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Abstract

Silver nanoparticles (NPs) have been the subjects of researchers because of their unique properties (e.g., size
and shape depending optical, antimicrobial, and electrical properties). A variety of preparation techniques
have been reported for the synthesis of silver NPs; notable examples include, laser ablation, gamma
irradiation, electron irradiation, chemical reduction, photochemical methods, microwave processing, and
biological synthetic methods. This review presents an overview of silver nanoparticle preparation by
physical, chemical, and biological synthesis. The aim of this review article is, therefore, to reflect on the
current state and future prospects, especially the potentials and limitations of the above mentioned techniques

for industries.
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INTRODUCTION

Nanotechnology is an important field of
modern research dealing with design, synthesis,
and manipulation of particle structures ranging
from approximately 1-100 nm. Nanoparticles
(NPs) have wide range of applications in areas
such as health care, cosmetics, food and feed,
environmental health, mechanics, optics,
biomedical sciences, chemical industries,
electronics, space industries, drug-gene
delivery, energy science, optoelectronics,
catalysis, single electron transistors, light
emitters, nonlinear optical devices, and photo-
electrochemical applications (1-6).

Nanobiotechnology is a rapidly growing
scientific field of producing and constructing
devices. An important area of research in
nanobiotechnology is the synthesis of NPs
with different chemical compositions, sizes
and morphologies, and controlled dispersities.
Nanobiotechnology has turned up as an
elementary  division of  contemporary
nanotechnology and untied novel epoch in the

*Corresponding author: S. Iravani
Tel. 0098 913 2651091, Fax. 0098 311 6251011
Email: siavashira@gmail.com

fields of material science receiving global
attention due to its ample applications. It is
a multidisciplinary approach resulting from
the investigational use of NPs in
biological systems including the disciplines of
biology, biochemistry, chemistry, engineering,
physics and medicine. Moreover, the nanobio-
technology also serves as an imperative
technique in the development of clean,
nontoxic, and eco-friendly procedures for the
synthesis and congregation of metal NPs
having the intrinsic ability to reduce metals by
specific metabolic pathways (1-6).

Nowadays, there is a growing need to
develop eco-friendly processes, which do not
use toxic chemicals in the synthesis protocols.
Green synthesis approaches include mixed-
valence polyoxometalates, polysaccharides,
Tollens, biological, and irradiation method
which have advantages over conventional
methods involving chemical agents associated
with environmental toxicity. Selection of
solvent medium and selection of eco-friendly
nontoxic reducing and stabilizing agents are
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the most important issues which must be
considered in green synthesis of NPs.

Silver NPs are of interest because of the
unique properties which can be incorporated
into antimicrobial applications, biosensor
materials, composite fibers, cryogenic super-
conducting materials, cosmetic products, and
electronic components. Some important
applications of silver NPs in pharmaceutics,
medicine, and dentistry are shown in Table 1.
Several physical and chemical methods have
been used for synthesizing and stabilizing
silver NPs (Table 2) (7,8).

The most popular chemical approaches,
including chemical reduction using a variety of
organic and inorganic reducing agents,
electrochemical techniques, physicochemical
reduction, and radiolysis are widely used for
the synthesis of silver NPs. Most of these
methods are still in development stage and the
experienced problems are the stability and
aggregation of NPs, control of crystal growth,
morphology, size and size distribution.
Furthermore, extraction and purification of
produced NPs for further applications are still
important issues (9-11).

This review article presents an overview of
silver nanoparticle preparation by physical,
chemical, and green synthesis approaches.

Table 1. Important applications of silver nanoparticles.

Synthesis of silver NPs
Physical methods

Evaporation-condensation and laser
ablation are the most important physical
approaches. The absence of solvent
contamination in the prepared thin films and
the uniformity of NPs distribution are the
advantages of physical synthesis methods in
comparison with chemical processes. Physical
synthesis of silver NPs using a tube furnace at
atmospheric pressure has some disadvantages,
for example, tube furnace occupies a large
space, consumes a great amount of energy
while raising the environmental temperature
around the source material, and requires a lot
of time to achieve thermal stability. Moreover,
a typical tube furnace requires power
consumption of more than several kilowatts
and a preheating time of several tens of
minutes to reach a stable operating
temperature (12,13). It was demonstrated that
silver NPs could be synthesized via a small
ceramic heater with a local heating area (14).
The small ceramic heater was used to
evaporate source materials. The evaporated
vapor can cool at a suitable rapid rate, because
the temperature gradient in the vicinity of the
heater surface is very steep in comparison with
that of a tube furnace.

Important applications of silver NPs

Treatment of ulcerative colitis & acne

Treatment of dermatitis

Inhibition of HIV-1 replication

Enhanced Raman Scattering Spectroscopy (SERS)
Detection of viral structures (SERS & silver nanorods)
Antimicrobial effects against infectious organisms
Remote laser light-induced opening of microcapsules
Silver/dendrimer nanocomposite for cell labeling
Molecular imaging of cancer cells

Coating of hospital textile (e.g., surgical gowns & face mask)
Coating of catheter for cerebrospinal fluid drainage
Coating of surgical mesh for pelvic reconstruction
Coating of breathing mask patent

Coating of endotracheal tube for mechanical ventilatory support

Coating of driveline for ventricular assist devices
Coating of central venous catheter for monitoring
Coating of intramedullary nail for long bone fractures
Coating of implant for joint replacement

Orthopedic stockings/ Additive in bone cement

Implantable material using clay-layers with starch-stabilized silver NPs

Superabsorbent hydrogel for incontinence material/ Hydrogel for wound dressing
Additive in polymerizable dental materials patent

Silver-loaded SiO, nanocomposite resin filler (Dental resin composite)
Polyethylene tubes filled with fibrin sponge embedded with silver NPs dispersion
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Synthesis of silver nanoparticles

Table 2. Some important physical, chemical and photochemical methods for synthesizing and stabilizing silver NPs.

Method Silver Reducing agent Stabilizing agent Size
precur sor (nm)

Chemical reduction AgNO; DMF - <25

Chemical reduction AgNO; NaHB, Surfactin (a lipopeptide 3-28

biosurfactant)

Chemical reduction AgNO; Trisodium citrate (initial) +SFS (secondary) Trisodium citrate <50

Chemical reduction AgNO; Trisodium citrate Trisodium citrate 30-60

Chemical reduction AgNO; Ascorbic acid - 200-650

Chemical reduction AgNO; NaHB, DDA ~7

Chemical reduction AgNO; Paraffin Oleylamine 10-14

Chemical reduction AgNO; Dextrose PVP 22+4.7

(thermal)

Chemical reduction AgNO; Hydrazine - 2-10

(thermal)

Chemical reduction AgNO; Glucose Gluconic acid 40-80

(oxidation of glucose)

Chemical reduction AgNO; Ethylene glycol PVP 5-25

(polyol process)

Chemical reduction AgNO; Ethylene glycol PVP 50-115

(polyol process)

Electrochemical AgNO; Electrolysis cathode: titanium anode: Pt PVP ~11

(polyol process)

Chemical reduction AgNO; m-Hydroxy benzaldehyde SDS 15-260

(Tollen)

Physical synthesis Ag wires Electrical arc discharge, water - ~10

Physical synthesis AgNO; Electrical arc discharge Sodium citrate 14-27

Chemical reduction AgNO; Hydrazine hydrate AOT 2-5

(microemulsion)

Chemical reduction AgNO; Hydrazine hydrate AOT <l.6

(microemulsion)

Photochemical AgClO, Ethylene glycol - 17-70

reduction (pulse

radiolysis)

Photochemical AgNO; Ethylene glycol PVP 5-10

reduction (microwave

radiation)

Photochemical AgNO; UV light - 4-10

reduction

(photoreduction)

Photochemical Ag,SO, X-Ray - ~28

reduction (X-ray

radiolysis)

Photochemical AgNO; CMCTS, UV CMCTS 2-8

reduction (X-ray

radiolysis)

DMF; N,N’-dimethylformamide, NaHB,, Sodium borohydrate, SFS; Sodium formaldehyde sulphoxylate, DDA;
Dodecanoic acid, PVP; Polyvinyl pyrrolidone, SDS; Sodium dodecyl sulphate, AOT; Bis (2-ethylhexyl) sulfosuccinate,

CMCTS; Carboxymethylated chitosan

This makes possible the formation of small
NPs in high concentration. The particle
generation is very stable, because the
temperature of the heater surface does not
fluctuate with time. This physical method can
be useful as a nanoparticle generator for long-
term experiments for inhalation toxicity
studies, and as a calibration device for
nanoparticle measurement equipment (14).
The results showed that the geometric mean
diameter, the geometric standard deviation and
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the total number concentration of NPs increase
with heater surface temperature. Spherical NPs
without agglomeration were observed, even at
high concentration with high heater surface
temperature. The geometric mean diameter
and the geometric standard deviation of silver
NPs were in the range of 6.2-21.5 nm and
1.23-1.88 nm, respectively.

