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Abstract

This paper aims to present a brief overview of different
biosynthesis routes of silver nanoparticles (NPs), their
applications and influence of the method used on the size
and morphology of these nanoparticles. A detailed and
comprehensive study of available biological methods, also
referred to as a bottom-up approach, as well as techniques
reported, have been provided with an eye for details and
comparison between the techniques involving fungi,
bacteria, algae and plant extracts. Plant-derived bioreduc-
tants such as leaf, stem or root extracts of various plants are
seen as suitable solutions to green synthesis of silver NPs,
implementing an easy, non-toxic, clean and environmen-
tally friendly approach. Furthermore, reports on the
antimicrobial activities with the zone of inhibition for
various pathogens have also been included.

Keywords Nanotechnology, Silver Nanoparticles, Biologi-
cal Methods, Antimicrobial Activity

1. Introduction

The sphere of nanotechnology has been in the spotlight in
recent years, as the remarkable growth of many important

industries, such as chemicals, electronics, agriculture,
medicine and the space industry, has been revolutionized
due to its influence on the above-stated industries [1-6].

The production of metallic nanoparticles is an active area
for researchers for academic purposes as well as in the
development of nanotechnology. Metallic nanoparticles
have attracted significant attention as they are observed to
have unusual physical and chemical properties, which
significantly differ from their properties when taken in
bulk amounts [7, 8]. Any change in their size would cause
a direct change in the catalytic, electronic and optical
properties of the nanoparticles [9- 12]. For instance, metallic
silver in the form of silver nanoparticles has enhanced
chemical and physical properties as compared with normal
silver metal [13, 14]. Moreover, they demonstrate better
antibacterial [15- 19], antifungal [20- 24] and antiviral [25-
29] properties in comparison with metallic silver and
various silver compounds. Applications of silver nanopar-
ticles (AgNPs) include, but are not limited to, electronics
[30- 33], biosensing [34], photonics, optoelectronics,
sensing, pharmaceuticals [35, 36], textiles, water treatment
[37], DNA sequencing [38] and surface-enhanced Raman
scattering (SERS) [39]. Ag nanoparticles act as an antimi-
crobial agent [40] and are being used for the treatment as
well as the prevention of HIV [41]. AgNPs have assorted
application, such as pigments, photographics, wound
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treatment and conductive/autostatic composites [42]. Such
a wide variety of applications has led researchers to design
better and more economical ways for the production of
AgNPs on a large scale. The design of experimental
methods for the production of nanoparticles with different
chemical composition, sizes, shapes and dispersity is an
important facet of nanotechnology [3, 43, 44].

Over the last few years, the vital significance of manufac-
turing clean, non-toxic and environmentally friendly
solvents and chemicals [45, 46] has catalysed the biosyn-
thesis of nanoparticles. Biological processes centred on
bacteria, fungus, bio-derived chemicals and plant extracts
are keenly studied due to their eco-friendly nature and
morphological control [47-49]. Biological sources available
in nature, including bacteria, algae, yeast, fungi, lower
plants and higher angiosperm plant products, can be used
for the synthesis of nanoparticles. These ambient biological
systems provide excellent examples of nano-phasic
materials with highly optimized characteristics [50]. The
manufacturing of inorganic materials may occur in two
ways, either extracellular or intracellular [51, 52]. In current
research areas of nanotechnology, developing reliable
experimental regulations for the synthesis of nanoparticles
over a range of chemical composition, size, and synchron-
ized, non-toxic, clean and eco-friendly monodispersity is a
big challenge. Although many papers have been reported
in the last few years [53-55], a greater number of compre-
hensive publications are needed so that the world may
discover the applications of the biosynthesis of various
metal nanoparticles. The use of environmentally friendly
materials such as plant extract [56], bacteria [57], fungi [58]
and enzymes [59] for the synthesis of silver nanoparticles
offers many benefits of compatibility with pharmaceutical
and other biomedical applications, owing to the use of non-
toxic chemicals for the synthesis procedures. Chemical
syntheses of nanoparticles involve the presence of some
toxic chemicals absorbed on the surface that may have a
disastrous effect if used in the field of pharmaceuticals. In
contrast, green synthesis has an edge over chemical and
physical methods of synthesis as it is cheap, eco-friendly
and can be scaled up to larger-scale synthesis with ease.
This method does not even require the use of high pressure,
energy, temperature and toxic chemicals as compared with
chemical synthesis [60]. Synthesis of nanoparticles using
biological means, especially plants, is biocompatible as
they secrete functional biomolecules which actively reduce
metal ions [26, 61]. Moreover, biological agents such as
plants involved in the reducing process also act as capping
agents and are eco-friendly [62, 63]. Herein, we provide
blueprints of various reports on the biological means of
nanoparticle synthesis with desired characteristics, with an
eye for details to allow effective comparison and valuable
selection.

1.1 Synthesis of silver nanoparticles

The synthesis of silver NPs can be carried out by several
methods including chemical (e.g., chemical reduction,
microemulsion techniques, pyrolysis, UV-initiated photo-
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reduction, photoinduced reduction, electrochemical
synthetic method, irradiation methods, microwave-
assisted synthesis, polymers and polysaccharides, Tollens
method), physical (e.g., evaporation-condensation, laser
ablation, arc discharge method, direct metal sputtering into
the liquid medium) and biological methods (e.g., use of
algae, fungi, bacteria and plants as bioreductant) [64-66].
The chemical and physical processes mostly involve
hazardous chemicals, high energy requirements and other
strict conditions. The sizes and morphologies of silver
nanoparticles synthesized from these two methods are
quite variable depending on the conditions and methods
applied. In contrast to the chemical and physical methods,
the biological method, also known as the bottom-up
approach, has been able to biosynthesize silver nanoparti-
cles with better sizes and morphologies. Most of the NPs
produced were reported to have a predominantly spherical
shape. Other benefits of the use of the green approach are
the use of biological reductants, low to zero energy
requirements and better characteristics of the metallic
silver nanoparticles, with the advantage of elimination of
the need for toxic chemicals to be used as surfactants or
stabilizers since various proteins present in the plant
extracts act as reducing as well as capping agents for silver
NPs [67]. Below is a comparison between various bio-based
methods in order to analyse and practise the most suitable
biological approach for the biosynthesis of silver NPs to
meet the future challenges of demand and supply of
metallic silver NPs.

2. Biological Methods

2.1 Fungi

Several researchers, including Ahmad et al., Macdonald et
al., Ahmad et al.,, Kumar et al. and Korbekandi et al., have
shown great interest in the potential of Fusarium oxyspo-
rum to synthesize silver NPs in order to establish new ways
to produce them in an environmentally friendly and cost-
effective way [68-72]. Ahmad A et al. examined the given
strain to produce 5 — 50 nm silver NPs extracellularly and
mentioned the high stability of these silver NPs due to
proteins in the strain [68]. Macdonald IDG et al. showed
keen interest in this topic and worked to understand the
interaction of these proteins including cytochrome c (Cc)
with silver NPs [69]. The works of Ahmad A et al. and
Kumar SA et al. provide further insight into the bioreduc-
tion of silver ions by using bioreductant F. oxysporum and
describe the enzymatic process and the resulting stability
of silver NPs [70, 71]. The morphology of the biosynthe-
sized NPs and the effects of pH on the capping proteins
were illustrated by Kumar SA et al. [71] Korbekandi H et
al. reported the morphology of silver NPs prepared using
Fusarium oxysporum to be almost spherical, with a size
range of 25 — 50 nm and 100 nm in the case of individual
and agglomerates respectively, by Scanning Electron
Microscope (SEM) micrographs [72]. The authors state the



biosynthesis of silver NPs by Fusarium oxysporum to be
intracellular instead of extracellular [72]. The bioreduction
of silver ions and its stability was further explained to be
the result of an enzymatic process [72].

The potentials of Fusarium acuminatum Ell. and Ev.
(USM-3793) cell extracts were exploited to obtain metallic
silver NPs with an average diameter of 13 nm [73]. The NPs
were synthesized quite rapidly, i.e., within 15 - 20 minutes
of reaction, by the cell extracts of the mentioned algae and
remained within the size range of 5 — 40 nm [73].

Vigneshwaran N et al. reported the use of Phanerochaete
chrysosporium to reduce silver ions acquiring predomi-
nantly pyramidal-shaped silver NPs [74].

Aspergillus flavus and Aspergillus fumigatus were
exploited for biosynthesis of silver NPs [75, 76]. The
Aspergillus flavus was claimed to be highly stable in water
[75]. The morphology of the extracellularly biosynthesized
silver particles, size 5 — 25 nm, was reported to be predom-
inantly spherical with few triangular shapes; such excep-
tions or few changes thereof are expected to be present in
bio-based synthesis of silver NPs [76].

Balaji DS et al. studied the extracellular biosynthesis of
silver NPs by filtrate of Cladosporium cladosporioides
fungus. The chemical compounds released by the strains of
Cladosporium cladosporioides were considered to be
responsible for the stability and shape of the silver NPs [77].

Penicillium sp. J3, Penicillium fellutanum and Penicillium
genus were successfully treated for the reduction of silver
ions into silver NPs [78-80]. Penicillium fellutanum was
able to reduce silver ions into silver NPs successfully using
incubation under dark conditions [79].

Monodisperse spherical silver NPs were reported to be
produced by reduction of silver nitrate solution by Coriolus
versicolor [81]. The characteristics of these silver NPs were
recorded through UV-visible absorption spectrophotome-
try, Transmission Electron Microscope (TEM), Atomic
Force Microscopy (AFM) and Fourier Transform Infrared
spectroscopy (FT-IR) [81]. Sanghi R et al. reported the

influence of parameters such as pH and temperature on the
reaction time and characteristics of the NPs [81]. Proteins
were reported to be the main cause for the stability and
were suggested to be performing as a capping agent as well
[81]. A list of organisms used for the biosynthesis of silver
NPs and the characteristics of these silver NPs have been
summarized in Table 1.

2.2 Bacteria

Highly stable silver NPs with an average size of 40 nm were
prepared by reduction of silver ions using culture super-
natant of Bacillus licheniformis [94]. Similar bacteria were
reported to be able to synthesize well dispersed silver NPs
with an average diameter of 50 nm [95].

Microwave irradiation was used to support uniform
heating in the case of extracellular biosynthesis of silver
NPs by bioreductant culture supernatant of B. subtilis. The
silver metal NPs produced by this method were reported
tobe monodispersed, within the size range of 5-20nm [96].
Various researchers reported the ability of Pseudomonas
stutzeri AG259 to biosynthesize intracellularly silver NPs
of varying compositions [97], with a size range of 35 — 46
nm [98], or up to 200 nm in the case of high concentrations
of silver ions [99, 97] of varying geometrical structures [97].

Shahverdi AR et al. successfully demonstrated the rapid
bioreduction abilities of culture supernatants of Entero-
bacter cloacae, Escherichia coli and Klebsiella pneumonia
to reduce silver ions into metal silver NPs within five
minutes of exposure [100].

The effects of visible-light irradiation on the biosynthesis
of silver NPs using culture supernatant of Klebsiella
pneumonia were studied by Mokhtari N et al. The size
range of such NPs was calculated to be 1 — 6 nm [101].

