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Silver has been in use since time immemorial in the form of metallic silver, silver nitrate, silver sulfadiazine
for the treatment of burns, wounds and several bacterial infections. But due to the emergence of several
antibiotics the use of these silver compounds has been declined remarkably. Nanotechnology is gaining
tremendous impetus in the present century due to its capability of modulating metals into their nanosize,
which drastically changes the chemical, physical and optical properties of metals. Metallic silver in the form
of silver nanoparticles has made a remarkable comeback as a potential antimicrobial agent. The use of silver

Silver nanoparticles is also important, as several pathogenic bacteria have developed resistance against various

Nanotechnology
Silver nanoparticles
Antimicrobial agent

antibiotics. Hence, silver nanoparticles have emerged up with diverse medical applications ranging from
silver based dressings, silver coated medicinal devices, such as nanogels, nanolotions, etc.

© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

Due to the outbreak of the infectious diseases caused by different
pathogenic bacteria and the development of antibiotic resistance the
pharmaceutical companies and the researchers are searching for new
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antibacterial agents. In the present scenario, nanoscale materials have
emerged up as novel antimicrobial agents owing to their high surface
area to volume ratio and the unique chemical and physical properties
(Morones et al., 2005; Kim et al., 2007).

Nanotechnology is emerging as a rapidly growing field with its
application in Science and Technology for the purpose of manufactur-
ing new materials at the nanoscale level (Albrecht et al., 2006). The
word “nano” is used to indicate one billionth of a meter or 10~°. The
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term Nanotechnology was coined by Professor Norio Taniguchi of
Tokyo Science University in the year 1974 to describe precision
manufacturing of materials at the nanometer level (Taniguchi, 1974).
The concept of Nanotechnology was given by physicist Professor
Richard P. Feynman in his lecture There’s plenty of room at the Bottom
(Feynman, 1959).

Bionanotechnology has emerged up as integration between
biotechnology and nanotechnology for developing biosynthetic and
environmental-friendly technology for synthesis of nanomaterials.

Nanoparticles are clusters of atoms in the size range of 1-100 nm. “
Nano” is a Greek word synonymous to dwarf meaning extremely
small. The use of nanoparticles is gaining impetus in the present
century as they posses defined chemical, optical and mechanical
properties. The metallic nanoparticles are most promising as they
show good antibacterial properties due to their large surface area to
volume ratio, which is coming up as the current interest in the
researchers due to the growing microbial resistance against metal
ions, antibiotics and the development of resistant strains (Gong et al.,
2007).

Different types of nanomaterials like copper, zinc, titanium
(Retchkiman-Schabes et al., 2006), magnesium, gold (Gu et al,,
2003), alginate (Ahmad et al., 2005) and silver have come up but
silver nanoparticles have proved to be most effective as it has good
antimicrobial efficacy against bacteria, viruses and other eukaryotic
micro-organisms (Gong et al., 2007). Silver nanoparticles used as drug
disinfectant have some risks as the exposure to silver can cause
agyrosis and argyria also; it is toxic to mammalian cells (Gong et al.,
2007).

The current investigation supports that use of silver ion or metallic
silver as well as silver nanoparticles can be exploited in medicine for
burn treatment, dental materials, coating stainless steel materials,
textile fabrics, water treatment, sunscreen lotions, etc. and posses low
toxicity to human cells, high thermal stability and low volatility
(Duran et al., 2007).

2. Silver as antimicrobial agent

For centuries silver has been in use for the treatment of burns and
chronic wounds. As early as 1000 B.C. silver was used to make water
potable (Richard et al., 2002; Castellano et al., 2007). Silver nitrate was
used in its solid form and was known by different terms like, “Lunar
caustic” in English, “Lapis infernale” in Latin and “Pierre infernale” in
French (Klasen, 2000). In 1700, silver nitrate was used for the
treatment of venereal diseases, fistulae from salivary glands, and
bone and perianal abscesses (Klasen, 2000; Landsdown, 2002). In the
19th century granulation tissues were removed using silver nitrate to
allow epithelization and promote crust formation on the surface of
wounds. Varying concentrations of silver nitrate was used to treat
fresh burns (Castellano et al., 2007; Klasen, 2000). In 1881, Carl S.F.
Crede cured opthalmia neonatorum using silver nitrate eye drops.
Crede's son, B. Crede designed silver impregnated dressings for skin
grafting (Klasen, 2000; Landsdown, 2002). In the 1940s, after
penicillin was introduced the use of silver for the treatment of
bacterial infections minimized (Hugo and Russell, 1982; Demling and
DeSanti, 2001; Chopra, 2007). Silver again came in picture in the 1960s
when Moyer introduced the use of 0.5% silver nitrate for the treatment
of burns. He proposed that this solution does not interfere with
epidermal proliferation and possess antibacterial property against
Staphylococcus aureus, Pseudomonas aeruginosa and Escherichia coli
(Moyer et al., 1965; Bellinger and Conway, 1970). In 1968, silver nitrate
was combined with sulfonamide to form silver sulfadazine cream,
which served as a broad-spectrum antibacterial agent and was used
for the treatment of burns. Silver sulfadazine is effective against
bacteria like E. coli, S. aureus, Klebsiella sp., Pseudomonas sp. It also
possesses some antifungal and antiviral activities (Fox and Modak,
1974). Recently, due to the emergence of antibiotic-resistant bacteria

and limitations of the use of antibiotics the clinicians have returned to
silver wound dressings containing varying level of silver (Gemmell
et al., 2006; Chopra, 2007).

