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23.1 Introduction

Nanotechnology has appeared as a dynamically evolving discipline of scientific interest
that includes materials that have at least one dimension ranging between 1 and 100 nm. The
concept of biogenic synthesis has been explored widely to meet sustainable development
goals (Husen, 2019, 2020; Husen and Jawaid, 2020; Siddiqi and Husen, 2016a,b). It has been
considered that nanotechnology is one of the most promising fields catering to the sustain-
able use of chemistry without jeopardizing environmental health and well-being. The field of
nanotechnology has a lot of potential and myriad applications because of its multidisciplin-
ary nature (Husen and Siddiqi, 2014; Husen, 2020, 2022; Kumar et al., 2021a,b; 2022; Sharma
et al., 2021, 2022; Jin-Chul et al., 2021; Alle et al., 2022). Nanotechnology merges disciplines
like chemistry, physics and biology to synthesize nanoparticles (NPs) with unique properties
and dimensions. The properties of NPs may be enhanced by infusing noble metals like gold
(Au), silver (Ag), or platinum (Pt) (Gul et al., 2021). Since the environmental deterioration is
taking at a very fast rate, hence there is a persuasive need to develop and synthesize cost-
effective and environment-friendly NPs, which has been realized with the advent of green
synthesis (Mishra et al., 2019; Joshi et al., 2019; Bachheti et al., 2019a,b). For this purpose, sev-
eral biological systems are presently employed and plant-based synthesis is now used exten-
sively for the environment-friendly production of NPs.
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In the recent past, several plants (or their parts and products) such as Anacardium occiden-
tale (Chandra and Khan, 2020), Calotropis gigantean (Kumar et al., 2020), Citrus lemon (Nabi
et al., 2022); Hibiscus rosa sinensis (Buarki et al., 2022); Hisbiscus sabdariffa (Zangeneh and
Zangeneh, 2020), Malus domestica (Kazlagic et al., 2020), Nigella sativa (Aygun et al., 2020a,b),
Phoenix dactylifera (Rambabu et al., 2021), Syzygium aqueum (Manjare and Chaudhari, 2020),
among others, have been effectively utilized for efficient and rapid biogenic NPs synthesis
(Fig. 23.1). Further, biogenic NPs synthesis depends on various growth factors, for instance,
the concentration of plant extract or biomass, the concentration of salt, incubation or reaction
time, temperature and pH of the solution. Hence, standardization of these growth factors is
important in obtaining the desired size and shape of NPs for their maximum exploitation
and application. The most commonly used techniques for the characterization of NPs are
UV-vis spectroscopy, transmission electron microscopy (TEM), scanning electron microscopy
(SEM), X-ray diffraction (XRD) and Fourier transform infrared spectroscopy (FTIR). These
techniques facilitate the determination of size, shape, structure, crystal orientation and
phases, composition, surface modification and surface chemistry of NPs.
While using NPs, toxicity considerations are important to assure that the NPs are safe

and nonhazardous (Fadeel and Garcia-Bennett, 2010). Synthesis and or fabrication of
metals and metal-oxide NPs may pose threat to human beings and therefore it becomes
crucial to assess cellular alternations and DNA injury and oxidative stress to the tissues
and genotoxicity. The metal-based NPs must also exhibit chemical inertness if they are
being used for implants. Overall, the objective of this chapter is to present the current
information on plant-based (biogenic) NPs synthesis and its beneficial applications.

23.2 Biogenic synthesis of nanoparticles

The biogenic NPs synthesis and or fabrication relies on an environmentally free solvent
(water or ethanol), a nontoxic reducing and stabilizing agent whereas the conventional chem-
ical procedures involve toxic and hazardous substances posing a threat to the environment
(Nath and Banerjee, 2013; Husen and Siddiqi, 2014). The biogenic synthesis may use fungi,
algae, bacteria, or plants, of which plants have been widely used for the synthesis of NPs for
large-scale production. Different plant parts like leaves, fruits, roots, stems and seeds can be
employed to extract the NPs of well-defined size, composition and shape (Narayanan and
Sakthivel, 2011; Husen et al., 2019; Husen, 2019, 2020). Plants are abundant in natural phyto-
chemicals which may also act as stabilizing and reducing agents for the synthesis of NPs.
Synthesis using plants and associated products is not only eco-friendly but also easy to man-
age. In addition, the NPs so produced are rich in biomolecules like phenols, tannins, flavo-
noids, etc., which prevent their interaction with atmospheric oxygen (Chouhan and Mandal,
2021) thereby enhancing their stability. Plant-derived NPs may also be stored over a longer
period and are not easily oxidized. Waste materials like banana and lemon peels and dried
leaves are routinely used for the green synthesis of NPs. These NPs can also be fabricated
with noble metals like Ag, Au and Pt. Silver nanoparticles (AgNPs) are easily derived from
plants (Majeed et al., 2018) and require a silver salt solution and a reducing agent.
Polysaccharides, vitamins, amino acids, phenolics, alkaloids and terpenes may be used as
reducing and stabilizing agents (Aslam et al., 2021). Other than that gold nanoparticles
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(AuNPs) are also easy to synthesize, have flexible surface functionalization and hold poten-
tial as therapeutic agents (Amina and Guo, 2020). Phytoconstituents including phenols, flavo-
noids and proteins, etc., may have an important role in the reduction of gold ions and the
synthesis of gold-based NPs. Zinc oxide (ZnO) based nanoparticles (ZnO NPs) have also
received considerable attention because of their use in cosmetics and electronics etc. ZnO
NPs are derived from flowers, seeds and leaves and exhibit a high exciton binding energy

FIGURE 23.1 Some of the recently used plants for efficient and rapid biogenic nanoparticles synthesis.
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(60 meV) and a bandgap of 3.37 eV making them good semiconductors (Sanakouser et al.,
2022). Copper (Cu) is a relatively cheap metal and is used to derive Copper nanoparticles
(CuNPs) by reducing the aqueous solution of copper ions using plant extracts CuNPs are
also important because of their easy availability and high electrical conductivity (Tiwari
et al., 2016). Ni, Mn, Pd, Ce and Pt-based NPs are also reported with an array of applications
in different fields (Hano and Abbasi, 2021).

23.3 Mechanism of the synthesis of nanoparticles

Plants are a storehouse of a variety of bioactive substances like alkaloids, flavonoids,
and steroids, etc. which act as reducing agents. Plants like Acalypha indica, Ficus benghalen-
sis, Zingiber officinale, Plumbago zeylanica, Centella asictica, Parthenium hysterophorus, Sapindus
rarak, Passiflora foetida, and so on have been explored to synthesize NPs through a one-step
process. The general requirements for the plant-based synthesis of NPs are reducing
and capping agents, metal salt, and solvent and the steps involved in the synthesis are
nucleation, growth, aggregation, stabilization and characterization. Amino acids, citric
acid, flavonoids, tartaric acid and secondary plant metabolites are used as reducing agents.
The reduction potential of the metal also affects the reduction. A metal with a positive
reduction potential can be reduced at a faster rate. At a low reduction rate, the nucleation
and growth are in equilibrium (Lee et al., 2009). A previous study reported a one-step
synthesis of Au-PdNPs where the reduction rate was slow with the reduction potentials of
Pd Pd and Au /Au being 0.59 and 0.99 eV respectively (Zhang et al., 2015). The differ-
ence in the redox potential between the two metals was responsible for the synthesis of
core-shell NPs. In another study, it was established that terpenoids from geranium leave
helped in the reduction of Ag ions (Shankar et al., 2003) which later on get oxidized to
carbonyl groups. Similarly, tartaric acid was recognized as a capping medium for the bio-
reduction of gold particles as obtained from tamarind leaf broth (Ankamwar et al., 2005).
Another study reported the adsorption of silver by alfalfa roots as Ag(0) and how it
is being transmitted to the shoots without a change in its oxidation number (Gardea-
Torresdey et al., 2003). The characterization of the NPs was done through SEM, TEM,
XRD, UV-Vis and FTIR spectroscopic techniques. The SEM and TEM are employed to
assess the shape, size and aggregation of the NPs (Xiao et al., 2016), whereas with the help
of EDX the composition and distribution of NPs can be done. The UV-Vis spectroscopic
technique is used to investigate NPs based on the average size and aggregation (Davids
et al., 2021). The signal in the UV-Vis spectrum is based on the absorption of plasmas by
free electrons adhered on the surface of NPs leading to the interaction with the electro-
magnetic field and shifting towards the higher wavelength. FTIR and XRD are used to
determine the structural characteristics and crystallinity of the NPs.

23.4 Factors affecting the synthesis of plant-based nanoparticles

Several factors such as the concentration, pH, incubation time and temperature of the
plant extract and or biomass affect the NPs preparation methods. These factors control the
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shape and size of NPs during biogenic synthesis. They are discussed in the following
subheadings.

