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Abstract Nanotechnology is a new and emerging
technology with wealth of applications. It involves the
synthesis and application of materials having one of
the dimensions in the range of 1-100 nm. A wide
variety of physico—chemical approaches are being
used these days for the synthesis of nanoparticles
(NPs). However, biogenic reduction of metal precur-
sors to produce corresponding NPs is eco-friendly, less
expensive, free of chemical contaminants for medical
and biological applications where purity of NPs is of
major concern. Biogenic reduction is a “Bottom Up”
approach similar to chemical reduction where a
reducing agent is replaced by extract of a natural
products with inherent stabilizing, growth terminating
and capping properties. Furthermore, the nature of
biological entities in different concentrations in com-
bination with reducing organic agents influence the
size and shape of NPs. Present review focuses on
microbes or plants based green synthesis of Ag, Au,
Cu, Fe, Pd, Ru, PbS, CdS, CuO, CeO,, Fe;04, TiO,,
and ZnO NPs and their potential applications.
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Introduction

Nanoparticles (NPs) having one of the dimension in
the range of 1-100 nm act as a bridge between bulk
materials and atomic or molecular structures (Kaushik
et al. 2010). They possess remarkable and interesting
properties owing their small sizes, large surface area
with free dangling bonds and higher reactivity over
their bulk cousins (Kubik and Sugisaka 2002; Daniel
and Astruc 2004; Zharov et al. 2005). Since the
nineteenth century scientists have been well aware of
the ability of biological entities to reduce metal
precursors but the mechanisms are still unexplored.
The progress of efficient green synthesis utilizing
natural reducing, capping and stabilizing agents
without the use of toxic, expensive chemicals and
high energy consumption have attracted researchers
towards biological methods (Mukherjee et al. 2001;
Mohanpuria et al. 2008; Korbekandi et al. 2009;
Luangpipat et al. 2011; Dhillon et al. 2012; Aru-
mugama et al. 2015).

Rapid industrialization, urbanization and popula-
tion explosion are resulting in deterioration of earth
atmosphere and a huge amount of hazardous and
unwanted substances are being released. It is now high
time to learn about the secrets that are present in the
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nature and its natural products which lead to advance-
ments in the synthesis processes of NPs. Furthermore,
NPs are widely applied to human contact areas and
there is a growing need to develop processes for
synthesis that do not use harsh toxic chemicals.
Therefore, green/biological synthesis of NPs is a
possible alternative to chemical and physical methods.

The first question related with production of green
nanomaterials is “Why are biological-synthesized
NPs so interesting and gaining importance nowa-
days?” The unique properties of the NPs synthesized
by biological methods are preferred over nanomate-
rials produced from physico—chemical methods. NPs
may be synthesized following physico—chemical
methods (Singh et al. 2015a). However, these methods
are capital extensive with many problems including
use of toxic solvents, generation of hazardous by-
products and the imperfection of the surface structure
(Li et al. 2011). Chemical methods are generally
composed by more than one chemical species or
molecules that could increase the particle reactivity
and toxicity and might harm human health and the
environment due to the composition ambiguity and
lack of predictability (Li et al. 2011).

The particles produced by green synthesis differ
from those using physico—chemical approaches.
Green synthesis, a bottom up approach, is similar to
chemical reduction where an expensive chemical
reducing agent is replaced by extract of a natural
product such as leaves of trees/crops or fruits for the
synthesis of metal or metal oxide NPs. Biological
entities possess a huge potential for the production of
NPs. Biogenic reduction of metal precursors to
corresponding NPs is eco-friendly (Jayaseelana et al.
2012), sustainable (Gopinath et al. 2014), free of
chemical contamination (Chandran et al. 2006; Huang
et al. 2007), less expensive (Mittal et al. 2013) and can
be used for mass production (Iravani 2011). Moreover,
the biological production of NPs allows recycle of
expensive metal salts like gold and silver contained in
waste streams. These metals have limited resources
and have fluctuating prices (Wang et al. 2009). We
may get green NPs with the desired properties. The
biological molecules, mostly proteins, enzymes, sug-
ars and even whole cells, that stabilize NPs easily
allow NPs to interact with other biomolecules and thus
increase the antimicrobial activity by improving the
interactions with microorganisms (Botes and Cloete
2010). The biological formation of NPs permits easy
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separation of the NPs from the reaction media or up-
concentration by centrifugation (Sintubin et al. 2009).
Biogenic silver NPs when compared to chemically-
produced NPs showed 20 times higher antimicrobial
activity (Sintubin et al. 2011). The choice of plant
extracts to produce NPs is based on the added value of
the biological material itself. The algal cells of
Spirulina platensis was chosen because in addition
to possessing reducing agent it also exhibits pharma-
ceutical and nutraceutical properties (Govindaraju
et al. 2008).