3. Metallic silver

The antimicrobial property of silver is related to the amount of
silver and the rate of silver released. Silver in its metallic state is inert
but it reacts with the moisture in the skin and the fluid of the wound
and gets ionized. The ionized silver is highly reactive, as it binds to
tissue proteins and brings structural changes in the bacterial cell wall
and nuclear membrane leading to cell distortion and death. Silver also
binds to bacterial DNA and RNA by denaturing and inhibits bacterial
replication (Lansdown, 2002; Castellano et al., 2007).

4. Silver sulfadiazine

Silver sulfadiazine (AgSD) is a combination of silver and sulfadia-
zine. AgSD is used as a 1% water-soluble cream. AgSD works as a
broad-spectrum antibiotic. It is used especially for the treatment of
burn wounds. AgSD serves as reservoir of silver in the wound and
slowly liberates silver ions. All kinds of sulfa drugs have been tested in
combination with silver but sulphadiazine was found to be most
effective. AgSD binds to cell components including DNA and cause
membrane damage (Atiyeh et al., 2007). It achieves bacterial
inhibition by binding to the base pairs in DNA helix and thus inhibits
transcription. In similar way it also binds to phage DNA (Fox and
Modak, 1974; Maple et al., 1992; Mcdonnell and Russell, 1999).

5. Silver zeolite

Silver zeolite is made by complexing alkaline earth metal with
crystal aluminosilicate, which is partially replaced by silver ions using
ion exchange method. In Japan, ceramics are manufactured coated
with silver zeolite to apply antimicrobial property to their products.
These ceramics are used for food preservation, disinfection of medical
products, decontamination of materials (Kourai et al., 1994; Kawahara
et al.,, 2000; Matsumura et al., 2003).

6. The state-of-the-art

Feng et al. (2000) reported mechanistic study of inhibition of silver
ions against two strains of bacteria, S. aureus and E. coli. For the
experiment, both bacteria E. coli and S. aureus were inoculated on
Luria Bertoni (LB) medium and incubated at 37 °C on rotary shaker
(200 rpm) for 16 h. After that 10 pg/ml of silver nitrate was added to
the liquid culture and allowed to grow for 4-12 h. Five milliliters of the
above culture was removed, centrifuged and the subsequent biomass
obtained was further studied by Transmission electron microscopy
(TEM) and X-ray micro-analysis to find out the morphological changes
occurred in E. coli and S. aureus after treatment with silver ions. In
case of E. coli significant morphological changes were noticed after the
treatment of silver ions. An electron-light region was observed in the
center of E. coli cells containing some tightly condensed substance
twisted together. A big gap was observed between the cytoplasm
membrane and cell wall. Presence of some electron dense granules
around the cell wall was also noticed. The X-ray microanalysis of these
electron dense granules demonstrated the presence of silver and
sulfur assuming that the silver ions after entering the bacterial cell
might have combined with the cell components containing sulfur.
Similarly, in case of S. aureus presence of condensed substance in the
electron-light region was observed. The cytoplasm membrane was
shrunked and detached from the cell wall. In the condensed region of
S. aureus cells was found presence of a large amount of phosphorus.
There were also, slight differences observed related to the effect of
silver ions on S. aureus when compared with E. coli. The electron-
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dense granules observed in S. aureus and the electron-light region was
darker than E. coli cells. S. aureus has a much stronger defense system
compared to E. coli because gram positive bacteria have a thicker
peptidoglycan cell wall and there is presence of clearly visible nuclear
region in the center of cells where DNA molecules are distributed
randomly. Thus, this thicker cell wall protects the cell from the
penetration of silver ions in the cytoplasm. By the comparative
evaluation of the effects of silver ions on both the test organisms, the
authors suggested the possible mechanism of action of silver ions. The
silver ions enter into the bacterial cells by penetrating through the cell
wall and consequently turn the DNA into condensed form which
reacts with the thiol group proteins and result in cell death. The silver
ions also interfere with the replication process. Kazachenko et al.
(2000) investigated the synthesis and antimicrobial activity of silver
complexes with histidine and tryptophan. To the 0.05 M aqueous
histidine and tryptophan solution, 0.05 M silver nitrate was added
which resulted in the formation of a white precipitate. This precipitate
was centrifuged, dried and used for the evaluation of antimicrobial
activity by double serial dilution method. The toxicity of silver
complexes of tryptophan and histidine was tested on a group of white
mongrel mice. The histidine complex with silver compound showed
good antimicrobial activity against gram-negative bacteria while, the
tryptophan complex with silver compound showed higher antimi-
crobial activity and broad spectrum of action. In the toxicity study,
both the complexes of histidine and tryptophan show low toxicity.
From the above experimental work it was found that the tryptophan
complex with silver depicted a better antimicrobial activity than the
histidine silver complex. Spacciapoli et al. (2001) demonstrated the
use of silver nitrate for the treatment of periodontal pathogens. He
found Silver nitrate more efficient than antibiotics for the treatment of
oral cavity of periodontal infections.