23.4.1 pH-dependent effect

Past studies have shown that the size of the AgNPs increases as the pH is decreased
(Muthu and Priya, 2017). It was found that the intensity of the surface plasmon resonance
(SPR) increased as the pH varied from 3 to 9. The alkaline pH enhanced the reduction and
stabilizing potential of the leaf extract of Ficus hispida. Another study to synthesize AuNPs
from Avena sativa extract showed that the size of the NPs was proportional to the pH
(Armendariz et al., 2004). Diverse-shaped AuNPs were obtained at pH 8 from the leaf
extract of Angelica archangelica, Hypericum perforatum and Hamamelis virginiana in the size
range of 4�8 nm (Pasca et al., 2014). A study showed that the color of the AuNPs also
depended on the pH. A purple color was formed at pH 7 which became fluorescent at pH
10 (Dhamecha et al., 2016). It has also been reported that the reduced zeta potential of
AgNPs was negative in highly acidic pH showing their stability in alkaline pH with smal-
ler size. Nearly spherical NPs were formed at pH 8 having a size diameter of 20 nm.
Zizyphus xylopyrus bark extracts were used for AgNPs synthesis and reported that the opti-
mum condition is silver nitrate solution at 10 mM; and the alkaline initial pH of 11 facili-
tates SPR peak of high intensity, showing increased fabrication of AgNPs. Thus, the acidic
medium suppressed the production of AgNPs, whereas the basic medium enhanced it
(Maria et al., 2015). Ghodake et al. (2010) used pear fruit extract-assisted room-temperature
biosynthesis of gold nanoplates. They found that the alkaline condition was more effective
for triangular and hexagonal nanoplates, while the structures of these nanoplates were
barely detected at acidic pH.

23.4.2 Role of temperature

The literature survey reveals that the size of NPs is negatively proportional to the tem-
perature. A reported that at room temperature (27�C), the mean size of the NPs was
49.91 nm, which decrease with the increase in temperature and reached up to 33.61 nm at
45�C (Lee et al., 2019). A study reported the extraction of AgNPs from Olive leaf (Khalil
et al., 2014). As the temperature increased, Ag1 ions reduced at a faster rate and at the
same time uniform nucleation took place leading to a reduction in the NPs’ size. As the
temperature rose, the rate of reduction increased, whereas the secondary reduction ceased
over the surface of predetermined nuclei (Song and Kim, 2009). Polydispersed particles in
the size range of 5�300 nm were obtained at a lower temperature, as reported by another
study (Song and Kim, 2009). Upadhyay and Verma (2014) have shown that reaction time
is temperature dependent for AgNP synthesis from potato extracts. A change from room
temperature to 60�C reduced the reaction time from 16 hours to 15 minutes, and produced
spherical NPs with an average size of 61 nm. Effect of temperature on the rate of reaction
for AgNP synthesis from Dioscorea bulbifera tuber extract has shown the maximum rate of
reaction at 50�C (Ghosh et al., 2012). Similar conclusions were drawn while producing
AgNPs using Pulicaria glutinosa extract (Khan et al., 2013) and Solanum xanthocarpum berry
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extract (Amin et al., 2012). Sun et al. (2014) used tea leaf extract for AgNP synthesis and
produced spherical AgNPs of 91, 129 and 175 nm at 25�C, 40�C and 55�C, respectively.
The increase in particle size was ascribed to an increase in the rate of reduction at higher
temperatures which further enhanced the particle size. Dubey et al. (2010) reported that an
increase in temperature from 25�C to 150�C leads to an increase in the sharpness of
absorption peaks for both AgNPs as well as AuNPs in Tanacetum vulgare fruit extract.
Phillip (2009), and Dwivedi and Gopal (2010) have reported that the high temperature also
increases the rate of reaction, which increased NPs synthesis.

23.4.3 Incubation period

The incubation reaction time influences nanoparticle synthesis greatly. A study report-
ing the synthesis of AgNPs from Jatropha curcas showed that the intensity of the SPR peak
increased with the increase in reaction time, and after 4 hours of incubation two SPR peaks
were obtained (Bar et al., 2009). Another study showed the dependence of the NPs’ size
on the contact time (Philip, 2011). Similar observations were made in another study with
Rosa damascene to synthesize AuNPs and AgNPs (Ghoreishi et al., 2011). Dubey et al.
(2010) used T. vulgare fruit extract for AgNPs and Asynthesishesis. In this experiment,
the reaction started within 10 minutes, and an increase in the incubation time led to the
sharpening of peaks for these NPs. In another experiment, Rosa hybrid petals extract was
used (Noruzi et al., 2011). They noticed a higher rate of reaction in comparison to previous
studies, as the AuNP synthesis process was finished within 5 minutes (Noruzi et al., 2011).
However, using the Terminalia chebula plant extracts, Kumar et al. (2012) produced gold
NPs in 20 seconds only.

23.4.4 Plant biomass concentration

This is another crucial growth factor for optimum NPs production. The NPs synthesis
may occur when a suitable precursor concentration is available in a suitable range for
nucleation. The reducing and capping agent availability governs whether the metal pre-
cursors could be reduced and ultimately participate in NPs fabrication. Thus, plant bio-
mass concentration at the time of synthesis cannot be ignored, as it facilitates the amount
of reduction and stabilization employed by the active biomolecules which usually influ-
ence the outcome. In an experiment, Citrus limon aqueous extract use AgNPP production
and it was noticed that with increasing the mixing ratio of metal solutions and plant bio-
mass, a sller size of NPs was formed. This could be due to the increased amount of
electron-rich bioreducing agents once a higher concentration of plant biomass was used in
the reaction medium (Prathna et al., 2011). As the plant extract concentration was
increased, it increased the electron density as charged groups in the reductants. Possibly,
this facilitated the free electrons of the metallic cluster within a small volume and intensi-
fied the surface charge on the metallic clusters. This surface charge might exert a repulsive
force that could decrease the particle size. Dubey et al. (2010) used the aqueous extract of
Sorbus aucuparia leaf for the synthesis of AgNPs and AuNPs. Dubey et al. (2010) noticed
an increased particle formation and a reduced size of both the silver and gold nanocolloids
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when the amount of extract was increased. Similarly, an increase in the amount of the
Chenopodium album leaf extract caused a decrease in 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).

23.5 Some important plant-derived nanoparticles

23.5.1 Metal nanoparticles

23.5.1.1 Silver nanoparticles

AgNPs have distinct properties and have medical and industrial utility (Jiang et al.,
2004). They have a high surface/volume ratio and phytoconstituents like alkaloids, pheno-
lic compounds, flavonoids and, terpenoids may reduce silver ions to NPs (Parlinska-
Wojtan et al., 2016). Plants like Tribulus terrestris, Astragalus tribuloides have been explored
to synthesize AgNPs between the size of 2�6 nm (Sharifi-Rad et al., 2020). Curcuma bark
extract is another good source of AgNPs (Sathishkumar et al., 2010). Spherical to plate-like
AgNPs have been obtained from the leaf extract of Lonicera japonica (Kumar and Yadav,
2011). The seed extract of Syzygium cumuni seed extract has been explored to synthesize
crystalline AgNPs (Banerjee and Narendhirakannan, 2011) and from the latex extract of
Plumeria rubra (Patil et al., 2012). Vincristine and vinblastine were found to be responsible
for the production of AgNPs from Catharanthus roseus (Ponarulselvam et al., 2012). AgNPs
may be useful in catalysis, however, no specific reaction using ag as a catalyst is known.
They are also good antibacterial agents. During the synthesis of AgNPs Ag ions may be
precipitated as AgCl (Costa-Coquelard et al., 2008) which can vary in color upon exposure
to sunlight. The color change also denotes the chemical composition and size of NPs. Since
AgCl settles as precipitates it requires the presence of some reducing agent for Ag ions.
In this context, the role of Na S O has been elucidated and it was found that Ag S O
would have been formed upon the reaction of AgNO with Na S O [Eq. (23.1)]

2AgNO31Na2S2O3-Ag2S2O312NaNO3 (23.1)

Although it has been reported that Ag ions may also react with polysaccharides and
amino acids, DNA and RNA for AgNPs, at the same time it is also true that the Ag ions
form complex with specific electron donors and require a reducing agent (Shevchenko
et al., 1996) [Eq. (23.2)�(23.3)].

Ag112NRH2- Ag RNH2ð Þ2 1 (23.2)

2Ag11H2-2Ag
112H2 Ag-nanoparticle (23.3)

The absorption of AgNO , Na Ag(S O ) and Ag(NH ) NO and their reduction has
been studied in Brassica juncea. It was found that the reduction of metals depended on the
concentration of metal salts (Haverkamp and Marshall, 2009). The rate at which the
AgNPs grow is not dependent on the concentration of salt but the mobility is affected by
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the size of the ion. In the case of Na Ag(S O ) and AgNO the availability of Ag ions
will be more in the form of AgNO . However, the rate of deposition of AgNPs from
AgNO containing small anions is faster than that with large anions like S O .