Silver NPs could be synthesized by laser
ablation of metallic bulk materials in solution
(15-19). The ablation efficiency and the
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characteristics of produced nano-silver
particles depend upon many parameters,
including the wavelength of the Ilaser
impinging the metallic target, the duration of
the laser pulses (in the femto-, pico- and
nanosecond regime), the laser fluence, the
ablation time duration and the effective liquid
medium, with or without the presence of
surfactants (20-23).

One important advantage of laser ablation
technique compared to other methods for
production of metal colloids is the absence of
chemical reagents in solutions. Therefore, pure
and uncontaminated metal colloids for further
applications can be prepared by this technique
(24). Silver nanospheroids (20-50 nm) were
prepared by laser ablation in water with
femtosecond laser pulses at 800 nm (25). The
formation efficiency and the size of colloidal
particles were compared with those of
colloidal particles prepared by nanosecond
laser pulses. As a result, the formation
efficiency for femtosecond pulses was
significantly lower than that for nanosecond
pulses. The size of colloids prepared by
femtosecond pulses were less dispersed than
that of colloids prepared by nanosecond
pulses. Furthermore, it was found that the
ablation efficiency for femtosecond ablation in
water was lower than that in air, while in the
case of nanosecond pulses, the ablation
efficiency was similar in both water and air.

Tien and coworkers (26) used the arc
discharge method to fabricate silver NPs
suspension in deionized water with no added
surfactants. In this synthesis, silver wires
(Gredmann, 99.99%, 1 mm in diameter) were
submerged in deionized water and used as
electrodes. With a silver rod consumption rate
of 100 mg/min, yielding metallic silver NPs of
10 nm in size, and ionic silver obtained at
concentrations of approximately 11 ppm and
19 ppm, respectively. Siegel and colleagues
(27) demonstrated the synthesis of silver NPs
by direct metal sputtering into the liquid
medium. The method, combining physical
deposition of metal into propane-1,2,3-triol
(glycerol), provides an interesting alternative
to time-consuming, wet-based chemical
synthesis techniques. Silver NPs possess round
shape with average diameter of about 3.5 nm
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with standard deviation 2.4 nm. It was
observed that the NPs size distribution and
uniform particle dispersion remains unchanged
for diluted aqueous solutions up to glycerol-to-
water ratio 1:20.

Chemical methods
Chemical reduction

The most common approach for synthesis
of silver NPs is chemical reduction by organic
and inorganic reducing agents. In general,
different reducing agents such as sodium
citrate, ascorbate, sodium borohydride
(NaBHy), elemental hydrogen, polyol process,
Tollens reagent, N, N-dimethylformamide
(DMF), and poly (ethylene glycol)-block
copolymers are used for reduction of silver
ions (Ag’) in aqueous or non-aqueous
solutions. These reducing agents reduce Ag’
and lead to the formation of metallic silver
(Ag"), which is followed by agglomeration
into oligomeric clusters. These clusters
eventually lead to the formation of metallic
colloidal silver particles (28-30). It is
important to use protective agents to stabilize
dispersive NPs during the course of metal
nanoparticle preparation, and protect the NPs
that can be absorbed on or bind onto
nanoparticle  surfaces, avoiding  their
agglomeration (31). The presence of
surfactants comprising functionalities (e.g.,
thiols, amines, acids, and alcohols) for
interactions with particle surfaces can stabilize
particle growth, and protect particles from
sedimentation, agglomeration, or losing their
surface properties.

Polymeric compounds such as poly (vinyl
alcohol), poly (vinylpyrrolidone), poly
(ethylene glycol), poly (methacrylic acid), and
polymethylmethacrylate have been reported to
be the effective protective agents to stabilize
NPs. In one study, Oliveira and coworkers
(31) prepared dodecanethiol-capped silver
NPs, according to Brust procedure (32) based
on a phase transfer of an Au’" complex from
aqueous to organic phase in a two-phase
liquid-liquid system, which was followed by a
reduction with sodium borohydride in the
presence of dodecanethiol as stabilizing agent,
binding onto the NPs surfaces, avoiding their
aggregation and making them soluble in



certain solvents. They reported that small
changes in synthetic factors lead to dramatic
modifications in nanoparticle structure,
average size, size distribution width, stability
and self-assembly patterns. Kim and
colleagues (33) reported synthesis of spherical
silver NPs with a controllable size and high
monodispersity using the polyol process and a
modified precursor injection technique. In the
precursor injection method, the injection rate
and reaction temperature were important
factors for producing uniform-sized silver NPs
with a reduced size.

Silver NPs with a size of 17 +£ 2 nm were
obtained at an injection rate of 2.5 ml/s and a
reaction temperature of 100 °C. The injection
of the precursor solution into a hot solution is
an effective means to induce rapid nucleation
in a short period of time, ensuring the
fabrication of silver NPs with a smaller size
and a narrower size distribution. Zhang
and coworkers (34) used a hyper branched
poly (methylene bisacrylamide aminoethyl
piperazine) with terminal dimethylamine
groups (HPAMAM-N(CHs3),) to produce
colloids of silver. The amide moieties,
piperazine rings, tertiary amine groups and the
hyper-branched structure in HPAMAM-
N(CHs), are important to its effective
stabilizing and reducing abilities. Chen and
colleagues (35) have shown the formation of
monodispersed silver NPs using simple
oleylamine-liquid paraffin system. It was
reported that the formation process of these
NPs could be divided into three stages:
growth, incubation and Oatwald ripening
stages. The higher boiling point of 300 °C of
paraffin affords a broader range of reaction
temperature and makes it possible to
effectively control the size of silver NPs by
varying the heating temperature alone without
changing the solvent. Moreover, the size of the
colloidal silver NPs could be regulated not
only by changing the heating temperature, or
the ripening time, but also by adjusting the
ratio of oleylamine to the silver precursor.

Silver NPs can be prepared at room
temperature, by simple mixing of the
corresponding metal ions with reduced
polyoxometalates which serves as reducing
and stabilizing agents. Polyoxometalates are
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soluble in water and have the capability of
undergoing stepwise, multielectron redox
reactions without disturbing their structure. It
was demonstrated that silver NPs were
produced by illuminating a deaerated solution
of polyoxometalate/S/Ag" (36). Furthermore,
green chemistry-type one-step synthesis and
stabilization of silver nanostructures with
Mo'-Mo"!" mixed-valence polyoxometalates
in water at room temperature has been
reported (37).

Microemulsion techniques

Uniform and size controllable silver NPs
can be synthesized using microemulsion
techniques. The NPs preparation in two-phase
aqueous organic systems is based on the initial
spatial separation of reactants (metal precursor
and reducing agent) in two immiscible phases.
The interface between the two liquids and the
intensity of inter-phase transport between two
phases, which is mediated by a quaternary
alkyl-ammonium salt, affect the rate of
interactions between metal precursors and
reducing agents. Metal clusters formed at the
interface are stabilized, due to their surface
being coated with stabilizer molecules
occurring in the non-polar aqueous medium,
and transferred to the organic medium by the
inter-phase transporter (38). One of the major
disadvantages is the use of highly deleterious
organic solvents.