Matsumura et al. (2003) studied the activity of silver zeolite
against E. coli and compared its antibacterial activity with silver
nitrate. E. coli strain OW6, strain CSH7 and UM1 were used for the
study. These bacterial cells were collected by centrifugation and
resuspended in a suspension of silver zeolite or silver nitrate ranging
in the density of 10 to 100 mg/l. The results obtained clearly depicted
that silver zeolite at 100 mg/I reduced the viable E. coli OW6 cells in
20 mM potassium phosphate buffer at pH 7.0. Similarly, reduction in
viable cell count was observed with 20 mM HEPES NaOH buffer at pH
7.0. The activity of silver zeolite was more pronounced at higher
temperature (0 to 42 °C) and higher pH (6.5 to 8.5). The strains CSH7
and UM1 were found to be sensitive to silver zeolite and silver nitrate.
The authors compared the effects of various substances on the
antimicrobial activity of 1 pM silver nitrate and 100 mg/l1 silver zeolite.
The addition of L-cysteine, L-methionine, L-histidine, L-tryptophan,
and bovine serum albumin inhibited the bactericidal activity of silver
zeolite, while, 2,2-Dipyridyl enhanced the bactericidal activity of this
solution. The bactericidal activity of silver nitrate was inhibited by
addition of L-cysteine, L-histidine, manganese, magnesium and ferrous
ions. It can be concluded that the silver ions bind to zeolite matrix and
play a major role in deciding the bactericidal activity of silver zeolite.
While, detecting the bactericidal activity of silver zeolite and silver
nitrate checked at anaerobic conditions it was found that more
number of cells were viable in anaerobic condition than in aerobic
condition. In this study, Matsumura et al. (2003) suggested two
possible processes involved in the action of silver zeolite: first the
bacterial cells coming in contact with silver zeolite take in silver ions
which damages the bacterial cell. Secondly, the generation of reactive
oxygen species through inhibition of respiratory enzymes by silver
ions damages the bacterial cell itself. Sondi and Salopek-Sondi (2004)
reported antimicrobial activity of silver nanoparticles against E. coli as
a model for gram-negative bacteria. From the SEM micrographs,
formation of aggregates composed of silver nanoparticles and dead
bacterial cells were observed. It was also observed that the silver
nanoparticles interact with the building elements of the bacterial

membrane and cause damage to the cell. The TEM analysis and EDAX
study confirmed the incorporation of silver nanoparticles into the
membrane, which was recognized by formation of pits on the cell
surface. They concluded that nanomaterials could prove to be simple,
cost effective and suitable for formulation of new type of bacterial
materials. Butkus et al. (2004) studied the synergistic effect of silver
ions and UV radiation on a RNA virus, which can efficiently enhance
the effectiveness of UV radiation. This enhanced UV radiation can be
used for the inactivation of pathogenic viruses such as poliovirus, noro
virus and enteric adeno viruses. The synergistic reaction between
silver and UV was most sensitive to silver concentration between 0.01
and 1 mg/l and there was no inactivation at silver concentration above
1 mg/l. Baker et al. (2005) reported the synthesis of nanoparticles by
inert gas condensation and co-condensation techniques. The anti-
bacterial efficiency of nanoparticles was tested against E. coli in liquid
and solid medium. The nanoparticles were observed to exhibit
antibacterial activity at low concentrations. The nanoparticles were
found to be cytotoxic to E. coli cells at a concentration of 8 pg/cm?. The
mechanism behind the antibacterial activity of silver nanoparticles
was assumed to be related to the surface area to volume ratio of
nanoparticles. The smaller sized particles possessed larger surface
area to volume ratio and hence efficient antibacterial activity. Thus,
the nanoparticles were found to be cytotoxic to E. coli. Morones et al.
(2005) studied the effect of silver nanoparticles in the size range of 1-
100 nm on Gram-negative bacteria using high angled annular dark
field microscopy (HAADF) and TEM. For the study commercially
available nanoparticle powder was used and was introduced in water
for the interaction of nanoparticles with water. The characterization of
nanoparticles was done by TEM. For studying the interaction of silver
nanoparticles with bacteria LB plates containing different concentra-
tions of nanosilver (0. 25, 50, 75, 100 pg/ml) were prepared and
inoculated with 10 pl bacterial culture (E. coli). The interaction of silver
nanoparticles with bacteria was analyzed by growing the bacterial
cells up to mid log phase and then by the measurement of O.D. at
595 nm. The electrochemical nature of silver nanoparticles was
analyzed by stripping voltametry. The TEM analysis demonstrated the
nanoparticles in the size range of 16 nm. While, the HRTEM study
confirms cuboctahedral, multiple-twinned icosehedral, decahedral
shape of nanoparticles. The effect of different concentrations of silver
on growth of bacteria demonstrated that at a concentration above
75 pg/ml there was no significant bacterial growth observed. The
STEM (Scanning Transmission Electron Microscopy) analysis confirms
the presence of silver in the cell membrane and inside the bacteria.
Only individual particles were found attached to surface membranes.
The High angled annular dark field (HAADF) images show that the
smaller sized nanoparticles (~5 nm) depicted efficient antibacterial
activity thus concluding that the activity of silver nanoparticles is size-
dependent. Yamanaka et al. (2005) investigated the antibacterial
efficacy of silver ions using E. coli as a model organism with the help of
energy-filtering TEM (EFTEM), two dimensional electrophoresis (2-
DE) and matrix-assisted laser desorption ionization-time-of-flight
mass spectrometry (MALDI-TOF MS). From the above characterization
techniques it was found that the silver ions penetrate into the bacterial
cells rather than residing in the cell membrane. The 2-DE analysis and
MALDI-TOF MS analysis point out that a ribosomal subunit protein and
some enzymes and proteins are affected by the silver ions. Thus, the
authors conclude that bactericidal action of silver ions is basically
caused due to the interaction of silver ions with ribosome and the
suppression and expression of enzymes and proteins necessary for
ATP production.

