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Chapter 3
Plant-Mediated Fabrication of Gold 
Nanoparticles and Their Applications

Azamal Husen, Qazi Inamur Rahman, Muhammad Iqbal, 
Mansur Osman Yassin, and Rakesh Kumar Bachheti

3.1  Introduction

Nanotechnology, dealing with tiny particles of 1–100  nm, has gained increasing 
attention over the last three decades. These particles are commonly used in the 
household, industrial, and healthcare products and also have enormous potential in 
the nanotechnology-driven smart agriculture (Boxi et al. 2016; Fraceto et al. 2016; 
Siddiqi et al. 2016, 2018a, b, c, d; Siddiqi and Husen 2016, 2017a, b; Ovais et al. 
2017). At present, above 1000 commercial products containing nanoparticles (NPs) 
are available in the market (Vance et al. 2015). The main challenges encountered 
during the fabrication of NPs relate to creating the desired shape, size, and mono-
dispersity; and hence a refinement in the fabrication process is consistently required.

In general, NPs are fabricated by using two modes of preparation, i.e., the “bot-
tom- up” (buildup of a material from the bottom: atom by atom, molecule by mole-
cule, or cluster by cluster) and “top-down” (slicing or successive cutting of a bulk 
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material to get nano-sized particle) procedures (Husen and Siddiqi 2014). The “bot-
tom- up” procedure is usually preferred in both the chemical and biological synthe-
ses of NPs (Vijayaraghavan and Nalini 2010; Narayanan and Sakthivel 2010a). On 
the other hand, the “top-down” procedure usually works with the material in bulk 
form, and the size reduction to the nanoscale is then achieved by specialized abla-
tions, for instance, thermal decomposition, mechanical grinding, etching, cutting, 
lithography, laser ablation, and sputtering. The main demerit of this procedure is the 
surface structural defects, which have a significant impact on the physical features 
and surface chemistry of the metallic NPs.

Synthesis of metallic NPs through chemical reduction of metal salts in solution 
phase is most common (Lin et al. 2010), while physical approaches to synthesize 
metallic NPs include ultraviolet irradiation (Kundu et al. 2007), laser ablation (Tsuji 
et al. 2003), radiolysis (Meyre et al. 2008), sonochemistry (Okitsu et al. 2007), and 
so forth. Both the chemical and physical methods have been successful in producing 
well-defined NPs, but the use of plants or herbal extracts in NP fabrication has 
emerged as an alternative approach during the last few decades. This methodology 
is simple, cost-effective, and eco-friendly and can be easily scaled up for high yields 
(Husen and Siddiqi 2014, 2017a; Husen 2017). The extraction is done by soaking of 
plant samples in a green solvent; the extract so obtained contains flavonoids, terpe-
noids, proteins, reducing sugars, alkaloids, and other metabolites that act as the 
reducing and capping agents for reducing the metallic ions, and their concentrations 
are critical in governing the particle shape. The dried plants and their parts can be 
stored for longer time at room temperature, while fresh samples should be preserved 
at –20 °C to avoid deterioration. Moreover, since the seasonal and ontogenetic vari-
ations in phytochemical constituents are very common (Iqbal et al. 2011, 2018), 
dried plant samples collected at a proper time can be stored and used when needed. 
Thus, biogenic fabrication of NPs can occur with living as well as inactivated plant 
biomasses. Gardea-Torresdey et al. (2002, 2003) reported the possibility of using 
live alfalfa plants for the bioreduction of Au(III) to Au(0), which produced gold NPs 
ranging in size from 6 to 10 nm. Brassica juncea and Medicago sativa were also 
used to produce gold NPs at room temperature (Bali and Harris 2010). Aqueous 
extracts obtained from several plant leaves, roots, bark, seeds, fruits, galls, and pet-
als have been used for this purpose (Table 3.1). Certain parameters such as pH, 
concentration, and temperature of reaction mixtures have to be adjusted to obtain 
certain size range, shape, and stability of the particles (Husen 2017; Siddiqi and 
Husen 2017a).

Gold NPs have drawn greater attention in the recent years due to their wide-
spread uses. They have a larger surface area, higher dispersion owing to their very 
small size, and are highly stable and biocompatible. Some recent studies have elu-
cidated the plausible positive and negative effects of gold NPs on plant growth and 
development (Siddiqi and Husen 2016). This chapter presents an overview of (a) the 
recent techniques of plant-mediated fabrication of gold NPs; (b) their characteriza-
tion by UV-vis spectroscopy, thermogravimetric analysis, X-ray diffractometry, and 
SEM/TEM, among others; and (c) their application in some cutting-edge areas.
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3.2  Fabrication and Characterization of Gold Nanoparticles

The principal biomolecules such as amines, amino acids, aldehydes, ketones, car-
boxylic acids, phenols, proteins, flavonoids, saponins, steroids, alkaloids, and tan-
nins and different nutritional compounds present in plant parts and their extracts 
reduce the metal ion to NP (Fig. 3.1 and Table 3.1). Gold NPs show a distinct optical 
response usually ascribed to the localized surface plasmon resonance (SPR), i.e., 
the collective oscillation of electrons in the conduction band of gold NPs in reso-
nance with a specific wavelength of incident light. The SPR of gold NPs results in a 
strong absorbance band in the visible region of 500–600 nm, which can be mea-
sured by UV-Vis spectroscopy, the first technique used to characterize gold NPs. In 
addition, several other techniques such as transmission electron microscopy, scan-
ning electron microscopy, X-ray diffraction, Fourier transform infrared spectros-
copy, atomic force microscopy, energy-dispersive X-ray spectroscopy, dynamic 
light scattering, zeta potential, surface-enhanced Raman spectroscopy, nuclear mag-
netic resonance spectroscopy, and others are also used.

3.2.1  Fabrication of Gold Nanoparticles

As the seasonal changes and phyto-developmental stages considerably affect the 
chemical constituents in plant tissues (Iqbal et al. 2011, 2018), it is advised to col-
lect the relevant plant material at a proper time and optimal stage of plant develop-
ment and store it in dried form. The dried plant materials can be stored for long 
durations at room temperature. However, to avoid any deterioration, the material 
may be preserved at –20 °C. The extracts of the whole plant or plant parts (leaves, 
stems, roots, bark, seeds, flowers, or floral parts) in appropriate solvents contain the 
capping and reducing agents that are required to reduce the metallic ions. These 
biomolecules actively participate in the bioreduction process. Shankar et al. (2003) 
obtained gold NPs from geranium (Pelargonium graveolens) leaf extract. This fab-
rication process, resulting in gold NPs of spherical, triangular, decahedral, and ico-
sahedral shapes, was accomplished within 48 h. The presence of terpenoids in the 
extract was held responsible for the reduction of gold ions and the formation of gold 
NPs. In another study, Chandran et al. (2006) produced gold NPs from Aloe vera 
leaf extract and controlled their shape and size; these were triangular in shape and 
50–350 nm in size. Both the shape and size were dependent on the leaf extract quan-
tity. Low concentration of the leaf extract added to chloroauric acid (HAuCl4) solu-
tion increased the production of triangular NPs. With a high concentration of leaf 
extract, the ratio of nanogold triangles to sphericals was reduced. It was proposed 
that the carbonyl functional groups found in the leaf extract were responsible for the 
reduction of gold ions and NP production.