Thus large amounts of surfactant and
organic solvent must be separated and
removed from the final product. For instance,
Zhang and coworkers (39) used dodecane as
oily phase (a low deleterious and even
nontoxic solvent), but there was no need to
separate the prepared silver solution from the
reaction mixture. On the other hand, colloidal
NPs prepared in nonaqueous media for
conductive inks are well-dispersed in a low
vapor pressure organic solvent, to readily wet
the surface of polymeric substrate without any
aggregation. The advantages can also be found
in the applications of metal NPs as catalysts to
catalyze most organic reactions, which have
been conducted in non-polar solvents. It is
very important to transfer metal NPs to
different physicochemical environments in
practical applications (40).
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UV-initiated photoreduction

A simple and effective method, UV-
initiated photoreduction, has been reported for
synthesis of silver NPs in the presence of
citrate, polyvinylpyrrolidone, poly (acrylic
acid), and collagen. For instance, Huang and
Yang produced silver NPs via photoreduction
of silver nitrate in layered inorganic laponite
clay suspensions which served as stabilizing
agent for prevention of NPs aggregation. The
properties of produced NPs were studied as a
function of UV irradiation time. Bimodal size
distribution and relatively large silver NPs
were obtained when irradiated under UV for 3
h. Further irradiation disintegrated the silver
NPs into smaller sizes with a single
distribution mode until a relatively stable size
and size distribution was obtained (41). Silver
NPs (nanosphere, nanowire, and dendrite)
have been prepared by UV irradiation
photoreduction technique at room temperature
using poly (vinylalcohol) (as protecting and
stabilizing agent). Concentration of both poly
(vinylalcohol) and silver nitrate played
significant role in the growth of the nanorods
and dendrites (42).

Sonoelectrochemistry technique utilizes the
ultrasonic power primarily to manipulate the
material mechanically. Pulsed sonoelectro-
chemical synthetic method involves alternating
sonic and electric pulses, and -electrolyte
composition plays a crucial role in shape
formation (43). It was reported that silver
nanospheres could be prepared by sono-
electrochemical reduction using a complexing
agent, nitrilotriacetate to avoid aggregation (43).

Photoinduced reduction

Silver NPs can be synthesized by using a
variety of photoinduced or photocatalytic
reduction methods. Photochemical synthesis is
a clean process which has high spatial
resolution, convenience of use, and great
versatility. Moreover, photochemical synthesis
enables one to fabricate the NPs in various
mediums including cells, emulsion, polymer
films, surfactant micelles, glasses, etc. Nano-
sized silver particles with an average size of 8
nm were prepared by photoinduced reduction
using poly (styrene sulfonate)/poly (allylamine
hydrochloride) polyelectrolyte capsules as
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microreactors (44). Moreover, it was
demonstrated that photoinduced method could
be used for converting silver nanospheres into
triangular silver nanocrystals (nanoprisms)
with desired edge lengths in 30-1200Jnm range
(45). Particle growth process was controlled
using dual-beam illumination of NPs. Citrate
and poly (styrene sulfonate) were used as
stabilizing agents. In another study, silver NPs
were prepared through a very fast reduction of
Ag" by a-aminoalkyl radicals generated from
hydrogen abstraction toward an aliphatic
amine by the excited triplet state of 2-
substituted thioxanthone series (TX-O-CH,-
COO and TX-S-CH,-COQO ). Quantum yield
of this prior reaction was tuned by substituent
effect on thioxanthones, and led to a kinetic
control of conversion of silver ion (Ag") to
silver metal (Ag") (46).

The direct photo-reduction process of
AgNOs in the presence of sodium citrate
(NaCit) was carried out with different light
sources (UV, white, blue, cyan, green and
orange) at room temperature. Sato-Berri and
coworkers (47) have shown that this light-
modification process results in a colloid with
distinctive optical properties which can be
related to the size and shape of the particles.
Moreover, Ghosh and colleagues (48)
reported a simple and reproducible UV photo-
activation method for the preparation of stable
silver NPs in aqueous Triton X-100 (TX-100).
The TX-100 molecules act as reducing agent
and also as NPs stabilizer through
template/capping action.

Furthermore, surfactant solution helps to
carry out the process of NPs growth in the
diffusion controlled way by decreasing the
diffusion or mass transfer co-efficient of the
system. It also helps to improve the NPs size
distributions by increasing the surface tension
at the solvent-NPs interface. Huang and
coworkers (49) reported the synthesis of silver
NPs in an alkaline aqueous solution of
AgNOs/carboxymethylated chitosan (CMCTS)
using UV light irradiation. CMCTS, a water-
soluble and biocompatible chitosan derivative,
served simultaneously as a reducing agent for
silver cation and a stabilizing agent for the
silver NPs. The diameter range of produced
silver NPs was 2-8 nm, and they can be



dispersed stably in the alkaline CMCTS
solution for more than 6 months.

Electrochemical synthetic method

Electrochemical synthetic method can be
used to synthesize silver NPs. It is possible to
control particle size by adjusting electrolysis
parameters and to improve homogeneity of
silver NPs by changing the composition of
electrolytic ~ solutions.  Polyphenylpyrrole
coated silver nanospheroids (3-20 nm) were
synthesized by electrochemical reduction at
the liquid/liquid interface. This nano-
compound was prepared by transferring the
silver metal ion from aqueous phase to organic
phase, where it reacted with pyrrole monomer
(50). In another study, monodisperse silver
nanospheroids (1-18 nm) were synthesized by
electrochemical reduction inside or outside
zeolite crystals according to silver exchange
degree of compact zeolite film modified
electrodes (51). Furthermore, spherical silver
NPs (10-20 nm) with narrow size distributions
were conveniently synthesized in aqueous
solution by an electrochemical method (52).
Poly N-vinylpyrrolidone was chosen as the
stabilizer for the silver clusters in this study.
Poly N-vinylpyrrolidone protects NPs from
agglomeration, significantly reduces silver
deposition rate, and promotes silver nucleation
and silver particle formation rate. Application
of rotating platinum cathode effectively solves
the technological difficulty of rapidly
transferring metallic NPs from cathode vicinity
to bulk solution, avoiding the occurrence of
flocculates in vicinity of cathode, and ensures
monodispersity of particles. Addition of
sodium dodecyl benzene sulfonate to the
electrolyte improved particle size and particle
size distribution of silver NPs (52).

Irradiation methods

Silver NPs can be synthesized by using a
variety of irradiation methods. Laser
irradiation of an aqueous solution of silver salt
and surfactant can produce silver NPs with a
well defined shape and size distribution (53).
Furthermore, laser was used in a photo-
sensitization synthetic method of making
silver NPs using benzophenone. At short
irradiation times, low laser powers produced
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silver NPs of about 20 nm, while an increased
irradiation power produced NPs of about 5 nm.
Laser and mercury lamp can be used as light
sources for production of silver NPs (54). In

visible light irradiation studies, photo-
sensitized growth of silver NPs using
thiophene (sensitizing dye) and silver

nanoparticle formation by illumination of
Ag(NH;)" in ethanol has been done (55,56).

Microwave-assisted synthesis

Microwave-assisted ~ synthesis is a
promising method for synthesis of silver NPs.
Microwave heating is Dbetter than a
conventional oil bath when it comes to
consistently yielding nanostructures with
smaller sizes, narrower size distributions, and
a higher degree of crystallization (57).
Microwave heating has shorter reaction times,
reduced energy consumption, and better
product  yields which prevents the
agglomeration of the particles formed (57).
Moreover, other than the elimination of the oil
bath, microwave-assisted synthesis, in
conjunction with benign reaction media, can
also drastically reduce chemical wastes and
reaction times in several organic syntheses and
chemical transformations (58).