Panacek et al. (2006) reported a one step protocol for synthesis of
silver colloid nanoparticles. They found high antimicrobial and
bactericidal activity of silver nanoparticles on Gram-positive and
Gram-negative bacteria including multiresistant strains such as
methicillin resistant S. aureus. The antibacterial activity of silver
nanoparticles was found to be size dependent, the nanoparticles of
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size 25 nm possessed highest antibacterial activity. The nanoparticles
were toxic to bacterial cells at lower concentrations of 1.69 pg/ml Ag.
Leaper (2006) studied the use of silver dressings and their role in
wound healing, the role of nanocrystalline silver dressings in wound
management. The topical delivery of silver nanoparticles promotes
healing of burn wounds with better cosmetic appearance and provides
an effective therapeutic direction for scarless healing of wounds (Tian
et al.,, 2006).

Shahverdi et al. (2007) investigated the combination effects of
silver nanoparticles with antibiotics. The silver nanoparticles were
synthesized using Klebsiella pneumoniae and evaluated its antimicro-
bial activity against S. aureus and E. coli. From the above experimental
work it was observed that the antibacterial activity of antibiotics like
penicillin G, amoxicillin, erythromycin, clindamycin and vancomycin
increased in the presence of silver nanoparticles against E. coli and S.
aureus. The highest synergistic activity was observed with erythro-
mycin against S. aureus. Shrivastava et al. (2007) reported synthesis of
silver nanoparticles in the size range of 10-15 nm and its dose
dependent effect on the Gram-negative and Gram-positive micro-
organisms. From the results it was found that the dose dependent
silver nanoparticles have marked activity against gram-negative
organisms than the gram-positive organisms.

Pal et al. (2007) investigated the antibacterial properties of silver
nanoparticles of different shapes and found that the antibacterial
efficacy of silver nanoparticles is shape dependent. The silver
nanoparticles were prepared by the seeded growth method for the
synthesis of spherical nanoparticles and solution phase method for
the synthesis of rod shaped and truncated triangular nanoparticles.
The resultant nanoparticles synthesized were purified by centrifuga-
tion at 2100 xg for 10 min and suspended in water. For the
measurement of killing kinetics of nanosilver E. coli (ATCC10536)
was inoculated in nutrient broth and introduced to different
concentrations of nanosilver, incubated at 37 °C and kept on a shaker
at 225 rpm. Nutrient agar plates inoculated with 100 pl of bacterial
suspension were treated with different concentrations of nanosilver
(1, 6,12,12.5, 50, or 100 ng) to assess the susceptibility of bacteria to
silver. The plates were incubated overnight at 37 °C the characteriza-
tion of the nanoparticles was done by UV-vis spectroscopy and EFTEM
(Energy filtering TEM). The UV-vis spectroscopy of the nanoparticles
synthesized by seeded growth method showed absorption band at
420 nm demonstrating the presence of spherical nanoparticles which
was confirmed by TEM images. The nanoparticles synthesized by
solution phase method depicted two absorption bands at 418 nm and
514 nm. The synthesis of rod shaped nanoparticles was confirmed by
EFTEM while, the synthesis of truncated triangular nanoparticles was
confirmed by X-ray diffraction (XRD). The inhibition of bacterial
growth by spherical nanoparticles was observed at silver content of
12.5 pg and in case of truncated triangular nanoparticles bacterial
inhibition was observed at 1 pg of silver content. When the growth of
bacteria on nutrient agar plates was observed the spherical nano-
particles inhibited bacterial growth at a silver nanoparticle concen-
tration of 6 pg. In case of truncated triangular nanoparticles 10 pg
concentration of silver content lead to inhibition of bacterial growth.
These findings, corroborated that the antibacterial activity of silver
nanoparticles is shape dependent. Gong et al. (2007) synthesized
bifunctional Fe30,@Ag nanoparticles possessing super paramagnetic
and antibacterial properties and showed excellent activity against E.
coli, S. epidermis, and Bacillus subtilis. The Fes0,@Ag nanoparticles
were synthesized using the reverse micelle method. The nanoparticles
were characterized and detected using UV-visible spectroscopy, TEM
and XRD. The antibacterial activity of Fes0,@Ag nanoparticles was
determined with the help of minimum inhibitory concentration (MIC)
values. Three bacterial strains E. coli, B. subtilis and S. epidermis were
used by growing the bacterial colonies on LB medium at 37 °C up to
108-10° CFU/ml was reached. Seventy five microliters of bacterial
suspension was added to 15 ml LB medium containing 0, 10, 20, 30, 40,

50, 60, 70-100 pg/ml Fe;0,@Ag nanoparticles and incubated at 37 °C
on rotary shaker (200 rpm) for 24 h. The MIC was determined as the
lowest concentration when the bacterial growth was inhibited. The
MIC values for E. coli and B. subtilis were found to be >70 pg/ml,
whereas S. epidermis showed >60 pg/ml. The antibacterial activity was
also analyzed using flow cytometry. The Fe;0,@Ag nanoparticles were
introduced to the magnetic particle concentrator and placed in
magnetic field for 0, 5, 10, 20, 30 min respectively. These nanoparticles
were checked for their magnetic property using vibrating sample
magnetometer (VSM) and also tested for their antibacterial property.
From the above tests and characterization of nanoparticles the authors
concluded that the synthesized Fe;0,@Ag nanoparticles were sphe-
rical in shape with an average diameter of 60t 20 nm, polydisperse and
stable, depicted superparamagnetism and can be separated from water
with the help of magnetic field. The Fe;0,@Ag nanoparticles possessed
broad antibacterial activity and could be recycled due to their
superparamagnetism. Chopra (2007) studied the increasing use of
silver based products as antimicrobial agents whether it is a positive
development or a cause of concern as the increase in use of silver based
products can lead to silver resistance. He concluded that the silver
dressings are an efficient alternative to antibiotics for the treatment of
wounds but the dressings containing lower level of silver ions can
prove to be problematic in near future due to the development of
resistance hence, the clinicians should select dressings containing high
level of silver ions to ensure rapid bactericidal activity.