23.5.1.2 Gold nanoparticles

AuNPs find tremendous use as catalysts, in nanoelectronics and as diagnostic agents
(Aromal and Philip, 2012). Tea leaf extract has can be employed to synthesize AuNPs
(Sharma et al., 2012). Another study reported the synthesis of AuNPs from the root extract
of Morinda citrifolia in the size range of 8�17 nm (Suman et al., 2014). Spherical AuNPs
have been reported from the alcoholic extract of Nyctanthes arbortristis in the size range
of 19.8�5.0 nm (Das et al., 2011), similarly, they were also extracted from Aegle marmelos
leaves with a size range of 4�10 nm (Jha and Prasad, 2011). The peel extract of Garcinia
mangostana was employed for the synthesis of AuNPs involving the reduction of Au. The
anthocyanins, benzophenones and flavonoids found in G. mangostoma helped in the reduc-
tion, as suggested by the FTIR results. The bark extract of Mimosa tenuiflora was also
employed to obtain AuNPs at different metallic concentrations (Rodrı́guez-León et al.,
2019). Triangular and hexagonal AuNPs have been reported from HAuCl solution and
diluted extract having phyllanthin from Phyllanthus amarus (Kasthuri et al., 2009) and
Benincasa hispida seed extract (Aromal and Philip, 2012). During the reduction process, the
COOH group acted as a surfactant and was reduced to COO� and adhered to AuNPs,
thereby stabilizing it. The biosynthesis of AuNPs depends upon the concentration of plant
extract and the metal salt along with the temperature and pH of the solution. The synthe-
sis of AuNPs from A. sativa biomass showed different structures of NPs ranging from tet-
rahedral, hexagonal and decahedral, icosahedral and irregular (Armendariz et al., 2004)
with the highest yield obtained at pH 3. The oat biomass showed the ability to bind
AuCl leading to the reduction of AuNPs. They have been obtained from dead leaf tis-
sues of alfalfa. It has been found that plants associated with aroma-producing flavonoids,
sugars and alcohols/phenols act as reductants leading to the formation of NPs. They have
been produced from dead and live tissue of alfalfa (Gardea-Torresdey et al., 2002), hops
(Lopez et al., 2005), fungus (Mukherjee et al., 2002) and algae (Kuyucak and Volesky,
1989).

23.5.1.3 Platinum and palladium nanoparticles

Palladium and platinum have high-density and fabricated NPs have been isolated from
plants like Anogeissus latifolia, Cinnamomum camphora, Curcuma longa, Doipyros kaki, Musa
paradisica, Ocimun sanctum, Pinus resinosa and P. glutinosa, etc. The fabricated NPs possess
heterogeneous catalytic activity as shown by the Suzuki-Miyaura coupling reaction
(Nasrollahzadeh et al., 2015), which is ligand-free and easily conducted in an aqueous
medium. PdNPs have been obtained from the leaves of Hippophae rhamnoids
(Nasrollahzadeh et al., 2015) and characterized by SEM, TEM, XRD and UV-Vis spectro-
scopic techniques. The polyphenols present in the plant acted as reducing and capping
agents. Bimetallic NPs of Au and Pd having core-shell structures have been reported
(Xu et al., 2011). Palladium used for the reduction of Au was in turn reduced by adding a
mild reducing agent like Cacumen platycladi leaf extract. The root extract of
Euphorbia condylocarpa M. bieb was used for the green synthesis of Pd/Fe O NPs
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(Nasrollahzadeh et al., 2015). The flavonoids present in the extract acted as reducing
agents for the metal ions. Barberry fruit extract was used for the biosynthesis of PdNPs.
Vitamin C present in the fruit reduced the metal ions to NPs with an average size of
18 nm (Nasrollahzadeh et al., 2016). Salvadora persica root extract rich in polyphenols has
been used to obtain PdNPs. The polyphenols were found to act as bioreductant and stabi-
lizing agents and NPs with an average size of 10 nm were obtained upon heating at 90�C
(Khan et al., 2013). The bark extract of Cinnamomum zeylanicum which is rich in constitu-
ents like linalool, ethyl cinnamate, eugenol and cinnamaldehyde has a rich aroma has convert
Pd ions to PdNPs (Muthuswamy et al., 2008). Fabricated and crystalline PtNPs having a size
range between 30 and 60 nm were obtained from tea extract and the polyphenols found in
the extract acted as reducing and capping agents (Sheny et al., 2013). The NPs were found to
have a face-centered cubic structure. The TEM images showed that the NPs were flower-
shaped (Porcel et al., 2010). The leaf broth of O. sanctum was used for the biosynthesis of
PtNPs at 100�C (Soundarrajan et al., 2012). The reduction of the metal ions was identified by a
color change from yellow to brown and finally black. Ascorbic acid and terpenoids present in
the extract acted as reducing and stabilizing agents with an average size of 23 nm. The energy
dispersive absorption X-ray spectroscopy (EDAX) showed 71% Pt while XRD indicated the
presence of PtO , K [PtCl ], Pt and PtCl Leaf extract of D. kaki has been utilized for the extra-
cellular synthesis of PtNPs at 95�C using H PtCl .6H O (Song et al., 2010). The size of the NPs
was found to decrease with the increase in temperature. The biosynthesis of PtNPs from
Azadirachta indica extract was done to obtain NPs of size between 5 and 50 nm
(Thirumurugan et al., 2016). The fabrication of Pt increased with the increase in reaction tem-
perature. The terpenoids found in A. indica acted as reducing agents. PtNPs have been
obtained fromMedicago sativa and B. juncea plant biomass.

23.5.1.4 Zinc and copper nanoparticles

Zinc nanoparticles (ZnNPs) have been in consideration owing to their cost-
effectiveness, large surface area and antimicrobial properties (Kumar et al., 2013).
Phytochemicals like polyphenols, saponins and terpenoids act as reducing and stabilizing
agents and they have been obtained from different plant parts like root, stem, leaf, fruit
and seed. These phytoconstituents are responsible for the reduction of metal ions to zero
oxidation state which can further be calcinated to their oxide. Zn ions may also interact
with polyphenols to form a complex. Plants from the families of Fabaceae, Rutaceae,
Solanaceae and Lamiaceae, etc. are mostly employed for the synthesis of ZnNPs (Kumar
et al., 2013). The floral extract of Cassia auriculate was made to react with Zn(NO ) solu-
tion leading to the formation of ZnNPs (Ramesh et al., 2014) having a particle size between
110 and 280 nm. CuNPs have emerged as antimicrobial, antioxidant and antifouling agents
when infused in coatings and textiles (Thiruvengadam et al., 2019). They also act as heat
transfer fluids, sensors and gas-sensing agents (Sharma et al., 2015). Spherical CuNPs with
a size of 23 nm have been obtained from the flower extract of Millettia pinnata (Din et al.,
2017). The UV-Vis analysis confirmed the reduction of copper acetate to CuNPs. Proteins,
flavonoids and carboxylic acid were found to be responsible for the reduction of Cu
ions to CuNPs. Magnolia kobus leaf extract was used to obtain spherical CuNPs of a size
diameter between 50 and 250 nm (Lee et al., 2013). With the increase in temperature yield
of CuNPs increased. CuNPs have been fabricated from copper sulfate and Eucalyptus
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sp. Leaf extract at ambient temperature (Kulkarni et al., 2015). A slight change in the pH
was obtained upon adding the leaf extract resulting in the color change. Phenols, amino
acids and amines were responsible for the reduction and capping. Leaf extract of A. indica
was used to synthesize CuNPs and the effect of temperature, pH and concentration of the
salt on the conversion rate of CuNPs was studied (Kulkarni et al., 2015). Ultra-small
CuNPs of the size range of 2.90 nm has been obtained from lemongrass by one-pot synthe-
sis (Brumbaugh et al., 2014). There was no absorption shown in the UV-Vis spectrum
which may be attributed to the extremely small size of the NPs which were also devoid of
SPR (Singh et al., 2010). Biogenic synthesis of CuNPs from Citrus medica juice was done
showing a peak at 631 nm (Shende et al., 2015). The reduction was carried out in an alumi-
num vessel. The color of CuSO changed to reddish brown after the addition of lemon
juice which was followed by the deposition of shiny brown precipitate on the wall of
the vessel which may be due to the displacement of the less reactive metal from a more
reactive one (Eqs. 23.4-23.6; Sastry et al., 2013).

CuSO41 2NaOH-CuðOHÞ21Na2SO4 (23.4)

CuSO412NH4OH-CuðOHÞ21 NH4ð Þ2SO4 (23.5)

2AlðsÞ13CuSO4ðaq:Þ-6CuðsÞ1Al2ðSO4Þ3ðaq:Þ (23.6)

23.5.1.5 Other metal nanoparticles

Mentha spicata leaf extract has been employed to synthesize crystalline FeNPs in the size
range of 20�45 nm showing excellent As (III) and As (V) removal. Similarly, S. jambos and
Eichhornia crassipes leaf extracts were employed to synthesize FeNPs (Xiao et al., 2016).
Another green synthesis of FeNPs was reported from green tea extract (Kuang et al., 2013)
and the NPs acted as Fenton-like catalysts to remove chemical oxygen demand from
wastewater. MgNPs have been derived from Hydrangea paniculata flower extract having
spherical and ellipsoidal structure (Ishak et al., 2019) and having appreciable antioxidant
activity. Spherical polydisperse and crystalline SeNPs with a size range of 60�80 nm have
been derived from the leaf extract of lemon leaf extract (Suranjit et al., 2013) and were
utilized to prevent UV-induced DNA damage.

