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Chapter 11
Phytosynthesis of Nanoparticles
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Abstract  Increasing pressure to develop green and eco-friendly methods for 
synthesizing nanoparticles has provoked researchers to shift to microorganisms  
and biological systems. Plants can be used in large-scale production of nano-
particles, and in order to improve their potential in nanoparticle synthesis, it is 
necessary to investigate the biochemical and molecular mechanisms of nanoparticle 
formation. This chapter reviews phytosynthesis of nanoparticles, the influences of 
reaction conditions, and mechanistic aspects.

Keywords  Green chemistry  ·  Green synthesis  ·  Nanoparticles  ·  Nanoparticle 
synthesis  ·  Phytosynthesis  ·  Plants

11.1 � Introduction

Development of reliable and environmentally friendly process for synthesis of 
metallic nanoparticles (NPs) is an important step in the field of application of 
nanobiotechnology and nanoscience. There are various methods for the synthesis 
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of NPs, but most of them are environmentally unfriendly and expensive (Senapati 
2005; Klaus-Joerger et  al. 2001). Consequently, there is an ever-growing need 
to develop nontoxic and eco-friendly procedures for synthesis and assembly of 
NPs with desired morphologies and sizes, fast, and clean. One of the options to 
achieve this objective is to use natural processes such as use of microorganisms 
and biological systems. One approach that shows immense potential is based on 
the phytosynthesis of NPs using plants (Table 11.1) (Iravani 2011; Iravani et  al. 
2014a, b; Korbekandi et al. 2009; Iravani and Zolfaghari 2013). The use of plants 
in this area is rapidly developing due to their growing success and ease of for-
mation of NPs. The objectives of recent studies tend to provide a controlled and 
upscalable process for synthesis of monodispersed and highly stable NPs (Iravani 
2011; Korbekandi et  al. 2009; Iravani et  al. 2014a). In this chapter, most of the 
plants used in nanoparticle synthesis are mentioned, and detailed examination of 
numerous syntheses examples and case studies is presented.

11.2 � Phytosynthesis of Metal NPs

11.2.1 � Silver and Gold NPs

Gardea-Torresdey et al. (2002a) reported phytosynthesis of gold (Au) NPs within 
live Medicago sativa (alfalfa) plants by gold ion uptake from solid media. The 
alfalfa plants were grown in an AuCl4– rich environment (Gardea-Torresdy et al. 
2002b, 2003). Moreover, colloidal silver (Ag) NPs were synthesized by react-
ing aqueous silver nitrate with M. sativa seed exudates under nonphotomediated 
conditions (Lukman et al. 2011). Upon contact, rapid reduction of Ag+ ions was 
observed in <1 min with silver nanoparticle formation reaching 90 % completion 
in <50 min. It was observed that largely spherical NPs (~5–51 nm) were produced 
at [Ag+] = 0.01 M and 30 °C, while flower-like particle clusters (~104 nm) were 
observed on treatment at higher silver concentrations. Predilution of the exudate 
induced the formation of single-crystalline silver nanoplates, forming hexago-
nal particles and nanotriangles with edge lengths of about 86–108 nm, while pH 
adjustment to 11 resulted in monodisperse silver NPs (~12 nm). It was mentioned 
that repeated centrifugation and redispersion enhanced the percentage of nano-
plates from 10 to 75 % in solution (Lukman et al. 2011).

Armendariz et  al. (2004b) reported the formation of rod-shaped gold NPs by 
biomaterials. They characterized the gold NPs formed by wheat biomass exposed 
to a 0.3 mM potassium tetrachloroaurate solution at pH values of 2–6 at room tem-
perature. It was concluded that wheat biomass was able to reduce Au(III)–Au(0) 
forming face-centered cubic (FCC) tetrahedral, hexagonal, decahedral, icosahedral 
multitwinned, irregular shape, and rod shape NPs. In another study, pH-dependent 
synthesis of rod-shaped gold NPs using Avena sativa has shown that biomass 
might carry more positive functional groups such as positive amino groups, sulf-
hydryl groups, and carboxylic groups which allowed the gold ions to get more 
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closure to binding sites and approved the reduction of Au(III)–Au(0) (Gardea-
Torresdey et  al. 2002a; Armendariz et  al. 2004a). A 0.1 mM solution of Au(III) 
was reacted with powdered oat biomass at pH values of 2–6 for 1 h. As in the case 
of wheat, oat biomass produced FCC tetrahedral, hexagonal, decahedral, icosahe-
dral multitwinned, irregular , and rod shaped NPs. It was reported that most of the 
NPs synthesized by using alfalfa, wheat, and oat at pH 2 had an irregular shape. 
However, it seems that pH has a major impact on the size of the synthesized NPs 
rather than on the shape of them.

Sastry and coworkers have explored the formation mechanism of triangular 
gold nanoprisms by Cymbopogon flexuosus extracts, the nanotriangles seemed to 
grow by a process involving rapid bioreduction, assembly, and room temperature 
sintering of spherical gold NPs (Shankar et al. 2004b). Also rapid synthesis of sta-
ble gold nanotriangles using Tamarindus indica leaf extract as a reducing agent 
could be achieved (Ankamwar et  al. 2005a). The shape of metal NPs consider-
ably changed their optical and electronic properties (Kelly et al. 2003). They have 
demonstrated synthesis of gold NPs with variety of shapes (spherical and trian-
gular) and sizes using Aloe vera plant extracts, as well (Chandran et al. 2006). It 
was explained that only biomolecules of molecular weights less than 3 kDa caused 
reduction of chloroaurate ions, leading to the formation of gold nanotriangles.

The aqueous solution of gold ions when exposed to Coriandrum sativum leaf 
extract was reduced and resulted in the extracellular biosynthesis of gold NPs with 
spherical, triangle, truncated triangles, and decahedral morphologies ranging from 
6.75 to 57.91 nm. These NPs were stable in solution over a period of 1 month at 
room temperature (Badri Narayanan and Sakthivel 2008). Gold NPs synthesized 
using Azadirachta indica leaf broth appeared to have a propensity to form thin, 
planar structures rather than just spherical particles. The planar particles formed 
were predominantly triangular with a very small percentage of hexagonal-shaped 
particles (Shankar et  al. 2004a). Ghosh et  al. (2012a) reported the synthesis of 
gold NPs using Gnidia glauca flower extract. The concentration of chloroauric 
acid and temperature was optimized to be 0.7 mM and 50  °C, respectively. The 
NPs varied in morphology from nanotriangles to nanohexagons majority being 
spherical. Spherical particles (~10  nm) were found in majority. However, parti-
cles of larger dimensions were in range between 50 and 150 nm. The gold NPs 
exhibited remarkable catalytic properties in a reduction reaction of 4-nitrophenol 
to 4-aminophenol by NaBH4 in aqueous phase (Ghosh et al. 2012a).

Magnolia kobus and Diospyros kaki were capable of eco-friendly extracellular 
synthesis of gold NPs (~5–300 nm) with different triangular, pentagonal, hexago-
nal, and spherical shapes within a few minutes (for up to 90  % conversion at a 
reaction temperature of 95 °C) (Song et al. 2009). It was suggested that the rate 
of synthesis of the NPs was related to the reaction and incubation temperature, 
and increased temperature levels allowed nanoparticle growth at a faster rate. 
Moreover, by increasing the temperatures and leaf broth concentrations, size of 
NPs became smaller. Fourier Transformed Infrared Spectroscopy (FTIR) analy-
sis has shown that gold NPs produced by M. kobus extract were surrounded by 
proteins and metabolites (such as terpenoids having functional groups of amines, 
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aldehydes, carboxylic acid, and alcohols). It was also reported that the use of low 
concentration of phyllanthin extract reacting with HAuCl4 led to synthesis of 
hexagonal or triangular gold NPs, but spherical NPs could be formed by addition 
of higher concentration of the extract (Song et al. 2009).

Triangular and hexagonal gold NPs (~200–500  nm) were synthesized using 
pear fruit extract (Ghodake et al. 2010). Pear extract contains essential phytochem-
icals consisting of organic acids, peptides, proteins, and amino acids. In addition, 
it contains saccharides which provide synergetic reduction power for the biore-
duction of chloroaurate ions into gold NPs. The pear fruit extract when exposed 
to chloroaurate ions in an alkaline condition resulted in gold NPs with plate-like 
morphologies in a highly productive state. The gold NPs formed under normal 
conditions also exhibited plate-like morphologies with a low productivity. In addi-
tion, the synthesis of gold NPs (~11 nm) with spherical and triangular shapes by 
fruit extract of Tanacetum vulgare was reported (Dubey et  al. 2010b). Carbonyl 
group was involved in synthesis of these NPs. In another study, Singh et al. (2013) 
reported the green synthesis of silver NPs (~40–100  nm) using Dillenia indica 
fruit extract. It was reported that the stability of the colloidal silver NPs for more 
than 6 days (166 h) might be attributed to the citrate component of the D. indica 
fruit juice (Singh et al. 2013).

Green synthesis of biocompatible gold NPs from chloroauric acid using water 
extract of Eclipta alba leaves at room temperature was reported. The gold NPs 
were produced in very short time, even in less than 10 min. The in vitro stability of 
as-synthesized gold NPs was studied in different buffer solutions. Mukherjee et al. 
(2012) designed and developed a gold NPs-based drug delivery system containing 
doxorubicin, an FDA-approved anticancer drug. Consequently, administration of 
this to breast cancer cells (MCF-7 and MDA-MB-231) showed significant inhibi-
tion of breast cancer cell proliferation compared to pristine doxorubicin. They sug-
gested this method for large-scale synthesis of biocompatible gold NPs which can 
be used as a delivery vehicle for the treatment of cancer diseases (Mukherjee et al. 
2012).

Silver and gold NPs were synthesized using an aqueous extract of the seaweed 
Turbinaria conoides. Spherical and triangular nanostructures of the silver and gold 
NPs were observed between the size ranges of 2–17 and 2–19 nm, respectively. 
The synthesized silver NPs were efficient in controlling the bacterial biofilm for-
mation, but, gold NPs did not show any remarkable anti-biofilm activity. The max-
imum zone of inhibition was recorded against Escherichia coli (17.6 ± 0.42 mm), 
followed by Salmonella sp., Serratia liquefaciens, and Aeromonas hydrophila 
(Vijayan et al. 2014). Moreover, silver NPs were synthesized from aqueous silver 
nitrate through a simple green route using the leaf extract of Coccinia grandis (as 
the reducing and capping agents) (Arunachalam et al. 2012). The synthesized NPs 
were in range of 20–30 nm and were crystallized in face-centered cubic symme-
try. The thermal stability of NPs was studied using Thermo Gravimetric Analyzer 
(TGA) which showed that the NPs synthesized by plant extracts began to degrade 
at around 300  °C. Moreover, there was a steady weight loss until 800  °C. The 
total weight loss up to 800 °C for the synthesized silver NPs was about 36.26 %.  
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The observed behavior was most likely as a consequence of the surface desorp-
tion of bio-organic compounds present in nanoparticle powder. Therefore, plant 
leaf extract-stabilized silver NPs were expected to be made up of molecules 
responsible for the reduction of metal ion and stabilizing particles in the solution. 
Further, the thermal stability of NPs was studied using differential scanning cal-
orimeter (DSC). As a result, the synthesized silver NPs showed an endothermic 
peak at 65 °C. Photocatalytic property of the silver NPs were investigated by deg-
radation of Coomassie Brilliant Blue G-250 under UV light. The results showed 
that silver NPs have suitable activity for the degradation of Coomassie Brilliant 
Blue G-250. FTIR spectrum was examined to identify the possible biomolecules 
responsible for capping and efficient stabilization of the silver NPs synthesized 
by plant leaf extract. The peaks observed for silver NPs formed through reduc-
tion by C. grandis, at 1,228 cm−1 (ether linkages), 1,376 cm−1 (‒O‒H bending), 
1,050 cm−1 (ether linkages), 1,484 cm−1 (=NH), and 1,632 cm−1 (amide I) sug-
gested the presence of alkaloids and terpenoids adsorbed on the surface of silver 
NPs (Arunachalam et al. 2012).

Silver NPs were synthesized by reaction of the biomass of Cinnamomum cam-
phora leaf with aqueous silver precursors at ambient temperature (Huang et  al. 
2007). Size dispersity of quasi-spherical silver NPs could be facilely controlled 
by simple variation of the amount of biomass reacting with aqueous solution of 
silver nitrate. The polyol components and the water-soluble heterocyclic com-
ponents were mainly found to be responsible for the reduction of silver ions and 
the stabilization of the NPs, respectively. Furthermore, Huang et al. (2008) inves-
tigated biological formation of silver NPs by lixivium of sun-dried C. camphora 
leaf in continuous-flow tubular microreactors. They introduced polyols in the lix-
ivium as possible reducing agents. In another study, silver and gold NPs with a 
particle size of 10–20 nm, using Zingiber officinale root extract as a reducing and 
capping agent were synthesized (Velmurugan et  al. 2014). Chloroauric acid and 
silver nitrate were mixed with Z. officinale root extract for the synthesis of sil-
ver and gold NPs. As a result, optimum nanoparticle formation was achieved at 
pH 8 and 9, 1 mM metal ion, a reaction temperature 50 °C, and reaction time of 
150–180 min for silver NPs (~10–20 nm) and gold NPs (~5–20 nm), respectively. 
FTIR spectroscopy analysis showed the respective peaks for the potential biomol-
ecules in the ginger rhizome extract, which were responsible for the bioreduction 
in metal ions and synthesized silver and gold NPs. Further, it was observed that 
the synthesized silver NPs showed a moderate antibacterial activity against bacte-
rial food pathogens (Velmurugan et al. 2014).