It was reported that silver NPs could be
synthesized by microwave-assisted synthesis
method employing carboxymethyl cellulose
sodium as reducing and stabilizing agent. The
size was depended on concentration of sodium
carboxymethyl cellulose and silver nitrate. The
produced NPs were uniform and stable, and
were stable at room temperature for 2 months
without any visible changes (59). Production
of silver NPs in the presence of Pt seeds,
polyvinyl pyrrolidine and ethylene glycol was
also reported (60).

Furthermore, starch has been employed as a
template and reducing agent for synthesis of
silver NPs with an average size of 12 nm,
using microwave-assisted synthetic method.
Starch functions as a template, preventing the
aggregation of produced silver NPs (61).
Microwaves in combination with polyol
process were applied for synthesis of silver
nanospheroids using ethylene glycol and poly
N-vinylpyrrolidone as reducing and stabilizing
agents, respectively (62). In a typical polyol
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process inorganic salt is reduced by the polyol
(e.g., ethylene glycol which serves as both
solvent and reducing agent) at a high
temperature. Yin and coworkers (63) reported
that large-scale and size-controlled silver NPs
could be rapidly synthesized under microwave
irradiation from an aqueous solution of silver
nitrate and trisodium citrate in the presence of
formaldehyde as a reducing agent. Size and
size distribution of produced silver NPs are
strongly dependent on the states of silver
cations in the initial reaction solution. Silver
NPs with different shapes can be synthesized
by microwave irradiation of a silver nitrate-
ethylene-glycol-H,[PtCl]-
poly(vinylpyrrolidone) solution within 3 min
(64). Moreover, the use of microwave
irradiation to produce monodispersed silver
NPs using basic amino acids (as reducing
agents) and soluble starch (protecting agent)
has been reported (65). Radiolysis of silver
ions in ethylene glycol, in order to synthesize
silver NPs, was also reported (66). Moreover,
silver NPs supported on silica aero-gel were
produced using gamma radiolysis. The
produced silver clusters were stable in 2-9 pH
range and started agglomeration at pH>9 (67).
Oligochitosan as a stabilizer can be used in
preparation of silver NPs by gamma radiation.
It was reported that stable silver NPs (5-15
nm) were synthesized in a 1.8-9.0 pH range by
this method (68). Silver NPs (4-5 nm) were
also synthesized by y-ray irradiation of acetic
water solutions containing silver nitrate and
chitosan (69).

Silver nanospheroids (1-4 nm) have been
produced by y-ray irradiation of silver solution
in optically transparent inorganic mesoporous
silica. Reduction of silver ions within the
matrix is brought about by hydrated electrons
and hydroalkyl radicals generated during
radiolysis of 2-propanol solution. The
produced NPs within the silica matrix were
stable in the presence of oxygen for at least
several months (70). Moreover, silver NPs
have been produced by irradiating a solution,
prepared by mixing silver nitrate and poly-
vinyl-alcohol, with 6-MeV electrons (71).
Pulse radiolysis technique has been applied to
study reactions of inorganic and organic
species in silver nanoparticle synthesis, to
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understand the factors controlling the shape
and size of the NPs synthesized by a common
reduction method wusing citrate ions (as
reducing and stabilizing agents) (72), and to
demonstrate the role of phenol derivatives in
formation of silver NPs by the reduction of
silver ions with dihydroxy benzene (73).
Dihydroxy benzene could be used to reduce
silver ions to synthesize stable silver NPs
(with an average size of 30 nm) in air-
saturated aqueous solutions (73).

Silver, gold, platinum, and gold-palladium
nanostructures have been prepared using
microwave-assisted ~ synthetic ~ approach.
Morphologies and sizes of NPs can be controlled
by altering some experimental parameters such
as the concentration of metallic precursors,
surfactant polymers, solvents, and temperature.
Moreover, monodisperse silver NPs can be
synthesized in large quantities using
microwave-assisted chemistry method in an
aqueous system. In this method, amino acids
act as reducing agents and soluble starch acts
as a protecting agent.

Not only silver, but silver doped lanthanum
chromites can also be synthesized with
microwave energy (74). Microwave energy
and thermal reduction can be coupled to
synthesize silver NPs that can be deposited on
oxidized carbon paper electrodes. The silver
NPs that are synthesized through this method
maintain a uniform size between particles and
are well-dispersed over the carbon paper
substrate. The microwave-assisted synthesis of
silver NPs is made possible by depositing the
silver catalysts on carbon paper electrodes.
This method can potentially be wused in
alkaline fuel cells because the synthesis occurs
quickly, there is high activity, and the process
is very simple (75).

Nanosized calcium deficient hydroxy-
apatites can be used to generate nanosized
calcium deficient hydroxyapatite with a silver
substitution in three different concentrations
by microwave-assisted synthesis. This study
showed that controlling the parameters of the
microwave process could influence the size of
the crystals produced. It was shown that the
microwave power had more of an impact on
the size of the particles than the length of time
of the treatment. The ensuing powder product



could be used in the field of medicine and
biomedical engineering to make grafts and
coating metal implants in addition to work
against bacterial infections without the use of
antibiotics. This method can reduce medicinal
costs and time of hospitalization (76).

Polymer based silver composites were
produced using microwave energy on
the basis of interfacial polymerization. A
water/chloroform interface was used under
microwave irradiation with no oxidizing agent.
The produced silver NPs (about 20 nm in size)
were spherical and well-dispersed (77). Silver
nitrate provided silver ions for the thermal
polymerization of pyrrole. The ions were
converted to  silver/polypyyrole  nano-
composites. Transmission electron microscopy
(TEM) images proved that the particles were
about 5-10 nm in size. The silver/polypyyrole
had a thick film, which could sense ammonia,
hydrogen sulfide, and carbon dioxide at 100,
250, and 350°C, respectively (78).

Microwave radiation and ethylene glycol
can be used to synthesize silver powders from
silver nitrate at temperatures of 100-200°C. It
was reported that when polyvinyl pyrrolidone
was used in the mixture of silver nitrate, the
NPs ranged from 62 to 78 nm in diameter (79).
Moreover, Fe-Ag bimetallic NPs could be
synthesized by using microwave heating and
an oil-soluble silver salt (80). The produced
silver NPs were characterized through freeze-
etching replication TEM which revealed the
nanoparticle  diameter and  distribution.
The produced silver NPs (30 nm) were
spherical in shape (81).

Hydrolysis of alkoxysilanes along with the
silver salt, in the presence of microwave
irradiation, can produce silver/SiO, composite
sols, which displayed antimicrobial properties
(82). Meng and coworkers (83) discussed the
utilization of various water-based synthesis
routes toward the shape-controlled synthesis

of silver NPs and microstructures. Several
one-pot methods employing commercial
microwave ovens, inexpensive/low power

ultrasound cleaners, or two-electrode electro-
chemistry were described. Synthesis of silver
nanostructures with various shapes in solution
and their doping on unmodified silica and
on/inside carbon spheres were investigated.
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Microwave-assisted synthesis was used to
prepare different kinds of nanosilver colloids.
Silver nitrate was mixed with sodium citrate
and then split into five groups. Each group was
heated for varying durations of time at
different temperatures. It was determined that
the nanosilver colloids had a negatively
charged surface when heated for a long period
of time and a positively charged surface when
heated for a short period of time (84).
Moreover, silica-alumina can be used to
synthesize silver NPs with precursors like
Ag>O or AgNOs. The particles were as small
as 3 nm in diameter or as big as 50 nm. They
were not oxidized, and the particles were well

spread out (85). In another study,
nanosilver/polyvinylpyrrolidone composite
materials were synthesized wusing the

microwave approach. The produced NPs
ranged from 15-25 nm and were evenly spread
out in the polyvinylpyrrolidone matrix (86).