Duran et al. (2007) studied the synthesis of silver nanoparticles
using Fusarium oxysporum and effect of antibacterial properties of
the biosynthesized silver nanoparticles when incorporated on textile
fabric. F. oxysporum was used for the synthesis of silver nanoparticles.
The liquid culture of the fungus was grown on 0.5% yeast extract at
28 °C for six days. The biomass obtained was filtered and resuspended
in distilled water. The fungal filtrate was treated with silver nitrate at
28 °C and kept for several hours. The synthesis of silver nanoparticles
was detected by using UV-vis spectrophotometer, TEM and Ele-
mental spectroscopy imaging. The size of the nanoparticles was
measured by XRD. The cotton fabrics of 5x5 c¢cm were used for
impregnation. The final filtrate was prepared by ultra-centrifugation
and removal of half of the filtrate to concentrate the silver
nanoparticles was then carried out. The cotton fabrics were
submerged in an Erlenmeyer flask containing silver nanoparticles
and kept on a shaker at 600 rpm for 24 h and dried at 70 °C. The
percentage of the nanoparticles impregnated was measured using X-
ray fluorescence (XRF). The antibacterial efficacy of nanoparticles was
tested inoculating the cotton fabrics on S. aureus inoculated agar
plates and later analyzed using scanning electron microscopy (SEM)
and energy dispersive spectroscopy (EDS). The silver impregnated
cotton fabric was washed several times and the obtained effluent was
treated with a suspension of Chromobacterium violaceum (CCT 3496).
The fungal treated with silver nitrate showed a colour change from
pale yellow to brownish. Also, the surface plasmon intensity
increased with time ensuring the formation of silver nanoparticles.
The TEM denoted the presence of spherical silver nanoparticles. The
spectroscopic techniques scanning electron microscopy (SEM) and
energy dispersive spectroscopy (EDS) confirmed that the cotton
fabrics impregnated with silver nanoparticles possess efficient
antimicrobial activity. Maneerung et al. (2008) suggested a novel
technique for preparation of wound dressing using bacterial cellulose
and the antibacterial effect of silver nanoparticles impregnated on
the wound dressing. The silver nanoparticles impregnated with
bacterial cellulose demonstrated efficient antimicrobial activity
against E. coli and S. aureus. Castellano et al. (2007) evaluated some
commercially available wound dressings containing silver and their
antimicrobial activity against different bacteria. In the present study
the author tested eight commercially available dressings (Acticoat,
Acticoat7, Acticoat Moisture control, Aquagel Ag, Urgotul SSD,
ACTISORB, Contreet foam and Silvercel) for their antibacterial activity
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against E. coli, S. aureus, Streptococcus faecalis and P. aeruginosa and
compared it with the antibacterial activity of commercially available
antimicrobial creams like Silvasorb gel, Silvadene cream 1%, Sulfa-
mylon and Gentamycin sulfate cream 0.1%. The zone of inhibition test
demonstrated considerable difference between the antibacterial
efficacies of silver dressings to inhibit bacterial population. Among
all the dressings and non-dressing agents Contreet F and Acticoat
dressings depicted the largest zone of inhibition. The quantitative
analysis test for antimicrobial activity concluded that E. coli was
susceptible to five silver dressings, S. faecalis to four and S. aureus and
P. aeruginosa to two silver dressings. The silver based creams showed
superior bactericidal property and bacterial inhibition than silver
dressings hence, proving that the silver based creams are more
efficient than the last ones. Jun et al. (2007) reported that Poly (Vinyl
alcohol) (PVA) nanofibres impregnated silver nanoparticles present
efficient antibacterial property and can be used for the preparation of
wound dressings. Silver containing zirconium phosphate nanoparti-
cles were prepared by electrospinning into PVA nanofibres, which is a
good wound management material. These silver loaded nanoparti-
cles were mixed in distilled water, TritonX-100 and ultrasonicated for
1 h. The nanoparticles were added to 1 wt.% of PVA and to lower the
surface tension of PVA aqueous solutions, 1 wt.% of TritonX-100 was
added and the prepared solution was placed into a syringe with the
positive lead of power supply (0-30 KV) attached to syringe needle.
The sample was analyzed with the help of SEM and energy dispersive
X-ray (EDX) spectrum analysis. The electrospun nanofibers were
tested for antibacterial activity against E. coli (ATCC25922) and S.
aureus (ATCC6538). From the SEM and EDX study it was concluded
that the nanofibres were uniform having diameter from 399 nm to
910 nm. Some small particles were also observed on the surface of
fibers. The EDX study demonstrated that the nanofibers possessed
silver, which was dispersed uniformly in the fibers. The silver fibers
depicted reduction of bacteria 97.87% and 99.12%, respectively. Thus,
it can be concluded that the silver nanoparticles coated fabric had
efficient antibacterial activity and also retained their physical
appearance. Kim et al. (2007) reported the use of silver nanoparticles
for the control of infections occurring due to microorganisms. The
silver nanoparticles were synthesized using 1 mM silver nitrate and
2 mM sodium borohydride. The antimicrobial efficiency of silver
nanoparticles was tested against yeast isolated from Bovine mastitis,
E. coli and S. aureus using the modified agar disc diffusion method of
the National Committee for Clinical and Laboratory Standards
Institute, CLSI, 2000. Microorganism inoculum containing 10”7 CFU/
ml count were inoculated on Mueller-Hinton agar plates and later
20 pl of silver nanoparticles were spread in concentration of 0.2 to
33 nM. The silver nanoparticles showed absorption band at ~391 nm
which is typical for spherical nanoparticles. The electron spin
resonance spectroscopy (ESR), which was performed to measure
growth inhibitory effects of silver nanoparticles on microorganisms,
was carried out by aggregating the silver nanoparticles with the help
of stirring with zinc bar. The aggregated nanoparticle powder was
collected and packed in a glass capillary tube. ESR studies showed the
existence of free radicals from silver nanoparticles, which may be
responsible for the antimicrobial effect.