Spherical and ovoid crystalline silver NPs (~7–15  nm) were synthesized 
by phytoreduction of silver nitrate using aqueous leaf extract of Ocimum tenui-
florum (Vignesh et  al. 2013). FTIR spectrum was analyzed to identify the feasi-
ble biological functional groups responsible for the reduction of silver ions and 
stabilizing the synthesized NPs. A glycosidic linkage present in the FTIR spec-
trum of silver NPs suggested that the plant-based polysaccharides might contrib-
ute for the reduction of silver ion into silver NPs. The colloidal solution of silver 
NPs showed significant antimicrobial activity against variety of human and fish 
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pathogens in solid medium. The implications of colloidal silver NPs on hemato-
logical and biochemical functions of fresh water fish Labeo rohita were tested. 
The experiments revealed that the amount of hemoglobin and total count of blood 
cells were considerably increased. The activity of functional enzymes such as glu-
tamic oxaloacetic transaminase (GOT), glutamate pyruvate transaminase (GPT), 
anti-protease, and myeloperoxidase were radically improved due to the treatment 
of fish with colloidal silver NPs. The authors of this study mentioned that the col-
loidal silver NPs having prominent immunomodulatory effects in fresh water fish, 
thus these NPs can be used as an immunomodulator in aquaculture sectors instead 
of synthetic growth factors (Vignesh et al. 2013).

Brassica juncea and M. sativa can be used for phytosynthesis of silver NPs. 
Harris and Bali (2008) have investigated the limits (substrate metal concentration 
and time exposure) of uptake of metallic silver by two common metallophytes,  
B. juncea and M. sativa. B. juncea, when exposed to an aqueous substrate contain-
ing 1,000 ppm silver nitrate for 72 h, accumulated up to 12.4 wt% silver. M. sativa 
accumulated up to 13.6 wt% silver when exposed to an aqueous substrate con-
taining 10,000 ppm silver nitrate for 24 h. In the case of M. sativa, an increase in 
metal uptake was observed with a corresponding increase in the exposure time and 
substrate concentration. In both cases, Transmission Electron Microscopy (TEM) 
analysis showed the presence of roughly spherical silver NPs, with a mean size 
of 50 nm. In addition, the in vivo formation of silver NPs was observed in B. jun-
cea, Festuca rubra, and M. sativa (Marchiol et  al. 2014). Marchiol et  al. (2014) 
reported that the mentioned plants were grown in Hoagland’s solution for 30 days 
and then exposed for 24 h to a solution of 1,000 ppm AgNO3. Despite the short 
exposure time, the silver uptake and translocation to plant leaves was very high, 
reaching 6,156 and 2,459 mg kg−1 in B. juncea and F. rubra, respectively. TEM 
images of plant fractions showed the in vivo formation of silver NPs in the roots, 
stems, and leaves of the plants. In the roots, silver NPs were present in the corti-
cal parenchymal cells, on the cell wall of the xylem vessels and in regions corre-
sponding to the pits. In leaf tissues, silver NPs of different sizes and shapes were 
located close to the cell wall, as well as in the cytoplasm and within chloroplasts. 
The NPs were not observed in the phloem of the three plant species. The contents 
of reducing sugars and antioxidant compounds, proposed as being involved in the 
green synthesis of silver NPs. Ascorbic acid has been proposed as the reducing 
agent responsible for this process. In contrast, F. rubra had a level of reducing sug-
ars much higher than B. juncea and M. sativa. The authors of this study mentioned 
that nanoparticle synthesis started in healthy cells, which then rapidly undergo a 
progressive alteration until they were completely disrupted due to silver toxicity. 
Thus, nanoparticle synthesis was initiated within the chloroplasts in a healthy cell 
and ends in the cytoplasm of the same cell, which has been damaged (Marchiol 
et al. 2014). Further, in another study, after a 9-week growth in gold-, silver-, and 
copper-enriched soil, seeds of B. juncea grow into a plant containing Au–Ag–Cu 
alloy NPs (Haverkamp et al. 2007). Starnes et al. (2010) detected the formation of 
gold NPs in M. sativa and other species as early as 6 h after the start of exposure 
to KAuCl4. It was also verified that plant growth conditions (e.g., variations in 
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temperature, pH, and photosynthetically active radiation) influenced the size and 
shape of growing gold NPs (Starnes et al. 2010). Beattie and Haverkamp (2011) 
demonstrated that in B. juncea, the sites of the most abundant reduction of metal 
salts to NPs were the chloroplasts, in which high reducing sugars (i.e., glucose 
and fructose) may be responsible for the metal reduction (Beattie and Haverkamp 
2011).

Rodríguez-León et al. (2013) reported the synthesis of silver NPs (~2–40 nm) 
from silver nitrate solutions using extracts of Rumex hymenosepalus. High-
resolution transmission electron microscopy and fast Fourier transform analysis 
show that two kinds of crystal structures are obtained: FCC and hexagonal. They 
observed that the FCC NPs displayed two size populations: one with a small aver-
age diameter (~10 nm) and a second one with a larger diameter (~28 nm). On the 
other hand, the hexagonal NPs have only one size population and larger diame-
ters (~38 nm). The polyphenols contained in the R. hymenosepalus extracts acted 
effectively as the reducing agents for the Ag+ ions due to their antioxidant activity.

Shankar et al. (2004a) reported the synthesis of silver NPs by the reduction of 
aqueous Ag+ ions and also the synthesis of bimetallic core-shell NPs of silver by 
simultaneous reduction of aqueous Ag+ ions with the broth of A. indica leaves. 
They observed that the metal particles were stable in solution even 4 weeks after 
their synthesis. Moreover, stabilization of NPs was possibly facilitated by reduc-
ing sugars and/or terpenoids present in A. indica leaf broth. The synthesized silver 
NPs were predominantly spherical and polydisperse with diameters in the range 
5–35  nm. Furthermore, Pelargonium graveolens (geranium) leaf broth, when 
exposed to aqueous silver nitrate solution, resulted in enzymatic synthesis of sta-
ble crystalline silver NPs, extracellularly (Shankar et al. 2003a). The bioreduction 
of the metal ions was fairly rapid, occurred readily in solution, and resulted in a 
high density of stable silver NPs in the size range 16–40 nm. The synthesized NPs 
appeared to be assembled into open, quasilinear superstructures and were pre-
dominantly spherical in shape. It was believed that proteins, terpenoids, and other 
bio-organic compounds in the geranium leaf broth participated in the bioreduction 
of silver ions and in the stabilization of the NPs thus formed by surface capping. 
Shankar et al. (2003b) reported the possibility of terpenoids from geranium leaf in 
the silver nanoparticle synthesis. Polyols such as terpenoids, polysaccharides, and 
flavones in the C. camphora leaf were believed to be the main cause of the reduc-
tion of silver and chloroaurate ions (Huang et al. 2007). Moreover, green synthe-
sis of silver NPs using methanol extract of Eucalyptus hybrida leaf was reported. 
Flavonoid and terpenoid constituents present in E. hybrid leaf extract are respon-
sible for the stabilization of produced silver NPs (~50–150  nm) (Dubey et  al. 
2009). Cinnamon zeylanicum bark extract could be used in biosynthesis of cubic 
and hexagonal silver nanocrystals (~31–40 nm) (Sathishkumar et al. 2009b). The 
particle size distribution varied with variation in the dosage of C. zeylanicum bark 
extract. The number of particles increased with increasing dosage due to the varia-
tion in the amount of reductive biomolecules. Small NPs were formed at high pH. 
The shape of silver NPs at high pH was more spherical in nature rather than ellip-
soidal. Moreover, bactericidal effect of produced nanocrystalline silver particles  
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was tested against E. coli strain. As a result, the various tested concentrations of 
2, 5, 10, 25, and 50 mg/L produced inhibition of 10.9, 32.4, 55.8, 82, and 98.8 %, 
respectively. The minimum inhibitory concentration was found to be 50  mg/L. 
C. zeylanicum bark is rich in terpenoids (linalool, methyl chavicol, and eugenol) 
and in chemicals (such as cinnamaldehyde, ethyl cinnamate, and β-caryophyllene) 
which contribute to its special aroma. Furthermore, proteins are also present 
in the bark. It was believed that water-soluble organics present in C. zeylanicum 
bark were the reasons of the bioreduction of silver ions to silver NPs. Moreover, 
proteins from C. zeylanicum bark capped the synthesized NPs either through free 
amine groups or cysteine residues, and thus stabilized them (Sathishkumar et al. 
2009b).

The reaction of aqueous silver ions with Desmodium trifolium extract resulted 
in synthesis of silver NPs at room temperature (Ahmad et al. 2011). The authors 
of this article believed that H+ ions produced along with NAD during glycolysis 
were responsible for the formation of nanosilver particles as well as water-soluble 
antioxidative agents (e.g., ascorbic acids). These antioxidative agents were espe-
cially participating in reduction of silver ions. Jha and Prasad (2010) demonstrated 
that cycas leaf extract could be used in order to produce stable silver NPs. X-ray 
data indicated that silver NPs had FCC unit cell structure. Phytochemicals such as 
polyphenols, glutathiones, metallothioneins, and ascorbates probably were respon-
sible for formation of the NPs.

High density of extremely stable silver NPs (~16–40 nm) were rapidly synthe-
sized by challenging silver ions with Datura metel leaf extract (Kesharwani et al. 
2009). Leaf extracts of this plant contains biomolecules such as alkaloids, pro-
teins/enzymes, amino acid, alcoholic compound, and polysaccharides which could 
be used as reluctant to react with silver ions and scaffolds to direct the formation 
of silver NPs in solution. Quinol and chlorophyll pigment were responsible for the 
reduction of silver ions and stabilization of produced NPs. In another study, green 
synthesis of silver NPs (~20–30 nm) from silver nitrate (1 mM) solution through 
the extract of D. metel flower (as the reducing and capping agents) was reported. 
In addition, the synthesized NPs showed antimicrobial activity (Nethradevi et al. 
2012).

Geraniol as a volatile compound obtained from P. graveolens was used for bio-
synthesis of silver NPs (~1–10 nm). The cytotoxicity of the synthesized silver NPs 
was evaluated in vitro against Fibrosarcoma Wehi 164 cell line at different con-
centrations (1–5 µg/mL) (Safaepour et al. 2009). The presence of silver NPs (5 µg/
mL) significantly inhibited the cell line’s growth (up to 60 %). Therefore, it seems 
that silver NPs have inhibitory effects against the proliferation of cancer cells.

Song and Kim (2008) have elucidated that Pinus desiflora, D. kaki, Ginko 
biloba, M. kobus, and Platanus orientalis leaves broth synthesized stable silver 
NPs with average particle size ranging from 15 to 500 nm, extracellularly. In the 
case of M. kobus and D. kaki leaves broth, synthesis rate and final conversion to 
silver NPs became faster, when reaction temperature increased. But the average 
particle sizes produced by D. kaki leaf broth decreased from 50 to 16 nm, when 
temperature increased from 25 to 95 °C. They also illustrated that only 11 min was 
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required for more than 90 % conversion at the reaction temperature of 95 °C using 
M. kobus leaf broth (Song and Kim 2008). Moreover, phytosynthesis of silver NPs 
(~44–64 nm) using Iresine herbstii and evaluation of their antibacterial, antioxi-
dant, and cytotoxic activities were reported (Dipankar and Murugan 2012). The 
synthesized NPs were cubic and face-centered cubic in shape. The synthesized 
silver NPs showed potent antibacterial activity against human pathogenic bacte-
ria. These NPs exhibited strong antioxidant activity as well as cytotoxicity against 
HeLa cervical cell lines. Furthermore, Suman et al. (2013) reported the phytosyn-
thesis of spherical silver NPs (~30–55  nm) from the root of Morinda citrifolia. 
FTIR showed that the NPs were capped with plant compounds. The X-ray diffrac-
tion spectrum XRD pattern clearly indicated that the silver NPs formed in the pre-
sent synthesis were crystalline in nature. The synthesized NPs were also proved 
to exhibit excellent cytotoxic effect on HeLa cell (Suman et al. 2013). Logeswari 
et al. (2013) reported the green synthesis of silver NPs from silver nitrate solution 
by commercially available plant powders, such as Solanum tricobatum, Syzygium 
cumini, Centella asiatica, and Citrus sinensis. Atomic Force Microscopy (AFM) 
showed the irregular shapes of silver NPs and the formation of them were found to 
be 53, 41, 52, and 42 nm, corresponding to S. cumini, C. sinensis, S. tricobatum, 
and C. asiatica, respectively. FTIR spectroscopy confirmed the presence of pro-
tein as the stabilizing agent surrounding the silver NPs. Antimicrobial activity of 
the silver bionanoparticles was performed by a well diffusion method. The highest 
antimicrobial activity of silver NPs synthesized by C. sinensis and C. asiatica was 
found against Pseudomonas aeruginosa (Logeswari et al. 2013).

Vilchis-Nestor et al. (2008) used Camellia sinensis (green tea) extract to pro-
duce gold NPs and silver nanostructures in aqueous solution at ambient con-
ditions. They also investigated the control of size, morphology, and optical 
properties of the nanostructures and reported initial concentrations of metal ions 
and tea extract as the controlling factors. It was investigated that when the amount 
of C. sinensis extract was increased, the resulted NPs were slightly bigger and 
more spherical. Authors of this study believed that phenolic acid-type biomol-
ecules present in C. sinensis extract were responsible for synthesis and stabiliza-
tion of silver and gold NPs. Caffeine and theophylline present in tea extracts might 
be responsible for catalysis and synthesis of NPs (Vilchis-Nestor et al. 2008). In 
another study, green synthesis of spherical gold NPs (~2.94–45.58 nm) was done 
by using fresh young leaves and leaf buds of C. sinensis (Boruah et  al. 2012). 
Phytoreduction of HAuCl4 by polyphenols present in young leaves and leaf buds 
of tea extract at room temperature produced gold NPs. The kinetics of the reaction 
suggested that the reaction was fast and completed in 28 min. In addition, black 
tea leaf extracts were used in synthesis of gold and silver NPs (Begum et al. 2009). 
The NPs are stable and have different shapes, such as spheres, trapezoids, prisms, 
and rods. Findings of this study demonstrated that polyphenols and flavonoids 
were responsible for synthesis of silver and gold NPs. Sun et al. (2014) reported 
a simple and cost-effective method for synthesis of silver NPs using tea leaf 
extract. The synthesized NPs were nearly spherical, with the sizes ranging from 
20 to 90 nm. In addition, the antibacterial activity of silver NPs was determined by 
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monitoring the growth curve and also by the Kirby-Bauer disk diffusion method. 
But, the silver NPs produced by tea extract showed low antibacterial activity 
against E. coli (Sun et al. 2014).