Polymers and polysaccharides

Silver NPs were prepared using water as an
environmentally  friendly  solvent  and
polysaccharides as capping/reducing agents.
For instance, synthesis of starch-silver NPs
was carried out with starch (capping agent)
and B-D-glucose (reducing agent) in a gently
heated system (87).

The binding interactions between starch and
produced silver NPs were weak and could be
reversible at higher temperatures, allowing
separation of the synthesized NPs. In dual
polysaccharide function, silver NPs were
synthesized by reduction of silver ions inside
of nanoscopic starch templates (87,88). The
extensive network of hydrogen bands in
templates provided surface passivation or
protection against nanoparticle aggregation.
Green synthesis of silver NPs using negatively
charged heparin (reducing/stabilizing agent
and nucleation controller) was also reported by
heating a solution of silver nitrate and heparin
to 70 °C for about 8 h (89). TEM micrographs
demonstrated an increase in particle size of
silver NPs with increased concentrations of
silver nitrate  (substrate) and heparin.
Moreover, changes in heparin concentration
varied the morphology and size of silver NPs.
The synthesized silver NPs were highly stable,
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and showed no signs of aggregation after two
months (89). In another study, stable silver
NPs (10-34 nm) were synthesized by
autoclaving a solution of silver nitrate
(substrate) and starch (capping/reducing agent)
at 15 psi and 121 °C for 5 min (90). These NPs
were stable in solution for three months at
about 25 °C. Smaller silver NPs (<10 nm)
were synthesized by mixing two solutions of
silver nitrate containing starch (capping agent),
and NaOH solutions containing glucose
(reducing agent) in a spinning disk reactor
with a reaction time of less than 10 min (91).

Silver nitrate, glucose, sodium hydroxide,
and starch can be used, respectively, to serve
as precursor, reducing agent, accelerator, and
stabilizer for the reduction synthesis of silver
nitrate. Polyethylene glycol (reducing agent
and stabilizing agent) was used to prepare
stable monodisperse silver colloids (~10 nm)
(92). Biodegradable starch worked as a
stabilizing agent to synthesize silver NPs (5-20
nm). The analyses showed that the NPs were
coated with a layer of starch (93).

Silver NPs (~13 + 3 nm) can be synthesized
using sulfated polysaccharide which can be
obtained from marine red algae; Porphyra
vietnamensis. It was reported that sulfate
moiety from the polysaccharides was involved
in silver nitrate reduction. Zeta potential
measurements of —35.05 mV showed that the
anionic polysaccharide had indeed capped the
nanoparticles’ surfaces and contributed to the
electrostatic stability. The NPs were stable at a
very broad pH range, from 2 to 10, and
electrolyte concentration of 1072 M (94).

Polymers that have ion-exchangeable
capacity can be used in many fields of science.
The polymer often used contained phosphonic
acid groups and had a low molecular weight.
For instance, silver NPs were stabilized in the
presence of an ion-exchange polymer. The
surface morphology indicated that cubes and
rectangular prism structures were formed (95).
Co-polymers like cyclodextrin, grafted with
poly acrylic acid, can be used to produce silver
NPs where potassium per sulfate was used as
the initiator. The co-polymer reduces and
stabilizes the silver ions that yielded silver
NPs. The concentration of the alkali, silver
nitrate, the co-polymer, and the method of
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heating all played an important role in
determining the size of the produced NPs (96).

Poly (methyl vinyl etherco- maleic
anhydride) could be used as a reducing and
stabilizing agent as well. The produced NPs
were stable at room temperature for up to a
month and had a 5-8 nm coat of poly (methyl
vinyl etherco-maleic anhydride) surrounding
them (97). It was reported that the NPs (10.2-
13.7 nm) were face-centered cubic (FCC)

structures, not aggregating, and very
spherical in shape (98). Sarkar and colleagues
(99) examined the synthesis of silver
nanowires and NPs. Through a polypol

process, with the help of a polymer, silver
nanowires and NPs were formed. It was
reported that the NPs were 60-200 nm in size
and held prismatic and hexagonal shapes while
the nanowires had diameters from 50 to 190
nm and lengths between 40 and 1000 pm. The
reaction occurred at 210°C when ethylene
glycol was used as the solvent. The different
photoluminescence emission from the nano-
clusters spread out through the methanol and
the ethylene glycol at room temperature. The
excitation wavelengths were measured
between 300 and 414 nm (99). By changing
the reducing and capping agents that are used
to synthesize silver NPs, one can change the
morphologies of the NPs, as well. The
synthesis yielded NPs which were spherical in
shape and around 15-43 nm in size after being
heated at 70°C for 30 min; while at room
temperature, the particles were only 8-24 nm.
Sodium hydroxide reduced salt in ethylene
glycol and cubes were formed upon some
aggregation. By adding 5 wt % poly-
vinylpyrrolidone to 1 wt % of starch solution
(aq), mixtures of spherical and anisotropic
structures were produced. The reaction took
place at 70°C for 1 h (100).

Tollens method

A simple one-step process, Tollens method,
has been used for synthesis of silver NPs with
a controlled size. This green synthesis
technique involves reduction of Ag(NH3)," (as
Tollens reagent) by an aldehyde (101). In the
modified Tollens procedure, silver ions are
reduced by saccharides in the presence of
ammonia, yielding silver nanoparticle films
(50-200 nm), silver hydrosols (20-50 nm) and



silver NPs of different shapes. In this method,
ammonia concentration and nature of the
reducing agent play an important role in
controlling size and morphology of silver NPs.
It was revealed that the smallest particles were
formed at the lowest ammonia concentration.
Glucose and the lowest ammonia
concentration (5 mM) resulted in the smallest
average particle size of 57 nm with an intense
maximum of surface plasmon absorbance at
420 nm. Moreover, increase in NH; from
0.005 M to 0.2 M resulted in a simultaneous
increase in particle size and polydispersity
(102). Silver NPs with controllable sizes were
synthesized by reduction of [Ag(NH;),]" with
glucose, galactose, maltose, and lactose (103).
The nanoparticle synthesis was carried out
at various ammonia concentrations (0.005-0.20
M) and pH conditions of11.5-13.0 resulting in
average particle sizes of 25-450 nm. The
particle size was increased by increasing
(NH3), and the difference in structure of
reducing agent (monosaccharides and
disaccharides) and pH (particles obtained at
pH 11.5 were smaller than those at pH 12.5)
influenced the particle size. Polydispersity also
decreased by lowering the pH. Produced silver
NPs were stabilized and protected by sodium
dodecyl sulfate (SDS), polyoxyethylene
sorbitane monooleate (Tween 80), and
polyvinylpyrrolidone (PVP 360) (104,105).

Bio-based methods
A number of reports prevailed in the
literatures  indicate  that synthesis of

Synthesis of silver nanoparticles

nanoparticles by chemical approaches are eco-
unfriendly and expensive. Thus, there is a
growing need to develop environmentally and
economically friendly processes, which do not
use toxic chemicals in the synthesis protocols.
This has conducted researchers to look at the
organisms. The potential of organisms in
nanoparticle synthesis ranges from simple
prokaryotic bacterial cells to eukaryotic fungi
and plants (106). Some examples of
nanoparticle production include using bacteria
for gold, silver, cadmium, zinc, magnetite, and
iron NPs; yeasts for silver, lead and cadmium
NPs; fungi for gold, silver and cadmium NPs;
algae for silver and gold NPs; plants for silver,
gold, palladium, zinc oxide, platinum, and

magnetite NPs (7,107).
Bio-based protocols could be used for
synthesis of highly stable and well-

characterized NPs when critical aspects, such
as types of organisms, inheritable and
genetical properties of organisms, optimal
conditions for cell growth and enzyme
activity, optimal reaction conditions, and
selection of the biocatalyst state have been
considered. Sizes and morphologies of the NPs
can be controlled by altering some critical
conditions, including substrate concentration,
pH, light, temperature, buffer strength,
electron donor (e.g., glucose or fructose),
biomass and substrate concentration, mixing
speed, and exposure time. In the following
section, we discussed the synthesis of NPs
using microorganisms and biological systems
(Fig. 1 and Table 3).