Shape and size distribution of the silver nanoparticles was studied
using TEM, which depicted the presence of monodisperse particles in
the size range of 13.5 nm. The silver nanoparticles tested against yeast
and E. coli reported effective bacterial inhibition in comparison with S.
aureus due to the membrane structure.

Kumar et al. (2008) investigated an environmental-friendly
method for the synthesis of metal nanoparticles embedded paint
from using vegetable oil. The paint depicts excellent antimicrobial
activity against Gram-positive and Gram-negative bacteria and
hence, in future this paint can be used as an efficient antimicrobial
coating agent to coat several surfaces such as woods, glass, walls,
etc. Ingle et al. (2008) investigated the use of Fusarium accumina-

tum, isolated from infected ginger, for the synthesis of silver
nanoparticles and analyzed its antimicrobial activity against human
pathogenic bacteria. The fungal biomass was challenged with
aqueous silver nitrate in such a way that the final concentration of
the solution was 1 mM. Its colour changed from light yellow to brown,
which intensified after 2 h. The detection and characterization of the
silver nanoparticles was done with the help of UV-visible spectro-
photometer and TEM. The antibacterial activity of silver nanoparti-
cles was checked against E. coli, S. aureus, Salmonella typi, S.
epidermis using the well diffusion method. The UV-vis. spectra
showed absorption at 420 nm, which is characteristic for spherical
nanoparticles. The spherical shape of the nanoparticles was con-
firmed by the TEM study and the size of the nanoparticles ranged
from 5-40 nm. The mechanism of reduction of silver nanoparticles
tested with the help of nitrate reductase test, which was found to be
positive hence, the authors concluded that the enzyme NADH is
responsible for the reduction of silver. The silver nano-particles
possess efficient antibacterial properties, which, was found to be 1.4-
1.9x stronger than silver ions. Similar work has been reported by
Gade et al. (2008) by exploiting Aspergillus niger for the synthesis of
silver nanoparticles. The fungus was isolated from soil and the fungal
biomass was treated with 1 mM silver nitrate and kept on shaker at
120 rpm and 25 °Cin dark . The colour changed from yellow to dark
brown. After 2 h of incubation the silver nanoparticles were detected
with the help of UV-vis spectrophotometer while, the characteriza-
tion was done using TEM. The antibacterial activity of silver
nanoparticles was assessed using the agar diffusion assay method
against E. coli and S. aureus. The UV-vis spectra denoted a peak at
420 nm. The TEM study of silver nanoparticles confirmed the
presence of spherical shaped nanoparticles in the size range of
20 nm. The silver nanoparticles showed efficient antibacterial activity
against E. coli and S. aureus, which, was also analyzed using TEM. The
electron microscopic study demonstrated presence of silver nano-
particles in the cell membranes of test bacteria.

7. Mechanism of action

The exact mechanism of action of silver on the microbes is still not
known but the possible mechanism of action of metallic silver, silver
ions and silver nanoparticles have been suggested according to the
morphological and structural changes found in the bacterial cells.

7.1. Mechanism of action of silver

The mechanism of action of silver is linked with its interaction with
thiol group compounds found in the respiratory enzymes of bacterial
cells. Silver binds to the bacterial cell wall and cell membrane and
inhibits the respiration process (Klasen, 2000). In case of E. coli, silver
acts by inhibiting the uptake of phosphate and releasing phosphate,
mannitol, succinate, proline and glutamine from E. coli cells
(Rosenkranz and Carr, 1972; Bragg and Rainnie, 1974; Schreurs and
Rosenberg, 1982; Haefili et al., 1984; Yamanaka et al., 2005).

7.2. Mechanism of action of silver ions/AgNO3

The mechanism for the antimicrobial action of silver ions is not
properly understood however, the effect of silver ions on bacteria can
be observed by the structural and morphological changes. It is
suggested that when DNA molecules are in relaxed state the
replication of DNA can be effectively conducted. But when he DNA is
in condensed form it loses its replication ability hence, when the silver
ions penetrate inside the bacterial cell the DNA molecule turns into
condensed form and loses its replication ability leading to cell death.
Also, it has been reported that heavy metals react with proteins by
getting attached with the thiol group and the proteins get inactivated
(Liau et al., 1997; Feng et al., 2000).
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7.3. Mechanism of action of silver zeolite

Silver ions play a crucial role in the antibacterial activity of silver
zeolite. Matsumura et al. (2003) reported that the possible action of
silver zeolite might be due to the intake of silver ions by bacterial cells
when they come in contact with silver zeolite, which inhibits their
cellular functions and damages the cell. Secondly, it can be due to the
generation of reactive oxygen molecules, which inhibit the
respiration.