Mude et al. (2009) reported synthesis of spherical silver NPs (~60–80 nm) using 
callus extract of Carica papaya. Proteins and other ligands seemed to be responsi-
ble for the synthesis and stabilization of silver NPs. Furthermore, FCC silver NPs 
(~10–20  nm) were synthesized by using the latex of Jatropha curcas as reduc-
ing and capping agent (Bar et  al. 2009c). It was demonstrated that leaf extracts 
from the aquatic medicinal plant, Nelumbo nucifera (Nymphaeaceae), could be 
able to reduce silver ions and produce silver NPs (~45  nm) in different shapes 
(Santhoshkumar et  al. 2010). Biosynthesized silver NPs showed larvicidal activ-
ity against malaria (Anopheles subpictus) and filariasis (Culex quinquefasciatus) 
vectors. Silver NPs were synthesized biologically by using Sorbus aucuparia leaf 
extract within 15 min. The synthesized NPs were found to be stable for more than 
3 months. The authors of this study believed that sorbate ion in the leave extract of 
S. aucuparia encapsulated the NPs and this matter was responsible for maintenance 
of the stability (Dubey et al. 2010a). The effect of leaf extract quantity, substrate 
concentration, temperature, and contact time were also evaluated to optimize the 
process of producing NPs. With increase in the concentration of metal ions from 
10−4 to 10−2 M, increase in particle size was also found (Dubey et al. 2010a).

The aqueous extract of Alternanthera sessilis L. (Amaranthaceae) was used 
for synthesizing silver NPs from silver nitrate aqueous (Niraimathi et  al. 2013). 
Phytochemical analysis of the extract revealed the presence of alkaloid, tannins, 
ascorbic acid, carbohydrates, and proteins and they served as effective reducing 
and capping agents for converting silver nitrate into NPs. FTIR spectrum showed 
the silver NPs having a coating of proteins indicating a dual role of biomolecules 
responsible for capping and efficient stabilization of the silver NPs (Niraimathi 
et  al. 2013). Moreover, polyethylene glycol-stabilized colloidal silver NPs  
(~7–14 nm) were synthesized using the reductive potency of the aqueous extract 
of Thuja occidentalis leaves under ambient conditions (Barua et al. 2013). MTT 
assay revealed the dose-dependent cytocompatibility and toxicity of the NPs with 
the L929 normal cell line. On the other hand, the antiproliferative action of the 
NPs was evaluated on HeLa cell line. Fluorescence and phase contrast micro-
scopic imaging indicated the appearance of multinucleate stages with aggregation 
and nuclear membrane disruption of the HeLa cells post treatment with the NPs. 
The interaction at the prokaryotic level was also assessed via differential antibac-
terial efficacy against Staphylococcus aureus and E. coli (Barua et al. 2013).

Silver NPs were prepared by using Bryophyllum sp., Cyperus sp., and Hydrilla 
sp. plant extracts (Jha et al. 2009b). X-ray analysis demonstrated that silver NPs 
(~2–5 nm) have FCC unit cell structure. The reduction of silver ions was due to 
water-soluble phytochemicals such as flavones, quinones, and organic acids 
(e.g., oxalic, malic, tartaric, and protocatechuic acid) present in plant tissues. It 
was demonstrated that silver NPs might have resulted due to different aforemen-
tioned metabolites or fluxes and other oxidoreductively labile metabolites such 
as ascorbates or catechol/protocatechuic acid (Jha et  al. 2009b). In the case of 
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Chenopodium album, organic acids were also responsible for nanoparticle bio-
synthesis. The plant leaf has high level of oxalic acid as well as lignin which 
can act as reducing agents. C. album leaf extract was used for the single-pot bio-
inspired synthesis of spherical silver and gold NPs (Dwivedi and Gopal 2010). 
Quasi-spherical shapes were observed for produced NPs within range of about 
10–30 nm.

Silver NPs (~20–40  nm) were successfully synthesized using switchgrass 
(Panicum virgatum) extract used at room temperature. Phytosynthesis of silver 
NPs through this process was fairly rapid, with 90 % of silver ion reduction com-
pleted within 90 min. XRD analysis indicated the formation of phase pure silver 
NPs with FCC symmetry (Mason et  al. 2012). In another study, spherical silver 
NPs (~16–28  nm) were synthesized using plant fruit bodies (Tribulus terrestris 
L.) (Gopinath et  al. 2012). The active phytochemicals present in the plant were 
responsible for the quick reduction of silver ions to metallic silver NPs. The anti-
bacterial property of synthesized NPs was observed by Kirby-Bauer method with 
clinically isolated multidrug resistant bacteria such as Streptococcus pyogens,  
P. aeruginosa, E. coli, Bacillus subtilis and S. aureus (Gopinath et  al. 2012). 
Sathiya and Akilandeswari (2014) reported the phytoreduction of silver nitrate 
into silver NPs using the leaf extract of Delonix elata. SEM analysis revealed 
the spherical shape of the NPs with sizes in the range of 35–45 nm and Energy 
Dispersive Spectroscopy (EDS) spectrum confirmed the presence of silver along 
with other elements in the plant metabolite. The X-ray diffraction analysis showed 
that the synthesized NPs were crystalline in nature and had FCC structure. FTIR 
analysis revealed the presence of phenolic compounds along with the silver NPs, 
and flavonoids present in the leaf broth of D. elata were responsible for the biore-
duction and stabilization of silver NPs (Sathiya and Akilandeswari 2014).

Santhosh kumar et  al. (2012) reported the efficacies of antiparasitic activities 
of biosynthesized silver NPs using stem aqueous extract of Cissus quadrangu-
laris against the adult of hematophagous fly, Hippobosca maculata, and the lar-
vae of cattle tick, Rhipicephalus (Boophilus) microplus. Contact toxicity method 
was followed to determine the potential of parasitic activity. Twelve milliliters of 
stem aqueous extract of C. quadrangularis was treated with 88 mL of 1 mM silver 
nitrate (as the substrate) solution at room temperature for 30 min. FTIR analysis 
confirmed that the bioreduction of silver ions to silver NPs were due to the reduc-
tion by capping material of plant extract. The synthesized silver NPs (~42.46 nm) 
were spherical and oval in shape. The mortality obtained by the synthesized sil-
ver NPs from the C. quadrangularis was more effective than the aqueous extract 
of C. quadrangularis and silver nitrate solution (1  mM). The adulticidal activ-
ity was observed in the aqueous extract, silver nitrate solution, and produced sil-
ver NPs against the adult of H. maculata with LC50 values of 37.08, 40.35, and 
6.30  mg/L; LC90 values of 175.46, 192.17, and 18.14  mg/L and r2 values of 
0.970, 0.992, and 0.969, respectively. The maximum efficacy showed in the aque-
ous extract, silver nitrate solution, and produced silver NPs against the larvae of 
R. (B.) microplus with LC50 values of 50.00, 21.72, and 7.61  mg/L; LC90 val-
ues of 205.12, 82.99, and 22.68 mg/L and r2 values of 0.968, 0.945, and 0.994, 
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respectively (Santhoshkumar et al. 2012). In another study, the antiparasitic activi-
ties of hexane, chloroform, ethyl acetate, acetone, methanol, and the aqueous leaf 
extracts of Euphorbia prostrata Ait. (Euphorbiaceae) and synthesized silver NPs 
using aqueous leaf extract against the adult cattle tick Haemaphysalis bispinosa 
Neumann (Acarina: Ixodidae) and the haematophagous fly H. maculata Leach 
(Diptera: Hippoboscidae) were determined (Zahir and Rahuman 2012). Parasites 
were exposed to varying concentrations of plant extracts and produced silver NPs 
for 24  h. All extracts showed the maximum toxic effect on parasites; however, 
the highest mortality was found in the hexane, chloroform, ethyl acetate, acetone, 
methanol, and aqueous leaf extracts of E. prostrate and biosynthesized silver NPs 
against the adult of H. bispinosa (LC50 = 45.24, 40.07, 21.91, 25.32, 19.30, 10.16, 
and 2.30 ppm; LC90 = 86.95, 88.66, 70.92, 83.22, 48.28, 70.27, and 8.28 ppm) 
and against H. maculata (LC50 = 39.37, 41.98, 19.92, 27. 93, 21.97, 9.79, and 
2.55  ppm; LC90 = 89.44, 98.52, 76.59, 90.18, 55.07, 54.35, and 9.03  ppm), 
respectively. Mortality of 100 % was found in biosynthesized silver NPs at a con-
centration of 10  mgL−1. It was observed that the synthesized silver NPs (~25–
80 nm) were rod shaped. The chemical composition of aqueous leaf extract was 
analyzed by gas chromatography–mass spectrometry (GC–MS). The major chemi-
cal constituent was identified as 2-phenylethanol. In addition, toxicity tests were 
conducted to analyze the toxicological effects of particle size on Daphnia magna 
and Ceriodaphnia dubia, and the animal model test was evaluated against Bos 
indicus for 24-h treatment. No toxicity on daphnids and no adverse effects were 
noted on animals after exposure to solvent extracts and produced silver NPs (Zahir 
and Rahuman 2012). In addition, silver NPs were synthesized by employing an 
aqueous peel extract of Annona squamosa in silver nitrate (Kumar et  al. 2012). 
The synthesized NPs were irregular spherical in shape and the average particle 
size was about 35 ± 5 nm. The authors of this study reported that reducing sugars 
(aldoses) and terpenoids are proposed to play a key role for the phytoreduction of 
silver ions and the formation of corresponding NPs, while ketones/aldehydes bind 
to emerging spherical NPs to form large nanotriangles and hexagons. Moreover, 
to identify the capping reagents and the molecules responsible for the reduction 
of silver ions in A. squamosa aqueous peel extract GC–MS has been evaluated. 
GC–MS chromatogram of aqueous extract of A. squamosa revealed that a major 
constituent contains ‒OH/‒CHO as functional group in the moiety. Further, 1H 
NMR spectrum of A. squamosa L. aqueous peel extract revealed that strong signal 
observed at δ =  4.76–4.81 ppm is due to =C–H. Signal at δ =  5.35 ppm could 
be due to aliphatic ‒OH group, whereas the signals appearing between δ = 1.26–
1.32 ppm are related to aliphatic C‒CH2‒C groups. Further, water-soluble hydroxy 
functional group containing compounds were reported to be responsible for the 
reduction of Ag+ ions. Consequently, the hydroxyl compounds bind to the NPs 
and enhance the stability as well as it will forms a layer (capping material) over 
silver NPs which provide stability to NPs (Kumar et al. 2012).

Jagtap and Bapat (2013) reported the phytosynthesis of silver NPs (with an 
average size 10.78 nm) from aqueous solution of silver nitrate using Artocarpus 
heterophyllus Lam. seed powder extract, as a reducing agent. The reaction of  
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A. heterophyllus Lam. seed powder extract and silver nitrate was carried out in an 
autoclave at 15 psi, 121 °C for 5 min. The synthesized NPs were generally found 
to be irregular in shapes. The FTIR spectra indicated the role of amino acids, 
amides group I in the synthetic process. The seed contains Jacalin, a lectin which 
is a single major protein representing more than 50  % of the proteins from the 
jackfruit crude seed extract having several biological activities. The synthesized 
NPs showed highly potent antibacterial activity toward B. cereus, B. subtilis, S. 
aureus, and P. aeruginosa (Jagtap and Bapat 2013). In another study, the extract 
of Benincasa hispida seeds (as the reducing and capping agents) was used for the 
biosynthesis of stable and nearly spherical gold NPs (~10–30  nm). The particle 
size could be easily tuned by the reaction conditions including quantity of extract, 
temperature, and pH (Aswathy Aromal and Philip 2012a). It was found that the 
NPs were more stable at pH 6. Moreover, from FTIR spectrum, it was suggested 
that the possible reducing agent was polyols and the capping material responsi-
ble for stabilization was proteins present in the extract. Carboxylic group (COOH) 
present in the extract becomes COO–, and this carboxylate group present in pro-
teins can act as a surfactant to attach on the surface of gold NPs and it stabilizes 
gold NPs through electrostatic stabilization (Aswathy Aromal and Philip 2012a).

11.2.2 � Palladium NPs

Sathishkumar et  al. (2009a) have investigated phytocrystallization of palladium 
(Pd) through reduction process using Cinnamomum zeylanicum bark extract. As a 
result, nanocrystalline palladium particles (~15–20 nm) were successfully synthe-
sized. It was demonstrated that reaction conditions such as pH, temperature, and 
biomaterial dosage had no major effects on the shape and size of produced NPs. In 
another study, nanocrystalline palladium particles (10–15 nm) have been synthe-
sized using Curcuma longa tuber extract as the biomaterial. Temperature and pH 
had no major effect on size and shape of the NPs. It was found that the zeta poten-
tial of formed palladium NPs was negative and it increased with increase in pH. It 
has been also reported that palladium NPs could be synthesized by using coffee 
and tea extract. The synthesized NPs were in the size range of about 20–60 nm 
and crystallized in face-centered cubic symmetry (Nadagouda and Varma 2008). 
It was reported that Gardenia jasminoides E.′ water crude extract could be used 
for bioreduction of palladium chloride. Identified antioxidants, including genipo-
side, chlorogenic acid, crocins, and crocetin were reducing and stabilizing agents 
for synthesizing palladium NPs (~3–5  nm) in water crude extract. The particle 
size and disparity of NPs were temperature dependent, and the best dispersity 
was revealed at 70 °C (Jia et al. 2009). Roopan et al. (2012a) reported the green 
synthesis of spherical shape palladium NPs (~80  ±  5  nm) using A. squamosa  
L. (Annonaceae), commonly known as custard apple. The report revealed the pres-
ence of secondary metabolites contained −OH group which was responsible for 
the reduction of Pd(II)–Pd(0) (Roopan et al. 2012a). In another study, a facile and 
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environmentally friendly method was reported for the synthesis of palladium NPs 
using an aqueous solution of Pulicaria glutinosa, a plant widely found in a large 
region of Saudi Arabia, as a bioreductant (Khan et al. 2014). The hydroxyl groups 
of the plant extract molecules were found mainly responsible for the reduction and 
growth of palladium NPs. Results from FTIR analysis confirmed the dual role of 
the P. glutinosa extract, both as a bioreductant as well as a capping ligand, which 
stabilized the surface of the NPs. It was demonstrated that the synthesized NPs 
were crystalline NPs, and the results of XRD analysis confirmed the formation 
of a face-centered cubic structure. These palladium NPs demonstrated excellent 
catalytic activity toward the Suzuki coupling reaction under aqueous and aerobic 
conditions. Moreover, kinetic studies of the catalytic reaction monitored using GC 
confirmed that the reaction completes in less than 5 min (Khan et al. 2014).