Table 3. Some important examples of organisms used for synthesizing silver nanoparticles.

Biological synthesis of silver NPs

Bacteria Plants Fungi Algae
Aeromonas sp. SH10 Aloe vera leaf extract Nitrate reductases Spirulina platensis
(Bacterium) (Plant) (from Fusarium oxysporum) (Alga)
Klebsiella pneumonia Azadirachta indica Phaeneroechaete Oscillatoria willei
(Bacterium) (Plant) chrysosporium (Alga)
Lactobacillus strains Cinnamomum camphora (Fungus) Gelidiella acerosa
(Bacteria) (Plant) Verticillium sp. (Alga)
Pseudomonas stutzeri AG259 Emblica Officinalis (Fungi)
(Bacterium) (Plant) Aspergillus flavus
Corynebacterium sp. SHO9 Pelargonium graveolens (Fungus)
(Bacterium) leaves (Geranium) Aspergillus
Enterobacter cloacae ( Plant) Sfumigatus
(Enterobacteriacae)(Bacterium) Pelargonium graveolens (Fungus)

leaves (Geranium) Fusarium oxysporium

( Plant) (Fungus)

Pinus eldarica Fusarium

(Plant) semitectum

(Fungus)
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Fig. 1. Biosynthesis of silver NPs; We demonstrated the
bioreductive synthesis of silver nanoparticles using F.
oxysporum  (an unpublished scanning electron
microscopy micrograph recorded from silver NPs
produced by reaction of silver nitrate solution (1 mM)
with F. oxysporum).

Bacteria

Bacteria have been explored in the
synthesis of silver NPs. It was reported that
highly stable silver NPs (40 nm) could
be synthesized by bioreduction of aqueous
silver ions with a culture supernatant
of  nonpathogenic  bacterium,  Bacillus
licheniformis (108). Moreover, well-dispersed
silver nanocrystals (50 nm) were synthesized
using the bacterium B. licheniformis (109).
Saifuddin and coworkers (110) have described
a novel combinational synthesis approach for
the formation of silver NPs by using a
combination of culture supernatant of B.
subtilis and microwave irradiation in water.
They reported the extracellular biosynthesis of
monodispersed Ag NPs (5-50 nm) using
supernatants of B. subtilis, but in order to
increase the rate of reaction and reduce the
aggregation of the produced NPs, they used
microwave radiation which might provide
uniform heating around the NPs and could
assist the digestive ripening of particles with
no aggregation.

Silver nanocrystals of different
compositions were successfully synthesized by
Pseudomonas  stutzeri AG259 (111). The
silver-resistant bacterial strain, P. stutzeri
AG259, isolated from a silver mine,
accumulated silver NPs intracellularly, along
with some silver sulfide, ranging in size from
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35 to 46 nm (112). Larger particles were
formed when P. stutzeri AG259 challenged
with high concentrations of silver ions during
culturing, resulted intracellular formation
of silver NPs, ranging in size from a few
nm to 200 nm (8,111). P. stutzeri AG259
detoxificated silver through its precipitation
in the periplasmic space and its reduction to
elemental silver with a variety of crystal
typologies, such as hexagons and equilateral
triangles, as well as three different types
of particles: elemental crystalline silver,
monoclinic silver sulfide acanthite (Ag,S), and
a further undetermined structure (111). The
periplasmic space limited the thickness of the
crystals, but not their width, which could be
rather large (100-200 nm) (8).

In another study, rapid biosynthesis of
metallic NPs of silver using the reduction of
aqueous Ag’ ions by culture supernatants of
Klebsiella pneumonia, Escherichia coli, and
Enterobacter cloacae was reported (113). The
synthetic process was quite fast and silver NPs
were formed within 5 min of silver ions
coming in contact with the cell filtrate. It
seems that nitroreductase enzymes might be
responsible for bioreduction of silver ions.

It was also reported that visible-light
emission could significantly increase synthesis
of silver NPs (1-6 nm) by culture supernatants
of K. pneumoniae (114). Monodispersed and
stable silver NPs were also successfully
synthesized with bioreduction of [Ag (NH;3),] *
using  Aeromonas sp. SHI10 and
Corynebacterium sp. SH09 (115). It was
speculated that [Ag (NH3),] " first reacted with
OH to form Ag,O, which was then
metabolized independently and reduced to
silver NPs by the biomass.

Lactobacillus strains, when exposed to
silver ions, resulted in biosynthesis of NPs
within the bacterial cells (116,117). It has been
reported that exposure of lactic acid bacteria
present in the whey of buttermilk to mixtures
of silver ions could be used to grow NPs of
silver. The nucleation of silver NPs occurred
on the cell surface through sugars and
enzymes in the cell wall, and then the metal
nuclei were transported into the cell where
they aggregated and grew to larger-sized
particles. Korbekandi and colleagues (117)



demonstrated the bioreductive synthesis of
silver NPs using L. casei subsp. casei at room
temperature. Researchers have reported
qualitative production of silver NPs by
Lactobacillus sp., but they did not optimize the
reaction mixture. Biosynthesized silver NPs
were almost spherical, single (25-50 nm) or in
aggregates (100 nm), attached to the surface of
biomass or were inside and outside of the
cells. The reduction of metal ions and
stabilization of the silver NPs was confirmed
to occur by an enzymatic process. Electron
microscopy analysis indicated that the silver
NPs were formed on the surface of the
cytoplasmic cell membrane, inside the
cytoplasm and outside of the cells, possibly
due to the bioreduction of the metal ions by
enzymes present on the cytoplasmic
membrane and within the cytoplasm (117).

Fungi

Silver NPs (5-50 nm) could be synthesized
extracellularly using Fusarium oxysporum,
with no evidence of flocculation of the
particles even a month after the reaction (118).
The long-term stability of the nanoparticle
solution might be due to the stabilization of the
silver particles by proteins. The morphology of
NPs was highly variable, with generally
spherical and occasionally triangular shapes
observed in the micrographs. Silver NPs have
been reported to interact strongly with proteins
including cytochrome ¢ (Cc). This protein
could be self-assembled on citrate-reduced
silver colloid surface (119). Interestingly,
adsorption of (Cc)-coated colloidal gold NPs
onto aggregated colloidal Ag resulted Ag: Cc:
Au nanoparticle conjugate (120). In UV-vis
spectra from the reaction mixture after 72 h,
the presence of an absorption band at ca. 270
nm might be due to electronic excitations in
tryptophan and tyrosine residues in the
proteins. In F. oxysporum, the bioreduction of
silver ions was attributed to an enzymatic
process involving NADH-dependent reductase
(121). The exposure of silver ions to F.
oxysporum, resulted in the release of nitrate
reductase and subsequent formation of highly
stable silver NPs in solution (122). The
secreted enzyme was found to be dependent on
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NADH cofactor. They mentioned high
stability of NPs in solution was due to capping
of particles by release of capping proteins by
F. oxysporum. Stability of the capping protein
was found to be pH dependent. At higher pH
values (>12), the NPs in solution remained
stable, while they aggregated at lower pH
values (<2) as the protein was denatured.
Kumar and coworkers (122) have
demonstrated enzymatic synthesis of silver
NPs with different chemical compositions,
sizes and morphologies, using o-NADPH-
dependent nitrate reductase purified from F.
oxysporum and phytochelatin, in vitro. Silver
ions were reduced in the presence of nitrate
reductase, leading to formation of a stable
silver hydrosol 10-25 nm in diameter and
stabilized by the capping peptide. Use of a
specific enzyme in vitro synthesis of NPs
showed interesting advantages. This would
eliminate the downstream processing required
for the use of these NPs in homogeneous
catalysis and other applications such as non-
linear optics. The biggest advantage of this
protocol based on purified enzyme was the
development of a new approach for green
synthesis of nanomaterials over a range of
chemical compositions and shapes without
possible  aggregation.  Korbekandi  and
colleagues (123) demonstrated the
bioreductive synthesis of silver NPs using F.
oxysporum. Previous researchers reported
qualitative production of silver NPs by F.
oxysporum, but they did not optimize the
reaction mixture. In SEM micrographs, silver
NPs were almost spherical, single (25-50 nm)
or in aggregates (100 nm), attached to the
surface of biomass. The reduction of metal
ions and stabilization of the silver NPs was
confirmed to occur by an enzymatic process. It
seems that the first step involves trapping of
the Ag" ions by F. oxysporum cells. More
details of the location of NPs production by
this fungus were revealed, and the previous
theories were corrected. In contrast with the
previous studies, it is claimed that the
nanoparticle production in F. oxysporum is
intracellular by engulfing the NPs in vesicles,
transporting, and excreting of them through
exocytosis outside of the cells (123). Ingle and
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coworkers (124) demonstrated the potential
ability of Fusarium acuminatum Ell. and Ev.
(USM-3793) cell extracts in biosynthesis of
silver NPs. The NPs produced within 15-20
min and were spherical with a broad size
distribution in the range of 5-40 nm with the
average diameter of 13 nm. A nitrate-
dependent reductase enzyme might act as the
reducing agent. The white rot fungus,
Phanerochaete chrysosporium, also reduced
silver ions to form nano-silver particles (125).
The most dominant morphology was
pyramidal shape, in different sizes, but
hexagonal structures were also observed.