7.4. Mechanism of action of silver nanoparticles

The silver nanoparticles show efficient antimicrobial property
compared to other salts due to their extremely large surface area,
which provides better contact with microorganisms. The nanoparti-
cles get attached to the cell membrane and also penetrate inside the
bacteria. The bacterial membrane contains sulfur-containing proteins
and the silver nanoparticles interact with these proteins in the cell as
well as with the phosphorus containing compounds like DNA. When
silver nanoparticles enter the bacterial cell it forms a low molecular
weight region in the center of the bacteria to which the bacteria
conglomerates thus, protecting the DNA from the silver ions. The
nanoparticles preferably attack the respiratory chain, cell division
finally leading to cell death. The nanoparticles release silver ions in the
bacterial cells, which enhance their bactericidal activity (Feng et al.,
2000; Sondi and Salopek-Sondi, 2004; Morones et al., 2005; Song
et al.,, 2006).

8. Effect of size and shape on the antimicrobial activity of
nanoparticles

The surface plasmon resonance plays a major role in the
determination of optical absorption spectra of metal nanoparticles,
which shifts to a longer wavelength with increase in particle size. The
size of the nanoparticle implies that it has a large surface area to come
in contact with the bacterial cells and hence, it will have a higher
percentage of interaction than bigger particles (Kreibig and Vollmer,
1995; Mulvaney, 1996; Morones et al., 2005; Pal et al., 2007). The
nanoparticles smaller than 10 nm interact with bacteria and produce
electronic effects, which enhance the reactivity of nanoparticles. Thus,
it is corroborated that the bactericidal effect of silver nanoparticles is
size dependent (Raimondi et al., 2005; Morones et al., 2005).

The antimicrobial efficacy of the nanoparticle depend on the
shapes of the nanoparticles also, this can be confirmed by studying the
inhibition of bacterial growth by differentially shaped nanoparticles
(Morones et al.,, 2005). According to Pal et al. (2007) truncated
triangular nanoparticles show bacterial inhibition with silver content
of 1 pg. While, in case of spherical nanoparticles total silver content of
12.5 pg is needed. The rod shaped particles need a total of 50 to 100 ng
of silver content. Thus, the silver nanoparticles with different shapes
have different effects on bacterial cell.

9. Use of silver nanoparticles for impregnation
9.1. Silver coated medical devices

Silver nanoparticles are also considered as candidate for coating
medical devices. Medical devices coated with silver ions or metallic
silver proved to be disappointing in clinical tests. The reason for this
might be the inactivation of metallic silver when it comes in contact
with blood plasma and the lack of durability of the coatings. The
metallic silver also failed to improve the antimicrobial activity (Riley et
al., 1995, Everaet et al., 1998). Furno et al. (2004) demonstrated the use
of silver nanoparticles for impregnation of polymeric medical devices
to increase their antimicrobial efficacy. Silicon discs of 0.45 mm
thickness were used as a biomaterial for impregnation, the silver

nanoparticles were synthesized in anaerobic condition and the
formation of nanoparticles was confirmed by TEM. Staphylococcus
epidermis was used as the test bacterium with a cell count
corresponding to 1x 108 CFU/ml. The silver nanoparticles impregnated
discs were divided into two sets, washed and unwashed and immersed
in 50% human plasma. In similar way, the serial plate transfer test
(SPTT) was performed by dividing the impregnated discs in two sets
and then introduced on Tryptone soya agar (TSA) plates inoculated
with S. epidermis F22 and incubated overnight. The zone of inhibition
was recorded and the impregnated discs were removed and trans-
ferred to fresh agar plates. The silver nanoparticles impregnated discs
were also inoculated with suspension culture of S. epidermis to
measure rate of killing of bacteria with the help of plate count and
chemiluminescence. For this purpose four sets of discs consisting of
washed and unwashed were immersed in sterile distilled water or 50%
human plasma for 24 h to measure the release of silver ions. In the SPTT
test the unwashed set of discs showed antibacterial activity for 10 days
with a mean of 8.5 mm while, in case of washed discs the zone of
inhibition was not observed even for a day. In the test for adherence, for
the rate of killing of bacteria there was a clear difference between the
washed and unwashed set of discs. In case of unwashed discs there
were no viable bacteria found adhered to the disc after 1 h and there
was a decline in viability over a period of 5 h, which was depicted by
chemiluminescence. In the test for release of silver ions it was found
that a greater amount of silver ions was released in plasma than in
deionized water in a time period of 3 days. In 4th and 5th day also
significant amount of silver ions were released. Besides, Furno et al.
(2004) have used a variety of methods to test the efficacy of silver
nanoparticles impregnated on silicon elastomer. However, it was
found that the antibacterial efficiency of silver nanoparticles reduces
after washing. Silver nanoparticles can be used for the impregnation of
medical devices and lead to promising antimicrobial activity. Silver
nanoparticles are used for coating surgical masks (Li et al., 2006). The
advantage of impregnation of medical devices with silver nanoparti-
cles is that it protects both outer and inner surfaces of devices and there
is continuous release of silver ions providing antimicrobial activity
(Wilcox et al., 1998; Darouiche et al., 1999).

9.2. Silver dressings

Dressings play a major part in the management of wounds (Leaper,
2006). In recent times, the development of resistant strains of
pathogens has become a major problem and the newly designed
wound dressings has provided a major breakthrough for the
treatment of infection and wounds. The antibacterial properties and
the toxicity of silver to micro-organisms is well known, thus, now a
days, silver is used in different kinds of formulations like surface
coating agents, wound dressing, etc (Duran et al., 2007). The 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 form, affinity of dressing to
moisture also influence the killing of microorganisms (Chopra, 2007).

