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Preface

Various plants and plant parts are used for green synthesis of the metal and metal- 
oxide nanoparticles (NPs), as they contain metabolites such as alkaloids, flavonoids, 
phenols, terpenoids, alcohols, sugars, and proteins, which act as reducing agents to 
produce NPs and, in some cases, also as capping agents and stabilizers for NPs. 
Plants with either aroma or color in their leaves, flowers, or roots drew special attention 
because they all contain such chemicals that reduce the metal ions to metal NPs. 
The size and morphology of the metal and metal-oxide NPs are dependent on the 
biogenic-synthetic route, incubation time, temperature, concentration, and pH of 
the solution. Since the application of the metal and metal-oxide NPs on plant sys-
tems has begun only recently, little is known about their possible effects on plant 
growth, development, and productivity. Accumulation and translocation of NPs in 
plants and the consequent growth response and stress modulation in plant systems 
are yet to be understood fully. Plants responses to NPs may be positive or negative 
and vary with species as well as with the type of the NP. Cytotoxicity of NPs often 
depends on their concentration, size, and shape. Their impact on vegetative growth 
and fruit/seed production is often positive at lower concentrations and negative at 
higher ones. Moreover, certain NPs enhance the antioxidant enzymatic activity and 
the free radical scavenging potential of plants and alter the micro RNAs expression, 
which regulates different morphophysiological traits and metabolic processes in 
plants, ultimately affecting their growth and yield. NPs also help in genetic reforms 
by effecting an efficient transfer of DNA or complete plastid genome into the 
respective plant genome due to their miniscule size and improved capacity of site- 
specific penetration. Moreover, a controlled application of nanomaterials in the 
form of nanofertilizer offers a more synchronized nutrient fluidity for the uptake by 
the plants exposed, thus ensuring an increased nutrient availability and utiliza-
tion. All these issues need to be addressed in details. The book in hand is an attempt 
to meet this requirement. We hope that the graduate, postgraduate, and research 
students of nanoscience and plant science will equally find it interesting, informa-
tive, and worth reading.

This book, comprising of 23 chapters in total, highlights the latest developments 
in phyto-mediated fabrication of the metal and metal-oxide NPs and their 
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 characterization by a variety of modern techniques. Application of NPs in various 
fields including drug delivery, therapeutic treatment, catalysis, photoluminescence, 
paints and coatings, environmental sensing and renewable energy, plant production 
and protection, development of lubricants and fuel additives, and antimicrobial and 
antioxidant formulations, inter alia, has been discussed in various chapters. Special 
emphasis has been laid on the coverage of the impact of NP application on plant 
growth and productivity, toxicity caused, if any, and plant responses to the stress 
imposed. The book contents have been divided broadly in two sections, viz., (a) 
plant-mediated synthesis and applications of nanomaterials and (b) interaction of 
plants and nanomaterials. The first part includes 13 chapters, while the second one 
contains 10. The vast coverage of diverse aspects of the subject by these chapters 
can be realized well from the table of contents.

We feel obliged not only to those colleagues who so kindly acceded to our 
requests to contribute chapters for this volume but also to those who helped us in 
reviewing these contributions. Professor Imran Ali (Chemistry) and Dr. M Irfan 
Qureshi (Biotechnology) of Jamia Millia Islamia (Central University), New Delhi, 
and Dr. Rabea Parveen (Pharmaceutics), Dr. Abida Parveen (Phytomedicine), and 
Dr. Bushra Parveen (Pharmacology) of Jamia Hamdard (Deemed University), New 
Delhi, extended specific assistance in vetting and finalizing different chapter manu-
scripts. We are indebted to Mr. Eric Stannard, Senior Editor (Botany) at Springer, 
and all his associates for their sustained cooperation during the preparation of this 
book. We shall be happy receiving comments and criticism, if any, from subject 
experts and general readers of this book.

Gondar, Ethiopia Azamal Husen
New Delhi, India Muhammad Iqbal
September, 2018
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 Chapter 1
Nanomaterials and Plant Potential: 
An Overview

Azamal Husen and Muhammad Iqbal

1.1  Introduction

During the last few decades, development of nanotechnology and use of nanomate-
rials (NMs) have been extensively on the rise. NMs are characterized by having at 
least one dimension in nanometre (nm) range. A nanometre is one billionth of a 
metre, i.e. 10−9 m, which denotes a length equivalent to 10 hydrogen or 5 silicon 
atoms aligned in a line. Several terms, including nanoparticles (NPs), nanoscale 
particles, nanosized particles, nanoscale materials, nanosized materials, nano- 
objects and/or nanostructured materials, are used to describe the NMs. They possess 
some exclusive physico-chemical properties, viz. high reactivity and surface area, 
tunable pore size and particle morphology. These materials are in great demand for 
their fascinating properties and diverse technological applications. They find poten-
tial applications in areas of disease management, biomedical sciences, electronics, 
nanosensors, biomarkers, display devices, pollution trace detection, environmental 
remediation, agriculture (quality improvement, growth and nutritional value 
enhancement, gene preservation, etc.), automotive, information and communication 
technology, energy, textile, construction and so on; the list of uses is expanding fast 
(Husen and Siddiqi 2014a, b; Siddiqi and Husen 2016a, b, c, d; Siddiqi et al. 2018a, 
b, c).

NMs are formed naturally or from anthropogenic sources and can therefore be 
divided into (i) natural and (ii) engineered NMs (Lidén 2011). Nanosized particles 
are present in the nature where they are automatically synthesized due to the natural 
processes like biomineralization and biodegradation (Uddin et  al. 2013). NPs in 
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vivo are produced by several natural processes such as volcanic eruption, erosion, 
friction, forest fires, marine wave strokes, chemical and physical weathering of 
rocks and so on. However, in our daily life, incidental NPs are produced by many 
anthropogenic processes/sources such as fossils fuel combustion, industrial efflu-
ents, automobile exhaust and welding fumes.

During the ancient times, NPs were used in some form by the Damascans to cre-
ate swords with very sharp edges and by the Romans to craft iridescent glassware. 
For instance, Romans in the fourth century AD used the Lycurgus Cups (Fig. 1.1), 
made of a glass that changes colour when light strikes upon them. These contain 
silver-gold alloy NPs distributed in such a way that they look green in reflected light 
and brilliant red in transmitted light (Leonhardt 2007; Freestone et  al. 2007). 
Richard Feynman, the Nobel Prize winner in Physics, presented an idea of atom-by- 
atom construction of molecules in a scientific manner (Feynman 1960). In his lec-
ture ‘There is Plenty of Room at the Bottom’ delivered in 1959, he predicted that the 
entire encyclopaedia would one day fit on the head of a pin, a library with all the 
world books would be adjusted in 3 square yards, and microcomputers and nano- 
medicines would float in veins. However, the scientific community did not take 
much notice of these comments at that point of time. The term ‘nanotechnology’ 
was first coined and defined in the year 1974 by Prof. Norio Taniguchi of the Tokyo 
Science University, Japan, who asserted that ‘nanotechnology mainly consists of 
processing, separation, consolidation and deformation of materials by one atom or 
one molecule’. Ekimov and Onuschchenko (1981) reported three-dimensional 
quantum confinements of NPs in 1981. However, publication of the book ‘Engines 
of Creation: The Coming Era of Nanotechnology’ by Eric Drexler (1987) is consid-
ered to be the beginning of the present-day nanotechnology revolution. Eric Drexler 
proposed that the molecular nanotechnology is a branch of science and technology 

Fig. 1.1 The Lycurgus Cup of glass that appears red (right) in transmitted light and green (left) in 
reflected light. © Trustees of the British Museum

A. Husen and M. Iqbal
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that would allow manufacturers to fabricate products from the bottom-up with 
enhanced molecular control. This technology would allow every molecule to be 
inserted into its specific place so that the manufacturing systems using this process 
would be clean, efficient and highly productive. Around the same time, develop-
ment of scanning probe microscopy by IBM scientists made it possible to fulfil the 
Feynman’s vision of atom-by-atom construction of molecules. Furthermore, the 
discovery of two allotropes of carbon in nanosize form, i.e. fullerene by Smalley in 
1986 (O’Brien et al. 1988) and carbon nanotubes by Iijima (1991), gave a new boost 
to nanotechnology research.

In recent years, nanosized particles, mostly of metals, metal oxides, carbon or 
fullerene, have been engineered to meet the specific objectives. Numerous methods 
including chemical methods (Sotiriou and Pratsinis 2010; Sotiriou et  al. 2011; 
Zhang et al. 2011; Roldán et al. 2013), physical methods (Tien et al. 2008; Abou 
El-Nour et al. 2010; Asanithi et al. 2012) and biological methods (Husen and Siddiqi 
2014b, c; Husen 2017; Siddiqi et al. 2018a) are now available for NP synthesis. NPs 
are produced in two ways, viz. ‘bottom-up’ (buildup of material from the bottom: 
atom by atom, molecule by molecule or cluster by cluster) and ‘top-down’ (slicing 
or successive cutting of a bulk material to get the nanosized particle) (Fig. 1.2). The 
‘bottom-up’ approach is usually a superior choice for NPs preparation, as it involves 
a homogeneous system wherein catalysts (reducing agents and enzymes) synthesize 
the nanostructures that are controlled by the catalyst itself (Iravani 2011; Husen and 
Siddiqi 2014b). The ‘top-down’ approach generally works with the material in its 
bulk form, and the size reduction to nanoscale is achieved by specialized ablations, 
for instance, thermal decomposition, mechanical grinding, etching, cutting and 
sputtering. The main demerit of this approach is the surface structural defects, 
which have a significant impact on physical features and surface chemistry of the 
NPs produced.

The physical methods for NP synthesis normally include laser ablation and 
evaporation- condensation techniques (Jung et al. 2006), while the chemical meth-
ods employ chemical reductants (NaBH4, ethanol, ethylene glycol, etc.), aerosol 
technique, electrochemical or sonochemical deposition, photochemical reduction 
and laser irradiation technique (Sotiriou and Pratsinis 2010; Liu et al. 2011; Sotiriou 

Fig. 1.2 The bottom-up and top-down approaches for NPs synthesis

1 Nanomaterials and Plant Potential: An Overview
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et  al. 2011; Zhang et  al. 2011; Roldán et  al. 2013). Physical methodologies are 
known to be costly due to high and continuous energy consumption to maintain the 
high pressure and temperature employed in NPs synthesis and require a highly 
sophisticated instrumentation. On the other side, chemical approach for NPs synthe-
sis releases hazardous by-products and leads to environmental contamination. 
Moreover, certain chemicals are too costly and some of these may give rise to nox-
ious chemical species tangled on the surface of NPs (Husen and Siddiqi 2014b). 
Biological methods involving the use of plants and/or microorganisms have several 
advantages over the chemical and physical methods. These are simple, cost- effective 
and eco-friendly and can be easily scaled up for high yields/production (Husen and 
Siddiqi 2014b; Husen 2017) (Fig. 1.3). Given this, biosynthesis of NPs, using the 
biological agents, viz. bacteria, fungi, yeast, plant and algal extracts, has rapidly 
gained the ground (Siddiqi and Husen 2016a, b, d, 2017a; Siddiqi et al. 2018a).

In recent years, the term ‘green synthesis’ has been used for the plant-based syn-
thesis of NPs. Owing to rich biodiversity, several higher and lower plants and their 
parts (leaves, stems, roots, shoots, flowers, barks and seeds) and a big range of meta-
bolic products or compounds (alkaloids, flavonoids, saponins, steroids, tannins, 
nutritional compounds) have been identified to possess a tremendous potential for 
this purpose and are being used successfully for an efficient and rapid green 

Fig. 1.3 Advantages of biological synthesis of nanoparticles

A. Husen and M. Iqbal
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 synthesis of NPs in nonhazardous ways (Fig. 1.4). Several factors determine the 
quality of synthesized NPs for their potential applications. The shape and size of 
NPs achieved in the plant-mediated synthesis depend on the protocol used, plant-
extract concentration, nature of reducing agents, pH of reaction mixture, incubation 
time, temperature and light intensity, etc. (Fig. 1.5). For instance, Tippayawat et al. 
(2016) have fabricated silver NPs from Aloe vera plant extract. The reaction time as 
well as the temperature of reaction mixture markedly influenced the process. Their 
size (70.70–192.02  nm) changed with reaction time and temperature of reaction 
mixture used during the fabrication. Chapters 3 and 5 of this book discuss these 
aspects in detail. Green synthesis has been used mainly for producing silver and 
gold NPs, possibly because of their wider applications, but the technique is also 
being applied for obtaining NPs of many other metal and metal oxides (e.g. Fe, Pd, 
Pt, Se, Ru, PbS, CdS, CuO, CeO2, TiO2, ZnO, Fe2O3, Fe3O4, Al2O3, NiO, MoS3 and 
SiO2). Fabrication of NMs is followed by their characterization so as to determine 
the size distribution, aggregation, surface area and porosity, solubility, hydrated sur-
face analysis, zeta potential, wettability, adsorption potential, shape and size of 

Fig. 1.4 Detailed scheme of plant-mediated (green) synthesis of NPs, optimization, stabilization 
and characterization techniques

1 Nanomaterials and Plant Potential: An Overview
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interactive surface, crystallinity, fractal dimensions, orientation, intercalation and 
dispersion of NPs and nanotubes. The whole procedure of green synthesis of NPs is 
summarized in Fig. 1.4.

Another aspect of nanomaterial-plant interaction relates to the use of NMs for 
enhanced production, growth and protection of plants. Increase in food production 
with the minimum and efficient use of fertilizer and pesticides without polluting the 
environment is now the main cynosure of agriculture scientists. According to an 
FAO estimate, productivity of food crops needs to be increased by 70% for an extra 
2.3 billion individuals by the year 2050 (FAO 2009). On the other hand, increasing 
abiotic stresses in the environment are consistently inhibiting the growth and yield 
of food crops (Husen et al. 2014, 2016, 2017, 2018, 2019; Getnet et al. 2015; Yousuf 
et al. 2015; Embiale et al. 2016; Hussein et al. 2017; Umar et al. 2018). In addition, 
infections caused by bacteria, viruses, fungi and pests to crop plants are another 
major cause for agricultural losses. Recent studies have pointed out the beneficial 
effects of NMs on plants exposed to biotic and abiotic stresses (de Oliveira et al. 
2014; Hossain et al. 2015; Iavicoli et al. 2017; Mishra et al. 2017; Rastogi et al. 
2017; Siddiqi and Husen 2017b). Only few techniques involving the use of NMs 
could be successfully translated to real-world applications by now, and many ques-
tions concerning the risk of the use of these NMs in plant system remain unan-
swered (Siddiqi and Husen 2016c, 2017b). Although collation of information on the 
toxicity of engineered NMs to terrestrial and plant system is in progress, most of it 
is based on short-term laboratory experiments. Therefore, the information available 
on the inherent role of NM hazards is inadequate. We present here an account of 
efforts hitherto made to generate, characterize and utilize the plant-mediated NMs 
and assess their impact on plants and environment.

Fig. 1.5 A schematic illustration of optimization and the growth factors that affect plant-mediated 
synthesis of NPs

A. Husen and M. Iqbal
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1.2  Type of Engineered NMs

Based on their morphology, size (physical) and chemical properties, the engineered 
NMs are categorized as carbon NPs, metal NPs, ceramics NPs, semiconductor NPs, 
polymeric NPs and lipid-based NPs. Carbon-based NPs represent two major classes, 
i.e. carbon nanotubes (CNTs) and fullerenes. CNTs are elongated, tubular structure 
and 1–2 nm in diameter (Ibrahim 2013).

According to Aqel et al. (2012), CNTs are reliant on their diameter telicity and 
look like a graphite sheet rolling upon itself. They are called single-walled, double- 
walled or multi-walled CNTs, depending on the number of walls they have. 
Fullerenes contain NMs made of globular hollow cage, i.e. allotropic form of car-
bon. They are commercially important due to their high strength, structure, electri-
cal conductivity, electron affinity and versatility (Astefanei et al. 2015).

Metal NPs are made of metals [gold (Au), silver (Ag), palladium (Pd), platinum 
(Pt), selenium (Se), copper (Cu), iron (Fe), etc.] and/or metal oxides [titanium diox-
ide (TiO2), zinc oxide (ZnO), copper oxide (CuO), cuprous oxide (CuO), indium 
oxide (In2O3), etc.] showing specific opto-electrical properties due to their localized 
surface plasmon resonance (SPR) features (SPR is a phenomenon occurring at 
metal surfaces, typically gold or silver, when an incident light beam strikes the sur-
face at a particular angle. Depending on the thickness of a molecular layer at the 
metal surface, SPR makes a graded reduction in intensity of the reflected light. 
Many standard tools for measuring adsorption of material onto planar metal surface 
or the surface of metal NPs are based on it).

Ceramics materials are the inorganic non-metallic solid materials synthesized 
through successive heating and cooling and are found in amorphous, polycrystal-
line, dense, porous or hollow forms (Sigmund et al. 2006). These particles are used 
in catalysis, photocatalysis, photodegradation of dyes and imaging applications 
(Thomas et al. 2015). Semiconductor NPs carry properties intermediate of metals 
and non-metals and are therefore useful in photocatalysis, photo-optics, electronic 
devices, etc.

Polymeric NPs are solid colloidal particles containing macromolecular materials 
that attach, adsorb, dissolve and encapsulate drugs or therapeutic compounds. These 
particles are identified as nanospheres or nano-capsules. The former are matrix par-
ticles whose overall mass is generally solid and the other molecules are adsorbed at 
the outer boundary of their spherical surface. However, in nano-capsules, the solid 
mass is encapsulated within the particle completely (Rao and Geckeler 2011). They 
protect active compounds and facilitate easy delivery and permeability of drugs into 
the target cells with higher efficacy and efficiency.

Lipid-based NPs are in general spherical with their diameter ranging from 10 to 
1000 nm. Like polymeric NPs, lipid NPs contain a solid core made of lipid and a 
matrix that comprises of soluble lipophilic molecules. Surfactants or emulsifiers 
stabilize the external core of these NPs (Rawat et al. 2011). These days, lipid nano-
technology is recognized as a special area of science, which mainly focuses on 
designing and synthesis of lipid NPs that are used as drug carriers for delivery and 

1 Nanomaterials and Plant Potential: An Overview
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RNA release, for instance, in cancer treatment (Puri et al. 2009; Gujrati et al. 2014). 
These particles have the advantage of better reproducibility using multiple strate-
gies and larger scale-up feasibility.

1.3  Characterization Techniques

Currently, several techniques such as UV-visible spectroscopy (UV-vis), transmis-
sion electron microscopy (TEM), high-resolution transmission electron microscopy 
(HRTEM), scanning electron microscopy (SEM), X-ray diffraction (XRD), Fourier- 
transform infrared spectroscopy (FTIR), atomic force microscopy (AFM), X-ray 
photoelectron spectroscopy (XPS), thermogravimetric analysis (TGA), energy- 
dispersive X-ray spectroscopy (EDS), dynamic light scattering (DLS), zeta poten-
tial, surface-enhanced Raman spectroscopy (SERS), nuclear magnetic resonance 
spectroscopy (NMR), matrix-assisted laser desorption/ionization time-of-flight 
mass spectrometry (MALDI-TOF), dual polarization interferometry and many oth-
ers are available for NPs characterization (Fig. 1.6).

Out of these, some techniques (spectroscopy and microscopy) that include 
UV-vis, DLS, AFM, TEM, SEM, XRD and FTIR, are used more frequently. The 
AFM, SEM and TEM are regarded as the direct techniques to obtain data from 

Fig. 1.6 Frequently used techniques for NPs characterization

A. Husen and M. Iqbal
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images at various resolutions. Moreover, SEM and TEM have been widely used to 
determine the shape and size of NPs, as shown in Fig. 1.7.

With the help of TEM, small particles can be observed and the crystallographic 
structure of a sample can be imaged at an atomic scale. The arrangement of atoms 
and their local microstructures such as lattice fringe, glide plane, lattice vacancies 
and defects, screw axes and the surface atomic arrangement of crystalline NPs can 
be analysed using HRTEM (Brice-Profeta et al. 2005). With the help of SEM, nor-
mally data for selected areas of the surface of NM are collected, and a two- 
dimensional image with spatial variations is displayed. AFM can be used in either 
liquid or gas medium. This technique facilitates the study of morphology of NPs 
and biomolecules. Unlike TEM and SEM, it produces three-dimensional images so 
that the particle volume and height can be assessed (Vesenka et al. 1993; Mucalo 
et al. 2002). This technique is proficient of ultra-high resolution for particle size 
measurement and is based on the physical scanning of samples at the submicron 
level using a probe tip (Zur Mühlen et al. 1996). Using AFM, quantitative ideas 
regarding individual NPs and groups of particles, viz. size (length, width and 
height), morphology and surface texture, can be evaluated with the help of software- 
based image processing.

The UV-vis, DLS, XRD, EDS, FTIR and Raman spectroscopy techniques are the 
indirect procedures for observing the details related to structure, composition, 

Fig. 1.7 TEM and SEM micrographs depicting various morphologically different types of NPs. 
(Adopted from: www.ucd.ie/cbni/newsevents/cbni-in-the-news/name,196987,en.html)
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 crystal phase and properties of NPs. It is known that UV-vis spectroscopy covers the 
UV range between 190 and 380 nm, while the visible range extends between 380 
and 800 nm. Both the radiations interact with matter and promote electronic transi-
tions from the ground state to higher energy states. Poinern (2014) has mentioned 
that the wavelengths between 300 and 800 nm are commonly used for characteriza-
tion of metallic NPs ranging in size from 2 to about 100 nm. Absorption measure-
ments are detected by the presence of peaks usually between 500 and 550 nm for 
gold NPs (Siddiqi and Husen 2017a; Husen 2017) and between 400 and 450 nm for 
silver NPs (Siddiqi and Husen 2016b; Siddiqi et al. 2018a).

DLS spectroscopy can be used to determine the pattern of size distribution and 
surface charge quantification of NPs suspended in a liquid (Jiang et al. 2009; Siddiqi 
and Husen 2017a). This technique is extensively used to record the size of Brownian 
NPs in colloidal suspensions (De Jaeger et al. 1991). Once a monochromatic beam 
of light (laser) is directed onto a solution of spherical particles in Brownian motion, 
a Doppler shift occurs when the light hits the moving particles, thereby changing the 
wavelength of the incoming beam of light by a value related to the particle size. 
Consequently, DLS allows computation of size distribution and NP motion in the 
medium and can be computed by recording the diffusion coefficient of the particle.

The XPS technique is used to investigate the mechanism of reaction that occurs 
on the surface of magnetic NPs, to measure the bonding features of different ele-
ments involved and to approve the structure of elements present in the magnetic NPs 
(Faraji et al. 2010). NPs elemental composition is determined via EDS mapping. 
XRD analysis exhibits a diffraction pattern that is subsequently compared with data 
contained in a standard crystallographic database to determine the structural details. 
XRD analysis of the data identifies the crystallite size, structure, preferred crystal 
orientation and phases present in the samples (Klug and Alexander 1974; Barrett 
et al. 1986).

TGA technique is practiced to confirm the composition of coatings, such as sur-
factants or polymers, and to estimate the binding efficiency on the surface of mag-
netic NPs. Raman spectroscopy is suitable for detecting the molecules in vibrational 
modes. This technique is used to identify the vibrational signals of a variety of 
chemical species that are attached to the surface of NPs during the synthesis (Poinern 
2014). Moreover, using SERS it was possible to determine the single molecular 
attachments on silver NPs (Kneipp et al. 1997).

The FTIR techniques are used to determine the surface chemistry and identify 
surface residues, viz. functional groups like carbonyls and hydroxyls moieties, that 
adhere to the surface of the product during NP synthesis. Availability of functional 
groups in the NMs can be easily examined by the size of peaks of the spectrum 
(Faraji et al. 2010; Chauhan et al. 2012). Further details of NPs characterization 
techniques are given in Table 1.1.
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Table 1.1 Characterization techniques used during NPs synthesis

Type of studies Characterization techniques and their uses

NPs formation UV-vis: Offers information on the size, structure, stabilization and 
aggregation of NPs

NPs shape and 
size determination

TEM: Examines the shape, size (10−10 m), morphology and allographic 
structure of NPs
HTEM: Examines the arrangement of the atoms and their local 
microstructures, viz. lattice fringe, glide plane, lattice vacancies and defects, 
screw axes and surface atomic arrangement of crystalline NPs
SEM: Examines the morphology by direct visualization
AFM: Examines the size and form, i.e. length, width and height, and other 
physical properties, viz. morphology and surface texture
DLS: Displays the particle size distribution

Surface charge FTIR: Describes NPs to understand their functional groups and determine 
the emission, absorption, photoconductivity or Raman scattering of a solid, 
liquid or gas
XPS: Examines the mechanism of reaction that occurs on the surface of 
magnetic NPs and the characteristics of bonding of different elements 
involved, in addition to confirming the structure and speciation of elements 
present in the chemical composition of the magnetic NPs
TGA: Approves the formation of coatings, viz. surfactants or polymers, to 
estimate the binding efficiency on the surface of magnetic NPs
Zeta potential: Determines the stability and surface charge of colloidal NPs 
as well as the nature of materials encapsulated inside the NPs or coated on 
their surface

Crystallinity XRD: Identifies and quantifies the various crystalline forms or elemental 
compositions of NPs

Magnetic 
properties

Vibrating sample magnetometry: Estimates the magnetization of magnetic 
NPs
Superconducting quantum interference device magnetometry: Examines the 
magnetic properties of magnetic NPs

Other techniques Chromatography and related techniques: Separate NPs on the basis of their 
affinity towards the mobile phase
EDX: Identifies the elemental composition of NPs
Field flow flotation: Separates different NPs based on their magnetic 
susceptibility
Filtration and centrifugation technique: Fractionates the preparative size of 
NPs
Laser-induced breakdown detection: Examines the concentration and size of 
colloids
Mass spectrometry: Examines the fluorescent labelled NPs
Small angle X-ray scattering: Performs the structural characterization of 
solid and fluid materials in the nanometre range
X-ray fluorescence spectroscopy: Recognizes and examines the 
concentrations of elements present in solid, powdered or liquid samples
Hyperspectral imaging: Identifies the type of NPs, studies the fate and 
transformation of these particles in water samples and characterizes the 
unique surface chemistry and functional groups added to the NM

1 Nanomaterials and Plant Potential: An Overview
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1.4  Physical and Chemical Characters of NMs

The large surface area, shape, composition, mechanical strength, optically dynamic 
and chemically reactive physico-chemical characters of NMs make them suitable 
for use in different disciplines of science and technology. The surface area of NMs 
plays a critical role in their toxic manifestations (Holgate 2010). With a decrease in 
the particle size, the surface area increases, leading to a concentration-dependent 
enhancement in oxidation and DNA-damaging capabilities (Risom et  al. 2005). 
Additionally, other characteristics, like surface roughness, hydrophobicity and 
charge of NPs, affect their cellular uptake (Nel et al. 2009). Plant responses (absorp-
tion, translocation, accumulation and overall interaction) to NMs also depend on 
particle size (Husen and Siddiqi 2014a, b; Siddiqi and Husen 2017a). Lin and Xing 
(2007) found no sign of toxicity in radish, rape, ryegrass, lettuce and cucumber after 
the application of Al2O3 NPs of 60 nm size, although root elongation in maize was 
reduced by 35%. Doshi et al. (2008) reported that the treatment of 100 nm Al2O3 
NPs had no adverse effect on plant growth in Phaseolus vulgaris and Lolium 
perenne, while Arabidopsis thaliana did not show any phytotoxicity with 150 nm 
NPs (Lee et  al. 2010). Sadiq et  al. (2011) reported the negative effect of below 
50 nm Al2O3 NPs on the development of some microalgae. Chen et al. (2006) used 
zebrafish to examine the in vivo toxicity of different gold and silver NPs in the size 
range of 3, 10, 50 and 100 nm. Silver NPs caused a size-dependent mortality, while 
the impact of gold NPs was independent of size. On the whole, the size and surface 
area are important factors in determining the impact of NPs on plants as well as 
animals. The chemical nature of the constituents also has a role to play. Both the 
electronic and optical characters of NPs are interdependent to a large extent. For 
example, size-dependent optical characters are observed in metal NPs. They exhibit 
a strong UV-vis excitation band, which is not seen in the spectrum of the bulk metal. 
This band appears when the incident photon frequency is persistent through the col-
lective excitation of the conduction electrons and is termed as the localized SPR. The 
wavelength peak of the localized SPR spectrum depends on the shape, size, dielec-
tric features and interparticle spacing of NPs along with the conditions of solvents, 
substrate and adsorbates (Eustis and El-Sayed 2006).

The magnetic property of NPs, a result of uneven electronic distribution pattern, 
which in turn is dependent on the types of fabrication process such as the solvother-
mal, co-precipitation, microemulsion and thermal decomposition techniques, 
decides their suitability for several applications (Wu et al. 2015; Qi et al. 2016). 
Various mechanical features such as hardness, stress and strain, elastic modulus, 
adhesion and friction are examined to understand the exact mechanical nature of 
NMs. These characters facilitate their application in tribology, surface engineering, 
nanofabrication and nanomanufacturing. Additional features like surface coating, 
coagulation and lubrication also help in defining their mechanical characters (Guo 
et al. 2014). Solid metallic NPs exhibit higher thermal conductivities in comparison 
to fluid ones. For instance, thermal conductivity of copper at room temperature is 
~700 times higher in comparison to water and ~3000 times higher in comparison to 
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the engine oil. Hence, fluids containing the suspended solid materials or particles 
are supposed to have a higher thermal conductivity than the conventional heat 
 transfer fluids. For instance, Cao (2002) reported that the nanofluids containing 
CuO or Al2O3 NPs in water or ethylene show a higher thermal conductivity.

1.5  Application and Impact of NMs

The statement ‘There’s plenty of room at the bottom’ made by Richard Feynman in 
1959 regarding the nonotechnology (Feynman 1960) still holds good. This technol-
ogy has started influencing our lifestyle with a lot of promise and is expected to 
boom further in the near future through its tremendous impact on material science, 
electronics, medicine, pharmacology and agriculture sectors. By now, the NMs of 
carbon, fullerene, Au, Ag, Cu, Zn, Pt, Pd, Se, Fe, ZnO, TiO2, Fe2O3, Fe3O4, Al2O3, 
NiO, CeO2, MoS3, SiO2, CdSe, TiO2 and nanoclay have found significant applica-
tions in the areas of agri-food, agrochemicals, biosensors, cosmetics, catalysts, 
lubricants, fuel additives, paints and coatings, food packaging, nanomedicine and 
nanocarriers, among others (Fig. 1.8 and Table 1.2). Many research institutions and 
commercial organizations have taken up the nanotechnology-based R&D pro-
grammes all over the globe. The number of nanotechnology-based products avail-
able in the market now runs into thousands. The global market for nanocomposites 
totalled US $ 2.0 billion in 2017 and is estimated to reach US $ 7.3 billion by 2022, 
growing at a compound annual growth rate (CAGR) of 29.5% for the period of 
2017–2022 (McWilliams 2018).

Fig. 1.8 Various applications of nanomaterials
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Table 1.2 Role of NMs in plant system

Key references NMs
Fabrication 
process Specific role

Modulation of plant growth

Arora et al. 
(2012)

Gold Chemical Increased germination rate

Barrena et al. 
(2009)

Gold Chemical Increased germination rate

Jasim et al. 
(2016)

Silver Chemical Increased plant growth

Khodakovskaya 
et al. (2009)

MWCT Chemical Increased seed germination and 
growth rate

Laware and 
Raskar (2014)

Zinc oxide Chemical Increased flowering and seed 
productivity

Ngo et al. (2014) Iron, cobalt, copper Chemical Increased germination rate
Nhan et al. (2015) Cerium oxide Chemical Destruction of vascular bundles
Qian et al. (2013) Silver Chemical Root growth inhibition
Soares et al. 
(2016)

Nickle oxide Chemical Decrease in leaf surface area, 
chlorophyll and carotenoids

Song et al. (2016) Copper oxide Chemical Inhibition of plant growth
Syu et al. (2014) Silver Chemical ROS generation, root growth 

promotion, activation of gene 
expression of indoleacetic acid 
protein 8, 9-cis-epoxycarotenoid 
dioxygenase and dehydration- 
responsive RD22

Vinković et al. 
(2017)

Silver Chemical Dose-dependent decrease in plant 
growth

Seed treatment

Anand and 
Kulothungan 
(2014)

Silver Biological Seed dressing

Morsy et al. 
(2014)

Silver Biological Surface sterilizer

Plant protection

El-Rahman and 
Mohammad 
(2013)

Biological Bactericidal

Hafez et al. 
(2014)

Zinc oxide Chemical Bactericidal

Kanhed et al. 
(2014)

Copper Chemical Fungicidal

Khadri et al. 
(2013)

Silver Biological Fungicidal

Ouda (2014) Copper and silver Chemical Fungicidal
Nano-formulation

Ali et al. (2015) Silver Biological Pesticidal

(continued)
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By tradition, silver and gold acquire elite properties and have numerous applica-
tions. In general, silver NMs have gained more attraction due to their intrinsic anti-
microbial activity and are already used in a wide range of commercially available 
medical and other consumer stuffs (Salata 2004; Sondi and Salopek-Sondi 2004; 
Asha-Rani et al. 2009; Husen and Siddiqi 2014b; Siddiqi et al. 2018a). These are 
also effective in crop protection and disease management (Khot et al. 2012; Ocsoy 
et al. 2013; Siddiqi and Husen 2016a) and can be used to control many types of 
plant pathogen in a benign way, compared to the conventional fungicides (Park 
et  al. 2006). They have also shown activity against various cancer cell lines and 
plasmodial pathogens (Sukirtha et  al. 2012; Husen and Siddiqi 2014b; Murugan 
et al. 2015). Over 320 tons of silver NMs were being manufactured annually during 
the last decade and used in nanomedical imaging, biosensing and food products 
(Chen and Schluesener 2008; Ahamed et al. 2010). Silver-based NMs are also used 
in wound dressings, catheters and various home care products due to their antimi-
crobial activity (Asha-Rani et al. 2009). Their applications are discussed in detail in 
Chap. 5 of this book.

Likewise, advancement in synthesis and surface functionalization of NMs, i.e. 
their effective manipulation, has increased the scope of gold NMs application. 
Facile tuneable size and functionality make them a valuable scaffold for efficient 
recognition and delivery of biomolecules, and they can also deliver large molecule 
drugs with ease. Because of their size and exclusive optical and chemical properties, 
they have the capacity to gather inactively around tumours and can therefore be used 
in thermal treatment procedures (Hirsch et al. 2003; Zheng and Sache 2009). They 
also find use in diagnostics, biological imaging, biosensors, therapeutic agent deliv-
ery, photodynamic therapy, electronics, textile, energy harvesting, water disinfec-
tion and environmental monitoring/cleanup and possess catalytic, antioxidant and 
antimicrobial activities (Salata 2004; Chen et  al. 2008; Holzinger et  al. 2014; 
Shaalan et  al. 2016; Yu et  al. 2016; Husen 2017; Siddiqi and Husen 2017a). 
Applications of gold NMs are discussed in details in Chaps. 3 and 4 of this book. 

Table 1.2 (continued)

Key references NMs
Fabrication 
process Specific role

Grillo et al. 
(2014)

Chitosan Chemical Herbicidal

Pereira et al. 
(2014)

Polyepsiloncaprolactone Chemical Herbicidal

Yu et al. (2015) Carboxymethyl chitosan Chemical Herbicidal
Biosensing

Boro et al. (2011) Gold Chemical Herbicide detection
Dubas and 
Pimpan (2008)

Silver Chemical Herbicide detection

Kang et al. (2010) Gold Chemical Organophosphates detection
Luo et al. (2014) Carbon Chemical Herbicide detection
Zhao et al. (2011) Graphene Chemical Herbicide detection
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Silver and gold NMs exhibit both beneficial and adverse effects on growth and yield 
of plants (Husen and Siddiqi 2014b; Jasim et al. 2017; Rui et al. 2018; Siddiqi and 
Husen 2016a, 2017a; Kim et al. 2018). It needs to be identified which trace elements 
are useful for the given plant species so that the same NPs may be used.

Platinum NMs have proved to be excellent therapeutic agents for use in chemo-
therapy, especially in the treatment of cancer cells (Hou et al. 2013; Wang et al. 
2013; Min et al. 2014; Pandey et al. 2014). In combination with ion irradiation, they 
enhance the efficiency of cancer therapy (Periasamy and Alshatwi 2013). Further, 
these are used in water electrolysis (Soundarrajan et al. 2012).

Palladium NMs synthesized from Hippophae rhamnoides leaf extract have been 
examined for their heterogeneous catalytic activity in Suzuki-Miyaura coupling 
reaction (Nasrollahzadeh et al. 2015). Selenium NMs have shown growth inhibition 
of Staphylococcus aureus and can be used as a medicine against the S. aureus infec-
tion (Tran and Webster 2011). They also act as photovoltaic and semiconductor, 
antioxidant and chemoprotective agents (Chen et al. 2008).

Alumina-, titania- and carbon-based NMs are frequently used to get the desirable 
mechanical properties in coatings industries (Shao et  al. 2012; Mallakpour and 
Sirous 2015; Kot et  al. 2016). Coating enhances the mechanical strength, as it 
increases the toughness and wear resistance. Copper-based NMs have shown strong 
antimicrobial, antioxidant, anticancer as well as catalytic activity (Stoimenov et al. 
2002; Akhavan and Ghaderi 2012; Hassan et al. 2012; Duman et al. 2016; Nagajyothi 
et al. 2017; Ojha et al. 2017). Titanium dioxide-based NMs are used in degrading 
the organic contamination and wastewater disinfection and in antiseptic and anti-
bacterial compositions for their photocatalytic properties (Zhang and Chen 2009; 
Mahmoud et al. 2017). Moreover, these particles are used in UV-resistant material, 
printing ink, paper industry, self-cleaning ceramics and glass, coating and cosmetic 
products such as sunscreen creams, whitening creams, morning and night creams 
and skin milks (Wolf et al. 2003; Kaida et al. 2004; Wang et al. 2007; Weir et al. 
2012; Husen and Siddiqi 2014b).

Iron oxide NMs (e.g. Fe3O4 or Fe2O3) have also gained ground in medical and 
some other sectors such as pesticide detection and removal of dyes (Ali et al. 2016; 
Siddiqi et al. 2016). Arokiyaraj et al. (2013) have reported the antibacterial activity 
of Argemone mexicana-mediated iron oxide NPs against Proteus mirabilis and 
Escherichia coli. Iron NPs synthesized from the Lawsonia inermis and Gardenia 
jasminoides leaves extract proved toxic to various bacterial strains (Naseem and 
Farrukh 2015). Iron oxide NMs are also used as a nano-fertilizer. For instance, a 
study on the effectiveness of Fe2O3 NPs as fertilizer for Arachis hypogaea has 
revealed that the Fe2O3 NPs and Fe2O3-EDTA effectively increased the root length 
and plant height and biomass by regulating the phytohormones and antioxidant 
enzymes’ activity (Rui et al. 2016). The Fe2O3 NPs were adsorbed onto the soil, 
increasing easy availability of iron to peanut plants. Likewise, growth parameters of 
Solanum lycopersicum were improved under the influence of Fe2O3 NPs 
(Shankramma et al. 2016). In this study, NPs were dumped on root hairs and root 
tips, followed by the nodal and middle zones of the plant. The authors proposed that 
biomineralization of NPs occurred due to the presence of rich phytochemicals in 
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plants. Further, exposure of Bt transgenic and non-transgenic cotton to Fe2O3 NPs 
(1000 mg L−1) showed the presence of dark dots (particles) primarily localized in 
the endodermis and vascular cylinder (Fig. 1.9) (Nhan et al. 2016). Absorption of 
Fe2O3 NPs and their aggregation in roots were apparent; iron content in shoots and 
roots increased in a dose-dependent manner. It was speculated that the bioaccumu-
lation of Fe2O3 NPs in these cotton might cause potential risk for environmental and 
human health.

Zinc oxide NMs also exhibit antimicrobial activity, photodegradation or photo-
catalytic property and show potential in drug delivery and anticancer therapy 
(Vimala et al. 2014; Bhuyan et al. 2015; Ali et al. 2016; Karnan and Selvakumar 
2016; Thatoi et al. 2016; Nava et al. 2017; Siddiqi et al. 2018b). These particles car-
rying phycomolecule ligands acted as a novel growth promotor in cotton plants 
(Venkatachalam et al. 2016) and helped in increasing the plant productivity. Other 
studies have revealed the potential of zinc oxide NPs in stimulating seed germina-
tion and plant growth (Siddiqi and Husen 2017b).

Carbon nanotubes are able to penetrate the seed coat and plant cell wall, depend-
ing on their size, concentration and solubility. This penetration can bring changes in 
the metabolic functions of plants, leading to increase in plant biomass and the fruit/
grain yield. However, carbon NMs have shown toxicity in some plant species 
(Husen and Siddiqi 2014a). Details of plant response to carbon NMs are discussed 
in Chap. 22 of this book.

In general, plants may show both positive and negative responses to metal oxide 
NPs with respect to the developmental, physiological and biochemical processes 
(Siddiqi and Husen 2017b). These responses are summarized in Table 1.1 of Chap. 
22 of this book. NPs are capable to infiltrate in living plant tissues and migrate to 
different regions of the plant system (Corredor et al. 2009). In the aqueous medium 

Fig. 1.9 TEM images of root sections of non-transgenic cotton (a) and Bt transgenic cotton (b) 
plants obtained after 10 days of treatment with Fe2O3 NPs. (Adopted from: Nhan et al. 2016)
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or soil matrix, they move through the symplastic or apoplastic region to penetrate 
the epidermis of roots, pass through the cortex and finally translocate to the stem 
and leaves via the xylem and phloem (Corredor et al. 2009; Wang et al. 2012) and 
hence, often cause a widespread impact on the plant system. Their toxicity on plant 
system depends on their dose, shape and size (Husen and Siddiqi 2014b; Siddiqi 
and Husen 2016a, 2017b). Besides, the fate of these NPs in the ecosystem and food 
chain integrity is of great concern (Fig. 1.10). Application of NPs to some plant spe-
cies has shown remarkable changes in the antioxidant enzyme activity and the 
upregulation of heat-shock proteins. Various plant species have evolved antioxidant 
defence mechanisms to prevent oxidative damage and enhance plant resistance to 
toxicity caused by the metal or metal oxide NMs; these mechanisms are yet to be 
fully explored and understood (Anjum et al. 2015). The NMs absorption and their 
translocation in different parts of the plant depend on their bioavailability, concen-
tration, solubility and exposure time. Despite their useful applications, NMs may 
cause toxicities in the terrestrial as well as aquatic system. As the enhanced produc-
tion, application and disposal of NMs will inexorably increase their release into the 
ecosystem, biodiversity is likely to be affected. Therefore, consequences of their 

Fig. 1.10 Interaction of NMs with soil-plant system and their invasion in food chain or 
ecosystem
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interaction with living beings (plants, animals and humans), direct or through the 
food chain, need to be fully investigated and understood.