The mechanism of bioreduction of Diamminesilver to
biosynthesize metallic silver NPs using Aeromonas sp.
SH10 and Corynebacterium sp. SH09 was suggested by
Mouxing FU et al. [102]

Organism Mode Characteristics of Silver NPs Characterization Microbial activity against / Ref.
Instrument Applications*
Size Shape Others
(nm)
UV-vis spectroscopy, X-ray
Uniformly
diffraction (XRD), scanning ~ Bionanocomposites in
distributed
Verticillium intracellular 25+12 - electron microscopy (SEM), catalysis and other electronic [92]
bound to the
energy dispersive analyses applications
surface of cells
of X-ray (EDX)
Bionanocomposites in
UV-vis spectroscopy, XRD,
Verticillium sp. - 25 - catalysis and other electronic  [93, 94]

SEM, EDX
applications
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Organism Mode Characteristics of Silver NPs Characterization Microbial activity against / Ref.
Instrument Applications*
Size Shape Others
(nm)
Atomic absorption
spectrometer (AAS),
71.06 = Transmission electron  Can be used as catalyst and
Phoma sp. - - - . . [95]
3.46 microscopy (TEM), X-ray as bactericide
photoelectron spectroscope
(XPS)
UV-vis spectra,
fluorescence emission
spectra, SEM, ener:
Few P &Y Antibacterial
F. oxysporum extracellular 20-50 Spherical . dispersive spectroscopy . . . [96]
agglomerations in non-linear optics
(EDS), TLC
(Chromatography of Thin
Layer) analysis
Few UV-vis spectroscopy, XRD,
Fusarium oxysporum - 2-5 Spherical X - [97]
agglomerations SEM, EDX
Few UV-vis spectroscopy, XRD,
Fusarium oxysporum - 5-15 Spherical . - [98]
agglomerations SEM, EDX
UV-vis absorption
. spectrum, Fluorescence
Spherical . . o
. Highly variable, emission spectra . .
Occasionally Non-linear optics
Fusarium oxysporum extracellular 5-50 . spherical and (luminescence . o [78]
triangular . Optoelectronic applications
N well dispersed spectrophotometer), FT-IR,
shapes
P XRD, TEM, Debye-Scherrer
formula
UV-vis absorption, XRD,
TEM, X-ray photoelectron Non-linear optics
F. oxysporum - 10-25 - Crystalline . L [81]
spectrometer, Debye- ~ Optoelectronic applications
Scherrer formula
UV-vis absorption
Fusarium oxysporum  intracellularly 25-50 Spherical - spectrophotometer, SEM, - [82]
TEM
UV-vis spectroscopy, XRD,
Phanerochaete Pyramidal Hexagonal SEM, TEM,
extracellular 100 - [84]
chrysosporium shape structures photoluminescence
spectroscopy
Spherical,
Crystalline, fairly UV-vis spectrophotometer,
Aspergillus fumigatus extracellular 5-25 triangular - [86]
monodispersed TEM , XRD
shapes
UV-vis spectrophotometer,
Mostly Crystalline, XRD, TEM, Fourier
Fusarium semitectum extracellular 10 - 60 . . . - [99]
spherical polydisperse  transform infrared (FT-IR)
spectroscopy
. UV-visible spectra, XRD,
) Monodisperse
Aspergillus flavus extracellular 7-10 - FoC SEM, TEM, FT-IR, - [100]
Photoluminescence spectra
10 AFM, TEM, XRD, FT-IR,
extracellular Spherical Symmetrical,
Coriolus versicolor few UV-visible absorption - [91]
intracellular Spherical monodisperse
formed spectrophotometry
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Organism Mode Characteristics of Silver NPs Characterization Microbial activity against / Ref.
Instrument Applications*
Size Shape Others
(nm)
Large
distribution ~ UV-vis spectrophotometer,
Fusarium solani extracellular 5-35 Spherical - [101]
range, FT-IR, TEM
polydisperse
Candida albicans,
Spherical =~ Highly variable, XRD, TEM, atomic force
Aspergillus clavatus extracellular 10-25 Pseudomonas fluorescens [102]
few polyhedral polydisperse microscopy (AFM)
and Escherichia coli
Different UV-vis spectrophotometer,
Cladosporium Mostly
extracellular 10 -100 crystallite shapes, XRD, TEM, FT-IR, - [87]
cladosporioides spherical
polydisperse Scherrer’s equation
Mostly Variable UV-vis absorption spectra,
Penicillium fellutanus - 5-25 - [103]
spherical Well dispersed TEM
Staphylococcus aureus,
Fusarium
Spherical with a UV-vis spectrophotometer, Salmonella typhi,
acuminatum EIll. and extracellular 5-40 Spherical [83]
broad size TEM Staphylococcus epidermidis
Ev. (USM-3793)
and Escherichia coli
Penicillium Mostly UV-vis absorption spectra,
- 5-25 Well dispersed - [89]
fellutanum spherical TEM
*as mentioned by author
Table 1. Biosynthesis of Silver NPs using Fungi
Organism Mode Characteristics of Silver NPs Characterization Instrument Microbial activity Ref.
against / Applications*
Size Shape Others
(nm)
Pseudomonas stutzeri - Up to Equilateral ~ Agglomerations TEM, quantitative EDX, electron - [107]
AG259 200 triangles, diffraction
hexagons
Plectonema boryanum  extracellular 1-15 Spherical 25°C TEM, TEM-SAED, TEM-EDS, - [116]
(strain UTEX 485) intracellular 1-40 Spherical 60°C XPS
5-200 Spherical , 100°C
octahedral
crystal platelets
Klebsiella extracellular 50— 100 Predominantly - SEM, UV-visible spectroscopy - [117]
pneumoniae, spherical
Escherichia coli,
Enterobacter cloacae
Klebsiella pneumonia, extracellular ~ 28.2- Predominantly - UV-visible spectroscopy, TEM, - [118]
Escherichia coli and 122 spherical EDS
Enterobacter cloacae
(Enterobacteriacae)
Escherichia coli ATCC  extracellular ~ 5-25 Spherical ~ Dispersed with few UV-visible spectrum, Escherichia coli, Bacillus [119]
8739, Bacillus subtilis agglomerations, TEM, XRD subtilis, Salmonella
ATCC 6633 and reasonably typhimurium, Klebsiella
Streptococcus monodispersed pneumoniae,
thermophilus ESh1 Staphylococcus aureus,

Pseudomonas
aeruginosa, Candida

albicans
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Organism Mode Characteristics of Silver NPs Characterization Instrument Microbial activity Ref.
against / Applications*
Size Shape Others
(nm)
Bacillus licheniformis  extracellular <50 Spherical - UV-visible spectroscopy, SEM, - [104]
XRD, EDX, Debye-Scherrer
equation
Bacillus licheniformis  extracellular 40 - 50 - Well dispersed  UV-vis spectroscopy, SEM, EDX, - [105]
XRD
Lactobacillus extracellular ~ 5-15 Nearly spherical - Atomic absorption - [120]
fermentum intracellular  15-40 spectrophotometer, XRD, TEM,
L. farciminis Mostly 15.7 - - UV-vis absorption spectra
L. rhamnosus intracellular 21.7
L. plantarum
Klebsiella pneumonia  extracellular 1-6 - Uniformly UV-vis spectroscopy, visible - [111]
(using Liquid mixing’s dispersed, light irradiation, XRD
effects under visible uniform size and
light density) shape
Klebsiella pneumonia  extracellular 5 -100 -
(reducing silver
nitrate)
Klebsiella pneumonia  extracellular Upto55  Variable
(reducing synthesized
silver chloride)
Brevibacterium casei - 10-50 Spherical Relatively UV-vis spectra, surface plasmon Showed [121]
uniform absorbance, TEM, XRD, FT-IR, anti-coagulative
fluorescence spectra activity
Staphylococcus aureus  extracellular 160-180  Irregular Agglomerations ~ UV-vis spectrophotometer, Antimicrobial [122]
AFM
*as mentioned by author
Table 2. Biosynthesis of Silver NPs using Bacteria
Organism Mode Characteristics of Silver NPs Characterization Instrument Microbial activity against/  Ref.
Applications*
Size (nm) Shape Others
Spirulina platensis extracellular 7-16 Predominantly Relatively uniform  HRTEM, FT-IR, UV-vis Showed anti-coagulative [124]
spherical spectrophotometry, XRD activity
Oscillatoria willei extracellular 100 — 200 - Agglomerations HRTEM, FT-IR, UV-vis Antimicrobial [74]
NTDMO01 spectrophotometry, XRD
C. vulgaris extracellular Mean Rod-like - TEM, FT-IR, UV-vis Antimicrobial [123]
length of particles spectrophotometry, XRD, field
44 and emission scanning electron
width of microscopy (FESEM)
16 -24

*as mentioned by author

Table 3. Biosynthesis of Silver NPs using Algae

Spherical silver particles were observed when strains of
Lactobacillus were used to reduce silver ions [104, 105] with
an average size of between 25 — 50 nm [104]. In the case of
agglomeration of silver NPs, the average size of the
agglomerated metal particles was observed to be 100 nm
[104]. Enzymatic process was attributed as the reason for
the stability of the biosynthesized silver NPs [104]. Table
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2 provides sizes of silver NPs” biosynthesis by reducing
silver ions by bioreductant bacteria.

2.3 Algae

Yellowish brown colour indicating the formation of silver
NPs was observed when Spirulina platensis biomass was



challenged with 0.001 M aqueous AgNO, solution. Surface
plasmon absorbance, X-ray powder diffraction (XRD),
High-resolution  transmission electron microscopy
(HRTEM) and Fourier transform infrared spectroscopic
(FT-IR) measurements were utilized for recording the
characteristic dispersions of nanometallic particles, confir-
mation of formation of silver NPs, crystalline nature,
predominantly spherical shape, size range of silver NPs 7
— 16 nm and the possible action of proteins for reduction
and capping of silver NPs respectively [114].

Iravani S et al. mentioned in their review the ability of C.
Vulgaris and Oscillatoria willei to synthesize silver NPs
[64]. C. Vulgaris biosynthesized silver nanoparticles in a
rod-like shape with a mean length of 44 nm and width of
16 — 24 nm, while Oscillatoria willei biosynthesized silver
NPs with a diameter range of 100 — 200 nm [64]. The efforts
of a few researchers to biosynthesize silver NPs using algae
have been presented in Table 3.

2.4 Plants

Silver nitrate was reduced using grape extract (Vitis
vinifera), resulting in nearly spherical-shaped particles
with an average size of between 18 — 20 nm. The character-
istics of these silver NPs were established using UV-vis
Spectroscopy, Dynamic Light Scattering (DLS), Energy
Dispersive X-ray Spectroscopy (EDX) and Transmission
Electron Microscopy (TEM). Antibacterial activity of these
silver NPs was studied against Bacillus subtilis and
Escherichia coli, showing inhibition in growth rate of both
bacteria [115].

Gavhane AJ et al. demonstrated the ability of plant leaf
extract of Azadirachta indica, commonly referred to as
Neem, and Triphala to synthesize silver NPs. Predomi-
nantly spherical and polydispersed silver NPs of mean size
43 nm with concentration 3.6x10" particles/ml and 59 nm
with concentration 5.15x10° particles/ml were obtained
from Neem and Triphala respectively. The respective
inhibition zones are represented by 15, 14, 13, 11 and 16, 14,
13, 10 for C. albicans, K. pnuemoniae, S. typhi and E. coli
MDR in the case of Neem and Triphala respectively,
showing their antimicrobial activities [116].

Nanoparticle biosynthesis was further carried out by
Lalitha A et al., using the Azhadirachta indica aqueous leaf
extract. UV-vis spectroscopy, Size Analyser and FT-IR
analysis confirmed the synthesis of silver NPs with a mean
size of 21.07 nm [117]. These particles when tested against
Gram positive (Salmonella typhi) and Gram negative
(Klebsiella pneumoniae) bacteria showed the zone of
inhibition of 1 mm [117], in contrast to those calculated by
Gavhane AJ et al. [116]. The antioxidant properties of these
silver NPs were established through 1,1-Diphenyl-2-picryl-
hydrazyl (DPPH) assay and hydrogen peroxide assay [117].

Similar work to establish the antibacterial activity of silver
NPs biosynthesized by using Neem extracts was carried
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out by Sharma S et al. The zones of inhibition for S. aureus
were 10 mm and 13 mm, while for E. coli they were 12 mm
and 15 mm in the case of 50 pg/ml and 100 pg/ml concen-
tration of the silver NPs in chloroform [118].