Unicellular bacteria and extracts of multi-cellular
eukaryotes in the reaction processes reduce metal
precursors into NPs of desire shapes and sizes
(Kaushik et al. 2010). In addition to this, biological
entities possess capping and stabilizing agents
required in as growth terminator and for inhibiting
aggregation/agglomeration process (Kharissova et al.
2013). The nature of biological entities and its
concentrations in combination with organic reducing
agents influence the size and shape of NPs (Aromal
et al. 2012). Moreover, size and shape of NPs strongly
depend on the growth medium parameters such as pH,
temperature, salt concentration and exposure time
(Gericke and Pinches 2006; Dwivedi and Gopal 2010).
Bio-reduction of metal precursors takes place either
in vitro or in vivo for the synthesis of nanomaterials.
However, enzymes, proteins, sugars, and phytochem-
icals, like flavonoids, phenolics, terpenoids, cofactors
etc., mainly act as reducing and stabilizing agents
(Kaushik et al. 2010; Kharissova et al. 2013).

The in vivo production of NPs have been reported
using bacteria, yeast, fungi, algae and plants (Torresdy
et al. 2003; Narayanan and Sakthivel 2010; Duran
etal. 2011; Lloyd et al. 2011; Kharissova et al. 2013).
Mostly biological extracts are used for in vitro syn-
thesis, which involves the purification of bio-reducing
agents and mixing it into an aqueous solution of the
relevant metal precursor in controlled manner. The
reaction occurs spontaneously at room temperature
(Rajakumara et al. 2012) but sometimes additional
heating and stirring are needed (Sankar et al. 2014).
Among the biological entities mentioned above, plants
or their extracts seem to be the best agents because
they are easily available, suitable for mass production
of NPs and their waste products are eco-friendly (Lee
et al. 2011) unlike some microbial extracts.

Despite a great deal of research in nanotechnology
using physico—chemical approaches, synthesis of
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silver (Ag) and gold (Au) NPs are widely exploited
using green synthesis. However, a relatively modest
number of studies have attempted to elucidate the
biosynthesis and potential applications of other metal-
lic and semiconductor NPs. This review presents an
overview on biosynthesis of various metallic and
semiconductor NPs viz. Cu, Fe, Pd, Ru, PbS, CdS,
CuO, CeO,, Fe;0,4, TiO,, and ZnO NPs with an
emphasis on their applications in biotechnology.

Green production of nanoparticles and their
impacts

NPs synthesis may generally follow either a “Top
Down” approach or “Bottom Up” approach (Fig. 1).
In “Top Down” approach NPs are produced by size

Fig. 1 Generalized flow
chart of various physico—
chemical approaches of
nanoparticles synthesis with
highlighting of biological

Top down

reduction and is achieved by various physical and
chemical methods (Singh et al. 2010). In “Bottom
Up” synthesis, NPs are produced from small entities,
like atoms and molecules, where the main reaction is
reduction/oxidation. In this greener route, NPs are
obtained with minimum defects and homogenous
chemical composition. In the synthesis of NPs by
biological methods, microorganisms as well as plant
extracts are widely used (Dameron et al. 1989;
Sweeney et al. 2004; Bharde et al. 2005; Vignesh-
waran et al. 2006; Lee et al. 2011; Joglekar et al. 2011;
Gopinath et al. 2014). The possible mechanism of
synthesis of NPs by biological method is presented in
Fig. 2.

The specific characteristics of the organisms such
as biochemical pathways, phytochemical contents and
enzyme activities and conditions for cell growth as
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well as optimal reaction are to be considered for
selection of the best organisms or its extracts (Ahmad
et al. 2003). Some organisms used for the production

of NPs are listed in the Tables 1 and 2.

Titanium dioxide (TiO,)

Synthesis of TiO, NPs (36-38 nm, spherical) using a
leaf extract of Eclipta prostrata was carried out at

Table 1 Biological entities which synthesize metal oxides nanoparticles with their size, shape and brief experiments

Biological entities

Precursors, conditions

NPs?, size and
shape

Key aspects

Ref®

Aeromonas
hydrophila
(bacterium)

Aloe barbadensis
(plant) Source gel

Aspergillus flavus
(fungus)

Bacillus mycoides
(bacterium)

Bacillus subtilis
(bacterium)

Bacteria strains
NS2 and NS6
(bacterium)

Cassia alata (plant)
Source flower

Cassia auriculata
(plant) Source
flower

Catharanthus
roseus (Vinca
rosea) (plant)
Source leaves

Euphorbia
condylocarpa
(plant) Source
root

Gloriosa superba
(plant) source
leaves

Gloriosa superba
(plant) Source
leaves

Camellia sinensis
(plant) Source
leaves

Gum karaya (plant)
Source Gum

Humicola sps
(fungus)

ZnO, 24 h at 30 °C

Zn(NO3),, 5-6 h at
150 °C
TiO, at 37 °C

TiO(OH),, 12 h at
37 °C

K,F¢Ti, 48 h

PbCl,, CaSOy, 24 h at
37 °C

CuSOQy, 45 min at
80 °C

ZnNOs;, 60-80 °C

TiO,, 4 h at 50 °C

PdCl, and
FCC136H20, at
60 °C

CuNOs3, 3-4 min at
400 °C

CeCls, 4-6 h at 80 °C

Zn(0,CCH3)2(H20),
Over night at 60 °C

CuCl,-2H,0, 1 h at
75 °C

CeN309’6H20, at
50 °C

ZnO,
57-72 nm,
spherical
7n0O,
25-40 nm
TiO,,
62-74 nm,
oval
TiO,,
40-60 nm,
spherical
TiO,,
10-30 nm,
spherical