1.6  Conclusion

Plant-mediated production of NMs is a green synthetic route, which is clean, safe, 
cost-effective and eco-friendly, giving conveniently utilizable NMs for application 
in various disciplines of science and technology. Plant-based green synthesis of 
NMs has a great promise for applications in cutting-edge technologies such as the 
fluorescent labelling, drug delivery, tumour destruction via heating and develop-
ment of effective antimicrobial bandages. The amount of accumulation of NPs var-
ies with the reduction potential of ions, and the reducing capacity of the plant 
depends on the presence of various types of metabolites in its tissues. Concentrations 
of plant extract and the substrate, temperature and pH of reaction mixture and expo-
sure time largely determine the morphology, size and stability of NPs. Many issues 
concerning the required morphology, size and stability of NMs, reproducibility of 
synthesis process and the exact mechanisms involved still remain unresolved or 
partially resolved. Physico-chemical characters of NMs such as surface area, shape, 
composition, mechanical strength, optical dynamicity and chemical reactivity have 
a role in determining their toxicity to plant and animal systems. These materials can 
enable the antimicrobial compounds’ delivery for use as pesticides in plant protec-
tion practices. Some of these may replace toxic chemicals and fertilizers or at least 
minimize their use in agriculture/horticulture in the near future. A variety of NMs 
have caused both beneficial and adverse effects in plants. The absorption, transpor-
tation and accumulation of NMs in plant system depend on the exposure time, shape 
and size of the NM and on the nature of plants species. In lower concentrations, 
NMs often have promotive role. At higher doses, they may cause toxicity, ultimately 
enhancing the generation of reactive oxygen species, which leads to disruption of 
the cellular metabolism and the consequent modulation of antioxidant defence sys-
tem. By the way, almost all the NM vs plant studies have been carried out on plants 
in early developmental stages, maintained in laboratories. Long-term investigations 
based on field trials in natural environmental conditions are still required to develop 
a comprehensive and clear concept. Instead of making an arbitrary use of NMs, it is 
important to know which trace elements, and in what quantity, are useful for a given 
plant species so that a precise and effective treatment is applied. The overall cost 
involved should also be worked out to evaluate the economical feasibilities. The 
future research should also focus on the impact of NMs (1) on food chain and ulti-
mately on the health of consumers (animals and humans) and (2) on the habitat 
environment as a whole.
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Chapter 2
Basic Chemistry and Biomedical 
Significance of Nanomaterials

Mahmoud Nasrollahzadeh, S. Mohammad Sajadi, and Muhammad Iqbal

2.1  Introduction

Nanotechnology that has emerged in the recent past has progressed dramatically 
during the last two decades and is expected to have an indelible impact on different 
agricultural and industrial products of the present-day world and has to play a spe-
cial role in the fields of medicine and biology. With their unique chemical, physical, 
and mechanical properties, nanomaterials (NMs) have a wide range of their indus-
trial and biologicalapplications. They work as highly organized, self-repairing, self- 
replicating, and information-rich molecular tools and can enable easy and efficient 
transfer of biochemical materials at the cellular and subcellular levels. Given this, 
NMs can be used for developing a better understanding about the molecular motors, 
enzyme activities, protein dynamics, DNA transcription, cell signaling, and molec-
ular, genomic, proteomic, and metabolic reactions.

Nanomaterials are the entities of extremely small size, often measuring 1–100 nm, 
occasionally up to 1000 nm (Table 2.1). Research in this area is progressing leaps 
and bounds; development of quantum-confined nanocrystalline and doped nano-
crystalline materials and evolution of smart drug delivery system through nano-
structures are the major cynosures of experts today (Albrecht et al. 2006; Bennet 
and Kim 2014; Rajput 2015).

Nanostructures have unique physicochemical properties and an array of potential 
applications due to their minute size and large surface area (Fig. 2.1). Based on the 
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specific nanomaterial characteristics, improved efficiencies or new functionalities 
can be achieved for a wide range of nanoproducts (Husen and Siddiqi 2014; Siddiqi 
and Husen 2016a, b, 2017a, b; Siddiqi et  al. 2016, 2018a, b, c; Husen 2017). 
However, these efforts can cause increased loads and the consequent harms to the 
environment and living beings (humans in particular) when nanomaterials are 
released from the NM-based products and applications.

In fact, nanosized materials are common natural constituents of proteins, 
enzymes, nucleic acids, viruses, magnetite, ferritin, atmospheric tiny particles and 
fires, and volcanic eruptions. The nanoparticle properties are distinct from those of 
the analogous bulk materials mainly in their chemical reactivity, molecular and 
electronic structure, and mechanical behavior (Ehrman et al. 1999; Fendler 2001). 
The nanosized structures, typically those less than 10 nm in size, are markedly dif-
ferent from the bulk materials, depending on their surface area, bond, shape, and 
energy in nanometer dimensions, which cause a profound effect on the structure, 
phase transformations, strain, and reactivity of materials. Certain phases may exist 

Table 2.1 The nanostructures and their sizes

Type of nanostructure Size (diameter) Materials

Nanocrystals and clusters 1–10 nm Metals, semiconductors, magnetic materials
Other nanoparticles 1–100 nm Ceramic oxides
Nanowires 1–100 nm Metals, semiconductors, oxides, sulfides, 

nitrides
Nanotubes 1–100 nm Carbon, layered metal chalcogenides
Nanoporous solids 0.5–10 nm Zeolites, phosphates, etc.
2-D arrays (of 
nanoparticles)

Several nm2–μm2 Metals, semiconductors, magnetic materials

Surfaces and thin films 1–1000 nm A variety of materials
3-D structures 
(superlattices)

Several nm in 3-D Metals, semiconductors, magnetic materials

Fig. 2.1 Schematic wide spectrum of small structures of nano-dimensions in comparison to 
objects visible with the naked eye. (Mitchnick et al. 1991)
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only as nanoparticles and require transformations in chemistry, stoichiometry, and 
structure with their evolution to larger sizes. It is because in the nanometer dimen-
sion, materials exhibit novel properties, different from isolated atoms and bulk 
materials, and thus the properties of materials depend largely on the size of particles 
they are composed of (Adachi 2000). This chapter aims to elucidate some important 
chemical/biochemical characteristics of nanomaterials with emphasis on their use 
in bio-systems and, hence, their influence on the quality of life.

2.2  Importance of Nanoscale

The wave properties of electrons are affected by changes in the nanoscale. By pat-
terning the material over the nanometer, it is possible to change the basic character-
istics of materials such as melting point, magnetic effect, and electrical charge 
without changing their chemical composition. Furthermore, nano promises to let us 
introduce new artificial components and assemblies inside the cell to make new 
systems. The large surface areas of nanostructures make them ideal for use in com-
posite materials, reacting systems, drug delivery, and energy storage. The finite size 
of material entities, as compared to the molecular scale, determines an increase of 
the relative importance of surface tension and local electromagnetic effects, making 
the nanostructured materials harder and less brittle (Jain et  al. 2009; Jiang et  al. 
2007). In short, nanostructures now have potential application almost in every 
sphere of science and technology such as agriculture (nanofertilizers, nanopesti-
cides), chemicals and cosmetics (paints, coatings), electronics (nanoparticles, car-
bon nanotubes, biopolymers), energy and environment (water- and air-purifying 
filters, fuel cells, solar cells, photovoltaics), food science (nanocapsules, nutraceuti-
cals, food processing), materials (semiconductor chips, memory storage, optoelec-
tronics, photonics), microscopy (atomic force microscope, scanning tunneling 
microscope), military equipment (biosensors, nanoweapons, sensory enhancement 
technology), nanomedicine (nano drugs, medical devices, tissue engineering), etc.

2.3  Nanochemistry

Nanochemistry is a branch of solid-state chemistry, which synthesizes nanoscale 
materials in one, two, or three dimensions. Synthesis and organization of a nanosized 
structure under controlled situations should provide a reproducible method of devel-
oping materials that are perfect in size and shape down to atoms. Structures and 
properties of nanosized systems are designed to obtain materials with new chemical, 
physical, and pharmaceutical behavior. Chemical properties of nanomaterials (NMs) 
considerably change at the nanoscale. As the percentage of surface atoms in nanopar-
ticles (NPs) is large, compared to bulk objects, the reactivity of NPs is greater than 
that of the bulk materials. The nanoscale materials owe for their main chemical 
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properties to the increased population of surface atoms in nanoscale dimensions, the 
higher average energy of atoms than in the bulk material, the structure and nature of 
chemical bonding at the surface, and the mutual interaction among NPs. Although 
the composition, structure, and molecular weight may be important for some NMs, 
yet the properties like particle shape, size, and distribution, electronic surface char-
acteristics, state of dispersion/agglomeration, and conductivity have a pivotal role in 
the majority of these materials. The quantum confinement, phase transition, and sur-
face plasmon resonance are some other important characteristics of nanosized struc-
tures (Brune et al. 1998; Jolivet et al. 2004).

2.3.1  Quantum Confinement

Quantum confinement refers to the change of electronic and optical properties when 
the material attains a small size of 10 nm or less. It is indicative of a restriction on 
the motion of randomly moving electrons present in a material to specific discrete 
energy levels rather than the quasi-continuum of energy bands. When dimensions of 
a material are small enough to be comparable to the de Broglie wavelength of the 
electrons involved, the electrons present in the material behave like those in atoms. 
Plainly speaking, electrons occupy discrete energy levels rather than a quasi- 
continuum of energy in a band.

Quantum confinement effect is one of the most popular terms in the nano world. 
As explained above, this effect sets in due to change in the atomic structure brought 
about by the impact of ultrasmall length scale on the energy band structure. As a 
result of “geometrical” constraints, electrons “feel” the presence of the particle 
boundaries and respond to changes in the particle size by adjusting their energy, and 
this is what we call the quantum confinement effect. When the particle dimension of 
a semiconductor nears the Bohr exciton radius, properties of the material become 
size-dependent. Quantum confinement results in a collapse of the continuous energy 
bands of a bulk material into discrete energy levels as in atoms. This creates a dis-
crete absorption spectrum, in contrast to the continuous absorption spectrum of a 
bulk semiconductor. Thus, in a quantum-confined structure, the motion of the charge 
carriers (electrons and holes) is confined by potential barriers. Based on the nature 
of confinement, a quantum-confined structure is classified as a quantum dot (or 
nanocrystal), quantum wire, or quantum well. In quantum dots, the charge carriers 
are confined in all three dimensions, and the electrons exhibit a discrete energy 
spectrum as in atoms. Quantum wires are formed when two dimensions of the sys-
tem are confined. In quantum well, only one dimension is confined, and the charge 
carriers are free to move in two dimensions (Arivazhagan 2013; Parker 2017).

The confinement effect usually varies with different classes of material, each of 
which normally has a characteristic length scale, e.g., (a) exciton Bohr radius (i.e., 
electron-hole pair radius) for semiconductors, (b) typical size of a domain for ferro-
magnetic materials, and (c) coherence length of Cooper pairs for  superconductors. 
So, when the size of a given material is comparable to these characteristic length 
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scales, the electrons present in the material are said to be confined to discrete energy 
levels. The spacing between the energy levels increases with a decrease in the size of 
the material. Moreover, nanocrystals have a large surface area and a large population 
of surface atoms depending on the size of the particle (Chang and Waclawik 2014).

Thus, significant changes in the electrical and optical properties of materials are 
observed for the descending size. In small nanocrystals, the electronic energy levels 
are discrete – and not continuous as in the bulk material – due to confinement of 
electronic wave function to the physical dimensions of the particles (Fig. 2.2).

2.3.2  Surface Plasmon Resonance (SPR)

Surface plasmon resonance (SPR) is an optical effect that can be utilized to measure 
the binding of molecules in real time without using labels. It is used to measure the 
binding kinetics and affinity of molecular interactions; for instance, it can measure 
the binding between two proteins, a protein and an antibody, a protein and DNA, 
and so on. Unlike the traditional techniques such as ELISA, SPR allows determina-
tion of binding kinetics and not just binding affinity, because it provides real-time 
binding data of both the association and dissociation phases of the interaction and 
hence offers deep insight into the binding strength and stability of the interaction 
(Schasfoort 2017). This physical process can occur when plane-polarized light hits 

Fig. 2.2 A comparison of the electronic energy states of different types of semiconductor materi-
als: (a) bulk inorganic semiconductors, (b) inorganic semiconductor nanocrystals, and (c) molecu-
lar semiconductors (Chang and Waclawik 2014). CB conduction band, Eg band gap energy, 
HOMO highest occupied molecular orbital, LUMO lowest unoccupied molecular orbital, VB 
valence band
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a thin metal film under total internal reflection (TIR) conditions. In fact, the photon 
and electron behavior can be described only when they have both wave and particle 
properties. As per the quantum theory, a plasmon is the particle name of the electron 
density wave. When the photons convert to plasmons, a “gap” occurs in the reflected 
light intensity.

SPR is size-dependent; the density of states and the spatial length scale of the 
electronic motion are reduced, when dimensions of the matter decrease. In fact, 
when a nanoparticle is smaller than the wavelength of light, coherent oscillation of 
the conduction band electrons is induced by interaction with an electromagnetic 
field which causes surface plasmon resonance to occur (Levchenko et  al. 2006; 
Louchet et al. 2006; Zielińska-Jurek 2014). When noble metal nanoparticles (MNPs) 
are influenced by electromagnetic radiations, their conduction electrons show col-
lective oscillations, i.e., SPR (Fig. 2.3). Beside the size of NPs, the other parameters 
affecting the SPR are shape and dielectric properties of NPs, which cause selective 
photon absorption, scattering, and local electromagnetic field enhancement in the 
SPR phenomenon (Johnson and Johal 2018).

SPR signals of nano-dimensions are desirable in several technological applica-
tions such as coupling in linear chains of metallic NPs, light transportation, and the 
direction of the chain. For example, when Au NPs absorb light, the oscillating elec-
tromagnetic field of the light triggers polarization of the conduction band electrons 
on the surface of NPs, and thus the polarized electrons pass through the collective 
coherent oscillations with respect to the positive ions in the metallic lattice; these 
oscillations are called surface plasmon oscillations (Fig. 2.4). Because of having the 
same frequency as the incident light does, these oscillations are also known as 
 surface plasmon resonance. The frequency of this parameter depends largely on the 
size and shape of NPs. A single plasmonic frequency is responsible for the intense 

Fig. 2.3 Localized surface plasmon resonance of noble metal (Ag, Au) nanoparticles, a collective 
electron density oscillation caused by the electric field component of incoming light. (Zielińska- 
Jurek 2014)
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red color of the spherical gold NPs. For gold nanorods (Au NRs), however, there are 
two plasmonic frequencies, known as the longitudinal and transverse bands. The 
transverse band depends on the electron oscillations that occur along the transverse 
direction as a weak absorption band in the visible region similar to the SPR fre-
quency of the spherical Au NPs. The longitudinal band, related to the electron oscil-
lations along the longitudinal direction, is a strong absorption band in the vis-NIR 
region (Yasun et al. 2013).

The dataobtained from SPR have proved to be of great help in (a) screening and 
developing new pharmaceuticals and new bio-therapeutics, (b) controlling quality 
in bioprocess monitoring, (c) developing new diagnostic assays, and (d) discovering 
and characterizing protein function and disease mechanism, etc.

After the light absorption, the plasmonic electrons cause plasmonic scattering or 
convert the absorbed energy to thermal energy via its transfer to the metal lattice. In 
this case, the high temperature of metal network is decreased by photon interaction 
and transferred to the surrounding environment (Park et al. 2004). This forms the 
basis of all plasmonic NP-based photothermal therapy applications. Because the 
plasmon resonance band of NPs contains both scattering and absorption compo-
nents, tuning of the shape and size of the NPs can dramatically change their scatter-
ing and absorptionproperties (Fig. 2.5).

2.3.3  Nanoparticle Size Effects

Nanoparticles benefit from their small size and dimensions. In fact, if the surface 
energies of polymorphs differ significantly, at small sizes, the order of phase stabil-
ity can be changed (Sanders 2018). Also, decreasing the size of particles changes 

Fig. 2.4 Surface plasmon oscillations in spherical gold nanoparticles (Au NPs) and gold nanorods 
(Au NRs). (Reproduced with permission from Yasun et al. (2013))
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the crystalline habit such as morphology, crystallinity, and miller indices. 
Furthermore, evolution of structural, thermodynamic, electronic, spectroscopic, 
electromagnetic, and chemical features of these finite systems is related to change 
in particle size. Therefore, properties of a material depend on its electron move-
ments (Lv et al. 2009; Kang et al. 2012; Sanders 2018). If the physical size of the 
material is reduced to the nanoscale, its properties change dramatically and become 
sensitive to size and shape. Size effects thus constitute a peculiar and fascinating 
aspect of nanomaterials (Table 2.2).

2.3.4  Size Distribution of Nanostructures

The particles in nanoscale have a high proportion of atoms near their surfaces, a 
feature responsible for several important deviations from the bulk structure and 
chemistry at different size scales (Fig.  2.6). Other aspects influencing variations 
between the bulk material and nanomaterial properties include restriction on wave 

Fig. 2.5 Effect of the size of nanocrystals on the emitted color of the absorbed light. (Lundquist 
et al. 2017)

Table 2.2 Correlation among the size, abundance, and surface area of particles

Particle diameter (nm) Abundance (N/cm3) Surface Area (μm2 cm−3)

5 153,000,000 12,000
20 2,400,000 3016
250 1200 240
5000 0.15 12
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function radius, separation of defects and interacting strain fields, relative domi-
nance of bulk or surface energy, and changes in vibrational properties (Johnson and 
Johal 2018). Assessment of nanoscale characteristics requires information on solid- 
state properties and their dimensions as well as on nucleation and initial growth of 
precipitates. Thus, according to the classical nucleation theory (CNT), all sub-
stances pass through a nanosized regime, either on or just after nucleation. As the 
nucleation is generally a crucial rate-controlling step in precipitation, understanding 
of NP characteristics is a prelude to evaluating the kinetics of precipitation and other 
phase transformations (Li et al. 2010; Nasir 2010).

Among the various methods for calculating the NP size distribution, small-angle 
X-ray scattering (SAXS) technique, which takes into consideration the mean parti-
cle radius, the width of the size distribution, and the particle concentration, is held 
to be sufficiently accurate and reliable. This uncomplicated bulk nanostructural 
quantification technique is particularly sensitive to the smaller end of the nanoscale. 
Results from SAXS have repeatedly been demonstrated to agree well with findings 
from electron microscopy and have also shown inter-instrument reproducibility. It 
is a suitable laboratory-independent reference method for in situ nanoparticle analy-
sis, at least for monomodally distributed particles in suspension (Pauw et al. 2017).

2.3.5  Shape of Nanoparticles

Movement of electrons often determines the properties of materials. When the elec-
trons move on a nanoscale dimension, unusual effects appear. For example, gold 
NPs in size less than 100 nm have red color in transparent media, but, in size less 
than 3 nm, they act as a catalyst for chemical reactions (Fig. 2.5). Furthermore, the 
optical properties of nanostructures change on changing their size, shape, aggrega-
tion state, and local environment. The nanostructures have various shapes such as 
particles, rods, and prisms (Fig. 2.7), which determine their functions and proper-
ties. There are many synthetic methods, such as top-down, bottom-up, bulk material 
applications; physical, chemical, and mechanical processes; application of high 

Fig. 2.6 Percentage of 
surface atoms in a particle 
is strongly dependent on 
the particle size. (Nasir 
2010)
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temperature; and assembly from building blocks and solution-based methods, to 
produce the shape-controlled NPs. These processes of synthesizing nanostructures 
are classified into metallic (monometallic, bimetallic, and magnetite or metal 
oxides) and organic (mainly lipids or polymers) types (Sajanlal and Pradeep 2009; 
Ragaei and Sabry 2014).

Despite a particular seed shape of nanomaterials, their shape and size essentially 
relate to such factors during synthesis as the type and concentration of reducing 
agents, stabilizing agents and temperature of the reaction solution. Among the 
NP-shape-controlling methods, reduction of metal cation using the reducing agents 
(such as sodium borohydride), which also act as the stabilizing agents and affect the 
growth of the particles, is very important (Maham et al. 2017; Maryami et al. 2017; 
Momeni et al. 2017; Nasrollahzadeh et al. 2016a, b, 2017, 2018a, b, c, d, 2019; 
Sajjadi et al. 2017). Any change in the stabilizing agent and the molar ratio of stabi-
lizer to metal source and also the variation of temperature alter the shape (of seeds) 
and size of NPs by influencing their growth in a particular direction (Murphy et al. 
2005). For instance, to achieve the spherical NPs, the whole surface of NPs should 
be covered by the stabilizing agent during anisotropic growth process (Fig. 2.8). 
Likewise, increasing the reaction temperature tends to increase the average adsorp-

Fig. 2.7 Large area (a) and corresponding single particles. (b) Field-emission scanning electron 
microscopy (FESEM) images of gold mesoflowers (Au MFs). (c) An enlarged FESEM image of a 
single stem of the MF showing ridges along the edges. (d) Top view of a single stem of the MF 
showing the pentagonal structure. (Sajanlal and Pradeep 2009)
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tion of capping molecules on NPs. In fact, the particle morphology depends largely 
on supersaturation of the solution, which is regulated by its temperature. Reduction 
in the surface is responsible for the grain boundary enlargement, and therefore the 
particle size increases as a function of the temperature. With increase in the NP size, 
its sensing response decreases. It is also found that operable temperature of sensors 
fabricated with small particles is lower than those with large particles (Cao and 
Wang 2011).

Lee et al. (2014) obtained shape transformation of Ag NPs (from spherical to 
others) under irradiation of green light-emitting diodes (LEDs) at different tempera-
tures. The spherical NPs got converted to nanoplates at 60 °C and decahedral NPs 
at 0 °C. Moreover, the tips and edges of decahedral NPs gradually became blunt at 
ambient temperature, while the nanoplates could retain their morphology for long. 
Both the nanoplate colloids and the decahedral NP colloid synthesized at 60 °C and 
0 °C, respectively, exhibited good surface-enhanced Raman spectroscopy (SERS) 
activities for the probe molecule R6G in the absence of polyvinylpyrrolidone (PVP).

In most of the cases, NP size grows through the mechanism of “Ostwald ripening” 
(for more soluble materials) or “oriented attachment” (for less soluble crystals). The 
former facilitates the growth of large particles due to dissolution of smaller ones, 
whereas the latter involves merging of smaller particles. Both processes are influ-
enced by the temperature (at least through the diffusion via kT). Ostwald ripening 
occurs because the larger particles are energetically more stable than the smaller 
ones. Temperature affects the process by influencing the interfacial energy, growth 
rate coefficients, and solubility. On the other hand, oriented attachment takes place 
because aggregation reduces the interphase boundary and the total (surface) energy 
of the system. On the whole, heating or cooling of the reaction system heavily affects 
the reaction capability of components in reduction, surfactant adsorption/desorption, 
formation and growth rate, and hence the shape, size, and size distributions.

Fig. 2.8 Seed-mediated growth approach to making gold nanorods of controlled aspect ratio. 
Bottom right is the transmission electron micrograph of gold nanorods of 500 nm long in average. 
(Murphy et al. 2005)
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2.3.6  Agglomeration of Nanoparticles

Agglomeration refers to a loose particle assemblage in a suspension that can be 
broken simply by mechanical force. It is different from aggregation which is a defi-
nite pattern of molecule clubbing. Agglomeration represents a mechanism that leads 
to destabilization of colloidal systems. During this process, particles dispersed in 
the liquid phase stick to each other and spontaneously form irregular clusters. The 
high surface area of nanoparticles and the strong attraction among them result in 
aggregation/agglomeration.

The agglomeration of NPs reduces the potential enhancement of mechanical 
properties in nanocomposites due to the restriction of interfacial area. Therefore, the 
main challenge in production of nanocomposites includes not only the achievement 
of small NPs but also their good dispersion (Ashraf et al. 2018). In some applica-
tions, agglomeration is a beneficial process causing enlargement of particles to 
improve powder properties and is widely used in chemical processes to overcome 
problems such as segregation, difficult flow, low bulk density, and particle-size dis-
tribution monitoring. The way in which NPs may agglomerate stems from the type 
of forces between NPs in the solution. Under certain conditions NPs can assemble 
in a crystallographically oriented mode, leading to a type of crystal growth with dif-
ferent kinetics than one characterizing the classical layer-by-layer growth, and con-
sequently differ in growth forms and habits (Joshi et  al. 2012; Kuntworbe et  al. 
2012).

Upon exposure to biological systems, NPs may interact with the outer surface of 
the cellular membrane and subsequently enter the cells by different endocytic 
routes. Targeting of specific cellular structures, the release of NPs by the cells, and, 
on the contrary, their degradation in lysosomes are vital features that can markedly 
influence the NP toxicity/safety and also the efficacy of novel nanomedicines. 
Various endocytic pathways may be involved in the NP uptake depending on the 
features of the cell lines and the NPs used (Halamoda-Kenzaoui et al. 2017).

It is well explored that the mechanism of the cellular uptake and endocytosis is 
affected by the size, shape, surface chemistry, and charge of NPs, but the effect of 
agglomeration state of NPs on this process is still poorly understood, despite the 
fact that agglomeration is one of the predominant features of NP suspensions. 
Changes to the pH and ionic strength or the presence of biomolecules, particularly 
proteins, can easily modify the NP surface properties, leading to the loss of colloidal 
stability and the formation of agglomerates. It was noted by Halamoda-Kenzaoui 
et al. (2017) that the level of cell uptake and the mechanism of endocytosis of silica 
NPs were strongly dependent on their agglomeration state. Well-dispersed 80 nm 
Rubipy-SiO2 NPs were internalized mainly by the caveola-mediated endocytosis, 
whereas 30 nm Rubipy-SiO2 NPs entered the cells via a combination of different 
endocytic pathways. Interestingly, with the increase of NP agglomeration, the cel-
lular uptake was highly enhanced, and the mechanism of endocytosis was slightly 
modified with a predominant role of macropinocytosis. This indicates that a modi-
fied environment can easily induce NP agglomeration and consequently influence a 
biological response.
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Agglomeration, a process involving mass conservation and a reduction in surface 
area and number of particles, shifts the particle distribution toward larger sizes, 
covering the aerosols and colloids that tend to settle more rapidly under gravity but 
diffuse more slowly. In other words, agglomeration principally occurs because of 
the high surface energy of NMs, due to which they tend to agglomerate to diminish 
this energy. Agglomeration of NPs is influenced by environmental factors. For 
instance, adding bad solvent into the NP solution leads to agglomeration of NPs due 
to minimization of interface. Likewise, when the temperature is lowered, the 
enthalpy change is negative; to compensate this change, the system tries to maxi-
mize the entropy by separating the media (gas/liquid molecules) from huge NPs 
(Peddieson and Chamkha 2016). Several factors such as pH, temperature, ionic 
strength, and mixing rate may affect agglomeration, or the breakup of agglomerates 
(Fig. 2.9).

2.3.7  Effect of pH, Ionic Strength, and Temperature 
on Agglomeration

In the absence of agglomeration, a colloidal dispersion is stable as the potential bar-
rier in this state is sufficiently high to prevent particles from joining one another. 
The stability of dispersions relates to the surface electrostatic potential (which 
depends on the pH of the solution) and the ion concentration of the solution. The net 
interaction potential between particles can be used to predict the pH and salt con-
centration regimes expected to promote agglomeration. For instance, if the repul-
sive barrier to agglomeration is less than or equal to the thermal energy in the system 
(KBT), the stability map demonstrates that agglomeration appears near the 

Fig. 2.9 Agglomeration and aggregation of nanoparticles. (Peddieson and Chamkha 2016)
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isoelectric point around the neutral pH (Tan et al. 2001). As the salt concentration 
increases, instability regime widens. The schematic form of a stable and non-stable 
colloidal system is shown in Fig. 2.10.

Study of size distribution of NPs using spectrophotometric techniques is a valid 
way to investigate the surface charge in agglomeration process. At a low pH with all 
particles positively charged, the particles are dispersed, and the agglomerate size is 
almost identical to the primary particle size. At the isoelectric point, the particles 
have little surface charge, and the primary particles stick to each other to form large 
agglomerates. At an alkaline pH, with all the particles negatively charged, one might 
expect to see primary particles. However, the particles are somewhat agglomerated 
due to high salt content of the solution.

Higher temperature of the system during the process of agglomeration affects the 
process gradually and favors the formation of more regular agglomerates with 
mechanically stronger and denser clusters. Maghsoodi and Yari (2014) obtained 
spherical, dense, and strong agglomerates with optimized temperature. Esmailpour 
et al. (2015) observed that the size of agglomerates decreased by increasing the gas 
velocity at a constant temperature. Moreover, the minimum fluidization velocity 
and the agglomerate size increased with rise in temperature due to increasing van 
der Waals cohesive force. Fluidization, a process similar to liquefaction, converts 
the granular material consisting of micron-sized particles from a static solid-like 
state to a dynamic fluid-like state, when a fluid (liquid or gas) is passed over the 
granular material. NPs are not fluidized individually but as agglomerates (very 
dilute clusters of around 200 μm consisting of ~1010 primary particles). The NP 
fluidization is identified as agglomerate particulate fluidization (APF) and agglom-
erate bubbling fluidization (ABF). The APF is characterized by smooth fluidization, 
high bed expansion, and uniform distribution of agglomerates throughout the bed, 
while the ABF exhibits large bubbles and the low bed expansion ratio by increasing 

Example of a stable
colloid

Example of an
unstable colloid

Aggregation

Sedimentation

Fig. 2.10 Schematic presentation of the stable and non-stable colloidal systems. (Elimelech et al. 
1998)
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the gas velocity. Smooth fluidization gives rise to highly porous agglomerates in the 
range of several hundred microns. They keep breaking and reforming during fluidi-
zation because of the contrasting cohesive forces among NPs and the separation 
forces originating from the fluid (Esmailpour et al. 2015).

In a recent study on hydrophobic silica (R972) and hydrophilic titania (P25) 
nanoparticles, Esmailpour et al. (2018) observed that increasing the bed tempera-
ture can convert the fluidization regime from APF to ABF for hydrophobic silica 
nanopowder. Large agglomerates and bubbles were formed in the bed at higher 
temperatures. In contrast, hydrophilic titania NPs fluidized in the ABF way at lower 
temperatures but in the APF way at elevated temperatures.

2.3.8  Solubility and Phase Transition of Nanoparticles

In the bulk crystalline materials, properties of the material are independent on its 
particle size and chemical composition. In the nano regime, the minute size of the 
particle increases the surface area as well as the contribution of the surface energy 
to the overall energy of the crystalline system. The significant shift toward surface 
atoms of nanoparticulate matter is illustrated in Fig. 2.6 where the percentage of 
surface atoms in a particle is plotted against the particle size. This figure shows that 
in nanometer regime the large population of particle surface atoms markedly deter-
mines the properties of the material because the atoms located on the surface of a 
solid have less adjacent coordination state and therefore they are chemically more 
active, compared to the bulk atoms, and a large amount of energy is associated with 
this surface. The surface of NPs often plays a crucial role in determining the NP 
properties, including the stability, reactivity, solubility, and phase transition (Rector 
and Bunker 1995; LaFemina 1995a, b).

As mentioned earlier, almost all characteristic features of nanostructures stem 
from their size and the number of surface atoms; the solubility and reactivity of 
materials can, therefore, be optimized by altering the particle size. According to the 
Gibbs-Thomson theory, the NP solubility increases with the decreasing particle 
size. A solution is a homogeneous mixture of two or more substances, of which the 
solute dispersed among the molecules or ions of the solvent has the particles of less 
than 10 nm, which pass through a filter paper easily. A suspension is a heteroge-
neous mixture in which particle size of one or more components is greater than a 
few microns and particles are big enough to scatter light. After some time, the par-
ticles in aqueous suspension settle under water due to the influence of gravity. A 
colloidal solution is a mixture in which particles of a substance are of the size inter-
mediate between those of a solution and suspension (10 nm–1 μm). These are too 
small to be filtered and/or seen with the naked eye. The particles in a colloid system 
are larger than in a solution but small enough to be dispersed evenly and maintain a 
homogeneous appearance; however they are large enough to scatter light. At a cer-
tain temperature, when a solid (solute) is mixed with a liquid (solvent) to form a 
solution, the molecules or ions on the solid disperse uniformly into the liquid and 
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move in the solvent. When they touch the solid surface, they are adsorbed back on 
it. Suspensions of NPs exhibit phase behavior similar to that of the molecular solu-
tion systems in the equilibrium state. The phases in the system can be manipulated 
through interactions between the solute particles and between the solute and the 
solvent particles (Batra et al. 2016). The effect of different variables such as density, 
temperature, concentration, and strength of colloidal interactions and pressure is 
taken into account while describing the phase transitions. In fact, the strength of 
interaction distinguishes colloidal suspensions most strongly from molecular sys-
tems. As the range and strength of attractions and repulsions can vary over an enor-
mous range with colloidal particles, suspensions of NPs offer a unique test bed for 
treatments of the molecular phase behavior (Table 2.3).

2.4  Nanomaterials in Bio-systems

Among the nanostructures, nanocrystals find significant place in the modern medi-
cal technology, like biomolecular detection and diagnostics, and antimicrobial ther-
apeutics (Fig. 2.11). In fact, the large surface area-to-mass ratio of nanomaterials 
heavily affects their reactivity. The most common nanostructures used in medici-
nalapplications, mainly as delivery systems, are ceramic-based NPs, polymeric 
NPs, metal NPs, micelles, liposomes, and dendrimers (Selmer-Olsen et al. 1996). 

Table 2.3 Differences between true solution, colloidal solution, and suspension

Property True solution Colloidal solution Suspension

Size of 
particles

<1 nm 1 nm–1000 nm (1 μm) >1 μm

Nature of 
solution
Appearance

Homogeneous
Transparent

Heterogeneous
Translucent

Heterogeneous
Opaque

Visibility Solute particles not 
visible with the naked 
eye or through 
microscope

Solute particles not visible 
with the naked eye; can be 
seen with ultramicroscope

Suspension particles can 
be seen with the naked 
eye

Filterability Solute particles pass 
through a filter paper or 
a parchment membrane

Solute particles pass 
through a filter paper but 
not through a parchment 
membrane

Solute particles cannot 
pass through a filter paper 
or a parchment membrane

Settling 
ability

Solute particles do not 
settle

Solute particles do not 
settle but can be made to 
settle by centrifugation

Solute particles settle 
down due to the force of 
gravitation

Light 
scattering

Solution does not 
scatter light (no Tyndall 
effect)

Solution shows Tyndall 
effect

Suspension may or may 
not show Tyndall effect

Particle 
movement

Solution does not show 
Brownian movement

Brownian movement of 
particles is visible

Brownian movement may 
or may not be visible
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Several other NP systems such as solid lipid NPs, inorganic NPs, and microemul-
sions have also been used in the formulation, encapsulation, and release of active 
compounds extracted or derived from natural resources. The main objective of 
nanomedicine is to ensure drug transport to action sites, to maximize the desired 
pharmacological influence of drugs, and to overcome the factors that may hinder 
effectiveness of the treatment (El-Say and El-Sawy 2017). The controlled drug 
delivery system comprises of four major modes of delivery, viz., (a) rate- programmed 
drug delivery, where drug diffusion from the system has to follow a specific release 
rate profile (in this type of delivery, the therapeutic formulation is totally or partially 
loaded in the reservoir space, which is covered by the pre-programmed polymeric 
membrane, the function of which can be optimized with block copolymers through 
multifunctionalization); (b) activation-modulated drug delivery, where the drug 
release is induced by various physical, chemical/biochemical, or environmental 
stimuli (e.g., various pressures, magnetics, electricity, salt concentration, pH, light, 
temperature, hypoxia) and facilitated by external supply of energy; (c) feedback- 
regulated drug delivery, where the rate of release is determined by the concentration 
of biochemical substance (triggering agent) via some feedback mechanism; and (d) 
site-targeting drug delivery, where diffusion rate and partitioning of drug release are 
regulated by the specific targeting moiety, solubilizer, and drug moiety (Bennet and 
Kim 2014).

Fig. 2.11 Multifacetedapplications of nanomaterials in the cell engineering and therapy. (Wang 
et al. 2016b)
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2.4.1  Micelles and Liposomes

Certain nanostructures with walls composed of phospholipid moieties form a “core- 
shell structure,” which provides a suitable platform for drug delivery to the central 
nervous system (CNS). They carry diverse amounts and types of therapeutic materi-
als and, in some cases, accomplish target delivery to specific cell types within the 
CNS.  The ability of some of these structures to traverse the blood-brain barrier 
(BBB), avoiding the checks of the immune surveillance system, enables them to 
enter the CNS without any neurosurgical procedure. Micelles and liposomes are 
most prominent among these structures. Nanomicelles and nanoliposomes typically 
range in size from ten to several hundred nanometers. Micelles are typically spheri-
cal and have an outer surface of charged or hydrophilic moieties and an inner lipo-
philic region. Phospholipid micelles can be utilized to carry other amphiphilic 
molecules or hydrophobic substances within their inner lipophilic region. The use 
of amphiphilic block copolymers to produce clinical nanomicelles for drug delivery 
is quite common these days (Fiandaca and Bankiewicz 2013).

Thus, micelles, which are lipid molecules with amphipathic nature of fatty acids 
due to the presence of both hydrophilic and hydrophobic regions, arrange them-
selves in spherical form in the aqueous solutions (Fig. 2.12). Their hydrophilic head 
faces to water, but hydrophobic tails are inside and away from water. Fatty acids 
from micelles usually have a single hydrocarbon chain as opposed to two hydrocar-
bon tails. This allows them to conform to spherical shape for lesser steric hindrance 
within a fatty acid. Fatty acids from glycolipids and phospholipids have two hydro-
phobic chains that are too bulky to fit into the spherical shape as micelles do and, 
therefore, prefer to form glycolipids and phospholipids. Micelles are formed spon-
taneously in water due to the amphipathic nature of the molecule. In fact, when 
lipids form micelles, the hydrophobic tails interact with each other, releasing water 
from them and increasing the system disorder or entropy (Du et al. 2003, Li et al. 
2009).

On the other hand, liposomes are spherical objects comprising mainly of lipids 
(Fig. 2.12). Sometimes other constituents are also added to modify their chemical 
and physical properties. Liposomes typically consist of double-chain phospholipid 
amphiphiles combined with cholesterol, forming spheroidal bilayer membrane 
structures that encompass an aqueous internal domain (Torchilin 2005). The length 
of the fatty acid chains and the presence or absence of double bonds within the lipo-
some bilayer lipids influence the membrane fluidity, as does the combination of 
different phospholipids within the membrane structure. Cholesterol moieties 
strengthen and stabilize the bilayer membrane and reduce the cation leakage in 
physiological systems. Increasing the molar cholesterol content of the liposomal 
drug carriers typically decreases the release kinetics of the therapeutic from the 
nanocarrier (Panwar et al. 2010). Therefore, specific liposomal properties can be 
tailored by regulating the membrane components (Panwar et al. 2010). Liposomes 
are typically formed by adding energy to amphiphilic phospholipids in aqueous 
solution. Depending on lipid monomer concentration and environmental factors, 
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liposomal structures can range from long tubules to spheres, with dimensions rang-
ing from several hundred angstroms to several hundred micron meters. A prototypi-
cal liposomal vesicle has a single, closed lipid unilamellar bilayer confining a single 
internal aqueous volume (Fiandaca and Bankiewicz 2013).

Liposomes are different from micelles as they are composed of a lipid bilayer, 
separating an aqueous internal compartment from the bulk aqueous phase. Micelles, 
by contrast, are closed lipid monolayers with a fatty acid core and polar surface or 

Fig. 2.12 Schematic morphological representation of different types of nanostructures. (Veszelka 
et al. 2015)
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a polar core with fatty acids on the surface (inverted micelle). Thus, liposomes are 
an important drug-carrier system due to their ability to encapsulate drugs, their sta-
bility and long shelf life, controllable size and charge, ability to function and modify 
the surface due to presence of many functional groups, and finally for their biocom-
patibility and degradability. However, they have a short half-life in the circulation 
system, although it can be enhanced by a better control of the size and composition 
of liposome vesicles. Although liposomes are suitable to encapsulate nonpolar 
drugs in the hydrophobic bilayer of the vesicle, sometimes such drugs affect the 
integrity of these vesicles rendering them unsuitable for nonpolar drugs (Endo et al. 
2010). Wang et  al. (2017) synthesized a series of novel derivatives of EEDQ 
(N-ethoxycarbonyl-2-ethoxy-1, 2-dihydroquinoline), which showed significant 
anticancer activity. Using the Tf-modified liposomes as carriers, they could achieve 
successful delivery of therapeutic, which could improve tumor cell uptake and anti-
tumor effect.

2.4.2  Microemulsions

The term “microemulsion” (ME) refers to a thermodynamically stable and isotropi-
cally clear dispersion of two immiscible liquids, such as oil and water, which is 
stabilized by an interfacial film of surfactant molecules. As these molecules have 
both polar and apolar groups, they get adsorbed at the interface, where they can 
fulfill their dual affinity with the hydrophilic groups located in aqueous phase and 
with the hydrophobic groups in oil or air (Saini et al. 2014). The dispersed phase 
typically comprises of small particles or droplets, with a size range of 5 nm–200 nm, 
and has very low oil/water interfacial tension (Fig. 2.12). Because the droplet size is 
less than 25% of the wavelength of visible light, MEs are transparent. They are 
formed readily and sometimes spontaneously, generally without high-energy input. 
In many cases a co-surfactant or cosolvent is used in addition to the surfactant, the 
oil phase and the water phase (Saini et al. 2014). Their formation is facilitated by the 
ultralow interfacial tension of the component systems. Thus, they consist of aque-
ous and oily phases, and the disperse system is stabilized by the surfactant and co- 
surfactant components. MEs are thermodynamically stable (in contrast to emulsions) 
and exhibit characteristics of macroemulsion (particles can be measured with dif-
fraction of laser light) but sometimes behave as a real solution (active substances 
have a saturation solubility and do not show active substance distribution as in mac-
roemulsions). When MEs are added into water, their lipid phase precipitates to form 
small particles.

As one of their several important applications, MEs offer an efficient drug deliv-
ery system and enable the selective release of active pharmaceutical ingredients 
along specified lengths in the gastrointestinal tract by inverting a water-in-oil emul-
sion to an oil-in-water emulsion. MEs provide promising drug delivery systems due 
to their easy formulation, thermodynamic stability, and ability to facilitate delivery 
of lipophilic and hydrophilic drugs into the skin. The composition and quantities of 

M. Nasrollahzadeh et al.



51

the ME components, as also the included active substances, affect the droplet size, 
distribution, and viscosity of the ME. Their particle size (5–200 nm) enhances their 
penetration through cellular membranes, making them suitable as drug carriers. Due 
to the presence of amphipathic components in MEs, they are very good dissolving 
agents (Mocan 2013). The surfactant and co-surfactant may enhance drug penetra-
tion, disrupting the lipids of the stratum corneum (Juškait et al. 2015). The concept 
of ME was first introduced by Hoar and Schulman (1943) who developed the for-
mulation by dispersing oil in an aqueous surfactant solution and adding an alcohol 
as a co-surfactant.

2.4.3  Other Relevant Materials

Solid lipid nanoparticles (SLNs), introduced in 1991, represent an alternative car-
rier system to traditional colloidal carriers such as emulsions, liposomes, and poly-
meric micro- as well as nanostructures. This system is composed of nanosized 
spherical solid lipid particles, which are dispersed in water or some aqueous surfac-
tant solution. It resembles an oil-in-water emulsion for parenteral nutrition with the 
difference that the liquid lipid (oil) of the emulsion has been replaced here by a solid 
lipid (Bagul et al. 2018). SLNs are primarily made of a solid lipid core with a mono-
layer phospholipid shell. The solid state of the nanoparticulate matrix provides pro-
tection to chemically labile drugs and facilitates a prolonged drug release (Lin et al. 
2017). The solid core contains the drug dissolved or dispersed in the solid high- 
melting fat matrix. The hydrophobic chains of phospholipids are embedded in the 
fat matrix. They have the potential to carry lipophilic or hydrophilic drugs or diag-
nostics (Ramteke et al. 2012).

The SLNs (50–1000 nm) thus consist of physiologically tolerated lipid compo-
nents that remain in solid state at room temperature and are dispersed in water or in 
aqueous surfactant solution. They possess the characteristic positive traits including 
small size, large surface area, high drug loading, and the interaction of phases at the 
interface. Their hydrophobic core provides a suitable environment for entrapment of 
hydrophobic drugs to improve their bioavailability (Bagul et  al. 2018; Lingayat 
et  al. 2017). They resemble the other types of nanocarriers in being suitable to 
encapsulate nonpolar insoluble drugs in their polymeric core and shielding them 
from the outside environment, to increase drug stability and reduce its toxicity to the 
body (Fig. 2.12). Besides, they are easier to prepare and cheaper for the scale-up 
productions in comparison to other drug delivery systems. They ensure a sustained 
and slow release of the drug in the targeted site.