Palladium NPs were synthesized by using Piper betle leave extract. The FTIR 
spectrum indicated the influence of flavonoids, terpenoids, and proteins in palla-
dium NPs synthesis and stabilization in the aqueous medium. The peaks at 1,600 
and 1,406 cm−1 showed the presence of flavonoids and terpenoids. It was demon-
strated that the water-soluble flavonoids present in the P. betle extract could have 
been adsorbed on the surface of the NPs and same might have induced the reduc-
tion of Pd+2 to stable Pd0 NPs with interaction of carbonyl groups. Further, it was 
reported that the protein molecules in the P. betle extract might also participate in 
the process of capping and stabilization of NPs (Mallikarjuna et al. 2013).

11.2.3 � Platinum NPs

Platinum (Pt) NPs (~2–12  nm) could be synthesized using the leaf extract of  
D. kaki. The leaf extract of D. kaki was reacted with an aqueous H2PtCl6 · 6H2O 
solution at various temperatures between 25 and 95 °C. It was reported that more 
than 90  % of the platinum ions were converted into NPs with a 10  % leaf bio-
mass concentration at 95 °C (Song et al. 2010). The authors proved that the size 
platinum NPs could be controlled by the temperature or the composition of the 
reaction mixture. The average size of the NPs decreased from 12 nm at 25 °C to 
5 nm at 95 °C, and decreased from 11 nm at 5 % to 3 nm at 50 % the lead broth 
concentration. The size of platinum NPs increased from 3 to 9  nm as PtCl6 ion 
concentration increased from 0.1 to 2  mM (Song et  al. 2010). The leaf extract 
of Ocimum sanctum was used as a reducing agent for the synthesis of platinum 
NPs (~23  nm). Fourier transform infrared spectroscopy revealed that the com-
pounds such as ascorbic acid, gallic acid, terpenoids, certain proteins and amino 
acids act as reducing agents for platinum ions reduction. It was reported that the 
reduced platinum showed similar hydrogen evolution potential and catalytic activ-
ity like pure platinum using linear scan voltammetry (Soundarrajan et  al. 2012). 
In another study, one-pot synthesis of platinum and palladium NPs using lignin 
isolated from red pine (Pinus resinosa) was reported. In the TEM images, spheri-
cal NPs of diameters in the range of 16–20  nm were observed, in the case of 
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palladium, and smaller ones of not so well-defined shapes for platinum. These NPs 
showed good catalytic activity in the reduction reaction (Coccia et al. 2012).

11.2.4 � Copper NPs

Copper (Cu) NPs were biosynthesized using Magnolia leaf extract. When aque-
ous solutions of CuSO4 · 5H2O treated with the leaf extract, stable copper NPs 
(~40–100  nm) were formed. Foams coated with biologically synthesized copper 
NPs showed higher antibacterial activity against E. coli cells (Lee et al. 2011). In 
another study, extracellular synthesis of copper NPs was carried out using stem 
latex of a medicinally important plant, Euphorbia nivulia. The synthesized NPs 
were stabilized and subsequently capped by peptides and terpenoids present within 
the latex. The copper NPs are toxic to adenocarcinomic human alveolar basal 
epithelial cells (A549 cells) in a dose-dependent manner. It was concluded that 
the nontoxic aqueous formulation of latex capped copper NPs could be directly 
used for administration/in vivo delivery of NPs for cancer therapy (Valodkar 
et  al. 2011). Moreover, an eco-friendly method for synthesis of copper NPs 
(~15 ±  1.7 nm) was reported (Harne et  al. 2012). Cysteine proteases present in 
the latex of Calotropis procera L. were used to fabricate copper NPs from copper 
acetate. FTIR was performed to confirm capping behavior of the latex proteins that 
contributed to long term stability of copper NPs (6 months) in aqueous medium. 
The FTIR spectrum results suggested that antioxidant enzymes (AOEs), cysteine 
protease, and tryptophan with functional groups of amines, alcohols, ketones, 
aldehydes, and carboxylic acids might be adsorbed on the surface of the synthe-
sized copper NPs using C. procera L. latex. Further, cytotoxicity studies of latex-
stabilized copper NPs were carried out on HeLa, A549, and BHK21 cell lines by 
MTT dye conversion assay. HeLa, A549, and BHK21 cells showed excellent via-
bility even at 120 μM concentration of copper NPs (Harne et al. 2012).

Terminalia arjuna bark extract was used to produce copper NPs (~23  nm) 
under microwave irradiation (Yallappa et  al. 2013). FTIR result indicated the 
presence of flavonones and terpenoids which might be responsible for the reduc-
tion and stabilization process. A solid-state 13C NMR spectrum also indicated 
the presence of biomolecules on copper NPs. As a result, the prominent peaks at 
211 and 200 ppm were attributed to ketones and aldehydes (flavonones, terpenoid 
aldehydes) from the plant extract on copper NPs. The peak at 187 ppm indicated 
the presence of amides while the peaks at 155, 145, 132, and 77 ppm indicated 
unsaturated compounds, reducing sugar, aromatic benzenes, and carbonyl groups, 
respectively (Yallappa et  al. 2013). In another study, extract of leaves of henna 
(Lawsonia inermis) was used for synthesizing spherical copper NPs (~27–45 nm). 
Results from FTIR spectrum showed that the synthesized copper NPs were 
coated with lawsone and oxide layers. The authors fabricated a conducting nano-
biocomposite films using the prepared copper NPs and collagen fibers discarded 
from leather industry. They demonstrated that the synthesized copper NPs and 
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nanobiocomposite films had potential for various electronic device applications 
(Cheirmadurai et al. 2014).

11.2.5 � Lead NPs

Rapid synthesis of lead (Pb) NPs (~10–12.5 nm) by using 0.5 % aqueous extract 
of J. curcas L. latex was reported. Lead NPs were characterized initially by 
UV-Vis spectroscopy and shown distinct peak at 218  nm. This peak was highly 
specific for lead NPs. FTIR was performed to find the role of cyclic peptides 
namely curcacycline A (an octapeptide) and curcacycline B (a nonapeptide) as 
possible reducing and capping agents present in the latex of J. curcas L. (Joglekar 
et al. 2011).

11.2.6 � Gold–Palladium Bimetallic NPs

Gold–palladium (Au–Pd) bimetallic NPs (~7.4  ±  0.8  nm) were produced 
based on simultaneous bioreduction of Au(III) and Pd(II) precursors (aqueous 
HAuCl4/PdCl2 mixture) with Cacumen platycladi leaf extract in aqueous envi-
ronment. TEM micrograph demonstrated that the gold–palladium bimetallic NPs 
were well-defined spherical in shape. FTIR showed that the C=O and C‒O groups 
in the plant extract played a critical role in capping the NPs. It was reported that 
some water-soluble polyhydroxy biomolecules in the C. platycladi leaf extract 
such as flavonoid and reducing sugar were responsible for the phytoreduction of 
the NPs (Zhan et al. 2011).

11.2.7 � Zero-Valent Iron NPs

Generally, several methods can be used for the synthesis of zero-valent iron NPs 
including vacuum sputtering, decomposition of iron pentacarbonyl (Fe(CO)5) in 
organic solvents, and the reaction of iron(II) or iron(III) salts with sodium boro-
hydride (Kuhn et al. 2002; Karlsson et al. 2005; Wang and Zhang 1997). Further, 
green methods for synthesis of zero-valent iron NPs have been developed. 
Nadagouda et  al. (2010) compared the zero-valent iron NPs produced using the 
green and borohydride methods and observed that some of the green zero-valent 
iron NPs were found to be nontoxic when compared with control samples pre-
pared using the conventional borohydride reduction protocols. In this study, tea 
polyphenols were used for the rapid generation of nanoscale zero-valent iron 
particles. The zero-valent iron NPs were subsequently examined for in vitro bio-
compatibility using the human keratinocyte cell (HaCaT) line as a representative 
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skin exposure model. The cells were exposed to zero-valent iron NPs for time 
periods of 24 and 48  h. Biocompatibility was assessed using the methyl tetra-
zolium, or MTS, (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium)) and lactate dehydrogenase (LDH) assays to 
determine in vitro cytotoxicity. The evaluation of mitochondrial function (MTS) 
and membrane integrity (LDH) in human keratinocytes showed that these green 
synthesized zero-valent iron NPs were nontoxic in the human keratinocytes 
exposed when compared with control samples synthesized using a borohydride 
protocol (Nadagouda et al. 2010). It was demonstrated that these NPs could have 
an adverse effect on pure cultures of bacteria, such as E. coli, Pseudomonas fluore-
scens, and B. subtilis var. niger (Auffan et al. 2008; Lee et al. 2008; Diao and Yao 
2009).

Machado et al. (2013) evaluated the viability of the utilization of several plant 
leaves to produce extracts which were capable of reducing iron(III) in aqueous 
solution to form zero-valent iron NPs (~10–20  nm). The extracts could be clas-
sified into three categories according to their antioxidant capacity (expressed as 
Fe(II) concentration): >40  mmol L−1; 20–40  mmol L−1; and 2–10  mmol L−1; 
with oak, pomegranate, and green tea leaves producing the richest extracts. It was 
concluded that the best results were obtained when the extraction is performed at 
80 °C, while the best contact time and leaf mass: solvent volume ratio depended 
on the type of leaf. The authors of this chapter believed that polyphenols were 
responsible for synthesis of zero-valent iron NPs (Machado et al. 2013).

11.3 � Phytosynthesis of Metal Oxide NPs

11.3.1 � Iron Oxide NPs

It was reported that iron oxide NPs could be synthesized by using alfalfa biomass 
(Herrera-Becerra et al. 2008). Results showed that pH 10 yielded smaller particles 
with greater proportion of the Fe2O3, and the size could be controlled in the range 
of 1–4  nm. When pH decreased (pH 5), larger NPs were produced. In another 
study, Au–Fe3O4 composite NPs were prepared with a combined chemical and 
biological reducing process (“semi-biosynthesis method”). Magnetic cores were 
primarily produced using a fabrication method consisting of co-precipitation of 
Fe2+ and Fe3+. An ethanol extract of Eucalyptus camaldulensis was used for the 
reduction of Au+3 on the surface of the magnetite NPs and for the functionaliza-
tion of the Au–Fe3O4 nanocomposite particles (Haratifar et al. 2009). Iron oxide 
NPs (Fe3O4) were rapidly synthesized by reduction of ferric chloride solution with 
Tridax procumbens leaf extract containing carbohydrates as a major component 
which act as reducing agent (Senthil and Ramesh 2012). The results indicated that 
water-soluble carbohydrates which have aldehyde groups may cause the formation 
of iron oxide NPs. The purification process of the Fe3O4 product did not require 
any expensive method, since solid product was obtained from the reaction in liquid 
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phase. The antibacterial effect of iron oxide NPs against P. aeruginosa was also 
investigated. Bacteriological tests were performed in Potato Dextrose Agar (PDA) 
medium on solid agar plates and in liquid systems supplemented with different 
concentrations of iron oxide NPs. These particles were shown to be an effective 
bactericide (Senthil and Ramesh 2012).

11.3.2 � Indium Oxide NPs

It was reported that indium oxide (In2O3) NPs were biologically synthesized using 
Aloe barbadensis Miller (A. vera) plant extracted solution. In2O3 NPs (~5–50 nm) 
were produced by using indium acetylacetonate and A. vera plant extracted solu-
tion (Maensiri et  al. 2008). The NPs were formed after calcinations the dried 
precursor of indium oxide in air at 400–600  °C. The morphologies and sizes of 
indium oxide materials were affected by the temperature of calcinations.

11.3.3 � Copper Oxide NPs

Copper oxide NPs were synthesized using aqueous extract of Acalypha indica 
leaf. The synthesized NPs were highly stable, spherical, and particle size was in 
the range of 26–30 nm. The antimicrobial activity of A. indica-mediated copper 
oxide NPs was tested against selected pathogens. These NPs showed efficient 
antibacterial and antifungal effect against E. coli, P. fluorescens, and Candida 
albicans. The cytotoxic activity of A. indica-mediated copper oxide NPs was eval-
uated by MTT assay against MCF-7 breast cancer cell lines and confirmed that 
these NPs have cytotoxicity activity (Sivaraj et al. 2014). Moreover, Gunalan et al. 
(2012a) reported that A. barbadensis-mediated copper oxide NPs were spheri-
cal in nature and sizes ranging from 15 to 30  nm. Results from FTIR indicated 
the existence of some phenolic compounds, terpenoids, or proteins which were 
bound to the surface of copper oxide NPs that remained despite repeated washing. 
The stability of copper oxide NPs might be due to the free amino and carboxylic 
groups which had interacted with the copper surface. Moreover, the proteins in the 
medium prevented agglomeration and stabilized the NPs (Gunalan et al. 2012a).