PbS, 40-70 nm

CuO,
110-280 nm,
spherical

ZnO

TiO,,
25-110 nm,
irregular

Pd/Fe;0,, Avg
39 nm

CuO, 5-10 nm,
spherical

Ce0,, Avg
5 nm,
spherical

Zn0, Avg
16 nm

CuO, Avg
4.8 nm

C302,
12-20 nm,
spherical

Exhibited antimicrobial activity against both
bacteria (Pseudomonas aeruginosa) and
fungi (Aspergillus flavus)

Size control by varying concentrations of leaf
broth solution

Effective against S. aureus

Used to synthesize green solar cell and
effective against E. coli (BW25113)

Suppress aquatic biofilm growth

Bioremediation without producing toxic
chemicals to the environment

Pale green colour after 2 h indicated formation
of NPs and may have wide application in
medicine

Renewable leaf extract of test plant can be
used as an effective stabilizing as well as
reducing agent for the synthesis of NPs

Effective against Hippobosca maculate and
Bovicola ovis

Magnetically recoverable and recyclable
catalyst

Effective against S. aureus and Klebsiella
aeroegenes

Uneven ridges and oxygen defects made NPs
toxicological behaviour

Effective against Klebsiella pneumonia

Antimicrobial activity against E. coli (MTCC
443)

Capping protein made NPs H,O disperse and
favourable for medical applications

Jayaseelana et al.
(2012)

Gunalan et al.
(2011)

Rajakumara
et al. (2012)

Aenishanslins
et al. (2014)

Dhandapani
et al. (2012)

Singh and Naraa
(2013)

Jayalakshmi and
Yogamoorthi
(2014)

Ramesh et al.
(2014)

Velayutham
et al. (2012)

Nasrollahzdeha
et al. (2015a)

Naikaa et al.
(2015)

Arumugama
et al. (2015)

Senthilkumar
and Sivakumar
(2014)

Vellora et al.
(2013)

Khan and
Ahmad (2013)
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Table 1 continued

Biological entities Precursors, conditions NPs?, size and ~ Key aspects Ref®
shape

Malva sylvestris CuCl,-2H,0, 2 min at CuO, 5-30 nm, Effective against both gram +ve and —ve Awwad et al.
(plant) Source 80 °C spherical bacteria (2015)
leaves

Phyllanthus amarus CuSQOy, 7 h at 130 °C  CuO, 20 nm, Effective than rifampicin against B. subtilis Acharyulu et al.
(plant) Source spherical (2014)
leaves

Rhodobacter CdCl,, 3648 h at CdS, Size of NPs increased with the increase in Bai et al. (2009)
sphaeroides 30 °C 2.3-36.8 nm, culture time
(bacterium) Spherical

Oryza sativa (plant) TiO,(OH),, Until gel  TiO,, Modification of the pore volume and size and Ramimoghadam
Source straw formed at 80 °C 13 £ 3.3 nm decreasing the particle size enhanced the et al. (2014)

surface area which made TiO, NPs highly
potential photocatalyst

# Nanoparticles

® References

room temperature from titanium hydroxide
[TiO(OH),] solution (Rajakumar et al. 2012). The
reduction was attributed to the stretching of carboxyl
(COOH) and amine (-NH,) groups present in the
extract. The authors of this study observed that the
produced NPs may have a great scope in the fields of
coating, cosmetics, food additive, etc. Sankar et al.
(2014) reported the possibility of amide, carboxyl and
nitro groups, from Azadirachta indica leaf extract in
the synthesis of TiO, NPs of 124 nm average size with
spherical shape. They also investigated the role of NPs
as effective photo-catalyst towards the remediation of
pollution.

Environmental isolate Bacillus mycoides was used
to produced TiO, NPs (40-60 nm, spherical) at room
temperature in the presence of TiO(OH), (Aenis-
hanslins et al. 2014). These NPs are now used in
construction of green solar cells and were found to
inhibit the growth of E. coli. In a separate report of
bacterial synthesis of NPs, Bacillus subtilis, when
exposed to potassium hexafluorotitanate (K,TiFg),
reduced the metal precursors to TiO, NPs (10-30 nm,
spherical) with improved poly-dispersity (Dhandapani
et al. 2012). This study demonstrated that H,O, in the
vicinity of NPs suppressed the growth of aquatic
biofilm.

Rajakumara et al. (2012) reported the synthesis of
TiO, NPs (62-74 nm, oval and spherical) using
Aspergillus flavus as a reducing and capping agent.
The resulting NPs have antimicrobial activity against

@ Springer

Streptomyces aureus, E. coli, Klebsiella pneumoniae
and B. subtilis. Rice straw as a lignocellulosic waste
material has been used for production of TiO, NPs by
a sol—gel method and further modification of the pore
volume and size and decreased particle size enhanced
the surface area which made TiO, NPs highly
potential photocatalyst (Ramimoghadam et al. 2014).
Anwar et al. (2010) used a sucrose ester-mediated
hydrothermal processing route to produce TiO, NPs.
Furthermore, they reported the changes in shape of
NPs from needle to rod, rod to spherical by increase in
temperature.