Non-linear optical studies for NPs synthesized by reducing
1 mM of AgNO; (AgNO; 99.99%, Sigma-Aldrich) by
Coriandrum Sativum leaf extract (reducing agent) was
carried out by Sathyavathi R, Balamurali Krishna M,
Venugopal Rao S, Saritha R and Narayana Raousing D.
Non-linear optical properties of these silver NPs were
determined by z-scan technique with 6 ns pulse duration
at 532 nm. UV-visible, XRD, FT-IR and TEM were applied
for the characterization of these silver NPs, showing mostly
spherical shape, ranging in size from 8 nm to 75 nm with a
mean size of 26 nm [119].

The works of Phanjom P and his colleagues reported that
the pale yellow coloured solution turned to yellowish
brown coloured solution when 60 ml of Elaeagnus latifolia
leaf extract was allowed to react with 10 ml of 1 mM
aqueous solution of silver nitrate at room temperature. This
colour change is attributed to the formation of silver NPs.
UV-vis absorption spectroscopy and X-ray diffractometer
(XRD) verified the formation of silver NPs. The shape
(mostly spherical) and size (30 nm to 50 nm) of silver NPs
prepared by this technique was determined by TEM [120].

Eco-friendly green synthesis of silver NPs when carried out
by the reduction of aqueous silver nitrate with ascorbic
acid, in the presence of gelatin acting as stabilizer, resulted
in the formation of silver NPs having an average size of 20
nm. The characteristics and morphologies of the obtained
silver NPs were examined using XRD, TEM and EDX.
Electroactivity and electrocatalytic properties of these
nanoparticles and AgNPs-CPE were determined using
cyclic voltammetry respectively, revealing excellent
electrocatalytic potential towards H,O,, representing the
suitability of these NPs as an effective catalyst for H,O,
reduction. The results were quite favourable in terms of
high sensitivity and excellent in terms of reproducibility
and operational stability of AgNPs — CPE [121].

A study of the change in the time required for the formation
of silver NPs by varying the volume of the 3 mM silver
nitrate solution added to 1 ml of the aqueous extract of
Portulaca oleracea was carried out by Jannathul Firdhouse
M and Lalitha P under three different experimental
conditions, i.e., reaction at room temperature, reaction at
elevated temperature and sonication. The change in colour,
from yellow to reddish brown, was observed after 60 min,
50 min, 40 min, 35 min and 30 min for each 1 ml addition
of 3mM silver nitrate to 1 ml of aqueous extract of Portulaca
oleracea respectively. Similar trends but with less time in
each case were observed for reactions at 75°C. The mini-
mum time in each case was observed for sonication, in
which the time required was 27 min, 24 min, 20 min, 20 min
and 18 min for reaction of 6 ml, 7 ml, 8 ml, 9 ml and 10 ml
of 3 mM silver nitrate respectively with 1 ml of aqueous
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extract of Portulaca oleracea. The size of NPs in each case
was less than 60 nm and the characteristics of these silver
NPs were assessed by UV-visible spectroscopy, XRD,
Scherrer's formula and SEM analysis. It was further
recorded by Jannathul Firdhouse M and Lalitha P that the
carbonyl and CN triple bond stretching in proteins act as
capping as well as reducing agents and are the reasons for
the stabilization of synthesized NPs [122].

Effective reduction of silver ions to metal silver nanoparti-
cles as a function of ratio of available silver ions to the
polyphenols, such as catechines and stilbenes, presentin R.
hymenosepalus extract, was demonstrated by Rodriguez-
Ledn et al. in 2013. The silver ions were reduced to silver
nanoparticles with face-centred cubic and hexagonal
geometry and ranged from 2 — 40 nm characterized by UV-
visible spectroscopy, TEM and fast Fourier transform. It
was observed that an increase in concentration of the
reacting silver nitrate solution resulted in relatively larger
silver NPs and increased NPs’ formation. The results show
potential for industrial applications of biological systems
owing to kinetics and simple conditions such as room
temperature and single step procedure [123].

Silver NPs characterized as highly dispersed with an
average diameter of 20 nm were synthesized using pome-
granate peel extract. The formation of metal NPs were
confirmed by UV-visible Power wave microplate reader
spectroscopy and TEM. Although the biosynthesis of silver
NPs using Punica granatum L. only occurred at alkaline
media, yet the stability of these NPs for several weeks
without the addition of any surfactants make it a strong
candidate for biosynthesis of silver NPs and its implemen-
tation on a larger scale [124].

Awwad et al. established that the rapid synthesis of mostly
spherical silver nanoparticles can be achieved by challeng-
ing silver ions with carob leaf extract at ambient tempera-
ture. The UV-vis absorbance study and the colour change
suggested the rapid synthesis of silver NPs and the
completion of the reaction in almost two minutes after the
start of the reaction. Stability and capping agent properties
were attributed to the Carbonyl group of amino acid
residues as suggested from FT-IR spectroscopic study.
Further characterization of the obtained NPs was done by
scanning electron microscopy, atomic absorption spectro-
scopy and X-ray diffraction (XRD). The resulting NPs were
polydispersed and crystalline with face-centred cubic
geometry. The size of these NPs was within 5 to 40 nm with
an average diameter of 18 nm, as confirmed by SEM
analysis. Strong antimicrobial effects were observed using
these NPs against E. coli [125].

Fairly wuniform, polydispersed nanocrystalline silver
particles with FCC geometry having a size range of 10 — 25
nm and tendency to agglomerate, as confirmed by UV-
visible spectrophotometry, TEM, AFM and XRD analysis,
were biosynthesized when silver nitrate solution was
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allowed to react with curry leaf extract. Christensen et al.
studied the effects of increase in broth concentration on the
decrease in reaction time as well as size of the biosynthe-
sized NPs. The optimized ratio for leaf extract to 0.001 M
silver nitrate solution was determined to be 1:20 by the
authors for the reduction process [126].

Elizondo N et al. documented the morphology of Ag NPs
obtained by reducing silver nitrate (0.001 M) against
different concentrations of extracts of Aloe Barbadensis at
60°C as pure crystalline with face-centred cubic nanocrys-
tals. Using different concentrations for plant extract, the
silver particles obtained were predominantly spherical
and quasi-spherical with few exceptions of oval or
elliptical at high concentrations [127]. A pH-based novel
method for the control of size and crystallinity of silver
NPs using a complexing agent was described by Ghora-
shi SAA et al. [128].

Relatively spherical silver nanoparticles of size 40 — 50 nm,
with polydispersed nature, were obtained by the reduction
of silver ions using leaf extract of Tulashi, Ocimum
sanctum. These NPs exhibit strong antimicrobial property
against S. saprophyticus, S. Aureus, C. albicans, C. kefyr
and A. niger. Apart from these two bacteria and three
fungal species, these particles showed intermediate
inhibitory effects in the case of Candida tropicalis, Candida
krusei, Aspergillus flavus and Aspergillus fumigates [129].

A novel method of the preparation of silver NPs for medical
purposes was proposed by Lalitha P et al. under various
experimental conditions. In this context, leaf ethanol
extract of Pisonia grandis (R. Br) was chosen to reduce
silver nitrate solution to silver metal particles due to its
extensive use in common medical treatments and pharma-
cologically important compounds present in its leaf
extracts. The mechanism of the reduction of silver ions to
silver metal particles by compounds such as pinito and
allantoin has been suggested by Lalitha P et al. UV-vis
spectrophotometer, XRD, Scherrer's equation and SEM
predicted the characteristics of these silver NPs, having a
spherical shape with a diameter in the range of 20 — 150 nm
in all experimental conditions, with an average size of 56.86
nm, 29.14 nm and 39.62 nm obtained for room temperature,
higher temperature and sonication respectively. The
authors compared the three conditions with the conclusion
that sonication was the most effective, although the size
attained from sonication was relatively larger than that
attained from elevated temperature; however, the uniform-
ity in shape and the decrease in reaction time were appre-
ciably higher for the sonication than for any of the other
two conditions [130].

Ahmad N and Sharma S suggested the use of extracts of
Ananas Comosus (pineapple juice) for the production of
silver NPs by reducing aqueous silver nitrate solution.
They suggested that a variety of antioxidants in pineapple



juice can be responsible for reduction and that further
research is required; however, phenols were mainly
attributed as the reason for the reduction and stability, even
after up to four weeks of incubation, of silver particles. The
morphology of the Ananas comosus biosynthesized silver
NPs was observed to be predominantly spherical, with a
few exceptions of oval or elliptical, crystalline, face-centred
cubic shape with an average diameter of 12 nm [131].

Leaf broth of Rauvolfia Tetraphylla, a small evergreen
woody species, was exploited in order to synthesize silver
NPs economically and in an environmentally friendly way.
The silver particles were formed by reducing aqueous
silver nitrate solution using Rauvolfia Tetraphylla leaf
extract as reducing agent at room temperature, represent-
ing a simple, unconventional approach compared with the
usual methods that involve materials toxic to the environ-
ment and human life. These highly crystalline silver
particles with a size range of 26 — 37 nm confirmed through
UV-visible spectroscopy, SEM, XRD, EDX and FT-IR were
tested against Staphylococcus aureus, Escherichia coli,
Pseudomonas aeruginosa and Bacillus subtilis for their
antibacterial activity [132].

In order to investigate the rapid synthesis of silver
nanoparticles for applications such as antibacterial and
antifungal medicines, the use of fresh extracts of stem and
leaves of Tridax procumbens Linn in aqueous medium to
reduce silver ions provided results sufficient enough to be
explored further. These silver NPs influenced/caused
strong inhibitory effects in the case of two bacteria
Escherichia coli, Vibrio cholera and two fungal species
Aspergillus niger and Aspergillus flavus. The characteris-
tics of silver NPs produced by this method were verified
using UV-visible spectroscopy, SEM, XRD and FT-IR,
which included spherical shape, 13.51 — 17.24 nm size
range, elemental crystal geometry and polydiverse nature
of the particles [133].

Yuet Ying Loo et al. reported the use of tea leaf extract from
Camellia Sinensis for the synthesis of spherical, highly
crystalline, FFC-structured, well-dispersed silver nanopar-
ticles, having an average diameter of 4 nm with the size
range of 2 — 10 nm. The reduction was carried out at room
temperature. The crystallinity and phases, function and
composition, and morphology of the silver NPs were
illustrated by X-ray diffractometer, FT-IR and TEM
respectively [134].

Aqueous bamboo leaves (Phyllostachys genus) extract
consisting of phenolic acids and flavonoids [136-139] were
used as bioreductant to yield nearly spherical crystalline
silver NPs from 3 mM aqueous AgNO3 at 65°C [135]. The
size of these silver NPs was 13 + 3.5 nm, while a few
particles with triangular or hexagonal shape were also
achieved [135]. Apart from the excellent characteristics
defined by UV-vis spectroscopy, EDX, XRD, TEM and
Debye-Scherrer equation, highly appreciable results of
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antibacterial and antimicrobial activities of these NPs were
established through the disc diffusion method and mini-
mum inhibitory concentration (MIC) / minimum bacterici-
dal concentration (MBC) study, respectively [135].

Plant extract in water and ethanol of Bryophytes (Thalli of
Anthoceros) after treatment with various concentrations of
silver nitrate solution at room temperature gave cuboidal
and triangular-shaped silver NPs with size ranges of 20 -
50 nm. These NPs were tested for their antibacterial
properties against Escherichia coli, Klebsiella pneumoniae,
Pseudomonas aeruginosa and Bacillus subtilis by Kulkarni
AP et al. [140].

Green synthesis of silver NPs was carried out using leaf
extract of Cochlospermum Religiosum (medicinal plant) at
50 - 95°C by Sasikala A and Savithramma N. Reduction of
silver ions to silver NPs took place highly rapidly, with an
appreciable change in colour from yellow to brownish
within two minutes. UV-vis spectrum and AFM techniques
were used to verify the presence and characteristics of
silver NPs. The results for antibacterial activity depict high
toxicity of these biosynthesized silver NPs in the case of E.
coli and Staphylococcus, with moderate toxicity for
Bacillus, Pseudomonas and Klebsiella strains [141].