With the advancement in the plant-mediated NP fabrication techniques, some 
researchers used sun-dried leaf powder dissolved in water at ambient temperature as 
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an alternative of the plant extract obtained by boiling. For this procedure, no accel-
erator/moderator, viz., ammonia, was required; nonetheless, the concentration of 
various plant leaf extracts was the rate-determining step. For instance, Huang et al. 
(2007a) used a sun-dried powder of Cinnamomum camphora leaves for the fabrica-
tion of gold and silver NPs at ambient temperature. They executed a series of exper-
iments by adding 0.1 g and 0.5 g dried leaf extract to 50 mL of 1 mM aqueous 
HAuCl4 and synthesized gold NPs of 100 nm and 200 nm size, respectively. Fourier 
transform infrared (FTIR) spectroscopy confirmed that the biomass of dried leaves 

Fig. 3.1 Fabrication and characterization of gold nanoparticles using various plant parts
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was rich in polyols, which were responsible for the bioreduction of Au3+ to Au0. In 
another study, Phillip (2009) used the dried leaf powder extract of Mangifera indica 
for the synthesis of spherical gold NPs at room temperature. These particles were 
smaller, more uniform in size, and stable for more than 5 months. Further, FTIR 
spectroscopy has demonstrated the role of water-soluble compounds, such as flavo-
noids, terpenoids, and thiamine, as stabilizing agents in the gold NP fabrication.

Narayanan and Sakthivel (2010b) obtained gold NPs by using the aqueous extract 
of Coleus amboinicus leaves. The extract was rich in aromatic amines, amide (II) 
groups, and secondary alcohols, which acted as capping agent during the bioreduc-
tion of Au(III) to Au(0). Bioreduction of HAuCl4 was successfully observed by mon-
itoring the change in color of the solution by gradual addition of leaf extract; a 
distinct UV-vis absorption peak was seen at 536 nm, which corresponded to the SPR 
of gold NPs. The particles of different shapes (spherical, triangular, truncated trian-
gular, hexagonal, and decahedral) measured 4.6–55.1  nm. Noruzi et  al. (2011) 
described an inexpensive and easy method for facile synthesis of gold NPs from rose 
petals extract and HAuCl4. With a 10% extract solution, 2 mM Au3+ solution failed to 
form gold NPs; on increasing the extract concentration, however, anisotropic gold 
NPs were successfully formed, which was confirmed by the peak at 750 nm in SPR 
spectrum. As the desired concentration of the extract is mixed with the Au3+ solution, 
the solution color changed from yellow (extract color) to violet within 5 min at room 
temperature, which indicated the formation of gold NPs. The SPR band at ≈525 nm 
confirmed the formation of gold NPs, which were polydispersed with different 
shapes (viz., spherical, triangular, and hexagonal) and an average particle size of 
10 nm, as determined by the dynamic light-scattering (DLS) method. Philip et al. 
(2011) proposed an easy and cost-effective protocol based on the leaf extract of 
Murraya koenigii and HAuCl4 solution. The leaf extract was reportedly rich in poly-
phenols, alkaloids, carbazole, and flavonoids, which were responsible for bioreduc-
tion of Au(III) into Au(0). The NPs produced were spherical, with an average size of 
20 nm. These were quite stable, showing no aggregation for more than 2 months.

Nellore et al. (2012) reported a simple procedure to synthesize gold NPs by grad-
ual addition of the leaf extract of Sphaeranthus amaranthoides into the HAuCl4 
solution, which changed the solution color from pale yellow to purple-red within 
5 min, indicating the formation of NPs that exhibited a well-resolved SPR band at 
525 nm. The SPR spectrum remained unchanged even after 30 days, indicating that 
the NPs produced were quite stable in aqueous solution without aggregation. FTIR 
spectroscopy of the leaf extract before and after the addition of gold solution 
revealed an abundance of carbohydrate, tannins, steroids, glycosides, terpenoids, 
and alkaloids in the leaf extract. High-resolution transmission electron microscopy 
(HRTEM) images confirmed that the synthesized NPs were polydispersed and pre-
dominantly spherical in shape with a size range of 39–47 nm. Ghosh et al. (2012) 
used flower extract (Gnidia glauca) for gold NP fabrication, which was evident by 
the change in color from yellow to dark-red in the visible range of the spectrum 
(450–600 nm). The reaction started 2 min after the interaction of flower extract with 
HAuCl4 solution and was accomplished in 20 min, thus showing a greater efficiency 
in comparison to the earlier work of Vankar and Bajpai (2010), wherein the reaction 
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completed in ~2  h. Gopinath et  al. (2013) synthesized spherical gold NPs of 
20–50 nm by using the leaf extract of Terminalia arjuna with HAuCl4 solution, 
whereas Annamalai et  al. (2013) used Euphorbia hirta leaf extract and HAuCl4 
solution to obtain the monodispersed, almost spherical NPs of 10–50 nm. Majumdar 
et al. (2013) used HAuCl4 salt solution with Acacia nilotica leaf extract rich in fla-
vonoids, tannins, triterpenoids, and saponins, which facilitated the reduction of 
auric salt to neutral metal ions. The reaction resulted in highly crystalline monodis-
persed spherical gold NPs of 6–12 nm size. The particle size significantly decreased 
as the leaf extract concentrations were increased. Dash and Bag (2014) used Punica 
granatumjuice, rich in phytochemicals (viz., terpenoids, sugar, polyphenols, alka-
loids, fatty acids, and aromatic compounds) for fabrication of gold NPs, which were 
triangular, pentagonal, hexagonal, and spherical in shape. With 1440–2400 mg L-1 
concentration of the juice extract, the average particle size exhibited a gradual 
decrease from 35.8 to 23.1 nm.

With progress in the plant-mediated fabrication of gold NPs, some researchers 
started using microwave radiation for rapid and easy NP synthesis. For instance, 
Yasmin et al. (2014) could fabricate the stable spherical gold NPs of 16–30 nm from 
the fresh chopped leaves of Hibiscus rosa-sinensis by using microwave heating for 
3 min. The authors suggested that alkaloids and flavonoids present in the leaf tissue 
played a key role in the fabrication process. Likewise, Joseph and Mathew (2015a) 
used microwave radiation for this purpose using the extract of chopped fresh leaves 
of Aerva lanata boiled in distilled water. The extract was rich in various alkaloids, 
flavonoids, and other phytochemicals which brought about bioreduction of Au3+ to 
Au0. The synthesized NPs were polydispersed and mostly spherical in general, with 
some being triangular, hexagonal, and plate-like in shape. The average diameter of 
spherical particles was 17.97 nm, exhibiting the characteristic SPR band at ~535 nm.