23.5.2 Metal-oxide nanoaprticles

Various applications of engineered metal oxide NPs have been proved. SiO and TiO -
based NPs have been found to enhance nitrate reductase activity in soybean and adsorption
capacity for fertilizer along with the increased rate of photosynthesis (Hong et al., 2005). It is
worth noting that nano-Al O inhibits the root growth in maize and cucumbers (Yang and
Watts, 2005). TiO and AgNPs are naturally found and TiO can generate reactive oxygen
species (ROS) in the presence of UV light (Armelao et al., 2004). Camellia sinensis extract has
been used to synthesize iron oxide NPs having irregular geometry, similarly, extracts of
A. indica, Hibiscus rosa-sinensis, Coriandrum sativum and Coriandum sinensis have been
employed to derive ZnONPs (Khusro et al., 2022). ZnO NPs have very large excitation
energy (approximately 60 meV) and band-gap energy of 3.37 eV, making them suitable to be
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used as semiconductors (Matinise et al., 2017). Pongamia pinnata leaves extract was used to
synthesize ZnO NPs. The characterization revealed the spherical shape of the NPs with an
average size of 100 nm (Rolim et al., 2019) and high purity. Rubus coreanus was used as a
reducing agent for the synthesis of ZnO NPs and they were found to degrade Malachite
Green dye (Ali et al., 2015). Jatropha curcas was used to synthesize TiO2 NPs and CuO NPs
were derived from the extract of Aloe barbadensis and Aloe sylvestris (Jeevanandam, et al.,
2016). Gum karaya has been employed to synthesize CuO NPs (Padil and Černı́k, 2013; Das
et al., 2013). In the synthesis, a mixture of CuCl and gum was heated at 75�C in an aqueous
medium. CuO NPs are deposited on the surface of gum karaya due to their affinity for gum.
CuO NPs from the leaf extract of Aloe vera have been reported to have a monoclinic struc-
ture with a particle size of 20 nm (Kumar et al., 2015). Cluster formation of CuO NPs was
reported from Ixoro coccinea leaf extract (Vishveshvar et al., 2018) having an average size of
300 nm. Leguminous plants are abundant in proteins, flavonoids, alkaloids and amino acids
and these phytoconstituents may act as reducing agents in the synthesis of metal NPs
(Bachheti et al., 2019a,b). Monoclinic crystalline CuO NPs having an average size of 26.6 nm
have been synthesized from the extract of black been (Nagajyothi et al., 2017). The proposed
synthesis mechanism of CuO NPs involves the reaction of CuSO with OH which is gener-
ated by the ionization of the water molecule and finally leads to the reduction of the phyto-
constituents present in the seed extract. CuSO remains ionized in an aqueous medium and
may form [Cu(H O) ]. Cu ions get reduced by protein or polypohenol. Phenol in turn gets
oxidized to a phenolate ion. The TiO2 NPs are easily reproducible and biosynthesis of TiO
NPs from different plants has been reported. The aqueous extract of Eclipta prostrate was
used to synthesize TiO NPs having a size range of 36�68 nm (Rajakumar et al., 2012).
Similarly, the leaf extract of Albizia saman was employed to synthesize TiO NPs at 50�C.
(Subhashini and Nachiyar, 2014). The anatase form of TiO NPs was obtained from the plant
extract of C. longa (Jalill et al., 2016) having a size diameter of 160�220 nm. The herbal extract
of Echinacea purpurea was employed for the synthesis of TiO NPs having a size range of
120 nm (Dobrucka, 2017). The leaf extract of Psidium guajavais rich in alcohol and primary
and aromatic amines which assisted in the formation of TiO NPs. The physical, chemical
and electronic properties of metal oxides and their potential for environmental remediation
have encouraged researchers to further explore other metal oxide-based NPs. RuO NPs hav-
ing an average size of 2.15 nm have been synthesized from Aspalathus linearis plant extract
(Ismail et al., 2016). The NPs had an optical band gap of 2.1 eV with a high surface area.
Another green synthesis was reported for the synthesis of Mn O NPs obtained from banana
peel extracts (Yan et al., 2014). The ripe pomegranate seed extract was employed to obtain
SnO NPs having good semiconductor properties (Kumari and Philip, 2015). Citrus limon,
Vitis vinifera and Cucumis sativus extracts have been used to synthesize Fe O NPs for the
removal of several antibiotics (Stan et al., 2017). Magnetic Fe O NPs from the fruit extract of
Cynometra ramiflora have been reported to have spherical and rhombohedral structures (Sai
Saraswathi et al., 2017), similarly spherical magnetite Fe O NPs from Andean blackberry
leaves have been reported (Kumar et al., 2016) with enhanced photocatalytic dye degrading
activity. A fast synthesis of hexagonal FeHCF nanostructures was produced from S. mukorossi
which were found to be useful for the removal of organic pollutants from water and soil and
converted poly aromatic hydrocarbons to nontoxic products (Shanker et al., 2017).
Tables 23.1 and 23.2 discuss some of the recent studies associated with the plant-mediated
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synthesis of metal and metal-oxide NPs, characterization techniques employed and their
application.

23.6 Characterization of nanoparticles

The characterization is used to explore the various enhanced properties of nanomater-
ials that are different from bulk materials. There were advanced sophisticated instruments
were used to address the issue of characterization of nanostructures viz, XRD has been
used for determining crystalline character, crystal size, structure and lattice constant of
NPs while SEM & TEM is generally used for morphological characterization of NPs. The
chemical composition, purity and stability are checked by FTIR, UV-VIS spectroscopy,
Energy dispersive X-ray spectroscopy (EDX) and Zeta potential (Rahman et al., 2013a,b;
Modena et al., 2019; Husen, 2020).

23.6.1 UV-VIS absorption spectroscopy

UV-Visible spectroscopy is often used to study the behavior of light absorbed and
scattered by sample nanomaterials. The SPR band in metallic NPs and absorption spectra
for semiconductor nanomaterials show different colors as their size is varied which is
illustrated in Table 23.3 (Bhagyaraj and Oluwafemi, 2018).
Interestingly, the plasmonic NPs like gold and silver as well as metal oxide viz zinc

oxide have optical properties that are very sensitive to size, shape, and concentration,
which makes UV-VIS spectroscopy a valuable tool for monitoring the progress of the reac-
tion and studying the effect different parameter for fabrication of NPs (Husen et al., 2019;
Mishra et al., 2019). Recently, Hosny et al. (2022a,b) reported a simple biogenic route to
synthesize gold NPs using Tecoma capensis leaf extract; as the leaf extract was added to
gold ion solution, there was an immediate color change observed which confirmed the
progress of the reaction. A distinct SPR peak at 515 nm signified the formation of gold
NPs as shown in Fig. 23.2(A). Additionally, the synthesized gold NPs remain stable for up
to three months (Fig. 23.2A) there was almost no change in SPR peak intensity as well
position. In similar, Alahmad et al. (2021) successfully reported the fabrication of silver

TABLE 23.3 Relations between size and color of nanoparticles.

Nanoparticle Size and shape Color

Gold 10�20 nm Red

2�5 nm Yellow

.20 nm Purple

Silver 40 nm Blue

100 nm Yellow

Prism shape Red Prism shape Red
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NPs using H. perforatum L. extract. Unsurprisingly, the bioreduction of silver ions was
visually clear from color change as the aqueous extract was gradually mixed with silver
ions, the color changed from pale light to yellowish brown and finally, the reddish-brown

