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Abstract  The field of nanotechnology has created great interest among researchers 
due to its remarkable outcomes in different fields of optoelectronics, medical, phar-
maceuticals, chemical, and agricultural importance. It is an emerging cutting-edge 
technology involving different methodologies for the synthesis of nanoparticles 
of particular size and shapes. Development of experimental protocols for synthe-
sis of metal nanoparticles of specific size and shape is a necessary advancement 
of nanotechnology. Although physical and chemical methods have been success-
fully used to synthesize metal nanoparticles, there is a persistent necessity to 
develop eco-friendly and sustainable techniques for the synthesis of nanoparticles. 
Biosynthesis of nanoparticles using a number of fungi, bacteria, actinomycetes, 
lichen, and viruses have been reported till date but the plant system has emerged as 
an efficient system due to its distinctive characters like easy availability, low cost, 
green approach, simpler downstream processing, etc. In the plant system, biosyn-
thesis process is more useful if nanoparticles are produced extracellularly using 
plants or their extracts and in a controlled approach related to their size, dispersity, 
and shape. Plant system can also be suitably scaled up for large-scale synthesis of 
nanoparticles. However, some aspects like role of different biomolecules in synthe-
sis of nanoparticles, understanding the biological mechanism of synthesis process 
needs to be considered elaborately. In this chapter, we have discussed briefly about 
plants as a prominent tool for the synthesis of metal nanoparticles. Moreover, dif-
ferent methods of synthesis of nanoparticles, different mechanisms involved in the 
synthesis process, and also the potential applications of metal nanoparticles have 
also been discussed.
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12.1 � Introduction

Nanotechnology is an interdisciplinary field of science including physics, chem-
istry, biology, and material science. The nanoparticles are an indispensable part 
of nanotechnology (Parashar et al. 2009a; Bankar et al. 2010; Zhang et al. 2011; 
Mahdavi et  al. 2013). Engineered metal nanoparticles are produced by a num-
ber of physical and chemical methods. However, these methods are harmful 
as the chemicals used are generally toxic, flammable, and not easily disposable 
due to environmental issues, expensive, and have low production rate (Kasthuri 
et al. 2008; Bankar et al. 2010; Nagajyothi and Lee 2011). Thus, instead of using 
toxic chemicals for the synthesis of metal nanoparticles, the use of biologi-
cal entities has received substantial consideration in the field of nanobiotechnol-
ogy (Logeshwari et al. 2013). The biological methods for the synthesis of metal 
nanoparticles are regarded as safe, cost-efficient, sustainable, and toward greener 
approach (Marchiol 2012). Hence, extensive contribution have been made to 
employ biological systems for the synthesis of metal nanoparticles at ambi-
ent temperature and pressure conditions without the use of any toxic chemicals 
and also without production of any poisonous byproducts (Kumar and Yadav 
2009; Satyavathi et  al. 2010; Gopalkrishnan et  al. 2012). A variety of microor-
ganisms including bacteria, fungi, and yeasts have been harnessed as potential 
nanofactories for intra and extracellular synthesis of metal nanoparticles (Sharma 
et  al. 2009; Mallikarjuna et  al. 2011; Renugadevi and Aswini 2012; Iravani and 
Zolfaghari 2013). However, the use of plant system for the production of metal 
nanoparticles is an upcoming research field (Iravani 2011). The use of plants for 
the synthesis of metal nanoparticles offers an environment friendly, cost-effective, 
and legitimate alternative for large-scale production of metal nanoparticles 
(Marchiol 2012; Logeshwari et al. 2013).

The present chapter deals with the use of plants for the synthesis of metal nano-
particles and the several aspects related to the process, the mechanism of synthesis 
in plants, and the applications of the system.