11.3.4 � Chromium Oxide NPs

Chromium oxide (Cr2O3) NPs were rapidly synthesized by reduction of potassium 
dichromate solution with Arachis hypogaea leaf extract containing reducing sug-
ars which act as reducing agent (Ramesh et  al. 2012). The results indicated that 
the aldehyde groups present in the plant extract played an important role in the 
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formation of chromium oxide NPs. The antibacterial effect of chromium oxide 
NPs against E. coli was investigated. Bacteriological tests were performed in 
PDA medium on solid agar plates and in liquid systems supplemented with differ-
ent concentrations of chromium oxide NPs. These particles were shown to be an 
effective bactericide. The shapes of the chromium oxide NPs appeared like hex-
agonal and cubic with rough surfaces (Ramesh et al. 2012). In another study, chro-
mium oxide NPs (~65 nm) were phytosynthesized by the reduction of potassium 
dichromate solution with Mukia maderaspatana plant extract. For this, 20 mL of 
potassium dichromate solution was mixed with 20 mL of plant extract in a beaker 
and stirred for 10–15 min. The color of the solution changed from orange to green 
indicating the formation of chromium(III) oxide NPs. The solution was kept 
at room temperature for evaporation of aqueous phase. The green solid product 
was dried in hot air oven at 65–70  °C for an hour. The resulting solid was cal-
cined at 650–700  °C for 3  h. The addition of potassium dichromate solution to 
the plant extract containing mild reducing agents caused the reduction of orange 
dichromate(VI) ions to green chromium(III) ions. The enhancing influence of 
chromium oxide NPs as a catalyst for the decomposition of KMnO4 was studied. 
The antibacterial effect of chromium oxide NPs against E. coli was investigated. 
These particles were shown to have an effective bactericide (Rakesh et al. 2013).

11.3.5 � Zinc Oxide NPs

It was reported that crystalline zinc oxide (ZnO) NPs (~72.5  nm) were synthe-
sized using Physalis alkekengi L. The TEM micrographs demonstrated that the 
synthesized NPs were polydispersed and not uniformly distributed (Qu et  al. 
2011b). Furthermore, the branches (stems) of Euphorbia tirucalli was used for 
synthesizing spherical zinc oxide NPs (~20 nm) (Hiremath et al. 2013). The syn-
thesis of hexagonal wurtzite zinc oxide NPs from Zn-hyperaccumulator (Sedum 
alfredii Hance) plants was reported, as well. The formed NPs were agglomer-
ated, and single zinc oxide NPs were pseudospherical in shape with a mean size 
of 53.7 nm (Qu et al. 2011a). In another study, the exploit of aqueous leaf extract 
of Corriandrum sativum as an eco-friendly agent for the pattern of zinc oxide 
nanoparticle using zinc acetate and sodium hydroxide as a surrogate for chemical 
method was reported. FTIR studies of aqueous Corriandrum leaf extract revealed 
the presence of phytoconstituents such as alcohol, aldehyde, and amine which 
were the surface active molecules stabilized the NPs and this phytochemicals have 
interacted with the zinc surface and stabilized zinc oxide NPs (Gnanasangeetha 
and SaralaThambavani 2013b). Moreover, the antimicrobial efficacy of green 
and chemical synthesized zinc oxide NPs against various bacterial and fungal 
pathogens was determined. Zinc oxide NPs are known to be one of the multi-
functional inorganic NPs with effective antimicrobial activities. Actually, metal 
oxide powders (e.g., ZnO, MgO, and CaO) showed antimicrobial activities against  
S. aureus, E. coli, and fungi. It is considered that the detected active oxygen 
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species generated by these metal oxide particles could be the main mechanism 
of their antibacterial activity. Various microbiological tests were performed using 
varying concentrations of green and chemical zinc oxide NPs with sizes 40 and 
25  nm, respectively. It was reported that green zinc oxide NPs showed more 
enhanced biocidal activity against various pathogens when compared to chemi-
cal synthesized zinc oxide NPs. Also effectiveness of NPs were increased with 
increasing particle dose, treatment time, and synthesis method. This study dem-
onstrated that the particle size variation and surface area to volume ratio of green 
zinc oxide nanoparticle were responsible for significant higher antimicrobial activ-
ity (Gunalan et al. 2012b). Aqueous leaf extract of A. indica were used to green 
synthesis of zinc oxide NPs (~100–200 nm). This green method showed that the 
environmentally benign and renewable aqueous leaf extract of A. indica could 
be used as a stabilizing agent for the synthesis of zinc oxide NPs. XRD pattern 
illustrated that the synthesized NPs were in wurtzite nature. The flavonoid and 
terpenoid constituents present in A. indica leaf extract were the surface dynamic 
molecules stabilized the NPs (Gnanasangeetha and SaralaThambavani 2013a). 
Moreover, green synthesis of spherical zinc oxide NPs (~30–35  nm) by zinc 
nitrate and utilizing the biocomponents of leaves extract of Calotropis gigantea 
was reported. The X-ray patterns showed hexagonal crystal type for zinc oxide 
(Vidya et al. 2013).

Nagajyothi et al. (2013) reported the green synthesis of zinc oxide NPs (~8.48–
32.51 nm) using trifoliate orange (Poncirus trifoliata). Scanning electron micro-
scope (SEM) image showed that the morphology of zinc oxide NPs was nearly 
spherical shape. The utility of phytosynthesized zinc oxide NPs as catalyst in 
Claisen Schmidt Condensation reaction was described. Accordingly, this eco-
friendly, inexpensive and chemically stable catalyst was used for the condensa-
tion of 3,4-dimethyl benzaldehyde and acetophenone (Nagajyothi et  al. 2013). 
Furthermore, zinc oxide nanocrystals were synthesized by employing Nephelium 
lappaceum L., peel extract as a natural ligation agent. Green synthesis of zinc 
oxide nanocrystals was carried out via zinc–ellagate complex formation using 
rambutan peel wastes. It was reported that zinc oxide nanocrystals-coated cotton 
showed good antibacterial activity toward E. coli and S. aureus (Yuvakkumar et al. 
2014).

Zinc oxide NPs were synthesized by using Borassus flabellifer fruit extract 
(~50–60  nm) (Vimala et  al. 2014). The UV/Vis spectrum showed an absorption 
peak at 368 nm that reflects surface plasmon resonance zinc oxide NPs. The syn-
thesized NPs were porous in nature and rod-like structure. The possible mecha-
nism for the green synthesis of zinc oxide NPs involved reduction of zinc nitrate 
ions that can form intermediate complexes with phenolic OH groups present in 
hydrolyzable tannins, which subsequently undergo oxidation to quinine forms 
with consequent reduction of zinc to zinc oxide NPs. Results from analysis proved 
the existence of some phenolic compounds, terpenoids or proteins which were 
bound to the surface of zinc oxide NPs. Moreover, it was suggested that the pro-
teins prevented agglomeration and stabilized the NPs by forming a coat, cover-
ing the NPs. The authors examined the synthesized doxorubicin-zinc oxide NPs 
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exhibited a dose-dependent cytotoxicity against MCF-7 and HT-29. The inhibitory 
concentration (IC50) was found to be 0.125 μg mL−1 for MCF-7 and HT-29 cells. 
An induction of apoptosis was evidenced by nuclear stain Hoechst 33,258. In vivo 
toxicity assessment showed that doxorubicin-zinc oxide NPs had low systemic 
toxicity in murine model system. The results proved that the synthesized zinc 
oxide NPs can be considered as a promising candidate for a drug delivery system 
(Vimala et al. 2014).

11.3.6 � Titanium Dioxide NPs

An eco-friendly approach for synthesis of titanium dioxide (TiO2) NPs from 
titanium isopropoxide solution using Nyctanthes arbor-tristis (night-flowering 
jasmine) leaves extract has been reported. SEM analysis demonstrated that the 
average size was from 100 to 150 nm, and the shapes were uniformed spherical 
(Sundrarajan and Gowri 2011). In another study, titanium dioxide NPs were syn-
thesized using A. squamosa peel extract and their catalytic applications were stud-
ied on the 2,3-disubstituted dihydroquinazolin-4(1H)-one synthesis. Synthesized 
compounds were confirmed using FTIR, 1H NMR, 13C NMR and GC–MS analy-
ses (Bharathi et  al. 2014). Moreover, Roopan et  al. (2012b) reported the phyto-
synthesis of rutile titanium dioxide NPs using fruit peel A. squamosa aqueous 
extract. The UV-Vis spectrophotometer results were promising and showed a rapid 
synthesis of titanium dioxide NPs with a surface plasmon resonance occurring at 
284  nm. The TEM images showed polydisperse NPs with spherical shapes and 
size 23 ± 2 nm ranges. The authors of this study used GC–MS to find the possible 
mechanisms for the formation of titanium dioxide NPs. Consequently, results from 
GC–MS analysis showed that the aqueous extract of A. squamosa fruit peel con-
tained compounds having hydroxyl group as a functional group in the structure. 
Titanyl hydroxide could be dehydrated to give titanium dioxide NPs by heating it 
with an A. squamosa aqueous peel extract at about 60 °C. Here, the plant extract 
served as catalysts due to the present of compounds having hydroxyl group as a 
functional group in the structures. Further, water-soluble compounds containing 
hydroxyl functional group were reported to be responsible for the stabilization of 
titanium dioxide NPs (Roopan et al. 2012b).

Eclipta prostrata leaf extract was used for synthesizing of titanium dioxide 
NPs (Rajakumar et  al. 2012). FTIR peak implicated the role of carboxyl group 
O‒H stretching amine N‒H stretch in the formation of titanium dioxide NPs. The 
results indicated that alcohols, phenols, alkanes, primary amines, and aliphatic 
amines in E. prostrata might be participating in the process of nanoparticle syn-
thesis. Authors mentioned that the E. prostrata leaves contained beta-amyrin, 
wedelolactone, triterpenoids, flavonoids, luteolin-7-o-glucoside, L-terthienyl 
methanol and stigmasterol. Water-soluble heterocyclic compounds such as fla-
vones were the reducing and capping ligands of the NPs. Functional groups asso-
ciated with these the cause for the bioreduction of TiO(OH)2 to TiO2 NPs. Field 
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emission scanning electron microscopy analysis showed that the synthesized NPs 
were spherical clusters, quite polydisperse and they ranged in size from 36 to 
68 nm with calculated average size of 49.5 nm (Rajakumar et al. 2012).

11.4 � Reaction Conditions

The important challenges frequently encountered in the green synthesis of NPs 
are to control the shape and size of the nanosized particles as well as to achieve 
the monodispersity in solution phase. Moreover, the rate of nanoparticle synthe-
sis and stability of the NPs are very important especially in industrial produc-
tion. Therefore, effects of reaction conditions should be checked. In this section, 
we mention the effects of some important parameters including pH, temperature, 
amount of biomass or plant extract, substrate concentration, and reaction time:

11.4.1 � pH

The pH of the solution is an important factor in controlling the size and morphol-
ogy of NPs, and in the location of nanoparticle deposition (Diao and Yao 2009; 
Machado et  al. 2013; Herrera-Becerra et  al. 2008). For instance, it was demon-
strated that in the case of Cocos nucifera, high monodispersity was obtained 
when the reaction was conducted at pH 11, with an average size of 23 nm, while 
at pH 2 no reaction occurred. It was observed that upon adjusting the pH of the 
reactants with NaOH, the light brown extract and colorless silver nitrate solu-
tion developed murky brown, respectively. It was revealed that when silver nitrate 
solution was mixed with NaOH solution first it would favor the formation a pure 
silver oxide (Ag2O) precipitate and if a reducing reagent (e.g., C. nucifera coir 
extract) was also added, then the product became pure silver and that the reduc-
tion of Ag+–Ag(0) occurred on the surface of the existing colloids in the system 
(Roopan et al. 2013). Sathishkumar et al. (2009b) reported the effect of pH on the 
formation of silver NPs using C. zeylanicum powder and bark extract over a wider 
pH range (1–11) and concluded that the pH of the solution dropped in most of 
the cases after the synthesis of silver NPs. As a result, small NPs were formed 
at high pH. Moreover, the formation of large-sized ellipsoidal silver NPs was 
observed at lower or acidic pH, while at higher or alkaline pH highly dispersed, 
small-sized, and spherical NPs tended to form. Andreescu et  al. (2007) reported 
the acceleration in the rate of silver nanoparticle synthesis (rapid and complete 
reduction of silver ions) by using elevated pH. They reported that increase in pH 
results in increase the absolute value of the negative zeta potential which led to 
the formation of highly dispersed NPs. This phenomenon could be related to the 
electrostatic repulsion at high pH or attributed to the high absolute value of the 
negative zeta potential (Sadowski et al. 2008). Dubey et al. (2010b) have shown 
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the effect of pH on zeta potential of produced NPs. Zeta potential values reveal 
details about the surface charge and stability of the synthesized metal NPs (Dubey 
et  al. 2010b). Actually, stability of produced metal NPs are evaluated with zeta 
potentiometer and corresponding surface Plasmon spectra (Dwivedi and Gopal 
2010; Parashar et al. 2009a, b). Ag NPs demonstrated lower zeta potential value 
at strongly acidic pH, but when the pH increased higher zeta potential values were 
obtained. Furthermore, larger particle size could be achieved by decreasing the 
pH. Gardea-Torresdey et al. (1999) found that pH is an important factor in the bio-
synthesis of colloidal gold using alfalfa biomass and concluded that the size of 
NPs varied with the change in pH. Mock et al. (2002) also have reached to simi-
lar conclusions and reported that pH is responsible for the formation of NPs of 
various shapes and size. As different plant extracts and even the extracts coming 
from different parts of the same plant may have different pH values which further 
need optimization for the efficient synthesis of NPs, it has been reported by sev-
eral researchers that larger NPs formed at lower pH (2–4) as compared to higher 
pH. Moreover, Armendariz et al. (2004a) reported that the size of gold nanopar-
ticle produced by A. sativa was highly dependent on the pH value. At pH 2, large 
size NPs (~25–85 nm) were formed albeit in a small quantity but at pH 3 and 4, 
smaller sized NPs were formed in a large quantity. They speculated that at low 
pH (pH 2), the gold NPs prefer to aggregate to form larger NPs rather than to 
nucleate and form new NPs. In contrast, at pH 3 and 4, more functional groups 
(carbonyl and hydroxyl) are available for gold binding; thus a higher number 
of Au(III) complexes would bind to the biomass at the same time. Dwivedi and 
Gopal (2010) revealed that silver and gold NPs are stable in a wider range of pH 
as they observed very small variation in the zeta potential values between pH 2–10 
in their study using Chenopodium album. Veerasamy et al. (2011) while working 
on mangosteen leaf extract reported that at low pH, aggregation of silver NPs is 
favored over the nucleation. However, higher pH facilitates the nucleation and sub-
sequent formation of large number of NPs with smaller diameter. Nalawade et al. 
(2014) reported the synthesis of spherical silver NPs (~20–150 nm) using an aque-
ous extract of Acacia auriculiformis (as the reducing and capping agents). FTIR 
indicated the role played by hydroxyl groups of polyphenols and ester groups of 
terpenoids in the reduction of Ag+ ions. Increase in the pH of the extract caused 
the formation of the NPs immediately after addition of Ag+ ions. At pH 11, instant 
formations of silver NPs was observed. The color of the silver solution was also 
found to be changed from brown to yellow when pH of the extract was increased 
up to pH 11. It was observed that as pH of the solution increased above 2.3, the 
wavelength of absorption maximum due to silver NPs also decreased linearly from 
432 to 403  nm. It was also observed that the silver NPs obtained at pH higher 
than 9.5 have shown enhanced colloidal stability compared to those obtained at 
lower pH. Moreover, the silver NPs obtained at pH 11 were stable for more 
than 2 months at room temperature and above 7 months at 4 °C. Further, it was 
observed that the NPs formed at higher pH are nearly monodispersed with polygo-
nal morphology (Nalawade et al. 2014).
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In case of Pinus eldarica, by increasing the pH of the reaction mixture, an 
increase in absorbance was observed, which could be due to the increase in pro-
duction of colloidal silver NPs and reduction rate. It seems that pH affected the 
amount of nanoparticle formation and stability of them. Furthermore, pH influ-
enced the rate of the reduction reaction. The reaction mixture turned brown when 
silver was reduced, and the reaction mixture coloring accelerated with increasing 
pH. Furthermore, the formation of large-sized silver NPs was observed at lower or 
acidic pH; while higher or alkaline pH highly dispersed, small-sized NPs tended to 
form (Iravani and Zolfaghari 2013).