FIGURE 23.2 (A) Typical UV�Vis absorption spectrum of AuNPs using Tecoma capensis leaf extract (a) imme-
diately (b) after 3 months (c) Image reveals the color change for gold NPs with time (B) UV-Vis spectra of AgNPs
reveal the effect of varying the concentration of AgNO with plant Hypericum perforatum L. extract (C) UV-Vis
spectra of the corresponding solution depicting the reduction of PdCl2 to metallic Pd (D) UV-VIS spectra of ZnO
NPs at two different plant extract concentrations. Source: (A) Adopted from Hosny, M., Fawzy, M., El-Badry, Y.A.,
Hussein, E.E., Eltaweil, A.S., 2022a. Plant-assisted synthesis of gold nanoparticles for photocatalytic, anticancer, and antiox-
idant applications. J. Saudi Chem. Soc. 26, 101419. https://doi.org/10.1016/j.jscs.2022.101419; Hosny, M., Fawzy, M., El-
Fakharany, E.M., Omer, A.M., El-Monaem, E.M.A., Khalifa, R.E., et al., 2022b. Biogenic synthesis, characterization, anti-
microbial, antioxidant, antidiabetic, and catalytic applications of platinum nanoparticles synthesized from Polygonum salici-
folium leaves. J. Environ. Chem. Eng. 10, 106806. https://doi.org/10.1016/j.jece.2021.106806. (B) Adopted from Alahmad,
A., Feldhoff, A., Bigall, N.C., Rusch, P., Scheper, T., Walter, J.-G., 2021. Hypericum perforatum L.-mediated green synthesis
of silver nanoparticles exhibiting antioxidant and anticancer activities. Nanomaterials 11, 487. https://doi.org/10.3390/
nano11020487. (C) Adopted from Khan, Mujeeb, Albalawi, G.H., Shaik, M.R., Khan, Merajuddin, Adil, S.F., Kuniyil, M.,
et al., 2017. Miswak mediated green synthesized palladium nanoparticles as effective catalysts for the Suzuki coupling reac-
tions in aqueous media. J. Saudi Chem. Soc. 21, 450�457. https://doi.org/10.1016/j.jscs.2016.03.008. (D) Adopted from
Jayachandran, A., Aswathy, T.R., Nair, A.S., 2021. Green synthesis and characterization of zinc oxide nanoparticles using
Cayratia pedata leaf extract. Biochem. Biophys. Rep. 26, 100995. https://doi.org/10.1016/j.bbrep.2021.100995.
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color appeared, which attributes to the formation of silver NPs. He also studied the effect
of varying parameters on the fabrication of silver NPs viz. observed change in color of the
solution according to the concentration of silver NPs in solution as depicted in Fig. 23.2(B).
The broadening of peaks for some samples attributes silver NPs to be aggregated or poly-
disperse. Khan et al. (2017) wield root extract of Salvadora persica L (Miswak) as a reducing
agent for facile synthesis of PdNPs. With the gradual mixing of root extract with an aque-
ous solution of PdCl under continuous stirring at 90�C for 2 hours, there was a change in
color of the PdCl solution from light brown to dark brown as depicted in Fig. 23.2(C).
The Pd ions showed a characteristic UV-Vis absorption band at 415 nm as the reaction
was accomplished this band disappeared which attributes to the bioreduction of Pd ions
and confirmed the formation of Pd NPs. Jayachandran et al. (2021) reported an eco-
friendly simple route to fabricate zinc oxide NPs using different plant extract concentra-
tions of Cayratia pedata and the reaction temperature was maintained at 55�C, 65�C, and
75�C. The presence of secondary metabolites in Cayratia pedata extract was acting as a
reducing as well as capping agent for the biofabrication of zinc oxide NPs which was
confirmed by UV-Vis absorption spectrum as depicted in Fig. 23.2(D) a peak at 320 nm
attribute the formation of zinc oxide NPs. Interestingly, Fig. 23.2D shows the UV-VIS
absorption spectrum of zinc oxide at two different plant extract concentrations. Sample A
shows more absorption in comparison to sample B, owing to a higher concentration of
plant extract (Hosny et al., 2022a,b; Alahmad et al., 2021; Khan et al., 2017).

23.6.2 Fourier transform infrared spectroscopy

It is an important analytical tool that is widely used to elucidate the structure of indi-
vidual molecules as well as organic mixtures. FTIR spectroscopy uses modulated mid-
infrared energy to interrogate a sample. Upon illumination of the photon on the molecule,
it creates undulating motion at specific frequencies and attributes to the strength of the
bond between atoms in molecules. When the energy of undulating motion and bond
energy becomes equal, absorption occurs as there are different bonds present in the mole-
cules, and hence there are different absorptions of IR radiation (Skoog et al., 1988).
Generally, organic compounds contain carbon, hydrogen, nitrogen, oxygen, halogens,
phosphorus, silicon, and sulfur hence they absorb infrared radiation and are easily
characterized by FTIR. In the last few years, the biogenic synthesis of NPs by secondary
metabolites present in the plants has received great attention because it provides an easy
cost-effective method against the conventional mode of synthesis. Recently, Hosny et al.
(2022a,b) fabricate gold NPs using T. capensis extract and successfully reported that there
were several peaks in the FTIR spectrum of neat extract as shown in Fig. 23.3(A) which
belongs to different functional groups viz. H-bonded O�H at 3200/cm that shifted to
higher wavenumber (3278/cm) in the spectrum of T. capensis assisted synthesis of AuNPs
with lower intensity. The FTIR spectrum confirmed that the plant extracts rich in second-
ary metabolites viz. alkaloids, flavonoids, glycosides, terpenoids, and tannins were respon-
sible for the bio-reduction of Au ions into AuNPs and acted as stabilizing and capping
agents as well. Similarly, Sharifi-Rad et al. (2020) employed an eco-friendly and cost-
effective method to synthesize AgNPs using A. tribuloides Delile root extract. Interestingly,
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FIGURE 23.3 Typical Fourier transform-infrared spectra (A) FTIR of (a) Tecoma capensis extract (b) T. capensis-
AuNPs (B) FT-IR of the A. tribuloides root extract and the greenly synthesized AgNPs (C) FT-IR of pure green-
synthesized palladium nanoparticles (PdNPs) (blue line) and Salvadora persica L. root extract (red line) (D) FTIR of
aqueous leaf extract of Salvia officinalis and greenly synthesized ZnO NPs dried at 80�C &calcinated at 400�C.
Source: (A) Adopted from Hosny, M., Fawzy, M., El-Badry, Y.A., Hussein, E.E., Eltaweil, A.S., 2022a. Plant-assisted syn-
thesis of gold nanoparticles for photocatalytic, anticancer, and antioxidant applications. J. Saudi Chem. Soc. 26, 101419.
https://doi.org/10.1016/j.jscs.2022.101419; Hosny, M., Fawzy, M., El-Fakharany, E.M., Omer, A.M., El-Monaem, E.M.A.,
Khalifa, R.E., et al., 2022b. Biogenic synthesis, characterization, antimicrobial, antioxidant, antidiabetic, and catalytic appli-
cations of platinum nanoparticles synthesized from Polygonum salicifolium leaves. J. Environ. Chem. Eng. 10, 106806.
https://doi.org/10.1016/j.jece.2021.106806. (B) Adopted from Sharifi-Rad, M., Pohl, P., Epifano, F., Álvarez-Suarez, J.M.,
2020. Green synthesis of silver nanoparticles using Astragalus tribuloides delile. root extract: characterization, antioxidant,
antibacterial, and anti-inflammatory activities. Nanomaterials 10, 2383. https://doi.org/10.3390/nano10122383. (C) Adopted
from Khan, Mujeeb, Albalawi, G.H., Shaik, M.R., Khan, Merajuddin, Adil, S.F., Kuniyil, M., et al., 2017. Miswak mediated
green synthesized palladium nanoparticles as effective catalysts for the Suzuki coupling reactions in aqueous media. J. Saudi
Chem. Soc. 21, 450�457. https://doi.org/10.1016/j.jscs.2016.03.008. (D)Adopted from Abomuti, M.A., Danish, E.Y., Firoz,
A., Hasan, N., Malik, M.A., 2021. Green synthesis of zinc oxide nanoparticles using salvia officinalis leaf extract and their
photocatalytic and antifungal activities. Biology 10, 1075. https://doi.org/10.3390/biology10111075.
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the FTIR spectrum of the extract revealed [Fig. 23.3(B)] that the absorption peak at
3476/cm corresponded to O-H stretching vibrations in alcohols and phenolic compounds
while a distinct peak at 2924/cm related to the C-H stretching vibrations in the CH group
and apart from that there were clear and distinguished peaks at 2334, 2209, 1605 and
1514/cm for different functional groups which were presents in the plant extract. It was
observed that there was a significant shifting of these peak positions as well as their inten-
sity which confirmed that during the synthesis of AgNPs it not only worked as a reducing
agent but also capped the AgNPs. It also prevented the agglomeration of AgNPs and
enhancedtheir stability. Fig. 23.2(C) represents the FTIR spectrum for pure green synthe-
sized palladium NPs and Salvadora persica L. root extract it has been observed that most
absorption peaks reappear in the FTIR spectrum of Pd NPs with a slightly shifting peak
position. The presence of absorption peaks at 3488, 2960, 1626, and 1156/cm in the FTIR of
PdNPs strongly suggest that the phytomolecules of Salvadora persica were not only acting
as reducing agents but it could also act as capping ligands on the surface of the PdNPs
(Khan et al., 2017). Recently, Abomuti et al. (2021) have successfully explored the role of
Salvia officinalis plant extract in the fabrication of ZnO NPs without using any other addi-
tive. Fig. 23.2(D) depicts the FTIR spectra of leaf extract showing distinct peaks at 891/cm
for 1 & 2 degrees N-H groups, peaks at 1089 and 1026/cm represented stretching vibra-
tions for -N-H, -C-O, and5C-H for various aliphatic amine, phenol, and carboxylic acid
groups, while a peak at 1290/cm was attributed to the stretching of C-N and N-H bonds
of aromatic amine phytochemicals and a broad peak at 3445/cm, reflected the presence of
N-H and -O-H groups. These secondary metabolites may play a pivotal role in the biologi-
cal synthesis of zinc oxide NPs by acting as a stabilizing agent as well as a capping agent.
Unlikely, it has been observed that after multiple washes of zinc oxide NPs with water
and ethanol and dried at 80�C, still there was the presence of biological moieties of plant
extract on the surface of ZnO (Fig. 23.3D) which disappeared in the FTIR spectrum as the
sample was calcined at 400�C. But the presence of peaks at 453 and 456/cm was attributed
to the Zn-O stretching vibration and confirmed the formation of ZnONPs (Hosny et al.,
2022a,b; Sharifi-Rad et al., 2020; Khan et al., 2017).