Stable silver NPs could be achieved by
using Aspergillus flavus (126). These NPs
were found to be stable in water for more than
3 months with no significant aggregation
because of surface binding of stabilizing
materials secreted by the fungus (126).
Extracellular biosynthesis of silver NPs (5-25
nm) using Aspergillus fumigatus has also been
investigated (127). Most of the NPs were
spherical in nature with some others having
occasionally triangular shapes (127).

The extracellular filtrate of Cladosporium
cladosporioides  biomass was used to
synthesize silver NPs (128). It was suggested
that proteins, organic acids and polysaccharides

released by C. cladosporioides  were
responsible for formation of spherical
crystalline silver NPs. Kathiresan and

coworkers (129) have shown that when the
culture filtrate of Penicillium fellutanum was
incubated with silver ions and maintained
under dark conditions, spherical silver NPs
could be produced. Penicillium genus were
used for green synthesis of silver NPs (130).
Penicillium sp. J3 isolated from soil was able
to produce silver NPs (131). The bioreduction
of the silver ions occurred on the surface of the
cells and proteins might have critical role in

the formation and stabilization of the
synthesized NPs.
Sanghi and colleagues (132) have

investigated the ability of Coriolus versicolor
in formation of monodisperse spherical silver
NPs. the time taken for production of silver
NPs was reduced from 72 h to 1 h under
alkaline conditions (pH 10). It was indicated
that alkaline conditions might be involved in
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bioreduction of silver ions, water hydrolysis
and interaction with protein functionalities.
Findings of this study have shown that glucose
was necessary for the reduction of silver NPs,
and S-H of the protein played an important
role in the bioreduction.

Algae

A few reports are available regarding gold
accumulation using algal genera including
cyanobacteria ~ as  biological  reagent.
Cyanobacteria and eukaryotic alga genera such
as Lyngbya majuscule, Spirulina subsalsa,
Rhizoclonium  heiroglyphicum,  Chlorella
vulgaris, Cladophora prolifera, Padina
pavonica, Spirulina platensis, and Sargassum
fluitans can be used as cost effective means for
biorecovery of gold out of the aqueous
solutions, as well as the formation of gold NPs
(133-136). Marine algae like Chaetoceros
calcitrans,  Chlorella  salina,  Isochrysis
galbana and Tetraselmis gracilis can also be
used for reduction of silver ions and thereby
synthesis of Ag NPs (113). Marine
cyanobacterium, Oscillatoria willei NTDMO1
has been used for synthesis of silver NPs (100-
200 nm). Silver nitrate solution incubated with
washed marine cyanobacteria changed to a
yellow color from 72 h onwards, indicating the
formation of silver NPs. When Spirulina
platensis biomass was exposed to 10° M
aqueous AgNOs, extracellular formation of
spherical silver NPs (7-16 nm) has been
resulted in 120 h at 37 °C at pH 5.6 (137).
Proteins might be responsible for reduction
and stabilization of the NPs. In the case of C.
vulgaris, the proteins in the extract have dual
function of Ag’ ion reduction, and shape
controlled synthesis of NPs. The Ag nano
plates are obtained at room temperature.
Reduction of Ag" ions is done by the hydroxyl
groups in Tyr residues and carboxyl groups in
Asp/Glu residues. This is responsible for the
anisotropic growth of Ag nano plates which
yields rod-like particles with a mean length of
44 nm and width of 16-24 nm.

Plants

Synthesis of NPs using plants is very cost
effective, and thus can be used as an economic
and valuable alternative for the large-scale



production of NPs (10). Camellia sinensis
(green tea) extract has been used as a reducing
and stabilizing agent for the biosynthesis of
silver NPs (138). Phenolic acid-type
biomolecules (e.g., caffeine and theophylline)
present in the C. sinensis extract seemed to be
responsible for the formation and stabilization
of silver NPs. Black tea leaf extracts were also
used in the production of silver NPs (139). The
NPs were stable and had different shapes, such
as spheres, trapezoids, prisms, and rods.
Polyphenols and flavonoids seemed to be
responsible for the biosynthesis of these NPs.

Plant extracts from alfalfa (Medicago
sativa), lemongrass (Cymbopogon flexuosus),
and geranium (Pelargonium graveolens) have
served as green reactants in silver nanoparticle
synthesis. Moreover, a high density of
extremely stable silver NPs (16-40 nm) was
rapidly synthesized by challenging silver ions
with Datura metel leaf extract (140). The leaf
extracts of this plant contains biomolecules,
including alkaloids, proteins /enzymes, amino
acids, alcoholic compounds, and poly-
saccharides which could be used as reductant
to react with silver ions, and therefore used as
scaffolds to direct the formation of silver NPs
in the solution.

Song and colleagues elucidated the fact that
Pinus desiflora, Diospyros kaki, Ginko biloba,
Magnolia kobus and Platanus orientalis leaf
broths synthesized stable silver NPs with
average particle size ranging from 15 to 500
nm, extracellularly. In the case of M. kobus
and D. kaki leaf broths, the synthesis rate and
final conversion to silver NPs was faster, when
the reaction temperature was increased. But
the average particle sizes produced by D. kaki
leaf broth decreased from 50 nm to 16 nm,
when temperature was increased from 25°C to
95°C (141). The researchers also illustrated
that only 11 min was required for more than
90% conversion at the reaction temperature of
95°C using M. kobus leaf broth (141). It was
further demonstrated that leaf extracts from the
aquatic medicinal plant, Nelumbo nucifera,
was able to reduce silver ions and produce
silver NPs (45 nm) in different shapes (142).

Capsicum annuum can be used for green
synthesizing silver NPs (143). Proteins with
amine groups reduced the silver ions and acted
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as a control during synthesis. After interacting
with the silver ions, the protein’s secondary
structure was found to be altered. The
crystalline phase of the NPs changed from
polycrystalline to single crystalline and
increased in size with increasing reaction time.
A recognition-reduction-limited nucleation
and growth model was suggested to explain
the possible formation mechanism of silver
NPs in Capsicum annuum L. extract (143).

Spherical silver NPs (40-50 nm) were
produced using leaf extract of Euphorbia hirta
(144). These NPs had potential and effective
antibacterial property against Bacillus cereus
and Staphylococcus aureus.