In order to synthesize NPs for use in antimicrobial
systems, Zain NM et al. followed a green and eco-
friendly method by reducing silver nitrate using ascorbic
acid as reducing agent in chitosan solutions. The pres-
ence of the respective nanoparticles was confirmed using
spectrophotometry technique. Zain NM et al. reported the
use of Zetasizer to measure the size and zeta potential of
the corresponding NPs. Antibacterial activity of these NPs
against Bacillus subtilis and E. coli were evaluated by MIC
and MBC tests [142].

Forough M and Farhadi K utilized aqueous extracts of the
manna of hedysarum plant silver NPs as bioreductant for
3 mM aqueous silver nitrate solution, resulting in forma-
tion of spherical NPs with almost 90% conversion at 86°C
in 13 minutes, thus providing a rapid route for the
synthesis of silver NPs utilizing the biological and eco-
friendly route [143].

Banerjee et al. demonstrated the use of three bioreductants,
namely leaf extracts of Banana (Musa balbisiana), Neem
(Azadirachta indica) and Black Tulsi (Ocimum tenuiflo-
rum) to carry out the reduction of silver ions to metallic
silver utilizing a microwave oven (300 W). UV-visible (vis)
spectrophotometer, particle size analyser (DLS), SEM,
TEM, EDS and FT-IR analysis depicted the characteristics
and morphologies of the biosynthesized silver NPs, which
showed inhibition effects on the growth of both Escherichia
coli (E. coli) and Bacillus sp. While the biosynthesized silver
NPs were predominantly spherical in all cases, the average
diameter of the biosilver particles was 50 nm, 20 nm and 50
nm for leaf extracts of Banana, Neem and Black Tulsi
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respectively [144]. Ahmad N et al. reported that the
reduction of silver ions to silver nanoparticles using
Catharanthus roseus Leaf Extract produced irregular,
monodispersed particles with an average diameter of 11

Table 4 lists the characteristics, the characterization
equipment used and the antimicrobial activity of silver NPs
biosynthesized by different researchers using different
plant extracts (leaf, root, stem and juice).

nm [145].
Plant Extracts (Leaf / Characteristics of Silver NPs Characterization Instrument Microbial Activity against Ref.
Root / Stem / Juice)
Size (nm) Shape Others Organism
Grape Extract 18-20  Nearly spherical UV-vis spectroscopy, DLS, Bacillus subtilis, Escherichia [125]
EDX, TEM coli
Neem Leaf Extract 43 Predominantly ~ Polydispersed UV-vis spectroscopy, NTA, TEM, EDX K. pneuomoniae, S. typhi, [126]
spherical E.coli, C. albicans
Triphala 59 Predominantly ~ Polydispersed UV-vis spectroscopy, NTA, TEM, EDX K. pneuomoniae, S. typhi, [126]
spherical E.coli, C. albicans
Coriandrum Sativum Leaf 26 Mostly spherical Few UV-visible, XRD, FT-IR, TEM, Z-scan - [129]
Extract 8-47 agglomerated
Elaeagnus Latifolia Leaf ~ 30-50  Almost spherical - UV-vis absorption spectroscopy, XRD, - [130]
Extract TEM
Aqueous Extract of <60 - - UV-vis spectroscopy, XRD, Scherrer’s - [132]
Portulaca Oleracea (L.) formula, SEM
Rumex Hymenosepalus 2-40 - Face-centred and ~ UV-vis Spectroscopy, TEM, fast - [133]
Extracts hexagonal Fourier transform
Pomegranate Peel Extract 20 - Highly UV-visible Power wave microplate - [134]
monodisperse reader spectroscopy, TEM
Carob Leaf Extract 50-40  Mostly spherical Face-centred cubic UV-vis spectroscopy, SEM, Atomic Escherichia coli [135]
geometry, absorption spectroscopy, XRD, FT-IR
polydispersed
Curry Leaf 10-25 Spherical FFC crystal, fairly ~ UV-vis spectroscopy, TEM, AFM, - [136]
uniform XRD
Rosa Berberiforia variable Spherical - UV-vis spectroscopy, TEM, SEM, XRD - [137]
Azadirachta Indica 21.07 - - UV-vis spectroscopy, Size Analyser, Salmonella typhi, Klebsiella [127]
Aqueous Leaf Extract FT-IR pneumonia
Leaf Extract of Tulashi 40-50 Relatively Polydispersed UV-visible, SEM, XRD S. saprophyticus, S. Aureus, C.  [139]
spherical albicans, C. kefyr, A. niger,
Candida tropicalis, Candida
krusei, Aspergillus flavus,
Aspergillus fumigatus
Leaf Ethanol Extract of 20 —-150 Spherical - UV-vis spectroscopy, XRD, Scherrer’s - [140]
Pisonia Grandis (R. Br) equation, SEM
Extracts of Ananas 12 Predominantly ~ FCC crystalline UV-vis spectroscopy, EDAX, HRTEM, - [141]
Comosus spherical XRD, TEM
Leaf Broth of Rauvolfia ~ 26-37 Spherical, triangle - UV-vis spectroscopy, SEM, XRD, FT-  Staphylococcus aureus, [142]
Tetraphylla (Leaf Extract and square IR Escherichia coli and
Aq.) Pseudomonas aeruginosa
Fresh Extracts of Tridax 13.51-17.24 Spherical Elemental crystal, UV-vis spectroscopy, SEM, XRD, FT-  Escherichia Coli, Vibrio [143]

Procumbens Linn polydiverse

IR cholerae, Aspergillus niger

and Aspergillus flavus
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Plant Extracts (Leaf / Characteristics of Silver NPs Characterization Instrument Microbial Activity against Ref.

Root / Stem / Juice)

Size (nm) Shape Others Organism
Tea Leaf Extract From 2-10 Spherical FCC, well UV-vis spectroscopy, TEM, XRD, FT- - [144]
Camellia Sinensis dispersed IR
Aqueous Bamboo Leaves 13+3.5 Nearly spherical - UV-vis spectroscopy, TEM, XRD, E. coli and S. aureus [145]
Extract EDX, Debye-Scherrer equation
Bryophytes 20-50 Cuboidal and - UV-vis spectroscopy, SEM, EDS, Escherichia coli, Klebsiella 150
triangular pneumoniae, Pseudomonas

aeruginosa and Bacillus

subtilis
Leaf Extracts of 40-100 Spherical - UV-vis spectroscopy, AFM E.coli, Staphylococcus, [151]
Cochlospermum Bacillus, Pseudomonas and
Religiosum Klebsiella
Aqueous Extracts of the 29 -68 Spherical - UV-vis spectroscopy, XRD, EDX, SEM - [153]
Manna of Hedysarum 40
Plant
Banana Leaf Extract 50 Predominantly - UV-visible (vis) spectrophotometer, Escherichia coli (E. coli)and ~ [154]
spherical DLS, SEM, TEM, EDS, FT-IR Bacillus sp.
Neem Leaf Extract 20 Predominantly - UV-visible (vis) spectrophotometer, Escherichia coli (E. coli)and ~ [154]
spherical DLS, SEM, TEM, EDS, FT-IR Bacillus sp.
Black Tulsi Leaf Extract 50 Predominantly - UV-visible (vis) spectrophotometer, Escherichia coli (E. coli) and [154]
spherical DLS, SEM, TEM, EDS, FT-IR Bacillus sp.
Catharanthus roseus Leaf 11 Irregular Monodispersed UV-vis spectroscopy, TEM - [155]
Extract
Lemon Extract 75 - - UV-vis spectroscopy, AFM, SEM E. coli and Bacillus subtilis [156]
Extracts of Securinega 11-20  Spherical to oval - UV-vis absorption spectroscopy, FT-  Pseudomonas aeruginosa, [157]
Leucopyrus IR, SEM, TEM Bacillus subtilis, Klebsiella
pneumonia, Staphylococcus
aureus, Pseudomonas putida,
Escherichia coli
Green Carambola Extract Variable Spherical - UV-vis absorption, XRD, FT-IR, TEM - [158]
according to
pH
Alfalfa Sprouts 2-20 Spherical FCC crystals,  X-ray absorption spectroscopy, TEM, - [159]
display coalescence EDS, scanning Transmission electron
characteristics microscopy (STEM), HRTEM
Pelargonium Graveolens 16 — 40 Spherical, Crystalline UV-vis spectroscopy, TEM, XRD, - [160]
Leaf Extract small percentage energy dispersive analysis of X-rays
elongated (EDAX), FT-IR
Jatropha curcas (Latex) 20 -40 Spherical, Crystalline HRTEM, XRD, UV-vis absorption - [161]
few larger with spectroscopy, EDX
uneven shapes
Piper Betle (Broth) 3-37 Spherical Few UV-vis absorption spectroscopy, XRD, - [162]
aggolomerations FT-IR, TEM
Carica Papaya Fruit 25-50 Hexagonal Cubic structure  UV-vis absorption spectroscopy, FT- Escherichia coli and [163]
IR, XRD and SEM Pseudomonas aeruginosa
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Plant Extracts (Leaf / Characteristics of Silver NPs Characterization Instrument Microbial Activity against Ref.
Root / Stem / Juice)
Size (nm) Shape Others Organism
Apiin (from Henna 39 (average) Quasi-spherical Crystalline UV-vis—near-infrared (NIR), TEM, FT- - [164]
Leaves) IR, XRD, Thermogravimetric analysis
(TGA)
Desmodium triflorum 5-20 Predominantly Crystalline UV-vis spectroscopy, TEM, XRD  Staphylococcus spp (gram- [165]
spherical, positive bacteria), Escherichia
few elliptical coli (gram-negative bacteria)
and Bacillus subtilis
Ocimum Leaf Extract 3-20 Spherical Crystalline, UV-vis spectrophotometer, XRD, - [166]
few TEM, FT-IR
agglomerations
Coriandrum Sativum Leaf 8-75 Spherical Crystalline ~ UV-visible spectroscopy, XRD, FT-IR, - [167]
Extract TEM
Cassia Auriculata Leaf 20 -40 Spherical, Polydispersed UV-visible spectroscopy, XRD, - [168]
Extract few Scherrer’s formula, SEM, FT-IR
agglomerations
with irregular
shapes
Cynamon Zeylanicum 31 Roughly circular, Cubic UV-vis spectroscopy, TEM, XRD, EDX  Escherichia coli BL-21 [169]
Bark Powder smooth edges
Cynamon Zeylanicum 40 Roughly circular, Hexagonal =~ UV-visspectroscopy, TEM, XRD, EDX  Escherichia coli BL-21 [169]
Bark Extract few few ellipsoidal
exceeded
100

Table 4. Biosynthesis of Silver NPs using Plants

3. Discussion

The biosynthesis of silver NPs using biological techniques
- fungi, algae, bacteria, yeast and plants — has proved to be
environmentally friendly and an economical approach.
Although microbial species have been able to biosynthesize
predominantly spherical metallic silver NPs within the
range of 1 —70 nm and fungi able to produce SNPs with an
average size range of 13 nm, yet the lack of knowledge of
the mechanism of the reduction process represents a barrier
still to be overcome [160-168].

The suggested mechanism for the biosynthesis of intracel-
lular and extracellular silver NPs by bacteria involves
reduction of silver by sulphur-containing proteins [169] or
deoxyribonucleic acid (DNA) [161], while in the case of
fungi the mechanism is thought to occur with the involve-
ment of carboxylic group [162, 164, 168] or through nitrate-
dependent reductase [167]. In the case of plants, the
reduction is suggested to be carried out by a wide variety
of compounds such as terpenoids [163], flavonoids [135],
phenols [131], pinito and allantoin [130], present in differ-
ent parts of the plants including leaves, roots, bark and
latex.

In the case of intracellular synthesis, the downstream
processing is difficult and expensive due to the separation
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and purifying steps involved, thus making extracellular
synthesis preferable, owing to its easier and simpler
downstream processing.