12.2 � Plants as the System of Choice

Among the different living systems harnessed for the synthesis of metal nanoparti-
cles, plants have found predominant application in the synthesis process as the use 
of plants for the biosynthesis of metal nanoparticles could be beneficial compared 
to other biological agents (Rai et al. 2008; Mude et al. 2009; Jha and Prasad 2010; 
Duran et al. 2011; Renugadevi and Aswini 2012; Dinesh et al. 2012). In the case 
of plant systems, the elaborate process of maintaining cell cultures is eliminated 
(Marchiol 2012). Also, biological synthesis of metal nanoparticles involves synthe-
sis in a controlled manner according to their size, dispersity, and shape (Shankar 
et al. 2004; Ankamwar et al. 2005; Parashar et al. 2009a, b).
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The plant system can also be duly scaled up for large-scale synthesis of nano-
particles (Rai et  al. 2008). Different metals especially silver and gold have been 
extensively studied for the phytosynthesis of metal nanoparticles employing plant 
extracts and plant biomass (Marchiol 2012; Mahdavi et  al. 2013) (Fig.  12.1). 
It has been depicted that many plant species can actively uptake and bioreduce 
metal ions from soil and solutions during detoxification process and thereby form 
insoluble complexes with the metal ion in the form of nanoparticles (Goldsbrough 
2000). This natural phenomenon of heavy metal tolerance of plants attracted 
researchers to explore the related biological mechanisms as well as physiology 
and genetics of metal tolerance in hyperaccumulator plants (Baker and Brooks 
1989; Memon and Schröder 2008). Thus, the researchers concentrated on the use 
of plants with potential in phytomining and phytoremediation of heavy metals in 
order to phytosynthesize metallic nanoparticles. Gardea-Torresdey et al. (2002) 
presented the first report of synthesis of nanoparticles using alfalfa seedlings 
which is considered as a hyperaccumulator plant. It was revealed that gold nano-
particles, ranging in size from 2 to 20 nm, could be synthesized inside live plants.

Also, trending research in biosynthesis of nanometals using plant extracts, fruit 
extract, and bark and root extracts has opened a new era in easy, fast, and eco-
friendly methods for the synthesis of metal nanoparticles (Sharma et  al. 2009; 
Thakkar et  al. 2010; Iravani et  al. 2011; Iravani and Zolfaghari 2013). Many 
researchers have explored the phytosynthesis of metal nanoparticles using differ-
ent plant extracts and their potential applications (Gardea-Torresdey et  al. 2002; 
Shankar et  al. 2004; Chandran et  al. 2006; Harris and Bali 2007; Haverkamp 
and Marshall 2009; Mude et  al. 2009; Jha and Prasad 2010; Duran et  al. 2011; 
Renugadevi and Aswini 2012; Dinesh et al. 2012; Mahdavi et al. 2013).

Thus, green nanotechnology has involved a lot of interest of researchers 
compared to other biological systems and includes a wide range of procedures 
that reduce or eliminate toxic substances to restore the environment. Also, the 
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Fig. 12.1   Different methods of synthesis of metal nanoparticles using plant system
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phytosynthesis of metal nanoparticles using plant extracts and other parts of living 
plants has become a current substitute for the production of metal nanoparticles. 
As phytosynthesis of metal nanoparticles involves use of environmental friendly, 
nontoxic, and safe reagents.

12.2.1 � Mechanism of Synthesis

The precise mechanism for the formation of metal nanoparticles using plants is 
not yet known, nor investigated in depth (Rai et al. 2008; Haverkamp and Marshall 
2009). Biosynthesis of metal nanoparticles is a bottom-up approach of synthesis 
where reduction/oxidation is the main reaction by which synthesis takes place 
(Marchiol 2012). Various microorganisms such as bacteria, fungi, and yeasts are 
considered as nanofactories for intra- and extracellular synthesis of metal nanopar-
ticles (Lovley et al. 1987; Ahmad et al. 2003; Husseiny et al. 2007; Singaravelua 
et al. 2007). Whereas, use of plant system for biosynthesis of metal nanoparticle is 
a comparatively new and under advancement research technique (Marchiol 2012).

The bioreduction of metal nanoparticles in plants occurs by a combination of 
bioactive compounds present in plant extracts like enzymes, proteins, amino acids, 
vitamins, polysaccharides, etc. (Iravani 2011). Several researchers have reported 
efficient and rapid extracellular synthesis of silver, gold, copper, and gold nanoparti-
cles using extracts of several plants; for example, Aloe vera (Chandran et al. 2006), 
Medicago sativa (Gardea-Torresdey et al. 2002), Azadirachta indica (Shankar et al. 
2004), Avena sativa (Armendariz et al. 2004), Emblica officinalis (Ankamwar et al. 
2005), Humulus lupulus (Rai et  al. 2006), Spinacia oleracea and Lactuca sativa 
(Kanchana et  al. 2011), Capsicum annum (Jha and Prasad 2011), Tridax procum-
bens (Gopalkrishnan et al. 2012), and Sargassum muticum (Mahdavi et al. 2013).