23.6.3 Transmission electron microscopy

TEM is a very powerful tool to elucidate the microstructural, crystal structure as well
morphological information with high spatial resolution. Generally, it is used to study par-
ticle size, grain size, and distribution of particles in materials (Murty et al., 2013). In TEM
analysis, an electron beam possessing a very high kinetic energy of about 100 keV is
allowed to pass through a thin specimen (less than 200 nm) and obscure the important fea-
tures of the sample which could not be studied by other characterization methods. Apart
from morphological characterization, TEM offered special resolution down to an angstrom
high magnification up to 10 & hence it can work as a microscope as well as a diffractome-
ter. For the facile synthesis of nanomaterials, the TEM analysis played a very pivotal role
in the morphological, crystallographic as well compositional study. Fig. 23.4A unveils
the well-defined high-resolution transmission electron microscope (HRTEM) images of
AuNPs synthesized using T. capensis extract. Interestingly it was observed that most of the
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FIGURE 23.4 (A) High-resolution Transmission electron microscope (HRTEM) images (a�c) of Tecoma capen-
sis-AuNPs (d) Particle size distribution histogram (B) TEM & HRTEM images of the PdNPs (a) overview, (b) and
(c)magnified HRTEM image (d) particle size distribution graph (C) HRTEM images of PtNPs synthesized using
Atriplex halimus leave (D) TEM micrographs of silver NPs obtained by green synthesis from safflower waste aque-
ous extract. Source: (A) Adopted from Hosny, M., Fawzy, M., El-Badry, Y.A., Hussein, E.E., Eltaweil, A.S., 2022a. Plant-
assisted synthesis of gold nanoparticles for photocatalytic, anticancer, and antioxidant applications. J. Saudi Chem. Soc. 26,
101419. https://doi.org/10.1016/j.jscs.2022.101419; Hosny, M., Fawzy, M., El-Fakharany, E.M., Omer, A.M., El-Monaem,
E.M.A., Khalifa, R.E., et al., 2022b. Biogenic synthesis, characterization, antimicrobial, antioxidant, antidiabetic, and cata-
lytic applications of platinum nanoparticles synthesized from Polygonum salicifolium leaves. J. Environ. Chem. Eng. 10,
106806. https://doi.org/10.1016/j.jece.2021.106806. (B) Adopted from Khan, M., Albalawi, G.H., Shaik, M.R., Khan, M.,
Adil, S.F., Kuniyil, M., et al., 2017. Miswak mediated green synthesized palladium nanoparticles as effective catalysts for the
Suzuki coupling reactions in aqueous media. J. Saudi Chem. Soc. 21, 450�457. https://doi.org/10.1016/j.jscs.2016.03. (C)
Adopted from Eltaweil, A.S., Fawzy, M., Hosny, M., Abd El-Monaem, E.M., Tamer, T.M., Omer, A.M., 2022. Green syn-
thesis of platinum nanoparticles using Atriplex halimus leaves for potential antimicrobial, antioxidant, and catalytic applica-
tions. Arab. J. Chem. 15, 103517. https://doi.org/10.1016/j.arabjc.2021.103517. (D) Adopted from Rodrı́guez-Félix, F.,
López-Cota, A.G., Moreno-Vásquez, M.J., Graciano-Verdugo, A.Z., Quintero-Reyes, I.E., Del-Toro-Sánchez, C.L., et al.,
2021. Sustainable-green synthesis of silver nanoparticles using safflower (Carthamus tinctorius L.) waste extract and its
antibacterial activity. Heliyon 7, e06923. https://doi.org/10.1016/j.heliyon.2021.e06923.
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particles were spherical and had average particle sizes between 10 and 35 nm as displayed
in a histogram. Additionally, other shapes were also detected viz. triangle, rhomboid, hex-
agonal, and irregular (Hosny et al., 2022a,b). Similarly, Fig. 23.4B displays clear HRTEM
images of PdNPs synthesized via. the green route. It was observed that synthesized
PdNPs were spherical with an average particle size diameter of about 10�20 nm. The
high-resolution images revealed that synthesized PdNPs were highly crystalline with a
narrow size distribution, which was attributed to the secondary metabolites present in
Salvadora persica and worked as stabilizing agents. This was confirmed through the FTIR
spectrum of Pd NPs as well as a close investigation of TEM images of PdNPs which sup-
ported the presence of light organic layers on the PdNPs (Khan et al., 2017). Fig. 23.4C
represents the high-resolution images of PtNPs which revealed the homogenous distribu-
tion of PtNPs with an average particle size between 1 and 3 nm. Furthermore, hydrody-
namic size was measured via. zetasizer, and it was found to be 10 nm as shown in
Fig. 23.4B which was attributed to the presence of biomolecules on the surface of PtNPs
(Dong et al., 2021; Ullah et al., 2017). Moreover, Selected Area Electron Diffraction (SAED)
results confirmed the synthesized NPs possess high crystallinity and particles grown along
the (111), (200), (220), and (311) planes and the results were inconsistent with XRD analy-
sis. Fig. 23.4(D) displayed high magnified images of AgNPs fabricated using aqueous
extract of safflower waste. The micrograph confirmed the fabricated AgNPs were almost
spherical while other shapes were also detected as oval and irregular. The average particle
diameter and particle size distribution were calculated from a high-resolution micrograph
of TEM. Interestingly, it was found that AgNPs showed a range of particle size between 3
and 30 nm however 65% of particles are between 5 and 10 nm, which is interesting.
Moreover, SAED studies confirmed the synthesized AgNPs were highly crystalline and
clear circular points and diffraction rings at (111), (200), (220) and (311) planes
attributable to the cubic planes of silver (Rodrı́guez-Felix et al., 2021).

23.6.4 Other important characterization techniques

There are different analytical techniques used to determine the physical, chemical,
microstructural & mechanical properties of materials viz XRD, X-Ray Photoelectron
Spectroscopy (XPS), Energy-dispersive X-ray spectroscopy (EDX), Zeta potential analyzer,
etc. As the biogenic synthesis of NPs is always facilitated by secondary metabolites which
are responsible for the bioreduction of metal ions and hence; zeta potential plays a very
active tool to determine the net surface charge change on the synthesized NPs as well as
its stability. Fig. 23.4A & B displayed characteristic zeta potential graphs of Au & Pt NPs
respectively. Generally, the NPs possess the zeta potential value of more than 125 mV or
less than 225 mV, showing excellent stability as well as a high degree of electrostatic
repulsion (Murty et al., 2013). As the AuNPs were synthesized using T. capensis extract,
the zeta potential value was about 224.5 mV (Fig. 23.5A) which confirmed the high stabil-
ity of AuNPs. Similarly; it was found that the value of zeta potential for green synthesized
PtNPs was about 225.4 mV (Fig. 23.4B), confirming their high stability. Typically, XRD
provides information about the crystalline structure, lattice parameters as well as particle
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FIGURE 23.5 (A and B) Zeta potential of Tecoma capensis assisted synthesized AuNPs & Atriplex halimus leave
mediated fabricated PtNPs respectively (C & D) Typical XRD diffraction pattern of T. capensis assisted synthesized
AuNPs & Salvadora persica L. (sp.) mediated synthesized palladium NPs (E & F) Typical EDX of At-PtNPs (b�e)
elemental mapping images and XPS spectrum of At-PtNPs (a) survey (b) C1s (c) O1s (d) N1s (e) Pt4f respectively.
Source: (A & B) Adopted from Hosny, M., Fawzy, M., El-Badry, Y.A., Hussein, E.E., Eltaweil, A.S., 2022a. Plant-assisted
synthesis of gold nanoparticles for photocatalytic, anticancer, and antioxidant applications. J. Saudi Chem. Soc. 26, 101419.
https://doi.org/10.1016/j.jscs.2022.101419; Hosny, M., Fawzy, M., El-Fakharany, E.M., Omer, A.M., El-Monaem, E.M.A.,
Khalifa, R.E., et al., 2022b. Biogenic synthesis, characterization, antimicrobial, antioxidant, antidiabetic, and catalytic appli-
cations of platinum nanoparticles synthesized from Polygonum salicifolium leaves. J. Environ. Chem. Eng. 10, 106806.
https://doi.org/10.1016/j.jece.2021.106806. Eltaweil, A.S., Fawzy, M., Hosny, M., Abd El-Monaem, E.M., Tamer, T.M.,
Omer, A.M., 2022. Green synthesis of platinum nanoparticles using Atriplex halimus leaves for potential antimicrobial, anti-
oxidant, and catalytic applications. Arab. J. Chem. 15, 103517. https://doi.org/10.1016/j.arabjc.2021.103517. (C & D)
Adopted from Hosny, M., Fawzy, M., El-Badry, Y.A., Hussein, E.E., Eltaweil, A.S., 2022a. Plant-assisted synthesis of gold
nanoparticles for photocatalytic, anticancer, and antioxidant applications. J. Saudi Chem. Soc. 26, 101419. https://doi.org/
10.1016/j.jscs.2022.101419; Hosny, M., Fawzy, M., El-Fakharany, E.M., Omer, A.M., El-Monaem, E.M.A., Khalifa, R.E.,
et al., 2022b. Biogenic synthesis, characterization, antimicrobial, antioxidant, antidiabetic, and catalytic applications of plati-
num nanoparticles synthesized from Polygonum salicifolium leaves. J. Environ. Chem. Eng. 10, 106806. https://doi.org/
10.1016/j.jece.2021.106806, adopted from Alahmad, A., Feldhoff, A., Bigall, N.C., Rusch, P., Scheper, T., Walter, J.-G.,
2021. Hypericum perforatum L.-mediated green synthesis of silver nanoparticles exhibiting antioxidant and anticancer activ-
ities. Nanomaterials 11, 487. https://doi.org/10.3390/nano11020487. (E & F) Adopted from Eltaweil, A.S., Fawzy, M.,
Hosny, M., Abd El-Monaem, E.M., Tamer, T.M., Omer, A.M., 2022. Green synthesis of platinum nanoparticles using
Atriplex halimus leaves for potential antimicrobial, antioxidant, and catalytic applications. Arab. J. Chem. 15, 103517.
https://doi.org/10.1016/j.arabjc.2021.103517.
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size by using the Scherrer equation. Fig. 23.5(C & D) depicts a typical XRD diffraction pat-
tern of green synthesized AuNPs and PtNPs showing major reflection at 37.81, 44.51,
64.93, and 78.29 degrees corresponding to (111), (200), (220), and (311) planes for AuNPs
similarly five distinct reflections at 40.02,46.49, 68.05, 81.74 and 86.24 degrees attributes to
(111), (200), (220), (311) & (222) plane of Pt NPs. Interestingly, the particle size of AuNPs
was calculated by using the main peak (111) of XRD at approximately 15.42 nm and the
crystalline size was close to the size range calculated by TEM analysis while for PtNPs
reflection at 40.02 degrees was observed and the average particle size was calculated about
10 nm which is in agreement with the TEM results. The elemental technique of EDX &
XPS analysis is used to confirm the presence of metal in a zero-valent form. As the bio-
genic route of synthesis has an issue of purity and oxidation state and EDX as well XPS
data provides information about its composition and purity. Fig. 23.4E & F reveals a typi-
cal EDX and XPS graph of green synthesized PtNPs. The results confirmed the formation
of PtNPs which are in a zero-valent oxidation state (Eltaweil et al., 2022; Hosny et al.,
2022a,b; Alahmad et al., 2021).