Compared with bacteria or algae, fungi provide a more
rational and economical approach for biosynthesis of silver
NPs due to the fact that not only is the downstream
processing and biomass handling much simpler and easier
in the case of fungi, but the amounts of proteins known to
reduce silver are also secreted in much higher amounts,
thus increasing the biosynthesis productivity severalfold
[68, 97, 103, 170-173]. In the case of microorganisms, not
only is the strain preparation and growth intricate, but the
isolation of strain is also difficult and requires too many
precautions. The difficulty of maintaining the culture
medium and respective conditions such as (but not limited
to) pH, temperature, salinity of the culture and reaction
mixture points towards the complexity of these techniques
tobe applied on alarge scale [73, 75,76, 81, 96-99, 101]. Plant
broths or extracts, on the other hand, are quite simple and
easy to handle and eliminate the complicated procedures
of cell culture maintenance. Furthermore, the clear filtrate
production from bacterial broths necessitates the use of
complicated equipment in process technology, thus
increasing investment costs to a considerable extent, which



is yet another major drawback in the case of the bacterial
biosynthetic approach [174]. Conversely, in the case of
fungi and plants, simple equipment such as a filter press
can be utilized to obtain clear filtrates, thus promising
economic feasibility [68, 170-173].

The synthesis of silver NPs using microorganisms [97, 103,
175] or their leached cell components [68] generates silver
NPs at rates much slower than the rates at which plants can
biosynthesize silver NPs [125, 141]. The time required for
the complete reduction of silver ions is known to range
from 24 hours to 120 hours in the case of microorganisms,
while the reaction completion time is much less in the case
of plants, ranging from a few hours to a maximum of 48
hours, as described in the studies mentioned earlier in the
plants section [68, 97, 103, 125, 141, 175]. This represents
another drawback in terms of feasibility of microorganisms
to be used for large-scale biosynthesis of silver NPs in
comparison with plants, which require less time for
completion of reaction. The reduction rate by plants is fast
enough to draw attention to the possibility of developing a
rational biosynthesis methodology with reduction rates
proportionate to those of physical and chemical techniques
[125, 141].Recent studies were conducted with the objective
of finding a suitable procedure to acquire desired sizes and
morphological characteristics of biosynthesized silver NPs
along with an increased production rate. As clearly
represented in the properties of silver NPs discussed in
their respective categories, only plants in comparison with
other biological techniques are able to demonstrate better
control over morphological characteristics, sizes and rates
of production of silver NPs by exploiting simple reaction
conditions such as broth concentrations, silver nitrate
solution concentration, salinity, ratio of plant (leaf, stem,
bark or latex) extract to silver nitrate solution, pH, temper-
ature, mixing time, time of extraction, sonication and light
[122, 123, 126, 130, 141, 143]. The reduction of silver nitrate
can be carried out at normal temperature, although
elevated temperatures are preferable due to the increased
rate of reaction and less time required for the formation of
silver NPs. Sonication has proved to be the most effective,
although the size attained from sonication was reported to
be relatively larger than that attained from elevated
temperature, but the uniformity in shape and decrease in
reaction time were appreciably higher for sonication than
any of the other two conditions [122, 141, 130].

Thus, in accordance with the need for an economically
viable, green approach for the synthesis of silver NPs, the
plant-based technique represents an optimistic alternative
not only to biological methods, but also to other methods
including physical techniques, and is also appreciable for
large-scale production. However, there is still a great need
to exploit the plant-based biotechnique to achieve even
better control over dispersity, morphology, particle size
and production rates if it is to replace chemical methods for
production of silver NPs on an industrial scale.
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4. Conclusions

Biosynthesis of silver nanoparticles can be carried out by
biological methods in which the biological species range
from bacteria, fungi and algae to plants capable of reducing
silver ions to metallic silver nanoparticles. Biological
methods have been proved to be more environmentally
friendly than chemical and physical methods due to several
reasons including, but not limited to, formation of hazard-
ous/toxic bioproducts, utilization of biological species as
reductants and lower energy requirements. Although
microbial species have shown effective potential for the
biosynthesis of metallic silver NPs, nevertheless the lack of
expertise to fully understand and control the mechanism of
the reduction process represents a barrier yet to be over-
come. In addition to this, the complexity of maintaining the
stabilized culture medium and respective conditions such
as, but not limited to, optimum pH, temperature feasibility,
or salinity of the culture and reaction mixture points
towards the intricacy of these techniques to be applied on
an industrial scale. Furthermore, in the case of plants and
a few other biological species such as algae, some natural
chemical compounds present in the extract act as reducing
as well as capping agents, thus eliminating the need for
toxic chemicals to be used as capping agents. The approach
to synthesize metallic silver NPs using plant-derived
extracts (leaf, root, and stem) represents the beginning of
an eco-friendly, easy and simple approach with no eco-
nomic and environmental barriers. Further advancements
in the selection of plant-derived extract bioreductant and
an adequate knowledge of the reduction process mecha-
nism will also be helpful in determining an industrial, cost-
effective way to synthesize silver NPs with excellent
characteristics, morphologies and properties such as, but
not limited to, antimicrobial, optical and electrical.

5. References

[1] Parashar V, Parashar R, Sharma B, Pandey AC
(2009) Parthenium leaf extract mediated synthesis
of silver nanoparticles: a novel approach towards
weed utilization. Digest J. Nanomater. Biostruct. 4
(1): 45-50

[2] Parashar UK, Saxena PS, Shrivastava A (2009)
Bioinspired synthesis of silver nanoparticles. Digest
J. Nanomater. Biostruct. 4 (1): 159-166

[3] Bankar A, Joshi B, Kumar AR, Zinjarde S (2010)
Banana peel extract mediated novel route for the
synthesis of silver nanoparticles. Colloids Surf. A,
Physicochem. Eng. Asp. 368: 58-63

[4] Zhang X (2011) Application of microorganisms in
biosynthesis of nanomaterials — a review. Wei
Sheng Wu Xue Bao 51 (3): 297-304

[5] Rai M, Ingle A (2012) Role of nanotechnology in
agriculture with special reference to management of
insect-pest. Appl. Microbiol. Biotechnol. 94 (2): 287-
293

13



14

[6]

(10]

[11]

[12]

(18]

(19]

Renugadevi K, Aswini RV (2012) Microwave
irradiation assisted synthesis of silver nanoparticles
using Azadirachta indica leaf extract as a reducing
agent and in vitro evaluation of its antibacterial and
anticancer activity. Int. J. Nanomater. Biostruct. 2
(2):5-10

Kohler JM, Abahmane L, Wagner ], Albert ], Mayer
G (2008) Preparation of metal nanoparticles with
varied composition for catalytical applications in
microreactors. Chemical Engineering Science vol.
63 no. 20: 5048-5055

Perelaer ], de Laat AWM, Hendriks CE, Schubert US
(2008) Inkjet-printed silver tracks: low temperature
curing and thermal stability investigation. Journal
of Materials Chemistry vol. 18 no. 27: 3209-3215
Bronstein LM, Chernyshov DM, Volkov IO et al.
(2000) Structure and properties of bimetallic
colloids formed in polystyreneblock-poly-4-
vinylpyridine micelles: catalytic behavior in
selective hydrogenation of dehydrolinalool. Journal
of Catalysis vol. 196 no. 2: 302-314

Chushak YG, Bartell LS (2003) Freezing of Ni-Al
bimetallic nanoclusters in computer simulations.
Journal of Physical Chemistry B vol. 107 no. 16:
3747-3751

Tomas ] (2003) Mechanics of nanoparticle adhesion
— a continuum approach. Particles on Surfaces:
Detection, Adhesion and Removal vol. 8: 1-47
Karimzadeh R, Mansour N (2010). Opt. Laser
Technol. 42: 783. DOI: 10.1016/j.optlastec.
2009.12.003

RaiM, Yadav A, Gade A (2009) Silver nanoparticles:
as a new generation of antimicrobials. Biotechnol.
Adv. 27: 76-83

Rai M, Yadav A, Bridge P, Gade A (2010) Mycona-
notechnology: a new and emerging science. Ap-
plied mycology CAB International New York: 258
267

Sharma VK, Yngard RA, Lin Y (2009) Silver nano-
particles: green synthesis and their antimicrobial
activities. Adv. Colloid Interface Sci. 145: 83-96
Chen X, Schluesener HJ (2008) Nanosilver: a
nanoproduct in medical application. Toxicol. Lett.
176: 1-12

Vaseeharan B, Ramasamy P, Chen JC (2010)
Antibacterial activity of silver nanoparticles
(AgNPs) synthesized by tea leaf extracts against
pathogenic Vibrio Harveyi and its protective
efficacy on juvenile Feneropenaeus indicus. Lett.
Appl. Microbiol. 50 (4): 352-356

Zhang X, Yan S, Tyagi RD, Surampalli RY (2011)
Synthesis of nanoparticles by microorganisms and
their application in enhancing microbiological
reaction rates. Chemosphere 82 (11): 489-494
Rajesh S, Raja DP, Rathi JM, Sahayaraj K (2012)
Biosynthesis of silver nanoparticles using Ulva

Nanomater Nanotechnol, 2016, 6:29 | doi: 10.5772/62644

(20]

(21]

(22]

(23]

[24]

(23]

(26]

[27]

(28]

[29]

(30]

(31]

(32]

(33]

fasciata (Delile) ethyl acetate extract and its activity
against Xanthomonas campestris pv. Malvacearum.
J. Biopest. 5: 119-128

Thakkar KN, Mhatre SS, Parikh RY (2011) Biological
synthesis of metallic nanoparticles. Nanomedicine
6 (2): 257-262

Egger S, Lehmann RP, Height MJ, Loessner MJ,
Schuppler M (2009) Antimicrobial properties of a
novel silver-silica nanocomposite material. Appl.
Environ. Microbiol. 75 (9): 2973-2976
Esteben-Tejeda L, Malpartida F, Esteban-Cubillo A,
Peccharoman C, Moya JS (2009) The antibacterial
and antifungal activity of a soda-lime glass contain-
ing silver nanoparticles. Nanotechnology 20 (8):
085103

Gajbhiye M, Kesharwani J, Ingle A, Gade A, Rai M
(2009) Fungus-mediated synthesis of silver nano-
particles and their activity against pathogenic fungi
in combination with fluconazole. Nanomedicine 5:
382-386

Verma VC, Kharwar RN, Gange AC (2010) Biosyn-
thesis of antimicrobial silver nanoparticles by
endophytic fungus Aspergillus clavatus. Biomedi-
cine 5 (1): 3340

Elechiguerra JL, Burt JL, Morones JR et al. (2005)
Interaction of silver nanoparticles with HIV-1. J.
Nanobiotechnol. 3 (6): 1-10

Kumar V, Yadav SK (2009) Plant-mediated synthe-
sis of silver and gold nanoparticles and their
applications. J. Chem. Technol. Biotechnol. 84: 151-
157

Lara HH, Ayala-nunez NV, Ixtepan-Turrent L,
Rodriguez-Padilla C (2010) Mode of antiviral action
of silver nanoparticles against HIV-1. J. Nanobio-
technol. 8: 1-10

Singh RP, Shukla VK, Yadav RS, Sharma PK, Singh
PK, Pandey AC (2011) Biological approach of zinc
oxide nanoparticles formation and its characteriza-
tion. Adv. Mater. Lett. 2 (4): 313-317

Singh M, Manikandan S, Kumarguru AK (2011)
Nanoparticles: a new technology with wide appli-
cations. Res. J. Nanosci. Nanotechnol. 1 (1): 1-11
Lu W, Lieber CM (2007) Nanoelectronics from the
bottom up. Nat Mater. 6: 841-850

Lugli P, Locci S, Erlen C, Csaba G (2010) In Nano-
technology for Electronics, Photonics, and Renew-
able Energy Molecular Electronics: Chapter 1
Challenges and Perspectives. Edited by Korkin A,
Kirstic PS, Wells JC. New York: Springer: 1-40
Karni TC, Langer R, Kohane DS (2012) The smartest
materials: the future of nanoelectronics in medicine.
ACS Nano 6: 6541-6545

Mitin VV, Kochelap VA, Stroscio MA (Eds) (2008)
Introduction to nanoelectronics: materials for
nanoelectronics. UK: Cambridge: 65-108



(36]

[49]

Mirkin CA, Letsinger RL, Mucic RC, Storhoff JJ
(1996) Nature 382, 607

Baruwati B, Polshettiwar V, Varma RS (2009)
Glutathione promoted expeditious green synthesis
of silver nanoparticles in water using Microwaves.
Green Chemistry 11: 926-930

Ahmad N, Sharma S, Singh VN, Shasmi SF, Fatma
A, Mehta BR (2011) Biosynthesis of silver nanopar-
ticles from Desmodiumtrifloxum: A novel ap-
proach towards weed utilization. Biotechnology
Research International 454090: 1-8

Murphy CJ, Gole AM, Hunyadi SE, Stone JW, Sisco
PN, Alkilany A, Kinard BE, Hankins P (2008) Chem.
Commun. 544. DOI: 10.1039/B711069C

Cao YW, Jin R, Mirkin CA (2001) DNA-Modified
Core-Shell Ag/Au Nanoparticles. ]. Am. Chem. Soc.,
123: 7961-7962

Matejka P, VIckova B, Vohlidal J, Pancoska P,
Baumuruk V (1992) The Role of Triton X-100 as an
Adsorbate and a Molecular Spacer on the Surface of
Silver Colloid: A Surface-Enhanced Raman Scatter-
ing Study. J. PhysChem. 96: 1361-1366

Kumar A, Vemula PK, Ajayan PM, John G (2008)
Nature 7,236. DOI:10.1038/nmat2099

Murphy CJ, Gole AM, Hunyadi SE, Stone JW, Sisco
PN, Alkilany A, Kinard BE, Hankins P (2008) Chem.
Commun. 544. DOI: 10.1039/B711069C

https://www silverinstitute.org/site/silver-in-
technology/silver-in-nanotechnology/ 30 January
2015.

