 
great potential in treating burn victims who are susceptible to toxic shock syndrome. 
With the advent of such a system, there can be a reduction in antibiotic resistance (Tian 
et al., 2007).

12.4.2 Silver nanoparticles as air disinfectant

Bioaerosols are airborne particles of biological origins, including viruses, bacteria, and 
fungi, which are capable of causing infectious, allergenic, or toxigenic diseases. Several 
silver nanoparticle–based air disinfectant were formulated. The antimicrobial effect of 
silver nanoparticles on bacterial contamination of activated carbon filters was studied. 
The results showed that silver nanoparticle–activated carbon filters were effective for the 
removal of bioaerosols. The antibacterial activity analysis of silver nanoparticle–activated 
carbon filters indicated that two bacteria, B. subtilis and E. coli, were completely inhibited 
within 10 and 60 min, respectively (Jung et al., 2008).

12.4.3 Silver nanoparticles in wound healing

Wound healing is a complex process and has been the subject of intense research for a long 
time. The recent emergence of nanotechnology has provided a new therapeutic modal-
ity in silver nanoparticles for use in burn wounds. The wound-healing properties of sil-
ver nanoparticles in an animal model showed rapid healing in a dose-dependent manner 
(Rickman et al., 2003).

12.4.4 Silver nanoparticles for agriculture application

Nanopesticides and nanoherbicides were being extensively used in agriculture. Several 
industries were making formulations that contain 100–250 nm nanoparticles that are more 
soluble in water thus increasing their activity. The water- or oil-based nanoemulsions con-
tained uniform suspensions of pesticide or herbicide nanoparticles of 200–400 nm, which 
are used to control many pests (Yakub and Soboyejo, 2012).

12.4.5 Silver nanoparticles for disinfecting drinking water

Water is one of the most important substances on Earth and is essential to all living things.
Contamination of drinking water and the subsequent outbreak of waterborne dis-

eases are the leading cause of death in many developing nations. Significant interest 
has arisen in the use of silver nanoparticles for water disinfection. Silver nanoparticles 
decorated onto porous ceramic materials are used as an antibacterial water filter when 
tested against E. coli. It was found that at a flow rate of 0.01 L min−1, the output count 
of E. coli was zero (Ahmad et  al., 2011). Similarly, silver nanoparticles binding with 
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polyurethane foams resulted due to interaction of nitrogen atom with the polyurethane 
foams, which showed disinfection ability. At a flow rate of 0.5 L min−1, the output count 
of E. coli was found nil when the input water had a bacterial load of 105 CFU mL−1 (Jung 
et al., 2008).
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