11.4.2 � Temperature

Temperature might be one of the crucial factors dominating the size and shape of 
NPs. It was reported that when the reaction temperature was increased from 25 to 
150 °C, the size of silver and gold NPs became smaller which resulted into sharp-
ness of plasmon resonance band of them (Dubey et al. 2010b). This is so because 
with the increase in temperature the rate of reaction will be increased which thus 
enhances the synthesis of NPs (Dwivedi and Gopal 2010; Philip 2009). Since 
the sharpness in absorbance peak depends on the size of the synthesized NPs, 
as with higher temperature, the particle size may be smaller, which results into 
the sharpening of the plasmon resonance band of silver and gold NPs (Shaligram 
et al. 2009). Andreescu et al. (2007) reported a rapid synthesis rate of silver NPs 
at higher temperatures. The increase in the reaction rate due to increasing the reac-
tion temperature have been also reported by Rai et al. (2006) in case of gold nano-
triangles biosynthesis using lemongrass extract as well as Song et  al. (2009) in 
case of silver nanoparticle synthesis using persimmon and magnolia leaf extract. 
Song et  al. (2009) have shown that silver NPs could be rapidly synthesized by 
using Magnolia leaf extract requiring 11 min for up to 90 % conversion at a reac-
tion temperature of 95  °C. It can be concluded that the rate of synthesis of the 
NPs was related to the reaction and incubation temperature, and increased tem-
perature levels allowed nanoparticle growth at a faster rate. Gericke and Pinches 
(2006) observed that nanorod and platelet-shaped gold NPs were synthesized at 
higher temperatures while the spherical-shaped NPs formed at lower temperatures. 
Moreover, Sathiskumar et al. (2010) realized the increase in the surface plasmon 
resonance with the increase in temperature, confirming the positive correlation 
between the yield of the NPs and the temperature.

11.4.3 � Amount of Biomass/Plant Extract

Song et  al. (2009) reported that the use of a low concentration of phyllanthin 
extract reacting with HAuCl4 led to synthesis of hexagonal or triangular gold NPs, 
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but spherical NPs could be formed by addition of higher concentrations of the 
extract. Dubey et al. (2010b) have used different quantities of fruit extracts. They 
found that larger quantities of fruit extract leads to an increase in the peak absorb-
ance in UV/Vis spectrum. Moreover, a decrease in particle size of Ag and Au NPs 
has been reported due to an increase in the extract amount. Dwivedi and Gopal 
(2010) demonstrated that with increasing ratio of leaf extract, the color of reaction 
mixture changed from reddish-yellow to deep red and pink to reddish pink for sil-
ver and gold NPs, respectively. In addition, the influences of the initial concentra-
tions of the tea extract on the silver NPs productivity were studied at 25 °C. The 
stock solution of tea extract was diluted to 1, 5, 10, 25, 50, and 100 % (v/v) and 
was used as working solution, with the total organic carbon (TOC) of 1.0, 2.0, 5.0, 
10.1, and 20.2 g/L, respectively. Consequently, the synthesis efficiencies of silver 
NPs were 99.1, 99.7, 99.9, 99.8, 94.6, and 95.3  % (w/w) with 1, 5, 10, 25, 50, 
and 100 % (v/v) tea extract, respectively. The production efficiencies of silver NPs 
were all above 94 % (w/w), while the highest nanosilver synthesis efficiency was 
achieved with 5 % (v/v) tea extract (Sun et al. 2014).

11.4.4 � Substrate Concentration

One of the important measures to make the reaction more economical and efficient 
is finding the maximum concentration of the substrate which could be converted to 
the final product. We demonstrated green synthesis of spherical silver NPs using P. 
eldarica bark extract. The results obtained from time course of reaction indicated 
that by gradual increase in concentration of silver nitrate, the nanoparticle synthe-
sis was also increased (Iravani and Zolfaghari 2013). In another study, Kora et al. 
(2012) reported the synthesis of spherical silver NPs (~7.5 ±  3.8 nm) using the 
aqueous extract of gum olibanum (Boswellia serrata), a renewable natural plant 
biopolymer. The water-soluble compounds in the gum serve as dual functional 
reducing and stabilizing agents. It was demonstrated that upon increasing the con-
centration of metal precursor, the intensity of the absorption band was increased, 
due to an enhancement in the nuclei formation, resulted in the synthesis of larger 
number of NPs.

11.4.5 � Reaction Time

It was observed that the contact time may play a crucial role in the synthe-
sis of NPs. It seems that due to the instability of the NPs formed, an optimum 
duration is required for complete nucleation and subsequent stability of the syn-
thesized NPs. For instance, in one study, it was reported that the optimum time 
required for the completion of the reaction for silver nanoparticle synthesis was 
60  min (Veerasamy et  al. 2011). The requirement of optimum reaction time for 
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the stability of synthesized silver and gold NPs using Rosa damascene has been 
reported, as well (Ghoreishi et al. 2011). Dwivedi and Gopal (2010) reported an 
increase in the sharpness of UV absorption spectra peaks with the increase in the 
contact time, while working with Chenopodium leaf extract. They reported that 
NPs appeared within 15  min of the reaction and were increased up to 2  h, but 
after that only slight variation was occurred. Furthermore, Dubey et  al. (2010b) 
observed that in T. vulgare mediated synthesis, the formation of silver and gold 
NPs started with in 10 min of the reaction. In addition, they found that the increase 
in the contact time is responsible for the sharpening of the peaks in both silver 
and gold NPs. Roopan et  al. (2012b) studied the effect of duration for the for-
mation of titanium dioxide NPs using aqueous extract of A. squamosa fruit peel. 
Consequently, at each and every 2 h interval the reaction mixture was subjected 
to UV-Vis analysis. It was found that the sample which was heated for 6 h gave 
the higher absorbance value and that the absorbance value decreased with further 
increase in the time of heating. Therefore, in order to form titanium dioxide NPs, 
6 h was found to be most effective (Roopan et al. 2012b).

11.5 � Mechanistic Aspects

In general, several mechanisms have been proposed (summarized in Table 11.2). 
Shankar et  al. (2004a) reported that gold nanoparticle synthesis takes place 
due to the reduction of aqueous chloroaurate by reducing aldoses and ketones. 
Richardson et al. (2006) also reported that leaf extracts containing carbohydrates 
and proteins serve as reducing agents for silver ions. Jacob et al. (2012) reported 
a cost-effective and eco-friendly technique for green synthesis of spherical silver 
NPs (~17.6–41 nm) from silver nitrate solution (1 mM) using the extract of Piper 
longum leaf as reducing as well as capping agent. The synthesized NPs were also 
exhibiting excellent cytotoxic effect on HEp-2 cell lines. The FTIR spectrum of 
silver NPs showed distinct peaks 1,660  cm−1, which represent the involvement 
of C=N in the plane vibrations of amino acids, 1,031–1,225 cm−1 represent the 
involvement of C–N in the plane vibrations of aliphatic amines. The above bonds 
commonly occur in proteins indicating the presence of proteins as ligands for sil-
ver NPs, which increase the stability of synthesized NPs. A peak at 1,225 cm−1 
was assigned to the C–O group of polyols, indicating that polyols are playing a 
major role in the reduction of silver NPs. Two new alkaloids, piperlongumine 
and piperlonguminine, were isolated from Piper longum, and might be responsi-
ble for the reduction of silver nitrate into silver NPs. Rest of the bands showed 
resemblance to alkenes (617–702 cm−1) and aromatic (900 cm−1) groups, which 
is present in the plant extract and might have an effect in the synthesis of NPs 
(Jacob et al. 2012). Huang et al. (2007) reported green synthesis of silver NPs in 
the presence of reductive biomolecules present in C. camphora leaf extract. In the 
FTIR spectra, the presence of functional groups like –C–O–C, –C–O–, –C=C, 
and –C=O–, derived from several heterocyclics, was observed. These bioactive 
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Table 11.2   Phytochemicals and biomolecules involved in the synthesis of NPs using plants

Plants Nanoparticle Phytochemicals/
biomolecules

References

A. indica Zinc oxide Flavonoids, 
terpenoids

Gnanasangeetha and 
SaralaThambavani 
(2013a)

Achyranthus aspera Silver Polyols Daniel et al. (2011)

A.cepa Gold Vitamin C Parida et al. (2011)

A. sativum Silver Sucrose, fructose White II et al. (2012)

A. sativum Gold Proteins Coman et al. (2013)

Aloe barbadensis Copper oxide Phenolic compounds, 
terpenoids, proteins

Gunalan et al. (2012a)

Alternant he ra 
sessilis L.

Silver Alkaloids, tannins, 
ascorbic acid,  
carbohydrates, 
proteins

Niraimathi et al. 
(2013)

Anacardium 
occidentale

Gold, silver,  
gold–silver alloy, 
gold core-silver shell

Polyols, proteins Sheny et al. (2011)

Andrographis panicu-
lata Nees.

Silver Hydroxyflavones, 
catechins

Sulochana et al. 
(2012)

Annona squamosa Palladium Secondary  
metabolites  
contained –OH group

Roopan et al. (2012a)

Arachis hypogaea Chromium oxide Reducing sugars Ramesh et al. (2012)

Astragalus gummi-
fer L.

Silver Proteins Kora and Arunachala 
(2012)

Azadirachta indica Silver Reducing sugars, 
terpenoids

Shankar et al. (2004a)

Azadirachta indica 
A. Juss.

Gold Salanin, nimbin, 
azadirone, 
azadirachtins

Thirumurugan et al. 
(2010)

Benincasa hispida Gold Polyols Aswathy Aromal and 
Philip (2012a)

Bryophyllum sp. Silver Flavones, quinones, 
organic acids  
(e.g. oxalic, malic,  
tartaric, and 
protocatechuic acid)

Jha et al. (2009b)

Cacumen platycladi Gold–palladium 
bimetallic

Water-soluble 
polyhydroxy 
biomolecules

Zhan et al. (2011)

Calotropis procera L. Copper Cysteine protease 
and tryptophan with 
functional groups 
of amines, alcohols, 
ketones, aldehydes, 
and carboxylic acids

Harne et al. (2012)

(continued)
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Table 11.2   (continued)

Plants Nanoparticle Phytochemicals/
biomolecules

References

Camellia sinensis Gold Polyphenolic 
compounds

Boruah et al. (2012)

Carica papaya  
(fruit extract)

Silver Hydroxyflavones, 
catechins

Jain et al. (2009)

Carica papaya  
(callus extract)

Silver Proteins and other 
ligands

Mude et al. (2009)

Chenopodium album Gold, silver Oxalic acid, lignin Dwivedi and Gopal 
(2010, 2011)

Cinnamomum 
zeylanicum

Palladium Terpenoids (e.g.  
linalool, methyl 
chavicol, and 
eugenol)

Sathishkumar et al. 
(2009a, b)

Cinnamomum 
camphora

Palladium Polyol components, 
water-soluble  
heterocyclic 
components

Yang et al. (2010)

Citrullus colocynthis Silver Polyphenols with 
aromatic ring and 
bound amide region

Satyavani et al. (2011)

Coleus aromaticus 
Lour.