Kasthuri J, Kanthiravan K, Rajendiran N (2008)
Phyllanthin-assisted biosynthesis of silver and gold
nanoparticles: a novel biological approach. ]J.
Nanoparticle Res. 15: 1075-1085

Nagajyothi PC, Lee KD (2011) Synthesis of plant
mediated silver nanoparticles using Dioscorea
batatas rhizome extract and evaluation of their
antimicrobial activities. ]. Nanomater. 22: 3303-3305
Gericke M, Pinches A (2009) Microbial production
of gold nanoparticles. Gold Bulletin vol. 39 no. 1: 22—
28

Harris T, Bali R (2008) On the formation and extent
of uptake of silver nanoparticles by live plants.
Journal of Nanoparticle Research vol. 10 no. 4: 691—
695

Sastry M, Ahmad A, Khan MI, Kumar R (2003)
Biosynthesis of metal nanoparticles using fungi and
actinomycete. Current Science vol. 85 no. 2: 162-170

Narayanan KB, Sakthivel N (2010) Biological
synthesis of metal nanoparticles by microbes.
Advances in Colloid and Interface Science vol. 156
no. 1-2: 1-13

Kaviya S, Santhanalakshmi ], Viswanathan B,
Muthumary J, Srinivasan K (2011) Biosynthesis of
silver nanoparticles using citrus sinensis peel

Muhammad Ashraf Sabri, Asim Umer, Gul Hameed Awan, Muhammad Faheem Hassan and Azhar Hasnain:
Selection of Suitable Biological Method for the Synthesis of Silver Nanoparticles

(50]

[51]

(53]

[56]

[57]

(58]

[59]

[60]

[61]

[62]

extract and its antibacterial activity. Spectrochimica
Acta, Part A: Molecular and Biomolecular Spectro-
scopy vol. 79 no. 3: 594-598

Dickson DPE (1999) Nanostructured magnetism in
living systems. Journal of Magnetism and Magnetic
Materials 203: 46-49

Senapati S, Mandal D, Ahmad A, Khan MI, Sastry
M, Kumar R (2004) Fungus mediated synthesis of
silver nanoparticles: a novel biological approach.
Indian Journal of Physics A 78: 101-105

Rai M, Yadav A, Gade A (2008) Current trends in
phytosynthesis of metal nanoparticles. Crit. Rev.
Biotechnol. 28 (4): 277-284

Bhattacharya D, Rajinder G (2005) Nanotechnology
and potential of microorganisms. Critical Reviews
in Biotechnology 25: 199-204

Mandal D, Bolander ME, Mukhopadhyay D, Sarkar
G, Mukherjee P (2006) The use of microorganisms
for the formation of metal nanoparticles and their
application. Applied Microbiology and Biotechnol-
ogy 69: 485-492

Mohanpuria P, Nisha K, Rana NK, Yadav SK (2008)
Biosynthesis of nanoparticles: technological con-
cepts and future applications. Journal of Nanopar-
ticle Research 10: 507-517

Jain D, Kumar Daima S, Kachhwaha S, Kothari SL
(2009) Synthesis of plant mediated silver nanopar-
ticles using Papaya Fruit Extract and Evaluation of
their Antimicrobial Activities. Digest Journal of
Nanomaterials and Biostructures 4 (3): 557-56

Saifuddin N, Wong CW, Yasumira AAN (2009)
Rapid Biosynthesis of silver nanoparticles using
culture supernatant of bacteria with microwave
irradiation. The Electronic Journal of Chemistry 6
(1): 61-70

Verma VC, Kharwa RN, Gange AC (2010) Biosyn-
thesis of antimicrobial silver nanoparticles by the
endophytic fungus Aspergillus clavatus. Journal of
Nanomedicine 5 (1): 33-40

Willner B, Basnar B, Willner B (2007) Nanoparticle—
enzyme hybrid systems for nanobiotechnology.
FEBS Journal 274: 302-309

Singh A, Jain D, Upadhyay MK, N Khandelwal,
Verma HN (2010) Green synthesis of silver nano-
particles using Argemone mexicana leaf extracts
and evaluation of their antimicrobial activities.
Digest Journal of Nanomaterials and Biostructures
5: 483-489

Satyavathi R, Krishna MB, Rao SV, Saritha R, Rao
DN (2010) Biosynthesis of silver nanoparticles using
Coriandrum sativum leaf extract and their applica-
tion in non-linear optics. Adv. Sci. Lett. 3: 1-6

Bar H, Bhui DK, Sahoo GP, Sarkar P, De SP, Misra
A (2009) Green synthesis of silver nanoparticles

15


https://www.silverinstitute.org/site/silver-in-technology/silver-in-nanotechnology/
https://www.silverinstitute.org/site/silver-in-technology/silver-in-nanotechnology/
https://www.silverinstitute.org/site/silver-in-technology/silver-in-nanotechnology/

16

[67]

[68]

[69]

[70]

[71]

(73]

[74]

(73]

[76]

using latex of Jatropha curcas. Colloids Surf. A,
Physicochem. Eng. Asp. 339: 134-139

Jha AK, Prasad K (2010) Green synthesis of silver
nanoparticles using Cycas leaf. Int. . Green Nano-
technol. Phys. Chem. 1: 110-P117

Iravani S et al. (2014) Synthesis of Silver Nanopar-
ticles: Chemical, Physical and Biological Methods.
RPS. 9 (6): 385-406

Ghorbani HR et al. (2011) Biological and Non-
Biological Methods for Silver Nanoparticles Syn-
thesis Chem. Biochem. Eng. Q. 25 (3): 317-326

Umer A et al. (2012) Selection of Suitable Method
for the Synthesis of Copper Nanoparticles. NANO:
Brief Reports and Reviews. World Scientific
Publishing Company vol. 7 no. 51230005 (18 pages)

Kaler A, Patel N, Banerjee UC (2010) Green Synthe-
sis of Silver Nanoparticles. CRIPS 2010 vol. 11 no. 4
Ahmad A, Mukherjee P, Senapati S, Mandal D,
Khan MI, Kumar R et al. (2003) Extracellular
biosynthesis of silver nanoparticles using the
fungus Fusarium oxysporum. Colloids and surfaces
B: Biointerfaces 28: 313-318

Macdonald IDG, Smith W (1996) Orientation of
Cytochrome c adsorbed on a citrate-reduced silver
colloid surface. Langmuir 12: 706-713

Ahmad A, Senapati S, Khan MI, Kumar R, Ramani
R, Srinivas V et al. (2003) Intracellular synthesis of
gold nanoparticles by a novel alkalotolerant
actinomycete, Rhodococcus species. Nanotechnol-
ogy 14: 824-828

Kumar SA, Majid Kazemian A, Gosavi SW, Sulabha
KK, Renu P, Absar A et al. (2007) Nitrate reductase-
mediated synthesis of silver nanoparticles from
AgNO3. Biotechnology Letters 29: 439-445

Korbekandi H, Ashari Z, Iravani S, Abbasi S. (2013)
Optimization of biological synthesis of silver
nanoparticles using Fusarium oxysporum. Iran. J.
Pharm. Res. 12: 289-298

Ingle A, Gade A, Pierrat S, Sonnichsen C, Rai M.
(2008) Mycosynthesis of silver nanoparticles using
the fungus Fusarium acuminatum and its activity
against some human pathogenic bacteria. Curr.
Nanosci. 4: 141-144

Vigneshwaran N, Kathe AA, Varadarajan PV,
Nachane RP, Balasubramanya R. (2006) Biomimet-
ics of silver nanoparticles by white rot fungus,
Phaenerochaete chrysosporium. Colloids and
Surfaces B: Biointerfaces 53: 55-59

Vigneshwaran N, Ashtaputre NM, Varadarajan PV,
Nachane RP, Paralikar KM, Balasubramanya R.
(2007) Biological synthesis of silver nanoparticles
using the fungus Aspergillus flavus. Materials
Letters 61: 1413-1418

Bhainsa KC, D’Souza S. (2006) Extracellular biosyn-
thesis of silver nanoparticles using the fungus

Nanomater Nanotechnol, 2016, 6:29 | doi: 10.5772/62644

[77]

(78]

[79]

(80]

(81]

(82]

(83]

(84]

(85]

(86]

(87]

Aspergillus fumigatus. Colloids and Surfaces B:
Biointerfaces 47: 160-164

Balaji DS, Basavaraja S, Deshpande R, Bedre
Mahesh D, Prabhakar BK, Venkataraman A. (2009)
Extracellular biosynthesis of functionalized silver
nanoparticles by strains of Cladosporium clado-
sporioides fungus. Colloids and Surfaces B: Bioin-
terfaces 68: 88-92

Maliszewska I, Szewczyk K, Waszak K. (2009)
Biological synthesis of silver nanoparticles. J. Phys.
Conf. Ser. 146: 1-6

Sadowski Z, Maliszewska IH, Grochowalska B,
Polowczyk I, Kozlecki T. (2008) Synthesis of silver
nanoparticles using microorganisms. Materials
Science-Poland 26: 419-424

Kathiresan K, Manivannan S, Nabeel MA, Dhivya
B. (2009) Studies on silver nanoparticles synthe-
sized by a marine fungus, Penicillium fellutanum
isolated from coastal mangrove sediment. Colloids
and Surfaces B: Biointerfaces 71: 133-137

Sanghi R, Verma P. (2009) Biomimetic synthesis and
characterisation of protein capped silver nanopar-
ticles. Bioresource Technology 100: 501-504

Mukherjee P, Ahmad A, Mandal D, Senapati S,
Sainkar SR, Khan ML, Parishcha R, Ajaykumar PV,
Alam M, Kumar R, Sastry M. (2001) Fungus-
Mediated Synthesis of Silver Nanoparticles and
Their Immobilization in the Mycelial Matrix: A
Novel Biological Approach to Nanoparticle Synthe-
sis. Nano Lett. 1: 515

Mukherjee P, Ahmad A, Mandal D, Senapati S,
Sainkar SR, Khan MI, Ramani R, Parischa R,
Ajayakumar PV, Alam M, Sastry M, Kumar R.
(2001) Bioreduction of AuCl4-ions by the fungus,
Verticillium sp. and surface trapping of the gold
nanoparticles formed. Angew. Chem. Int. Ed. 40,
3585-3588

Sukumaran Prabhu, Eldho K Poulose. (2012) Silver
Nanoparticles: Mechanism of Antimicrobial Action,
Synthesis, Medical Applications, And Toxicity
Effects. International Nano Letters 2: 32

Chen JC, Lin ZH, Ma XX. (2003) Evidence of the
production of silver nanoparticles via pretreatment
of Phoma sp. 3.2883 with silver nitrate. Lett. Appl.
Microbiol. 37: 105-108

Duran N, Marcato DP, Alves LO, De Souza G,
Esposito E (2005) Mechanical aspect of biosynthesis
of silver nanoparticles by several Fusarium oxyspo-
rum strains. J. Nanobiotechnology 3: 8-15

Duran N, Marcato Pd, De Souza Gih, Alves O],
Esposito E (2007) Antibacterial effect of silver
nanoparticles produced by fungal process on textile
fabrics and their effluent treatment. Journal of
Biomedical Nanotechnology, vol. 3, no. 2, p.
203-208.