Acalypha indica (Euphorbiaceae) leaf
extracts have produced silver NPs (20-30 nm)
within 30 min (145). These NPs had excellent
antimicrobial activity against water borne
pathogens, E. coli and V. cholera (minimum
inhibitory concentration (MIC)=10 pg/ml).

Moreover, silver NPs (57 nm) were
produced when 10 ml of Moringa oleifera
leaf extract was mixed to 90 ml of 1 mM
aqueous of AgNO; and was heated at 60-80°C
for 20 min. These NPs had considerable

antimicrobial activity against pathogenic
microorganisms, including Staphylococcus
aureus, Candida  tropicalis, Klebsiella

pneumoniae, and Candida krusei (146).

It has been reported that cotton fibers
loaded with biosynthesized silver NPs (~20
nm) using natural extracts of Eucalyptus
citriodora and Ficus bengalensis had excellent
antibacterial activity against E. coli. These
fibers had potential for utilization in
burn/wound dressings as well as in the
fabrication of antibacterial textiles and
finishings (147). Garcinia mangostana leaf
extract could be used as reducing agent in
order to biosynthesize silver NPs (35 nm).

These NPs had high effective antimicrobial
activity against E. coli and S. aureus (148). It
was reported that Ocimum sanctum leaf extract
could reduce silver ions into crystalline silver
NPs (4-30 nm) within 8 min of reaction time.
These NPs were stable due to the presence of
proteins which may act as capping agents. O.
sanctum leaves contain ascorbic acid which
may play an important role in reduction of
silver ions into metallic silver NPs. These NPs
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have shown strong antimicrobial activity
against E. coli and S. aureus (149).

Green synthesis of silver NPs using
Cacumen platycladi extract was investigated.
Reducing sugars and flavonoids in the extract
seemed to be mainly responsible for reduction
of silver ions, and their reductive capability
promoted at 90°C, leading to formation of
silver NPs (18.4 £ 4.6 nm) with narrow size
distribution. The produced NPs had significant
antibacterial activity against both gram
negative and gram positive bacteria (E. coli
and S. aureus) (150). In case of Cinnamon
zeylanicum, the bark extract could be used in
biosynthesis of cubic and hexagonal silver
nanocrystals (31-40 nm) (151).

The particle size distribution varied with
variation in the amount of C. zeylanicum bark
extract. The number of particles increased with
increasing dosage due to the variation in the
amount of reductive biomolecules. Small NPs
were formed at high pH. The shape of silver
NPs at high pH was more spherical in nature
rather than ellipsoidal. Bactericidal effect of
produced nano-crystalline silver particles was
tested against E. coli strain. As a result, the
various tested concentrations of 2, 5, 10, 25,
and 50 mg/L produced inhibition of 10.9, 32.4,
55.8, 82, and 98.8 %, respectively. The MIC
was found to be 50 mg L. In another study,
silver NPs were successfully produced using
P. eldarica bark extract. Characterization by
UV-visible and TEM techniques confirmed the
reduction of silver ions to silver NPs. The
preparation of nanostructured silver particles
using P. eldarica bark extract provides an
environmentally friendly option, as compared
to currently available chemical and/or physical
methods (152).

Studying synthesis of silver NPs with
isolated/purified bio-organics may give better
insight into the system mechanism.
Glutathione (y-Glu-Cys-Gly) as a reducing
/capping agent can synthesize water-soluble
and size tunable silver NPs which easily bind
to a model protein (bovine serum albumin)
(153). Tryptophan residues of synthetic oligo-
peptides at the C-terminus were identified as
reducing agents producing silver NPs (154).
Moreover, silver NPs were synthesized by
vitamin E in Langmuir-Blodgett technique, by
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bio-surfactants (sophorolipids) and by L-
valine-based oligopeptides with chemical
structures, Z-(L-Val);-OMe and Z-(L-Val),-L-
Cys (S-Bzl)-OMe (155,156). The sulfur
content in the Z-(L-Val),-L-Cys(S-Bzl)-OMe
controls the shape and size of silver NPs,
which suggests interaction between silver ions
and thioether moiety of the peptide (156).

Pure natural constituents could be used to
bio-reduce and stabilize silver NPs. Kasthuri
and coworkers (157) have shown the ability of
apiin extracted from henna leaves to produce
anisotropic gold and quasi-spherical silver
NPs. Secondary hydroxyl and carbonyl groups
of apiin were responsible for the bioreduction
of metal salts. In order to control size and
shape of NPs, they used different amounts of
apiin (as the reducing agent). The NPs were
stable in water for 3 months, which could be
attributed to surface binding of apiin to NPs.
Furthermore, geraniol as a volatile compound
obtained from P. graveolens was used for
biosynthesis of silver NPs (1-10 nm). They
also evaluated in vitro cytotoxicity of silver
NPs against Fibrosarcoma Wehi 164 at
different concentrations (1-5 pg/ml). The
presence of 5 pg/ml of silver NPs significantly
inhibited the cell line’s growth (up to 60 %)
(158). The wvarious synthetic and natural
polymers such as poly(ethylene glycol), poly-
(N-vinyl-2-pyrrolidone), starch, heparin, poly-
cationic chitosan (1-4-linked 2-amino-2-deoxy
-B-D-glucose), sodium alginate, and gum
acacia have been reported as reducing and
stabilizing agents for biosynthesis of silver
NPs. For instance, it was reported that
monodisperse spherical silver NPs (~3 nm)
could be synthesized using gum kondagogu
(non-toxic polysaccharide derived as an
exudate from the bark of Cochlospermum
gossypium) (159). It was suggested that
carboxylate and hydroxyl groups were
involved in complexation and bioreduction of
silver ions into NPs. This method was
compatible with green chemistry principles as
the gum serves a matrix for both bioreduction
and stabilization of the synthesized NPs. Due
to availability of low cost plant derived
biopolymer, this method could be
implemented for large-scale synthesis of
highly stable monodispersed NPs.



CONCLUSION

Silver NPs have gained considerable
interest because of their unique properties,
and proven applicability in diverse areas such
as medicine, catalysis, textile engineering,
biotechnology, = nanobiotechnology,  bio-
engineering sciences, electronics, optics, and
water treatment. These NPs have significant
inhibitory effects against microbial pathogens,
and are widely used as antimicrobial agents in
a diverse range of products.

The flexibility of silver nanoparticle
synthetic methods and facile incorporation of
silver NPs into different media have
encouraged researchers to further investigate
the mechanistic aspects of antimicrobial,
antiviral and anti-inflammatory effects of these
NPs. Shape, size and size distribution of silver
NPs can be controlled by adjusting the
reaction conditions such as reducing agent,
stabilizer or employing different synthetic
methods. Therefore, it is important to elucidate
the effects of reaction conditions on
morphology and size of NPs.

Different methods have been developed to
obtain silver NPs of various shapes and sizes,
including laser ablation, gamma irradiation,
electron irradiation, chemical reduction,
photochemical methods, microwave
processing, and thermal decomposition of
silver oxalate in water and in ethylene glycol,
and biological synthetic methods. Biosynthetic
methods of NPs provide a new possibility of
conveniently synthesizing NPs using natural
reducing and stabilizing agents. As possible
environmentally and economically friendly
alternatives to chemical and physical
approaches, biosynthesis of metal and
semiconductor NPs using organisms has been
suggested. Monodispersity and particle size
and shape are very important parameters in the
evaluation of NPs synthesis. Therefore, the
efficient control on the morphology and
monodispersity of NPs must be explored. The
reaction conditions should be optimized. By
using screened organisms  with  high
production capability and controlling the
reaction conditions, well- characterized NPs
can be obtained by synthesis rates faster or
compatible to those of chemical and physical
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approaches. This eco-friendly method can
potentially be used in various areas, including
pharmaceuticals, cosmetics, foods, and
medical applications.
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