Silver Flavonoids, lignin Vanaja and Annadurai 
(2012)

Corriandrum sativum Zinc oxide Phytoconstituents 
such as alcohol,  
aldehyde and amine

Gnanasangeetha and 
SaralaThambavani 
(2013b)

Cycas leaf Silver Polyphenols, 
glutathiones, 
metallothioneins, 
Ascorbates

Jha and Prasad (2010)

Cyperus sp. Silver Flavones, quinones, 
organic acids  
(e.g. oxalic, malic, 
tartaric, and  
protocatechuic acid)

Jha et al. (2009b)

Datura metel Silver Plastohydroquinone, 
plastrocohydroquinol

Kesharwani et al. 
(2009)

Delonix elata Silver Phenolic compounds, 
flavonoids

Sathiya and 
Akilandeswari (2014)

Desmodium triflorum Silver H+ ions produced 
a long with NAD 
during glycolysis, 
Water-soluble  
antioxidative agents 
like ascorbic acids

Ahmad et al. (2011)

Diopyros kaki Platinum Terpenoids, reducing 
sugars

Song et al. (2010)

(continued)
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Table 11.2   (continued)

Plants Nanoparticle Phytochemicals/
biomolecules

References

Dioscorea bulbifera Silver Polyphenols, 
flavonoids

Ghosh et al. (2012b)

Dioscorea 
oppositifolia

Silver Polyphenols with 
aromatic ring and 
bound amide region

Maheswari et al. 
(2012)

Eclipta prostrata Titanium dioxide Heterocyclic 
compounds such as 
flavones

Rajakumar et al. 
(2012)

Elettaria 
cardamomom

Silver Alcohols, carboxylic 
acids, ethers, esters, 
aliphatic amines

Gnanajobitha et al. 
(2012)

Eucalyptus hybrida Silver Flavanoid 
and terpenoid 
constituents

Dubey et al. (2009)

Euphorbia nivulia Copper Peptides, terpenoids Valodkar et al. (2011)

Festuca rubra Silver Reducing sugars, 
antioxidant 
compounds, ascorbic 
acid

Marchiol et al. (2014)

Gardenia jasminoides 
E.

Palladium Geniposide, 
chlorogenic acid, 
crocins, crocetin

Jia et al. (2009)

Glycine max Palladium Proteins, amino acids Petla et al. (2012)

Glycyrrhiza Glabra Silver Flavonoids, 
terpenoids, thiamine

Dinesh et al. (2012)

Hibiscus cannabinus Silver Ascorbic acid Bindhu and Umadevi 
( 2012)

Hydrilla sp. Silver Flavones, quinones, 
and organic acids 
(e.g. oxalic, malic, 
tartaric, and 
protocatechuic acid)

Jha et al. (2009b)

Hydrilla verticilata Silver Proteins Sable et al. (2012)

Jatropha curcas Zinc sulfide, lead Curcacycline A 
(an octapeptide), 
Curcacycline B (a 
nonapeptide) Curcain 
(an enzyme)

Hudlikar et al. (2012), 
Joglekar et al. (2011)

Justicia gendarussa Gold Polyphenol, 
flavonoid compounds

Fazaludeena et al. 
(2012)

Lantana camara Silver Carbohydrates, 
glycosides, 
flavonoids

Sivakumar et al. 
(2012)

Leonuri herba Silver Polyphenols, 
hydroxyl groups

Im et al. (2012)

(continued)
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Table 11.2   (continued)

Plants Nanoparticle Phytochemicals/
biomolecules

References

Magnolia kobus Gold Proteins and 
metabolites (e.g. 
terpenoids having 
functional groups of 
amines, aldehydes, 
carboxylic acid, and 
alcohols)

Song et al. (2009)

Mentha piperita Gold, silver Menthol Ali et al. (2011)

Mirabilis jalapa Gold Polyols Vankar and Bajpai 
(2010)

Morinda pubescens Silver Hydroxy flavones, 
catechins

Jancy and Inbathamizh 
(2012)

Ocimum sanctum Silver, platinum Phenolic and flava-
noid compounds, 
proteins, ascorbic 
acid, gallic acid, 
terpenoids, proteins 
and amino acids

Soundarrajan et al. 
(2012), Ramteke et al. 
(2013)

Ocimum tenuiflorum Silver Polysaccharides Vignesh et al. (2013)

Parthenium 
hysterophorus

Silver Hydroxy flavones, 
catechins

Kumar (2012)

Pear fruit extract Gold Organic acids, 
peptides, proteins, 
amino acids, 
accharides

Ghodake et al. (2010)

Pedilanthus 
tithymaloides

Silver Proteins, enzymes Sundaravadivelan and 
Nalini (2011)

Pelargonium 
graveolens

Silver Proteins, terpenoids 
and other bio-organic 
compounds

Shankar et al. (2003a)

Phoma glomerata Silver Proteins, amino acids Gade et al. (2014)

Pinus eldarica Silver Polyphenolic 
compounds

Iravani and Zolfaghari 
(2013)

Pinus resinosa Platinum Lignin Coccia et al. (2012)

Piper betle Silver Proteins Mallikarjuna et al. 
(2012)

P. betle Palladium Flavonoids, 
terpenoids, proteins

Mallikarjuna et al. 
(2013)

Piper nigrum Silver Proteins Garg (2012)

Plumeria rubra Silver Proteins Patil et al. (2012)

Saraca indica Gold Polyphenolic 
compounds

Dash et al. (2014)

Sesuvium 
portulacastrum

Silver Proteins, flavones, 
terpenoids

Nabikhan et al. (2010)

(continued)



240 S. Iravani et al.

compounds are presumed to act as reducing and capping agents for the silver 
NPs. Li et al. (2007) proposed recognition reduction-limited nucleation besides a 
growth model to explain the silver NPs production. In the recognition phase, the 
silver ions were trapped on the surface of proteins present in the Capsicum annum 
extract through electrostatic interaction, then, probably the proteins reduce the sil-
ver ions, resulting in nucleation of silver. Afterward, the proteins and biomolecules 
present in the reaction mixture lead to isotropic growth of silver nuclei with stabi-
lization of silver NPs.

Sathishkumar et al. (2012) reported the green synthesis of FCC crystalline sil-
ver NPs (~10–60 nm) using leaf extract of Morinda citrifolia L. under different 
temperatures and reaction periods. It was observed that these NPs had moderate 
inhibitory effects against human pathogens than the crude plant extract, demon-
strating its antimicrobial value against pathogenic diseases. The FTIR spectrum 
analysis of the synthesized silver NPs and the plant extract shows variation in 
transmittance and modification stretches at 3394, 2078, 1408, 1025, 1638, and 

Table 11.2   (continued)

Plants Nanoparticle Phytochemicals/
biomolecules

References

Solanum 
lycopersicums

Gold, silver Flavonoids,  
alkaloids, antioxidant 
vitamins, carotenoids 
(lycopene), 
polyphenols

Bindhu and Umadevi 
(2014)

Solanum 
xanthocarpum

Silver Phenolics, alkaloids, 
sugars

Amin et al. (2012)

Sorghum bicolor 
Moench

Silver, iron Polyphenols Njagi et al. (2011)

Swietenia mahogany Silver, gold, bimetal-
lic alloy gold–silver

Polyhydroxy 
limonoids

Mondal et al. (2011)

Syzygium aromaticum Gold Flavonoids Deshpande et al. 
(2010)

Terminalia arjuna Copper Flavonones, 
terpenoids

Yallappa et al. (2013)

Terminalia catappa Gold Hydrolysable tannins Ankamwar (2010)

Terminalia chebula Silver Polyphenols present 
in the form of 
hydrolysable tannins

Kumar et al. (2012)

Trianthema decandra Silver Hydroxyflavones, 
catechins

Geethalakshmi and 
Sarada (2010)

Tridax procumbens Copper oxide Water-soluble 
carbohydrates

Gopalakrishnan et al. 
(2012)

Vitus vinifera Lead Flavone, 
anthocyanins

Pavani et al. (2012)

Zingiber officinale Gold, silver Alkanoids, 
flavonoids

Singh et al. (2011)



24111  Phytosynthesis of Nanoparticles

672 cm−1 in M. citrifolia plant extract, which might be due to the interaction of 
biomolecules with silver NPs. The results depicted the presence of phenolic com-
pounds such as flavonoids, triterphenoids present in the leaf extract which might 
possibly influence the reduction and stabilization of the synthesized silver NPs 
(Sathishkumar et  al. 2012). Shankar et  al. (2003a) reported the presence of pro-
teins and secondary metabolites in the water-soluble fractions of geranium leaves 
and postulated that terpenoids contributes in the reduction of silver ions and are 
oxidized to carbonyl groups. They suggested that hydroxyls in the terpenoids pre-
sent in geranium leaf extract, like citronellol and geraniol, are oxidized to carbonyl 
groups and hence act as a reducing agent for silver ions. They have assigned a 
band of 1,748 cm−1 to ester C=O group of chlorophyll in FTIR analysis support-
ing their hypothesis. In another study, the proteins were found to be involved in 
the surface capping of gold NPs synthesized using geranium leaf extract (Shankar 
et  al. 2003b). Vanaja and Annadurai (2012) suggested that the presence of aro-
matic amine, amide(I) group, phenolic groups, and secondary alcohols in Coleus 
aromaticus leaf extract may act as reducing agents for the synthesis of silver NPs. 
Moreover, Safaepour et  al. (2009) used geraniol extract for the reduction of sil-
ver ions and found that geraniol possesses the ability to synthesize silver NPs by 
reducing silver ions. The study reported synthesis of uniformly dispersed silver 
NPs in the size range of 1–100  nm. Kasthuri et  al. (2009a) isolated phyllanthin 
from the plant Phyllanthus amarus and used different concentrations of phyl-
lanthin extract for the synthesis of gold and silver NPs. The FTIR studies dem-
onstrated a shift in the methoxy (–OCH3) band (1,088  cm−1) of the phyllanthin 
extract after silver or gold nanoparticle formation. This change can be attributed 
to the binding of the –OCH3 group with the NPs. This shift, in gold NPs, was 
slightly higher than with the silver NPs, indicating that the adsorption of phyllan-
thin on the surface of gold NPs was more efficient than on silver NPs. Depending 
on the phyllanthin concentration, different shapes of the gold and silver NPs were 
obtained.

Haverkamp and Marshall (2009) reported that plants have limited capacities 
for reducing the metal ions and this capacity relies on the reduction potential of 
the metal species. During their work on the uptake of various silver salts solution 
by hydroponically grown Barssica juncea, they proposed that metal nanoparticle 
formation by plants is restricted to precious and semiprecious metals (Haverkamp 
and Marshall 2009). Jatropha latex obtained from J. curcas was used as reducing 
and capping agent to form silver NPs (~20–30 nm). The data based on this plant 
revealed that the major peptide constituents of the latex are curcacycline A (cyclic 
octapeptide) and curcacycline B (cyclic nonapeptide) (Bar et al. 2009a). The FTIR 
analysis before and after silver nanoparticle formation showed decreased intensity 
of the secondary amine band and a shift of the stretching vibration of the (NH) 
C=O group. These changes can be attributed to the reduction of silver ions and to 
the binding of the (NH) C=O group to the NPs, respectively. These results indi-
cated that the cyclic peptides curcacycline A and B were involved in the reduc-
tion of silver ions to silver NPs and in their stabilization (Bar et al. 2009a). The 
authors of this article suggest a possible mechanism to form silver NPs. In this 
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mechanism, first of all the silver ions are entrapped in the core structure of the 
cyclic peptide. Then, the ions are reduced and stabilized in situ by the amide group 
of the host peptide under the experimental conditions. The sizes of these silver 
NPs were similar to the radius of the cavity of the cyclic peptides, confirming this 
mechanism (Bar et al. 2009a).

Ganeshkumar et  al. (2013) developed a method to synthesize monodispersed 
gold NPs by mixing gold solution with fruit peel extract of Punica granutum with-
out using any surfactant or external energy. Casein, being a biocompatible poly-
mer, is used to couple the prepared gold NPs for functionalization of folic acid, 
which is highly expressed in cancer cells. These functionalized gold NPs could 
be used for targeted drug delivery for cancer therapy with enhanced therapeutic 
efficacy and minimal side effects. Hemocompatibility of the synthesized gold NPs 
was evaluated in human blood samples and found that the particles were hemo-
compatible. The gold NPs were facilely obtained via the addition of plant extract 
into Au3+ solution within 30 s. The preparation of gold NPs was so efficient that 
the synthetic process could be completed within 60  s, which indicated a great 
practical value for the large-scale preparation of gold NPs. Epicalocatechine pre-
sent in the plant extract could be a reason for the reduction of Au3+ to form Au0. 
The authors of this study mentioned that the gold NPs prepared using tea extract 
did not show much stability, but the gold NPs prepared by this method were 
found to be very stable, which might be due to the presence of ellagitannins like 
punicalagin. The punicalagin molecule first chelated with Au3+ through its adja-
cent phenolic hydroxyls to form a five-membered chelate ring. Due to the high 
oxidation-reduction potential of Au3+, the reacted adjacent phenolic hydroxyls of 
punicalagin were inductively oxidated to the corresponding quinones, and thus the 
Au3+ were reduced to Au0 atoms. These neighbor Au0 atoms further collided with 
each other to form gold NPs with high stability. The FTIR spectrum of pomegran-
ate extract showed a peak at 3,380 cm−1 which could be attributed to the stretch-
ing vibration of phenolic hydroxyls (O‒H bond) in extracts, the absorption peaks 
at 1445, and 1623 cm−1 represent aromatic ring present in the extract. However, 
in the FTIR spectrum of the synthesized gold NPs, the peak at 3,400  cm−1 
becomes relatively narrow which could be attributed to the stretching vibration of 
phenolic hydroxyls (O‒H bond), confirm the interactions of phenolic hydroxyls 
to gold NPs, resulting in the partial destruction of hydrogen bonds among pome-
granate extract molecules. A shift in the peak at 1,346–1,384 cm−1 also indicated 
that pomegranate extract interacted with gold NPs through its adjacent phenolic 
hydroxyls and/or formed quinones (Ganeshkumar et al. 2013).