Shankar et al. (2004) employed neem (A. indica) leaf extract for the synthesis 
of silver nanoparticles. The FTIR spectra showed the presence of reducing sugars 
and flavones or terpenoids in the sample. Hence, it was supposed that the reducing 
sugars are responsible for the reduction of silver ion to silver nanoparticles while 
the flavones or terpenoids act as the capping agent. The TEM images of the reac-
tion mixture gave a picture of synthesis of polydisperse spherical nanoparticles. 
While, the XRD spectra confirmed the crystalline nature of nanoparticles.

Capsicum annum extract was used by Li et al. (2007) for the synthesis of sil-
ver nanoparticles. The fruit extract depicted rapid change in coloration from green 
to dark-brown marking synthesis of silver nanoparticles. The UV-visible spectra 
demonstrated peak at 440  nm and the TEM images confirmed the synthesis of 
spherical nanoparticles. In this study, mechanism of recognition-reduction-lim-
ited nucleation and growth for the synthesis of nanoparticles was proposed by the 
authors. It was projected that the silver ions undergo electrostatic interaction with 
the proteins present in the extract which leads to the formation of silver complex. 
Further, the flexible linkages of proteins and other biomolecules lead to the syn-
thesis of stable spherical nanoparticles (Fig. 12.2).
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Bioactive compound phyllanthin isolated from Phyllanthus amarus was har-
nessed by Kasthuri et al. (2008) for the biosynthesis of silver nanoparticles. In the 
study, UV-visible absorbance peak at 439 nm with a shift at 446 nm was observed 
and the TEM analysis of the nanoparticles depicted synthesis of quasispherical 
nanoparticles with average size about 30  nm. The cyclic voltammetry measure-
ments showed that upon addition of phyllanthin extract to the reaction medium, 
the cathodic peak gets shifted toward the negative direction suggesting that the sil-
ver nanoparticles gets stabilized by the phyllanthin extract. The FTIR spectra also 
revealed that the –OCH3 group of the phyllanthin extract plays a leading role in 
the formation and stabilization of nanoparticles (Fig. 12.3).

In a similar way, latex extract of Jatropha curcas was also harnessed for the 
synthesis of silver nanoparticles by Bar et  al. (2009a). The HRTEM images of 
the study illustrated two broad range distributions of nanoparticles, with diame-
ter 20–30  nm and some larger diameter an uneven shapes. The XRD spectra of 
the biosynthesized silver nanoparticles revealed the crystalline nature of silver 
nanoparticles, the EDX spectra also showed strong signal of silver. The latex of 
J. curcas was observed to curcacycline A, curcacycline B, and curcain. Thus, it 
was hypothesized that the silver ions get entrapped into the core structure of cur-
cacycline A or curcacycline B and get reduced and stabilized in situ by the amide 
group which results in the formation of silver nanoparticles and the enzyme cur-
cain functions as a stabilizing agent of the nanoparticles.

Bar et al. (2009b) used the seed extract of J. curcas for the synthesis of silver 
nanoparticles. The UV-visible spectra of the silver nanoparticles depicted an 
absorbance peak at 425 nm and the HRTEM and XRD studies also showed pre-
dominant synthesis of spherical nanoparticles with polycrystalline nature. The 
FTIR study of the biosynthesized silver nanoparticles demonstrated that the amide 
groups were responsible for the reduction of silver ions while, the proteins acted 
as stabilizing agent for the nanoparticles.

Fig. 12.2   Schematic representation of mechanism of synthesis of silver nanoparticles (Li et al. 
2007, Reproduced with permission from Royal Society of Chemistry)
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Singh et al. (2011) also harnessed latex of Calotropis procera for biosynthesis 
of zinc oxide (ZnO) nanoparticles. The TEM and SEM studies of the biosynthe-
sized nanoparticles depicted formation of spherical-shaped nanoparticles, granular 
in nature, and average size 5–40 nm. The XRD study also revealed the presence of 
crystalline-natured zinc oxide nanoparticles. In the above study, latex of C. pro-
cera plant was supposed to be the reducing as well as the stabilizing agent for the 
synthesis of zinc oxide nanoparticles.