(88]

[89]

[92]

[93]

[96]

[97]

[100]

Gardea-Torresdey JL, Gomez E, Peralta-Videa JR,
Parsons GJ, Troiani H, Jose-Yacama M (2003) Alfalfa
sprouts: a natural source for the synthesis of silver
nanoparticles. Langmuir 19: 1357

Basavaraja S, Balaji SD, Lagashetty A, Rajasabd AH,
Venkataraman A. (2008) Extracellular biosynthesis
of silver nanoparticles using the fungus Fusarium
semitectum. Mater. Res. Bull. 43: 1164-1170

Vigneshwaran N, Ashtaputre NM, Varadarajan PV,
Nachane RP, Paralikar KM, Balasubramanya RH.
(2007) Biological synthesis of silver nanoparticles
using the fungus Aspergillus flavus. Mater. Lett. 66:
1413-1418

Gade A, Ingle A, Bawaskar M, Rai M. (2009)
Fusarium solani: a novel biological agent for
extracellular synthesis of nanoparticles. J. Nano-
part. Res. 11: 2079-2085

Verma VC, Kharwar RN, Gange AC. (2010) Biosyn-
thesis of antimicrobial silver nanoparticles by the
endophytic fungus Aspergillus clavatus. Nanome-
dicine 5: 33-40

Kathiresan K, Manivannan S, Nabeel MA, Dhivya
B. (2009) Studies on silver nanoparticles synthe-
sized by a marine fungus, Penicillium fellutanum
isolated from coastal mangrove sediment. Colloid
Surface B 71: 131

Kalishwaralal K, Deepak V, Ramkumarpandian S,
Nellaiah H, Sangiliyandi G (2008) Extracellular
biosynthesis of silver nanoparticles by the culture
supernatant of Bacillus licheniformis. Mater. Lett.
62: 4411-4413

Kalishwaralal K, Deepak V, Ramkumarpandian S,
Bilal M, Gurunathan S. (2008) Biosynthesis of silver
nanocrystals by Bacillus licheniformis. Colloids and
Surfaces B: Biointerfaces 65: 150-153

Saifuddin N, Wong CW, Nur Yasumira AA (2009)
Rapid biosynthesis of silver nanoparticles using
culture supernatant of bacteria with microwave
irradiation. E-Journal of Chemistry 6: 61-70

Klaus T, Joerger R, Olsson E, Granqvist CG (1999)
Silver-based crystalline nanoparticles, microbially
fabricated. Proc. Nat'l Acad. Sci. USA 96:
13611-13614

Slawson RM, Van DM, Lee H, Trevor ] (1992)
Germanium and silver resistance, accumulation
and toxicity in microorganisms. Plasmid. 27: 73-79

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

Shahverdi AR, Minaeian S, Shahverdi HR, Jamalifar
H, Nohi A (2007) Rapid synthesis of silver nanopar-
ticles using culture supernatants of Enterobacteria:
A novel biological approach. Process Biochemistry
42:919-923

Muhammad Ashraf Sabri, Asim Umer, Gul Hameed Awan, Muhammad Faheem Hassan and Azhar Hasnain:
Selection of Suitable Biological Method for the Synthesis of Silver Nanoparticles

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

Mokhtari N, Daneshpajouh S, Seyedbagheri S,
Atashdehghan R, Abdi K, Sarkar S et al. (2009)
Biological synthesis of very small silver nanoparti-
cles by culture supernatant of Klebsiella pneumo-
nia: The effects of visible-light irradiation and the
liquid mixing process. Mater. Res. Bull. 44:
1415-1421

Mouxing FU, Qingbiao LI, Daohua SUN, Yinghua
LU, Ning HE, Xu DENG et al. (2006) Rapid prepa-
ration process of silver nanoparticles by bioreduc-
tion and their characterizations. Chinese ]J. Chem.
Eng. 14: 114-117

Nair B, Pradeep T. (2002) Coalescence of nanoclus-
ters and formation of submicron crystallites assisted
by Lactobacillus strains. Crystal Growth & Design
2:293-298

Korbekandi H, Iravani S, Abbasi S. (2012) Optimi-
zation of biological synthesis of silver nanoparticles
using Lactobacillus casei subsp. casei. J. Chem.
Technol. Biotechnol. 87: 932-937

Fu JK, Zhang WD, Liu YY, Lin ZY, Yao BX, Weng
SZ, Zeng JL (1999) Characterization of adsorption
and reduction of noble metal ions by bacteria.
Chem. J. Chin. Univ. 20: 1452-1454

Lengke FM, Fleet EM, Southam G (2007) Biosynthe-
sis of silver nanoparticles by filamentous cyanobac-
teria a from a silver (I) nitrate complex. Langmuir
23:2694-2699

Minaeian S, Shahverdi RA, Nohi SA, Shahverdi RH
(2008) Extracellular biosynthesis of silver nanopar-
ticles by some bacteria. J. Sci. I. A. U. 17 (66): 1 —4

Shahverdi AR, Minaeian S, Shahverdi HR, Jamalifar
H, Nohi A. (2007) Rapid synthesis of silver nano-
particles using culture supernatants of Enterobac-
teria: a novel biological approach. Process Biochem.
42:919

El-Shanshoury AER, El-Silk SE, Ebeid ME (2011)
Extracellular biosynthesis of silver nanoparticles
using Escherichia coli ATCC 8739, Bacillus subtilis
ATCC 6633, and Streptococcus thermophilus ESh1
and their antimicrobial activities. ISRN Nanotech-
nology 1-7

Sintubin L, De Windt W, Dick J, Mast J, van der Ha
D, Verstraete W, Boon N (2009) Lactic acid bacteria
as reducing and capping agent for the fast and
efficient production of silver nanoparticles. Appl.
Microbiol. Biotechnol. 84: 741-749

Kalishwaralal K, Deepak V, Pandiana SBRK,
Kottaisamy M, BarathManiKanth S, Kartikeyan B,
Gurunathan S (2010) Biosynthesis of silver and gold
nanoparticles using Brevibacterium casei. Colloids
and Surfaces B: Biointerfaces 77: 257-262

Nanda A, Saravanan M (2009) Biosynthesis of silver
nanoparticles from Staphylococcus aureus and its

17



18

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

antimicrobial activity against MRSA and MRSE.
Nanomed. 5: 452

Xie J, Lee JY, Wang DIC, Ting YP (2007) Silver
Nanoplates: From Biological to Biomimetic Synthe-
sis, ACS Nano 1 (5): 429-439, DOI: 10.1021/
nn7000883

Govindaraju K, Basha SK, Kumar VG, Singaravelu
G (2008) Silver, gold and bimetallic nanoparticles
production using single-cell protein (Spirulina
platensis) Geitler. ] Mater Sci. 43: 5115-5122

Roy K, Biswas S, Banerjee PC (2013) ‘Green’
Synthesis of Silver Nanoparticles by Using Grape
(Vitis vinifera) Fruit Extract: Characterization of the
Particles and Study of Antibacterial Activity.
Research Journal of Pharmaceutical, Biological and
Chemical Sciences vol. 4 (1): 1271

Gavhane AJ, Padmanabhan P, Suresh PP. Kamble SP,
Jangle SN (2012) Synthesis of Silver Nanoparticles
using Extract of Neem Leaf and Triphala and
Evaluation of their Antimicrobial Activities. Int. J.
Pharm. Bio. Sci. 2012 July 3 (3): p. 88-100

Lalitha A, Subbaiya R, Ponmurugan P (2013) Green
synthesis of silver nanoparticles from leaf extract
Azhadirachta indica and to study its anti-bacterial
and antioxidant property. Int. J. Curr. Microbiol.
App. Sci 2 (6): 228-235

Sharma S, Kumar S, Bulchandani BD, Taneja S,
Banyal S. Green Synthesis of Silver Nanoparticles
and Their Antimicrobial Activity against Gram
Positive and Gram Negative Bacteria. ISSN
2231-1238 vol. 4, no. 4 (2013), pp. 341-346

Sathyavathi, M. Balamurali K, Venugopal Rao S,
Saritha R, Narayana Rao D (2010) Biosynthesis of
Silver Nanoparticles Using Coriandrum Sativum
Leaf Extract and Their Application in Nonlinear
Optics. Adv. Sci. Lett. vol. 3 no. 2

Phanjom P, Sultana A, Sarma H, Ramchiary ],
Goswami K, Baishya P (2012) Plant-Mediated
Synthesis of Silver Nanoparticles Using Elaeagnus
Latifolia Leaf Extract. Digest Journal of Nanomate-
rials and Biostructures vol. 7 no. 3, pp. 1117-1123

Chekin F, Ghasemi S (2014) Silver Nanoparticles
Prepared in Presence of Ascorbic Acid and Gelatin,
and Their Electrocatalytic Application. Bull. Mater.
Sci. vol. 37 no. 6, pp. 1433-1437

Firdhouse M]J, Lalitha P (2013) Green Synthesis of
Silver Nanoparticles Using The Aqueous Extract of
Portulaca Oleracea (L.). Asian Journal of Pharma-
ceutical and Clinical Research vol. 6 (1)
Rodriguez-Ledn et al. (2013) Synthesis of silver
nanoparticles using reducing agents obtained from
natural sources (Rumex hymenosepalus extracts).
Nanoscale Research Letters 8: 318

Abdelmonem A, Amin RM (2014) Rapid Green
Synthesis of Metal Nanoparticles using Pomegran-

Nanomater Nanotechnol, 2016, 6:29 | doi: 10.5772/62644

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

ate Polyphenols. International Journal of Sciences:
Basic and Applied Research (IJSBAR) vol. 15 no. 1
pp- 57-65

Awwad et al. (2013) Green synthesis of silver
nanoparticles using carob leaf extract and its
antibacterial activity. International Journal of
Industrial Chemistry 4: 29

Christensen L, Vivekanandhan S, Misra M, Mohan-
ty AK (2011) Biosynthesis of silver nanoparticles
using murraya koenigii (curry leaf): An investiga-
tion on the effect of broth concentration in reduction
mechanism and particle size. Adv. Mat. Lett. 2 (6):
429-434

Elizondo N, Segovia P, Coello V, Arriaga ], Belmares
S, Alcorta A, Hernandez F, Obregon R, Torres E,
Paraguay F. Green Synthesis and Characterizations
of Silver and Gold Nanoparticles, Green Chemistry
- Environmentally Benign Approaches, Dr. Mazaa-
hir Kidwai (Ed.), (2012). ISBN: 978-953-51-0334-9.
InTech. Available from: http://www.intechop-
en.com/books/green-chemistry-environmentally-
benign-approaches/green-synthesis-
andcharacterization-of-gold-and-silver-
nanoparticles

Kamali M, Ghorashi SAA, Asadollahi MA, (2012)
Controllable Synthesis of Silver Nanoparticles
Using Citrate as Complexing Agent: Characteriza-
tion of Nanoparticles and Effect of pH on Size and
Crystallinity. Iranian Journal of Chemistry and
Chemical Engineering (IJCCE) Volume 31, Number
4; Page(s) 21 To 28