23.7 Applications of nanoaprticles

Nanotechnology has fast become one of the most useful tools in a variety of areas like
medicine, industry, electronics, agriculture, food, cosmetics, etc. The synthesized nanopar-
ticle has shown numerous applications as presented in Fig. 23.6.

23.7.1 Applications of nanoaprticles in medicine

Nanomedicine is one of the most important areas where NPs are being used.
Nanotechnology also finds applications in the diagnosis and screening of various diseases
as well as in their treatment. NPs are currently under extensive research in the develop-
ment of drug delivery vehicles, implants, vaccines, etc.

23.7.1.1 Anticancer activity

Cancer treatment includes chemotherapy, radiation therapy, surgery, immunotherapy,
etc., all of which are associated with several side effects, as they also target healthy cells.
In this context, several studies in recent years explore the role of NPs in the treatment of
cancer, which would be more targeted and so, less harmful. Many NPs made from plants
have demonstrated anticancer action and the most commonly used metallic NPs are gold,
silver, iron and copper NPs, which have excellent optical and photothermal properties.
The mechanism of the anticancer effect of NPs has mainly been found to be due to
increased levels of ROS leading to oxidative stress in cancer cells which results in
apoptosis, as in the case of AgNPs prepared from extracts of the cyanobacterium Anabaena
doliolum (Singh et al., 2014). Another example is the antitumor activity of ZnONPs
produced from Cassia auriculata leaf extract, which has no effect on healthy human breast
cells but is active against MCF-7 breast cancer cells. Also, AuNPs produced from
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Trachyspermum ammi seed extract inhibited the growth of HepG-2 cancer cell lines, which was
connected to ROS-driven cell death (Perveen et al., 2021). Another mechanism for the antican-
cer effect is interaction with proteins present in cancer cells. For example, longan peel
powder-mediated AgNPs have been reported to exhibit in vivo and in vitro cytotoxicity in
human lung cancer H1299 cells and in the mouse model, which has been attributed to the
inhibition of NF-κB activity, decrease in the expression of Bcl-2/caspase-3 as well as
the elevated surviving level (He et al., 2016). Several other studies on biogenic NPs advocate
their potential in cancer chemotherapy. However, before an NP-based drug can be used in
cancer treatment, its pharmacology and pharmacokinetics need to be thoroughly understood.
Similarly, the role of NPs in cancer drug delivery systems and the fate thereafter need to be
studied. Ephedra aphylla extract and associated SeNPs and ZnNPs were tested against six
cancer celllines and a normal lung fibroblast (WI-38) cell line. The extract showed a strong
cytotoxic effect against HePG-2, HCT-116 and HeLa cell lines (El-Zayat et al., 2021). The
greater activity of the NPs than the plant extract may be attributed to the large surface area
which enhances the efficiency of the NPs towards the inhibition of cancer cell growth.

FIGURE 23.6 Application of nanoparticles in different disciplines of science and technology.
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23.7.1.2 Antileishmanial activity

Leishmaniasis, which is a protozoan-borne illness, affects millions of people worldwide.
It was earlier treated with chemotherapy, which had unfavorable side effects. In recent
years, a variety of nanotechnology-based techniques and products, such as liposomes,
lipid nano-capsules, metal and metallic oxide NPs, polymeric NPs, nanotubes, and
nanovaccines, have become antileishmanial drugs, due to their distinctive qualities, such
as bioavailability, reduced toxicity, targeted drug delivery, and biodegradability. While
xylan alone showed little effect, xylan-containing AgNPs (also known as nanoxylan)
produced utilizing a green synthesis method using corncob xylan as a reducing and
stabilizing agent effectively decreased Leishmania amazonensis promastigote viability
(Silva Viana et al., 2020). The potential of the nanoxylan as a promising new antiparasitic
drug is amply demonstrated by this investigation. In another study on ZnONPs produced
from Verbena officinalis and Verbena tenuisecta plant leaf extracts, both NPs exhibited
antileishmanial activity, with the V. officinalis ZnONPs having better activity due to the
greater phenolic content and smaller size as compared to V. tenuisecta-mediated ZnONPs
(Afridi et al., 2018).

23.7.1.3 Antimicrobial activity

Antibiotic resistance has become one of the most important challenges to the medical
community in recent years. Due to various reasons, bacteria are becoming resistant to
most antibiotics available, leading to issues related to the treatment and prevention of
infectious diseases. Biogenic NPs may be a viable option to explore here, as they have
shown promising results in treating multidrug-resistant bacteria (Nadeem et al., 2017).
Nanomaterials are being used as antimicrobial agents in place of antibiotics and also to
support known antibiotics by acting as carriers (Zhang et al., 2010). Due to their small
size, NPs can interact more closely with bacterial cells and have a strong bactericidal
effect. NPs are also able to overcome resistance mechanisms used by bacteria, such as
increased efflux of drugs from the bacterial cell and biofilm formation. This is perhaps the
reason why NPs are good antimicrobials and are also effective against multidrug-resistant
bacteria. To boost the antibacterial response, several organic and inorganic compounds
have been combined with NPs and other conjugates. Ag is well known for its antibacterial
properties. Green AgNPs produced from the leaf extract of Carissa carandas have shown
antibacterial action against a range of human pathogenic microorganisms, particularly
against Shigella flexneri (Singh et al., 2021). Similarly, Pd-Ag NPs produced from stevia leaf
extract and covered with reduced graphene oxide, have been found to limit the growth of
Gram-negative bacteria like Escherichia coli. In another study, multidrug-resistant
Pseudomonas aeruginosa and Acinetobacter baumanii, which cause ventilator-associated pneu-
monia, were inhibited by AgNPs derived from the Saudi Arabian desert plant Sisymbrium
irio (Mickymaray, 2019). In a study on AgNPs derived from Clerodendrum inerme leaf
extract, the NPs were found to show both antibacterial and antifungal activities. AuNPs
made from C. inerme extracts also displayed similar inhibitory effects, leading to the con-
clusion that these NPs may have increased antibacterial activity due to the synergistic
interaction of physiologically active phytochemicals present in the plant (Khan et al.,
2020). AuNPs obtained from T. amni seed extract showed antibiofilm action against