Yadav and Rai (2011) demonstrated the synthesis of silver nanoparticles using 
Holarrhena antidysenterica and studied the mechanistic aspects related to it. In 
the study, the authors proposed the possible role of terpenoids for the bioreduction 
of silver ions. The proteins were observed to act as an encapsulating and stabi-
lizing agent to protect agglomeration of silver nanoparticles. The ESI (Elemental 
Spectroscopy Imaging) analysis of the silver nanoparticles also confirmed the sta-
bilization of nanoparticles by proteins. The FTIR spectra of the silver nanoparti-
cles depicted well-known signatures of amide linkages in proteins.

Green synthesis of palladium (Pd) nanoparticles was depicted by Petla et  al. 
(2012) using Glycine max (soyabean) leaf extract. The change in coloration of 
the soyabean leaf extract after treatment with palladium ions from orange to dark-
brown was marked as the synthesis of Pd nanoparticles. The UV-vis spectra at 
420 nm also confirmed the formation of nanoparticles. The authors believed that 
the proteins and some of the amino acids present in the leaf extract were responsi-
ble for the synthesis of Pd nanoparticles. The FTIR analysis also corroborated that 
the amino acids were not only involved in the synthesis process but also acted as 
surfactants inhibiting rapid agglomeration of nanoparticles.

Fig. 12.3   Schematic representation of formation of phyllanthin stabilized gold and silver nano-
particles (Kasthuri et al. 2008, Reproduced with permission from Springer.com)
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Tridax procumbens was exploited for the synthesis of copper oxide nanoparticles 
by Gopalkrishnan et  al. (2012). In the study, the authors observed that the water 
soluble carbohydrates present in plants were responsible for the reduction of cop-
per ions and formation of copper oxide nanoparticles. The antibacterial activity of 
copper oxide nanoparticles was also checked against E. coli. It was found that nan-
oparticles at concentration of 20 µg cm−3 inhibited 65 % bacterial growth while, 
nanoparticles at a concentration of 30 µg cm−3 inhibited 100 % bacterial growth.

Mahdavi et al. (2013) exploited green biosynthesis method for reduction of fer-
ric chloride solution with brown seaweed (BS, S. muticum). The water extract of 
brown seaweed containing sulfated polysaccharides was considered as the main 
factor which acted as the reducing agent and efficient stabilizer for iron oxide 
nanoparticles. The structure and properties of the iron oxide nanoparticles were 
investigated using X-ray Diffraction, Fourier Transform Infrared Spectroscopy, 
Field Emission Scanning Electron Microscopy (FESEM), Energy Dispersive 
X-ray Fluorescence Spectrometry (EDXRF), Vibrating Sample Magnetometry 
(VSM), and Transmission Electron Microscopy. The average particle diameter of 
iron oxide nanoparticles was found to be 18 ± 4 nm. The X-ray diffraction study 
showed that the nanoparticles are crystalline in nature, with a cubic shape.

Iravani and Zolfaghari (2013) synthesized silver nanoparticles using Pinus 
eldarica bark extract. The effects of quantity of the extract, substrate concentra-
tion, temperature, and pH on the formation of silver nanoparticles were also 
studied. The TEM images depicted that biosynthesized silver nanoparticles were 
predominantly spherical in shape with approximately size range of 10–40 nm.

Logeswari et  al. (2013) reported biosynthesis of silver nanoparticles by com-
mercially available plant powders, such as Solanum tricobatum, Syzygium cumini, 
Centella asiatica, and Citrus sinensis. The characterization of silver nanoparticles 
was done by UV–Vis Spectrophotometer, X-Ray Diffractometer (XRD), Atomic 
Force Microscopy (AFM), and Fourier Transform Infrared (FTIR) Spectroscopy. 
The AFM study showed irregular shapes of silver nanoparticles, and the size was 
found to be 53, 41, 52, and 42  nm, corresponding to S. cumini, C. sinensis, S. 
tricobatum and C. asiatica, respectively. The FTIR Spectroscopy confirmed the 
presence of protein as the stabilizing agent surrounding the silver nanoparticles.