Stable gold NPs (triangular, hexagonal, and nearly spherical) were also fabricated 
by using 1 M HAuCl4 and flower extract of Moringa oleifera (Anand et al. 2015). 
Free from impurity, these NPs of 5 nm average diameter were homogeneously dis-
tributed throughout and displayed a well-resolved SPR band at 540 nm. The 1H-
NMR spectroscopy and FTIR studies have confirmed that the secondary metabolites, 
viz., trace, aromatic but abundant aliphatic compounds (proteins and lipids), were 
involved in the bioreduction of Au3+ → Au0. Manju et al. (2016) made use of the 
Nigella sativa seed oil for this purpose. The NPs (spherical, triangle, and hexagonal) 
were in the range of 15–28.4 nm and showed a distinct SPR band at 540 nm.

In a recent study, Vijayakumar et al. (2017) have fabricated gold NPs using the 
extract of banana (Musa paradisiaca) peels and HAuCl4 solution. Banana peel con-
tains antioxidant compounds, viz., gallocatechin and dopamine, that caused biore-
duction of Au(III) to Au(0). The triangular to spherical NPs of about 50 nm exhibited 
well-resolved SPR band at 541 nm which was characteristic of gold NPs. Suganthy 
et al. (2018) synthesized gold NPs by using bark extract of Terminalia arjuna. The 
phytochemicals present in the bark extract, including polyphenols such as (+)-cat-
echin, ellagic acid, gallic acid, and their derivatives, were responsible to facilitate 
the reduction of Au3+ ions. The authors also succeeded in obtaining Au and Pd 
bimetallic NPs of different shapes. The gold NPs were anisotropic ranging in size 
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from 3 to 70 nm with average diameter of 30 nm and showing a broad SPR band 
near 536 nm. In another study, Raouf et al. (2017) used the dried powder as well as 
ethanolic extract of a red alga (Galaxaura elongata) to synthesize gold NPs. A 
strong SPR band was seen at ∼535 nm and ∼536 nm for the NPs formed by the algal 
ethanolic extract and the algal powder, respectively. The FTIR study showed a high 
percentage of andrographolide and alloaromadendrene oxides and suggested for the 
reduction of HAuCl−, which acted as the stabilizing agent during synthesis. The 
particles were spherical in shape along with a few rods, triangular, truncated trian-
gular, and hexagonal ones, and exhibited a wide range of size from 3.85 to 77.13 nm, 
which was inconsistent with zeta potential results.

3.2.2  Characterization of Gold Nanoparticles

The fabricated gold NPs exhibited distinct optical and physical properties, depend-
ing on their size (diameter), shape, surface structure, and agglomeration state. The 
various characterization techniques are summarized in Table 3.1.

3.2.2.1  Ultraviolet-Visible (UV-Vis) Spectroscopy

UV-vis spectroscopy is the most important analytical technique to characterize the 
formation and stability of gold NPs. The formation is determined by monitoring the 
change in color during the synthesis. When the reactant is mixed with appropriate 
plant extract (e.g., leaf, seed, flower, fruit, etc.), the color of the mixture changes 
(from yellow to violet) immediately. This is attributed to electromagnetic radiation 
with free electron present in the conduction band of gold NPs and exhibits strong 
absorbance band in the visible region (500–600  nm) known as SPR.  Figure  3.2 

Fig. 3.2 Shape-dependent localized SPR as indicated by the visual appearance and UV-vis spectra 
of (a) the spherical and (b) urchin-shaped gold nanoparticles. (Adopted from: www.cytodiagnos-
tics.com)
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shows the shape-dependent SPR spectrum of gold NPs. As the particle diameter 
increases, absorption peak shifts toward higher wavelength. For uneven shaped par-
ticles such as gold nano-urchins, the absorption peak position shifts into the far red 
region of the spectrum as compared to the spherical particle of the same diameter. 
Figure 3.3 also reveals UV-vis spectra of gold NPs as a function of reaction time; it 
has been observed that there is no significant difference between the intensity of 
SPR bands in minutes 0, 5, 10, 15, 20, and 25, indicating that the reaction has been 
completed during the first minute.

The stability of synthesized gold NPs is strictly dependent on the degree of aggre-
gation, i.e., irreversible interparticle coupling, which is accompanied by  shifting of 
the characteristic absorption peak toward the red region of the electromagnetic radia-
tion. Mollick et al. (2014) found the solution color changing from red to blue/purple 
while synthesizing gold NPs by using the Abelmoschus esculentus pulp extract stored 
at room temperature for 5 months. The UV-vis spectra (Fig. 3.4) produced the SPR 
band at 538 nm without any significant change in the absorbance intensity. The syn-
thesized NPs were stable at room temperature for a long period of time.

3.2.2.2  Microscopy

Scanning electron microscopy (SEM), transmission electron microscopy (TEM), 
and atomic force microscopy (AFM) are used to study the morphological features 
of synthesized gold NPs effectively. SEM is used to examine the morphology of 
as- synthesized nanomaterials to determine the shapes of particles and their surface 
features at nanoscale level. It measures electron scattering from the surface of the 
sample, which requires highly accelerated short wavelength electrons for 
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Fig. 3.3 Size-dependent SPR spectrum of gold nanoparticles, showing the presence of red shift of 
the absorption maximum, as the size of nanoparticles increases. (Adopted from: www.cytodiag-
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high- resolution images, which could be magnified up to 200,000 times. Chandran 
et al. (2014) successfully synthesized gold NPs by using leaf extracts of two medici-
nally important plants Cucurbita pepo and Malva crispa as shown in Fig. 3.5. The 
elemental and chemical compositions of as-synthesized gold nanomaterials are 
determined by energy-dispersive spectroscopy (EDS), which is usually attached 
with either FESEM or TEM. When the highly energetic electron beam is focused 
over the nanomaterial, each of its constituent elements emits characteristic energy 
X-rays by electron beam irradiation.

In the case of TEM, high-energy electrons accelerated with 200 KV are transmit-
ted through an ultrathin specimen. After successful interaction with the sample, 
electrons are transmitted, and an image appears on the screen which provides infor-
mation of the bulk material from very low to high magnification. TEM is typically 
used to determine the physical size of as-synthesized materials and their nature 
(crystalline or amorphous). Figure 3.6 includes TEM micrographs revealing differ-
ent features of gold NPs synthesized by using the leaf extract of Acacia nilotica at 
60 (Fig. 3.6a–e), 100 (Fig. 3.6f–g), and 200 mg L−1 (Fig. 3.6i–k) concentrations. 
The synthesized NPs were predominantly spherical in shape. As the concentration 
of the extract increased from 60 to 200 mg L–1, the average particle size varied from 
12.24 to 5.99 nm. Figure 3.6c shows HRTEM image of gold NPs with d-spacing 
value of 0.24 nm, which matched fully with the expected d-spacing of the [111] 
plane of face-centered cubic crystalline Au (JCPDS, no. 04–0784). Selected area 
electron diffraction (SAED) is a crystallographic experimental technique that can 
be linked to TEM in order to obtain valuable insight regarding the crystalline nature 
of the material synthesized and its analogy to X-ray powder diffraction. The SAED 
patterns can be used to identify the crystal structures and measure the lattice param-
eters. Figure 3.6h shows the SAED pattern obtained from a gold NP; the diffraction 

Fig. 3.4 UV-vis absorption spectra of gold nanoparticles synthesized by using pulp extract of 
Abelmoschus esculentus; (a) after reaction accomplished; (b) after 5 months at room temperature. 
(Adopted from: Mollick et al. 2014)
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rings from inner to outer associated with [111], [200], [220], and [311] atomic 
planes of Au indicate the formation of crystalline gold NPs.