9.3. Silver coated textile fabrics

In the past few decades, researchers are taking interest in the
development of textile fabrics containing antibacterial agents. As,
silver is non-toxic and posses antimicrobial properties it has
encouraged workers to use silver nanoparticles in different textile
fabrics. In this direction, silver nanocomposite fibres were prepared
containing silver nanoparticles incorporated inside the fabric but from
the scanning electron microscopic study it was concluded that the
silver nanoparticles incorporated in the sheath part of fabrics
possessed significant antibacterial property compared to the fabrics
incorporated with silver nanoparticles in the core part (Yeo and Jeong,
2003). Similar results were obtained by using silver nanoparticles on
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polyester nonwovens. It is also reported that silver nanoparticles
coated textile fabrics possess antibacterial activity against S. aureus
(Duran et al., 2007).

9.4. Silver toxicity

Toxicity from silver is observed in the form of argyria, only when
there is a large open wound and large amount of silver ions are used for
dressing. There are no regular reports of silver allergy (Leaper, 2006).
Silver nanoparticles in most studies are suggested to be non-toxic. But
due to their small size and variable properties they are suggested to be
hazardous to the environment (Braydich-Stolle et al., 2005). Hussain
et al. (2005) studied the toxicity of different sizes of silver
nanoparticles on rat liver cell line (BRL 3A) (ATCC, CRL-1442
immortalized rat liver cells). The authors found that after an exposure
of 24 h the mitochondrial cells displayed abnormal size, cellular
shrinkage and irregular shape. Cytotoxicity study of silver nanoparticle
impregnated five commercially available dressings was undertaken by
Burd et al. (2007). In the study, it was found that three of the silver
dressings depicted cytotoxicity effects in keratinocytes and fibroblast
cultures. Braydich-Stolle et al. (2005) reported the toxicity of silver
nanoparticles on C18-4 cell, a cell line with spermatogonial stem cell
characteristics. From the study, it was concluded that the cytotoxicity
of silver nanoparticles to the mitochondrial activity increased with the
increase in the concentration of silver nanoparticles.

From the above studies, it can be concluded that the use of
nanoparticles in biomedical and therapeutic applications has opened
up a wide area to nanotechnology in the fields like electronics,
engineering, medicine, etc. but the possible side effects of nanopar-
ticles have not been much studied hence, detailed study needs to
carried out before the introduction of products related to nanomedi-
cine in the market (Oberdorster et al., 2005).

10. Applications

Silver has been known to possess strong antimicrobial properties
both in its metallic and nanoparticle forms hence, it has found variety
of application in different fields.

* The Fe50,4 attached Ag nanoparticles can be used for the treatment
of water and easily removed using magnetic field to avoid
contamination of the environment (Gong et al., 2007).

Silver sulfadazine depicts better healing of burn wounds due to its
slow and steady reaction with serum and other body fluids (Fox and
Modak, 1974).

The nanocrystalline silver dressings, creams, gel effectively reduce
bacterial infections in chronic wounds (Richard et al., 2002; Leaper,
2006; Ip et al., 2006). The silver nanoparticle containing poly vinyl
nano-fibres also show efficient antibacterial property as wound
dressing (Jun et al., 2007).

The silver nanoparticles are reported to show better wound healing
capacity, better cosmetic appearance and scarless healing when
tested using an animal model (Tian et al., 2006).

Silver impregnated medical devices like surgical masks and implantable
devices show significant antimicrobial efficacy (Furno et al., 2004).
Environmental-friendly antimicrobial nanopaint can be developed
(Kumar et al., 2008).

Inorganic composites are used as preservatives in various products
(Gupta and Silver, 1998).

Silica gel micro-spheres mixed with silica thio-sulfate are used for
long lasting antibacterial activity (Gupta and Silver, 1998).
Treatment of burns and various infections (Feng et al., 2000).
Silver zeolite is used in food preservation, disinfection and deconta-
mination of products (Matsuura et al., 1997; Nikawa et al., 1997).
Silver nanoparticles can be used for water filtration (Jain and
Pradeep, 2005).

11. Conclusion and future prospects

In summary, it can be concluded that among the different anti-
microbial agents, silver has been most extensively studied and used since
ancient times to fight infections and prevent spoilage. The antibacterial,
antifungal and antiviral properties of silver ions, silver compounds and
silver nanoparticles have been extensively studied. Silver is also found to
be non-toxic to humans in minute concentrations. The microorganisms
are unlikely to develop resistance against silver as compared to antibiotics
as silver attacks a broad range of targets in the microbes.

The silver nanoparticles with their unique chemical and physical
properties are proving as an alternative for the development of new
antibacterial agents. The silver nanoparticles have also found diverse
applications in the form of wound dressings, coatings for medical
devices, silver nanoparticles impregnated textile fabrics, etc. the
advantage of using silver nanoparticles for impregnation is that there
is continuous release of silver ions and the devices can be coated by
both the outer and inner side hence, enhancing its antimicrobial
efficacy. The burn wounds treated with silver nanoparticles show
better cosmetic appearance and scarless healing.

Thus, it can be concluded that metallic silver has been in use since
ancient times. However, with the advent of silver nanoparticles and its
major use as an antimicrobial agent, much experimental trials are
needed to understand the toxicity. There are some questions, which
need to be addressed, such as, the exact mechanism of interaction of
silver nanoparticles with the bacterial cells, how the surface area of
nanoparticles influence its killing activity, use of animal models and
clinical studies to get a better understanding of the antimicrobial
efficiency of silver dressings, the toxicity if any of the silver dressings, etc.
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