Bio-reduction activity of leaf extract of Catharan-
thus roseus resulted in synthesis of TiO, NPs of
25-110 nm size and irregular shape at 50 °C (Ve-
layutham et al. 2012). The produced NPs exhibited
parasitic activity against sheep-biting lice Bovicola
ovis and Hippobosca maculata. Highly stable and
uniform TiO, NPs (100-150 nm) are produced by
using 0.4 M of titanium tetraisopropoxide and Nyc-
tanthes arbor-tristis leaf extract (Sundrarajan and
Gowri 2011).

Copper (Cu) and copper oxide (CuO)

Copper NPs with an average particle size less than 2 nm
were prepared using non toxic L-ascorbic acid which
acted as reducing agent and stabilizer (Xiong et al.
2011). Aloe leaf extract and copper sulfate (Cu,SO,)
solution under vigorous stirring at 130 °C for 7 h
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Table 2 Biological entities which synthesize pure metal nanoparticles with their size and shape and brief experiments
Biological Precursors, conditions NP?, size and shape Key aspects Ref®
entities
Catharanthus Pd(OAc) 2 h at 60 °C Pd 38 nm, spherical Effective in textile effluent remediation Kalaiselvi
roseus (plant) et al.
Source leaves (2015)
Cocos nucifera Pb(COOH), at 37 °C Pb 47 nm Absorption of carcinogenic dye Elango and
(plant) Roopan
(2015)
Croton AgNO; at 29 °C Ag, 22-52 nm, Effective against S. aureus, E .coli, B. Subtilis. Kathiravan
sparsiflorus spherical Dark brown colour indicated formation of et al.
(plant) Source NPs (2015)
leaves
Olive (plant) AgNO;5 24 h Ag, 20-25 nm, Effective against drug resistance bacterial Khalil et al.
Source leaves spherical isolates (2014)
Volvariella HAuCl,-3H,0 and Ag and Au, Au NPs are bound to proteins through free Philip
volvacea AgNO;3, 2.5 and 6 h 20-150 nm, amino groups and silver NPs through the (2009a)
(fungus) for Au and Ag triangular, carboxylate group of the amino acid residues
respectively spherical,
hexagonal
Honey Bee HAuCl4, 30 min at pH3 Au, Avg 15 nm Use of animal product Philip
(animal) Source (2009b)
honey
Dioscorea AgNO; Ag, flower, Antimicrobial activity against C. albicans and  Nagajyothi
batatas (plant)  A¢ 25 and 80 °C spherical S. cerevisiae and Lee
Source rhizome (2011)
Citrus (plant) AgNO;, 25 and 60 Ag, 35 and 10 nm,  Effective against E. coli than S. aureus Kaviyaa
Source peel Spherical et al.
(2011)
Sorghum (plant)  FeCl; and AgNO3;, 1 h  Fe and Ag, Avg Environmental remediation and treatment of Njagi et al.
Source bran at 37 °C 50 nm hazardous waste (2011)
powder
Eucalyptus FeSO,, At 37 °C Fe, 20-80 nm 71.7, 30.4 and 84.5 % N, P and COD Wang et al.
(plant) Source respectively were removed from (2014a)
leaves contaminated water
Green tea and FeSO,4 30 min at 37 °C  Fe, 20-80 nm, Remediation of nitrate contaminated sites Wang et al.
Eucalyptus spherical (2014b)
(plants) Source
leaves
Sargassum FeCl36H,0 90 min Fe, Avg 18 nm, Recycled and removed by magnetic device Mahdavi
muticum cubic et al.
(algae) (2013)
Carica papaya FeCl36H,0 Few min at  Fe, Avg 33 nm, Rapid method. Black colour indicated Latha and
(plant) Source 37 °C spherical formation of NPs a Gowri
leaves (2014)
Streptomyces sp.  MnSO, and ZnSO, Mn and Zn, Produced Mn and Zn NPs by same procedure =~ Waghmare
(bacterium) 4 days at 35 °C 10-20 nm et al.
(2011)
Gloriosa superba RuCl; 20 min at 100 °C  Ru, Avg 36 nm Effective against gram +ve than gram —ve Gopinath
(plant) Source bacteria et al.
leaves (2014)

* Nanoparticles

b
References
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resulted in synthesis of mono-disperse CuO NPs
(Gunalan et al. 2012a, b). The particles has spherical
shape and ranged in size from about 15-30 nm.