AFM analytical technique is effectively used to study the topology of a sample in 
three dimensions (x, y, and z). It can measure the height of sample which is not possible 
with FESEM. Gopinath et al. (2014) worked out the surface morphology of the as-
synthesized gold NPs by AFM analysis as shown in Fig. 3.7. The micrograph reveals 
that the as-synthesized gold NPs possess spherical shape and are 20–50 nm in size.

3.2.2.3  X-Ray Diffraction (XRD)

This technique is used to analyze the crystal structure, phase, and other structural 
parameters such as average grain size, crystallinity, strain, and crystal defects. When 
X-ray interacts with crystalline phase of materials, it produces diffraction peaks. 

Fig. 3.5 FE-SEM image of gold nanoparticles synthesized from pumpkin leaf extract (a) and their 
EDS analysis (b); the FE-SEM image of gold NPs synthesized from curled mallow leaves (c) and 
their EDS analysis (d). (Adopted from: Chandran et al. 2014)
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The intensity of peaks reflects the distribution of atoms within the lattice, and these 
peaks can be used as “fingerprints” for identification of solid phases. Figure 3.8a 
shows a diffractogram of gold NPs synthesized by using Terminalia arjuna fruit; 
major reflections appear at 38.24°, 44.45°, and 66.30° corresponding to (111), 

S
iz

e 
di

st
rib

ut
io

n
S

iz
e 

di
st

rib
ut

io
n

15

10

5

0
0 5 10 15

Particle size (nm)
20

0
0

10

20

30

40

5 10 15
Particle size (nm)

20

Fig. 3.6 TEM images, SAED, and histograms showing the effect of the concentration of leaf 
extract of Acacia nilotica on the size of gold nanoparticles: (a–e) of gold nanoparticles at 60 mgL−1, 
TEM images (f–g) of gold nanoparticles at 100 mgL−1, TEM images (i–k) of nanoparticles at 
200 mgL−1, (h) SAED of gold nanoparticle, and (d, l) histograms of gold nanoparticles at 60 and 
200 mgL−1, respectively. (Adopted from: Majumdar et al. 2013)

Fig. 3.7 AFM image of gold nanoparticles using aqueous fruit extract of Terminalia arjuna: (a) 
2D image and (b) 3D image. (Adopted from: Gopinath et al. 2014)
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(200), and (220) planes, which confirm that these NPs belong to face-centered cubic 
phase of gold, as per the JCPDS card no. 04–0784 and the Au° nature of NPs 
(Gopinath et  al. 2014). Singh and Srivastava (2015) reported that pH plays an 
important role in the synthesis of gold nanomaterials and that different morpholo-
gies of Au NMs can be observed by changing the pH conditions. Figure 3.8b shows 
that there is no change in d-spacing value, as all similar planes in XRD peaks cor-
respond to the same 2θ value. Suman et al. (2014) effectively calculated the mean 
size of gold NPs (synthesized from the root extract of Morinda citrifolia) by using 
the Debye-Scherrer equation to determine the width of (111) Bragg’s reflection, 
which was around 15 nm.

3.2.2.4  Dynamic Light Scattering (DLS) and Zeta Potential Analysis

DLS provides important information regarding the size of as-synthesized NPs and 
their distribution. It involves illumination of a particle suspension by laser beam, 
which results in temporal fluctuation of the elastic scattering intensity of light, i.e., 
Rayleigh scattering4125 induced from the Brownian motion of the particles of a 
size much smaller than the incident light wavelength, at a fixed scattering angle. 
Gopinath et al. (2014) reported the size of gold NPs in the range 5–60 nm with an 
average of 25 nm; however, the size of some particles increased due to agglomera-
tion as revealed in Fig. 3.9a showing the DLS result. Zeta potential is a physical 
property, which is used to analyze the stability of synthesized NPs; it measures the 
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Fig. 3.8 XRD pattern of gold nanoparticles synthesized by using fruit extract of T. arjuna with 
HAuCl4 aqueous solution. (Adopted from: Gopinath et al. 2014)
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Fig. 3.9 (a) Particle size distribution of gold nanoparticles synthesized with the assistance of 
Terminalia arjuna fruit extract through the DLS method; (b) measurement of zeta potential analy-
sis to determine the stability of these particles. (Adopted from: Gopinath et al. 2014)
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potential difference between two suspended particles present in the colloidal sus-
pension. Its value may be positive or negative ranging between –30  mV and 
+ 30 mV. Figure 3.9b shows the zeta potential measurement of synthesized gold 
NPs having a value of 21.9 mV, which means that the surface of the NPs has a net 
positive charge.

3.2.2.5  Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectroscopy is used to examine the purity and composition of synthesized 
NPs. It measures the interaction of infrared radiation with molecules. In the green 
route of NP synthesis, biomolecules of secondary metabolites are responsible for 
reducing gold ions and acting as capping agents for the facile synthesis of gold NPs. 
Geetha et al. (2013) successfully synthesized gold NPs by using Couroupita guia-
nensis extract and HAuCl4 solution. Interpretation of FTIR spectra reveals the bio-
molecules responsible for the reduction of gold ions and capping of the bioreduced 
AuNPs, as shown in Fig. 3.10; the intense broad absorption at 3414 cm−1 is the 
characteristic peak for hydroxyl functional group in phenols and alcoholic com-
pounds. A comparison of the gold NP spectrum, a and b, indicates correlation 
between the peak and the –OH in the –COOH group; the peak appeared at 3414 cm−1 
in raw material, but it was narrower and shifted to longer wave number 3615 cm−1 
after encapsulation of NPs. The peaks at 1073, 1288, 1383, and 1648  cm−1 are 
reduced, and a new peak appeared at 1744 cm−1 which indicates that the alcoholic 
group is converted into aldehyde to reduce Au3+ to Au0. Similarly, Jayaseelan et al. 
(2013) reported the FTIR pattern of the gold NPs obtained with the aqueous seed 

Fig. 3.10 FTIR spectra: (a) flower extract of Couroupita guianensis, (b) gold nanoparticles syn-
thesized by C. guianensis flower extract. (Adopted from: Geetha et al. 2013)
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extract of Abelmoschus esculentus exhibiting bands at (1047 and 1064 cm–1), (1321 
and 1388 cm–1), (1643 and 1616 cm–1), and (3425 and 3438 cm–1). In this study, the 
intense band pattern at 1047 and 1064 cm−1 was characteristic of C − OH stretching 
of secondary alcohols. The peaks 1321 and 1388 cm−1 correspond to C − N stretch-
ing vibrations of aromatic amines. The absorption peaks located at 1643 and 
1616 cm−1 were identified as the amide I and arose due to the carbonyl stretch vibra-
tions in the amide linkages of the proteins. The broad peaks of 3425 and 3438 cm−1 
corresponding to NH stretching in amide (II) were observed in gold NPs and in the 
aqueous seed extract of A. esculentus, respectively. In this study, the FTIR spectrum 
results have shown that the extracts containing OH as a functional group act in cap-
ping the NPs synthesis.