Silver NPs were prepared by using plant extracts from xerophytes 
(Bryophyllum sp.), mesophytes (Cyperus sp.), and hydrophytes (Hydrilla sp.). 
For xerophytes (like Bryophyllum sp.), a mechanistic scheme was suggested. In 
this mechanism, malic acid undergoes oxidative decarboxylation to produce pyru-
vate in the presence of NAD+/NADP+-dependent malic enzyme. Furthermore, 
pyruvate in the presence of phosphoenolpyruvate carboxykinase produces phos-
phoenolpyruvate that is used in the glycolytic pathway. Also, emodin, which 
is an anthraquinone, undergoes redial tautomerization that leads to reduction of 
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silver ions (Jha et al. 2009b). A different mechanism was proposed for mesophytes 
(Cyperus sp.) which have well-defined metabolic pathways. In this mechanism, 
silver nanoparticle synthesis might result due to tautomerization of quinones. 
Benzoquinones, for example, cyperquinone (type I), dietchequinone (type II), and 
remirin (type III), are reported to undergo redial tautomerization for reduction of 
silver ions (Jha et  al. 2009b). In hydrophytes (Potamogeton sp. or Hydrilla sp.), 
the antioxidant ascorbate is oxidized in antioxidative reactions and the enzyme 
dehydroascorbate reductase catalyzes the re-reduction of dehydroascorbate to 
ascorbate. Apart from the antioxidants, the hydrophytes are also known to possess 
catechol and protocatechuic acid. In alkaline conditions, catechol oxidizes to pro-
tocatechuic acid through protocatechaldehyde, presumably with hydrogen partici-
pation in the reduction of silver ions and synthesis of silver NPs. Jha et al. (2009b) 
suggested possible mechanisms of silver nanoparticle synthesis using plant 
extracts based on different metabolites or metabolic pathways. In the same direc-
tion, using leaf extract from Psidium guajava on an aqueous gold chloride solu-
tion gave stable poly-shaped gold NPs. Zeta potential experiments showed that 
the biogenic colloidal functionalized NPs kept their stabilities up to 30 weeks of 
storage. It was found that flavonoids in the extracellular solution from the leaves 
were responsible for the biosynthesis of the gold NPs (Raghunandan et al. 2009). 
A biosynthesis of silver and gold NPs from aqueous leaf extract of Chenopodium 
album, an obnoxious weed, was carried out given quasi-spherical-shaped NPs 
(~10–30  nm), probably through some chemical constituent in the extract acting 
as reductant (e.g., oxalic acid and aldehyde groups) (Dwivedi and Gopal 2010). 
During the biomimetic synthesis of silver NPs by Citrus lemon, Prathna et  al. 
(2011) demonstrated the ability of citric acid as both the principal reducing agent 
for nanoparticle synthesis process and the probable stabilizing agent. In another 
study with tamarind leaf broth, Ankamwar et al. (2005a) investigated the possibil-
ity of the acid group (tartaric acid) to act as a capping agent and to become respon-
sible for the stability of bio-reduced gold NPs.

We reported the formation of spherical silver NPs (~10–40  nm) using Pinus 
eldarica bark extract (Iravani and Zolfaghari 2013). P. eldarica bark contains phe-
nolic compounds such as catechin, taxifolin, caffeic acid, and ferulic acid (Iravani 
and Zolfaghari 2011). We determined the chemical composition of P.eldarica 
bark extract. A reversed-phase high pressure liquid chromatography (RP-HPLC) 
method for the determination of catechin, caffeic acid, ferulic acid, and taxifolin in 
P. eldarica bark extract was developed. A mixture of 0.1 % formic acid in deion-
ized water and 0.1 % formic acid in acetonitrile was used as the mobile phase, and 
chromatographic separation was achieved on a Nova pack C18 at 280 nm. Among 
four marker compounds, the main substances identified in P. eldarica was catechin 
(Iravani and Zolfaghari 2014). These phenolic compounds were possibly responsi-
ble for the synthesis of NPs (Iravani and Zolfaghari 2013).

FTIR analysis was carried out to identify possible functional groups respon-
sible for the synthesis of silver NPs by using G. jasminoides E. extract (Fenfen 
et al. 2014). Consequently, through the peak identification, it was reported that the 
compounds responsible for the synthesis of silver NPs might include saccharides, 
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polyphenols, aldehydes, alcohol ketones, and carbonyl compounds. The authors 
of this study speculated that the synthesis of silver NPs was due to the reduction 
of aqueous silver nitrate by the saccharides, carbonyl compounds or phenolic 
hydroxyl group, and the aldehydes ketones binding to silver nanoparticles act as 
protective group. Results from the component analysis showed that proteins, flavo-
noid, reducing sugar, polyphenol, geniposide and chlorogenic acid were important 
for the formation of silver NPs. Especially, the content of flavonoid, polyphenols 
and chlorogenic acid had a significant drop after reaction. To further ascertain the 
role of the components in G. jasminoides E. extract, pure chemicals of these active 
components were utilized and corresponding identifying experiments showed that 
rutin, gallic acid and chlorogenic acid had reducing and protecting capacities, and 
bovine albumin was a potential capping agent. Moreover, geniposide exhibited 
good shape-directing capacity for the formation of silver nanowires (Fenfen et al. 
2014).

In the case of tea extract, results from FTIR spectroscopy showed a shift in 
peaks: 3,420–3,371 (due to N–H stretching, amides), 2,931–2,925 (due to C–H 
stretching, alkanes), 1,383–1,371 (characteristic of hydroxyl groups, phenolic 
hydroxyl), and 1,051–1,044 cm−1 (due to C-stretching, ether groups). Further, the 
synthesized silver NPs showed peaks at 1695, 1452, 1241, and 926 cm−1 related 
to alkene groups (C=C stretching), tertiary ammonium ions, poly phenols, ali-
phatic amines (C–N stretching vibrations), and alkene groups (C–H stretching), 
respectively. The FTIR analysis indicated the involvement of amides, carboxyl, 
amino groups and poly phenols in the synthesized silver NPs (Sun et  al. 2014). 
Moreover, Begum et al. (2009) suggested that polyphenols or flavonoids present in 
black tea leaf extracts were responsible for silver and gold nanoparticle synthesis. 
They reached to this conclusion silver or gold nanoparticle was not observed in 
the leaf extract lacking polyphenols/flavonoids. Sathishkumar et al. (2009c) pub-
lished similar results during palladium nanoparticle synthesis using C. longa tuber 
extract. Aswathy Armol and Philip (2012b) reported that fenugreek (Trigonella 
foenum-graecum) seed extract has the ability to perform dual function of reduc-
tion and stabilization of gold NPs (~15–25 nm). They elaborated that flavonoids 
present in seed extract are powerful reducing agents which may be responsible for 
the reduction of chloroauric acid, whereas the carboxylate group present in pro-
teins can act as surfactant to attach on the surface of gold NPs and stabilize them 
through electrostatic stabilization. Kasthuri et  al. (2009c) used apiin, which is a 
flavonoid glycoside isolated from L. inermis leaves for the synthesis of gold and 
silver NPs. Results obtained from FTIR spectroscopy confirmed that the carbonyl 
group of apiin contributes to the interaction between the NPs and apiin. Moreover, 
Raghunandan et al. (2009) found that flavonoids in the guava (Psidium guajava) 
leaf extract were responsible for the synthesis of gold NPs. Song et al. (2009) also 
reported that various plant extracts can be used to synthesize the metallic NPs 
owing to the existence of terpenoids and reducing sugars in them. During their 
study on the synthesis of gold nanoparticle with M. kobus, they reported that ter-
penoids having the functional groups of amines, alcohols, ketones, aldehydes, and 
carboxylic acids were responsible for the stabilization of gold NPs. Furthermore, 
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Song et al. reported that platinum nanoparticle synthesis using Diopyros kaki leaf 
extract is not an enzyme mediated process because the rate of nanoparticle synthe-
sis was found to be greatest at the temperature as high as 95 °C and there were no 
peaks associated with protein/enzymes on the FTIR analysis (Song et  al. 2010). 
Moreover, Narayanan and Sakthivel (2011) reported that plant-mediated synthe-
sis could not be happened by enzymes as generally the plant extract is heated up 
to 90  °C during the synthesis process. According to them, phytochemicals such 
as phenolics, terpenoids, sesquiterpenes, and flavonoids and the functional groups 
present in these phytochemicals are involved in the reduction and capping of 
NPs. Similarly, saponins present in the aqueous leaf extract of Memecylon edule 
also contributed to the reduction of silver and gold ions to nanosized silver and 
gold particles respectively (Elavazhagan and Arunachalam 2011). Mesocarp 
layer extract of C. nucifera was used and assessed for the synthesis of silver NPs 
(~23 ± 2 nm) (Roopan et al. 2013). The reduction of silver ions occurred when 
silver nitrate solution was treated with aqueous extract of C. nucifera coir at 
60 °C. In this study, GC–MS of coir extract confirmed the presence of hydrocar-
bon such as nonacosane and heptacosane which may possibly influence the reduc-
tion process and stabilization of silver NPs. Synthesized silver NPs were effective 
antilarvicidal agents against Anopheles stephensi and Culex quinquefasciatus 
(Roopan et al. 2013). Nabikhan et al. (2010) reported the effect of extracts from 
tissue culture-derived callus and leaf of the saltmarsh plant, Sesuvium portulacas-
trum L. on synthesis of antimicrobial silver NPs using silver nitrate as a substrate. 
It was demonstrated that the callus extract could be able to produce silver NPs, 
better than leaf extract. There were prominent peaks in the extracts corresponding 
to amide I, II, and III indicating the presence of the protein, as revealed by FTIR 
spectroscopy measurement. There were also peaks that were corresponding to aro-
matic rings, geminal methyls, and ether linkages, indicating the presence of fla-
vones and terpenoids responsible for the stabilization of the silver NPs (Nabikhan 
et al. 2010).

11.6 � Conclusion

In general, different methods have been developed to obtain NPs of various shapes 
and sizes, but most of them can cause contamination, from precursor chemicals, 
organic solvents, and hazardous by-products, which often raise environmental 
concerns. Therefore, there is a significant benefit in developing nontoxic, cheap, 
and eco-friendly processes for nanoparticle synthesis. Plants are one of the best 
candidates for synthesizing NPs. Green synthesis of NPs using plants is regarded 
as a safe, cost-effective, sustainable, and clean process. Plants have successfully 
been used to produce NPs such as magnetite, silica, silver, gold, titania, selenium, 
platinum, palladium, quantum dots, zirconia, indium oxide, zinc oxide, titanium 
dioxide, silver–gold alloy and etc. The use of plants in green nanotechnology 
and nanobiotechnology is developing rapidly because of the ease of handling 
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and formation of NPs. By using the plants (biomass or extracts) in the reaction 
mixture, the formation of NPs with controlled morphologies and sizes can be 
achieved. The synthesized NPs have wide applications in catalysis, biomedicine, 
electronics, sensing, photonics, environmental clean-up, imaging, bio-labeling, 
drug and gene delivery, and pharmaceutical sciences. Concluding remarks and 
research challenges for phytosynthesis of NPs using plants are mentioned below:

1.	 Actually, most of the researches focused their attention on silver and gold nan-
oparticle synthesis, and it seems that more efforts are needed for green synthe-
sis of other metallic NPs.

2.	 Major drawbacks associated with phytosynthesis of NPs are tedious purification 
steps and poor understanding of the mechanisms. Some investigations have put 
forward hypothetical mechanisms proposing that the reduction of the metal ions 
to metal NPs may be due to the distinct compounds present in the extracts includ-
ing reducing sugars, phenolic compounds, proteins/enzymes, amino acids, flavo-
noids, polysaccharides, alkaloids, tartaric acid, tannic acid, alcoholic compounds, 
vitamins, citric acids, phyllanthin, pralines, tartaric acid, tannic acid, and etc. In 
addition to use of whole plant extracts, the pure natural products (small molecules 
or macromolecules) can be used for reducing and stabilizing the metallic NPs. It 
seems that by using these natural products, there is better control over the size, 
shape, and agglomeration. Then the synthesized NPs are stable and destined for 
many potential applications. In this context, there have been significant advances.

3.	 Qualitative routine-based spectrophotometric analysis such as FTIR, colori-
metric assays, and UV/Vis spectroscopy can give information about reducing 
agents responsible for metallic ions reduction. However, these methods cannot 
unambiguously differentiate the presence or absence of the different families of 
compounds in the extracts and the resulting NPs. Thus, the role of the various 
components of plant extracts in the metal ions reduction or stabilization has 
not been clearly understood or addressed. Therefore, more efforts such as using 
advanced chromatographic techniques (e.g., HPLC-MS and NMR) are needed 
to find the exact mechanisms of nanoparticle formation which may lead to fine 
tuning of the process ultimately leading to the synthesis of NPs with a strict 
control over the size and shape parameters. In some studies, advanced chroma-
tographic techniques have been used.

4.	 Phytosynthesis of NPs is still in a developing stage, and the stability and aggre-
gation of NPs, control of crystal growth, morphology, size, and size distribution 
are the most experienced problems. The important challenges frequently encoun-
tered in the synthesis of NPs are to control the shapes and sizes of the particles 
as well as to achieve the monodispersity in solution phase. Several important 
parameters including substrate concentration, electron donor (e.g., glucose or 
fructose), reaction or incubation time, pH, temperature, buffer strength, mixing 
speed, and light should be optimized. It seems that by optimization of these criti-
cal parameters, highly stable NPs with desired sizes and morphologies can be 
achieved. In addition, purification, isolation, and stabilization of the synthesized 
NPs are very important, and challenges in this regard must be overcome.
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5.	 It seems that several important challenges, and technical problems and other-
wise, should be overcome before this green method will be a successful and 
competitive alternative for industrial synthesis of NPs. An important challenge 
is scaling up for production level processing. Furthermore, little is known about 
the mechanistic aspects, and information in this regard is necessary for eco-
nomic and rational development of phytosynthesis of NPs. The large-scale phy-
tosynthesis of NPs is interesting because it does not need any hazardous, toxic, 
and expensive chemicals for synthesis and stabilization of the synthesized NPs.
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