SLNs have certain advantage over other nano-delivery systems, e.g., they have 
lower chronic or acute toxicity, enhanced bioavailability and productivity, higher 
reproducibility, limited use of organic solvents in preparation, ability to protect lia-
ble drugs, possibility of incorporating both hydrophilic and hydrophobic com-
pounds, and ability to bypass the spleen or liver filtration for 120–200 nm particle 
size. Given this, the SLNs are most appropriate for oral delivery of phyto-bioactive 

2 Basic Chemistry and Biomedical Significance of Nanomaterials



52

compounds, such as curcumin, resveratrol, quercetin, and other polyphenols. 
However, the bulk release of such compounds in the stomach at a lower pH of about 
1–3 renders the SLN delivery system inadequate. To meet this challenge, SLNs are 
subjected to surface modification, and the surface-modified SLN (SMSLN) could 
improve the delivery output, preventing the high release of phyto-bioactive com-
pounds in the stomach (Ganesan et al. 2018).

Polymer nanoparticles, derived from biodegradable polymers, constitute a spe-
cial type of nontoxic drug delivery system. The special features of this system, 
besides nontoxicity, are biocompatibility, biodegradability, prolonged circulation, 
controlled release, and a broad payload spectrum of a therapeutic agent (El-Say and 
El-Sawy 2017). Polymer nanoparticles may carry sugars, proteins, and many other 
naturally occurring macromolecules. Of late, encapsulation of anticancer agents 
within the polyhydroxyalkanoates, poly-(lactic-co-glycolic acid), and cyclodextrin- 
based nanoparticles has been tried to target exactly the specific cancer sites (Masood 
2016).

Dendritic polymers and dendrimers belong to a special class of macromolecules 
composed of many monomer units that are chemically linked together (Fig. 2.12). 
They are good encapsulating agents for hydrophobic drugs due to their nonpolar 
core and are known for their structural perfection, water solubility, and monodisper-
sity (Núñeza et al. 2014). Dendrimers are nanosized, radially symmetric molecules 
having a well-defined homogeneous and monodisperse structure comprising of a 
typically symmetrical core, an inner shell, and an outer shell. All varieties of den-
drimers have the properties of polyvalency, solubility, self-assembling, electrostatic 
interactions, chemical stability, and low cytotoxicity (Abbasi et  al. 2014). 
Dendrimers and dendritic polymers with unique inherent supramolecular features 
and multivalent properties are most suitable carriers in the fields of gene and drug 
delivery and biomimicry. Whereas dendritic polymers do not have the perfect den-
drimer branched structure, they exhibit high surface functionality and are easy to 
produce. Dendrimer-based technologies provide a platform for mimicking the natu-
rally occurring biological assemblies to design synthetic alternatives in the field of 
nanomedicine (Kretzmann et al. 2017).

Inorganic nanoparticles are classified into three main classes, viz., transition 
metal NPs, ceramic NPs, and carbon NPs. Transition metal nanoparticles have many 
applications as drug carriers (e.g., application of gold NPs as shuttles for site- 
specific delivery of toxic drugs) and as drugs themselves when excited by light 
radiation to damage the DNA and/or modify proteins, promote lipid peroxidation, 
and destroy the cell microenvironment, causing cell death in cancer therapy 
(Fig. 2.12). Also, they are used for imaging in diagnosis as well as therapy monitor-
ing. Ceramic NPs are developed mostly from oxides, nitrides, and carbides with 
silica (SiO2) and used as hollow shells or cores coated with biodegradable and bio-
compatible polymers (Fig.  2.12). These surface modifications enable them to be 
used as targeted delivery systems (Veszelka et al. 2015).
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2.5  Preparation of Nanostructures for Use in Medicine

The mode of preparation has a role in determining the physicochemical characteris-
tics of the polymer and the drug to be loaded. The primary manufacturing methods 
of nanoparticles include:

2.5.1  Emulsion-Solvent Evaporation Method

This maximally used method of NP preparation comprises of (a) emulsification of 
the polymer solution into an aqueous phase and (b) evaporation of polymer solvent 
containing the polymer precipitation as nanospheres (Wang et al. 2016c). Finally, 
the NPs obtained are centrifuged and washed with distilled water to remove the pos-
sible contaminants and then lyophilized for storage (Fig. 2.13).

2.5.2  Double Emulsion and Evaporation Method

This method is suitable for encapsulating the hydrophilic drugs. It involves addition 
of aqueous drug solutions to organic polymer solution under vigorous stirring to 
form water/oil (w/o) emulsion, which is then added into a second aqueous phase 
with continuous stirring to form the w/o/w emulsion. Finally, the solvent is removed 
from this emulsion by evaporation, and NPs are isolated by centrifugation at high 
speed (Noviendri 2014) and washed thoroughly before lyophilization. The amount 
of hydrophilic drug to be incorporated, the concentration of stabilizer used, the 
polymer concentration, and the volume of aqueous phase are some variables that 
affect the characterization of NPs in this process (Fig. 2.14).

Fig. 2.13 Emulsion-solvent evaporation method (Wang et al. 2016c)
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2.5.3  Salting-Out Method

This method is based on separating the water-miscible solvent from aqueous solu-
tion. The polymer and the drug are initially dissolved in an emulsified media of an 
aqueous gel, containing an electrolyte or nonelectrolyte agent as the salting-out 
agent and a colloidal stabilizer (Wang et  al. 2016c). This water/oil emulsion is 
diluted with a sufficient volume of aqueous solution to enhance the diffusion of 
solvent into the aqueous phase to form the nanospheres (Fig. 2.15).

2.5.4  Emulsion-Diffusion Method

In this method, the encapsulating polymer is dissolved in a partially water-miscible 
solvent and saturated with water to achieve a thermodynamic equilibrium of both 
liquids (Fig.  2.16). Subsequently, the polymer-water saturated solvent phase is 
emulsified in an aqueous solution containing stabilizer based on the oil-to-polymer 
ratio, which leads to solvent diffusion to the external phase and the formation of 
nanospheres or nanocapsules (Esmaeili et al. 2013).

Fig. 2.14 Double emulsion and evaporation method. (Noviendri 2014)
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2.5.5  Solvent Displacement/Precipitation Method

Solvent displacement involves the precipitation of a polymeric organic solution and 
diffusion of an organic solvent in the aqueous medium, with or without a surfactant 
(Fig. 2.17). The polymers, drug, and lipophilic surfactant are dissolved in a polar 
water-miscible solvent such as acetone or ethanol. The solution is then transferred 
to an aqueous solution containing stabilizer under magnetic stirring to enable imme-
diate formation of NPs (Ezhilarasi et al. 2012).

2.6  Nanoencapsulation and Nanoencapsulated Materials

Nanoencapsulation is a technology used to encapsulate substances in miniature 
form and pack bioactive materials at the nanoscale range. Delivery of bioactive 
material to different sites within a body is affected by the particle size, and, there-
fore, nanoencapsulation has the potential to improve bioavailability and controlled 
release of bioactive compounds and ensure their precise targeting. The nanocarriers 
(NCs) thus produced (10–1000 nm) are expressed as nanocapsules and nanospheres. 
Nanocapsules are vesicular systems in which the bioactive compound is confined to 
a cavity surrounded by a unique polymer membrane, while nanospheres are matrix 
systems where the bioactive compound is uniformly dispersed (Suganya and 

Aqueous phase
surfactant and electrolyte

Organic phase
Solvent and polymer

Emulsification

O/W emulsion

Dilution with Distilled water

Raw Micro/nanoparticles

Fig. 2.15 The salting-out 
method. (Reproduced with 
permission from Wang 
et al. 2016c)
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Anuradha 2017). NCs protect their payload from premature degradation in the bio-
logical environment, enhance bioavailability, and prolong presence in blood and 
cellular uptake.

Recent nanoencapsulation methodology encompasses nanoemulsification, elec-
trospinning, electrospraying, formation of nanostructures via cyclodextrins, and 
synthesis of nanoliposomes, solid lipid nanoparticles, nanostructured lipid carriers, 
etc. (Jafari 2017). The selection of technique for NC synthesis is made according to 
the chemical structure of therapeutic agent, type of application, and time of reten-
tion inside the body. NCs of different dimensions can be synthesized by using dif-
ferent matrices. Size and size distribution of NCs affect their cellular uptake and 
penetration across the biological barriers. Size and surface chemistry of NCs 
 determine their in vivo performance. Drug release mechanisms can also be modu-
lated depending upon the nature of therapeutic agent and type of NCs (Kumari et al. 

Fig. 2.16 Emulsion-diffusion method. (Esmaeili et al. 2013)
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2014). The mononuclear phagocytic system (MPS) in the body recognizes NCs as 
foreign particles and rapidly removes them from the systemic circulation. Given 
this, if a prolonged presence of NCs in blood is desired, surface of NCs has to be 
modified to avoid phagocytosis. Surface modification of NCs is conducted either by 
tagging ligand or hydrophilic polymers on their surface. Further, surface charge is 
another important factor that affects the cellular response of NCs. In general, NCs 
with cationic charge are taken up readily by negatively charged cell membranes, 
compared to neutral or positively charged ones (Kumari et al. 2014).

The encapsulated material is concerned with the internal phase, core material, 
and filler. Particle size is also an important factor for the formulations of encapsu-
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Fig. 2.17 The solvent displacement/precipitation method (Ezhilarasi et al. 2012)
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lated materials. Core materials used for nanoencapsulation are lipophilic (soluble in 
lipids and organic solvents but insoluble in water) as well as hydrophilic (soluble in 
water but insoluble in lipids and organic solvents) compounds. Lycopene, beta- 
carotene, lutein, phytosterols, and docosahexaenoic acid are examples of lipophilic 
compounds, whereas ascorbic acid and polyphenols, etc. represent hydrophilic 
compounds (Suganya and Anuradha 2017). The commonly used materials are 
polymer- based, solid lipid-based, inorganic porous-based, and clay-based nanoma-
terials (Nuruzzaman et al. 2016), as depicted in Fig. 2.18.

Biodegradable polymers are frequently used to produce nanosized controlled 
release drug formulations. Active ingredients are encapsulated as polymer nano-
composites in which nanofillers are dispersed within the polymer matrix (Mora- 
Huertas et  al. 2010). Produced by green sources, these structures are 
environment-friendly and do not form any degradation by-products. The majority of 
these formulations are designed for oral administration, though recently such 
devices have also been introduced for parenteral administration, ocular insertion, 
and transdermal application. Natural polymers include protein-based polymers 
(collagen, albumin, gelatin) and polysaccharides (alginate, cyclodextrin, chitosan, 
dextran, agarose, hyaluronic acid, starch, cellulose), whereas biodegradable syn-
thetic polymers include several polyesters, polyanhydrides, polyamides, 
 phosphorus- based polymers, and many others such as polycyanoacrylates, polyure-
thanes, and polyacetals (Gavasane and Pawar 2014). Synthetic polymers are pre-
ferred over the natural ones because the latter suffer from some disadvantages, such 
as microbial contamination, climate-based batch-to-batch variation, and uncon-
trolled rate of hydration, while the former are free from these defects (Shah et al. 
2011).

Lipid-based nanovectors (liposomes) are among the best delivery systems with 
better encapsulating efficiency and low toxicity. They have great potential to encap-
sulate the ingredients having various polarities and simplify the in vivo dispersion 
and absorption of the bioactive compounds (Aina et al. 2007). Of the various types 
of lipid-based NMs, nanoliposomes and solid lipid NPs have already established 
their suitability to encapsulate active ingredients. Lipids, especially charged lipids, 

Nano-encapsulation materials

Polymer-based Lipid-based Clay-based

Clay materials
Layered double
hydroxides

Porous
inorganic

Nanocapsules
Nanospheres
Micelles
Nanogels

Liposomes
Solid-lipid NPs

Mesoporous 
silica NPs
Porous hollow 
silica NPs

Fig. 2.18 Various types of nanoencapsulation materials and the structures they produce
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are used to design NPs characterized by a core-shell structure, wherein a lipid shell 
interacts with a core having different biomaterials. Drugs carrying a net charge can 
be condensed in the core, which is then covered by the lipid shell. This approach 
works well with the delivery of macromolecular drug (e.g., nucleic acids) and small 
molecules (e.g., bisphosphonates) (Campani et al. 2018).

Inorganic porous nanomaterials have also attracted the interest of researchers as 
being highly capable of encapsulating the bioactive compounds. In fact, the poly-
meric nanoencapsulated materials suffer from various limitations such as poor ther-
mal and chemical stability, rapid elimination of the plant enzyme system, degradation 
of some polymers obtained during the formation of acidic monomers, and decreased 
pH value within the polymer matrix. In comparison to polymeric nanoencapsulated 
materials, these inorganic materials offer a nontoxic, biocompatible, and stable 
alternative and have been used for controlled release applications (Hillyer and 
Albrecht 2001, Lao et al. 2010).

Both natural and synthetic nanoporous materials consist of pores with diameter 
roughly in the range 0.4–100 nm and are classified on the basis of their pore size as 
microporous (≤2 nm), mesoporous (2–50 nm), and macroporous (>50 nm) materi-
als. Utilization of the pores in impregnation of nanoparticles/proteins/ions or in 
transporting the latter across the pores of membranes is of practical and scientific 
interest. Their surface area design and pore size determine their applications in 
diverse areas such as fuel cells, solar cells, Li-ion batteries, super capacitors, hydro-
gen storage, catalysis, gas purification, separation technologies, drug delivery, and 
cell imaging. Typical examples of nanoporous solids are zeolites, activated carbon, 
metal-organic frameworks, ceramics, silicates, aerogels, pillared materials, various 
polymers, and inorganic porous hybrid materials. Zeolites and mesoporous silica 
have come up as important materials for applications in drug delivery and imaging. 
Properties of biocompatibility, low toxicity, large surface areas, and their ability to 
control the physicochemical properties make them especially apt for biomedical 
applications (Datt et al. 2012; Bhaumik 2017).

These porous nanomaterials can be synthesized by using inorganic, organic, or 
organic-inorganic hybrid framework building units/metal ions with or without using 
template molecules as the structure-directing agents. Historically, the field has 
evolved from synthetic Al-rich zeolites, followed by high-silica zeolites and then 
metallosilicates, followed by aluminophosphates, mesoporous silica, and a range of 
allied mesoporous materials. The development of periodic mesoporous organosili-
cas (PMOs), mesoporous carbons, metal-organic frameworks (MOFs), zeolitic 
imidazolate frameworks (ZIFs), porous organic polymers (POPs), covalent organic 
frameworks (COFs), and porous metal phosphates/phosphonates has added further 
dimensions to the family of porous nanomaterials. Their pore topologies, sizes, and 
surfaces can be tuned as per the requirement (Bhaumik 2017).

The use of various inorganic nanoparticles as drug carriers is becoming increas-
ingly common. The functionality of nanocarriers in real-life environments explains 
the enthusiasm for their use. However, the foremost consideration regarding the use 
of NMs in medicine pertains to their safety. Several functionalities are typically 
added onto nanocarriers, but the most crucial feature to be administered is that they 
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should possess a long residence time in blood circulation. This sufficiently relates to 
their coatings because it is the outmost layer which dictates their first interactions 
with the surroundings and often determines their biofate (Tamarov et al. 2018). The 
use of porous inorganic nanoparticles as drug carriers for cancer therapy has the 
potential to improve the life expectancy of the patients affected by this disease. 
However, much work is needed to overcome their drawbacks, which are aggravated 
by their hard nature (Baeza et al. 2017).

Nanoclays provide opportunities for developing economical and multifunctional 
nanocarriers. Functionalization of clay nanoparticles with different polymers and 
surfactants is essential to manipulate the electrostatic interactions between chemical 
loading and clay particles (Zhang et al. 2013). Nanoclays are naturally occurring 
clay minerals with at least one dimension in the range of 1–100 nm. These are found 
in the form of anionic as well as cationic clays, depending on the surface-layer 
charge and the types of interlayer ions. Montmorillonite, kaolinite, laponite, halloy-
site, bentonite, hectorite, laponite, sepiolite, saponite, and vermiculite are among 
the major nanoclays (Peña-Parás et al. 2018). Nanoclays are used widely as rein-
forcements for polymer matrix composites to improve the mechanical, thermal, and 
anticorrosion properties. Because of being nontoxic, nanoclays and their compos-
ites have been studied for biomedical applications such as bone cement, tissue engi-
neering, drug delivery, wound healing, and enzyme immobilization, among others 
(Dasan 2015; Peña-Parás et al. 2018).

2.7  Medical Significance of Nanostructures

Nanotechnology-enabled drug delivery has created a great impact on every mode of 
drug administration, from oral to injectable. The nanotechnology-based drugs are 
able to permeate through cell walls. In various bone disorders, such as bone frac-
tures, osteoarthritis, osteoporosis, or bone cancers, the traditional implant materials 
have a short lifetime and resistance inside the body and are affected by the loosen-
ing, inflammation, infection, osteolysis, and wear debris side effects. In fact, the 
bone is a nanocomposite consisting of a nano-dimension protein-based soft hydro-
gel template, water, and hard inorganic components such as hydroxyapatite, HA 
(20–80 nm long and 2–5 nm thick). This self-assembled nanostructure closely sur-
rounds and affects the mesenchymal stem cell; osteoblast (bone-forming cell), 
osteoclast, and fibroblast adhesion; proliferation; and differentiation (Wang et al. 
2016b). Another bone structure composed of nanosystems is the cartilage, which is 
a low regenerative tissue, containing a small percentage of chondrocytes but dense 
nanostructure rich in collagen fibers, proteoglycans, and elastin fibers. The limited 
regenerative capacity of cartilage relates to the lack of chondrocyte mobility in this 
dense nanostructure and to the absence of progenitor cells and vascular networks 
necessary for an efficient tissue repair (Wang et al. 2016b). The excellent mechani-
cal and biomimetic properties of nanostructures have rendered them suitable for 
improving the bone cell and chondrocyte functions.
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Due to their biocidal, anti-adhesive, and delivery characteristics, nanomaterials 
prevent the formation of biofilms within the oral cavity. Metal NPs in the size range 
of 1–10 nm have particularly shown significant biocidal activity against bacteria. 
The most common NPs used for orthodonticsapplications are those of Ag, Cu, Au, 
Zn, TiO2, magnetite chitosan, quaternary ammonia NPs, fluorapatite, fluorohy-
droxyapatite, or hydroxyapatite (Khurshid et  al. 2015). The success of various 
forms of NPs (including liposomes, polymer particles, micelles, dendrimers, quan-
tum dots, gold NPs, and carbon nanotubes) that have been synthesized and tested 
for therapeutic applications depends primarily on their ability to avoid/minimize 
accumulation at undesired sites and reach the therapeutic site at necessary doses. In 
fact, their ultimate biodistribution is dependent on a variety of biological barriers 
they come across in the human body. For intravascular delivery of NPs, for instance, 
the barriers arise in the form of (a) immune clearance in the reticuloendothelial 
system comprising of the liver and spleen, (b) permeation across the endothelium in 
the target tissues, (c) penetration through the dense interstitial space and extracel-
lular matrix of the target tissue, (d) endocytosis and intracellular localization in the 
target cells, and (e) diffusion in the cell vesicles and cytoplasm/nucleus (Barua and 
Mitragotri 2014). The alternative modes of NP penetration into the human body are 
mainly through the skin, lungs, and gastrointestinal (GI) tract (Yah et  al. 2011; 
Wang and Wang 2014; Riasat et al. 2016).

The skin, the outermost and the largest organ surface, functions as the first-line 
barrier between the external environment and the internal organs of the human body. 
With increasing exposure of the human skin to NPs, the issue of the capacity of NPs 
to penetrate through the skin has become a crucial subject of research (Liang et al. 
2013). NP penetration through the skin barrier depends on their size; particles of 
500–1000 nm can penetrate to lower levels of the human skin in which the smaller 
particles penetrate deeper (Ryman-Rasmussen et al. 2007; Nasir 2010). Given the 
potential of solid NPs to penetrate the stratum corneum and diffuse into the underly-
ing structures, their topical use raises a genuine health and safety issue (Wang and 
Wang 2014). These ultrafine particles can enter the body through skin pores, debili-
tated tissues, injection, and the olfactory, respiratory, and intestinal tracts and may 
lead to various adverse biological effects. Some efforts have been made to  determine 
the portal routes of nanoscale materials on experimental animals (Yah et al. 2011; 
Lin et al. 2016).

The skin is known to protect the body by resisting the penetration of molecules 
and microorganisms present in the external environment and preventing excessive 
loss of water to maintain homeostasis. The main resistance comes from the stratum 
corneum, which is made of layers of flattened corneocytes surrounded by lipid 
bilayers composed of ceramides in particular. However, this also resists penetration 
of most of the topically applied compounds, although the transcellular route through 
corneocytes may help to some extent. Hair follicles and associated sebaceous glands 
as well as sweat glands, despite forming a minute portion (nearly 0.1%) of the total 
area of skin surface, provide potential routes of access into the skin and hence have 
importance for nanosystems (Nastiti et al. 2017).
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Microemulsion (ME) and nanoemulsion (NE) have also been used as the potential 
delivery vehicles for transferring drug molecules through the stratum corneum. 
Terminology suggests that NE should have a smaller particle size than ME, as nano 
and micro refer to 10−9 and 10−6, respectively, but in fact the size range of the two 
systems is hardly different. Further, both have a low polydispersity (up to nearly 
10%) and are similar in physical appearance and texture. However, while ME shows 
thermodynamic stability, NE is thermodynamically unstable but kinetically stable 
(McClements 2012; Gupta et al. 2016). Moreover, ME is broken by changes in tem-
perature and/or dilution, whereas NE remains stable. So, the basic difference between 
NE and ME pertains only to their thermodynamic stability, the same being respon-
sible for the higher energy input required for NE preparation (Nastiti et al. 2017).

Currently, lung ailments such as cystic fibrosis, COPD, and asthma are treated 
with inhaled drugs such as corticosteroids that adhere to the walls of air passages. 
Various polymeric nanoparticles, such as liposomes and dendrimers, among others, 
are now used as carriers, sometimes in combination with small molecules, cytokines, 
growth factors, and/or pluripotent stem cells. Thick mucus often built up on the route 
passages lessens the effectiveness of the delivery system of these muco- adhesive 
particles (MAPs). The hydrophobic and electrostatic forces within this mucus layer 
facilitate trapping of particles and preventing their access to the airway epithelium. 
Proper size and charge of NPs help overcome this challenge. Coating the NPs with a 
high density of low molecular weight polyethylene glycol (PEG) renders their sur-
face neutrally charged, thus improving their transport across the mucus layer (Bonner 
2016). Recently, researchers turned to NPs that are small enough to make their way 
through mucus membranes direct to the lining of the lungs, providing medication to 
affected areas. These mucus-penetrating particles (MPP) remain in the lungs for 
long, releasing medication for an extended period of time (Iyer et al. 2015; Schneider 
et al. 2017). Aerosolization or inhalation of colloidal systems has shown huge poten-
tial for targeted drug delivery. Moreover, the surfactant-associated proteins present at 
the interface strengthen the impact of these formulations by reducing surface tension 
(Paranjpe and Müller-Goymann 2014; Yeagle 2017).

On the other hand, certain NPs such as ceria (cerium dioxide NPs) could cause 
mitochondrial damage leading to a decrease in cell viability and a progress of apop-
tosis and induce autophagy in human peripheral blood monocytes (Hussain et al. 
2012). Likewise, TiO2nanoparticles could induce oxidative stress-mediated acute 
lung inflammation. Similarly, pulmonary exposure to ZnO NPs might cause tran-
sient increases in acute lung inflammation (Xia et al. 2016). Surface area of NPs and 
their dissolution property are important in deciding their toxic potential. Thus, tox-
icity caused by the ultrafine NP penetration to the lungs, if any, merits special atten-
tion. Exposure to NPs in occupational or environmental settings often causes 
pulmonary diseases or exacerbates the preexisting ones on one hand, while the same 
NPs prove highly useful for therapeutic applications in nanomedicine, on the other.

The gastrointestinal (GI) tract offers extensive surface area (300–400  m2) for 
drug absorption by absorptive epithelial cells (enterocytes). It contains many other 
types of cells including mucin-secreting goblet cells, specialized M cells associated 
with Peyer’s patches responsible for antigen transportation through dendritic cells, 
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endocrine cells, and Paneth cells, which may facilitate the process of drug absorp-
tion. However, many hydrophobic and hydrophilic drugs have poor bioavailability, 
when administered orally, due to their inadequate physicochemical (solubility, sta-
bility) and/or biopharmaceutical (permeability, metabolic stability) properties. Oral 
delivery is even more challenging for biologics (e.g., peptides, proteins, and nucleic 
acids) due to their hydrophilicity (leading to low permeability), high molecular 
weight, and poor chemical/enzymatic stability in the GI tract (Date et  al. 2016). 
Penetration of NPs into the human body through intestinal barrier depends strongly 
on their size; the smaller the particle diameter, the faster they could penetrate the 
mucus to reach the colonic eutrocytes; 14 nm diameter permeated within 2 min, 
415 nm particles took 30 min, while 1000 nm particles were unable to cross this 
barrier (Hillyer and Albrecht 2001).

Due to the presence of marked physiological and biochemical barriers to peptide 
absorption in the GI tract, oral delivery of peptide drugs remains a challenge. Nano 
formulations can improve drug stability in the harsh GI tract environment, increas-
ing drug solubility and bioavailability, enabling the targeting of specific sites, and 
providing sustained release in the GI tract. However, the unique and diverse physi-
ology along the GI tract, including the widely varying pH, mucus that varies in 
thickness and structure, and numerous cell types, forms a significant barrier to 
effective delivery (Date et al. 2016; Riasat et al. 2016). Especially designed NPs, 
which may be able to (i) protect their cargo against enzymatic breakdown in the gut 
lumen and by intestinal cells, (ii) take the peptide safe across the mucus barrier, and 
also (iii) pass the intestinal epithelium that lines the intestinal lumen, are expected 
to deliver goods. To overcome the problem, absorption enhancers have been incor-
porated in many oral peptide delivery systems. Efforts have been made in pharma-
cological trials to adopt the paracellular route via tight junctions and the transcellular 
transcytosis route to pass the epithelial layer. Tight junctions can be modulated by 
MLC phosphorylation via MLCP inhibition, resulting in significant absorption of 
peptides. The transcellular pathways via relatively well-explored transcytotic path-
ways (as those for vitamin B12 and IgG) have proved promising for the oral  delivery 
of peptides encapsulated in NPs (Lundquist and Artursson 2016). However, it is to 
be seen how far the promising results observed with tight junction regulation and 
transcytosis in small animals can be applicable to humans. It is believed that muco- 
adhesive surface properties on particles delivered to the GI tract improve oral 
absorption or local targeting of various difficult-to-deliver drug classes. Delivering 
drugs in non-muco-adhesive MPP might provide enhanced particle (drug) distribu-
tion in the GI tract (Maisel et al. 2015).

2.8  Conclusion

Besides the important role of size in nanosystems, the chemical properties of NMs, 
such as composition, structure, and molecular weight, determine their effectively 
significant roles vis-à-vis human health. Further, their applications as drug delivery 
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systems and their potential for diagnosis and therapy are the major tools in nano-
medicine. The nanosized systems are vital factors in developing the intracellular 
systems, architecting the biomimetic polymers, and controlling the delivery and 
action of advanced polymers in bio-systems for therapeutic purposes. In conclusion, 
it can be genuinely expected that a variety of nanostructures, with their unique phys-
ical and chemical properties, are likely to bring a great revolution in the field of 
medicine and healthcare, provided serious investigations are undertaken to under-
stand the various apparent and hidden aspects of their toxicity and its adverse effects 
on the human biological systems.
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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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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), 
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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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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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Chapter 4
Green Synthesis of Gold Nanoparticles 
by Using Natural Gums

Alle Madhusudhan, Ganapuram Bhagavanth Reddy, 
and Indana Murali Krishana

4.1  Introduction

Nanomaterials are cornerstones of nanoscience and nanotechnology, which consti-
tute an interdisciplinary field that uses principles of chemistry, biology, physicsand 
engineering to design and fabricate nanoscale materials (Farokhzad and Langer 
2009; Husen and Siddiqi 2014a, b, c; Siddiqi and Husen 2016a, b, c, d, 2017a, b; 
Siddiqi et al. 2016, 2018a, b). It has already caused a significant commercial impact, 
which will surely increase in the near future. Nanoscale materials are defined as a 
set of substances where at least one of their dimensions is less than 100 nm. Metallic 
nanoparticles (NPs) are definitely among the most widely studied systems in the 
modern nanoscience (Mirkin 2005) due to the fact that metals often have totally 
different properties when brought down to the nanometer dimensions. Metal NPs 
are important due to their extreme small size and large surface-to-volume ratio, 
which make them differ in properties from their native metals (Daniel and Astruc 
2004; Bogunia-Kubik and Sugisaka 2002; Zharov et al. 2005). The design and man-
ufacture of inorganic nanomaterials with novel applications can be achieved by con-
trolling the size and shape at nanoscale. Nanoparticles (NPs)  exhibit shape- and 
size-dependent properties, which are suitable for various applications such as 
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antimicrobial activity, chemical sensors, catalysis, drug delivery systems, filters and 
medical radiographic images. Because of their biocompatibility, stability, nontoxic-
ity and oxidation resistance, gold nanoparticles have a specific significance in bio-
medical applications and in the emerging interdisciplinary fields of science (Husen 
2017; Siddiqi and Husen 2017a). They show distinguished surface plasmon reso-
nance (SPR) absorption properties, which are strongly related to their size, shape 
and interparticle distance. Their large surface-to-volume ratio can become a basis 
for a large variety of catalytic applications (Corma and Serna 2006; Dimitratos et al. 
2012). For example, they exhibit (a) catalytic reduction in the gas-phase selective 
hydrogenation of 1,3-butadiene to butane, (b) catalytic reduction of 4-nitrophenol 
and hexacyanoferrate (III) by sodium borohydride, and (c) the Suzuki−Miyaura 
cross-coupling reaction (Bond and Sermon 1973; Sermon et al. 1979; Atnafu et al. 
2016; Jie et  al. 2009). Nanomedicine involves extensive use of gold NPs and 
nanorods for diagnosis and therapeutic purposes (Siddiqi and Husen 2017a; Llevot 
and Astruc 2012; Sánchez et al. 2012) as carriers for delivering drugs, antigens and 
genetic materials to targeting sites without any side effects (Madhusudhan et  al. 
2014; Dykman and Bogatyrev 2007; Pissuwan et al. 2011) and as drugs or diagnos-
tic tools in the therapy of tumors and rheumatoid arthritis (Bhattacharya and 
Mukherjee 2008; Brown et al. 2008). They also find application in electronics, pho-
tonics, sensing and imaging (El-Sayed 2001; Husen and Siddiqi 2014b).

Among the various ways to synthesize AuNPs, the most common are the reduc-
tion of gold ions with reducing agents such as sodium borohydride, hydrazine, N,N- 
dimethylformamide, citrate, or other organic compounds (Zhang and Wu 2010; 
Rivas et al. 2001) followed by surface modification with a suitable capping agent to 
prevent aggregation of particles by electrostatic or physical repulsion (Erik et al. 
2012). However, the use of such reducing agents may show environmental toxicity 
or pose biological risks. Therefore, utilization of nontoxic chemicals, environmen-
tally benign solvent (water) and renewable materials (plant products), agriculture 
waste (banana peel) and/or living organisms (viruses, bacteria, fungi, algae), which 
would decrease the carcinogenic chemical waste and prevent pollution, are some of 
the key issues in the green chemistry research (Dahl et al. 2007; Siddiqi et al. 2016). 
The use of plant-based biomaterials or biomolecules to synthesize AuNPs is 
expected to cause a minimum quantity of hazardous waste and consume less energy, 
compared to the chemical synthesis methods.

Biosynthesis of AuNPs and gold nanorods (AuNRs) has several advantages such 
as simplicity and biocompatibility. Biomolecules act as the reducing and capping 
agents in the large-scale commercial production of AuNPs. Biosynthesis of AuNPs 
using naturally occurring gums has proved to be cost-effective, nontoxic and eco- 
friendly. Plant extracts, such as natural gums, may act as both the reducing and 
capping agents in AuNP synthesis.

Natural gums are considered to be the pathological products that ooze out fol-
lowing injury to the plant. Gums are hydrocolloids, which are hydrophilic in nature. 
These are effective water adsorbents and may be solubilized by water, producing 
viscous aqueous systems. On hydrolysis, gums yield a mixture of sugars and uronic 
acids (Choudhary and Pawar 2014). Most of them are heterogeneous  polysaccharides 
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with complicated structures, which would vary depending on the source and their 
age and possess extremely high molecular masses. Owing to the presence of a large 
number of hydroxyl groups, water is bonded inside the molecular structure by 
hydrogen bonding and additionally within the voids created by the complex molec-
ular configuration. Therefore, it is not possible to provide defined structural formu-
lae of these biopolymers (Rana et al. 2011). Linear polysaccharides occupy extra 
space than the highly branched compounds of a similar mass.

Generally, gum exudates contain galacturonic acid, arabinose, uronic acids, 
galactose, rhamnose, protein, Mg and Ca as the major structural constituents and 
also mannose, glucose, protein, xylose and fat as the minor constituents. Natural 
gums are biodegradable, biocompatible, nontoxic, environment-friendly, having a 
low-cost and processing edible sources. Gums of different sources and their deriva-
tives, represent a distinct group of polymers widely used in food industry, pharmacy 
and medicine and in the manufacture of cosmetics, textiles, adhesives, lithography, 
paints and paper (Bhardwaj et al. 2000; Rana et al. 2011; Mirhosseini and Amid 
2012; Ibrahim et al. 2010; Prajapati et al. 2013a, b).

The plant-based naturally occurring gums, such as gum kondagogu, gum karaya, 
gum tragacanth, gum arabic, gum salmalia, guar gum, locust bean gum, gellan gum, 
xanthan gum, olibanum gum, gum katira, gum ghatti, bael gum and Prunus domes-
tica gum, are used as the reducing and capping agents for fabrication of platinum, 
silver, gold and palladium NPs through green synthesis (Reddy et al. 2015a, b, c, 
2017; Dhar et al. 2011; Atnafu et al. 2016; Saikat et al. 2012; Alam et al. 2017; Wu 
and Chen 2010; Pandey et al. 2013; Pooja et al. 2014; Rao et al. 2017; Huang et al. 
2007a, b). Natural gums contain specific functional groups, such as -OH, -NH2, 
-CHO, -CONH2,-COOH, etc., which help in surface stabilization of NPs better than 
in other biological syntheses. Biosynthesis of AuNPs of various shapes and sizes by 
using various natural gums is shown in Table 4.1. The long polymer chain restricts 
the process of agglomeration of NPs. Therefore, NPs biosynthesized with natural 
gums were more stable through several months. The NPs stabilized with naturally 
occurring gums are harmless to cells and suitable for safe delivery of drugs, cancer 
detection and bio-imaging (Wu et al. 2006; Pooja et al. 2015). The attributes such as 
biocompatibility and antibacterial activity render the gold and silver NPs suitable as 
coating material in food packing and biomedical engineering. The present chapter 
is focused on green synthesis of AuNPs using natural gums and on their diverse 
applications.

4.2  Description of Various Gums

Gum kondagogu is a naturally available polysaccharide component extracted from 
the bark of Cochlospermum gossypium DC (family Bixaceae). It is made up of sug-
ars such as galactose, arabinose, mannose, glucose, gluconic acid, rhamnose and 
galacturonic acid with sugar linkage of (1 →  6) β-D-Gal p, (1 →  2) β-D-Gal p, 
(1 → 2) α-L-Rha, 4-O-Me-α-D-Glc p A, (1 → 4) β-D-Glc p and (1 → 4) α-D-Gal p 
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A. It is an acidic gum and has carboxylic acid, acetyl, hydroxyl, and carbonyl groups 
as the major functional groups (Kumar and Ahuja 2012).

Gum karaya obtained from Sterculia urens Roxb. (family Sterculiaceae) is a 
highly branched acidic polysaccharide. The carbohydrate structure has the main 
chain of rhamnogalacturonan consisting of α-(1 → 4)-linked D-galacturonic acid 
and α-(1  →  2)-linked L-rhamnosyl residues. The side chain is composed of 
(1 → 3)-linked β-D-glucuronic acid, or (1 → 2)-linked β-D-galactose on the galact-
uronic acid unit, where one-half of the rhamnose is substituted by (1 → 4)-linked 
β-D-galactose (Galla and Dubasi 2010).

Gum tragacanth (GT) is a natural gum obtained from dried sap of several species 
of the genus Astragalus (e.g., A. tragacantha, A. adscendens, A. gummifer and A. 
brachycalyx). The gum contains pectinaceous arabinogalactans and fucose- 
substituted xylogalacturonans. It is a heterogeneous and acidic polysaccharide, 
which contains a mixture of two polysaccharides, of which the water-soluble com-
ponent is called tragacanthin and the acidic water-swellable component is called 

Table 4.1 Gold nanoparticles of various size and shape synthesized by using the naturally 
occurring gums

Gum Size Shape Reference

Bael gum 2 μm to 90 nm Triangular Subramanian et al. (2016)
Carboxymethyl
Gum karaya

14 ± 2 nm Spherical Reddy et al. (2017)

Gellan gum 13 ± 1 nm Spherical Dhar et al. (2008)
Gellan gum 14 nm Spherical Dhar et al. (2011)
Gellan gum 47 ± 10 nm Nanorods Vieira et al. (2015)
Gum acacia 4–29 nm Spherical Reddy et al. (2015b)
Gum arabic 10 ± 2 nm Spherical Kattumuri et al. (2007)
Gum arabic 21.1 ± 4.6 nm Spherical Wu and Chen (2010)
Gum arabic 1.6 ± 0.7 nm Spherical Liu et al. (2013)
Gum arabic 4.045 ± 0.99 nm Spherical Joshita et al. (2014)
Gum arabic Average size 5.5 nm Spherical Thanaa et al. (2015)
Gum ghatti 30 ± 1.2 nm Spherical Alam et al. (2017)
Guar gum ∼6.5 nm Spherical Pandey et al. (2013)
Gum karaya 5.0 ± 1.2 nm Spherical Padil and Černík (2015)
Gum karaya 12 ± 2 nm Spherical Pooja et al. (2015)
Gum kondagogu 7.8 ± 2.3 nm Spherical Vinod et al. (2011)
Gum kondagogu 12 ± 2 nm Spherical Reddy et al. (2015a)
Gum kondagogu 4.08–12.73 ± 0.75 nm Spherical Selvi et al. (2017)
Katira gum ∼6.9 nm Spherical Saikat et al. (2012)
Locust bean gum 16 ± 3 nm Spherical Tagad et al. (2014)
Olibanum gum 3 ± 2 nm Spherical Atnafu et al. (2016)
Prunus domestica gum 7–30 nm Spherical Islam et al. (2017)
Salmalia malabarica gum 12 ± 2 nm Spherical Reddy et al. (2015c)
Tamarind gum 50–150 nm Spherical Biswala et al. (2013)
Xanthan gum 15–20 nm Spherical Pooja et al. (2014)
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bassorin. The water-soluble tragacanthin is a neutral, highly branched arabinogalac-
tan comprising (1 → 6)- and (1 → 3)-linked core chain with galactose and arabinose 
units and side groups of (1 →  2)-, (1 →  3)- and (1 →  5)-linked arabinose units 
occurring as monosaccharides or oligosaccharides. Bassorin, a pectic component, 
has a chain of (1 → 4)-linked α-D-galacturonic acid units, some of which are sub-
stituted at O-3 with β-D-xylopyranosyl units and some are terminated with D-Gal or 
L-Fuc (Kora and Arunachalam 2012).

Gum arabic, obtained from Acacia nilotica (L.) Willd. ex Delile (family 
Mimosaceae), is a slightly acidic or neutral polysaccharide complex obtained as a 
mixed magnesium, potassium and calcium salt. The backbone consists of 
1 → 3-linked β-D-galactopyranosyl units, and the side chains contain units of β-D- 
glucuronopyranosyl, α-L-rhamnopyranosyl, α-L-arabinofuranosyl and 4-O-methyl- 
β-D-glucuronopyranosyl (Dror et al. 2006).

Gum salmalia extracted from the plant Bombax ceiba L. (former Salmalia mala-
baricum) (family Bombacaceae). On hydrolysis, it shows the presence of various 
sugars such as L-arabinose, D-galactose, D-galacturonic acid, rhamnose, thiamine, 
riboflavin, 2,3,5-tri- and 2,5-di-O-methyl-L-arabinose and 2,3,4,6-tetra-,2,6-di- and 
2,4-di-O-methyl-D-galactose (Das et al. 1990).

Guar gum (GG) is a non-ionic edible polysaccharide derived from the seeds of 
Cyamopsis tetragonolobus (L.) Taub. (family Fabaceae). It consists of linear chains 
of (1, 4)-β-D-mannopyranosyl units with α-D-galactopyranosyl units attached via 
(1 → 6) linkages (Dodi et al. 2011).

Locust bean gum (LBG) is extracted from the endosperms of hard seeds of the 
locust bean tree, Ceratonia siliqua L. (family Fabaceae). It is a non-starch polysac-
charide and polyhydroxylated biopolymer consisting of galactomannan units with 
mannose backbone and galactose units as single side chain (Dey et al. 2011).

Xanthan gum (XG) is a natural extracellular polysaccharide derived from a cab-
bage plant bacterium, known as Xanthomonas campestris, which is an anaerobic, 
gram-negative rod made up of penta saccharide repeat units, comprising glucose, 
mannose and glucuronic acid in the molar ratio 2.0:2.0:1.0 (Maity and Sa 2014).

Olibanum gum (OG) is obtained from Boswellia serrata Roxb. (family 
Burseraceae). Its chemical composition depends on its three principal areas of ori-
gin, Eritrea, Aden/Somalia, and India, which contains approximately 20–30% poly-
saccharides, 13–17% acid resin, 3–8% volatile oil and 40–60% boswellic acid (Kora 
et al. 2012).

Gellan gum (GG) is an anionic polysaccharide produced by a microorganism 
Sphingomonas elodea. It has a tetrasaccharide repeating unit composed of 
(1–4)-α-L-rhamnose, (1–4)-β-D-glucose and (1–3)-β-D-glucose and (1–4)-β-D- 
glucuronic acid as the backbone (Ahuja et al. 2013).

Katira gum (KG) is exuded from the Cochlospermum religiosum L. (Alston) 
(family Bixaceae) and consists of L-rhamnose, D-galactose and D-galacturonic acid 
in a molar ratio 3:2:1, together with traces of a ketohexose (Ojha et al. 2008).

Bael gum (BG) is obtained from fruits of Aegle marmelos L.  Correa (family 
Rutaceae). Purified bael gum polysaccharides contain D-galacturonic acid (7%), 
L-arabinose (12.5%), D-galactose (71%) and L-rhamnose (6.5%) (Arati et al. 1976).
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Prunus domestica gum (PDG) is isolated from the plum tree (Prunus insititia L. 
of the family Rosaceae) and contains L-arabinose, D-galactose and D-mannose, in 
a molar ratio of 3:2:1 and 3% of D-xylose (Islam et al. 2017).

4.3  Synthesis of AuNPs

In general, bioreduction of Au3+ with gum solution to form a ruby red color solution 
indicates the formation of AuNPs (Punuri et al. 2012). The size, shape, and mor-
phology of AuNPs depend on the (i) concentration and volume of HAuCl4 and gum, 
(ii) reaction time and (iii) pH medium of the solution. Brief procedure for fabrica-
tion of AuNPs involves mixing of various concentrations of gum solution with ali-
quot amount of precursor (HAuCl4). The mixture is subjected to autoclaving or 
microwave irradiation or direct heating or ultra-sonication. The color of the resul-
tant changes from yellow to ruby red indicating the formation of AuNPs, as depicted 
in Fig. 4.1. The major advantage of gum-capped AuNPs is that these NPs are more 
stable for several months without aggregation, owing to the presence of multifunc-
tional groups and possess negative surface which acts as a stabilizing agent.