The CuO NPs (5-10 nm, spherical) have been
prepared by using 1 ml plant extract and cupric nitrate
Cu(NO3), in homogenous mixture at 400 °C for
3-4 min (Naikaa et al. 2015). The NPs possessed
good antibacterial activity against pathogenic bacteria
such as Staphylococcus aureus and Klebsiella aeroe-
genes. Aqueous solution of Cu,SO,4 when treated with
the Cassia alata flower extract produced stable CuO
NPs (110-280 nm, spherical) within 45 min (Jayalak-
shmi and Yogamoorthi 2014). The leaf extract of
Malva sylvestris has been used as a reducing agent in
the extracellular synthesis of CuO NPs (5-10 nm,
spherical) (Awwad et al. 2015). The particles had
antimicrobial activity against both Gram-positive and
Gram-negative bacteria.

Mixtures with various concentrations 1, 2 and
3 mM of CuCl,.H,0 and Gum karya at 10 mg/ml kept
at 75 °C at 250 rpm for 1 h in an orbital shaker
produced CuO NPs of 4.8, 55 and 7.8 nm size
respectively (Vellora et al. 2013). It is evident that the
increase in concentration of precursor enhances the
particle size. Acharyulu et al. (2014) used a leaf
extract of Phyllanthus amarus to produce CuO NPs
(20 nm, spherical). The NPs were shown to be greater
antibacterial activity against B. subtilis in comparison
to rifampicin.

Zinc oxide (ZnO)

Extracellular synthesis of ZnO NPs (25-40 nm,
spherical) is possible by reduction of aqueous Zn™
with an extract of Aloe vera (Gunalan et al. 2011). The
size of NPs varies with concentrations of leaf broth
solution. Cassia auriculata flower extract was used for
treatment of aqueous solution of Za(NO3), to synthe-
size stable ZnO NPs with average size between 110 to
280 nm (Ramesh et al. 2014). The biocidal activity of
green-synthesized ZnO NPs was higher against vari-
ous pathogens as compared with ZnO NPs synthesized
by a chemical method (Gunalan et al. 2012a, b).
Aeromonas hydrophila could synthesize ZnO NPs
(57.7 nm, spherical) that exhibited antimicrobial
activity against Pseudomonas aeruginosa and Asper-
gillus flavus (Jayaseelana et al. 2012). Senthilkumar
and Sivakumar (2014) reported the green tea-mediated
synthesis of ZnO NPs (16 nm). These particles had
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activities against Aspergillus flavus and Klebsiella
pneumoniae. ZnO NPs (30-35 nm, spongy shape)
have been synthesized using a leaf extract of Hibiscus
rosa-sinesis at 100 °C until a deep yellow paste
developed (Devi and Gayathri 2014). The synthesis of
manganese and zinc NPs using Streptomyces sp
(HBUN 17119) was reported by Waghmare et al.
(2011).

Cerium oxide (CeO,)

Priya et al. (2014) used Aloe barbadensis gel and
Ce(NOj3)3.6H,O to produce uniformly spherically
shaped CeO, NPs with an average size of 63.3 nm.
Extract of Gloriosa superba leaf has been used to
produce CeO, NPs (Arumugama et al. 2015). These
NPs (5 nm, spherical) displayed excellent antibacte-
rial properties. The samples exhibited blue green
emission at 486 nm due to presence of an oxygen
vacancy and oxygen interstitial defects. The toxico-
logical behavior of NPs was due to small size, with
uneven ridges and oxygen defects. Synthesis of cerium
oxide NPs via food and their neurotoxicity effects was
reported by Darroudi et al. (2014).

Khan and Ahmed (2013) reported fungal mediated
biosynthesis of biomedically important CeO, NPs
(12-20 nm, spherical). They established that the
capping protein made the NPs water dispersible with
clinical application for treatment of diseases by
producing ROS. A simple one step, eco-friendly,
bio-organic agarose polymer based synthesis of CeO,
NPs (10 nm) has been reported by Kargara et al.
(2015). The authors observed that the NPs above
200 °C possessed high homogeneity with the cubic
fluorite structure and exhibited no significant cyto-
toxic effect on the 1929 cell line at different concen-
trations, thus have viable applications in different
fields of medicine.

Iron (Fe) and its oxides

The rapid biosynthesis of B-iron oxide NPs (<100 nm)
was done by adding Eucalyptus globulus leaf extract
in the aqueous solution of FeCl; (Balamurugan 2014).
In an another rapid single step, green synthesis of Fe
and Ag NPs occurred using aqueous sorghum extracts
as both reducing and capping agent (Njagi et al. 2011).
The produced NPs effectively catalyzed H,O, degra-
dation which made them useful for environmental
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remediation and treatment of hazardous waste. FeCl;
and the extracts of different parts of plants were used
to produce Fe NPs at 50-60 °C (Shah et al. 2014). The
authors reported that stem and leaf extracts of
Calotropis procera did not produce NPs while the
stem extract of Euphorbia produced NPs of minimum
ranging 13-21 nm with spherical morphology.