3.3  Factors Affecting the Fabrication

During the fabrication of gold NPs, the challenges frequently encountered are (a) to 
control the particles’ shape and size and (b) to achieve monodispersity in solution 
phase. The size, shape, and stability of gold NPs are influenced by various factors 
such as incubation time, temperature, pH, pressure, and concentration of plant 
extract/biomass and the gold solution. The desired morphology of NPs can be 
achieved by altering these growth factors in the synthesis medium. The major works 
related to the control of growth factors have been summarized in Table 3.2, and a 
brief account of these studies is given below.

Table 3.2 Effect of the relevant factors (temperature, pH, and incubation time of the solution) on 
the particle shape during the plant-mediated fabrication of gold nanoparticles

Level Shapes References

25 °C Triangular Song et al. (2009)
60 °C Pentagonal Song et al. (2009)
90 °C Hexagonal Song et al. (2009)
30 °C Spherical, triangle, truncated triangles, and 

decahedral
Narayanan and Sakthivel 
(2010b)

Room 
temperature

Polydisperse with spherical, triangular, and 
hexagonal

Noruzi et al. (2011)

80 °C Spherical Das et al. (2011)
50 °C Spherical, nanoprisms, nanotriangles, hexagons, 

trapezoids
Ghosh et al. (2012)

40 °C Spherical Gonnelli et al. (2015)
100 °C Spherical Mishra et al. (2016)
pH 4.8 Spherical Sharma et al. (2007)
pH 9 Spherical Castro et al. (2011)
pH 10 Rod shaped Castro et al. (2011)
pH 11 Nanowires Castro et al. (2011)
pH 2 Rod shaped, large Armendariz et al. (2004)
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3.3.1  Temperature

Control of temperature is an important factor with respect to the shape and size of 
NPs in plant-mediated synthesis. During the gold NP fabrication from Nyctanthes 
arbor-tristis ethanolic flower extract, predominantly spherical NPs were obtained at 
high temperatures, while they assumed different shapes (triangular, pentagonal, 
rod-like, as well as spherical) at low temperatures (Das et  al. 2011). This shape 
variation was ascribed to exposure of the nucleation procedure of metallic NPs to 
the reaction temperature. The high reaction rate at a high temperature more effec-
tively facilitates the ingesting of gold ions in the establishment of nuclei, which 
could inhibit the secondary reduction process on the surface of the preformed nuclei, 
thus resulting in spherical particles. The secondary nucleation is favored at low 
temperature, which could result in particles of different shapes (Das et al. 2011). 
Similarly, Song et al. (2009) demonstrated a decrease in size of gold NPs synthe-
sized by Magnolia kobus and Diospyros kaki leaf broth, when temperature was 
increased. They suggested that most of the gold ions were consumed in the forma-
tion of nuclei, and the secondary reduction phenomenon on the surface of nuclei 
was inhibited on increasing the temperature (Song et al. 2009). Thus, the suppres-
sion of secondary nucleation phenomenon at high temperatures might be a reason 
for the formation of particles with more uniform morphology. Gericke and Pinches 
(2006) obtained nanorod or platelet-shaped gold NPs at higher temperatures, while 

Level Shapes References

pH 3–4 Rod shaped, small Armendariz et al. (2004)
pH 8 Spherical, oval, polyhedral Pasca et al. (2014)
pH 4–6 Spherical Mishra et al. (2016)
5 h Spherical Chandran et al. (2006)
25 h Triangular Chandran et al. (2006)
0–6 days Spherical Sharma et al. (2007)
12 h Spherical, triangular, truncated, decahedral Narayanan and Sakthivel 

(2008)
2 min Smaller, spherical Philip (2010)
<5 min Spherical, triangular, and hexagonal Noruzi et al. (2011)
1 h Spherical, triangle, truncated triangular, and 

decahedral
Narayanan and Sakthivel 
(2010b)

30 min Spherical Das et al. (2011)
20 min Spherical Kumar et al. (2011)
20 min Spherical, nanoprisms, nanotriangles, hexagons, 

trapezoids
Ghosh et al. (2012)

20 s Spherical Kumar et al. (2012)
3 min Spherical Yasmin et al. (2014)
30 min Spherical Gonnelli et al. (2015)
6 min Spherical Mishra et al. (2016)

Table 3.2 (continued)
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spherical NPs at lower temperatures. Dubey et al. (2010b) noted that an increase in 
temperature from 25 to 150  °C leads to increase in the sharpness of absorption 
peaks for both gold and silver NPs in Tanacetum vulgare fruit extract. High tem-
perature also increases the rate of reaction, which enhances NP fabrication (Phillip 
2009; Dwivedi and Gopal 2010). As the sharpness in absorbance peak depends on 
the size of NPs, the small particle size at high temperature results in the sharpening 
of the plasmon resonance band of gold and silver NPs (Fayaz et al. 2009; Shaligram 
et al. 2009). Ghodake et al. (2010) used pear fruit extract for fabrication of gold 
nanoplates at room temperature. Ability to produce the metallic NPs at room tem-
perature makes the processing easy and has the advantage of energy-saving. 
However, further investigation is still required regarding the control of shape and 
size of gold NPs by adjusting the temperature; availability of temperature-sensitive 
metabolites in the plant is of great importance in this context.