Dhar and his group demonstrated synthesis of AuNPs with gold ion solution 
heating with gellan gum; pH of the solution was adjusted to 11–12 with NaOH to 

Fig. 4.1 Schematic representation of fabrication of AuNPs by using natural gums, their character-
ization and applications

A. Madhusudhan et al.



117

yield ruby red AuNPs. Formation of AuNPs was confirmed by UV-Vis absorbance 
maximum at 520 nm. The TEM image reveals that NPs are well-dispersed with nar-
row size distribution and an average size of 13 ± 1 nm (Dhar et al. 2011). The SAED 
pattern of the AuNPs is indexed to the 111, 200, 220 and 311 Bragg reflections 
which represents a face-centered cubic (fcc) structure (Dhar et  al. 2011). These 
gum-capped AuNPs have greater stability to pH and electrolyte changes relative to 
the citrate- and borohydride-reduced NPs (Dhar et al. 2011). Sílvia Vieira and co- 
workers developed layer-by-layer-coated gold nanorods (AuNRs) by using 
poly(acrylic acid), poly(allylamine hydrochloride), and gellan gum, which allowed 
formation of a GG hydrogel-like shell with 7  nm thickness around individual 
AuNPs. This method produces nanorods with an average length of 47  ±  10  nm 
(Vieira et al. 2015).

Gum kondagogu-stabilized AuNPs were prepared by mixing of gum solution 
with chloroauric acid in a boiling tube and kept in an autoclave at 120 °C and 15 psi 
pressure for 10 min (Reddy et al. 2015a), but the prepared NPs are larger in size 
(12 ± 2 nm) and of unequal shape. The surface plasma resonance (SPR) of prepared 
NPs exhibits at around 515–560 nm. The formation of NPs increases with increase 
in the concentration of gum, HAuCl4 and autoclave time. FTIR spectra reveal that 
hydroxyl and carboxyl group peaks shifted from 3418 to 3445 cm−1 and 1606 to 
1598  cm−1, thus indicating the involvement of both the functional groups in the 
synthesis process. Vinod et  al. (2011) showed that much smaller (7.8  ±  2.3  nm 
diameter) AuNPs could be produced from the reduction of HAuCl4 with GK solu-
tion by using an orbital shaker at 75 °C, 250 rpm for 1 h. FTIR spectra indicate that 
hydroxyl functional group in the gum was responsible for the reduction of metal 
cation to NPs. UV-Vis analysis showed SPR at 525  nm due to the formation of 
AuNPs (Vinod et al. 2011).

Gold NPs of various sizes and shapes are fabricated by using heteropolysaccha-
ride extracted from the gum of Cochlospermum religiosum (katira gum). In this 
method, small (6.9 nm) and mostly spherical, with a few having a rod-like or deca-
hedral shape, NPs are produced from the aqueous polysaccharide solution mixed 
with HAuCl4. This mixture was then heated at 70 °C with constant stirring with the 
help of a magnetic stirrer. A typical SPR band was obtained at 540 nm initiallyand 
after 6 h of the reaction time, SPR band shifted to 520 nm, beyond which no change 
in SPR band was observed. The fcc crystalline nature of these AuNPs was identified 
by XRD analysis and SAED pattern (Saikat et al. 2012).

GG-capped AuNPs are spherical in shape, 6.5  nm in size with d-spacing 
(HR-TEM) of 0.23, 0.20 and 0.14 nm, which reveals fcc crystal lattice with (111), 
(200) and (220) planes, and the same was further confirmed by SAED pattern in 
HR-TEM (Pandey et al. 2013). These NPs were prepared by mixing Au3+ ions with 
the guar gum solution of predefined concentration, added with few drops of NaOH 
solution. The resultant solution was then stirred gently at the desired temperature 
(80 °C) for 160 min to yield gold NPs. The formed AuNP SPR band at 539 nm and 
peak intensity of the resultant solution gradually increase with increase in time, 
indicating the formation of AuNPs.
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LBG-stabilized AuNPs of various sizes and shapes are synthesized by employ-
ing the autoclave method, as described by Tagad et al. (2014). The AuNPs produced 
are spherical in shape and have the fcc crystal structure and SPR band at 537 nm. 
The authors of this procedure (Tagad et al. 2014) conclude that the hydroxyl groups 
and the hemiacetal reducing ends of LBG act as the active reaction centers to facili-
tate the reduction of Au3+ to Au0 as shown in Fig. 4.2. This is further confirmed by 
FTIR spectra, which show a peak at 1728  cm−1 which arises from the carbonyl 
stretching vibrations at the reducing end of the gum after addition of Au3+ ions in the 
reaction mixture. The carbonyl functional groups at the ends of the gum chain get 
oxidized to the carboxyl group; increase in the peak intensity was observed at 1642 
and 1554 cm−1 and the peak disappeared at 1728 cm−1. It indicates that the reduction 
of Au3+ is coupled with the oxidation of hemiacetal/aldehyde groups in the forma-
tion of LBG-stabilized AuNPs.

Formation of the xanthan gum-capped AuNPs is monitored through various reac-
tion parameters such as (i) reaction time, (ii) temperature, (iii) concentration and 
volume of gum solution and (iv) concentration and volume of gold solution. In this 
method, XG-capped NPs are prepared by heating the aqueous solution of HAuCl4 
at 80 °C in the presence of xanthan gum solution (1.5 mg mL−1) with a reaction time 
of 3 h. The NPs produced show a mean particle size of 15–20 nm and a zeta poten-
tial of −47.2 ± 2.59 mV. These NPs are stable at a pH range of 5–9 and the NaCl 
concentration up to 0.5 M (Pooja et al. 2014). Muddineti et al. (2016) reported the 
synthesis of AuNPs by using ascorbic acid as the reducing agent and xanthan gum 
as the stabilizing agent. Synthesis of AuNPs was carried out by mixing xanthan gum 
with hydrogen tetrachloroaurate (III) hydrate, followed by addition of ascorbic acid 
to a mixture of xanthan gum Au3+ solution to form AuNPs. The effect of concentra-
tion of HAuCl4, ascorbic acid and methoxy polyethylene glycol thiol  (mPEG800- SH) 

Fig. 4.2 LBG structure and reaction mechanism of AuNP synthesis at the reducing end of LBG 
biopolymer (Tagad et al. 2014)
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was optimized. Stable AuNPs were formed at a concentration of 0.25 mM, 50 μM, 
and 1 mM for HAuCl4, ascorbic acid and PEG-800SH, respectively. The so-pro-
duced AuNPs showed an absorption maximum at 540  nm and a hydrodynamic 
diameter of 80  ±  3  nm. During the reaction, the Au3+ ions were reduced to Au0 
(metallic gold) by using ascorbic acid. Au0 atoms were further stabilized by the 
XG-coating and PEGylation, resulting in the formation of PX-AuNPs with improved 
stability. This is explained by the following chemical equation:

 2 3 2 3 84 6 8 6 6 6 6HAuCl C H O Au C H O HClO+ → + +  

Gum acacia-stabilized AuNPs are prepared by mixing a homogeneous GA solution 
with chloroauric acid in a boiling tube and autoclaving at 121 °C and 15 psi pressure 
for 15 min. The NPs formed exhibit SPR within 520–550 nm. As the gum and chlo-
roauric acid concentrations increase, formation of NPs also increases, as confirmed 
by the UV-Vis spectra. The NPs show fcc crystal structure and have the particle size 
around 4–29 nm. FTIR analysis reveals that –OH groups available in the gum matrix 
are responsible for reducing the HAuCl4 to AuNPs (Reddy et al. 2015b). The authors 
also developed SMG-stabilized stable AuNPs with a particle size of 12 ± 2 nm, 
which is adjusted by varying the amounts of gum and chloroauric acid used in the 
NP synthesis. These NPs have SPR band around 520–530 nm and are highly crys-
talline in structure with fcc geometry. FTIR analysis indicates that –OH groups 
available in the gum matrix might be responsible for the reduction of Au3+into 
AuNPs (Reddy et al. 2015c).

Likewise, one-step microwave-assisted green synthesis of well-stabilized AuNPs 
by reduction of HAuCl4 with water-soluble olibanum gum was reported by Atnafu 
et al. (2016). Formation of AuNPs was confirmed with the help of UV-Vis, FTIR, 
XRD and TEM spectra. The fabricated NPs were well-dispersed and spherical in 
shape and their average diameter was around 3 ± 2 nm. The rate of NP formation 
increased and the NP size decreased when gum concentration and irradiation time 
were increased. The authors concluded that the –OH functional group of gum was 
responsible for the formation and stabilization of AuNPs.

Pooja et  al. (2015) reported the synthesis and characterization of gum karaya 
(GK)-stabilized AuNPs. In this method GK solution is mixed with HAuCl4 and 
stirred magnetically for 1 h at 90 °C. The solution color change from colorless to 
wine red at the absorbance of 536  nm indicates the formation of AuNPs. The 
observed particle size of optimized AuNPs is 91.7 nm with 0.389 PDI and −21.8 mV 
zeta potentialand particle size ranges between 20 and 25  nm, as determined by 
TEM. These authors also found that a 90 °C reaction temperature, 60 min reaction 
time, 2.5 mL of 15 mg mL−1 gum solution and 100μL of gold solution are the opti-
mal conditions for the synthesis of NPs (Pooja et al. 2015). Carboxyl-methylated 
GK-capped AuNPs were prepared by Reddy et  al. (2017). Carboxymethyl gum-
capped AuNPs are smaller in size (14 ± 2 nm), compared to normal gum- capped 
AuNPs because carboxymethyl gum is a more effective capping agent than the nor-
mal gum. As the gum is converted to carboxymethyl gum, its solubility increases 
and NP formation accelerates (Reddy et al. 2017).
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A facile and complete green synthesis of AuNPs by gum arabic was reported by 
Wu and Chen (2010). Various concentrations of hydrogen tetrachloroaurate (0.1, 
0.3, 0.5, 0.7, and 0.9  mM) were mixed with concentrations (1, 5, 10, 15, and 
20 mg mL−1) of arabic gum solution and stirred gently at the desired temperatures 
(25, 40, 55, and 70 °C) to yield AuNPs. The synthesis reaction was finished in 2–4 h. 
Increase in the reaction temperature increased the NP formation rate but had no 
significant effect on the optical property and the size of AuNPs. The particle size 
distribution was broader at a higher Au3+ ion concentration or a lower gum arabic 
concentration due to insufficient protection. A too high gum arabic concentration 
was not suitable for stabilization of AuNPs because the increased intermolecular 
force of the gum arabic might hinder the dispersion of AuNPs.

The use of gum ghatti for reduction, stabilization and surface functionalization 
during the synthesis of stable AuNPs was reported by Alam et al. (2017). In this 
method, preheated gum solution was added dropwise to a required volume of 
HAuCl4 (0.1 M) under constant stirring until the color changed from yellow to ruby 
red color, which indicated the formation of AuNPs. The synthesized and optimized 
AuNPs were spherical, having SPR band at 530 nm, DLS for its hydrodynamic size 
(112.5 nm), PDI (0.222), and zeta potential (−21.3 mV). The authors explained that 
a 4% of gum solution was just sufficient for nucleation, moderate size and growth; 
temperature above 60 °C ensured the best performance.

Gum tragacanth-stabilized AuNPs were prepared by mixing gum solution with 
gold solution and magnetically stirred (150 rpm) for 4 h at 65 °C. The resultant solu-
tion had SPR at 548 nmand synthesis of GT-AuNPs was optimized by changing 
various parameters like concentration and volume of GT and gold solutions. The 
maximum absorbance of SPR was observed for 5 mg mL−1 GT and 5 mM gold solu-
tion concentrations. GT-capped AuNPs were stable against salt concentration, pH 
and plasma contact time (Rao et al. 2017).

An interesting study by Subramanian et al. (2016) illustrated an eco-friendly and 
selective synthesis of triangular AuNPs by the reduction of HAuCl4 with bael gum 
(Aegle marmelos gum); the NPs were in the range of 92 ± 20 nm. The size and shape 
(such as triangular with a tail, triangular, triangular truncated at the apex, and hex-
agonal) depend on the concentration of bael gum and reaction temperature. The 
concentration ratio of bael gum and HAuCl4 for the reduction of HAuCl4 1:1 at 
30 °C was very slow and resulted in the formation of plates largely triangular, but 
the ratio increment 1:2.5 at 30 °C formed the polydispersed AuNPs with tail. Further 
increment in ratio (1:4) at room temperature gave perfect nanoplates (triangular as 
well as hexagonal) of ≈ 2 μm. The increase in weight percentage of bael gum from 
1:7 to 1:12.5 led to a reduction in size from ≈ 1 μm to ≈ 500 nm. In this stage, pre-
dominantly 67% of NPs were hexagonal in shape, the rest being triangular and 
truncated triangular. Further increase in the concentration of bael gum gave rise to 
spherical AuNPs with average size 20 nm. At fixed bael gum and HAuCl4 concen-
trations, the NP size was 260 ± 66 nm at 50 °C and 92 ± 20 nm at 70 °C. This 
 suggests that 1:10 ratio of HAuCl4 and bael gum forms pure triangular NPs at 70 °C 
and spherical AuNPs at more than 90 °C.
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4.3.1  Reaction Mechanism

The naturally occurring gums act as a reducing agent for gold ions and a capping 
agent after the formation of AuNPs. The generally accepted mechanism for fabrica-
tion of AuNPs involves a two-step process, i.e., atom formation and then polymer-
ization of the atom. In the first step, gum solution is heated by various means such 
as autoclaving, microwave irradiation, normal heating, or sonochemical treatment. 
The biopolymer obtained may expand and become more accessible for gold ions to 
interact with the available functional groups of gums. Gums contain carbohydrate 
polymers such as rhamnose, galactose and uranic acid and the functional groups 
such as hydroxyl, carbonyl and carboxyl groups. Compared to other biopolymers, a 
gum is an anionic functional group with a greater charge density. The presence of 
negatively charged groups is also confirmed from the negative zeta potential value 
for the gum. This negative charge facilitates the attraction of positively charged gold 
ion to the polymeric chain. Subsequently, these gold ions oxidize the hydroxyl and 
carbonyl groups to carboxyl group and conversely get themselves reduced to gold 
atoms. In addition to this inherent oxidation, the dissolved air also causes oxidation 
of the existing hydroxyl groups to carbonyl (-CHO and -COOH) groups. In turn, 
these powerful reducing aldehyde groups, along with the other abundantly present 
carbonyl groups, reduce more and more of the gold ions to gold atoms. In the sec-
ond step, these NPs are capped and stabilized by the polysaccharides present in the 
gum. The stabilization of AuNPs occurs through a strong association between AuNP 
surface and “O” atoms of the hydroxyl and carbonyl functional groups of the natural 
gums. The resulting stabilized AuNPs avoid coalescing with the neighboring one 
due to the electrostatic repulsion and steric effect (Tagad et al. 2014; Vinod et al. 
2011; Subramanian et al. 2016; Pandey et al. 2013; Selvi et al. 2017).

4.4  Characterization of AuNPs

Synthesized NPs are characterized by using various techniques such as UV-Vis 
spectroscopy, FTIR spectroscopy, X-ray diffraction (XRD), scanning electron 
microscopy (SEM), TEM, selected area electron diffraction (SAED) and dynamic 
light scattering (DLS) zeta potential. These techniques are useful to determine the 
crystal structure, size, shape, charge, disparity, surface area and surface modifica-
tion of NPs.

UV-Vis spectroscopy is a simple and sensitive technique for the characterization 
of AuNPs due to its extension to SPR. In general trend, SPR band shows a red shift 
with increasing particle size, while aggregation of colloidal gold causes a decrease 
in the intensity of the main peak and also results in a long tail on the long- wavelength 
side of the peak. The shape-dependent radioactive properties of metallic particles 
can be treated by the Gans modification of Mie theory, which predicts that a shift in 
the SPR occurs when particles deviate from spherical geometry. In this condition, 
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the longitudinal and transverse dipole polarizability no longer produces equivalent 
resonances. Therefore, there appear two plasma resonances: a broadened and red- 
shifted longitudinal plasmon resonance and a transverse plasmon resonance. For 
example, gold nanorods (AuNRs) exhibit two plasmon bands: strong longitudinal 
band in the near-IR region and a weak transverse band, similar to that of spherical 
AuNPs (520 nm), in the visible region. The resonance of the longitudinal mode, a 
red shift and strong, depends on the aspect ratio (defined as the ratio of the length to 
width of the rod) of the nanorods. An absorption spectrum of colloidal AuNRs (with 
accepted ratio 4:1), showing the presence of two absorption maxima, is presented in 
Fig. 4.3a. The spherical AuNPs show only one SPR around 500–600 nm (Fig. 4.3b), 
and this is attributed to the oscillation of the conduction band electrons induced by 
the interacting electromagnetic field with the concerned metallic NPs (Saha et al. 
2012; Huang and El-sayed 2010; Daniel and Astruc 2004; Mayer and Hafner 2011).

In order to monitor the effect of different parameters to the formation of AuNPs, 
the UV-Vis absorption spectra of synthesized AuNPs were recorded against various 
parameters such as gum concentration, HAuCl4 and reaction time. The SPR absorp-
tion band appears approximately at 500–600 nm, which is associated with the for-
mation of AuNPs. The efficacy of the formation of AuNPs increases with increase 
in the concentration of gum at fixed concentration of HAuCl4. Further increase in 
the concentration of gum results in a decrease in the peak intensity and the peaks 
shifted toward longer wavelength are shown in Fig. 4.4a. The production of AuNPs 
with different concentrations of HAuCl4 and reaction times with fixed concentration 
of gum is shown in Fig. 4.4b. It can be observed that the strong absorption band 
increases with increase in concentration and reaction time. The stability of synthe-
sized NPs was monitored at different pH values, electrolytes, and reaction times. 
The red shift, normally observed in UV-Vis spectra, is an indication of agglomera-
tion of NPs or increase in the size of the particle or both. The synthesized NPs did 
not show any shift in the peak, which indicates that NPs are stable and aggregation 
of gold NPs is protected by the gum.

Fig. 4.3 UV-Vis absorption spectra of (a) gold nanorods (Ghosh and Pal 2007), (b) gold nanopar-
ticles (Madhusudhan et al. 2014)
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The active sites on natural gums involved in the reduction of gold ions and AuNP 
formation were investigated by using the Fourier-transform infrared (FTIR) spec-
troscopy. The obtained aqueous AuNP dispersion was first centrifuged or lyophi-
lized, and then the sample was used for FTIR analysis, prepared in the form of a thin 
transparent pellet with potassium bromide (KBr). A pure KBr was used as a back-
ground and the same was subtracted from the FTIR spectra of the gum-capped 
AuNPs. The FTIR spectra were recorded with a scanning range from 400 to 
4000 cm−1. The interaction between gum and AuNPs through hydroxyl and car-
bonyl groups showed the stretching vibration of hydroxyl group at 3445 cm−1, car-
bonyl stretching vibration at 1722  cm−1, and asymmetric stretch of carboxylate 
group at 1606 cm−1 (Reddy et al. 2015a). After the formation of AuNPs, the peaks 
for hydroxyl group and asymmetric stretch of carboxyl group were shifted from 
3418 to 3445 cm−1 and from 1606 to 1598 cm−1, respectively, in comparison with 
those in the native gum kondagogu, suggesting that both hydroxyl and carbonyl 
functional groups were involved in the synthesis and stabilization of AuNPs 
(Fig. 4.5). In another study, Atnafu et al. (2016) demonstrated that the FTIR spectra 
of olibanum gum show major peaks located at 3421, 2932, 1726, 1427, 1244 and 
1033 cm−1. The peaks 3421 and 2932 cm−1 can be assigned to the stretching vibra-
tion of the hydroxyl and methylene group. The bands observed at 1726, 1617 and 
1427 cm−1 could be attributed to the characteristic asymmetrical and symmetrical 
stretches of the CO2

− (carboxylate ion) group connected to the olibanum gum. The 
absorption bands of the olibanum gum-capped AuNPs were detected at 3356, 2932, 
1719, 1595, 1448, 1259 and 1065 cm−1. These peaks were shifted from 3421 to 
3356, 1726 to 1719, 1617 to 1595, and 1427 to 1438 cm−1 when compared to those 
in the native olibanum gum, and other peaks were found to remain unchanged. Rao 
et al. (2017) reported that –OH, –C=O and –C–O functional groups of gum traga-
canth are actively involved in the reduction and stabilization of AuNPs. These 

Fig. 4.4 UV-Vis absorption spectra of the AuNPs synthesized: (a) different concentrations of 
olibanum gum solution containing 1 mM HAuCl4 by MWI 9 min and (b) different concentrations 
of HAuCl4 solution containing 0.5% olibanum gum by MWI 9 min (Atnafu et al. 2016)
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results indicated that hydroxyl groups and the carboxyl groups were involved in the 
synthesis and stabilization of AuNPs. In general, formation of AuNPs is a two-step 
process. In the first step, gum containing hydroxyl functional group is oxidized to 
form carbonyl functional group, and gold ion is reduced to gold atom. In the second 
step, the oxygen atom which is present in the functional carbonyl and hydroxyl 
groups helps in forming the lid to protect aggregation of NPs as it has a strong asso-
ciation with the AuNPs.

The shape, size and surface morphology of NPs are studied microscopically 
using the SEM, FE-SEM, TEM and AFM techniques. Among all these, TEM has 
the maximum magnification and resolution. To understand better the effects of syn-
thesis conditions on the size and shape of AuNPs, TEM was used to evaluate the 
morphology and size of some representative AuNPs obtained. In order to estimate 
the effect of capping nature of gum extract over the growth and formation of AuNPs, 
experiments were conducted with different concentrations (0.1 and 0.5%) of oliba-
num gum with fixed concentration of precursor (1 mM HAuCl4) and 9 min micro-
wave irradiation (MWI) time (Atnafu et al. 2016), as shown in Fig. 4.6a, c. The 
prepared NPs were found to be spherical in shape and well-dispersed in the gum 
matrix. The average particle diameter obtained from these micrographs was about 
8 ± 2 (0.1% olibanum gum) to 3 ± 4 nm (0.5% olibanum gum) as shown in Fig. 4.6b, 
d. These findings clearly indicate that as the concentration of gum increases from 
0.1% to 0.5%, the average size of the AuNPs formed decreases.

The selected area electron diffraction (SAED) pattern, which exhibited diffused 
ring pattern, indicates that these AuNPs are highly polycrystalline in nature. The 
four rings associated with the pattern can be ascribed to the diffraction from (111), 
(200), (220) and (311) lattice planes of the face-centered cubic (fcc) gold (Fig. 4.7a). 

Fig. 4.5 FTIR spectra of (a) gum kondagogu and (b) AuNPs stabilized in gum kondagogu (Reddy 
et al. 2015a)
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Subramanian et al. (2016) demonstrated that the size and shape of NPs depend criti-
cally on the concentration of the bael gum. The bael gum-capped NPs with triangu-
lar, triangular with truncation at the apex, and hexagonal plates are the predominant 
shapes over a wide concentration range, at room temperature. At higher concentra-
tion of bael gum and at room temperature, the NPs are spherical. However, fine- 
tuning of temperature, at a particular concentration of bael gum, leads to the 
formation of perfect triangular NPs, as shown in Fig. 4.7b. Rao et al. (2017) deter-
mined the shape and morphology of NPs through AFM microscopy and established 
that the prepared NPs were spherical in shape with nano-range size and stabilized 
by the multifunctional groups of gum tragacanth.

4.4.1  EDX Analysis

The presence of Au atoms in the gum-capped AuNPs was confirmed by Reddy et al. 
(2015c) and Atnafu et  al. (2016), using the energy-dispersive X-ray analysis 
(EDXA), which gives additional evidence for the reduction of HAuCl4 into 

Fig. 4.6 TEM photomicrographs showing (a) 0.1% olibanum gum, 1 mM HAuCl4, and 9 min 
MWI time and (c) 0.5% olibanum gum, 1 mM of HAuCl4, and 9 min MWI time. The (b) and (d) 
are histograms of the particle size distribution of 0.1% and 0.5% of gum (Atnafu et al. 2016)
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elemental gold. Of late, Islam and associates explained EDX analysis of the Prunus 
domestica gum-loaded AuNPs. These NPs showed strong peaks at 0.6 and 2.6 keV, 
while a weak signal was observed at 9.7 keV (Islam et al. 2017). The other strong 
signals for C and O were also there due to the presence of bioorganic molecules 
capping the gold NPs.

4.4.2  Dynamic Light Scattering (DLS)

Dynamic light scattering (DLS) is the most versatile and useful set of techniques for 
measuring the average particle size and zeta potential. It was observed that the 
obtained DLS and TEM differ considerably for small AuNPs. While TEM gives the 
diameter of the individual NPs, DLS also takes the capping shell into account, thus 
providing information on the size of the whole conjugate. In suspensions of small 
AuNPs, the number of saccharide molecules per particle is high, and hence the 
hydrodynamic size obtained from DLS is greater than that obtained by TEM. The 
stability and surface charge of synthesized AuNPs were also studied by zeta poten-
tial. Particles with highly negative or positive surface charge are considered to be 
stable. An absolute zeta potential value of ±30 mV is a general indication that the 
colloidal solution is highly stable (Venkatpurwar et al. 2011; Sankar et al. 2017). 
Reddy et al. (2015b) reported that the gum acacia-stabilized AuNPs have an average 
particle size of about 24.29 nm and zeta potential value of −29.3 mV, as shown in 
Fig. 4.8. These results indicate that AuNPs capped with gum acacia carried nega-
tively charged groups and were dispersed in the medium, proving that they were 
stable. Pooja et al. (2014) demonstrated that the xanthan gum-stabilized AuNPs had 

Fig. 4.7 (a) SAED patterns of AuNPs prepared by using katira gum (Saikat et  al. 2012). (b) 
Representation of the shape of nanoparticles as a function of temperature and weight formation of 
AuNPs by using bael gum (Subramanian et al. 2016)
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a mean hydrodynamic diameter of 41 ± 3.78 nm. The NPs showed a high poly-dis-
parity (0.35–0.6), which can be attributed to the presence of a wide range of parti-
cles. The high negative surface potential (−47.2 ± 2.59) indicated a high stability of 
NPs in the presence of gum molecules.

4.4.3  XRD Analysis

The XRD technique is used to determine and confirm the crystalline structure of 
fabricated AuNPs. XRD pattern of the gum-capped AuNPs is shown in Fig. 4.9. In 
a study of Reddy et  al. (2015a), AuNPs exhibited four well-defined peaks at 
2θ = 38.1, 44.3, 64.5 and 77.7. All the four peaks correspond to standard Bragg 
reflections for (111), (200), (220) and (311) planes of the face center cubic (fcc) 
crystal structure of metallic gold. The existence of diffraction peaks was matched 
with the standard data files (the JCPDS card No. 04–0784) for all reflections. 
Furthermore, no extra peaks were found in XRD spectrum, indicating the high 
purity of the resultant AuNPs. The diffraction peak at 38.1 was a highly intense peak 
among the peaks observed. Saikat et al. (2012) (katira gum-capped AuNPs), Tagad 
et al. (2014) (locust bean gum-capped AuNPs), Islam et al. (2017) (Prunus domes-
tica gum-stabilized AuNPs) and Reddy et al. (2015c) (Salmalia malabarica gum- 
capped AuNPs) reported similar findings on the formation of AuNPs. The mean 
particle diameter of AuNPs was calculated by using XRD data. AuNP diameter was 
derived by using Debye Scherer’s formula (D = k λ/ β½ cos θ), which exploits the 
reference peak width at an angle θ, where λ is the X-ray wavelength (1.5418), β½ is 
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2015b)
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the width of the XRD peak at half height and k is the shape factor. Average diameter 
of particle was 20 nm for the Prunus domestica gum-stabilized AuNPs, 13.2 nm for 
the Salmalia malabarica gum-capped AuNPs, and 13.1 nm for the gum kondagogu- 
capped AuNPs.

4.5  Applications

AuNPs have attracted a widespread interest due to their distinctive electrical and 
optical properties, such as unique and tunable SPR, surface-enhanced emission and 
surface-enhanced Raman scattering. Convenient and easy approach for particle size 
modification throughout the synthesis process and surface functionalization with 
different kinds of materials adds to the researcher’s interest. The AuNPs remained 
largely overlooked till the 1850’s, as they were used merely to decorate ceramics 
and glass. Until the Middle Ages, the soluble gold was used to disclose fabulous 
curative powers for various diseases, such as venereal problems, dysentery and 
tumors, and for diagnosis of syphilis (Dykman and Khlebtsov 2011, 2012). Thus, 
the remarkable features exhibited by colloidal gold have been utilized for centuries. 
Now, the advancement in synthesis and surface functionalization of AuNPs has led 
to various promising applications. Recent reports suggest that AuNPs capped with 
natural gums are being used in the fields of drug delivery, catalysis, antimicrobial 
activity, colorimetric metal ion detection and antiproliferative and vapor sensing.

Gold NPs are one of the most commonly explored and used carriers for the deliv-
ery of anticancer drug, such as doxorubicin hydrochloride (DOX), due to their con-
trolled size, shape, surface functionality, improved efficacy and target specificity. 

Fig. 4.9 XRD pattern of AuNPs stabilized by gum kondagogu (Reddy et al. 2015a)
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Dhar et al. (2008) demonstrated that gellan gum (GG)-capped most stable AuNPs 
have been used as carriers for the delivery of the cationic anthracycline drug, DOX, 
with a loading efficiency of about 75%. The reduction in zeta potential value from 
−38.25 to −30.00 mV indicates the electrostatic stability due to interaction between 
cationic DOX and anionic GG components in the DOX-loaded GG-AuNPs. DOX- 
loaded AuNPs are stable at different pH levels ranging from 4.0 to 8.0. Pooja et al. 
(2014) reported that the DOX-loaded AuNPs capped with xanthan gum were stable 
under different pH, electrolyte and serum conditions. Drug loading takes place on 
the surface of NPs due to interaction between the positive-charged amine group of 
DOX and the negative acidic group of gum, which was confirmed by the decrease 
in the surface charge to −29.1 ± 2.78 mV.

The study by Rao et al. (2017) suggests that gum tragacanth-capped AuNPs car-
gos increase the therapeutic efficiency of naringin by enhancing its bactericidal 
activity through their destabilizing effect on the bacterial surface morphology. Gum 
arabic-capped small-sized AuNPs can be used as a photothermal agent, which 
exhibits a strong photothermal effect for killing cancer cells, as reported by Liu 
et al. (2013).

The distinctive properties of AuNPs allow their use in the detection of copper 
metal, which was an identified potable and surface water contaminant. Carboxymethyl 
gum karaya (CMGK)-functionalized AuNPs were reported for the sensitive and 
selective detection of Cu2+ in aqueous solution, in the presence of 13 other metal 
ions. The Cu2+ sensing relies on the aggregation of CMGK-capped AuNPs owing to 
the addition of Cu2+ resulting in an increase in absorbance of NPs at 647 nm and a 
change in their color from red to blue (Reddy et al. 2017).

The guar gum-capped AuNPs were exploited for optical sensor applications for 
detecting the aqueous ammonia based on SPR. The developed method is found to 
be simple, with low cost, low detection limit of 1 ppb, high sensitivity and great 
reproducibility (Pandey et  al. 2013). Locust bean gum (LBG)-stabilized AuNPs 
were doped in SnO2 matrix and their utilization for ethanol vapor sensing was inves-
tigated. LBG-capped AuNPs doped in SnO2 showed a fast response (~5 s) and good 
ethanol sensing behavior in the range of 10–120 ppm at room temperature (Tagad 
et al. 2014).

Gold NPs exhibit antibacterial activity by directly interacting with the bacteria 
cell walls and cause lysis. The antibacterial effect of AuNPs mostly depends on the 
size of particles; NPs smaller than 10 nm have a direct interaction with the bacteria 
and produce electronic effects, which enhance the reactivity of NPs. Reddy et al. 
(2015a) suggested that gram-negative strains of bacteria (E. coli) with thin cell 
walls are more susceptible to cell wall damage, compared to gram-positive strain 
bacteria (B. subtilis) with a thick cell wall. Islam et al. (2017) demonstrated that 
Prunus domestica gum-stabilized gold and silver NPs show antibacterial activity 
against gram-positive strains of S. aureus and gram-negative strains of E. coli and P. 
aeruginosa, but AuNPs are less effective compared to AgNPs.

Gold NPs possess a large surface area and high surface energy, making them the 
best catalysts in many reactions such as reduction of methylene blue (MB), Congo 
red (CR) and reduction of p-nitrophenol (4-NP) to p-aminophenol (4-AP). The cata-
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lytic activity of synthesized AuNPs using gum kondagogu, gum acacia, katira gum 
locust bean gum, and olibanum gum was established in the reduction of 4-NP to 
4-AP in the presence of NaBH4. The rate of reduction was influenced by parameters 
such as concentration of AuNPs and reaction temperature (Reddy et al. 2015a, b; 
Saikat et al. 2012; Tagad et al. 2014; Atnafu et al. 2016).

The SMG-capped AuNPs operate through the mechanism of electron relay effect 
and accomplish the reduction of MB dye in 9 min and CR dye in 10 min in the pres-
ence of NaBH4 (Reddy et al. 2015c). The catalytic electron transfer reaction between 
K3[Fe(CN)6] and NaBH4, resulting in the formation of K4[Fe(CN)6] and dihydrogen 
borate ion, is effectively carried out in the presence of acacia gum-capped AuNPs 
and this reaction depends upon the concentration of AuNPs and temperature. Similar 
results were obtained for the olibanum gum-capped AuNPs (Reddy et al. 2015b; 
Atnafu et al. 2016).

4.6  Conclusion

Fabrication of AuNPs accomplished by using natural gums is nonhazardous, cost- 
effective, renewableand eco-friendly, compared to conventional methods. These 
gums serve the role of self-reducing and capping agents and thus the hazards associ-
ated with the use of additional capping agents are avoided. Gold NPs with con-
trolled size and shape were obtained simply by varying the ratio of HAuCl4 to gum 
concentrations. Gum-capped AuNPs are relatively more stable and do not show any 
sign of agglomeration even after storage for several months at room temperature, 
compared to those prepared through other bioreduction methods. Gums are capable 
to reduce metal ions faster than other bioreduction materials. Furthermore, in the 
scale-up industrial production of well-dispersed AuNPs, naturally occurring gums 
are certainly better than other bioreduction materials. Gum-capped gold NPs are 
more effective in a range of applications including catalysis, diagnosis, photonics 
and therapeutics due to their novel properties, biocompatibility and low toxicity.
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Chapter 5
Plant-Based Fabrication of Silver 
Nanoparticles and Their Application

Vinod Kumar Mishra, Azamal Husen, Qazi Inamur Rahman, 
Muhammad Iqbal, Sayed Sartaj Sohrab, and Mansur Osman Yassin

5.1  Introduction

Nanoparticles (NPs) are now being used in many research areas, such as food indus-
try, material science, medical science, and plant science. Of the various NPs, silver 
nanoparticles (Ag NPs) are widely used in biosensing, cryogenic superconducting, 
environmental care, food technology, catalyst, and antistatic and antimicrobial 
activities (Lara et al. 2011; Lokina et al. 2014; Husen and Siddiqi 2014b; Wei et al. 
2015; He et al. 2016; Siddiqi et al. 2018a, b, c). Several procedures such as chemical 
reduction, electrochemical reduction, irradiation reduction, and photocatalytic 
reduction have been used for fabrication of Ag NPs (Zhang et al. 2007). Size, mor-
phology, stability, and properties of NPs are strongly affected by experimental 
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conditions, kinetics of interaction of metal ions with reducing agents, and the mode 
of adsorption of stabilizing agent on metal NPs (Knoll and Keilmann 1999; Sengupta 
et al. 2005). Thus, design of a fabrication method in which the size, morphology, 
stability, and properties of NPs are controlled has the pivotal significance (Husen 
and Siddiqi 2014b, c; Siddiqi and Husen 2016a, b, c, 2017a, b; Siddiqi et al. 2016; 
Husen 2017). Tao et al. (2006) have reported that chemical reduction is frequently 
used for fabrication of stable, colloidal, and well-dispersed Ag NPs in water as well 
as organic solvents. In general, sodium borohydride, pyridine, and ethylene glycol 
are used for this purpose, but these compounds are often expensive, lethal, and 
highly reactive. On the other hand, plant-mediated protocols for Ag NP fabrication 
are safe and comparatively less complex. In addition, the chemicals used are 
environment- friendly and less expensive and can be conveniently used for a large- 
scale production (Iravani 2011; Husen and Siddiqi 2014b).

Development of plant-mediated (biological) experimental processes for fabrica-
tion of Ag NPs is currently evolving as an important branch of nanotechnology. In 
the biological process, extracts from living systems serve as the reducing and cap-
ping agents. Many routes have been developed for biological fabrication of Ag NPs 
from the corresponding salts. For instance, aqueous extracts of Ferocactus echidne 
have been used to reduce silver nitrate (AgNO3) to form Ag NPs within 6 h (Cinelli 
et al. 2015). The polyphenols and ascorbic acid present in the aqueous extracts of F. 
echidne easily reduced silver ions and also acted as capping agents to prevent their 
agglomeration. Similarly, extracts of several other plants like Areca catechu (Rajan 
et  al. 2015), Erigeron bonariensis (Kumar et  al. 2015), Momordica charantia 
(Ajitha et al. 2015), Euphorbia amygdaloides (Cicek et al. 2015), Impatiens bal-
samina (Nalavothula et  al. 2015), Aloe vera (Logaranjan et  al. 2016), Artemisia 
absinthium (Ali et al. 2016), Chelidonium majus (Barbinta-Patrascu et al. 2016), 
Terminalia chebula (Edison et al. 2016a), Cerasus serrulata (Karthik et al. 2016), 
Solanum indicum (Sengottaiyan et al. 2016), and Fraxinus excelsior (Parveen et al. 
2016), among others, have been examined and found capable for a rapid intra- or 
extracellular synthesis of Ag NPs. The present chapter aims at summarizing the 
efforts concerning the plant-mediated synthesis of Ag NPs and focusing on the phy-
tochemicals and factors affecting this biogenesis. It also discusses the numerous 
applications of Ag NPs in different disciplines of biological sciences.

5.2  Fabrication and Characterization of Ag NPs

Ag NPs are being extensively synthesized using plant extracts, but the exact mecha-
nism for this synthesis still needs to be fully investigated. The biochemical synthesis 
of Ag NPs is a complex phenomenon involving an array of biomolecules such as 
enzymes/proteins, vitamins, organic acids such as citrates, amino acids, and poly-
saccharides for reduction and capping (Fig. 5.1). Recent studies have shown that 
phytochemicals such as proteins, flavonoids, polyphenols, alkaloids, saponins, phe-
nols, essential oils, and polyols play a major role in the bioreduction of silver ions 
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and capping of the synthesized NPs (Table 5.1). Most interestingly, there are reports 
of biological synthesis of Ag NPs using isolated pure compounds, such as apiin 
(apigenin-7-apiosyl-glucoside), phyllanthin, and flavonoids (such as pinocembrin 
and galangin) (Kasthuri et al. 2009a, b; Roy et al. 2010).

The most commonly used techniques for characterization of NPs are ultraviolet- 
visible spectroscopy, scanning electron microscopy (SEM), transmission electron 
microscopy (TEM), atomic force microscopy (AFM), energy-dispersive spectros-
copy (EDS), X-ray diffraction (XRD), dynamic light scattering (DLS), infrared 

Fig. 5.1 Synthesis and characterization of Ag NPs using various plant parts

5 Plant-Based Fabrication of Silver Nanoparticles and Their Application
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spectroscopy, and so on. Microscopic techniques such as SEM, TEM, and AFM are 
mainly used for morphological studies of NPs. At the very outset, synthesis of NPs 
has to be standardized using plants or their extracts. On addition of a reducing agent 
to the reaction medium, a change in the color of the medium serves as indicator of 
NP synthesis. Ag NPs generally exhibit yellowish-brown color in the aqueous solu-
tion as a result of surface plasmon resonance (SPR) (Song and Kim 2009). A pro-
gressive increase in the characteristic peak with increase in reaction time and 
concentration of plant extracts is a clear indicator of NP formation. Metallic NPs 
absorb light in the wavelength range between 300 and 800 nm. UV-Vis spectros-
copy is generally used for initial NP characterization. Ag NPs are characterized by 
their SPR peaks from 400 to 450 nm (Mittal et al. 2013). SEM and TEM are incred-
ibly versatile in characterizing the size, morphology, and composition of NPs, the 
TEM having a higher resolution compared to SEM (Sattler 2010). For three- 
dimensional structure of NPs, AFM has an advantage over SEM and TEM. Powder 
XRD has become a cornerstone technique for deriving crystallite size in nanosci-
ence. X-rays have photon energies in the range of 100 eV–100 keV. The X-rays can 
penetrate deep into the materials and provide information about the bulk structure. 
For diffraction studies, only short-wavelength X-rays in the range of a few ang-
stroms to 0.1 Å (1–120 keV) are used. The wavelength of X-rays is comparable to 
the size of atoms; therefore, they are very much useful for studying the 3D structure 
in a wide range of materials including NPs. XRD is used to determine the crystalline 
nature of NPs using Debye Scherrer’s equation (Prathna et al. 2011). DLS measures 
light scattered from the laser that passes through a colloid. Modulation of scattered 
light intensity as a function of time is analyzed, and hydrodynamic size of particles 
can be determined (Berne and Pecora 2000). EDS is employed to determine the 
elemental composition of NPs. IR radiation is absorbed by a molecule possessing 
dipole moment, and its oscillating frequency is the same as the frequency of inci-
dent IR light (Johal, 2011). Surface modification of NPs by organic functional 
groups may be characterized by infrared spectroscopy. As the infrared light interacts 
with a molecule, chemical bonds will stretch, contract, and bend. The functional 
group in the molecule tends to adsorb infrared radiation in a specific wave number. 
The correlation of the band wavenumber position with the chemical structure is 
used to identify a functional group in a NP-associated molecule in a sample. This 
technique has been used for characterizing silver and gold NPs and their associated 
molecules from plant extracts. Raman spectroscopy offers a unique and noninvasive 
tool for exploring the behavior of the components within a given biomaterial and its 
surrounding microenvironment. The use of surface-enhanced Raman spectroscopy 
(SERS) in material characterization, in concept development, and in identifying the 
NP applications has been thoroughly reviewed (Dieringer et al. 2006).

Paul et al. (2016) approached green route for synthesis of Ag NPs by using dried 
leaf biomass of Parkia roxburghii. When the dried leaf powder was added to silver 
nitrate solution under continuous stirring, the resultant clear solution turned to a 
brown color solution within few minutes due to SPR and shows a relatively broad 
peak at around 440 nm, which was characteristic of Ag NPs, while the steady 
increase in the intensity of SPR suggests an increase in the yield of NPs with time, 
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Fig. 5.2 Time-dependent UV-visible absorption spectra of Ag NPs synthesized by using dried leaf 
biomass of Parkia roxburghii (Paul et al. 2016)

Fig. 5.3 TEM micrograph images of Ag NPs synthesized by dried leaf biomass of Parkia rox-
burghii: (a, b) TEM images, (c) HRTEM image showed distance between two lattice planes, and 
(d) SAED pattern of Ag NPs (Paul et al. 2016)
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as shown in Fig. 5.2. The synthesized Ag NPs were highly crystalline in nature. The 
transmission electron micrograph (Fig.  5.3) showed that these NPs were quasi- 
spherical in shape and 5–25 nm in size. The FTIR analysis showed that polypeptides 
and carboxylate groups in protein play a pivotal role in the reduction of silver ions.