12.3 � Applications

•	 Metal nanoparticles offer great interest in different disciplines including 
biotechnology/biomedicine, bioremediation, agriculture, catalyst, biosensors, etc. 
Functionalized nanoparticles present immense potential in catalysis, bio-labeling, 
and bioseparation (Gupta et al. 2012).

•	 Nanotube membranes are harnessed as channels for separation of molecules and 
ions between solutions hence, used as biomembranes. These nanotube biomem-
branes separate nanoparticles based on their size while, membrane with dimen-
sion 20–60 nm can be used to separate proteins (Gupta et al. 2012).
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•	 Magnetic nanoparticles are used as effective molecular carrier for gene sepa-
ration. Magnetic nanoparticles also show potential application in drug deliv-
ery. In this process, magnetic nanoparticles are injected to drug molecule to 
be attached, these particles are then guided toward the chosen site under local-
ized magnetic field and can carry large doses of drugs (Lu et al. 2007; Perez-
Martinez et al. 2012).

•	 Application of metal nanoparticles as catalyst is an immensely growing field. 
Nanoparticles due to their distinctive properties form an ideal component for 
catalyst. Platinum and gold bimetallic nanoparticles are used as electrocata-
lyst for polyelectrolyte fuel cells for the conversion of exhaust heat to energy 
(Toshima 2013). Titanium, gold, and silver heterostructures have also depicted 
electrochemical properties and are thus used as a photocatalyst (Zhang et  al. 
2013; Kawamura et al. 2013).

•	 Metal nanoparticles have also depicted biological applications like silica-coated 
nanoparticles are biocompatible structures used in artificial implants and drug 
delivery due to their high stability, surface properties, and compatibility (Dikpati 
et al. 2012; Perez-Martinez et al. 2012). Polyethylenimine-derived (PEI) nano-
particles and dendrimers have also shown applications like gene delivery, cataly-
sis, and electronics (Perez-Martinez et al. 2012; Dikpati et al. 2012).

•	 Magnetite nanoparticles demonstrate application in wastewater treatment and 
removal of heavy metals from water through single-step removal of some model 
organophosphorus pesticide from water along with some microorganisms (Das 
et al. 2009). Magnetite nanoparticles are also harnessed as adsorbents for sepa-
rating and removing the contaminants in water by applying external magnetic 
fields (Carlos et al. 2013).

•	 Metal nanoparticles with unique properties also offer use in the detection and 
destroying of pesticides (Argay et  al. 2012). The optical properties of nano-
particles related to their size and surface helps in the detection of pesticides. 
However, for destruction of pesticides photocatalytic oxidation method employ-
ing titanium nanoparticles is used (Argay et al. 2012).

12.4 � Future Prospects and Conclusion

Varying number of chemical, physical, and biological methods are used for the pro-
duction of metal nanoparticles. But, most of these methods are still in the develop-
ment stage and thus problems are faced regarding the stability and aggregation of 
metal nanoparticles and morphology and size distribution. It is observed that the 
metal nanoparticles synthesized by plants are more stable in comparison with those 
produced by other organisms. Plants reduce metal ions faster than fungi or bacteria. 
In addition, use of plants offers an easy and safe green method to scale-up produc-
tion of well-dispersed metal nanoparticles. Hence, researchers have focused their 
attention on understanding the biological mechanisms and enzymatic processes for 
synthesis of metal nanoparticle using plants and detection of biomolecules involved 
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in the synthesis of metallic nanoparticles. Many biomolecules present in plant 
extracts like proteins/enzymes, amino acids, polysaccharides, alkaloids, alcoholic 
compounds, and vitamins are found to be involved in bioreduction, formation, and 
stabilization of metal nanoparticles. The future investigations related to the use of 
plant system would focus toward the optimization of reaction conditions and engi-
neering the recombinant organisms for production of high amounts of proteins, 
enzymes, and biomolecules involved in biosynthesis and stabilization of nanopar-
ticles. Understanding the biochemical processes/pathways involved in plant heavy 
metal detoxification, accumulation, and resistance will also be studied to improve 
nanoparticle production. Genetic modification of plants with improved metal toler-
ance and accumulation capacities is also a future approach to increase the produc-
tion of metal nanoparticle synthesis.
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