Rout Y, Behera S, Ojha AK, Nayak PL (2012) Green
synthesis of silver nanoparticles using Ocimum
sanctum (Tulashi) and study of their antibacterial
and antifungal activities. Journal of Microbiology
and Antimicrobials vol. 4 (6) pp. 103-109

Lalitha P et al. (2012) Novel synthesis of silver
nanoparticles using leaf ethanol extract of Pisonia
grandis (R. Br). Der Pharma Chemica 4 (6):
2320-2326

Ahmad N, Sharma S (2012) Green Synthesis of
Silver Nanoparticles Using Extracts of Ananas
Comosus. Green and Sustainable Chemistry 2:
141-147

Kalaiarasi R etal. (2013) A rapid biological synthesis
of silver nanoparticles using leaf broth of Rauvolfia
tetraphylla and their promising antibacterial
activity. Indo American Journal of Pharm. Research
3(10)

Bhati-Kushwaha H, Malik CP (2014) Biosynthesis of
Silver Nanoparticles using fresh extracts of Tridax
Procumbens Linn. Indian Journal of Experimental
Biology vol. 52 pp. 359-368

Loo YY, Chieng BW, Nishibuchi M, Radu S (2012)
Synthesis of silver nanoparticles by using tea leaf



[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

extract from Camellia Sinensis. International
Journal of Nanomedicine 7: 4263-4267

Yasin S, Liu L, Yao ] (2013) Biosynthesis of Silver
Nanoparticles by Bamboo Leaves Extract and Their
Antimicrobial Activity. Journal of Fiber Bio engi-
neering and Informatics 6 (1): 77-84

Lu B et al. (2011) Determination of flavonoids and
phenolic acids in the extract of bamboo leaves using
near-infrared spectroscopy and multivariate
calibration. African Journal of Biotechnology 10:
8448-8455

Lu BY, Wu XQ, Tie XW, Zhang Y, Zhang Y (2005)
Toxicology and safety of anti-oxidant of bamboo
leaves. Part 1: Acute and subchronic toxicity studies
on anti-oxidant of bamboo leaves. Food Chem.
Toxicol. 43: 783-792

LuB, Wu X, ShiJ, Dong Y, Zhang Y (2006) Toxicolo-
gy and safety of antioxidant of bamboo leaves Part 2:
Developmental toxicity test in rats with antioxidant
ofbambooleaves. Food Chem. Toxicol. 44:1739-1743
Egorova EM, Revina AA (2000) Synthesis of metal-
lic nanoparticles in reverse micelles in the presence
of quercetin. Colloids Surfaces A: Physicochem. Eng.
Asp. 168:87-96

Kulkarni AP, Srivastava AA, Harpale PM, Zunjar-
rao RS (2011) Plant mediated synthesis of silver
nanoparticles - tapping the unexploited sources. J.
Nat. Prod. Plant Resour. 1 (4): 100-107

Sasikala A, Savithramma N (2012) Biological
Synthesis of Silver Nanoparticles from Cochlosper-
mum Religiosum and their Antibacterial Efficacy. ].
Pharm. Sci. & Res. vol. 4 (6): 1836 -1839

Zain NM, Stapley AGF, Shama, G (2012) Green
synthesis of silver and copper nanoparticles using
ascorbic acid and chitosan for antimicrobial appli-
cations. Carbohydrate Polymers 112 pp. 195- 202

Forough M, Farhadi K. Biological and Green
Synthesis of Silver Nanoparticles. 6th Nanoscience
and Nanotechnology Conference (NanoTRVI).
Izmir, Turkey. June 15-18, 2010

Banerjee et al. (2014) Leaf extract mediated green
synthesis of silver nanoparticles from widely
available Indian plants: synthesis, characterization,
antimicrobial property and toxicity analysis.
Bioresources and Bioprocessing 1: 3

Ahmad N et al. (2014) Novel Rapid Biological
Approach for Synthesis of Silver Nanoparticles and
Its Characterization. Int. J. Pharmacol. Pharm. Sci.
(1) 1:28-31

Rao P, Chandraprasad MS, Lakshmi YN, Rao J,
Aishwarya P, Shetty S. (2014) Biosynthesis of Silver
Nanoparticles using Lemon Extract and its Anti-
bacterial Activity. Int. J. of Multidisciplinary and
Current research, Jan/Feb 2014. ISSN: 2321-3124

Dondaa MR, Kudlea KR, Alwalaa J, Miryalaa A,
Sreedharb B, Rudraa MPP (2013) Synthesis of silver

Muhammad Ashraf Sabri, Asim Umer, Gul Hameed Awan, Muhammad Faheem Hassan and Azhar Hasnain:
Selection of Suitable Biological Method for the Synthesis of Silver Nanoparticles

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

nanoparticles using extracts of Securinega leucopy-
rus and evaluation of its antibacterial activity. Int. J.
Curr. Sci. 7: E1-8

Chowdhury IH, Ghosh S, Roy M, Naskar MK (2014)
Green synthesis of water-dispersible silver nano-
particles at room temperature using green caram-
bola (star fruit) extract. J. Sol-Gel Sci. Technol. DOI
10.1007/s10971-014-3515-1

Gardea-Torresdey JL, Gomez E, Peralta-Videa JR,
Parsons JG, Troiani H, Jose-Yacaman M (2003)
Alfalfa sprouts: a natural source for the synthesis of
silver nanoparticles. Langmuir 19: 1357-1361

Shankar SS, Ahmad A, Sastry M (2003) Geranium
leaf assisted biosynthesis of silver nanoparticles.
Biotechnol. Prog. 19: 1627

Bar H, Bhui KD, Sahoo PG, Sarkar P, De PS, Misra
A (2009) Green synthesis of silver nanoparticles
using latex of Jatropha curcas. Colloids Surfaces A:
Physicochem. Eng. Asp. 339: 134-139

Mallikarjuna K, Dillip GR, Narasimha G, Sushma
NJ, Raju BDP (2012) Phytofabrication and charac-
terization of silver nanoparticles from Piper betle
broth. Res. J. Nanosci. Nanotechnol. 2: 17-23

Jain D, Kumar Daima H, Kachhwaha S, Kothari SL
(2009) Synthesis of plantmediated silver nanoparti-
cles using papaya fruit extract and evaluation of
their anti microbial activities. Digest Journal of
Nanomaterials and Biostructures 4: 557-563

Kasthuri J, Veerapandian S, Rajendiran, N (2009)
Biological synthesis of silver and gold nanoparticles
using apiin as reducing agent. Colloid. Surfaces B
68: 55

Ahmad N, Sharma S, Singh VN, Shamsi SF, Fatma
A, Mehta BR (2011) Biosynthesis of silver nanopar-
ticles from Desmodium triflorum: a novel approach
towards weed utilization. Biotechnology Research
International 1-8, DOI 10.4061/2011/454090

Mallikarjuna K, Narasimha G, Dillip GR, Praveen B,
Shreedhar B, Sree Lakshami C, Reddy BVS, Raju
BDP (2001) Green Synthesis of Silver Nanoparticles
Using Ocimum Leaf Extract and Their Characteri-
zation. Dig. J. Nanomater. Bios. 6: 181

Sathyavathi R, Krishna MB, Rao SV, Saritha R, Rao
DN (2010) Biosynthesis of silver nanoparticles using
Coriandrum sativum leaf extract and their applica-
tion in nonlinear optics. Adv. Sci. Lett. 3: 138-143

Udayasoorian C, Vinoth Kumar R, Jayabalakrishn-
an M (2011) Extracellular synthesis of silver nano-
particles using leaf extract of Cassia auriculata. Dig.
J. Nanomater Bios. 6 (1): 279-283

Sathishkumar M, Sneha K, Won SW, Cho C-W, Kim
S, Yun Y-S (2009) Cinnamon zeylanicum bark
extract and powder mediated green synthesis of
nanocrystalline silver particles and its bactericidal

19



20

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

activity. Colloids Surfaces. B: Biointerfaces 73: 332—
338

Klaus T, Joerger R, Olsson E, Granqvist CG (1999)
Silver-based crystalline nanoparticles, microbially
fabricated. Proc. Nat'l. Acad. Sci. US.A. 96:
13611-13614

Feng QL, Wu ], Chen GQ, Cui FZ, Kim TN, Kim JO
(2000) A mechanistic study of the antibacterial effect
of silver ions on Escherichia coli and Staphylococ-
cus aureus. J. Biomed. Mater. Res. 52: 662-668
Mukherjee P, Ahmad A, Mandal D, Senapati S,
Sainkar SR, Khan MI, Parishcha R, Ajaykumar PV,
Alam M, Kumar R, Sastry M (2001). Fungus-
mediated synthesis of silver nanoparticles and their
immobilization in the mycelial matrix: a novel
biological approach to nanoparticle synthesis. M.
Nano Lett. 1: 515-519

Shankar SS, Ahmad A, Sastry M (2003) Geranium
leaf assisted biosynthesis of silver nanoparticles.
Biotechnol. Prog. 19: 1627-1631

Sastry M, Ahmad A, Khan MI, Kumar R (2003).
Biosynthesis of metal nanoparticles using fungi and
actinomycete. Curr. Sci. 85: 162-170
Gardea-Torresdey JL, Gomez E, Peralta-Videa JR,
Parsons ]G, Troiani H, Jose-Yacaman M (2003).
Alfalfa Sprouts: A Natural Source for the Synthesis
of Silver Nanoparticles. Langmuir 19: 1357-1361
Chen JC, Lin ZH, Ma XX (2003) Evidence of the
production of silver nanoparticles via pretreatment
of Phoma sp.3.2883 with silver nitrate. Lett. Appl.
Microbiol. 37: 105-108

Duran N, Marcato PD, Alves OL, De Souza GIH,
Esposito E (2005) Mechanistic aspects of biosynthe-
sis of silver nanoparticles by several Fusarium
oxysporum strains. ]. Nanobiotechnol. 3: 1-7
Bhainsa KC, D’Souza SF (2006) Extracellular
biosynthesis of silver nanoparticles using the

Nanomater Nanotechnol, 2016, 6:29 | doi: 10.5772/62644

[169]

[170]

[171]

[172]

[173]

[174]

[175]

fungus Aspergillus fumigatus Colloids Surf B:
Biointerfaces 47: 160-164

Morones JR, Elechiguerra JL, Camacho A, Holt K,
Kouri JB, Ramirez JT, Yacaman M. J (2005) The
bactericidal effect of silver nanoparticles. Nanotech-
nology 16: 2346-2353

Ahmad A, Mukherjee P, Mandal D, Senapati S,
Khan MI, Kumar R, Sastry M (2002) Enzyme
mediated extracellular synthesis of CdS nanoparti-
cles by the fungus, Fusarium oxysporum. J. Am.
Chem. Soc. 124: 12108-9

Bansal V, Rautaray D, Ahmad A, Sastry M (2004)
Biosynthesis of zirconia nanoparticles using the
fungus Fusarium oxysporum. J. Mater. Chem. 14:
3303-5

Mukherjee P, Senapati S, Mandal D, Ahmad A,
Khan MI, Kumar R, Sastry M (2002) Extracellular
synthesis of gold nanoparticles by the fungus
Fusarium oxysporum. Chembiochem. (2002) 3:
461-3

Kumar SA, Ayoobul AA, Absar A, Khan M (2007)
Extracellular biosynthesis of CdSe quantum dots by
the fungus, Fusarium oxysporum. J. Biomed.
Nanotechnol 3: 190-4

Silver S (2003) Bacterial silver resistance: molecular
biology and uses and misuses of silver compounds.
FEMS Microbiol. Rev. 27 (2-3) 341-353

Mukherjee P, Ahmad A, Manda 1 D, Senapati S,
Sainkar SR, Khan MI, Parishcha R, Ajaykumar PV,
Alam M, Kumar R, Sastry M (2001) Fungus-
mediated synthesis of silver nanoparticles and their
immobilization in the mycelial matrix: a novel
biological approach to nanoparticle synthesis. Nano
Lett. 1 (10): 515-519