Ahmed et al. (2016) used Azadirachta indica leaf extract for Ag NP fabrication. 
On incubation in the dark, at ambient temperature, the mixture changed from color-
less to brown within 15 min due to reduction of Ag+ to Ag0. The distinct UV-Vis 
absorption peak was observed in the range of 436–448 nm, which was characteristic 
to Ag NPs. On changing the concentration of leaf extract and keeping that of the 
aqueous silver nitrate solution constant, the authors observed increase in the inten-
sity of absorption peaks after regular time intervals, and the color intensity increased 
with the duration of incubation. The synthesized Ag NPs were spherical in shape, 
and the average particle size was ~34 nm. Further, the FTIR analysis confirmed that 
the leaf extract was rich in active biomolecules including flavanoids and terpenoids 
and their derivatives and acted as the reducing agent during Ag NP synthesis. 
Srinithya et al. (2016) synthesized Ag NPs by using dried leaf extract of Sida cordi-
folia. Filtrate was mixed with silver nitrate solution under continuous stirring, and a 
stable solution was exposed to sunlight for 10 m at room temperature. This could 
change the color of solution from light yellow to dark brown, which indicated the 
formation of Ag NPs. The strong deep color was due to excitation of surface plas-
mon vibrations which was confirmed through UV-Vis absorption spectroscopy and 
exhibited a distinct peak at 454 nm, while the leaf extract showed no peak in UV-Vis 
absorption spectroscopy. The TEM and SEM results were inconsistent and revealed 
that the synthesized silver nanoparticles were mostly spherical and prism-shaped, 
showing a size range of 10–20 nm. FTIR study confirmed that the leaf extract was 
rich in bio-functional organic molecules, which contained O-H and N-H functional 
groups, and facilitated the bioreduction of silver nitrate, while EDX analysis 
revealed that the synthesized silver NPs were free from any kind of impurity. The 
zeta potential and high negative potential value (−30.5 eV) indicated that the pre-
pared Ag NPs were highly stable. Kumar et al. (2017a) synthesized Ag NPs using 
the Andean blackberry fruit extract. At ambient temperature, they observed appear-
ance of yellowish-orange solution with lapse of time due to the SPR. The reduction 
of aqueous Ag+ ions by the blackberry fruit extract was analyzed by UV-Vis spec-
troscopy. It was interesting to observe through UV-Vis spectra that there were no 
peaks in the range of 380–480 nm, but after 3.5 h, a new peak appeared around 
380–480 nm. This indicates that synthesis of Ag NPs started after 3.5 h with the 
assistance of the fruit extract. The synthesized Ag NPs were spherical and highly 
crystalline, showing a size range of 12–50 nm. The presence of peaks near 3270, 
2933, and 1642 cm−1 (Fig. 5.4a) could be due to the O–H, aliphatic C–H, and C=O 
stretching vibration of flavonoids/phenolic groups in the fruit extract, which played 
important role in the synthesis of NPs. Figure 5.4b shows deviation of 3275 and 
1634 cm−1 for Ag NPs, which suggests that the O–H and C=O groups were adsorbed 
on the surface of NPs and involved in the reduction process. Palanisamy et al. (2017) 
synthesized Ag NPs, using Sargassum polycystum. The samples were collected 
from sea, dried, powdered, mixed with silver nitrate solution, and incubated at 
20 °C. Color change due to SPR vibration in the particles, showing distinct UV-Vis 
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absorption peak at 405 nm, confirmed the formation of Ag NPs. The XRD revealed 
that the NPs synthesized were highly crystalline and free from any impurity. The 
SEM and TEM studies revealed that the NPs were spherical with average size 
around ~28 nm. FTIR analysis indicated that the extract was rich in alkaloids, flavo-
noids, steroids, terpenoids, protein, and C-O stretching ether group which played 
important role in the reduction of silver ion. Rao and Tang (2017) used Eriobotrya 
japonica leaf extract for synthesizing the Ag NPs. The aqueous leaf extract was 
mixed with silver nitrate solution and incubated at 80 °C. It turned from colorless to 
yellowish brown due to reduction of silver ion and displayed distinct UV-Vis absorp-
tion band at around 435 nm, which indicated the formation of Ag NPs. The synthe-
sized NPs were spherical, with average size 19.75  nm, as determined by TEM 
analysis. They were highly stable and showed excellent zeta potential value about 
–20.4 mV, as shown in Fig. 5.5, which indicates the significant stability of Ag NPs 
in the suspension. The NPs were face-centered cubic in nature and exhibited diffrac-
tion peaks at the 2θ values of 38.11°, 44.33°, 64.35°, and 77.62° corresponding to 
111, 200, 220, and 311 crystallographic planes, respectively, as shown in Fig. 5.6. 
The FTIR analysis confirmed that the leaf extract was rich in triterpenic acids, fla-
vonoids, sesquiterpene glycosides, polysaccharides, and proteins, which were 
responsible for the bioreduction of silver ions.

Fig. 5.4 FTIR spectra of (a) Andean blackberry fruit extract (ABFE) and (b) Ag NPs synthesized 
by using ABFE extract (Kumar et al. 2017a)
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Kumar et  al. (2017b) used the extract of Physalis angulata leaves for Ag NP 
fabrication. They have suggested that the SPR raised through collective oscillations 
of free conduction electrons was responsible for Ag NP fabrication which revealed 
change in color of the reaction mixture from watery to reddish brown. The reaction 
mixture exposed to bright sunlight exhibited instant color change and SPR spectra 
within few minutes of the inoculation of aqueous extract of P. angulata into AgNO3 
solution, whereas the reaction mixture kept in dark condition did not attain the same 
color change and SPR spectra even in 12 h, as shown in Fig. 5.7a, b. FTIR analysis 
confirmed that the leaf extract was rich in phytochemicals such as flavonoids, phe-
nol, saponin, tannins, phytosterols, and glycosides. The authors have suggested that 
when the resultant mixture is exposed to sunlight, these phytochemicals get photo-
sensitized by absorbing photons from the sunlight and released excited electrons, 

Fig. 5.5 Zeta potential curve of Ag NP synthesized by using Eriobotrya japonica leaf extract (Rao 
and Tang 2017)

Fig. 5.6 XRD pattern of Ag NPs synthesized by using Eriobotrya japonica leaf extract (Rao and 
Tang 2017)
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which induced reduction of Ag+ to Ag0. The NPs were spherical in shape with aver-
age size of 36 nm. The XRD and SAED patterns confirmed the crystalline nature of 
synthesized NPs, while AFM studies provided the 2D and 3D topographical view 
and roughness profile of the NPs, respectively, as shown in Fig. 5.8. The maximum 
profile peak height and valley depth were 17.5 nm and 14.3 nm, respectively.

Fig. 5.7 Reaction extent of Ag NP biosynthesis showing a distinct pattern of change in color of 
the reaction mixture (a) in bright sunlight condition and (b) in dark condition (Kumar et al. 2017b)
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Recently, Kim et al. (2018) have demonstrated a green route for the preparation 
of Ag NPs, using the Laminaria japonica algal extract. They conducted a series of 
experiments to optimize the synthesis conditions at different pH levels, adding 
molar concentrations of NaOH and algal extract. The resultant mixtures were auto-
claved at 100 kPa and 121 °C for 20 min. The UV-Vis absorption spectra revealed 
the intensity of peak at 405 nm. This increased remarkably as the volume of the leaf 
extract was increased. The synthesized Ag NPs were spherical in shape, while their 
size appreciably varied with respect to the molar ratio of NaOH to leaf extract, as 
shown in Fig. 5.9. The DLS result was inconsistent with TEM result and confirmed 
that the average size of Ag NPs was of approximately 20 nm. The zeta potential 
values confirmed that the NPs were highly stable in nature, whereas the XRD and 
XPS spectra revealed their highly crystalline nature.

5.3  Factors Affecting Fabrication of Ag NPs

Several factors such as the concentration, pH, incubation time, and temperature of 
plant extract or biomass affect the conversion of metal ions to NPs and control the 
shape and size of NPs during fabrication.

Fig. 5.8 AFM images of Ag NPs synthesized by using aqueous extract of Physalis angulata 
leaves assisted by sunlight: (a) lateral and (b) three-dimensional view and (c) roughness profile of 
surface (Kumar et al. 2017b)
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5.3.1  Temperature

Silver nanotriangles were fabricated with Medicago sativa seed exudates at high 
temperatures (above 30 °C) due to suppression of shape-directing agents at lower 
temperatures (Lukman et al. 2011). Lin et al. (2010) used Cassia fistula leaf broth 
for fabrication of silver NPs. Silver nanowires were formed at room temperature, 
while spherical NPs and short nanorods appeared at 60 °C. The authors suggested 
that interaction between the biomolecules and the faces of silver perhaps changed at 
elevated temperatures which hindered the NP coalescence in solution. Cruz et al. 
(2010) used Lippia citriodora to fabricate Ag NPs and showed that the reduction 
rate increased as the reaction temperature was raised, showing that the NP nucle-
ation was facilitated at a high temperature. The authors obtained highly polycrystal-
line Ag NPs at high temperature (95  °C) and less crystalline ones at the room 
temperature. Andreescu et al. (2007) and Sathishkumar et al. (2010) demonstrated 
that fabrication of Ag NPs has a positive correlation with the increase in tempera-
ture. This is possibly because of the crystal growth of faces through the silver atom 
deposition on cubic faces rather than the nucleation of new silver crystals at elevated 
temperatures (Lengke et al. 2007). Furthermore, increase in SPR with an increase in 
temperature speaks of a positive correlation between NP production and tempera-
ture (Sathishkumar et al. 2010). So, all these investigations suggest that temperature 
is one of the important growth factors for fabrication of NPs of the desired shape 

Fig. 5.9 High-resolution TEM (a–f) of Ag NPs synthesized by using initial concentrations of 
2 mM AgNO3 and 2 mL (3% w/v) Laminaria japonica extract and various molar ratios of NaOH 
(5, 7.5, 15, 20, 30, and 40 mM, respectively) (Kim et al. 2018)
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and size. In a study, using Tanacetum vulgare fruit extract to produce silver and gold 
NPs (Dubey et  al. 2010), increase in temperature from 25 to 150  °C led to an 
increase in the sharpness of absorption peaks, possibly because a rise in temperature 
enhanced the reaction rate and hence the NP fabrication process (Phillip 2009; 
Dwivedi and Gopal 2010).

Upadhyay and Verma (2014) have shown that reaction time is temperature 
dependent for fabrication of Ag NPs from potato extracts. A change from room 
temperature to 60 °C reduced the reaction time from 16 h to 15 min and produced 
spherical NPs with an average size of 61 nm. Ghosh et al. (2012) also investigated 
the significance of temperature on the rate of reaction for the fabrication of Ag NPs 
from Dioscorea bulbifera tuber extract (Ghosh et al. 2012) and got the maximum 
rate of reaction at 50 °C. Similar conclusions were drawn while producing Ag NPs 
using Pulicaria glutinosa extract (Khan et al. 2013) and Solanum xanthocarpum 
berry extract (Amin et al. 2012). Sun et al. (2014) used tea leaf extract for develop-
ing Ag NPs and produced spherical NPs of 91 and 175 nm at 25, 40, and 55 °C, 
respectively. They suggested that the reaction rates of Ag NP synthesis increased as 
the temperature increased, and hence the particle sizes increased.

5.3.2  pH

Sathishkumar et  al. (2009) used Cinnamon zeylanicum bark powder and extract 
over a wider (1–11) pH range and suggested that the pH of the solution dropped in 
most of the cases after the fabrication of Ag NPs. At lower or acidic pH, large-sized 
ellipsoidal Ag NPs were obtained, whereas highly dispersed small-sized and spheri-
cal NPs were formed at higher or alkaline pH. The authors suggested that at higher 
pH, availability of a large number of functional groups facilitates a higher number 
of Ag(I) to bind and then form a large number of NPs with smaller diameter. In 
another study, Sathishkumar et al. (2010) used Curcuma longa for Ag NP fabrica-
tion and obtained large NPs at lower pH while small and highly dispersed NPs at 
higher pH.  With the mangosteen leaf extract, aggregation of Ag NPs facilitated 
overnucleation at low pH, whereas higher pH favored nucleation and subsequent 
development of a large number of NPs with smaller diameter (Veerasamy et  al. 
2011). Tripathy et al. (2010) used an aqueous extract of Azadirachta indica leaves 
for fabricating Ag NPs and found improved stability of cluster distribution at alka-
line pH range. They have proposed that complete charging of the clusters was 
obtained at alkaline pH possibly due to the availability of large amounts of OH−. 
The repulsive electrostatic/electrosteric relations were enhanced, which led to 
increased stability and reduced aggregation (Tripathy et al. 2010). This study dem-
onstrates a reduced Ag NP aggregation under alkaline conditions, which corre-
sponds to the lesser particle production at higher pH.  Maria et  al. (2015) used 
Ziziphus xylopyrus bark extracts for Ag NP fabrication and reported that the opti-
mum condition is silver nitrate solution at 10 mM; and the alkaline initial pH of 11 
facilitates SPR peak of high intensity, showing increased fabrication of Ag NPs. 
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Thus, the acidic medium suppressed the production of Ag NPs, whereas the basic 
medium enhanced it.

5.3.3  Incubation Time

The contact or incubation time, i.e., the time duration needed for accomplishment 
of all reaction steps, also affects the process of NP formation. For instance, Li et al. 
(2007) fabricated Ag NPs by treating silver ions with Capsicum annuum extract and 
found that the crystalline phase of NPs was altered from polycrystalline to single 
crystalline and their size was enhanced by increasing the reaction time. In this 
experiment, 5 h reaction time produced spherical and polycrystalline-shaped NPs 
(10 ± 2 nm), whereas the particle size was increased from 25 ± 3 nm to 40 ± 5 nm 
by increasing the reaction time from 9 to 13 h, respectively. In another study, sharp-
ness of UV absorption spectra peaks was increased with an increase in the contact 
time during the fabrication of silver and gold NPs using the leaf extract of 
Chenopodium album (Dwivedi and Gopal 2010). The authors observed that NPs 
appeared within 15 min of reaction and increased up to 2 h and thereafter only a 
slight variation took place. Fabrication of silver and gold NPs started with the help 
of Tanacetum vulgare fruit extract within 10 min of the reaction (Dubey et al. 2010). 
The authors found that an increase in contact time was favorable for sharpening of 
peaks in both silver and gold NPs. They reported a shorter reaction contact time in 
comparison to the previous reports of Fayaz et  al. (2009) and Shaligram et  al. 
(2009). Veerasamy et al. (2011) used mangosteen leaf extract for Ag NP fabrication 
and suggested that the optimum time needed for completion of reaction was 60 min. 
They pointed out that due to the instability of NPs formed, an optimum duration is 
needed for complete nucleation and subsequent stability of NPs.

5.3.4  Plant Biomass Concentration

This is another crucial growth factor for optimum Ag NP production. The process 
starts when suitable precursor concentration is available in a suitable range for 
nucleation. The availability of reducing and capping agents determines whether the 
metal precursors could be reduced and ultimately participate in NP fabrication. 
Thus, plant biomass concentration at the time of NP fabrication cannot be ignored, 
as it facilitates the reduction and stabilization set in by the active biomolecules that 
usually influence the final outcome. Prathna et al. (2011) have used Citrus limon 
aqueous extract for fabrication of Ag NPs and found that by increasing the mixing 
ratio of metal solutions and plant biomass, smaller size of NPs was obtained. This 
could be due to the increased amount of electron-rich bioreducing agents when a 
higher concentration of plant biomass was used in the reaction medium (Prathna 
et al. 2011).
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5.4  Applications of Ag NPs

In recent years, one of the significant opportunities for NP use lies in biological sec-
tors. From the ancient time, silver-based compounds have been used as nontoxic, 
inorganic, and antibacterial agents in numerous applications due to their biocidal 
effects, for example, in wood preservatives or for water purification in hospitals. In 
general, nanomaterials revealed unique and modified physical and chemical proper-
ties, compared to their macroscaled counterparts. Ag NPs are important for their 
antibacterial properties, even against the multidrug-resistant human pathogens 
(Gopinath et al. 2012; Das et al. 2013; Prakash et al. 2013; Sankar et al. 2013; Gogoi 
et al. 2015; Chung et al. 2016; Karatoprak et al. 2017). Singh et al. (2013) have 
revealed that Ag NPs are effective against yeast and fungal pathogens. Antioxidant 
activity of plant-mediated Ag NPs is also observed (Raghunandan et  al. 2011; 
Dipankar and Murugan 2012; Chung et  al. 2016). Some reports on their use in 
destruction of cancer cells are also available (Subramanian and Suja 2012; Vivek 
et al. 2012; Sankar et al. 2013; Chung et al. 2016). Ag NPs are already integrated 
into applications such as wound treatment, sterilization, food sanitation, antibacte-
rial textiles, X-ray, and gene/drug delivery (Husen and Siddiqi 2014b; Chung et al. 
2016; Siddiqi and Husen 2016a, b; Abasi et al. 2016; Mattea et al. 2017). They are 
also used for enhancing plant growth and development (Yin et al. 2012; Husen and 
Siddiqi 2014b; Baskar et al. 2015; Vinković et al. 2017). In fact, Ag NPs are one of 
the most widely used and studied engineered NPs.

5.4.1  Antimicrobial

A clear understanding on the interactions of Ag NPs with the cell surface is vital for 
the assessment of bactericidal activity and for advanced biomedical and environmen-
tal applications. One important feature of Ag NPs is that they have an antibacterial 
effect (Siddiqi et al. 2018a, d). However, different bacteria have different cell wall 
structure and are therefore different in their susceptibility. The study of antibacterial 
activity of Ag NPs by different methods has shown that they are effective toward dif-
ferent bacterial species in different media. The difference in the sensitivity of bacte-
ria toward Ag NPs is due to their ability to form capsules and to the variation in 
thickness of peptidoglycan layer in their cell wall (de Aragao et al. 2016; Cicek et al. 
2015). A higher antibacterial activity of Ag NPs against gram-positive bacteria than 
gram-negative bacteria has been reported by many researchers (Yakout and Mostafa 
2015; Jadhav et al. 2015; Paul et al. 2016). However, the exact mechanism for this 
specific response remains unknown. On the other hand, some workers have reported 
the use of Ag NPs for inhibiting the growth of both gram-positive and gram-negative 
bacteria (Swamy et al. 2015; Pugazhendhi et al. 2015; Kokila et al. 2016; El-Sherbiny 
et al. 2016). Ag NP toxicity or the growth rate of bacterial population is also depen-
dent on the NP and pH of the medium and exposure time to pathogens (Siddiqi et al. 
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2018a). In general, the minimum inhibitory concentration (MIC) values are used to 
investigate the antibacterial potential of NPs (Kamala- Kannan et  al. 2016; 
Sundararajan et al. 2016; Jadhav et al. 2016). Lok et al. (2006) suggested that the 
response of Ag NPs is connected with bacterial cell wall structure and the variation 
of antibacterial activity may derive from differences in bacterial cell wall structure 
and the thickness of peptidoglycan layer of this wall. It has also been proposed that 
cationic silver denatures proteins by getting attached to the thiol group and phospho-
rus contained in DNA present in the bacterial cell wall. This inhibits replication of 
DNA and causes deterioration of plasma membrane leading to cell death. It was 
hypothesized that Ag NPs may bind to mesosomes (cell organelle) which further 
inhibit the production of energy in the bacterial cell (Balamanikandan et al. 2015; 
Emmanuel et al. 2015; Awad et al. 2015; Ahmed et al. 2015). It has also been sug-
gested that Ag NPs produce reactive oxygen species (ROS) and free radicals which 
cause apoptosis leading to cell death, thus checking their replication (Siddiqi et al. 
2018a) (Fig. 5.10). High concentrations of Ag NPs exhibit strong anti-bactericidal 
performance (Lu et al. 2015; Ali et al. 2015; Mohan et al. 2016). It was reported that 
Ag NPs synthesized from Azadirachta indica aqueous leaf extract or Emblica offici-
nalis fruit extract show higher antibacterial activity, compared to those prepared 
from conventional methods (Ahmed et al. 2016; Ramesh et al. 2015). Recently, Tareq 
et al. (2017) have fabricated Ag NPs from Bryophyllum pinnatum leaf extract and 
found them strongly active against food pathogen (Escherichia coli-MTCC-443) and 
agriculture pathogen (Bacillus megaterium-MTCC-2412).

The antifungal property of Ag NPs against different strains of fungi including 
Aspergillus, Candida, and Trichophyton has been studied by several researchers. 
The growth of fungal strains Aspergillus flavus, A. niger, A. ochraceus, and A. terres 
was inhibited by the Ag NPs synthesized with Allium cepa extract (Balamanikandan 
et al. 2015). Compared to the standard antifungal agent fluconazole, green synthe-

Silver nanoparticles

Membrane damage ROS formation

Inhibition of cell multiplication Cell damage/destruction

Association/Interaction of
silver nanoparticles with
DNA and/or biomolecules

Interaction with
enzymes and/or
biomolecules

Fig. 5.10 Mechanism of action of Ag NPs against bacterial cells (Siddiqi et al. 2018a)
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sized Ag NPs were more effective, showing a higher activity against Candida albi-
cans than against some other fungal species such as Candida tropicalis, Trichophyton 
mentagrophytes, and Aspergillus flavus. Fungal strains C. albicans and C. tropicalis 
were significantly more susceptible to Ag NPs synthesized from ribose sugar than 
to the fungicidal drug Amphotericin B (Balamanikandan et al. 2015; Sathyaseelan 
et al. 2015; Mallmann et al. 2015). The Ag NPs synthesized from fresh stem and 
freeze-dried roots of Amaranthus dubius exhibited a high antifungal activity, 
whereas leaf extracts (fresh and freeze-dried) showed insignificant response 
(Sigamioney et al. 2016). Penicillium spp. were found to be more sensitive toward 
Ag NPs synthesized from Momordica charantia than from Aspergillus flavus and A. 
niger. It was proposed that cell lysis occurs because of deactivation of sulfhydryl 
contained in the fungal cell wall and this leads to the formation of insoluble com-
pounds followed by a disruption of membrane-bound enzymes and lipids (Ajitha 
et al. 2015). Balashanmugam et al. (2016) have used Cassia roxburghii aqueous leaf 
extract for Ag NP fabrication. The particles produced showed a higher antifungal 
activity in comparison to the conventional fungicide amphotericin B against human 
pathogenic (Aspergillus niger, A. fumigatus, A. flavus, Penicillium sp., Candida 
albicans) as well as plant pathogenic (Rhizoctonia solani, Fusarium oxysporum, 
and Curvularia sp.) fungi. In a recent study, Bahrami-Teimoori et al. (2017) used 
the leaf extract of Amaranthus retroflexus to produce Ag NPs; worked out their 
MIC50 against Alternaria alternata, Fusarium oxysporum, and Macrophomina pha-
seolina; and suggested that these particles could be used as a potent antifungal agent 
against some plant pathogenic fungi.

5.4.2  Biomedical Application

The biosynthesized Ag NPs are found to possess mosquitocidal and antiplasmodial 
activities (Murugan et al. 2015), e.g., those synthesized with the help of Aristolochia 
indica have shown a high activity against the Anopheles stephensi larvae and pupae, 
whereas the Hybanthus enneaspermus-mediated Ag NPs showed larvicidal activity 
against A. subpictus. The Ag NPs synthesized from other plant extracts through 
green methods also proved to be powerful mosquito control agents (Muthukumaran 
et  al. 2015; Govindarajan et  al. 2016a). The concentration-dependent larvicidal 
activity of Ag NPs, which inhibits and disrupts the normal physiological and meta-
bolic processes of adults emerging from treated larvae and pupae, has also been 
discussed and the IC50 and IC90 values determined as a measure of toxicity 
(Govindarajan et  al. 2016a, b; Panneerselvam et  al. 2016; Murugan et  al. 2015; 
Muthukumaran et al. 2015; Suman et al. 2016). Recently, Deepak et al. (2017) have 
used Turbinaria ornata for Ag NP fabrication and observed their activity against 
fourth instar larvae of three mosquitoes. The maximum activity was recorded on 
Aedes aegypti followed by Anopheles stephensi and Culex quinquefasciatus with 
LC50 of 0.738, 1.134, and 1.494 μg L−1 and LC90 of 3.342, 17.982, and 22.475 μg 
L−1 lethal concentration values, respectively.
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In addition, Ag NPs interact with HIV-1 depending on their size (Elechiguerra 
et al. 2005). Particle size from 1 to 10 nm easily interacts with HIV-1 virus via pref-
erential binding to gp120 glycoprotein knobs. This interaction inhibits the virus 
from binding to host cells, as shown in an in vitro investigation (Elechiguerra et al. 
2005). So, these particles hopefully find an application in preventing and controlling 
HIV infection. They also show antiviral activity against herpes simplex virus type 1 
(HSV-1), influenza virus, and hepatitis B virus (Baram-Pinto et al. 2009; Gaikwad 
et al. 2013; Lu et al. 2008; Xiang et al. 2011) and have been used in wound dressings 
due to their antimicrobial activity (Liu et al. 2010; Kwan et al. 2011). Becker (1999) 
found them useful in topical ointments and creams for preventing infection of burns 
and open wounds. Thus, Ag NPs are believed to promote wound healing in a dose- 
dependent manner (Tian et al. 2007).

The biosynthesized Ag NPs have shown anticancer properties due to structurally 
diverse chemical constituents present in them. They have exhibited potent cytotoxic 
effects against various cancer cell lines. With increase in the concentration of NPs, 
cell viability decreased. This is explained on the basis of the active physiochemical 
interaction of silver ions with the functional groups of intracellular proteins, along 
with nitrogenous bases and phosphate groups as well (Varghese et al. 2015; Mata 
et al. 2015; Nalavothula et al. 2015; Sreekanth et al. 2016). Manikandan et al. (2015) 
have demonstrated that Ag NPs fabricated from Rosa indica have anticancer and 
anti-inflammatory properties. Those obtained from Piper longum and Melia aze-
darch were also shown to have a cytotoxic effect on HEp-2 (Jacob et al. 2012) and 
HeLa cell lines (Sukirtha et al. 2012). Silver ions can produce reactive oxygen spe-
cies (ROS) which may cause apoptosis or necrosis in human cancer cells through 
nuclear condensation and fragmentation.

Valodkar et al. (2011) tested the toxicity of plant-latex-capped Ag NPs toward 
human lung carcinoma cells in vitro and suggested that these particles are toxic to 
A549 cells in a concentration-dependent manner. They also suggested that plant 
latex can solubilize Ag NPs in water and act as a potential biocompatible vehicle for 
transport of Ag NPs to target tumor cells. Nevertheless, a detailed study of biocom-
patibility of these plant-latex-mediated NPs is still awaited. Moreover, Ag NPs have 
been examined to cure other diseases also including leukemia (Guo et  al. 2013, 
2014), hepatocellular carcinoma (Kim et  al. 2009; Sahu et  al. 2014; Faedmaleki 
et al. 2014), breast cancer (Franco-Molina et al. 2010; Gurunathan et al. 2013a, b), 
lung cancer (Foldbjerg et al. 2011), and skin and/or oral carcinoma (Austin et al. 
2011). In an experiment, Jeyaraj et al. (2013) have claimed that Ag NPs fabricated 
from Podophyllum hexandrum have a significantly enhanced anticancer activity in 
comparison to Cisplatin, the standard anticancer drug (Jeyaraj et  al. 2013). 
Dimocarpus longan peel’s aqueous extract was used to produce Ag NPs (He et al. 
2016), which showed cytotoxicity in a dose-dependent manner against prostate can-
cer (PC-3) cells through a decrease of stat 3, bcl-2, and survivin, as well as an 
increase in caspase-3. The authors have suggested that these particles could be used 
for prostate cancer treatments, although a comprehensive investigation to under-
stand the molecular mechanism and in vivo effects of Ag NPs on prostate cancer is 
still required. Ag NPs obtained with the help of many other plants such as Allium 
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sativum (Ahamed et al. 2011), Annona squamosa (Vivek et al. 2012), Citrullus col-
ocynthis (Satyavani et al. 2011a, b), Piper longum (Reddy et al. 2014), Melia dubia 
(Kathiravan et al. 2014), Mentha arvensis (Banerjee et al. 2017), and Pimpinella 
anisum (Devanesan et al. 2017), among others, have been examined against differ-
ent human cancer cell lines.

5.4.3  Antioxidant Potential and Catalytic Activity

The antioxidant property of synthesized Ag NPs is determined by their free radical- 
scavenging capacity. The better scavenging activity of green synthesized Ag NPs is 
due to capping agents, the phytochemicals present in the plant extract. One of the 
tools used for this purpose is the DPPH (1,1-diphenyl-l-2-picrylhydrazyl) radical- 
scavenging assay. The hydrogen-donating activity of antioxidants that converts the 
color of DPPH from violet to yellow by making it a stable diamagnetic molecule is 
the measure of antioxidant property (Priya et al. 2015; Rajan et al. 2015; Arunachalam 
et al. 2015; Parveen et al. 2016; Srinithya et al. 2016; Sriranjani et al. 2016; Lateef 
et al. 2016; Kumar et al. 2016). The biosynthesized Ag NPs have been very effective 
in preventing oxidative stress and therefore act as a powerful antioxidant agent. 
Artocarpus altilis aqueous leaf extract was used for Ag NP fabrication, and the 
product showed a moderate antimicrobial and antioxidant property (Ravichandran 
et al. 2016). Parveen et al. (2016) have reported a microwave-assisted Ag NP fabri-
cation from Fraxinus excelsior leaf extract. The NPs obtained have shown a promis-
ing ability to diffuse the toxic free radicals and hence can be used as a food additive 
or in the nutraceutical and biopharmaceutical industries. Furthermore, silver NPs 
have been used for catalytic activity in a number of partial oxidation reactions, for 
instance, the oxidation of methanol to formaldehyde and ethylene to ethylene oxide. 
Ag NPs obtained from Terminalia chebula fruit extract (Edison and Sethuraman 
2012) and from Saraca indica flower extract (Vidhu and Philip 2014) also revealed 
an effective catalytic activity in the reduction and removal of methylene blue, a 
cationic dye. The aqueous extract of Dalbergia spinosa leaves was used for the 
production of Ag NPs (Muniyappan and Nagarajan 2014), which were effective in 
the catalytic reduction of 4-nitrophenol into 4-aminophenol. Salvadora persica 
aqueous stem extract was also used for fabrication of Ag NPs, which accomplished 
96% photodegradation activity against methylene blue in 80 min (Tahir et al. 2015). 
Kumar et al. (2016) have claimed a zero-cost approach for producing stable and 
spherical Ag NPs from the aqueous extract of Erigeron bonariensis which acted as 
both reducing and stabilizing agent in the presence of direct sunlight and exhibited 
catalytic activity toward the degradation of acridine orange without involving any 
hazardous reducing agent. In addition, Edison et al. (2016b) have used a marine 
green alga (Caulerpa racemosa) for eco-friendly synthesis of Ag NPs, which 
showed excellent catalytic activity toward the degradation of methylene blue.
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5.4.4  Agricultural Application

To get the maximum advantage of nanotechnological applications in agriculture, the 
first important point is to examine the biological influence of NPs on plant growth 
and developmental processes. In general, most of the investigations have been 
focused on the NPs uptake and accumulation, biodistribution, and phenotypic 
responses such as root/shoot length, biomass, and seed germination and DNA dam-
age (Rico et al. 2011; Yin et al. 2011; Atha et al. 2012; Husen and Siddiqi 2014a, b; 
Baskar et al. 2015). Dimpka et al. (2013) have reported that Ag NPs damage root 
cells, impair plant growth and seed germination, and affect leaf transpiration, root 
elongation, and plant biomass of Triticum aestivum. The dual toxicity of Ag NPs is 
associated with the Ag+ ions released from Ag NPs and with the size of Ag NPs. For 
example, the ROS-mediated oxidative burst and inhibition of respiratory enzyme 
activity caused by the dissolved ionic Ag+ released from Ag NPs have been reported 
by Kim et  al. (2009). The size of NPs also affects toxicity; the smaller Ag NPs 
(<5 nm) caused an increased toxicity compared to the dissolved silver or the large- 
sized Ag NPs at the same concentration (Choi and Hu 2008). However, many other 
factors, viz., plant species, age, mode of treatment, concentration of NPs, and dura-
tion of treatment, are also important in determining the impact of Ag NPs in plants 
(Husen and Siddiqi 2014b; Siddiqi and Husen 2017b; Baskar et al. 2015; Vinković 
et al. 2017).

Seed germination percentage and shoot length declined by 10 mg L−1 Ag NPs in 
Hordeum vulgare and Linum usitatissimum (El-Temsah and Jone 2010), whereas 
seed germination was not affected in Cucumis sativus and Lactuca sativa even at 
100 mg L−1 (Barrena et al. 2009). The positive effects of Ag NPs on growth activi-
ties have been observed in various species like Brassica juncea, Panicum virgatum, 
Phytolacca americana, Phaseolus vulgaris, and Zea mays (Sharma et al. 2012; Yin 
et al. 2012; Salama 2012). Baskar et al. (2015) found the biologically synthesized 
Ag NPs to act as a growth promoter at a lower dose (100 mg L−1) and as a growth 
inhibitor at a higher dose (500 mg L−1) in seedlings of Brassica rapa ssp. pekinen-
sis. Bioaccumulation of Ag NPs in seedlings occurred in a dose-dependent manner. 
Similarly, the increased intracellular ROS generation and MDA accumulation were 
more pronounced at higher doses (250 and 500 mg L−1) of Ag NP treatments. DNA 
damage, anthocyanin production, and antioxidant gene expression were also ele-
vated at higher doses. In addition, Baskar et  al. (2015) claimed that most of the 
glucosinolate biosynthesis and regulatory-related genes were induced at higher 
doses of Ag NPs. Thus, in general the higher dose of Ag NP treatments leads to 
phytotoxicity by suppressing the growth-related parameters, as these were also 
associated with the molecular and physiological deviations (Thuesombat et  al. 
2014; Baskar et al. 2015; Cvjetko et al. 2017; Rui et al. 2017). However, Qian et al. 
(2013) observed that 2-week exposure of Ag NPs was toxic to Arabidopsis thaliana 
seedlings; the seedling growth was significantly inhibited even at very low (0.5 and 
3 mg L−1) concentrations. Moreover, Ag NPs resulted in varying degrees of toxicity 
on algal growth, photosynthesis, antioxidant systems, and carbohydrate metabolism 

5 Plant-Based Fabrication of Silver Nanoparticles and Their Application



164

(Huang et al. 2016; Qian et al. 2016). Comprehensive research needs to be taken up 
on various issues such as NP interaction with biological systems and their toxicity 
in the natural environment and the potential risks to ecosystems.

5.5  Conclusion

The use of environment-friendly materials, such as plants, for the fabrication of Ag 
NPs has shown several benefits. Plant-mediated fabrication of Ag NPs is cost- 
effective and can be utilized as an appropriate alternative route for the large-scale 
NP production. The principal and active biomolecules present in plant extracts are 
responsible for the reduction of metal ions to produce NPs. However, due to huge 
diversity and complex nature of plants, it is important to identify the specific com-
pound that is involved in NP fabrication. Biomolecules, namely, polysaccharides, 
proteins, terpenoids, flavonoids, and alkaloids, are often considered as the potential 
bioreducing and stabilizing agents that facilitate NP fabrication. It is also reported 
that two active compounds belonging to different groups were responsible for the 
conversion of silver salts into nano-sized silver particles. In this situation, perhaps 
one group of compounds reduces the metal ions, while the other group acts as cap-
ping agent for the NPs synthesized. The bioreduction process of metal ions may 
possibly stem from interchange of numerous active components available in the 
plant extract or biomass. Further, these fabrication processes are influenced by sev-
eral variables, like incubation time, temperature of the plant extract or biomass, its 
concentration, and pH value, which are difficult to control. In the recent past, due to 
their unique properties, Ag NPs have been incorporated into antimicrobial applica-
tions, biosensor materials, composite fibers, cryogenic superconducting materials, 
cosmetic products, electronic components, medical imaging appliances, drug deliv-
ery and hyperthermia of tumors, biolabeling, sensors, filters, food storage, textile 
coatings, agriculture, and a number of environmental issues. At present, a better 
understanding of the mechanism of plant-mediated fabrication of Ag NPs and their 
application to the cutting-edge areas of technology constitutes a very promising 
field for future research.
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Chapter 6
Plant Protein-Based Nanoparticles 
and Their Biomedical Applications

Siavash Iravani and Ashutosh Kumar Shukla

6.1  Introduction

The plant protein-based nanoparticles (NPs), such as soy proteins, zein, and wheat 
gliadins, have several benefits and are widely available, compared to the animal- 
derived proteins. They can be used as drug carriers for lipophilic or anticancer drugs 
and as delivery systems for bioactive ingredients (Wan et al. 2015; Malekzad et al. 
2017). These proteins can be used to encapsulate drugs in order to protect them 
from a rapid degradation by environmental stress. These carriers are biodegradable 
and metabolizable and can be prepared under soft conditions without the use of 
toxic and hazardous organic solvents or materials. They can incorporate a wide 
variety of drugs in a relatively non-specific fashion. Moreover, these NPs may offer 
various possibilities for surface modification and covalent attachment of drugs and 
ligands. Corn, wheat, and soybeans contain proteins, which are readily available, 
biodegradable, and considerably less allergic in contrast to animal proteins such as 
bovine collagen (Malekzad et al. 2017). Plant protein-based NPs can be used in drug 
delivery and gene delivery systems, in bioactive compound delivery, and in improve-
ment of oral bioavailability of drugs. Moreover, they have applications in food 
industry and tissue engineering. Some important advantages of plant protein- based 
NPs have been summarized in Table 6.1.

Plant proteins are generated as coproducts when cereal grains are processed for 
food or fuel and have limited non-food applications. Zein, soy proteins, and wheat 
proteins (gluten, gliadin, and glutenin) are the major plant proteins. Peanuts, sor-
ghum, millets, and other cereal grains also contain some lesser amounts of proteins. 
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Plant proteins are more widely available but have lower molecular weights than 
collagen and silk. They carry higher net negative charges than collagen and silk and 
would, therefore, be more suitable for the delivery of positively charged drugs. Plant 
proteins also have highly polar amino acids that make them hydrophilic and more 
capable to attract cells. The wide range of isoelectric points for plant proteins allows 
researchers to choose appropriate proteins for delivering specific drugs into the 
body (Orecchioni et  al. 2006; Reddy and Yang 2011; Nahete et  al. 2013; Gadad 
et al. 2014; Mohammadinejad et al. 2016). Proteins are based on a series of l-α- 
amino acids with various characteristics and consist of four distinct structures. 
The primary structure is the amino acid sequence. The secondary structure consists 
of regularly repeating local structures stabilized by hydrogen bonds, and the most 
common examples are the alpha-helix, beta-sheet, and turns. The tertiary structure 
includes the overall form of a single protein molecule: the spatial relationship of the 
secondary structures to one another. The tertiary structure not only is generally sta-
bilized by nonlocal interactions, most commonly the formation of a hydrophobic 
core, but also through salt bridges, hydrogen bonds, disulfide bonds, and posttrans-
lational modifications. The quaternary structure, usually called protein subunit in 
this context, is the structure formed by several protein molecules (polypeptide 
chains) which act as a single protein complex (Whitford 2013).

In this chapter, we present an overview of issues related to the plant  protein- based 
NPs and highlight their potential biomedical applications.

6.2  Plant Protein-Based NPs and Their Biomedical 
Applications

6.2.1  The Zein NPs

Zein is a water-insoluble plant storage prolamine protein from maize seeds (Zea 
mays L.), which has been used extensively in many industrial and food applications 
and for coatings of paper cups, clothing fabrics, adhesives, and binders (Podaralla 
and Perumal 2012). The hydrophobic nature of zein provides a barrier to the 

Table 6.1 Important advantages of plant protein-based NPs

Important advantages of 
plant protein-based 
nanoparticles

No risk of infectious pathogens due to contamination with 
animal tissues
Can incorporate a wide variety of drugs
Less expensive than animal proteins
Can be prepared under soft and nontoxic conditions
Biodegradable and metabolizable
Possess functional groups which can be easily employed either 
to adsorb or to covalently couple the molecules that can modify 
the targeting properties of NPs
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encapsulated actives improving their storage stability in product conditions as well 
as effectively reducing their degradation in the gastrointestinal tract. Zein has three 
quarters of lipophilic and one quarter of hydrophilic amino acid residues and con-
sists of three fractions that vary in molecular weight and solubility. These include 
α-zein (19–24 kDa; 75–80% of total protein), β-zein (17–18 kDa, 10–15%), and 
γ-zein (27  kDa, 5–10%). The large proportion (>50%) of nonpolar amino acids 
(leucine, proline, alanine, and phenylalanine) in zein makes it water insoluble. Zein 
is deficient in essential amino acids, such as lysine and tryptophan, and, hence, is 
poor in nutritional quality. Commercial zein is available in two, yellow and white 
grades. Zein particulate systems have been prepared using phase separation based 
on the differential solubility of zein in ethanol and aqueous solution. Zein is 
approved by the Food and Drug Administration (FDA) as a safe excipient for phar-
maceutical film coatings (Patel and Velikov 2014). Xu et al. (2011) investigated an 
almost biodegradable hollow zein to remove reactive dyes from simulated post- 
dyeing wastewater with a remarkably high efficiency. Hollow zein NPs have a 
higher adsorption for Reactive Blue 19 than solid structures, and the adsorption 
amount has been shown to increase as the temperature decreases, the pH decreases, 
or the initial dye concentration increases. The adsorption capacity of hollow zein is 
also much higher than that of the various biodegradable adsorbents developed to 
remove reactive dyes.

Zein can be used in controlled and targeted drug delivery and tissue engineering. 
Furthermore, this biodegradable and biocompatible protein can be used for several 
industrial applications including agriculture, cosmetics, packaging, and pharmaceu-
ticals. In this regard, there are several advantages including biodegradability, ease of 
availability, high drug-binding capacity, and availability of large surface area for the 
drug and cells to be entrapped (summarized in Table 6.2) (Paliwal and Palakurthi 
2014). Zein resource and method of extraction have effects on its pharmaceutical, 
physiochemical, and therapeutic properties. Genetic materials such as DNA, siRNA, 
and oligonucleotides within intracellular compartments may be tried to develop 
zein-based NPs for gene therapy (Paliwal and Palakurthi 2014). Actually, the amphi-
philic property of zein and the size advantage of nanofibers have been brought 

Table 6.2 Some important properties of zein

Properties Water insoluble but efficiently soluble in aqueous alcohol solution
Gelling character
Less costly, biodegradable, and biocompatible
Adhesive nature, high drug-binding capacity
Antioxidant and antimicrobial characters
High molecular weight; brick-like structure
More sustained drug release than hydrophilic proteins
Strong EPR effect can be achieved
Protection of encapsulated sensitive drug from hydrolysis
Protection of loaded drug from microbial degradation
High payload with sustained release of loaded drug
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together in developing an ideal delivery system for siRNA. The morphological anal-
ysis of the GAPDH-siRNA-loaded zein nanofibers revealed the proper encapsula-
tion of the siRNA in the polymeric matrix. The loading efficiency of this delivery 
system was found to be about 58.57% (w/w). The agarose gel analysis revealed that 
the zein nanofibers preserved the integrity of siRNA for a longer period even at the 
room temperature. The in  vitro release studies not only depicted the sustaining 
potential of the zein nanofibers but also ensured the release of sufficient quantity of 
siRNA required to induce the gene-silencing effect. The amphiphilic property of 
zein supported the cell attachment and thereby facilitated the transfection of siRNA 
into the cells. The potential of the developed system in inducing the desired gene- 
silencing effect was confirmed by the quantitative real-time PCR analysis 
(Karthikeyan et al. 2015). In another study, controlled delivery of hollow NPs from 
zein to different organs of mice was achieved via cross-linking, using citric acid, a 
nontoxic polycarboxylic acid derived from starch (Karthikeyan et al. 2015). Hollow 
zein NPs were chemically cross-linked with citric acid in order to achieve a con-
trolled delivery and prolonged accumulation of NPs in the kidney. NPs showed 
improved stability in aqueous environment at pH 7.4 without affecting the adsorp-
tion of 5-fluorouracil (5-FU), a common anticancer chemotherapy drug. Therefore, 
citric acid cross-linked hollow zein NPs can be the potential vehicles for a control-
lable delivery of anticancer therapeutics (Xu et al. 2015).