552 23. Nanodimensional materials: an approach toward the biogenic synthesis

Advances in Smart Nanomaterials and their Applications



Listeria monocytogenes and Serratia marcescens (Perveen et al., 2021). AuNPs mediated
from Galaxaura elongate showed potential antibacterial activity against E. coli and Klebsiella
pneumonia (Nadeem et al., 2017). The proteomic studies of AuNPs against E. coli showed a
change in the expression of heat shock protein (Eom et al., 2012). CuONPs produced from
Cymbopogon citratus, have shown considerable antibacterial action as well as antibiofilm
characteristics which they believe to be attributable to changes in the cell wall composi-
tions of the bacterial strains studied (Cherian et al., 2020). ZnONPs derived from the bark
extract of Cinnamomum verum showed potent antimicrobialactivity against E. coli and
Staphylococcus aureus (Andleeb et al., 2021). Similarly, C. auriculata extract was also used to
derive ZnONPs which showed antibacterial activity owing to direct cell contact which dis-
rupts the bacterial cell wall (Prasad et al., 2020). MnONPs made from the leaf extract of
Abutilon indicum were found to be effective against both Gram-negative and Gram-positive
bacteria. In addition to antibacterial activity, bio-mediated NPs have also been reported to
display antifungal effects by increasing ROS. For example, FeNPs synthesized using Acacia
nilotica seedless pods extract were found to be effective against a species of Candida, in
addition to different bacteria (Da’na et al., 2018). Nanoxylan derived from corncob xylan
has been shown to have antifungal activity against Candida albicans, Candida parapsilosis,
and Cryptococcus neoformans (Silva Viana et al., 2020). Anti-viral activity of biogenic NPs
has also been reported, however, it is still in the early stage of research and needs to be
further studied. Plant-based NPs have indeed gained considerable importance as antimi-
crobial agents, however, their unique mode of action, toxicity, and potential environmental
concerns associated with their use are yet to be completely understood.

23.7.1.4 Antioxidant activity

The exploration of the antioxidant potential of plant-based NPs has garnered a lot of
attention, particularly in pharmaceutical science. T. capensis (L.) found in tropical and sub-
tropical areas of Africa consist of several phytochemicals like flavonoids, glycosides, terpe-
noids and polyphenols, etc. (Kavya et al., 2015). The plant extract was used to synthesize
AuNPs and its antioxidant activity was tested. The antioxidant activity was tested via
DPHH (2,2-diphenyl-1-picrylhydrazyl) assay. All the samples showed inhibitory action
against DPPH free radicals in a dose-dependent manner. At 100 µg/mL T. capensis and its
AuNP extract showed 85.62% and 70.73% activity (Hosny et al., 2022). The biogenic syn-
thesis of ZnONPs by using neem (A. indica) extract has been reported and the DDPH scav-
enging activity was investigated (Madan et al., 2016). The ZnONPs showed potent
antioxidant activity with the IC value of 8355 µg/mL. The percentage of scavenging
activity of the NPs was approximately 92%. The activity was attributed to the crystallite
size, bullet-shaped geometry, and also due to the transfer of electron density located at
oxygen to the unpaired electron located at nitrogen in DPPH which results in the decrease
of intensity of n�π* transition (Das et al., 2013a,b). The antioxidant potential of AuNPs
mediated from Alium cepa showed moderate antioxidant potential (Patra et al., 2016). The
activity was linked to the presence of secondary metabolites in plant extract, similarly, the
AuNPs obtained from avocado oil also showed an efficacy of 30.49% at 40 µL (Kumar,
et al., 2018). Aqueous extract of E. aphylla was used to derive SeNPs and ZnNPs. The NPs
were characterized by TEM and zeta potential analyses (El-Zayat et al., 2021). The plant
extract and the associated NPs showed high antioxidant potential as assessed by the
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DPPH assay. The tannins and flavonoids present in the extract were found to be responsi-
ble for the antioxidant activity. The presence of �OH groups in these phytoconstituents is
a significant factor that makes them good reducing agents (El-Shahaby et al., 2013).

23.7.1.5 Antidiabetic activity

Antidiabetic activity of Physalis minima-derived AuNPs has been assessed through an
alpha-amylase inhibition assay (Sekar et al., 2022). The aqueous extract of the NPs was
found to suppress most alpha-amylase enzyme activity and exerted 90%�93% antidiabetic
activity. Phytochemicals such as flavonoids and polyphenols were responsible for the
activity and the NPs inhibited carbohydrate hydrolyzing enzyme.

23.7.1.6 Agricultural applications

Due to their small size, NPs are being used in agriculture as well, for plant nutrition,
plant protection, soil remediation, processing, etc (Husen 2022). The antimicrobial action
of NPs, as discussed in the preceding section, may be employed for the protection of crops
against microbes and pests. ZnO and TiO NPs derived from lemon fruit have demon-
strated antiphytopathogenic activity against the soft rot bacteria pathogen Dickeya dadantii
(Hossain et al., 2019). Another study on ZnONPs made using Eucalyptus globules extract
found the fungicidal activity of the NPs against apple orchard pathogens without affecting
the plants, thereby proving the advantage of biogenic NPs in agriculture (Ahmad et al.,
2020a,b,c). AgNPs synthesized from wheat extract adversely affected wheat salt stress by
altering abscisic acid levels, ion homeostasis, and defense mechanisms including both
enzymatic and non-enzymatic antioxidants (Husen, 2022).

23.7.2 Applications of nanoparticles in bioremediation

Water pollution from sewage waste and effluents from textile, dyes, and paint indus-
tries, contains nonbiodegradable dyes and poses a serious hazard to the environment.
Researchers are constantly working on developing more efficient and eco-friendly technol-
ogy to counter this. NPs are proving useful in this field as well, due to their photocatalytic
activity as they have a unique size, shape, and optical activity. For example, ZnONPs syn-
thesized using leaf extract of Plectranthus amboinicus show better photocatalytic activity in
the degradation of the dye methyl red compared to hydrothermal synthesized ZnONPs
(Fu and Fu, 2015). The OH radicals formed by the photocatalytic activity of the ZnONPs
react with organic and inorganic pollutants that get absorbed on the surface of ZnO and
convert them to nontoxic H O, CO and inorganic compounds (Rauf and Ashraf, 2009).
Similarly, AgNPs synthesized by Matricaria chamomilla showed catalytic activity against
the dye Rhodamine B, under UV light, and this effect may be enhanced by the phenols
present in the plant extract (Alshehri and Malik, 2020). CuO NPs synthesized by Rheum
palmatum root extract have been found to degrade the dyes rhodamine B, and methylene
blue (Bordbar et al., 2017). In a study on MnONPs produced from an A. indicum leaf
extract, in addition to their antimicrobial activity, the NPs also showed strong photocataly-
tic activity as well as absorption activity against the heavy metal Cr, which displays their
promising potential for bioremediation of various organic and inorganic contaminants
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(Khan et al., 2020). It can be concluded that biogenic NPs are an environment-friendly
option for the purification of polluted water and should be further explored as a large-
scale option. AuNPs have been explored as photocatalytic agents and have been found to
degrade organic pollutants. The photocatalytic activity has been linked to their large sur-
face area (Mohite et al., 2016). The catalytic effect of AuNPs derived from M. tenuiflora has
been reported (Rodrı́guez-León et al., 2019). The biogenic AuNPs associated with
Trichoderma sp. have been explored as catalytic agents in the degradation of azo dyes
(Qu et al., 2017), similarly, AuNPs synthesized from Delonix regia leaf extract have shown
potent catalytic activity (Dauthal and Mukhopadhyay, 2016). It has been found that
AuNPs can induce localized surface plasmon resonance by absorbing visible light, thereby
enhancing the generation and separation of electron/hole pairs in the semiconductor. In
addition, AuNPs can also serve as electron sinks (Vinay et al., 2020). Fig. 23.7 summarizes
the mechanistic actions of AuNPs mediated activities (Akintelu et al., 2021).

FIGURE 23.7 Diagrammatic representation of (A) anticancer activity, (B) antimicrobial activity, (C) antioxi-
dant activity, and (D) bioremediation meditated by plant-based NPs. Source: Adopted from Akintelu, S. A., Bo Yao,
B., Folorunso, A.S., 2021. Bioremediation and pharmacological applications of gold nanoparticles synthesized from plant
materials. Heliyon 7, e06591. https://doi.org/10.1016/j.heliyon.2021.e06591.
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23.8 Conclusion

The conventional synthesis to obtain NPs involves toxic chemicals which may have
long-term impacts on human and environmental health. To reduce the risk, it is of utmost
importance to come up with environment-friendly procedures which are also cost-
effective. This approach makes the exploration of biogenic synthesis most appropriate and
relevant. The present chapter has described the synthesis of different plant-based NPs
having metal precursors in a comprehensive manner. Overall, this chapter summarized
different metal and metal oxide-based NPs derived from different plants and their applica-
tions in different arenas. Along with the synthesis, it is also very important to characterize
the synthesized NPs and the most appropriate techniques used for the purpose have been
discussed in detail with suitable studies. The NPs are also associated with many applica-
tions, particularly in medicine and some of the important applications have been reviewed
in the chapter. However, in the future, it is necessary to understand and disseminate the
biological action of the NPs and how they impact the enzymatic reactions and biological
pathways.
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