Spherical Fe NPs were synthesized via a facile one-
step green method using Eucalyptus leaf extract for
treatment of eutrophic waste water (Wang et al.
2014a). They reported that 72 % of total nitrogen,
30 % of total phosphorus, 85 % of chemical oxygen
demand (COD) were removed respectively by the
produced NPs. Thus NPs may play great role in
remediation of waste water. In another experiment,
Wang et al. (2014b) synthesized Fe NPs (20-80 nm,
spherical) using extract of green tea and eucalyptus. Fe
NPs were reactive towards nitrate in comparison to the
traditional chemically prepared Fe;O4 NPs. The
biologically produced NPs showed significant in situ
remediation of waste water especially in nitrate
contaminated sites.

Machado et al. (2013) synthesized zero-valent iron
NPs of spherical shape within size 10-30 nm using
1 ml of plant extract and 20 pl of an iron (III) solution.
The better extractions may be obtained by leaves with
low moisture content at 80 °C. The aqueous extract of
brown seaweed contains sulphated polysaccharides as
reducing and stabilizer agent that have resulted in the
synthesis of Fe;04 NPs (Mahdavi et al. 2013). The
bioactivity of NPs (18 £ 4 nm, cubic structure)
against microbe was comparably higher than the
particles synthesized via chemical method. The
authors also observed that magnetic NPs can be
removed or recycled in the medium using simple
magnetic device.

In an elegant study, Balamurughan et al. (2014)
reported the rapid biological synthesis of iron oxide
NPs (20-47 nm, irregular) using leaves of Ocimum
sanctum. The phenolic compounds and proteins
present in extract were mainly responsible for
reduction of ferrous ions. Latha and Gowri (2014)
reported the use of an extract of Carica papaya
leaves as an effective reductant for making Fe;O4
NPs (33 nm, spherical) at normal room temperature.
Synthesis of iron oxide NPs using aqueous extracts
of monocotyledonous plant Hordeum, (<30 nm,
unstable) and dicotyledonous plant  Rumex,

(1040 nm, highly stable) has been reported by
Makarov et al. (2014).

Cadmium sulfide (CdS)

Cadmium sulfide (CdS) NPs (100-200 nm, spherical)
were produced under ambient conditions using immo-
bilized fungus Coriolus versicolor (Sanghi and Verma
2009).The fungus on exposure to toxic Cd** without
an external source of sulphur, transformed toxic Cd to
non-toxic CdS NPs and thus has great scope in
remediation of toxic metals from soils. Conditions
have also been standardized for the synthesis of
semiconductor CdS NPs, 4.93 and 3.75 nm, using
low-cost green and reproducible Lactobacillus sp. and
Saccharomyces cerevisiae respectively (Prasad and
Jha 2010). Immobilized Rhodobacter sphaeroides has
been used to produce CdS NPs with average size of
2.3, 6.8 and 36.8 nm at time interval of 36,42 and 48 h
respectively (Bai et al. 2009). A simple green route for
synthesis of CdS NPs (15-18 nm) using starch as a
capping agent was successfully demonstrated (Wei
et al. 2004).

Silver (Ag) and gold (Au)

The leaf extract of Croton sparsiflorus has been used to
synthesis Ag NPs (22-52 nm, spherical shape) and the
assemblies of spherical NPs seemed to be effective
against S. aureus, E. coli, B. subtilis (Kathiravan et al.
2015). In another experiment a hot water extract of olive
leaf was used for the production of Ag NPs (20-25 nm,
spherical). The authors confirmed that the produced NPs
possess good antibacterial activity against drug resis-
tance bacterial isolates (Khalil et al. 2014).

Philip (2009a) reported the extracellular synthesis
of Ag, Au and Au-Ag NPs (20-150 nm, triangular,
spherical, and hexagonal) using water and an extract
of Volvariella volvacea, an edible mushroom. Honey-
mediated biosynthesis of Au NPs was reported by
Philip (2009b). A rhizome extract of Dioscorea
batatas was used for production of Ag NPs (Naga-
jyothi and Lee 2011). The authors further reported that
S. cerevisiae, Candida albicans were more suscepti-
ble to Ag NPs produced at room temperature than at
80 °C. Ag NPs (62-74 nm, oval and spherical) were
produced using citrus peel as a reducing and capping
agents (Kaviyaa et al. 2011).
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Palladium (Pd)

Palladium (Pd) NPs are of interest because of their
catalytic properties and affinity for H,. Kanchana et al.
(2010) reported the synthesis of Pd NPs using Solanum
trilobatum. Catharanthus roseus leaf extract also has
potential for the formation of Pd NPs because of
phenolics responsible for reducing the Pd to zero
valency (Kalaiselvi et al. 2015). The produced NPs are
effective in dye degradation at pH 8 thus used in textile
effluent remediation. Extracts from commercial prod-
ucts, like coffee and tea, were used in NPs synthesis.
Pd and Ag NPs of 20-60 nm in size with cubic
symmetry were synthesized from coffee and tea
extract using PdCl, and AgNOj as precursor salt at
room temperature (Nadagouda and Varma 2008).
They suggested the method may be extended for other
nobel metals such as Au and Pt.