Zou and Gu (2013) designed TPGS 1000 (TPGS) emulsified zein NPs (i.e., 
TZN) in order to improve the oral bioavailability of daidzin (an isoflavone glycoside 
with estrogenic activities). They fabricated the zein NPs and TZN using an anti- 
solvent method and determined that the NPs must be spherical in shape, with a 
mean size of approximately 200 nm and low polydispersity. The NP zeta potentials 
were approximately +25 mV at pH 5.5 and −23 mV at pH 7.4. The addition of 
TPGS as an emulsifier increased the encapsulation efficiency of daidzin in the zein 
NPs from 53% to 63%. Daidzin-loaded TZN exhibited a slower daidzin release 
when compared with the daidzin-loaded zein NPs, in both simulated digestive fluids 
and a pH 7.4 buffer. Confocal laser scanning microscopy suggested that the cellular 
uptake of the coumarin-6-labeled TZN in human intestinal epithelial Caco-2 cells is 
significantly higher than that of the fluorescent zein NPs. The cellular uptake and 
transport studies revealed that daidzin in TZN was taken up more efficiently into 
Caco-2 cells and transported more quickly through a Caco-2 monolayer than 
through a daidzin solution (Zou and Gu 2013). A pharmacokinetic study demon-
strated that the Cmax of daidzin in mice, after oral administration of daidzin-loaded 
TZN, was 5.66 ± 0.16 μM, which was improved by 2.64-fold, compared with that 
of the daidzin solution (2.14 ± 0.04 μM). Moreover, the areas under the curve (AUC) 
for daidzin-loaded TZN were enhanced by 2.4-fold, compared with that of the daid-
zin solution (Zou and Gu 2013).

Xu et al. (2011) developed hollow zein NPs for potential drug delivery applica-
tions, with average diameters as small as 65 nm, which were capable of loading a 
large amount of drug and penetrating into the cell cytoplasm. Hollow zein NPs were 
capable of loading as high as 369 mg g−1 of the drug metformin at an equilibrium 
concentration of 3 g L−1. Metformin in hollow zein NPs showed a more sustained 
and controlled release profile than that in solid zein NPs, and the hollow zein NPs 
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were able to enter the fibroblast cells 1 h after incubation. Moreover, Lai and Guo 
(2011) proposed a new zein NP-encapsulated 5-FU that targets the liver through 
intravenous delivery. The highest drug loading was obtained using the following 
conditions: ratio of zein, 5-FU, 3:1 (v/v); zein concentration, 12.5  mg  mL−1; 
pH 9.18; mixing time, 3 h; and ethanol concentration, 40%. The encapsulation effi-
ciency and the drug loading were 60.7 ± 1.74 and 9.17 ± 0.11, respectively. The size 
of the zein NPs and the zeta potential were 114.9 ± 59.4 nm and − 45 ± 0.3 mV, 
respectively. In vivo, zein NPs mostly accumulated in the liver following intrave-
nous injection, and the targeting efficiency increased by 31.33%. The relative uptake 
rate for the liver was 2.79, and the nano-sized ZPs were beneficial for prolonged 
blood residence (7.2-fold increase) (Fig. 6.1).

Zein NPs (approximately 800 nm) were synthesized and conjugated with quan-
tum dots (ZnS/Mn) (Lai and Guo 2011). They were encapsulated with 5-FU and 
employed successfully for cellular imaging. Evaluation of the NP biocompatibility 
showed that NPs at higher concentrations were compatible for cells and were, there-
fore, expected to be the promising agents for targeted drug delivery (Aswathy et al. 
2012). Zhang et al. (2014) prepared and characterized thymol-loaded zein NPs sta-
bilized with sodium caseinate and chitosan hydrochloride. Based on their evalua-
tion, they concluded that the encapsulated thymol was more effective in suppressing 
the gram-positive bacterium than unencapsulated thymol for a longer period. In 
another study, Lee et al. (2013) introduced a novel drug delivery system composed 
of zein and demonstrated that zein NPs protected the therapeutic proteins, catalase 
and SOD, from the harsh conditions found in the gastrointestinal (GI) tract. Folate- 
conjugated catalase (CAT) or superoxide dismutase (SOD) in zein NPs was able to 
target the activated macrophages and scavenge the reactive oxygen species (ROS) 
generated by macrophages in vitro (Fig. 6.2).
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Fig. 6.1 Zein NPs could be distributed significantly in the liver after intravenous administration to 
mice and adequately remained in blood for at least 24 h. Data were given as mean ± SD (n = 3). 
Statistical significance compared between two groups: *p < 0.001, **p < 0.05, and ***p > 0.05. 
(Reproduced with permission of Lai and Guo (2011))
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Chen et  al. (2014) fabricated the tangeretin-loaded protein NPs by mixing an 
organic phase containing zein and tangeretin, with an aqueous phase containing 
β-lactoglobulin. Extensive particle aggregation occurred at a high ionic strength 
(>100 mM) and intermediate pH (4.5–5.5) due to a reduced electrostatic repulsion. 
Extensive aggregation also occurred at temperatures exceeding 60 °C, which was 
presumably due to the increased hydrophobic attraction. Overall, they showed that 
the protein-based NPs could be used to encapsulate the bioactive tangeretin; there-
fore, it could be readily dispersed in compatible food products. In another study, 
Luo et al. (2011) encapsulated a hydrophobic nutrient, α-tocopherol, into a zein/
chitosan complex. Physicochemical and structural analysis showed that electro-
static interactions and hydrogen bonds were the major forces responsible for the 
complex formation (Fig. 6.3). Scanning electron microscopy (SEM) revealed the 

Fig. 6.2 Folate-conjugated catalase or SOD in zein NPs can target the activated macrophages and 
scavenge the ROS generated by macrophages in vitro. (Reproduced with permission of Lee et al. 
(2013))

Fig. 6.3 Schematic representation of the complex formation due to electrostatic interactions and 
hydrogen bonds. (Reproduced with permission of Luo et al. (2011))
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spherical nature and smooth surface of the complex. The particle size and zeta 
potential of the complex varied from 200 to 800 nm and from +22.8 to +40.9 mV, 
respectively. The kinetic release profile of the α-tocopherol showed a burst effect, 
followed by a slow release. Compared with zein NPs, the zein/chitosan complex 
provided better protection of α-tocopherol release against gastrointestinal condi-
tions, due to the chitosan coatings (Luo et al. 2011).

Luo et  al. (2012) prepared zein NPs coated with carboxymethyl chitosan to 
encapsulate vitamin D3 and found that this vitamin was first encapsulated into zein 
NPs using a low-energy phase separation method and was simultaneously coated with 
carboxymethyl chitosan. Then, calcium was added to cross-link the carboxymethyl 
chitosan to obtain a thicker and denser coating. The NPs with carboxymethyl 
chitosan coatings had a spherical structure, with particle size ranging from 86 to 
200 nm. The encapsulation efficiency was greatly improved to 87.9% after carboxy-
methyl chitosan coating, compared with 52.2% for those using zein as a single 
encapsulant. The NPs with coatings provided a better controlled release of vitamin 
D3 in both the phosphate-buffered saline medium and the simulated gastrointestinal 
tract conditions. Photostability against UV light was significantly improved after 
encapsulation. Indole-3-carbinol and 3,3′-diindolylmethane are two bioactive com-
pounds that are obtained from cruciferous vegetables. However, the stability of 
these compounds has been a major limitation for their pharmaceutical applications. 
Luo et al. (2013) prepared zein and zein/carboxymethyl chitosan NPs to encapsulate 
indole-3-carbinol and 3,3′-diindolylmethane with a combined liquid- liquid phase 
separation and ionic gelation method. After the zein NPs were coated with carboxy-
methyl chitosan, the zeta potential decreased from approximately −10 to −20 mV, 
while the encapsulation efficiency was greatly improved. Both the NP formulations 
provided for a controlled release of indole-3-carbinol and 3,3′-diindolylmethane in 
the buffered saline. Zein and zein/carboxymethyl chitosan NPs demonstrated simi-
lar protection for both indole-3-carbinol and 3,3′-diindolylmethane against UV 
light, which was attributed mainly to the zein protein. Compared with zein NPs, 
the zein/carboxymethyl chitosan NPs exhibited a better protection of indole-
3-carbinol against degradation and a better inhibition against its oligomerization to 
3,3′diindolylmethane under thermal conditions (37 °C).

Wu et al. (2012) encapsulated two essential oils, thymol and carvacrol, in zein 
NPs using a liquid-liquid dispersion method and analyzed their antioxidant proper-
ties by the 2,2-diphenyl-1-picrylhydrazyl radical (DPPH radical dot) and ferric ion 
spectrophotometric assay. The DPPH radical dot was reduced in the range of 24.8–
66.8%, depending on the formulation, and more than 65% hydroxyl free radicals 
were quenched by the samples. Reduction of Escherichia coli from 0.8 to 1.8 log 
CFU/mL was achieved in the presence of NPs encapsulating the essential oils.

Regier et al. (2012) fabricated zein nanospheres encapsulating DNA using a coac-
ervation technique, without the use of harsh solvents or temperatures, resulting in the 
preservation of DNA integrity and particles with diameters that ranged from 
157.8 ± 3.9 nm to 396.8 ± 16.1 nm, depending on the zein to DNA ratio. In this study, 
DNA encapsulation efficiencies were maximized to 65.3%, with a maximum loading 
of 6.1 ± 0.2 mg DNA g−1 zein. The spheres protected encapsulated DNA from DNase 
I degradation and exhibited sustained plasmid release for at least 7 days, with minimal 
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burst during the initial release phase. The zein/DNA nanospheres demonstrated a 
robust biocompatibility, cellular association, and internalization.

Gomez-Estaca et al. (2012) prepared zein NPs with a compact spherical structure 
and a narrow size distribution by electro-hydrodynamic atomization and showed 
that zein NPs could be obtained from zein at concentrations ranging from 2.5% to 
15% (w/w). The size of these particles, ranging from 175 to 900 nm, increased with 
increasing polymer concentrations. Compact nanostructures were obtained for 
2.5% and 5% zein solutions, whereas 10% and 15% solutions yielded collapsed and 
shrunken particles. The flow rate was also shown to have an effect, where the lower 
the flow rate, the smaller the formed NPs. The morphology of the NPs did not 
change after incorporating curcumin (hydrophobic bioactive molecule) in propor-
tions ranging from 1:500 to 1:10 (curcumin/zein), and the encapsulation efficiency 
was approximately 85–90%. Fluorescence microscopy images showed that the 
ensuing nanostructures were similar in form to the matrix systems, with the cur-
cumin homogeneously distributed in the zein matrix. The curcumin remained in an 
amorphous state in the NPs, as revealed by X-ray diffractometry, which showed a 
close contact with the polymer. After 3 months of storage at 23 °C and 43% relative 
humidity in the dark, neither the size nor the morphology of the NPs underwent 
significant changes, and the curcumin content was not affected. Due to the encapsu-
lation, the curcumin was well dispersed when evaluated in an aqueous food matrix 
of semi-skim milk.

Hu et al. (2015) prepared biopolymer core-shell NPs using zein (hydrophobic 
protein as the core) and pectin (hydrophilic polysaccharide as the shell). Particles 
were prepared by coating cationic zein NPs with anionic pectin molecules using the 
electrostatic deposition (pH = 4). The core-shell NPs were fortified with curcumin 
at a high loading efficiency (>86%). The prepared spherical NPs (~250 nm) had a 
narrow size distribution, and the polydispersity index was about 0.24. The prepared 
biopolymer NPs could be useful for incorporating curcumin into functional foods 
and beverages and into dietary supplements and pharmaceutical products.

Jiang et  al. (2012) investigated the core-sheath nanofibers prepared using the 
coaxial electrospinning for providing the biphasic drug release profiles. Using keto-
profen as the model drug and polyvinylpyrrolidone and zein as the sheath polymer 
and core matrix, respectively, the coaxial process could be carried out smoothly and 
continuously without any clogging of the spinneret. In this study, SEM and trans-
mission electron microscopy (TEM) demonstrated that the nanofibers were linear 
with a homogeneous structure and had a clear core-sheath structure with an average 
diameter of 730 ± 190 nm, in which the sheath had a thickness of approximately 
90 nm. Differential scanning calorimetric and X-ray diffraction analyses verified 
that all the components in the core-sheath nanofibers were present in an amorphous 
state. The attenuated total reflectance of the Fourier transform infrared (FTIR) spec-
tra demonstrated that both the sheath and core matrix had a good compatibility with 
ketoprofen due to hydrogen bonding. In vitro dissolution tests showed that the 
nanofibers provided an immediate release of 42.3% of the contained ketoprofen, 
followed by a sustained release of the remaining drug over 10 h.

Huang et al. (2013) investigated the preparation of drug-loaded fibers using a 
modified coaxial electrospinning process, in which only unspinnable solvent was 
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used as the sheath fluid. With a zein/ibuprofen co-dissolving solution and N,N- 
dimethylformamide as the core and sheath fluids, respectively, the drug-loaded zein 
fibers were continuously and smoothly generated without any clogging of the spin-
neret. Field-emission SEM and TEM observations demonstrated that the fibers had 
a ribbon-like morphology with a smooth surface. The average fiber diameters were 
0.94 ± 0.34 and 0.67 ± 0.21 μm, when the sheath-to-core flow rate ratios were 0.11 
and 0.25, respectively. X-ray diffraction and differential scanning calorimetry 
analyses verified that the ibuprofen was amorphous in all of the fiber composites. 
FTIR spectra showed that the zein exhibited good compatibility with ibuprofen 
due to hydrogen bonding. In vitro dissolution tests showed that all the fibers pro-
vided sustained drug release files via a typical Fickian diffusion mechanism. This 
modified coaxial electrospinning process could expand the capability for electro-
spinning to generate fibers and provide a new method for developing novel drug 
delivery systems.

Sun et al. (2011) tested supercritical CO2 anti-solvent technology for preparing 
zein NPs loaded with resveratrol. Results demonstrated that the resveratrol yield 
was lower when CO2 pressure increased, while the loading yield was higher with 
increased temperature and ratio. The structure of resveratrol-loaded zein NPs was a 
matrix with a well-distributed spherical shape. Furthermore, in vitro drug release 
studies showed that the products exhibited a slower release than the single resvera-
trol. In another study, Hu et  al. (2012) applied solution-enhanced dispersion by 
supercritical fluids for the production of lutein/zein NPs and found that NPs with 
high drug loading and high entrapment efficiency could be prepared by this process. 
Temperature, pressure, ratio of lutein/zein, and solution flow rate influenced the 
morphology, drug loading, entrapment efficiency, and mean particle size of the 
lutein/zein NPs. Lower temperature and solution flow rate, coupled with high pres-
sure, favored smaller and more regular-shaped spheres. The initial burst release was 
hardly observed in NPs processed at 45 °C/10 MPa. Furthermore, the lutein release 
profile displayed a near zero-order release, which implied that the NPs played a role 
in controlled lutein release.

Zou et  al. (2012) fabricated cranberry procyanidins (CPs)-zein NPs, using a 
modified liquid-liquid dispersion method. They found that the particle size of the 
CPs-zein NPs increased from 392 nm to 447 nm, with increasing the CPs-to-zein 
mass ratios from 1:8 to 1:2. As observed by SEM, the CPs-zein NPs exhibited a 
spherical morphology, and the loading efficiency of CPs in the CPs-zein NPs 
decreased with the increase in the CPs-to-zein mass ratios from 1:8 to 1:2 and 
ranged from 10% to 86%. The oligomers with higher degrees of polymerization 
(DP) showed a higher loading efficiency than the oligomers with lower DPs, 
 suggesting a greater binding affinity on zein proteins. The loading capacity of the 
CPs- zein NPs fabricated using a high CPs-to-zein mass ratio (1:2) was significantly 
higher than of those fabricated using a low mass ratio (1:8). FTIR spectroscopy sug-
gested that the primary interactions between the CPs and zein were hydrogen bonds 
and hydrophobic interactions. Cell culture studies using human promyelocytic 
leukemia HL-60 cells showed that the CPs encapsulated in the NPs decreased the 
cytotoxicity better in comparison to the CPs.
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Zhong and Jin (2009) used spray-drying to encapsulate a model antimicrobial 
of lysozyme in the corn zein. The effects of the zein/lysozyme (20:1 to 4:1) and 
zein/thymol (1:0 to 4:1) ratios on the microstructures of the microcapsules, and 
the in vitro release profiles of the encapsulated lysozyme, were investigated. In 
all cases, less lysozyme was released at higher pH, resulting from stronger 
molecular attraction between zein and lysozyme. Nanoscale microcapsule matrix 
structures were correlated with the release characteristics of the encapsulated 
lysozyme. At the intermediate zein/lysozyme (10:1) and zein/thymol (50:1) 
ratios, microcapsules had a continuous matrix structure and showed a sustained 
release (11.1–65.3%) of lysozyme at pH 6 over 49 days. The biocompatibility, 
nanoscale diameters, potential for loading a large amount of drugs, and ability to 
penetrate into cells make the zein NPs ideal candidates for carrying various mol-
ecules for intracellular drug delivery and tissue engineering for biomedical 
 applications (Xu et al. 2011).

6.2.2  The Gliadin NPs

Ezpeleta et al. (1996a, b) have studied the feasibility of preparing small-sized carri-
ers from vegetal macromolecules. They selected the gliadin (a vegetal protein frac-
tion from wheat gluten) NPs as drug carriers for all-trans retinoic acid (RA). Their 
systems were prepared by a desolvation method for macromolecules, which pro-
duced gliadin NPs of about 500 nm, with a yield close to 90% of the initial protein 
in the environmentally acceptable solvents such as ethanol and water. Moreover, 
due to the low solubility of this protein in water and its high hydrophobicity, the 
gliadin NPs did not require any further chemical or physical treatment for harden-
ing. Gliadin NPs were quite stable over 4 days in the buffered saline but rapidly 
degraded over 3 h when incubated in the buffered saline solution containing trypsin. 
However, chemical cross-linkage of NPs with glutaraldehyde significantly increased 
their stability. Under conditions used by Ezpeleta et al. 1996a, b), the payload limit 
was 76.4 μg RA mg−1 NPs (for an RA/initial protein ratio of 90 μg mg−1), which 
corresponded to a RA entrapment efficiency of approximately 75% of the added 
drug. Nevertheless, the entrapment efficiency was high (between 97 and 85%) for 
RA/initial protein ratios up to 90 μg mg−1. Finally, the in vitro release profiles of 
RA-loaded gliadin NPs showed a biphasic pattern, where an initial burst effect (in 
which approximately 20% RA was released), followed by zero-order  diffusion 
(release rate 0.065 mg RA h−1), was observed.

Arangoa et al. (2001) reported that gliadin NPs dramatically increased the carba-
zole oral bioavailability up to 49% and provided sustained release properties related 
to a decline in the carbazole plasma elimination rate. The carbazole release rates 
from NPs (NP and CL-NP), calculated by deconvolution, were found to be of the 
same order as the elimination rates of the adhered NP fractions in the stomach 
mucosa. In addition, a good correlation was found between the carbazole plasma 
levels and the amount of adhered carriers to the stomach mucosa, during the period 
when absorption takes place.
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α-Tocopherol or vitamin E is widely used as a strong antioxidant in many medical 
and cosmetic applications. However, it is rapidly degraded because of its light, heat, 
and oxygen sensitivity. Thus, all vitamin E formulations must avoid contact with light, 
heat, and air. The drug-loaded vitamin E carriers are an attractive option, particularly 
if they are made of bio-acceptable macromolecules, such as vegetal proteins. For 
instance, gliadins generate NPs by a desolvation method and may interact with the 
epidermal keratin for therapeutic or cosmetic formulations. The vitamin E-loaded 
gliadin NPs have been characterized based on their size, zeta potential, vitamin E 
payload, and entrapment efficiency. It has come out that the gliadin particle size is 
~900 nm after vitamin E loading, and their charge is close to zero. These particles are 
suitable vitamin E drug carriers, with an optimum encapsulation rate of ~100 vitamin 
E μg per gliadin mg, with an efficiency of more than 77%. The release behavior of 
vitamin E-loaded NPs has been interpreted as a “burst effect,” followed by a diffusion 
process through a homogeneous sphere (Duclairoir et al. 2002).

Kajal and Misra (2011) prepared NPs incorporating the tetanus toxoid and a 
model antigen ovalbumin and investigated them as the delivery vehicles for oral 
immunization. Gliadin was used as the carrier because of its biocompatibility, oral 
bioavailability, and muco-adhesive properties. The size of NPs with 50% w/w of 
antigen remained stable over 3 weeks of testing. Gulfam et al. (2012) used an elec-
trospray deposition system to synthesize gliadin and the gliadin-gelatin composite 
NPs for delivery and controlled release of an anticancer drug (e.g., cyclophospha-
mide). They found that cyclophosphamide was gradually released from the gliadin 
NPs for 48 h. In contrast, the gliadin-gelatin composite NPs rapidly released the 
cyclophosphamide. Furthermore, they demonstrated that breast cancer cells cul-
tured with the cyclophosphamide-loaded 7% gliadin NPs for 24 h became apop-
totic, which was confirmed by the western blot analysis.

6.2.3  The Legumin and Vicilin NPs

Legumes constitute the third largest family (Fabaceae or Leguminosae) of flowering 
plants and the second most important plant family in agriculture. They are particu-
larly interesting because of having the capacity to fix the atmospheric nitrogen 
through mutualistic interactions with the rhizobial soil bacteria, a trait that is impor-
tant from ecological as well as agricultural viewpoints. The most widely cultivated 
legumes are pigeon peas, common beans, mung beans, cowpeas, alfalfa, chickpeas, 
clovers, lentils, garden peas, lupins, and peanuts (Young and Bharti 2012). Legumin 
is a storage protein from Pisum sativum. Mirshahi et al. (1996) prepared legumin 
NPs of approximately 250 nm via a pH-coacervation method and chemical cross- 
linking with glutaraldehyde. However, this organic solvent-free preparation method 
yielded only about 27% of protein as NPs. In addition, no significant differences in 
size, percentage yield, or surface charge were observed between the legumin NPs 
cross-linked with different glutaraldehyde concentrations. The legumin NPs were 
quite stable in the buffered saline and followed a zero-order degradation manner, 
whereby a longer half-life (t50) was obtained with increasing glutaraldehyde 

6 Plant Protein-Based Nanoparticles and Their Biomedical Applications



188

concentrations. The amount of methylene blue (MB) used as a model of hydrophilic 
drug was approximately 6.2% of the initial dye. Its release from the NPs consisted 
of a rapid initial phase, followed by a slower second period, in which the rates in the 
second phase were inversely related to the degree of cross-linking.

Vicilin NPs were used as drug carriers in a complex system in which these par-
ticles were conjugated with Ulex europaeus lectin molecules due to their sugar- 
binding property via a two-stage carbodiimide method (NPs had an average diameter 
of approximately 660 nm). The lectin was fixed by coupling its amino groups to 
carbodiimide-activated carboxylic groups on the vicilin NPs. The reported delivery 
system was used in the in vitro studies which revealed a high potential of the pre-
pared conjugate toward the bovine submaxillary gland mucin (BSM) glycoprotein 
as a biological model (Ezpeleta et al. 1996a, b).

6.2.4  The Glycinin and β-Conglycinin NPs

Soybean (Glycine max L.) is currently one of the most abundant sources of plant 
proteins. The enriched form of soy protein, known as soy protein isolate, has been 
reported to exhibit high nutritional values and desirable functionalities, and its wide 
application as a food ingredient has been well documented. The soy protein isolate 
also possesses a balanced composition of the nonpolar, polar, and charged amino 
acids, and, therefore, drugs can be incorporated with its various functional groups. 
The major components of soy protein isolate are glycinin and β-conglycinin. 
Glycinin is composed of acidic and basic polypeptides linked by disulfide bonds, 
and β-conglycinin is a glycoprotein (Wang et al. 2014). In one study, Teng et al. 
(2012) successfully encapsulated curcumin, as a model drug, into NPs. The average 
size of the curcumin-loaded NPs ranged from 220.1 to 286.7 nm, and their zeta 
potential was approximately −36 mV. The highest encapsulation efficiency and the 
loading efficiency achieved in their study were 97.2% and 2.7%, respectively.

6.3  Conclusion

Nowadays, plant protein-based NPs have been used in the pharmaceutical and inno-
vative biomedical applications (e.g., drug encapsulation in plant protein NPs). The 
use of these proteins as a natural, biodegradable, and food-grade source for the 
generation of functional colloidal structures has received a widespread attention. 
The simplicity of generating them (e.g., zein colloidal particles) coupled with the 
ease of loading them with functional ingredients makes them attractive systems for 
industrial applications. The inherent slow digestion of some of the plant protein- 
based NPs such as zein colloidal particles in the intestine lends an interesting aspect 
to these particles for controlling the release of encapsulated actives. Moreover, plant 
protein-based NPs have been used extensively for encapsulation of functional 
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actives ranging from the essential oils to natural antioxidants. Moreover, encapsulation 
can be extended to controlling the optical properties of pigments and colorants and 
the subsequent development of responsive or structural colors. Future developments 
are expected in the field of design of colloidal structures in order to improve the 
control on particle surface activity in their ability to stabilize the fluid-in-fluid 
dispersions (e.g., foams and emulsions).
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Chapter 7
Natural Product-Based Fabrication 
of Zinc-Oxide Nanoparticles and Their 
Applications

Azamal Husen

7.1  Introduction

In nanotechnology, materials with at least one dimension less than 100 nanometres 
(nm) are created for various applications. The market value of this technology will 
likely cross US$ 75.8 billion by 2020 due to its significant expansion worldwide 
(Research and Markets 2015). A range of nanoparticles (NPs), including carbon, 
metal, metal oxide, dendrimers and composites, have been fabricated over the last 
few decades and utilized in different disciplines of science and technology.

Zinc (Zn) is an essential trace element for human system and occurs in all the six 
enzyme classes, namely, oxidoreductases, lyases, isomerases, transferases, hydro-
lases and ligases (Auld 2001). It modulates many physiological functions in eukary-
otes (Jansen et  al. 2009; Maremanda et  al. 2014). Since time immemorial, zinc 
oxide (ZnO) is recognized as an antibacterial agent (Frederickson et al. 2005). It 
was used in various ointments for cure of injuries and boils even in 2000  BC 
(Halioua and Ziskind 2005). Currently, ZnO is used in sunscreen lotion as a supple-
ment and in photoconductive material, LED, transparent transistors, solar cells, 
memory devices (Ozgur et al. 2005; Klingshirn 2007), cosmetics (De Graaf et al. 
1999; Brahms et al. 2005) and catalysis (Speight 2002). Even though significant 
amount of ZnO is produced each year, a very small portion of it is used as medicine 
(Brown 1976), and Zn compounds are considered to be ecotoxic for mammals and 
plants in traces (Patnaik 2003; Araujo-Lima et al. 2017). However, it is suggested 
that ZnO NPs and Zn NPs coated with soluble polymeric material may be used for 
treating wounds, ulcers and many microbial infections besides being used as a drug 
carrier in cancer therapy (Siddiqi et al. 2018). Due to their specific optical and elec-
trical features (Vayssieres et al. 2001), these materials are also recognized as a pos-
sible agent in optoelectronic applications to work in the visible and near to UV 
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regions. They are used mostly in UV light-emitting devices (Rajalakshmi et  al. 
2012; Izu et al. 2014), as photo-catalysts (Yang and Park 2008; Deng et al. 2008), in 
ethanol gas sensors (Guo and Peng 2015; Xie et al. 2016) and in several pharmaceu-
tical and cosmetic industries (Lu et al. 2015). Kim et al. (2014) have suggested that 
these materials have been shown to decrease the expression mRNA of inflammatory 
cytokines by inhibiting the activation of NF-kB (nuclear factor kappa-B cells). As 
mentioned above, due to their optical and electrical features (Vayssieres et al. 2001) 
and antimicrobial properties (Siddiqi et  al. 2018), these materials exhibit a great 
potential to boost agricultural productivity (Siddiqi and Husen 2017). ZnO NPs 
show a large surface-area-to-volume ratio, which causes a considerable enhance-
ment in their efficiency in blocking UV radiations, compared to the bulk material. 
ZnO NPs with luminescent or magnetic properties are used as detection probes and 
drug carriers both in vitro and in vivo (Xiong 2013). They are, therefore, frequently 
used in various biomedical applications (Mirzaeia and Darroudi 2017).

The shape of ZnO NPs depends on fabrication process. They are in the form of 
nanorods, nano plates (Mahmud et al. 2006; Wang and Lou 2008; Jang et al. 2008), 
nano spheres (Kakiuchi et al. 2006), nano boxes (Mahmud et al. 2006), hexagonals, 
tripods (Mahmud and Abdullah 2006), tetrapods (Shen et  al. 2009), nanowires, 
nano tubes, nano rings (Ding and Wang 2009; Wang 2004a, b), nano cages and nano 
flowers (Xie et al. 2009; Moezzi et al. 2011). ZnO NPs are prepared by such tech-
niques as the sol-gel method (Lee et al. 2003; Hubbard et al. 2006), precipitation 
(Wang and Muhammed 1999), hydrothermal synthesis (Xu et al. 2004) and spray 
pyrolysis (Tani et al. 2002). As reported in Chaps. 1, 3, and 5 in this book, several 
protocols are used for the fabrication of NPs, for instance, laser ablation, chemical 
reduction, milling and so on. These conventional protocols often involve substances 
hazardous to human health and environment. NPs’ fabrication by using biological 
materials provides a dependable and safe alternative.

In the recent past, several plants (or their parts and products) such as Parthenium 
hysterophorus (Rajiv et al. 2013), Nephelium lappaceum (Yuvakkumar et al. (2014), 
Ocimum basilicum L. var. purpurascens (Abdul et  al. 2014), Pongamia pinnata 
(Sundrarajan et al. 2015), Vitex trifolia (Elumalai et al. 2015a), Ficus benghalensis 
(Shekhawat et  al. 2015), Punica granatum (Mishra and Sharma 2015), Hibiscus 
subdariffa (Bala et  al. 2015), Trifolium pratense (Dobrucka and Długaszewska 
2016), Couroupita guianensis (Manokari and Shekhawat 2016), Calotropis gigan-
tea (Chaudhuri and Malodia 2017), Ferulago angulata (Mehr et  al. 2018), 
Tabernaemontana divaricata (Raja et  al. 2018) and Andrographis paniculata 
(Kavitha et al. 2017; Rajakumar et al. 2018), among others, have been effectively 
utilized for efficient and rapid fabrication of ZnO NPs (Fig. 7.1). The objective of 
this chapter is to present the current information on plant-based products and their 
role in ZnO NPs’ fabrication. It also highlights application of these NPs in various 
disciplines of science.
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7.2  Fabrication and Characterization of ZnO NPs

Plant components (roots, leaves, stems, seeds, flowers and fruits) and their products 
have been utilized for ZnO NPs’ fabrication, as plant extracts are rich in phyto-
chemicals that act as the reducing and/or stabilizing agents. Like other NPs, fabrica-
tion process of ZnO NPs depends on various growth factors, including concentration 
of plant extract or biomass, concentration of salt, incubation or reaction time, 

Fig. 7.1 Some recently used plants for fabrication of ZnO NPs
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temperature and pH of the solution. Hence, standardization of these growth factors 
is important in obtaining the desirable size and shape of NPs for their maximum 
exploitation and application. The most commonly used techniques for characteriza-
tion of ZnO NPs are UV-vis spectroscopy, transmission electron microscopy (TEM), 
scanning electron microscopy (SEM), X-ray diffraction (XRD) and Fourier trans-
form infrared spectroscopy (FTIR). These techniques facilitate the determination of 
size, shape, structure, crystal orientation and phases, composition, surface modifica-
tion and surface chemistry of NPs.

Dried sap (gum tragacanth) of Astragalus gummifer was used to fabricate ZnO 
NPs of less than 50 nm (Darrudi et al. 2013). Citrus aurantifolia extract was used to 
produce ZnO NPs of 50–200 nm (Samat and Nor 2013). Calotropis gigantea leaf 
extract was used in the presence of ZnNO3 salt to fabricate ZnO NPs of 30–35 nm 
(Vidya et al. 2013). Acalypha indica leaf extract was used in the presence of zinc 
acetate salt to produce NPs of 100–200 nm by Gnanasangeetha and Thambwani 
(2013). Parthenium hysterophorus leaf extract was used in the presence of ZnNO3 
salt to fabricate ZnO NPs of 16–108 nm by Sindhura et al. (2014). Oudhia et al. 
(2015) used Azadirachta indica leaf extract in the presence of zinc acetate salt to 
produce NPs of 25  nm, whereas Divyapriya et  al. (2014) used leaf extract of 
Murraya koenigii with ZnNO3 salt to fabricate ZnO NPs of 50 nm size. Senthilkumar 
and Sivakumar (2014) used Camellia sinensis leaf extract with zinc acetate salt to 
fabricate ZnO NPs of 16 nm. Awwad et al. (2014) used leaf extract of Olea euro-
paea with ZnSO4salt to fabricate ZnO NPs of 20 nm diameter. Ramesh et al. (2015) 
used the leaf extract of Solanum nigrum as a capping agent for ZnO NPs’ fabrica-
tion. Morphologically, they were hexagonal wurtzite and quasi-spherical in shape 
with their size ranging from 20 to 30 nm. Further details are presented in Table 7.1. 
Ali et al. (2016) have synthesized ZnO NPs from leaf extract of Aloe barbadensis. 
Particle size ranged from 8 to 18 nm with diverse shapes. Karnan and Selvakumar 
(2016) fabricated ZnO NPs of 25–40 nm size and spherical in shape from the peel 
extract of Nephelium lappaceum. Milk latex of Carica papaya was also used to 
produce varied shaped nano flowers of ZnO NPs (Sharma 2016). In another study, 
Azizi et al. (2016) used flower extract of Anchusa italica to produce ZnO NPs. They 
suggested that different plant products such as tannins, alkaloids, triterpenes, sapo-
nins and flavonoids are available in the flower extract and facilitated the reduction 
of zinc ions into hexagonal shaped ZnO NPs. A microwave-assisted synthesis of 
ZnO NPs has also been done using an aqueous extract of fallen flowers of Jacaranda 
mimosifolia (Sharma et al. 2016). Morphologically, they were spherical and their 
size ranged between 2 and 4 nm. GC-MS and FTIR studies have shown the role of 
oleic acid as a stabilizing and capping agent during the fabrication process. 
Chaudhuri and Malodia (2017) used leaf extract of Calotropis gigantea with zinc 
acetate salt in the presence of 2 M NaOH to fabricate ZnO NPs. The combination of 
reaction mixture, 200 mM zinc acetate salt with 15 ml of C. gigantea leaf extract, 
was highly favourable for producing highly monodisperse crystalline NPs of less 
than 20 nm size. The NPs obtained were characterized using UV-vis, SEM, XRD, 
FTIR, DLS, EDX and AFM. UV-vis spectroscopy revealed a peak near 350 nm, 
which was characteristic of ZnO NPs (Fig.  7.2). DLS investigation exhibited a 

A. Husen



197

Ta
bl

e 
7.

1 
M

aj
or

 s
tu

di
es

 (
du

ri
ng

 2
01

3–
20

18
) 

on
 p

la
nt

-m
ed

ia
te

d 
fa

br
ic

at
io

n 
of

 Z
nO

 N
Ps

, t
he

ir
 m

or
ph

ol
og

y,
 c

ha
ra

ct
er

iz
at

io
n 

an
d 

pr
od

uc
t o

r 
ph

yt
oc

on
st

itu
en

ts

K
ey

 r
ef

er
en

ce
s

Pl
an

t
(c

om
m

on
 n

am
e)

Fa
m

ily
Pa

rt
 u

se
d

Si
ze

 in
 n

m
 (

ch
ar

ac
te

ri
za

tio
n 

te
ch

ni
qu

es
) 

an
d 

sh
ap

e
Ph

yt
oc

on
st

itu
en

ts
 r

es
po

ns
ib

le
 f

or
 Z

nO
 N

P 
fa

br
ic

at
io

n

M
eh

r 
et

 a
l. 

(2
01

8)
Fe

ru
la

go
 a

ng
ul

at
a 

(C
ha

vi
r)

A
pi

ac
ea

e
Pl

an
t 

ex
tr

ac
t

32
–3

6 
(F

E
SE

M
);

 s
ph

er
ic

al
C

-O
 a

nd
 C

-N
 s

tr
et

ch
in

g 
ba

nd
s 

of
 th

e 
al

ip
ha

tic
 

am
in

es
 o

r 
al

co
ho

ls
/p

he
no

ls
 d

ue
 to

 th
e 

pr
es

en
ce

 o
f 

po
ly

ph
en

ol
s

R
aj

a 
et

 a
l. 

(2
01

8)
Ta

be
rn

ae
m

on
ta

na
 

di
va

ri
ca

ta
(p

in
w

he
el

 fl
ow

er
)

A
po

cy
na

ce
ae

L
ea

f
20

–5
0 

(T
E

M
);

 s
ph

er
ic

al
O

-H
, C

-H
, C

-O
 s

tr
et

ch
in

g 
ba

nd
s;

 p
re

se
nc

e 
of

 
st

er
oi

ds
, t

er
pe

no
id

s,
 fl

av
on

oi
ds

, p
he

ny
l 

pr
op

an
oi

ds
, p

he
no

lic
 a

ci
ds

 a
nd

 e
nz

ym
es

 in
 

le
af

 e
xt

ra
ct

R
aj

ak
um

ar
 e

t a
l. 

(2
01

8)
A

nd
ro

gr
ap

hi
s 

pa
ni

cu
la

ta
(g

re
en

 c
hi

ra
yt

a)

A
ca

nt
ha

ce
ae

L
ea

f
96

–1
15

 (
SE

M
),

 5
7 

±
 0

.3
 (

T
E

M
);

 
sp

he
ri

ca
l a

nd
 h

ex
ag

on
al

O
-H

 s
tr

et
ch

in
g 

of
 a

lc
oh

ol
s,

 C
-H

 b
an

ds
 f

or
 

am
id

e 
I 

an
d 

am
id

e 
II

, C
-N

 s
tr

et
ch

in
g 

ba
nd

s 
of

 
al

ip
ha

tic
 a

nd
 a

ro
m

at
ic

 a
m

in
es

, C
-O

 s
tr

et
ch

in
g 

ba
nd

s 
of

 p
ol

ys
ac

ch
ar

id
es

, a
lc

oh
ol

s 
an

d 
ph

en
ol

ic
 g

ro
up

s;
 p

ro
te

in
s 

an
d 

m
et

ab
ol

ite
s 

su
ch

 a
s 

po
ly

ph
en

ol
s,

 a
lk

al
oi

ds
 c

ar
bo

xy
lic

 a
ci

d 
an

d 
fla

vo
no

id
s 

al
so

 p
re

se
nt

So
rb

iu
n 

et
 a

l. 
(2

01
8)

Q
ue

rc
us

 s
pp

.
(o

ak
 tr

ee
s)

Pr
ot

ea
ce

ae
Ja

ft
 e

xt
ra

ct
34

 (
FE

SE
M

);
 s

ph
er

ic
al

A
lc

oh
ol

s,
 p

he
no

lic
 g

ro
up

s 
an

d 
C

-N
 s

tr
et

ch
in

g 
ba

nd
s 

of
 a

lip
ha

tic
 a

nd
 a

ro
m

at
ic

 a
m

in
es

; a
m

id
e 

I 
ba

nd
s 

of
 p

ro
te

in
s 

or
 e

nz
ym

es
; a

nd
 O

-H
 

st
re

tc
hi

ng
 b

an
ds

 o
f 

al
co

ho
l o

r 
ph

en
ol

Su
re

sh
 e

t a
l. 

(2
01

8)
C

os
tu

s 
pi

ct
us

(p
ai

nt
ed

 s
pi

ra
l 

gi
ng

er
)

C
os

ta
ce

ae
L

ea
f

20
–8

0 
(T

E
M

);
 h

ex
ag

on
al

, 
ro

d-
sh

ap
ed

 o
r 

sp
he

ri
ca

l
O

-H
 s

tr
et

ch
in

g 
ba

nd
 w

ith
 a

 C
≡

O
 p

ea
k,

 w
hi

ch
 

in
di

ca
te

s 
th

at
 th

e 
co

m
po

un
d 

is
 a

n 
al

ip
ha

tic
 

ca
rb

ox
yl

ic
 a

ci
d;

 C
-F

 s
tr

et
ch

in
g 

ba
nd

 f
or

 
m

on
o-

 a
nd

 p
ol

y-
flu

or
in

at
ed

 c
om

po
un

ds
; C

-O
 

st
re

tc
hi

ng
 b

an
d 

fo
r 

sa
tu

ra
te

d 
pr

im
ar

y 
al

co
ho

l; 
C

-H
 s

tr
et

ch
in

g 
ba

nd
 o

f 
an

 a
ro

m
at

ic
 a

ld
eh

yd
e;

 
an

d 
ca

rb
on

yl
 g

ro
up

 o
f 

fla
vo

no
id

s
C

ha
ud

hu
ri

 a
nd

 
M

al
od

ia
 (

20
17

)
C

al
ot

ro
pi

s 
gi

ga
nt

ea
 

(c
ro

w
n 

flo
w

er
)

A
po

cy
na

ce
ae

L
ea

f
10

 (
X

R
D

);
 s

ph
er

ic
al

-O
H

 a
nd

 -
C

H
 s

tr
et

ch
in

g 
ba

nd
s

(c
on

tin
ue

d)

7 Natural Product-Based Fabrication of Zinc-Oxide Nanoparticles and Their…



198

K
av

ith
a 

et
 a

l. 
(2

01
7)

A
nd

ro
gr

ap
hi

s 
pa

ni
cu

la
ta

(g
re

en
 c

hi
ra

yt
a)

A
ca

nt
ha

ce
ae

L
ea

f
20

.2
3 

(S
E

M
);

 h
ex

ag
on

al
 n

an
or

od
 

pa
rt

ic
le

Te
rp

en
oi

d 
fr

ac
tio

ns

R
aj

en
dr

an
 a

nd
 

Se
ng

od
an

 (
20

17
)

Se
sb

an
ia

 g
ra

nd
ifl

or
a

(h
um

m
in

gb
ir

d 
tr

ee
)

Fa
ba

ce
ae

L
ea

f
15

–3
5(

SE
M

);
 s

ph
er

ic
al

N
-H

 s
tr

et
ch

in
g 

ba
nd

, s
ym

m
et

ri
c 

an
d 

as
ym

m
et

ri
c 

vi
br

at
io

n 
of

 C
=

O
, O

-H
 s

tr
et

ch
in

g 
ba

nd
A

li 
et

 a
l. 