3.3.2  pH

Several studies have laid emphasis on the role of pH of reaction mixtures on the 
shape and size of particles during the NP fabrication from plant extracts. The reaction 
pH has the ability to change the electrical charges of biomolecules, which possibly 
affect their stabilizing and capping capabilities and then the NPs growth. This may 
help in forming the NPs of some particular shapes at a certain pH range so that a 
greater stability could be accomplished. However, extracts of various plants or differ-
ent parts of the same plant species may have varying values of pH; hence optimiza-
tion of fabrication process is desirable for an effective NP synthesis. Gardea- Torresdey 
et al. (1999) confirmed the significant role of pH in the fabrication of colloidal gold 
from alfalfa biomass and suggested that the NP size varies with the change in 
pH. This was endorsed by Mock et al. (2002). Armendariz et al. (2004) then exam-
ined the gold NPs biosynthesized with Avena sativa biomass and found their size to 
be highly dependent on the pH value. These authors obtained smaller gold NPs at pH 
values of 3 and 4 and the larger ones at pH 2. The process of gold NP aggregation to 
form the larger ones at pH 2 was ideal over the nucleation to form new NPs. However, 
at pH 3 and 4, perhaps more functional groups are accessible for Au(III) complexes 
to bind with the biomass at the same time, which facilitates the successive formation 
of larger amounts of NPs of smaller diameters. Nevertheless, at pH 5 the biomass 
carries an overall negative charge due to the functional group (carboxyl) available in 
the biomass. Thus, the negatively charged [AuCl4]– does not approach the binding 
sites easily, and this prevents the binding of Au(III) and its reduction to Au(0), lead-
ing to the formation of fewer NPs. Moreover, electrostatic repulsion may also pre-
vent aggregation and growth of small NPs and, therefore, result in the formation of 
small gold NPs of irregular shape (Armendariz et al. 2004). Ghodake et al. (2010) 
used pear fruit extract for fabricating gold nanoplates and found that alkaline condi-
tion was more effective for triangular and hexagonal nanoplates, while the structures 
of these nanoplates were barely detected at acidic pH.
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3.3.3  Incubation Time

Incubation time, i.e., the time duration needed for a successful achievement of all 
reaction steps, influences the fabrication process of NPs. For instance, in the case of 
Tanacetum vulgare fruit extract-mediated fabrication of silver and gold NPs, the 
reaction started within 10 min, and an increase in the incubation time led to the 
sharpening of peaks for these NPs (Dubey et  al. 2010a, b). Dwivedi and Gopal 
(2010) also found that by increasing the gold salt concentration, the size of gold NPs 
could be increased. In addition, increase in the reaction temperature increased the 
reaction rate also. Using the extract of Rosa hybrid petals, Noruzi et  al. (2011) 
recorded a higher rate of reaction in comparison to previous studies, as the gold NP 
fabrication process was finished within 5 min (Noruzi et al. 2011). However, using 
the Terminalia chebula plant extracts, Kumar et al. (2012) produced gold NPs in 
20 s only.

3.3.4  Plant Biomass Concentration

The plant biomass and/or extract concentrations used during the formation of NPs 
is another significant factor, which regulates the level of reduction and stabilization 
by the biomolecules and affects the NP morphology, as noticed in the case of gold 
NPs obtained with the help of Cymbopogon flexuosus (Shankar et  al. 2005). 
Anisotropic gold NPs were biosynthesized by the reaction of C. flexuosus extract 
with Au(III) ions. The size of nanotriangles could be changed by altering the extract 
concentration. As the extract amounts were increased, the size of the triangular and 
hexagonal particles decreased, whereas the ratio of the number of spherical NPs to 
triangular/hexagonal particles increased. Song et al. (2009) used Magnolia kobus 
and Diospyros kaki leaf extracts for the biosynthesis of gold NPs. At higher extract 
concentrations, smaller and mainly spherical NPs were formed, while a variety of 
other morphologies in larger sizes were produced at lower extract concentrations. 
Kasthuri et  al. (2009) also reported a change in particle morphology with the 
phyllanthin- assisted and clove extract-assisted biosynthesis of gold NPs. At lower 
concentrations of plant extract, particle size increased, and hexagonal or triangular 
gold NPs were formed. Dubey et al. (2010a) used the aqueous extract of Sorbus 
aucuparia leaf for the synthesis of silver and gold NPs. They recorded an acceler-
ated particle formation and a reduced size of both the silver and gold nanocolloids 
when the amount of extract was increased. Similarly, an increase in the amount of 
the Chenopodium album leaf extract caused a decrease in the particle size (Dwivedi 
and Gopal 2010). During the biosynthesis of gold NPs with the help of Sapindus 
mukorossi extract, few aggregations and heterogeneous structures were observed at 
a lower (15%) concentration, while spherical NPs and more dispersion occurred at 
a higher (45%) concentration (Reddy et al. 2012).
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3.4  Applications of Gold Nanoparticles

The use of gold NPs for staining of glass and enamels and for treating certain dis-
eases dates back to the sixteenth century. Now their applications are common in 
biomedicine, bio-sensing, catalysis, agriculture, electronic and magnetic devices, 
etc. (Husen and Siddiqi 2014; Husen 2017; Siddiqi and Husen 2017a; Ovais et al. 
2017). As they are nontoxic and readily adsorb on DNA, Au NPs are used for bom-
bardment during delivery of genetic materials into plants (Moaveni et al. 2011) and 
in the quantitative determination of heavy metals (Liu and Lu 2003), blood glucose 
(Luo et al. 2004), and pesticides (Lisha and Pradeep 2009). Their applications in 
various areas are discussed below and shown in Fig. 3.11.

Fig. 3.11 Various applications of gold nanoparticles
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3.4.1  Antimicrobial Agents

Microbial resistance to antibiotics has an undesirable consequence on human health 
by causing side effects due to consumption of higher drug doses and/or a prolonged 
treatment period. The biosynthesized NPs offer an auspicious solution in the drug- 
resistance management. Gold NPs fabricated with plant material have shown strong 
antimicrobial activity (Sreelakshmi et al. 2011; Husen and Siddiqi 2014; Piruthiviraj 
et al. 2016; Balasubramani et al. 2017). The growth of gram-negative and gram- 
positive bacteria was effectively inhibited with functionalized gold NPs (Li et al. 
2014). The gold and silver NPs produced from Mentha piperita have shown a strong 
antibacterial effect against Staphylococcus aureus and Escherichia coli (Ali et al. 
2011). Similar impact of honey-mediated gold and silver NPs was noticed by 
Sreelakshmi et  al. (2011). Gold NPs obtained from Brassica oleracea also sup-
pressed the growth of bacteria (Staphylococcus aureus, Klebsiella pneumonia) and 
fungi (Aspergillus flavus, A. niger, and Candida albicans) (Piruthiviraj et al. 2016). 
Their antimicrobial efficiency was comparable with that of the standard drugs gen-
tamicin and fluconazole. In a recent study, bioactivity of Nitzschia (diatom)-fabri-
cated gold NPs was examined by coupling them with antibiotics such as penicillin 
and streptomycin; the antibacterial potential of the combination against Escherichia 
coli, Pseudomonas aeruginosa, and Staphylococcus aureus was greater than that of 
either NPs or antibiotics alone (Borase et al. 2017). In another study, the gold and 
silver NPs produced with the Mussaenda glabrata aqueous leaf extract were found 
effective in inhibiting the pathogenic microbes such as Bacillus pumilus, 
Staphylococcus aureus, Pseudomonas aeruginosa, Escherichia coli, Aspergillus 
niger, and Penicillium chrysogenum (Francis et al. 2017a, b).