Root extract of Euphorbia condylocarpa synthesized
Pd/Fe;O4 NPs with an average size of 39 nm (Nasrol-
lahzadeha et al. 2015a). The NPs were magnetically
recoverable and served as a recyclable catalyst for
phosphate-free  Sonogashira—and Suzuki-coupling
reactions. Nasrollahzadeha et al. (2015b) synthesized
Pd NPs (2.5-14 nm, spherical) using a leaf extract of
Hippophae rhamnoides. The authors explored that the
produced NPs may be used as recyclable catalyst for
Suzuki-coupling reactions. Pd NPs (15 nm) were
synthesized using a leaf extract of Glycine max (Petla
et al. 2012).

Lead sulfide (PbS) and ruthenium (Ru)

Bacterial strains NS2 and NS6 have been used for the
extracellular synthesis of lead sulfide (PbS) NPs
(Singh and Naraa 2013). The authors demonstrated
bioremediation technique that converted the toxic
heavy metal Pb into less toxic PbS NPs. The
methanolic extract of Cocos nucifera was employed
as reducing and capping agent in the synthesis of Pb
NPs that had an average diameter of 47 nm (Elango
and Roopan 2015). The particles showed photocat-
alytic absorption of Malachite Green dye, a carcino-
genic dye with a good antimicrobial activity against S.
aureus.

Gopinath et al. (2014) reported an eco-friendly
approach for the synthesis of ruthenium NPs (36 nm)
using a leaf extract of Gloriosa superba. The NPs
interference with the membrane especially gram
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positive bacteria leads to cell death because of
structural changes.

Characterization

Once the NPs are synthesized, their conformational
details about shape, size, dispersity, homogeneity as
well as surface morphology are determined by using
various techniques. The common techniques of char-
acterizing NPs are as follows: UV-Vis absorption
spectroscopy, X-ray diffraction (XRD), Fourier trans-
mission infrared (FTIR) spectroscopy, dynamic light
scattering (DLS), energy dispersive X-ray analysis
(EDAX), scanning electron microscopy (SEM), trans-
mission electron microscopy (TEM), etc.

UV-Vis spectra were employed to examine the size
and shape of NPs in aqueous suspension (Rajesh et al.
2009). Wavelengths from 300 to 800 nm are normally
used for characterization of NPs ranging in size from
about 2-100 nm (Feldheim and Foss 2002). UV-Vis
spectra of the ZnO particles synthesized using Aloe vera
extract exhibited strong UV absorption spectra with the
absorption peak ranging from 358 to 375 nm due to its
surface plasmon resonance (Gunalan et al. 2011).

The morphology and size of NPs are usually
characterized by SEM and TEM (Schaffer et al.
2009). Electron microscopy analysis displayed ZnO
NPs (25-55 nm), which is in agreement with the XRD
analysis (Gunalan et al. 2011). SEM and TEM analysis
of green synthesized carbon nanotubes were covered
completely with polyaniline layers (Nguyen and Shim
2015). In TEM analysis, TiO, particles were agglom-
erated mostly spherical in shape in the range of
10-30 nm. Furthermore, the selected area electron
diffraction (SAED) analysis indicated a crystalline
shape (Dhandapani et al. 2012).

XRD gives information about translational sym-
metry, size and phase identification of metallic NPs
(Sun et al. 2000). X-rays penetrate into the nanoma-
terials and the obtained diffraction pattern is compared
with standards to get structural information. XRD
peaks located at angles (260) of 28.51, 33.06 and 47.42
corresponding to 111, 200 and 220 planes and the
standard diffraction peaks show the face-centre cubic
phase of CeO, NPs (Arumugama et al. 2015). XRD
study confirmed the presence of crystalline pattern of
Pb NPs and the average particle size 47 nm using
Scherer equation (Elango and Roopan 2015).
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FTIR spectroscopy is used to determine the nature
of functional groups or metabolites present on the
surface of NPs which might be responsible for
reduction and stabilization of NPs (Sankar et al.
2014). Functional group bands observed at 3450, 3266
and 2932 cm™' have been assigned to stretching
vibrations of the amines, O—H stretching of alcohols
and C-H stretching of alkanes respectively for NPs
using Aloe vera leaf extracts and the peaks in the
region between 600 and 400 cm ™" are allotted to ZnO
(Gunalan et al. 2011). The FTIR spectrum of Ag NPs
synthesized using Solanum torvum leaf extract exhib-
ited peaks at 1648, 1535, 1450 and 1019 cm ! and the
peak at 1450 cm ™! of carboxylate ions were said to be
responsible for stabilizing the Ag NPs (Govindaraju
et al. 2010).

The DLS and EDAX are exercised to analyse the
size distribution dispersed in liquid and the elemental
constituents of NPs respectively (Jiang et al. 2009;
Strasser et al. 2010).

Applications of green nanotechnology

In the last decade, there has been a dramatic increase in
scientific publications in the field of nanotechnology.
Green-synthesized nanomaterials play significant
roles in application of nanotechnology to diverse
fields. Green nanotechnology refers to the formation
of green nano-products and use of these products to
achieve sustainable development.