(2
01

6)
A

lo
e 

ve
ra

(a
lo

e 
ve

ra
)

L
ili

ac
ea

e
L

ea
f e

xt
ra

ct
8–

20
 (

X
R

D
);

 s
ph

er
ic

al
, o

va
l, 

he
xa

go
na

l
O

-H
 o

f 
ph

en
ol

, a
m

in
es

, O
-H

 o
f 

al
co

ho
l a

nd
 

C
-H

 o
f 

al
ka

ne
s,

 th
e 

am
id

e 
of

 p
ro

te
in

 a
nd

 
en

zy
m

es
D

ob
ru

ck
a 

an
d 

D
łu

ga
sz

ew
sk

a 
(2

01
6)

Tr
if

ol
iu

m
 p

ra
te

ns
e

(r
ed

 c
lo

ve
r)

Fa
ba

ce
ae

Fl
ow

er
60

–7
0 

(X
R

D
);

 s
ph

er
ic

al
H

yd
ro

xy
l, 

-C
-O

, -
C

-O
-C

, C
 =

 C
 s

tr
et

ch
in

g 
ba

nd
s

K
av

ith
aa

 e
t a

l. 
(2

01
6)

Sa
nt

al
um

 a
lb

um
 

(I
nd

ia
n 

sa
nd

al
w

oo
d)

Sa
nt

al
ac

ea
e

L
ea

ve
s

10
0 

(D
L

S 
an

d 
SE

M
),

 7
0–

14
0 

(T
E

M
);

 n
an

or
od

s
N

-H
 s

tr
et

ch
in

g 
ba

nd
 o

f 
am

id
e 

II
, c

ar
bo

xy
la

te
 

gr
ou

p,
 c

ar
bo

ny
l s

tr
et

ch
in

g 
ba

nd
, O

-H
 o

f 
al

co
ho

l
K

ru
pa

 a
nd

 
V

im
al

a 
(2

01
6)

C
oc

os
 n

uc
if

er
a 

(c
oc

on
ut

)
A

re
ca

ce
ae

C
oc

on
ut

 
w

at
er

20
–8

0 
(T

E
M

),
 2

1.
2 

(X
R

D
);

 
sp

he
ri

ca
l a

nd
 m

ai
nl

y 
he

xa
go

na
l 

w
ith

ou
t a

ny
 a

gg
lo

m
er

at
io

n

O
-H

 o
f 

al
co

ho
l a

nd
 c

ar
bo

xy
lic

 a
ci

d,
 C

=
O

 o
f 

ke
to

ne
s,

 C
-N

 o
f 

ar
om

at
ic

 a
nd

 a
lip

ha
tic

 a
m

in
es

M
ad

an
 e

t a
l. 

(2
01

6)
A

za
di

ra
ch

ta
 in

di
ca

(n
ee

m
)

M
el

ia
ce

ae
Fr

es
h 

le
av

es
10

–3
0 

(T
E

M
),

 9
–4

0 
(X

R
D

);
 

he
xa

go
na

l d
is

k,
 n

an
o 

bu
ds

O
-H

 b
et

w
ee

n 
H

2O
 a

nd
 C

O
2, 

ca
rb

on
at

e 
m

oi
et

ie
s

V
an

at
hi

 e
t a

l. 
(2

01
6)

E
ic

hh
or

ni
a 

cr
as

si
pe

s
(w

at
er

 h
ya

ci
nt

h)
Po

nt
ed

er
ia

ce
ae

L
ea

f e
xt

ra
ct

32
–3

6 
(S

E
M

, T
E

M
),

 3
2 

(X
R

D
);

 
sp

he
ri

ca
l, 

no
 a

gg
re

ga
tio

n
–

A
m

bi
ka

 a
nd

 
Su

nd
ra

ra
ja

n 
(2

01
5)

Vi
te

x 
ne

gu
nd

o
(n

oc
hi

)
L

am
ia

ce
ae

L
ea

f
75

–8
0 

(S
E

M
 &

 E
D

X
),

 3
8.

17
 

(X
R

D
);

 s
ph

er
ic

al
O

-H
, C

-H
, C

=
C

 s
tr

et
ch

in
g 

ba
nd

s

A
nb

uv
an

na
n 

et
 a

l. 
(2

01
5a

)
P

hy
ll

an
th

us
 n

ir
ur

i
(b

hu
m

i a
m

la
)

Ph
yl

la
nt

ha
ce

ae
L

ea
f e

xt
ra

ct
25

.6
1 

(F
E

SE
M

, X
R

D
);

 h
ex

ag
on

al
 

w
ur

tz
ite

, q
ua

si
-s

ph
er

ic
al

O
-H

, C
-H

, C
-O

 s
tr

et
ch

in
g 

ba
nd

s,
 a

ro
m

at
ic

 
al

de
hy

de

Ta
bl

e 
7.

1 
(c

on
tin

ue
d)

K
ey

 r
ef

er
en

ce
s

Pl
an

t
(c

om
m

on
 n

am
e)

Fa
m

ily
Pa

rt
 u

se
d

Si
ze

 in
 n

m
 (

ch
ar

ac
te

ri
za

tio
n 

te
ch

ni
qu

es
) 

an
d 

sh
ap

e
Ph

yt
oc

on
st

itu
en

ts
 r

es
po

ns
ib

le
 f

or
 Z

nO
 N

P 
fa

br
ic

at
io

n

A. Husen



199

A
nb

uv
an

na
n 

et
 a

l. 
(2

01
5b

)
A

ni
so

ch
il

us
 c

ar
no

su
s

(k
ap

ur
li)

L
am

ia
ce

ae
L

ea
f e

xt
ra

ct
56

.1
4 

(3
0 

m
L

 o
f 

ex
tr

ac
t)

, 4
9.

55
 

(4
0 

m
L

),
 3

8.
59

 (
50

 m
L

) 
(X

R
D

),
 

20
–4

0 
(F

E
SE

M
),

 3
0–

40
 (

T
E

M
);

 
he

xa
go

na
l w

ur
tz

ite
, 

qu
as

i-
sp

he
ri

ca
l

O
-H

 o
f 

w
at

er
, a

lc
oh

ol
, p

he
no

l C
-H

 o
f 

al
ka

ne
, 

O
-H

 o
f 

ca
rb

ox
yl

ic
 a

ci
d,

 C
=

O
 o

f 
th

e 
ni

tr
o 

gr
ou

p

B
hu

ya
n 

et
 a

l. 
(2

01
5)

A
za

di
ra

ch
ta

 in
di

ca
(n

ee
m

)
M

el
ia

ce
ae

L
ea

f
9.

6–
25

.5
 (

T
E

M
);

 s
ph

er
ic

al
A

m
id

e 
II

 s
tr

et
ch

in
g 

ba
nd

, C
-N

 s
tr

et
ch

in
g 

ba
nd

 
of

 a
lip

ha
tic

, a
ro

m
at

ic
 a

m
id

e,
 a

n 
al

ip
ha

tic
 

am
in

e,
 a

lc
oh

ol
, p

he
no

l, 
se

co
nd

ar
y 

am
in

e,
 C

-H
 

of
 a

lk
an

e 
an

d 
ar

om
at

ic
s,

 C
 =

 C
-H

 o
f 

al
ky

ne
s,

 
C

=
O

, C
-C

 o
f 

an
 a

lk
an

e
E

lu
m

al
ai

 a
nd

 
V

el
m

ur
ug

an
 

(2
01

5)

A
za

di
ra

ch
ta

 in
di

ca
 

(n
ee

m
)

M
el

ia
ce

ae
Fr

es
h 

le
av

es
18

 (
X

R
D

);
 s

ph
er

ic
al

A
m

in
e,

 a
lc

oh
ol

, k
et

on
e,

 c
ar

bo
xy

lic
 a

ci
d

Q
ia

n 
et

 a
l. 

(2
01

5)
A

lo
e 

ve
ra

(a
lo

e 
ve

ra
)

L
ili

ac
ea

e
Fr

ee
ze

 
dr

ie
d 

le
af

 
pe

el

25
–6

5 
(S

E
M

, T
E

M
);

 s
ph

er
ic

al
, 

he
xa

go
na

l
–

R
am

es
h 

et
 a

l. 
(2

01
5)

So
la

nu
m

 n
ig

ru
m

 
(b

la
ck

 n
ig

ht
sh

ad
e)

So
la

na
ce

ae
L

ea
f e

xt
ra

ct
20

–3
0 

(X
R

D
, F

E
SE

M
) 

29
.7

9 
(T

E
M

);
 h

ex
ag

on
al

 w
ur

tz
ite

, 
qu

as
i-

sp
he

ri
ca

l

O
-H

, a
ld

eh
yd

ic
 C

-H
, a

m
id

e 
II

I 
st

re
tc

hi
ng

 
ba

nd
s 

of
 p

ro
te

in
, c

ar
bo

xy
l s

id
e 

gr
ou

p,
 C

-N
 o

f 
am

in
e,

 c
ar

bo
ny

l g
ro

up
Su

nd
ra

ra
ja

n 
et

 a
l. 

(2
01

5)
Po

ng
am

ia
 p

in
na

ta
(I

nd
ia

n 
be

ec
h)

Fa
ba

ce
ae

Fr
es

h 
le

av
es

26
 (

X
R

D
),

 a
gg

lo
m

er
at

io
n 

of
 1

00
 

(D
L

S,
 S

E
M

, T
E

M
);

 s
ph

er
ic

al
, 

he
xa

go
na

l, 
na

no
 r

od

O
-H

 s
tr

et
ch

in
g 

ba
nd

, C
=

O
 s

tr
et

ch
in

g 
ba

nd
 o

f 
ca

rb
ox

yl
ic

 a
ci

d 
or

 th
ei

r 
es

te
r, 

C
-O

-H
 

st
re

tc
hi

ng
 b

an
d

T
he

m
a 

et
 a

l. 
(2

01
5)

A
ga

th
os

m
a 

be
tu

li
na

 
(b

uc
hu

)
R

ut
ac

ea
e

D
ry

 le
av

es
15

.8
 (

T
E

M
) 

12
–2

6 
(H

R
T

E
M

);
 

qu
as

i-
sp

he
ri

ca
l a

gg
lo

m
er

at
es

O
-H

 o
f 

hy
dr

ox
yl

 g
ro

up
, Z

n-
O

 s
tr

et
ch

in
g 

ba
nd

A
la

dp
oo

sh
 a

nd
 

M
on

ta
ze

r 
(2

01
5)

G
os

sy
pi

um
 s

pp
. 

(c
ot

to
n)

M
al

va
ce

ae
C

el
lu

lo
si

c 
fib

re
13

 (
X

R
D

);
 W

ur
tz

ite
, s

ph
er

ic
al

, 
na

no
 r

od
O

-H
, [

C
=

O
, C

-O
, C

-O
-C

] 
(d

ue
 to

 Z
n 

pr
ec

ur
so

r)
E

lu
m

al
ai

 e
t a

l. 
(2

01
5b

)
M

or
in

ga
 o

le
if

er
a 

(d
ru

m
st

ic
k 

tr
ee

)
M

or
in

ga
ce

ae
L

ea
f

24
 (

X
R

D
),

 1
6–

20
 (

FE
SE

M
) 

sp
he

ri
ca

l a
nd

 g
ra

nu
la

r 
na

no
 s

iz
ed

 
sh

ap
e 

w
ith

 a
 g

ro
up

 o
f 

ag
gr

eg
at

es

O
-H

, C
-H

 o
f 

al
ka

ne
, C

=
O

 o
f 

al
co

ho
l, 

ca
rb

ox
yl

ic
 a

ci
d

(c
on

tin
ue

d)

7 Natural Product-Based Fabrication of Zinc-Oxide Nanoparticles and Their…



200

Fu
 a

nd
 F

u 
(2

01
5)

P
le

ct
ra

nt
hu

s 
am

bo
in

ic
us

(M
ex

ic
an

 m
in

t)

L
am

ia
ce

ae
L

ea
f e

xt
ra

ct
50

–1
80

 (
SE

M
);

 r
od

 s
ha

pe
 N

Ps
 

w
ith

 a
gg

lo
m

er
at

es
Z

n-
O

, C
-O

 o
f 

C
-O

-S
O

3,
 p

ho
sp

ho
ru

s 
co

m
po

un
d

Su
nd

ra
ra

ja
n 

et
 a

l. 
(2

01
5)

Vi
te

x 
ne

gu
nd

o
(n

oc
hi

)
L

am
ia

ce
ae

Fl
ow

er
s

38
.1

7 
(X

R
D

),
 1

0–
13

0 
(D

L
S)

 
he

xa
go

na
l

–

A
bd

ul
 e

t a
l. 

(2
01

4)
O

ci
m

um
 b

as
il

ic
um

 L
. 

va
r. 

pu
rp

ur
as

ce
ns

(r
ed

 r
ub

in
 b

as
il)

L
am

ia
ce

ae
L

ea
f e

xt
ra

ct
50

 (
T

E
M

, E
D

S)
, 1

4.
28

 (
X

R
D

);
 

he
xa

go
na

l w
ur

tz
ite

–

N
ag

aj
yo

th
i e

t a
l. 

(2
01

4)
C

op
ti

di
s 

rh
iz

om
a 

(c
op

tis
)

R
an

un
cu

la
ce

ae
D

ri
ed

 
rh

iz
om

e
2.

9–
25

.2
(T

E
M

);
 s

ph
er

ic
al

, r
od

 
sh

ap
ed

Pr
im

ar
y 

an
d 

se
co

nd
ar

y 
am

in
es

, a
ro

m
at

ic
 a

nd
 

al
ip

ha
tic

 a
m

in
es

, a
lc

oh
ol

, c
ar

bo
xy

lic
 a

ci
d,

 
al

ky
l h

al
id

e,
 a

lk
yn

es
R

aj
iv

 e
t a

l. 
(2

01
3)

Pa
rt

he
ni

um
 

hy
st

er
op

ho
ru

s 
(c

on
gr

es
s 

gr
as

s)

A
st

er
ac

ea
e

L
ea

f e
xt

ra
ct

22
–3

5 
(5

0%
 p

la
nt

 e
xt

ra
ct

),
 7

5–
90

 
(2

5%
 p

la
nt

 e
xt

ra
ct

) 
(X

R
D

, T
E

M
);

 
sp

he
ri

ca
l, 

he
xa

go
na

l

N
-H

 a
nd

 N
-H

 s
tr

et
ch

in
g 

ba
nd

s,
 p

ho
sp

ho
ru

s 
co

m
po

un
d,

 s
ec

on
da

ry
 s

ul
ph

on
am

id
e,

 
m

on
os

ub
st

itu
te

d 
al

ky
ne

, a
m

in
e 

sa
lt,

 v
in

yl
 

ci
s-

tr
is

ub
st

itu
te

d
Y

uv
ak

ku
m

ar
 

et
 a

l. 
(2

01
4)

N
ep

he
li

um
 

la
pp

ac
eu

m
 

(r
am

bu
ta

n)

Sa
pi

nd
ac

ea
e

Fr
ui

t p
ee

ls
50

.9
5 

(X
R

D
);

 n
ee

dl
e-

sh
ap

ed
 

fo
rm

in
g 

ag
gl

om
er

at
e

O
-H

, H
-O

-H
 s

tr
et

ch
in

g 
ba

nd
s

Ta
bl

e 
7.

1 
(c

on
tin

ue
d)

K
ey

 r
ef

er
en

ce
s

Pl
an

t
(c

om
m

on
 n

am
e)

Fa
m

ily
Pa

rt
 u

se
d

Si
ze

 in
 n

m
 (

ch
ar

ac
te

ri
za

tio
n 

te
ch

ni
qu

es
) 

an
d 

sh
ap

e
Ph

yt
oc

on
st

itu
en

ts
 r

es
po

ns
ib

le
 f

or
 Z

nO
 N

P 
fa

br
ic

at
io

n

A. Husen



201

 single peak at 11 nm (100%), and polydispersity index was 0.245. XRD analysis 
showed that these are highly crystalline ZnO NPs having an average size of 10 nm. 
FTIR study displayed bands at 4307, 3390, 2825, 871, 439 and 420 cm−1 which 
were the features of –OH stretching vibration and –CH stretching vibration. 
However, the band at 871 cm−1 was due to asymmetrical and symmetrical stretching 
of zinc carboxylates, resulting in the involvement of carboxylic groups in proteins 
of C. gigantea leaf extract. SEM images confirmed the spherical shape of NPs. EDX 
have shown the presence of zinc and oxygen; and the atomic percentage of zinc and 
oxygen was 33.31 and 68.69, respectively. AFM study showed 2D and 3D images 
of ZnO NPs, indicating that they were monodisperse having a size range of 
1.5–8.5 nm.

ZnO NPs were fabricated from Andrographis paniculata leaf extract (Rajakumar 
et  al. 2018) and characterized using UV-vis, TEM, SEM, FTIR and XRD tech-
niques. The NPs were spherical and hexagonal, and their size varied from 96 to 115 
and 57  ±  0.3  nm, respectively. FTIR analysis suggested that the phenolic com-
pounds, terpenoids and proteins present in the leaf extract were responsible for the 
NPs’ nucleation and stability, while XRD studies confirmed nanocrystal formation. 
Raja et  al. (2018) have fabricated ZnO NPs from aqueous leaf extract of 
Tabernaemontana divaricata, and characterized them using the UV-vis, TEM, 
SEM, FTIR and XRD techniques. They were spherical in shape and 20–50 nm in 
size. The steroids, terpenoids, flavonoids, phenyl propanoids, phenolic acids and 
enzymes present in the leaf extract acted as the capping and reducing agents. In this 
study, XRD analysis confirmed the presence of pure hexagonal wurtzite crystalline 
structure of ZnO, and the average crystallite size was 36.82 nm. In an experiment, 
Sorbiun et al. (2018) used oak dried fruit hull (Jaft) as the reducing and stabilizing 
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Fig. 7.2 UV-vis spectroscopy of zinc acetate solution, Calotropis gigantealeaf extracts and fabri-
cated ZnO NPs after 24 h. (Adapted from Chaudhuri and Malodia (2017))

7 Natural Product-Based Fabrication of Zinc-Oxide Nanoparticles and Their…



202

agent to fabricate ZnO NPs. Jaft extract (30 mL) was heated at 60–80 °C, 1 g of zinc 
acetate dihydrate [Zn(CH3COO)2.2H2O] was added to it, colour change (light brown) 
was noted and the mixture was incubated at room temperature overnight. The reac-
tion mixture was then centrifuged at 4000 rpm (20 min). The supernatant was dis-
carded, and NPs were washed using water and dried in a hot air oven at 80 °C (6 h) 
to obtain the product in the powder form. The powder obtained was calcinated at 
500 °C (4 h), and finally white powders were obtained. Thereafter, the fabricated 
ZnO NPs were examined using FESEM. The particles were spherical in shape and 
34 nm in size. These particles were mostly uniform in size together with a few big 
particles as shown in Fig. 7.3a, b. FESEM studies revealed that NPs were slightly 
agglomerated and their size increased to some extent after annealing. XRD investi-
gation showed the 2θ distinctive peaks of ZnO at 31.28°, 33.88°, 35.71°, 46.98°, 
56.08°, 62.36°, 65.89°, 67.44°, 68.69°, 72.02° and 76.38° for (100), (002), (101), 
(102), (110), (103), (200), (112), (201), (004) and (202) planes of the crystal lattice, 
respectively, and suggested the presence of hexagonal wurtzite phase of ZnO NPs 
(Fig. 7.3c). In this investigation, FTIR analysis revealed the ZnO absorption band 
near 571  cm−1 (Fig.  7.3d). In addition, other peaks noticed at 1032, 1125 and 
1382 cm−1 were ascribed to alcohols, phenolic groups and C-N stretching vibrations 
of aliphatic and aromatic amines, respectively. The authors suggested the peak 
around 1492  cm−1 was due to amide I bonds of proteins or enzymes, band at 
3386 cm−1 represented the O-H stretching alcohol or phenol group and the peak 
around 860 cm−1 was probably due to O-H functional group (Sorbiun et al. 2018). 
A brief summary of greenfabrication of ZnO NPs from different plant parts and 
their products is presented in Table 7.1.

7.3  Applications of ZnO NPs

ZnO NPs are used as an antibacterial, antifungal and anticancer drug delivery agent; 
as a biofertilizer in plant system; as catalysts, biosensors, gas sensors, solar cells, 
photo detectors, UV absorbers and optical materials; as antivirus agent in coating; 
and as filter in manufacturing rubber, plastic and cigarettes and in bioimaging, 
ceramics, cosmetics and electrical industries. Some of the important and widely 
used applications of ZnO NPs are described below.

7.3.1  Antimicrobial Activity

ZnO NPs obtained from the aqueous leaf extract of Azadirachta indica have shown 
antimicrobial activity against yeast and both gram-positive and gram-negative bac-
teria (Elumalai and Velmurugan 2015). Further, ZnO NPs fabricated by using the 
same plant leaf extract were found to show antibacterial activity against 
Staphylococcus aureus, Streptococcus pyogenes and Escherichia coli at varying 
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Fig. 7.3 FESEM images of (a, b), XRD patterns (c) and FTIR spectrum (d) of ZnO NPs calcined 
at 500 °C. (Adapted from Sorbiun et al. (2018))
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concentrations (Bhuyan et al. 2015). In terms of percentage, the bacterial growth 
was reduced by 69.2%, 57% and 52% for E. coli, S. aureus and S. pyogenes, respec-
tively. Ali et  al. (2016) reported a remarkable antibacterial activity of ZnO NPs 
against E. coli and S. aureus. They opined that the A. barbadensis-mediated ZnO 
NPs induced cellular and tissue damage in the bacterial stains and, therefore, have a 
higher efficiency than the conventional antibiotics. ZnO NPs obtained from milky 
latex of C. papaya have also shown remarkable photocatalytic activity and antibac-
terial activity against Pseudomonas aeruginosa and S. aureus (Sharma 2016). 
Recently, ZnO NPs fabricated from aqueous leaf extract of T. divaricata have dis-
played a high antibacterial activity against S. aureus and E. coli and a little less 
against Salmonella paratyphi in comparison to standard pharmaceutical formula-
tions (Raja et al. (2018). Earlier, many other studies have demonstrated the antibac-
terial activity of ZnO NPs fabricated from various plants and their parts against 
different microbes (Senthilkumar and Sivakumar 2014; Abdul et al. 2014; Ramesh 
et al. 2015; Qian et al. 2015; Anbuvannan et al. 2015b; Azizi et al. 2016; Dobrucka 
and Długaszewska 2016; Vanathi et al. 2016; Madan et al. 2016). Cytotoxic activity 
possibly involves both the production of ROS and deposition of NPs in the cyto-
plasm and/or on the outer cell membrane. The mechanism of NPs’ action against 
microbes possibly involves activation of ZnO NPs by light and penetration into the 
bacterial cell wall via diffusion. It has been established from SEM and TEM studies 
of the bacterial cells that ZnO NPs disintegrate the cell membrane and accumulate 
in the cytoplasm where they interact with biomolecules causing cell apoptosis that 
leads to cell death. It has also been reported that NPs induce production of reactive 
oxygen species (hydroxyl radicals, superoxides and hydrogen peroxide) and put the 
cells under oxidative stress, causing damage to cellular components (lipids, pro-
teins, DNA, etc.) (Lovric et al. 2005; Xia et al. 2006; Long et al. 2006), which ulti-
mately triggers apoptosis. However, if ZnO NPs produce ROS, they can damage the 
skin and cannot be used in sunscreen lotion.

7.3.2  Antifungal Activity

Some reports are also available on the role of ZnO NPs as an antifungal agent. 
Narendhran and Sivaraj (2016) used Lantana aculeata to produce ZnO NPs (spheri-
cal, 12 ± 3 nm in size) and tested their antifungal activity. They inhibited Aspergillus 
flavus maximally Fusarium oxysporum to a lesser extent. Parthenium hysteropho-
rus, a weed plant, was used to fabricate ZnO NPs (spherical and hexagonal; 
27 ± 5 nm and 84 ± 2 nm in size, respectively) which were tested against fungal 
pathogens (Rajiv et  al. 2013). The highest zone of inhibition was recorded in 
25 μg ml−1 of 27 ± 5 nm NPs against Aspergillus flavus and A. niger. Similarly, 
some other studies have shown the antifungal efficacy of ZnO NPs fabricated from 
plants and their parts, against fungal pathogens (Elumalai et al. 2015a,b; Kathiravan 
et al. 2015; Jamdagni et al. 2018). The antifungal effect of NPs is dependent on their 
size and concentration; possibly, an increase in NPs’ concentration may increase the 
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inhibition of fungal growth, due to burst of fungal cell membrane, and cause a 
decline in the fungal enzymatic activity (Kim et al. 2012a; Siddiqi and Husen 2016).

7.3.3  Photocatalytic Activity

It is an established fact that the toxic effluents including hazardous organic dyes 
discharged from various sources (mainly from fabric, printing, manufacturing and 
other industries) adversely influence the aquatic ecosystem. Thus, degradation of 
hazardous organic dyes and other toxic wastes in water system has always been a 
key issue. ZnO NPs fabricated from various plant sources have shown notable pho-
tocatalytic degradation potential against various dyes such as methyl orange, meth-
ylene blue, Congo red and so on. Anisochilus carnosus leaf extract was used to 
obtain ZnO NPs, which showed photocatalytic degradation of methylene blue dye 
(Anbuvannan et al. 2015b). Fruit peel extract of Nephelium lappaceum was used to 
produce ZnO NPs, which caused 83.99% photocatalytic degradation of methyl 
orange azo dye in 120 min under UV light of the wavelength 364 nm (Karnan and 
Selvakumar 2016). Seaweed-capped ZnO NPs were produced from four zinc source 
precursors, namely, zinc acetate, zinc nitrate and zinc sulphate, using the brown 
seaweed (Padina tetrastromatica). All these NPs exhibited positive photocatalytic 
activity against anionic and cationic dyes drimarene turquoise blue S-G and methy-
lene blue in sunlight (Pandimurugan and Thambidurai 2016). Similarly, Momeni 
et al. (2016) produced ZnO NPs from leaf extract of Euphorbia prolifera and found 
them having a good catalytic potential to degrade methylene blue and Congo red in 
the presence of NaBH4 in water at room temperature. According to Raja et  al. 
(2018), T. divaricata-mediated ZnO NPs brought out a complete degradation of 
methylene blue dye (in 90 min), suggesting that the prepared catalyst is applicable 
for bacterial decontamination as well as for industrial wastewater treatment.

7.3.4  Antioxidant, Antidiabetic and Anti-inflammatory 
Properties

Antioxidant compounds prevent oxidation of other molecules. It is known that the 
oxidation is a chemical reaction that can produce free radicals, causing chain reac-
tions that may harm or damage cells. ZnO NPs produced from Cassia fistula have 
shown remarkable antioxidant activity through scavenging of 1,1-diphenyl-2- 
picrylhydrazyl free radicals (Suresh et al. 2015). Those fabricated with the help of 
Polygala tenuifolia root extract (Nagajyothi et al. 2015) exhibited a moderate anti-
oxidant activity by scavenging 45.47% DPPH at 1 mg mL−1 and an excellent anti- 
inflammatory activity in a dose-dependent manner and suppressed the mRNA and 
protein expressions of intracellular nitric oxide synthase activity, COX-2, 
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interleukin-1β, interleukin-6 and TNF-α (pro-inflammatory cytokines). Aqueous 
stem extract of Ruta graveolens was used as the reducing agent for fabrication of 
ZnO NPs, which could inhibit the antioxidant activity of 1,1-diphenyl-2- 
picrylhydrazyl free radicals effectively (Lingaraju et al. 2016). In a recent study, 
Rajakumar et al. (2018) have suggested that the A. paniculata leaf extract-mediated 
synthesized ZnO NPs have antioxidant, antidiabetic and anti-inflammatory abilities 
and can therefore be utilized in various biological applications as in cosmetic, food 
and biomedical industries.

7.3.5  Drug and Gene Delivery

Nanomaterials, for instance, carbon nanotubes, Fe3O4 NPs, etc., loaded with drug, 
are capable to penetrate inside the cells and deliver drugs at target sites efficiently. 
In vivo studies have shown that ZnO NP can be highly toxic to cancer cells, bacteria 
and leukemic T cell (Hanley et al. 2008; Wang et al. 2009). ZnO quantum dots with 
intrinsic blue fluorescence, coated with folate-conjugated chitosan via electrostatic 
interaction and loaded with doxorubicin (DOX – used in chemotherapy), can entrap 
the drug, e.g. doxorubicin, and release at the normal physiological pH of 7.4 (Yuan 
et al. 2010). ZnO NPs coated with aminopolysiloxane have been evaluated in leu-
kaemia K562 and adriamycin-resistant K562/A02 cells (Guo et  al. 2008), which 
were found to be sensitive to ZnO NPs. Cell proliferation is suppressed by UV light 
after incubation with NPs. The toxicity was dependent on the size of ZnO NPs. ZnO 
NPs can induce ROS in aqueous solution upon absorption of UV light which can 
induce necrosis or death of the cell (Wilson and Patterson 2008). ZnO nanorods of 
20x50nm exhibited minimum cellular toxicity to normal cells and therefore were 
used to deliver drugs in cancer patients (Zhang et al. 2011). Kundu et al. (2014) used 
actinobacteria Rhodococcus pyridinivorans NT2 to examine the cytotoxicity of 
anthraquinone-loaded ZnO NPs against HT-29 cancer cells with detectable ability 
to kill the cancer cell in comparison to normal peripheral blood mononuclear cells. 
The authors suggested that these particles have the possible application as an effec-
tive drug delivery vehicle. Nanomaterial has been employed for cancer treatment, 
gene delivery and gene therapy. Three-dimensional tetrapod like ZnO nanostruc-
tures has been investigated as gene vectors to deliver pEGFP-N1 DNA (which con-
tains the gene for green fluorescent protein) to A375 human melanoma cells (Nie 
et al. 2006, 2007). It does not show significant cytotoxicity possibly due to three- 
dimensional geometry of Zn. Since a tetrahedral structure has the ability to attach 
another tetrapod in all directions, it is easy for ZnO to interact with any structural 
motif. The bond angle in such structure is 109°; therefore all distances are equal and 
can easily be fitted with another ZnO tetrapod. ZnO quantum dots coated with poly-
mers are also used to condense pDNA for efficient gene delivery (Zhang and Liu 
2010).
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7.3.6  Anticancer Activity

Anticancer activity of ZnO NPs is associated with their ability to generate ROS and 
induce apoptosis. ZnO NPs have been exploited as drug carriers for loading and 
transporting drugs to target cells. This prevents non-targeted toxicity and also 
reduces quantity of the drug (Ryter et  al. 2007). Interaction of cancer cells with 
ZNO NPs is driven by electrostatic interaction between them (Rasmussen et  al. 
2010). ZnO NPs have been found to be most toxic against T98G cancer cells (Wahab 
et  al. 2013). Chemical compounds showing positive response in the Ames test 
(Ames et al. 1975) are most likely to be carcinogenic in mammals, and, by analogy, 
they may affect human somatic germ cells leading to many ailments including infer-
tility and cancer. If the quantity and exposure time of the ZnO is in excess to cause 
toxicity in microorganism, it may not be toxic to human beings because the quantity 
(10 μg mL−1) is too small (Sawai et al. 1998; Yoshida et al. 2009). Adverse symp-
toms appear only if an excess of a toxic substance has been administered. However, 
it requires comprehensive clinical studies for confirmation (Sharma et  al. 2009; 
Kumar et al. 2011). ZnO NPs are a mixture of small and large NPs; the smaller ones 
may penetrate into the bacterial cell and interact with biomolecules in the cyto-
plasm, while the larger ones may adhere to the cell wall and inhibit their growth. 
Although ZnO NPs are reported to induce selective damage of cancer cells, their 
exact mode of transport to the target cell is still not well understood. Nonetheless, 
they have been shown to destroy certain types of cancer in human beings (Akhtar 
et  al. 2012). It has been shown that the primary normal rat cells (astrocytes and 
hepatocytes) are unaffected by ZnO NPs (Akhtar et al. 2012). ZnO NPs selectively 
induce apoptosis in almost all types of cancer cells via ROS. At 5 μg ml−1, the NPs 
were ineffective, but a significant reduction in cell viability was noted for all cancer 
cells at a concentration of 10 and 15 μg ml−1(Akhtar et al. 2012). Ostrovsky et al. 
(2009) have reported that ZnO NPs are cytotoxic to human glioma cell lines but they 
do not affect the normal human astrocytes. This is also true that the normal living 
cells have the inherent tendency to undergo repair when exposed to ZnO NPs. 
Vimala et al. (2014) used fruit extract of Borassus flabellifer for fabrication of ZnO 
NPs and studied their effect, along with DOX, on breast cancer cell line (MCF-7) 
and colon cancer cell line (HT-29). They noted the biocompatibility of DOX-ZnO 
NPs with no significant toxicity on blood stream (in vivo) and reduction of Bcl-2 
expression on MCF-7 cells (in vitro). Further, they examined the proliferation rates 
of cancerous cells and the cytotoxic effect of ZnO NPs with varying doses of ZnO, 
DOX and DOX-ZnO NPs; MTT assay was done with IC50 values of 0.5 μg mL−1, 
0.25 μg  mL−1 and 0.125 μg  mL−1 for MCF-7 cancer cells and of 0.5, 0.25 and 
0.125 μg mL−1 for HT-29 cancer cells and demonstrated that the cytotoxicity of 
DOX-ZnO NPs is more prominent than that of DOX and ZnO NPs alone. Moreover, 
they observed a higher in vitro reduction of cancerous cell proliferation at higher 
doses and a minor effect on target cancer cells at lower doses in a concentration- 
dependent manner. Vimala et al. (2014) have suggested that NPs of varied size facil-
itate drug targeting and hence turn out a suitable agent to improve drug delivery for 
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the leukaemia cancerous cells. In another study, Aloe barbadensis was used to pro-
duce ZnO NPs, which exhibited antibacterial and antibiofilm features and thus 
found suitable as nano-antibiotic or a drug carrier for delivery to target cancerous 
cell (Ali et al. 2016).

7.3.7  Biosensor

Biosensors are used in healthcare, biological analysis, environmental monitoring 
and food industry (Zhao et al. 2010). Nanomaterials generally immobilize biomol-
ecules such as enzymes, antibodies and several other proteins. They can also allow 
for direct electron transfer between the active site of biomolecules and the electrode. 
ZnO nanomaterial-based biosensors are mainly used for the detection of small mol-
ecules such as glucose, H2O2, phenols, cholesterols, urea, etc. (Wang et al. 2002; Liu 
et al. 2005; Singh et al. 2007; Solanki et al. 2008; Ali et al. 2009; Hu et al. 2011).

7.3.8  Bioimaging

Semiconductor nanocrystals possess better photoluminescent features in compari-
son to the traditional organic fluorescent dyes. Moreover, because of a large variety 
of nanostructure, low toxicity and biodegradability of ZnO have become an indis-
pensable substance for all mammals. Besides its application as nano optical device, 
energy storage, nano sensors and semi-conductor (Huang et al. 2001; Fan and Lu 
2005; Wang et al. 2007; Lao et al. 2007; Yang et al. 2011; Yakimova et al. 2012), it 
is frequently used as an essential supplement for human system and in biomedical 
application such as drug delivery and gene delivery, including cellular imaging 
(Zvyagin et al. 2008). Transferrin-conjugated green fluorescent ZnO nanocrystals 
have been reported for cancer cell imaging with minimum cytotoxicity (Sudhagar 
et al. 2011). ZnO nanocrystals doped with cobalt, copper and nickel cations have 
been employed for cellular imaging in various cells (Wu et al. 2008). It has been 
demonstrated that Zn nanowires can be employed to targeted imaging of cancer 
cells (Hong et al. 2011; Shi et al. 2011).

7.3.9  Cosmetics

The inflammatory effect of ZnO NPs on eosinophils has been thoroughly studied by 
Donaldson and Seaton (2012) and Donaldson and Poland (2012). It has been 
observed that the ZnO NPs in sunscreen do not penetrate deep into the skin. 
Monteiro-Riviere et al. (2011) analysed the effect of ZnO and TiO2 NP into porcine 
UVB (ultraviolet-B radiation)-damaged skin in vivo and in vitro. Generally, ZnO 
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NP penetrated into the superficial layers of epidermis, although penetration was 
deep into the UVB-damaged skin. ZnO NPs are frequently used in personal care 
products along with food additives and preservatives (Brayner et  al. 2010). 
Application of NP in cosmetics has increased tremendously in the recent past. 
Gulson et al. (2010) demonstrated that sunscreen cream containing isotopic Zn68, 
generally applied on the skin to protect against UV radiation, is negligibly absorbed. 
Only 0.1% of all the Zn in the blood contained isotopically labelled Zn68. This iso-
tope in the blood/urine was almost negligible as its concentration was nearly 
1/1000th of the total Zn absorbed. The metal oxide NPs commonly used in sun-
screen lotions are activated by the absorption of light with subsequent generation of 
free radicals and ROS (Nel et al. 2006). Many workers have reported the production 
of free radicals from TiO2/ZnO, which damage DNA in human skin cells when 
exposed to UV light (Dunford et al. 1997; Nakagawa et al. 1997). According to the 
WHO (2006) definition, dermal absorption describes the transport of chemicals 
from the outer surface of the skin to the systemic circulation, and dermal penetra-
tion describes the entry of a substance into a particular layer or structure. The com-
mercially available sunscreens contain isopropyl myristate, a chemical enhancer of 
skin penetration (Chan 2005), and a chelating agent, EDTA.  The amount of Zn 
absorbed from the sunscreen is less than 0.001% of the applied dose containing 
ZnO NP. It is, therefore, safe to use ZnO NP in sunscreen lotion to protect the skin 
from the damage by UV radiation. Since EDTA is a chelating agent, it binds ZnO 
strongly but, being very small in quantity, remains in liquid form due to moisture or 
sweat. EDTA works as a carrier to transport Zn2+ ions into the blood stream.

7.3.10  Agriculture

ZnO NPs influence (enhanced or reduced) the growth and development of plants, 
when absorbed and incorporated into the plant transport system. They diffuse in the 
plant cells if smaller in size than the pores in the plant cell walls. Studies have 
shown that the absorption and translocation of various NPs in different parts of the 
plant depend on their bioavailability, concentration, solubility, exposure time as 
well as the anatomy of the plant species concerned (Rico et al. 2011; Husen and 
Siddiqi 2014; Zhao et  al. 2014). In addition, replacing biofertilizers with bio- 
nanomaterials may sometimes be advantageous if they increase the fruit count, seed 
production and biomass accumulation without producing toxic effects. In an experi-
ment, Prasad et al. (2012) used seeds of Arachis hypogea to examine the influence 
of ZnO NPs on their growth and yield parameters. Various doses of ZnO NPs 
(25 nm) influenced the overall plant-growth response in terms of seed germination, 
seedling vigour index, root growth, flowering, chlorophyll content and pod yield. 
The authors noted that at 1000 ppm of dose, ZnO NPs increased seed germination 
and seedling vigour and also increased the stem and root growth. Early germination 
and establishment of seeds in the soil caused early flowering and promoted leaf 
chlorophyll content. Foliar treatment of ZnO NPs to Cyamopsis tetragonoloba and 
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Solanum lycopersicum has shown a positive response in terms of biomass produc-
tion and the chlorophyll and total soluble leaf protein contents (Raliya and Tarafdar 
2013; Raliya et al. 2015). However, ZnO NPs’ treatment to Arabidopsis seedlings at 
100 mg L−1 concentration decreased the biomass production (Landa et al. 2012). 
Zafar et al. (2016) have demonstrated that ZnO NPs at 500–1500 mg L−1 negatively 
influenced the Brassica nigra seed germination and seedling growth. ZnO NPs also 
enhanced antioxidative activities and non-enzymatic antioxidant contents in 
Brassica nigra plants. In another study, ZnO NPs at 2000 mg kg−1 could not affect 
the root length and biomass production in Cucumis sativus grown on a loamy sand 
soil at pH 5.5 (Kim et al. 2012b).

Manzo et al. (2011) have demonstrated that ZnO NPs at 286 mg kg−1 influenced 
root elongation in Lepidium sativum sown in an artificial standard soil, whereas Du 
et al. (2011) noted that these NPs at 45.45 mg kg−1 (5 g per 110 kg soil) decreased 
the biomass production of Triticum aestivum cultivated in loamy clay soil at pH 7.36. 
In another study of wheat (T. aestivum), inhibition of root elongation was noticed in 
acid soil, whereas phytotoxicity was alleviated in the alkaline soil, and absorption 
of ZnO NP was doubled when Zn concentration in the soil was low. Soluble zinc in 
acidic soil was 200 times more with 10 times more Zn levels in shoots than those in 
the alkaline soil. Phytotoxicity was noticed in the soil spiked with humic acid, but it 
did not affect plant responses. The ZnO NPs’ aggregation with humic acid provides 
bioavailable zinc. But these NPs may be distributed within the plant body only if 
taken up through diffusion. The plant roots are stunted in the acidic soil as the 
amount of soluble zinc was 100 times more in acidic soil than in alkaline soil. 
Nevertheless, higher concentration of Zn at 500 mg L−1 produced phytotoxicity to 
T. aestivum (Watson et  al. 2015). In Allium cepa grown in hydroponic solution, 
Kumari et al. (2011) observed high toxicity of ZnO NPs in terms of Zn2+ ion, pos-
sibly due to high release of ROS. In Vigna unguiculata grown in amended soil with 
ZnO NPs and Zn2+, Wang et al. (2013) found no difference in plant growth, accumu-
lation or speciation between the treatments with zinc ions and ZnO NPs. In a recent 
study, ZnO NPs fabricated from Calotropis gigantea leaf extract (Chaudhuri and 
Malodia 2017) were used at the concentration of 30 mg L−1 to examine their effect 
on growth of Azadirachta indica, Alstonia scholaris and Pongamia pinnata at nurs-
ery stage. In comparison to the control, all treated plant populations exhibited 
enhanced growth in height. Among the three tested plants, A. scholaris exhibited 
maximum height. Milani et al. (2012) have reported the use of ZnO NPs as a fertil-
izer in soil as well as a foliar fertilizer. Studies have also revealed that ZnO NPs are 
useful in plant protection and in the suppression of fungal diseases. For instance, He 
et al. (2011) recorded the biocidal activity of ZnO NPs against post-harvest patho-
genic fungi, namely, Botrytis cinerea and Penicillium expansum, which were 
exposed to ZnO NP of 70  ±  15  nm size, in a concentration range of 
0–12 mM. Examination of plants and pathogens before and after their incubation 
with ZnO NPs revealed that the concentration above 3 mM significantly inhibits the 
growth of the above-mentioned fungi by deforming the structure of fungal hyphae. 
The results were supported by Raman spectral data which showed that the peaks for 
nucleic acids, carbohydrates, proteins and lipids undergo tremendous alterations. It 
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was also observed that the efficacy of ZnO NPs on the inhibition of fungal growth 
was not uniform, possibly due to change in species and their morphology (He et al. 
2011). It has been reported that integration of ZnO NPs into bacterial cell may 
induce continuous release of membrane lipids and proteins, which change the mem-
brane permeability of bacterial cells (Amro et al. 2000). It is, however, certain that 
penetration of ZnO NPs into the microbial cell is the key to growth inhibition of 
microorganisms.

7.4  Conclusion

Green synthesis of ZnO NPs with the help of various plants and/or their parts and 
products has gained the ground because of their multifarious applications. The 
active compounds present in plant tissues have been shown to act as a reducing 
agent as well as the capping and stabilizing agents for the fabrication of ZnO NPs. 
The size and morphology of ZnO NPs are dependent on several factors such as 
incubation time, temperature, concentration and pH of the solution, among others. 
ZnO NPs have shown their inhibitory effect on the bacterial and fungal growth and 
hence are useful in food packaging and agriculture. They are also useful in drug 
delivery, gene delivery, bioimaging, treatment of different skin conditions, cosmet-
ics and agricultural system. However, their toxicity towards biological systems is a 
matter of conjecture even though they seem to have a bright future in biomedical 
applications.
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Chapter 8
Plant-Mediated Synthesis of Copper Oxide 
Nanoparticles and Their Biological 
Applications

Archana Joshi, Ashutosh Sharma, Rakesh Kumar Bachheti, Azamal Husen, 
and Vinod Kumar Mishra

8.1  Introduction

As per the estimations of National Science Foundation (NSF), Alexandria, USA, the 
global market for the nanotechnology-based products would be reaching three tril-
lion USD by the year 2020 (Roco 2011). More than a thousand commercial prod-
ucts containing nanoparticles (NPs), which range from 1 to 100 nm, are currently 
available in the market (Vance et al. 2015) with wide-ranging applications in the 
fields of biomedicine, wastewater treatment, environmental remediation, food pro-
cessing and packaging, agriculture, horticulture, and crop protection (Husen 2017; 
Siddiqi and Husen 2016, 2017a, b; Siddiqi et al. 2018a, b, c).