3.4.2  Catalytic Activity and Water Purification

Enormous use of toxic organic chemicals leads to water pollution. Over 7 × 105 tons 
of about 10,000 different types of dyes and pigments, most of which are carcino-
genic, is produced worldwide every year. It is estimated that 10–15% of the dye is 
lost in the effluent during the dyeing process (Gupta et al. 2011). The silver and gold 
nanocatalysts are efficient to clean these cancer-causing dyes from water bodies 
using the electron-relay effects (Joseph and Mathew 2015b; Lim et  al. 2016). 
Ramakrishna et al. (2016) have produced gold NPs using marine algae as catalyst in 
the reduction of various nitro compounds. Francis et al. (2017a, b) have fabricated 
gold and silver NPs from Mussaenda glabrata aqueous leaf extract and used them 
as heterogeneous catalysts in different dye degradation processes. Several other 
reports highlight the use of gold NPs as catalyst for selective reactions at low tem-
perature, viz., the water gas shift reaction and selective oxidation of carbon monox-
ide (Andreeva 2002; Grisel et  al. 2002; Hutchings and Haruta 2005), glycerol 
(Carrettin et  al. 2002), and methanol (Hernández et  al. 2006), hydrogenation of 
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unsaturated materials (Claus et  al. 2000), and reduction of aromatic nitro com-
pounds (Kundu et al. 2009) and a toxic pollutant 4-nitrophenol to 4-aminophenol 
(Ghosh et al. 2012; Yu et al. 2016). Gold NPs of different sizes fabricated with the 
Tribulus terrestris fruit extract exhibited catalytic reduction of p-nitroaniline to 
p-phenylenediamine (Gopinath et al. 2019). Recently, Manjari et al. (2017) achieved 
an ultrarapid homogeneous and heterogeneous complete degradation of methylene 
blue and Congo red within few seconds by using as catalyst the silver and gold NPs 
fabricated with the Aglaia elaeagnoidea flower extract. They found above 90% con-
version of 4-nitrophenol to 4-aminophenol within few minutes for homogenous and 
within few seconds for heterogeneous degradation. Pradeep and Anshup (2009) also 
found gold NPs suitable for the removal of heavy metals through alloy formation by 
varying the composition such as Au3Hg, AuHg, and AuHg3 phases; thus these NPs 
can be used for removing Hg ions from contaminated water. Gold NPs are also used 
for the detection and removal of organic compounds such as pesticides like mala-
thion, endosulfan, and chlorpyrifos (Han et al. 2003; Nair et al. 2003). Burns et al. 
(2006) noted that salt-induced aggregation of gold NPs is useful for detecting pesti-
cides at low concentration and removing them from drinking water. Furthermore, 
removal of diesel oil droplets floating on water through swelling and absorption of 
the gold NP composite has also been observed (Gupta and Kulkarni 2011). All these 
findings have a lot of promise for the wastewater purification by degrading its toxic 
contaminants.

3.4.3  Antioxidant Potential

Oxidation is a process in which free radicals are generated due to chemical reaction; 
free radicals cause damage to cells and disturb their functioning. Antioxidants are 
known to prevent cell damage, DNA damage, malignant transformation, heart dis-
eases, cancer, and oxidative stress (Watters et al. 2007). Both natural and synthetic 
antioxidants are used to cure these problems. Anagnostopoulou et al. (2006) and 
Carocho and Ferreira (2013) have suggested that the synthetic antioxidants are sus-
pected to cause adverse health effects. In a study, Au NP-embedded flavones with 
other dietary nutrients have exhibited significant enhancement in the antioxidant 
activity (Medhe et al. 2014). Leu et al. (2012) have reported that the antioxidative 
ability of known antioxidants was much increased when used in combination with 
gold NPs for the purpose of wound healing. Abel et al. (2016) produced gold NPs 
from the Cassia tora secondary metabolite conjugate and noted their higher bio-
availability and the antioxidant and anticancer effect against the colon cancer cell 
line (Col320). Manjari et al. (2017) found enhanced antioxidant activity on increas-
ing the concentration of gold and silver NPs obtained from the Aglaia elaeagnoidea 
flower extract. Sathish et al. (2016) have reported extraordinary antioxidant poten-
tial of gold NPs produced by using the aqueous fruit extract of Couroupita guianen-
sis. Balasubramani et al. (2015) found the Antigonon leptopus-mediated gold NPs 
as a free radical scavenger and an anticancer agent.
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3.4.4  Photochemical Agents

Gold NPs are used as inert carriers to modify the excited state photochemistry and 
prevent the unwanted phototoxicity effects of the adsorbed drug molecules (Wang 
et al. 2016). A study of the uptake of gold NPs by Arabidopsis thaliana roots and 
their subsequent translocation to leaves has shown the generation of nanobubbles 
and acoustic signals in plant tissues (Koo et al. 2016). In addition, the leaves con-
taining gold NPs exhibited a higher temperature across the leaf surface and induced 
expression of heat shock-regulated genes, when exposed to laser beam. These 
results demonstrate that gold NPs in the leaves can act as the photochemical agents 
and raise the leaf temperature by absorbing the light waves to induce photochemical 
activity even when the temperature is very low.

3.4.5  Plant Response to Gold Nanoparticles

Being stationary and having a large leaf area, plants are prone to exposure to a wide 
range of NPs available in their surrounding environment (Dietz and Herth 2011). 
They significantly control metal ions or NPs by accumulating them into their bio-
mass (Husen and Siddiqi 2014; Iqbal et al. 2015; Siddiqi and Husen 2016). Upon 
entering into plants, gold NPs may activate or prevent plant growth and biomass 
accumulation. In general, higher doses of gold solutions may cause toxicity and 
thus affect the plant growth negatively, producing changes at the physiological, bio-
chemical, and molecular levels (Siddiqi and Husen 2016). Although treatment of 
Arabidopsis thaliana root with a lower dose (10 ppm KAuCl4) markedly increased 
the root length, a significant decrease was noted at higher doses (25, 50 and100 
ppm). Further, at higher concentrations of KAuCl4, iron content was depleted, while 
Zn and P contents declined (Jain et al. 2014). Another study of A. thaliana revealed 
a significant role of gold NPs in seed germination, modulation of antioxidant sys-
tem, and regulation of microRNA expression that controls different morphological, 
physiological, and metabolic processes (Kumar et  al. 2013). Judy et  al. (2012) 
recorded accumulation of 2–54 μg gold g−1 in the dried tobacco plants after their 
exposure for 7 days to 30 μg gold mL−1 in the nutrient solution.