Green synthesized NPs play significant roles in
medicines, clinical applications and in vitro diagnostic
applications (Gunalan et al. 2012a, b; Khan and
Ahmad 2013; Jayalakshmi and Yogamoorthi 2014;
Arumugama et al. 2015; Kargara et al. 2015). NPs
synthesized via green methods show excellent
antibacterial effects (Jayaseelana et al. 2012; Rajaku-
mara et al. 2012; Mahdavi et al. 2013; Acharyulu et al.
2014; Gopinath et al. 2014; Naikaa et al. 2015; Awwad
et al. 2015), antifungal effects (Sanghi and Verma
2009) and anti-parasitic activity (Velayutham et al.
2012).

Green nanoparticles have been exploited. Gus-
seme et al. (2010) reported the use of biogenic silver
produced using Lactobacillus fermentum for the
removal of viruses from drinking water. Aquapure
and QSI-Nano, are commercially available for
home-water purification systems containing silver

as a disinfectant (Maynard 2007). Magnetotactic
bacteria (MTB) NPs are utilized for gene delivery
and PEl-associated MTB-NPs to deliver f-galac-
tosidase plasmids both in vitro and in vivo (Xie
et al. 2009). Co-transfection of small interfering
RNA (siRNA) with quantum dots by standard
transfection techniques has led the formation of
photostable fluorescent NPs that help in tracking the
delivery of nucleic acid, the degree of transfection
in cells and in purifying homogeneously silenced
sub populations (Chen et al. 2005). NPs in the size
range of 1-100 nm readily bind with the HIV-1
virus on gpl20 glycoprotein knobs. This specific
interaction of NPs inhibits the virus from binding to
host cells, thus help prevent and control of HIV
infection (Elechiguerra et al. 2005).

NPs can cause cell wall damage, membrane
damage or produce free radicals resulting in induc-
tion of oxidative, DNA or electron transport chain
damage consequently leads to bacterial death
(Chaloupka et al. 2010; Gopinath et al. 2014).
Schematic representation of cellular uptake of NPs
and the mechanism of toxicity of NPs against
bacteria is presented in Fig. 3.

Nanomaterials or their products are useful in
environmental remediation (Njagi et al. 2011). In
these greener routes, organisms or their products or
NPs clean hazardous waste sites (Kalaiselvi et al.
2015; Elango and Roopan 2015) and treat pollutants
(Sankar et al. 2013; Singh and Naraa 2013). Green
nanomaterials have a wide scope in the treatment of
surface water, groundwater and wastewater contam-
inated by toxic metal ions, organic and inorganic
solutes and microorganisms (Dhandapani et al. 2012).
Self-cleaning nanoscale surface coatings may elimi-
nate many cleaning chemicals used in regular main-
tenance routines (Elango and Roopan 2015). Fe NPs
are of considerable interest because of their rapidly
developing applications for disinfection of water and
remediation of heavy metals from soils (Wang et al.
2014a, b; Mahdavi et al. 2013).

NPs are alternatives to pesticides in control and
management of plant disease (Khot et al. 2012; Singh
et al. 2015a, b) and they also act as effective fertilizers
(Kottegoda et al. 2011) which were eco-friendly and
increase crop production. Magnetite (Fe;Q,4)/greigite
(FesS,4) and siliceous material produced using bacteria
and diatoms respectively are successfully used in
optical coatings for solar energy applications and as
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Fig. 3 Schematic representation of cellular uptake of nanoparticles and the mechanism of particle induced toxicity against bacteria

ion insertion materials for electrical battery applica- Conclusions and future prospective

tions (Joerger et al. 1999) Nanoscale catalysts form

chemical reactions more efficient and less wasteful Production of NPs using extracts from natural sub-
(Nasrollahzadeha et al. 2015b). stances is emerging as an important area in
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nanotechnology. The use of natural resources for
production of NPs is sustainable, eco-friendly, inex-
pensive and free of chemical contaminants for
biological and medical applications where purity of
NPs is of major concern. Useful and common nano-
materials can be produced easily on large scale. The
biological methods do not need harsh or toxic
chemicals. The waste products of plant extracts are
non toxic and easier to dispose off. Furthermore, NPs
synthesized via green route are more stable and
effective in comparison with those produced by
physico—chemical methods.

The majority of greener synthetic efforts reported
earlier are dedicated to Ag and Au NPs, which may be
due to their importance in disinfection science. This
report devoted to several other metals and its oxides
NPs viz. Fe, Pd, Ru, PbS, CdS, CuO, CeO,, TiO,, and
ZnO NPs synthesized by biological methods which
have imperative roles in human welfare.

A considerable number of efforts have been taken
in order to obtain secondary metabolites from the
extract of natural products which may act as reducing,
stabilizing and capping agents in the synthesis process
of nanomaterials. Capping and stabilizing agents
present in biological entities act as growth terminator
and inhibits agglomeration processes and thus
enhances the stability and persistence of NPs. The
nature of biological entities in different concentrations
with combination of organic reducing agents influ-
ences the size and shape of NPs.

The most of these investigations have been carried
out in research laboratories in small scale but
researchers are engaged to explore the potential and
application of NPs at large scale in agricultural field,
environment, health science and many more to fulfill
the future demands of growing population of world
and to provide best service for human welfare.
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