Earlier, Barrena et al. (2009) found a low or zero toxicity of the gold, silver, and 
magnetite NPs at concentrations of 62, 100, and 116  μg  mL−1, respectively, in 
cucumber and lettuce plants. Many other studies have also shown that gold can 
accumulate to varying degrees in different plant species such as Brassica juncea, B. 
campestris, Trifolium repens, Sorghum helense, Raphanus sativus, Kalanchoe ser-
rata, and Helianthus annuus (Wilson-Corral et al. 2012; Siddiqi and Husen 2016). 
Gold NP application improved the seed germination in cucumber and lettuce 
(Barrena et al. 2009), Brassica juncea (Arora et  al. 2012) and Gloriosa superba 
(Gopinath et al. 2014). B. juncea seedlings exhibited changes both in growth and 
seed yield; foliar spray of gold NPs enhanced the oil production with a concomitant 
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decline in reducing sugar and total sugar contents (Arora et al. 2012). Redox status 
of the treated B. juncea was also improved. Seed germination percentage increased 
with spray and/or inoculation with 25 ppm gold NPs, but the higher concentrations 
had a negative impact. Gunjan et al. (2014) reported that gold NPs (in 100–400 ppm 
doses) reduced the B. juncea growth possibly due to rise in free radical stress, as 
indicated by the general rise in activities of antioxidative enzymes, viz., catalase, 
ascorbate peroxidase, guaiacol peroxidase, and glutathione reductase. Furthermore, 
proline and hydrogen peroxide contents were also enhanced due to the formation of 
reactive oxygen species (ROS). These observations suggest that the ROS produc-
tion, which makes for the physiological and biochemical stress in plants, is depen-
dent on the dose of gold NPs. Of late, Balalakshmi et al. (2017) produced spherical, 
25 nm gold NPs, using Sphaeranthus indicus, and examined them at 0, 1, 3, 5, 7, 
and 10% concentrations of the plant extract for the mitotic cell division assays, pol-
len germination experiments, and in vivo toxicity trials against an aquatic crusta-
cean. In this experiment, gold NPs did not show any toxic effects on plant cells and 
aquatic crustacean. Most of the studies on plant responses to gold NPs have so far 
been focused on early stages of plant growth (Siddiqi and Husen 2016). Random 
application of metal particles may not produce the desired results with reference to 
plant growth or yield. It is necessary to identify which trace elements are useful for 
a given plant species so that the same may be used in the form of NPs to increase the 
quality and quantity of plant products.

3.4.6  Biomedical Application

Gold NPs are successfully used for transporting drugs, genes, and other biomole-
cules due to their low toxicity, high surface area, and tunable stability. For instance, 
gold NPs with 2 nm core diameter have been used as carrier in the preparation of the 
chemotherapeutic drug agent, paclitaxel (Gibson et al. 2007). Moreover, their tun-
able size and functionality also allow them to work as a useful scaffold for the 
delivery of peptides, proteins, or nucleic acids like DNA or RNA (Bhumkar et al. 
2007; Ghosh et al. 2008; Rana et al. 2012; Ding et al. 2014). They were also adhered 
to the vascular endothelial growth factor antibodies, which are used in treating the 
B-chronic lymphocytic leukemia (Mukherjee et al. 2007). Gold NPs are conjugated 
oligonucleotide/DNA and employed in clinical diagnosis and colorimetric detection 
of targeted DNA, virus, etc. (Upadhyay et al. 2006; Baptista et al. 2008; Costa et al. 
2010; Nun et al. 2013). Gold NP-bifunctional oligonucleotide probe conjugate for 
the detection of dsDNA even in very minute quantity has also been reported 
(Dharanivasan et al. 2016). Thanh and Rosenzweig (2002) developed a unique, sen-
sitive, and highly specific immunoassay system for antibodies by using gold NPs. 
The colloidal gold NPs transmit drug to the site of the use regardless of their shape, 
if both of them (NPs and drug) are biocompatible, stable, and easily form bonds 
with each other. They are finally deposited in cells and on irradiation with visible 
light; the heat mediated by gold NPs destroys the cancerous tissues locally (Huang 
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et al. 2006; Huff et al. 2007; Lowery et al. 2006). They are also used in the Carter- 
Wallace home pregnancy’s “First Response” kit. During its use, when the latex 
micro- and gold NPs derivatized with a hormone released by pregnant women were 
mixed, the micro- and nanoparticles coagulated, forming clumps of pink color 
(Bangs 1996). Bio-detection sensitivity obtained from spherical NPs was not strong 
enough to trace the interaction of biomolecules (Orendorff et al. 2005). In its place, 
irregular-shaped NPs could improve the biological detection sensitivity greatly. NP 
fabrication from plants may give irregular-shaped nanostructures in a one-pot pro-
cess due to the complexity of the bio-reducing and bio-capping agents (Lukman 
et al. 2011).

Thus, NPs fabricated with the help of plants have a potential and could be uti-
lized in various applications that need irregular shape of nanostructures. Raman 
spectroscopy is a vibrational method for collecting information about the chemical 
structure (González-Solís et  al. 2013). Gold NPs also increase the intensity of 
Raman scattering of adjacent molecules and hence are extensively used in surface- 
enhanced Raman scattering (SERS) for the detection and quantitative analysis of 
Raman active materials (Qian and Nie 2008; Zamarion et al. 2008; Dasary et al. 
2009; Ding et al. 2013). This technique is used to increase the sensitivity and repro-
ducibility of the analyses (Kumar and Yadav 2009). SERS technique is used to dis-
tinguish cancer cells from normal cells, when gold nanorods conjugate to 
anti-epidermal growth factor receptor antibodies (Huang et al. 2007b). SERS with 
gold NPs has been employed in cancer research to detect tumors (Cai et al. 2008; 
Huang and El-Sayed 2010) and in immunoassays as well as the examination of 
 living cells (Kneipp et al. 2002; Grubisha et al. 2003; Neng et al. 2010). Gold NPs 
have also been used in the cell and phantom imaging (Huang et al. 2007b; Cai et al. 
2008), mostly during cell culture studies. Peleg et al. (1999) have reported the ben-
efit of the enhanced second harmonic signal by antibody-conjugated gold NPs for 
functional cellular imaging around single molecules. Krishnaraj et al. (2014) have 
reported the in vitro cytotoxic effect of silver and gold NPs (obtained by an Acalypha 
indica-mediated synthesis) against the MDA-MB-231, human breast cancer cells, 
and could cause significant cytotoxic effects and apoptotic features. Subsequently, 
many other research groups have reported anticancer properties of plant-mediated 
gold NPs such as those involving Moringa oleifera (Anand et al. 2015; Tiloke et al. 
2016), Portulaca grandiflora (Ashokkumar et  al. 2016), Musa paradisiaca 
(Vijayakumar et al. 2017), Spinacia oleracea (Ramachandran et al. 2017), and so 
on.

3.5  Conclusion

The principal biomolecules in plant extracts, which are responsible for the reduction 
of metal ions to form NPs, include amines, amino acids, aldehydes, ketones, car-
boxylic acids, phenols, proteins, flavonoids, saponins, steroids, alkaloids, tannins, 
vitamins, etc. The complex nature of plant extracts and their involvement in the gold 
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NP fabrication require a comprehensive investigation. Many factors such as incuba-
tion time, temperature, plant extract concentration, pH values, etc. affect the growth, 
morphology, and stability of particles. Optimization techniques for a homogenous 
production of gold NPs are needed for better processing and application in various 
sectors. The random and excessive use of gold NPs may not give the desired output 
in terms of plant growth and yield in all the species and may rather lead to ecologi-
cal risks. It is essential to explore which specific metal/trace element works well 
with which species, so that NPs of the same material may be used to increase the 
quality and quantity of plant products in a cost-effective manner.
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