In comparison to their bulk counterparts, NPs have a greater chemical reactivity, 
strength, and some novel properties due to their increased surface-to-volume ratio 
and quantum size effect. The surface plasmon resonance (SPR) exhibited by metal 
NPs is one of their most important characteristics. NPs can be produced by the 
breakdown (top-down) or the buildup (bottom-up) methods (Husen and Siddiqi 
2014), involving various physicochemical techniques. However, these production 
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methods are usually expensive, labor-intensive, and potentially hazardous to the 
environment and living organisms. The most acceptable and effective approach for 
NP preparation is the bottom-up approach. Biological methods for NP synthesis 
utilize a bottom-up approach with the help of reducing and stabilizing agents.

Copper oxide nanoparticles (CuO NPs) are especially known for their catalytic, 
electric, optical, photonic, superconducting, and biological properties (Padil and 
Cernik 2013). However, their large-scale production has introduced risk to the envi-
ronment and human health. Considering the wide-ranging applications and increas-
ing demand of metal NPs, an alternative, cost-effective, safe, and green technology 
for large-scale production of CuO NPs is required. This chapter discusses the pros 
and cons of plant-mediated synthesis of CuO NPs, with the main focus on reduc-
tion, capping, and stabilization of NPs, and casts a cursory glance on their prospec-
tive applications.

8.2  Plant-Mediated Synthesis of Copper Oxide NPs

Extracts of various parts of different plant species have been used for synthesis of 
CuO NPs, as shown in Table 8.1, proving the ability of plant extracts to reduce cop-
per ions to copper metals, yielding Cu NPs. Plant-mediated synthesis of MNPs is 
energetically efficient and can even be carried out at room temperature and is gener-
ally completed within few minutes.

Plant parts (leaf, root, bark, etc.) are thoroughly washed with tap water in order 
to remove dust particles, sun-dried for 1–2 h to remove the residual moisture, cut 
into small pieces, and extracted. The extract is purified by filtration and centrifuga-
tion. Different concentrations of plant extract and metal salts (e.g., cupric sulfate, 
cupric chloride, copper nitrate, cupric acetate) are incubated in a shaker for different 
time intervals, at different pH and temperature, for NP synthesis. Formation of NPs 
is monitored by change in color of the reaction mixture. At the end, the reaction 
mixture is centrifuged at low speed to remove any medium components or large 
particles. Finally, the NPs can be centrifuged at a high speed or with a density gradi-
ent, washed thoroughly in water/solvent (ethanol/methanol) and collected in the 
form of a bottom pellet.

In an experiment, CuO NPs were synthesized from black bean extract and char-
acterized by XRD, FTIR, XPS, Raman spectroscopy, DLS, TEM, SAED, SEM, and 
EDX (Nagajyothi et  al. 2017). XRD studies have shown that the particles were 
∼26.6 nm in size and spherical in shape. Rehana et al. (2017) used leaf extract of 
various plants (Azadirachta indica, Hibiscus rosa-sinensis, Murraya koenigii, 
Moringa oleifera, and Tamarindus indica) for synthesizing CuO NPs. UV-vis spec-
troscopy revealed the band centered between 220 and 235 nm, typical for CuO NPs. 
The SEM and TEM studies confirmed the spherical shape, with an average size of 
12 nm, while SAED revealed the crystalline nature of the NPs. FTIR spectroscopy 
displayed bands at ∼490 and ∼530 cm−1 corresponding to metal–oxygen (Cu–O) 
vibration that supports the availability of monoclinic phase of CuO NPs. These NPs 
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Table 8.1 Plants and their parts used for biosynthesis of CuO NPs, together with their size, shape, 
and significance

Plant (part used)
Size 
(nm) Shape Significance References

Acalypha indica 
(leaf)

29

Spherical

Antibacterial and antifungal 
effect against Escherichia 
coli,
Pseudomonas fluorescens, 
and Candida albicans. 
Anticancer activity against 
MCF-7 human breast cancer 
cell line

Sivaraj et al. 
(2014b)

Albizia lebbeck 
(leaf)

<100

Spherical

Cheap and effective reducing 
agent for CuO NP production 
in large scale

Jayakumarai et al. 
(2015)

Aloe vera (leaf) 24–61

Octahedral

Photocatalytic activities Kerour et al. 
(2018)

Aloe barbadensis 
(leaf)

15–30

Versatile and
spherical

Large-scale commercial 
production and health-related 
applications of CuO NPs

Gunalan et al. 
(2012)

Aloe vera (leaf) 20

Spherical

Antibacterial activity against 
fish bacterial pathogens

Kumar et al. 
(2015)

Alternanthera 
sessilis (leaf)

22.6–
25.2

Spherical

Antimicrobial activity Niraimathi et al. 
(2016)

Calotropis 
gigantea (leaf)

20–30

Spherical

Solar cell applications Sharma et al. 
(2015)

(continued)
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Table 8.1 (continued)

Plant (part used)
Size 
(nm) Shape Significance References

Calotropis 
procera (leaf)

40

Cylindrical

Optical studies Reddy (2017)

Camellia sinensis 
(leaf)

34.36

Cubes and 
spheres

Antibacterial activity Riya and George 
(2015)

Cassia alata 
(flower)

110–
280

Spherical

Wide application in medicine Jayalakshmi and 
Yogamoorthi 
(2014)

Curcuma 
aeruginosa 
(rhizome)

40 – Antibacterial, antifungal, and 
antioxidant activity

George and Britto 
(2014)

Desmodium 
gangeticum (root)

28

Spherical

Antioxidant activity against 
DPPH

Guin et al. (2015)

Ferulago angulate 
(aerial part)

44

Shell-like
sheet structure

Photocatalytic activity Mehr et al. (2018)

Galeopsidis herba 
(Plant extract)

10

Spherical

Antioxidant and catalytic 
activity

Dobrucka (2018)

(continued)
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Table 8.1 (continued)

Plant (part used)
Size 
(nm) Shape Significance References

Gloriosa superba 
(leaves)

5–10

Spherical

Effective against S. aureus 
and Klebsiella aerogenes

Naikaa et al. 
(2015)

Malva sylvestris 
(leaf)

5–30

Spherical

Antibacterial activity against 
Shigella and Listeria strains

Awwad et al. 
(2015)

Matricaria 
chamomilla 
(flower)

140

Spherical

Antioxidant activity and 
interaction with plasmid 
DNA (pBR322)

Duman et al. 
(2016)

Pterocarpus 
marsupium 
(wood)

20–25

Spherical

Antibacterial activity against 
E. coli, P. vulgaris, K. 
pneumonia, S. aureus, S. 
epidermidis, and B. cereus

Rajgovind et al. 
(2015)

Pyrus pyrifolia 
(leaf)

24

Spherical

Photocatalytic study Sundaramurthy 
and Parthiban 
(2015)

Rubus glaucus
(leaf and fruit)

43.3

Spherical

Antioxidant activity against 
DPPH

Kumar et al. 
(2017)

Stachys 
lavandulifolia 
(flowers)

80

Near- spherical

Antibacterial activity Khatami et al. 
(2017)

(continued)
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also displayed band in the region of 3442–3474 cm−1 due to O–H stretching vibra-
tion, whereas the band at 2370 and 2385 cm−1 was ascribed to the primary amines. 
The band at 1663 and 1674 cm−1 was reported due to amide I; however the band at 
1530 and 1535 cm−1 was ascribed to the amide II region, which was characteristic 
of proteins and/or enzymes. Further, bands at 1030–1110  cm−1 corresponded to 
C–O stretching vibrations. Rehana et al. (2017) have suggested that the phenolic 
compounds and flavonoids acted as capping agents, thus preventing agglomeration, 
and stabilized the NP formation. Vishveshvar et al. (2018) synthesized CuO NPs 
using an aqueous solution of copper (II) sulfate and Ixora coccinea leaf extract. 
These particles were characterized using UV-vis spectroscopy, SEM, TEM, and 
FTIR spectroscopy. UV-vis spectroscopy showed a wavelength region from 200 to 
300 nm. SEM images exhibited the formation of NP clusters of an average size of 
300 nm. Further, TEM images of NPs, separated after ultrasonication of the disper-
sion, showed an average particle size of 80–110 nm. The FTIR spectroscopy peaks 
revealed the bonding vibrations such as Cu–O and O–H. In another recent study, 
Mehr et al. (2018) fabricated CuO and ZnO NPs by using the Ferulago angulata 
extract as a mild and nontoxic reducing agent and an efficient stabilizer without 
adding any surfactants and characterized them with the help of XRD, FTIR, and 
FESEM. The NPs produced were crystalline in nature, with high purity and an aver-
age size of ~ 44 nm. The FTIR spectrum of NPs showed two peaks at 912 and 
620 cm−1. Dobrucka (2018) synthesized CuO NPs (10 ± 5 nm in size) using the 
extract of Galeopsidis herba and characterized them by UV-vis, SEM, TEM, and 

Table 8.1 (continued)

Plant (part used)
Size 
(nm) Shape Significance References

Tabernaemontana 
divaricata (leaf)

48

Spherical

Antibacterial activity against 
urinary tract pathogen

Sivaraj et al. 
(2014a)

Tinospora 
cordifolia (leaf)

6–8

Spherical

Antioxidant, antimicrobial 
activity

Udayabhanu et al. 
(2015)

Thymus vulgaris 
(leaf)

30

Face- centered 
cubic (fcc)

Catalytic activity Nasrollahzadeh 
et al. (2016)
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FTIR spectroscopy and EDS profile. SEM images confirmed the spherical shape of 
the NPs. FTIR spectrum showed bands at 417, 408, and 398 cm−1 indicating the 
formation of metal–oxygen stretching of CuO nanostructure. These NPs showed 
antioxidant as well as the catalytic activity in the reduction of malachite green. 
Octahedral and spherical CuO NPs were prepared using copper sulfate and Aloe 
vera aqueous extract (Kerour et al. 2018). The SEM images revealed octahedral and 
spherical agglomeration of NPs. XRD confirmed the cubic structure of NPs, which 
depends upon the crystallite size concentration of Aloe vera aqueous extract. The 
FTIR vibration measurements validated the presence of pure Cu2O in the samples. 
The UV-vis spectra indicated that the prepared Cu2O had a gap energy estimated 
from 2.5 to 2.62  eV.  The photocatalytic activities enabled an improved and fast 
degradation of methylene blue in aqueous solution at room temperature under solar 
simulator irradiation (Kerour et al. 2018). Further details are given in Table 8.1.

8.2.1  Mechanism of CuO NP Synthesis

Plant extracts contain a wide range of metabolites that can act both as reducing and 
stabilizing agents in the metal NP synthesis. Bioreduction is a relatively complex 
process. As a reducing agent, biomolecules in the extract provide electrons to metal 
ions, thus reducing it into the elemental metal. After reduction, the atom so formed 
acts as the nucleation center, which is immediately followed by a period of growth 
when the smaller neighboring particles amalgamate to form a larger NP. In the final 
stage of synthesis, the plant extracts’ ability to stabilize the NP ultimately deter-
mines its energetically favorable and stable morphology. In order to avoid further 
growth and maintain the particle in the nano-range, a substance called capping 
agent is added. Biomolecules present in the plant extract may act as the reducing 
agent, or the same molecules may function as both the reducing agent and the cap-
ping agent. Since different plant extracts contain different phytoconstituents, the NP 
formation mechanisms vary among different plant species, and their details are yet 
to be fully elucidated.

Secondary metabolites, such as terpenoids, polyphenols, flavonoids, alkaloids, 
phenolic acids, etc., are responsible for the reduction of metal ions to zerovalent 
metals or the stabilization of MNPs. Flavonoids constitute a large group of polyphe-
nolic compounds that comprise of several classes, viz., anthocyanins, isoflavonoids, 
flavonols, chalcones, flavones, and flavanones. The transition of flavonoids from the 
enol to the keto may lead to reduction of the metal. The ability of flavonoids to che-
late metal ions is well documented. Some flavonoids, such as quercetin and santin, 
are known to possess strong chelating activity due to the presence of hydroxyls and 
carbonyl functional groups (Anjum et al. 2015). Apart from the crude extract, indi-
vidual pure secondary metabolites have the ability to synthesize metal NPs (Sahu 
et al. 2016; Kasthuri et al. 2009). It has been reported that amino acids, sugars, and 
fatty acids available in gum karaya could act as a reducing and capping agent for the 
formation of metal oxide NPs (Silva et al. 2003).
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8.3  Controlling the Shape and Size of CuO NPs

Despite a significant progress in the biosynthesis of NPs, little could be achieved in 
controlling the shape of the metal NPs by biological routes. Polydispersity of 
nanoparticles still remains a challenge. During the course of biological synthesis of 
metal NPs, a number of physical and biological parameters, including pH, reac-
tants’ concentration, reaction time, and temperature, govern nucleation and the sub-
sequent formation of the stabilized NP. The oxidation/reduction state of proteins 
and enzymes present in the cell-free extract is highly dependent upon the pH, mak-
ing it a substantial factor to determine the shape and size of NPs. Further, metal ion 
concentration and pH, reaction time, and temperature can also affect the rate of 
nucleation and growth of NPs. As the reaction temperature increases, the reaction 
rate increases consuming metal ions to form the nuclei, thereby enhancing the bio-
synthesis process. Alteration of the reaction time can lead to variation in growth rate 
of seed particle, generating multi-shaped NPs. It is very clear that a single parameter 
cannot decide the fate of nuclei; rather it is the balance between all the parameters 
that can generate different shapes and sizes of NPs produced.

8.4  Characterization of CuO NPs

For characterization of synthesized NPs, several techniques, including ultraviolet- 
visible (UV-vis) spectroscopy, transmission electron microscopy (TEM), small- 
angle X-ray scattering (SAXS), Fourier transform infrared (FTIR) spectroscopy, 
X-ray fluorescence (XRF) spectroscopy, X-ray diffraction (XRD), X-ray photoelec-
tron spectroscopy (XPS), scanning electron microscopy (SEM), field emission 
scanning electron microscopy (FESEM), particle size analysis (PSA), Malvern 
Zetasizer (MZS), energy-dispersive X-ray spectroscopy (EDX/EDS), nanoparticle 
tracking analysis (NTA), X-ray reflectometry (XRR), Brunauer–Emmett–Teller 
(BET) analysis, selected area electron diffraction (SAED), and atomic force micros-
copy (AFM), are used (Table 8.2).

8.5  Applications of Copper Oxide NPs

8.5.1  Biological Application

Various studies have established that CuO NPs possess potent antimicrobial, anti-
oxidant, and anticancer activities (Table 8.3).
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8.5.1.1  Antimicrobial Activity

The last decade introduced opportunities to investigate the bactericidal effect of 
metal NPs. Their small size and high surface-to-volume ratio allow them to inter-
relate strongly with microbial membranes which are not merely due to the release 
of metal ions in solution (Subhankari and Nayak 2013). Niraimathi et al. (2016) and 

Table 8.2 Characterization techniques, their use, and limitations

Technique Main role Limitation References

High-resonance 
transmission 
electron microscopy 
(HRTEM)

Used for the 
determination of shape 
and size of nanostructures

Particle size larger than 
1.5 nm cannot be 
determined

Thakur et al. (2014)

X-ray diffraction 
(XRD)

Size and crystallinity of 
NPs can be determined by 
this technique

Composition of 
plasmon and NPs 
cannot be analyzed

Din et al. (2017)

Scanning electron 
microscopy (SEM)

Used for the 
determination of shape 
and size of nanostructures

Samples must be solid 
and elements with 
atomic number <11 
cannot be determined

Kalpana et al. 
(2016)

Atomic force 
microscopy (AFM)

Particle size and 
characterization

Can be used for gas and 
liquid samples only

Daniel et al. (2013)

Brunauer–Emmett–
Teller analysis 
(BET)

Specific surface area is 
measured

– Karimi and 
Mohsenzadeh 
(2015)

X-ray fluorescence 
spectroscopy (XRF)

Used for the measurement 
of chemical composition 
and concentration

Limited ability to 
measure precisely and 
accurately

Karimi and 
Mohsenzadeh 
(2015)

Nanoparticle 
tracking analysis 
(NTA)

To visualize and measure 
particle size, 
concentration, and 
fluorescent properties of 
NPs

– Cheirmadurai et al. 
(2014)

Particle size 
analysis (PSA)

To measure the 
distribution of size in the 
sample of solid or liquid 
particulate materials

– Parihar and Balekar 
(2016); Shende 
et al. (2016)

Selected area 
electron diffraction 
(SAED)

Technique that can be 
performed inside a TEM

Cannot be 
recommended for 
quantitative 
identification

Karimi and 
Mohsenzadeh 
(2015)

Energy-dispersive 
X-ray spectroscopy 
(EDX/EDS)

Composition of NPs can 
be analyzed

Particles with size 
<2 nm cannot be 
analyzed

Nasrollahzadeh 
et al. (2015a); 
Harne et al. (2012)

X-ray photoelectron 
spectroscopy (XPS)

Elemental composition of 
NPs can be analyzed

Samples are 
decomposed

Lee et al. (2011)

Zeta size analyzer Measures the size of NPs, 
zeta, potential, and 
protein mobility

In nano-range Shende et al. (2016)
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Table 8.3 Antimicrobial, antioxidant, anticancer, and catalytic activities of CuO NPs

Biological 
entity Activity Response References

Aloe vera Photocatalytic 
activities

Degradation of methylene blue Kerour et al. 
(2018)

Alternanthera 
sessilis

Antimicrobial 
activity

Water treatment, synthetic textiles, 
biomedical and surgical devices, food 
processing and packaging

Niraimathi et al. 
(2016)

Andrographis 
paniculata

Antimicrobial 
activity

Escherichia coli, Staphylococcus 
aureus, and Pseudomonas aeruginosa

Devasenan et al. 
(2016)

Anthemis 
nobilis

Catalytic activity A3 coupling reaction Nasrollahzadeh 
et al. (2015a)

Aerva lanata Antibacterial 
activity

E. coli, S. aureus, Bacillus cereus, and 
P. aeruginosa

Hariprasad et al. 
(2016)

Artemisia 
haussknechtii

Antibacterial, 
antioxidant, and 
ion-chelating 
activities

E. coil, S. aureus, S. epidermidis, S. 
marcescens

Alavi and Karimi 
(2017)

Azadirachta 
indica

Anticancer activity Cytotoxic against four cancer cell 
lines, human breast (MCF-7), cervical 
(HeLa), epithelioma (Hep-2), lung 
(A549) and one normal human dermal 
fibroblast (NHDF) cell line

Rehana et al. 
(2017)

Bifurcaria 
bifurcata

Antibacterial 
activity

Enterobacter aerogenes (Gram- 
negative) and S. aureus 
(Gram-positive)

Abboud et al. 
(2013)

Phaseolus 
vulgaris

Anticancer activity Suppress the proliferation of HeLa 
cells

Nagajyothi et al. 
(2017)

Calotropis 
procera

Optical studies Indirect optical transitions Reddy (2017)

Centella 
asiatica

Catalytic activity Photo catalytic degradation of methyl 
orange

Devi and Singh 
(2014)

Cassia 
auriculata

Antirheumatic 
activity

Arthritis Shi et al. (2017)

Matricaria 
chamomilla

Antioxidant 
activity

Photooxidation of polymer Duman et al. 
(2016)

Datura innoxia Antimicrobial 
activity

Leaf blight disease of rice Kala et al. 
(2016)

Desmodium 
gangeticum

Antioxidant 
activity

Inhibiting the free radical production Guin et al. 
(2015)

Euphorbia 
nivulia

Anticancer activity Human adenocarcinomic alveolar 
basal epithelial cells (A549 cells)

Valodkar et al. 
(2011a)

Ferulago 
angulata

Photocatalytic 
activity

Rhodamine B as organic contaminant Mehr et al. 
(2018)

Galeopsidis 
herba

Antioxidant and 
catalytic activity

By DPHH method and degradation of 
malachite green

Dobrucka (2018)

Gloriosa 
superba

Antibacterial 
activity

Klebsiella aerogenes, P. desmolyticum, 
E. coli, and S. aureus

Naikaa et al. 
(2015)

(continued)
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Kala et al. (2016) have reported the antimicrobial activity of copper bionanoparti-
cles in the recent past. Acharyulu et al. (2014) studied the antimicrobial activity of 
biosynthesized CuO NPs from Phyllanthus amarus leaf extract against multidrug- 
resistant Gram-positive (Bacillus subtilis and Staphylococcus aureus) and Gram- 
negative (Escherichia coli and Pseudomonas aeruginosa) bacteria. Abboud et al. 
(2013) investigated that CuO NPs produced by using brown algae extract (Bifurcaria 
bifurcata) show high antibacterial activity against two different strains of 
Enterobacter aerogenes (Gram-negative) and Staphylococcus aureus (Gram- 
positive). Suleiman et al. (2013) claimed that biologically synthesized copper NPs 
can be used for treating several diseases; however, it requires clinical studies to 
ascertain their antimicrobial potential and efficacy. Padil and Cernik (2013) sug-
gested the antimicrobial activity of CuO NPs against common pathogens E. coli and 
S. aureus. Das et al. (2013) and Heinlaan et al. (2008) demonstrated the antioxidant 
and antibacterial behavior of these NPs, whereas Hariprasad et al. (2016) observed 
their good antibacterial activity against E. coli, S. aureus, Bacillus cereus, and 
Pseudomonas aeruginosa. According to Naikaa et al. (2015), the synthesized CuO 
NPs were effective against the pathogenic bacteria S. aureus and Klebsiella aero-
genes. Devasenan et al. (2016) also confirmed the ability of CuO NPs to inhibit the 
growth of various pathogens.

Table 8.3 (continued)

Biological 
entity Activity Response References

Gundelia 
tournefortii

Catalytic activity Excellent catalytic activity for 
reduction of 4-nitrophenol and 
synthesis of N-monosubstituted ureas

Nasrollahzadeh 
et al. (2015b)

Malus 
domestica

DNA-cleavage 
activity

pBR322 plasmid of E. coli Jadhav et al. 
(2018)

Malus 
domestica

Antibacterial 
activity

Gram-positive and Gram-negative 
bacteria

Jadhav et al. 
(2018)

Malus 
domestica

Antioxidant 
activity

Free radical scavenging activity by the 
DPPH (1,1-diphenyl 2-picrylhydrazyl) 
method

Jadhav et al. 
(2018)

Magnolia Antibacterial 
activity

E. coli Lee et al. (2011)

Stachys 
lavandulifolia

Antibacterial 
activity

P. aeruginosa Khatami et al. 
(2017)

Sterculia urens Antibacterial 
activity

E. coli and S. aureus Padil and Cernik 
(2013)

Tamarix 
gallica

Catalytic activity N-arylation of nitrogen-containing 
heterocycles with aryl halides under 
ligand-free conditions

Nasrollahzadeh 
et al. (2015c)

Thymus 
vulgaris

Catalytic activity N-arylation of indoles and amines Nasrollahzadeh 
et al. (2016)
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8.5.1.2  Antioxidant Activity

Antioxidant activity of nanomaterials is well established. Photooxidation of poly-
mer creates aldehydes, ketones, and carboxylic acids at the end of the polymer 
chain. Antioxidants terminate these chain reactions by removing free radical inter-
mediates and inhibit other oxidation reactions. The antioxidant and DNA-cleavage 
properties of CuO NPs biosynthesized with the help of Chammomile flower extract 
were reported by Duman et al. (2016). They suggested that CuO NPs can act as a 
chemical nuclease, can generate DNA cleavage, and may be useful for preventing 
cell proliferation. The improved antioxidant efficacy in Andean blackberry fruit 
than Andean blackberry leaf extract may be due to the presence of more bioactive 
molecules in the former than in the latter, which have a role as an encapsulating 
agent in CuO NPs. The highest antioxidant efficacy of CuO NPs against DPPH is 
probably derived through the electrostatic attraction between negatively charged 
bioactive compounds (COO−, O−) and neutral or positively charged NPs. CuO NPs 
bind to phytochemicals, and their bioactivity increases synergistically. Antioxidant 
activity of CuO NPs was measured by Das et  al. (2013) using (2,2 diphenyl-1- 
picrylhydrazyl) DPPH method where DPPH was used as a radial source. Guin et al. 
(2015) found the biologically synthesized CuO NPs to be significantly effective 
against oxidative stress and less toxic than the precursor material.

8.5.1.3  Anticancer Activity

Copper oxide NPs also exhibit anticancer activity, as reported recently by Nagajyothi 
et al. (2017). Clonogenic assays have confirmed that the NPs-incubated cancer cells 
are not able to proliferate well. The CuO NPs can induce apoptosis (cell death) and 
suppress the proliferation of HeLa cells. These NPs have a high anticancer cytotox-
icity on human colon cancer lines (HCT-116) with IC50 value of 40  μg  mL−1. 
According to Rehana et al. (2017), CuO NPs are cytotoxic against four cancer cell 
lines, viz., human breast (MCF-7), cervical (HeLa), epithelioma (Hep-2), and lung 
(A549), and one normal human dermal fibroblast (NHDF) cell line. The anticancer 
activity of brown algae-mediated CuO NPs was determined by MTT assay against 
the cell line (MCF-7) (Suleiman et al. 2013). CuO NPs synthesized by using stem 
latex of Euphorbia nivulia (common milk hedge) could be encrusted and stabilized 
by peptides and terpenoids present in the latex. These NPs have shown toxic effect 
against human adenocarcinomic alveolar basal epithelial cells (A549 cells) 
(Valodkar et al. 2011a, b).

8.5.1.4  Antirheumatic Activity

In a recent investigation, it was found that CuO NPs prepared using Cassia auricu-
lata extract can be used as a vehicle in drug delivery as antirheumatic agent for 
rheumatoid arthritis treatment (Shi et al. 2017).
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8.5.1.5  Catalytic Effect

According to Devi and Singh (2014), CuO NPs prepared from the leaf extract of 
Centella asiatica at room temperature show a catalytic effect. NPs have many active 
sites as compared to the bulk material because of their small size and large surface- 
to- volume ratio. These NPs could be used for the photocatalytic degradation of 
methyl orange. In the absence of reducing agents in aqueous medium, these NPs 
reduce methyl orange to its leuco form.

Nasrollahzadeh et al. (2015a) investigated the effectiveness of CuO NPs for the 
synthesis of propargylamines by elaborating the reaction conditions in A3 coupling 
reaction between piperidine (1.2 mmol) and phenylacetylene (1.5 mmol) with benz-
aldehyde (1.0 mmol) as a model reaction. An assorted range of propargylamines 
was obtained in a superior yield. In addition, the reclaim and separation of CuO NPs 
were very easy, effectual, and economically viable. In another study, CuO NPs were 
found to be exceptionally heterogeneous catalyst for ligand-free N-arylation of 
indoles and amines. An excellent yield of N-arylated products was obtained, and the 
catalyst could be recovered and recycled for auxiliary catalytic reactions with 
approximately no loss in activity (Nasrollahzadeh et al. 2016).

8.6  Conclusion

Due to rich plant diversity, phytosynthesis of CuO NPs is proficient in producing 
superficial, ecologically safe, and economically viable NPs, in comparison to physi-
cal and chemical methods. During the bioreduction process, the biomolecules pres-
ent in plant systems play a significant role. Different techniques used for the 
characterization of biosynthesized NPs include UV-vis spectroscopy, FTIR spec-
troscopy, XRD, SEM, EDX, Raman spectroscopy, DLS, TEM, SAED, etc. 
Applications of CuO NPs are significant especially in biomedicine and catalysis. 
The recent use of engineered CuO NPs in drug and gene delivery, in addition to their 
well-known catalytic effect and the antimicrobial, antioxidant, and anticancer activ-
ities, has attached a special prestige to them.
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Chapter 9
Green Synthesis of Iron Oxide 
Nanoparticles: Cutting Edge Technology 
and Multifaceted Applications

Rakesh K. Bachheti, Rocktotpal Konwarh, Vartika Gupta, Azamal Husen, 
and Archana Joshi

9.1  Introduction

Nanotechnology represents a realm of cross-fertilized ideas and concepts. It encom-
passes a myriad of innovative tools and approaches that have seeded a plethora of 
products for a wide gamut of applications (Konwarh et al. 2009, 2012; Husen and 
Siddiqi 2014; Kumar et al. 2017; Siddiqi et al. 2018a, b). Be it waste-water treat-
ment, efficient ferrying and targeted delivery of bio-cargoes including the therapeu-
tic/bioactive molecules, tissue engineering or optoelectronics, nanotechnology has 
etched an indelible mark on the scientific canvas (Barua et al. 2013; Pramanik et al. 
2013; Mobasser and Firoozi 2016; Reardon et al. 2017). The number of research 
papers and patents on applications of nanomaterials has grown by leaps and bounds 
over the last few years. It may be recalled that nanoscience and nanotechnology deal 
with the efficient coalescing of biological, chemical and engineering approaches to 
control/manipulate materials within the nanoscale range (1–100 nm). The unique 
shape-size-surface chemistry accord of various nanomaterials has endowed them 
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with distinct positions in diverse domains such as biotechnology, mechanics, engi-
neering, energy and the environment, to name a few.

Iron oxide nanoparticles (NPs) have found applications in drug delivery, immuno-
purification, catalysis, MRI, hyperthermia, toxic-component mitigation and so on 
(Siddiqi et al. 2016; Dinali et al. 2017). Biocompatibility and immune acceptance of 
iron oxide NPs have been discussed time and again. Use of polymeric encapsulation 
or coating of iron oxide NPs improves their colloidal stability in water and facili-
tates design of ‘smart’ or hybrid particles (that may be used for focused delivery of 
therapeutic agents) as well as greater shape-size tuning that dictates the pharmaco-
kinetics, bio-distribution and immune clearance (Ali et al. 2016). Jun et al. (2008) 
discussed the various nanomagnetism scaling laws of engineered nanoparticles. The 
size and shape concurrences along with composition, crystallographic structure, 
magnetic anisotropic energy, vacancies and defects are the critical parameters for 
determining the magnetic properties (such as coercivity, Hc and susceptibility, χ) of 
I iron oxide NPs.

The pros and cons of the preparation protocols of iron oxide NPs like co- 
precipitation of iron salts, micro-emulsion approach, thermal decomposition of iron 
precursors, hydrothermal methods, sonochemical method, sol-gel transition, chemi-
cal vapour deposition (CVD), flow injection, electrochemical techniques under oxi-
dizing conditions and laser-induced pyrolysis of pentacarbonyl iron vapours have 
been extensively reviewed (Jun et  al. 2008). Some of the bottlenecks associated 
with these techniques are high cost, high energy consumption, applications of toxic 
reagents (high ecological footprint), etc. A surmounting pressure of ‘going green’ 
amongst the scientific fraternity has dictated the researchers to explore and exploit 
the nature’s way of preparing the nanomaterials (Thakur and Karak 2015). In this 
context, bio-resources like fungi and bacteria have been assessed. A wealth of infor-
mative literature on phytosynthesis of different nanomaterials, including iron oxide 
NPs (Hassan et al. 2018; Devi et al. 2018), can be retrieved from literature databases 
of SCOPUS and Web of Science, etc. (Fig. 9.1).

Abundance of various reducing and capping agents in plant extracts has been 
crucial in the preparation of various well-stabilized nanomaterials (Siddiqi et  al. 
2016; Husen 2017; Siddiqi and Husen 2017). The plant-mediated preparation of 
iron oxide NPs is also gaining pace (Table 9.1).

Use of phytochemicals as capping agents/stabilizing agents could be a promising 
stratagem to lessen the side effects and increase the biocompatibility of inorganic 
nanoparticles for biomedical applications. However, this may not be the complete 
story. Even such green materials need to undergo in vitro, in vivo and eco-toxicity 
assessments before being commercialized for practical applications. Nevertheless, 
easy and abundant availability, efficiency in terms of time utility and circumvention 
of the use of toxic reagents are few of the desired facets of this approach (Husen 
2017; Siddiqi and Husen 2017).

In this backdrop, we compile in this chapter the recent research on plant- mediated 
preparation of iron oxide NPs, with special focus on their prospective applications.
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9.2  The Basics of IO-NP Phytosynthesis

9.2.1  Principle and Exemplary Illustrations

Phytosynthesis of IO-NPs represents a bottom-up strategy with oxidation/reduction 
being the prime reaction. The phytochemicals with antioxidant/reducing attributes 
mediate the reduction of various salts to their corresponding nanoparticles. A wide 
spectrum of plants and their active components has been explored for the synthesis 
of iron oxide NPs (as discussed in the subsequent sections of the chapter).

Fig. 9.1 Plots depicting the (a) year-wise distribution and (b) countries with the maximal number 
of scientific documents (period: 2010 to 2018) retrievable from Scopus for the search-query, 
‘Synthesis of iron oxide nanoparticles by plants’ as on 18 June 2018
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Table 9.1 Plants and their parts used for synthesis of iron oxide NPs, together with their shape and 
size

Plant Plant part Size/shape References

Agrewia optiva and Prunus 
persica

Leaf 14–17 nm/cubic spinel 
structure

Mirza et al. (2018)

Aloe vera Leaf 6–30 nm/crystalline Phumying et al. (2013)
Cyanococcus spp. Shoots 52.4 nm/different shape Manquián-Cerda et al. 

(2017)
Camellia sinensis Leaf 40–80 nm/spherical Ahmmad et al. (2013)
Camellia sinensis Leaf 5 nm ≤ crystalline Plachtová et al. (2018)
Carica papaya Leaf 33 nm/plate like Latha and Gowri 

(2014)
Ceratonia siliqua Leaf 4–8 nm/crystalline Awwad and Salem 

(2012)
Citrus medica Leaf 45 nm/spherical Esam (2015)
Citrus reticulata Peel 50 nm/spherical Ehrampoush et al. 

(2015)
Curcuma longa Plant Spherical Herlekar and 

Siddhivinayak (2015)
Cynometra ramiflora Leaf Crystalline Groiss et al. (2016)
Desmodium gangeticum Root 25–35 nm/spherical Santoshi et al. (2015)
Excoecaria 
cochinchinensis

Leaves 5–20 nm/composites Lin et al. (2018)

Hibiscus rosa-sinensis Plant 10–15 nm/spherical Rath et al. (2015)
Hordeum vulgare and 
Rumex acetosa

Plant 30 nm/amorphous
10–40 nm/amorphous

Makarov et al. (2014)

Juglans regia Husk 9.7–15.4 nm/cubic 
shape

Izadiyan et al. (2018)

Mansoa alliacea Leaf 30 nm/crystalline Prasad (2016)
Medicago sativa 2–10 nm/crystalline Herrera-Becerra et al. 

(2008)
Mimosa pudica Root 67 nm/spherical and 

crystalline
Niraimathee et al. 
(2016)

Musa paradisiaca Peel <50 nm/polydispersed Venkateswarlu et al. 
(2013)

Musa Peel 100–200 nm/spherical Sudha et al. (2015)
Musa acuminata and 
Colocasia esculenta

Peel/leaves 10–25 nm/cubic spinel 
crystal

Thakur and Karak 
(2014)

Ocimum sanctum Leaf 20 nm/irregular sphere Balamurughan et al. 
(2014)

Punica granatum Peel Amorphous Irshad et al. (2017)
Punica granatum Rind Polycrystalline Venkateswarlu et al. 

(2014a)
Zea mays and Brassica 
rapa

Hair of corn 
and cabbage

84.81 nm/crystallite 
sizes
48.91 nm/crystallite 
sizes

Patra and Baek (2017)

(continued)
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To cite for evidence, waste leaves of Oman’s mango plant were used to prepare 
iron oxide nanorods (NRs) (Al-Ruqeishi et al. 2016). Interestingly, polyphenols like 
mangiferin, penta-O-galloyl-glucoside gallic acid and methyl gallate are abundant 
in mango (Barreto et al. 2008). These polyphenolics were envisaged to participate 
actively in the generation of iron oxide NRs (15  ±  2  nm in average length and 
3.0 ± 0.2 nm in average diameter). As sodium hydroxide and iron sulphate interact 
in the aqueous medium, interaction of biomolecules of the extract of the green 
leaves hastens the generation of FeOOH, which dissociates yielding Fe2O3 nuclei. 
One D iron oxide NRs (the shape and size being influenced by the reaction time and 
temperature) are gradually built up at various places within the solution. With pas-
sage of time, Fe2O3 dissociates into its γ and α types. Under appropriate parameters 
of solution concentration, temperature and sonication, the incessant enlargement of 
the Fe2O3 nuclei leads to the attainment of the final shape of nanorod. A pivotal 
influence of the biomolecules of the mango leaves extract has been proposed in 
dictating the shape of the nanorods. Similar observations have been reported for the 
influence of biomolecules of plant extracts as well as bioactive molecules like 
enzymes on the eventual shape-size accord of various other nanomaterials as well 
(Konwarh et al. 2010, 2012, 2014). On the other hand, extract of Juglans regia’s 
green husk (a waste material in the walnut-production industry) is rich in phenolic 
compounds like vanillic acid, myricetin, coumaric acid, syringic acid, juglone and 
ferulic acid. The extract was efficiently exploited for the preparation of IO-NPs of 
high purity, with high saturation magnetization and low coercivity (Izadiyan et al. 
2018). The synthesis may be summed up as underneath:

 
J regia J regia. . / :+ + + →  ( )

+ + + +H O Fe Fe Fe FeL

stirring
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3 2 3 22 2 1
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Table 9.1 (continued)

Plant Plant part Size/shape References

Syzygium cumini Seed 20 nm/spherical fcc Venkateswarlu et al. 
(2014b)

Terminalia chebula Fruit pericarp <80 nm/chain-like Kumar et al. (2014)
Tridax procumbens Leaf 80–100 nm/irregular 

spherical
Senthil and Ramesh 
(2012)

Vitis vinifera Seed 30 nm/crystalline and 
spherical

Narayanan et al. (2012)

Vitis vinifera Stem <50 nm/core shell 
structure

Venkateswarlu et al. 
(2015)

Wrightia tinctoria Plant 105–145 nm/crystalline Sravanthi et al. (2016)
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Similarly, polyphenols (in the form of tannins) present in the extract of dry fruit 
pericarp of Terminalia chebula were converted under mild acidic conditions to yield 
glucose, ellagic acid, gallic acid, etc. The conversion of phenolics to quinone was 
exploited for the reduction of iron salt to yield stabilized iron oxide nanoparticles 
(<80 nm) (Kumar et al. 2013).

9.2.2  Crucial Dictates of the Synthesis

A number of factors influence the phytosynthesis of nanoparticles. The various 
parameters, such as concentration of the salt, mixing ratio of the plant extract and 
metal salt, pH value, temperature, incubation time, etc., demand optimization to 
generate homogenous nanoparticles of a similar shape and size (Shah et al. 2015).

One of the prime determinants is the pH of the medium. Herrera-Becerra et al. 
(2008) reported the influence of pH on size distribution and nature of the iron oxides 
obtained by using alfalfa extract. Greater proportion of Fe2O3 particles (and a few 
Fe3O4) of smaller size was obtained at pH = 10, while pH = 3 and pH = 5 favoured 
the formation of FeO rhombohedral structure of larger dimensions. Fe0.902O cubic 
structures were obtained more or less in similar proportion for various pH values. 
The incubation time and storage conditions are another prime dictators of the qual-
ity of the phytosynthesized NPs. The effect of concentration of the reactant cannot 
be ruled out. Ehrampoush et al. (2015) reported that as the concentration of tanger-
ine peel extract increased from 2% to 6%, the average size of the iron oxide NPs 
decreased from 200 nm to 50 nm. A point of pertinence is that the extraction proto-
col of the reducing/stabilizing agents, the age of the plants and plant parts (leaves, 
stems, flowers, fruits, etc. with varying compositional abundance of the active 
agents) used to prepare the extract might have a collective influence on the size, 
shape and distribution of iron oxide NPs. The presence of additional components in 
the reaction medium might exert additional influence. For instance, Gan et al. (2018) 
explored the use of the cationic surfactant CTAB as a stabilizing and capping agent 
for iron oxide NPs, prepared using eucalyptus leaf extract. The assembled surface 
monolayer of CTAB augmented the dispersion of the nanoparticles as well as dic-
tated the phosphate removal efficiency via exerting influence over the micellar orga-
nization and accessibility of the lipophilic biomolecules of the leaf extract. 
Furthermore, the quality and quantity of synthesized NPs are affected by the proce-
dure used for their purification.

9.2.3  Approaches for Physicochemical Characterization

A range of tools and techniques are routinely used for characterization of iron oxide 
NPs (Neamtu et al. 2018). Various spectroscopic and microscopic tools aid in com-
prehending the physicochemical properties like surface texture, size and shape, 
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surface functionality, aggregation state, magnetic property, thermal and dynamic 
properties, surface area, etc. (Can et al. 2018). Ultraviolet-(UV)-visible spectros-
copy, scanning electron microscopy (SEM), transmission electron microscopy 
(TEM), Fourier-transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), 
atomic force microscopy (AFM), energy-dispersive X-ray spectroscopy (EDX), 
dynamic light scattering (DLS), dynamic scanning calorimetry (DSC), thermal 
gravimetric analysis (TGA) and differential thermal analysis (DTA), dynamic 
mechanical analysis (DMA), Brunauer-Emmett-Teller (BET) method and vibrating 
sample magnetometry (VSM) are some of the tools and techniques that are used 
widely. A detailed description of each characterization tool is beyond the scope of 
this chapter. Nevertheless, as representative physicochemical approaches to under-
stand the properties of the iron oxide NPs, results of some of the major characteriza-
tion techniques are mentioned throughout the text. Khalil et al. (2017) reported the 
XRD spectra of Sageretia thea (Osbeck.) extract-based IO-NPs (annealed at 
500  °C). Single pure-phase (Fe2O3) tetragonal maghemite was indicated by the 
observed Bragg peaks. Lattice constants were calculated as <aexp.> = 8.34000 A° 
and <cexp.> = 25.02000 A°. The average size of the highly crystalline IO-NPs was 
found to be ~29  nm as calculated using Debye-Scherrer equation. On the other 
hand, FTIR spectra were illustrative of absorption peak at ~500 cm−1 (characteristic 
Fe-O vibration), broad-OH stretching at ~3400 cm−1 (attributed to phytophenolics) 
and other peaks at ∼1100–1200, 1600 and 2200 cm−1, ascribable to the –C–O, –
C=O and –CN functional groups, respectively. Raman spectra (Argon laser, 
λexc = 514 nm) and EDS analysis were also used. Raman shift at ∼388, ∼500 and 
∼772 cm−1 could be attributed, respectively, to T2g, Eg and A1g Raman active phonon 
modes specific to maghemite. EDS analysis depicted the elemental composition of 
the phytogenerated iron oxide NPs (peak of carbon could be ascribed to the grid 
support). Furthermore, various other parameters of iron oxide NPs like cytotoxicity, 
antioxidant capacity, anticancer activity, biodegradability, pharmacokinetics and 
pharmacodynamics are assessed from the biological perspective (Feng et al. 2018).

9.2.4  Pros and Cons

Wu et al. (2015) have reviewed the pros and cons of biosynthesis of iron oxide NPs 
(using various plants and microbes) in comparison to other synthetic methods (e.g. 
co-precipitation, microemulsion, electrochemical approach, thermal decomposi-
tion, sonolysis, aerosol/vapour methods, etc.). Phytosynthesis of iron oxide NPs is 
considered to be a greener (involving a lesser use of hazardous chemicals) and eco- 
friendly approach. Furthermore, the obtained products exhibit better biocompatibil-
ity than the counterparts produced by other methods. Phytosynthesis is executed 
under ambient atmospheric conditions and room temperature; however, the yield is 
low. The reaction period may extend from few minutes or hours to days. Furthermore, 
the precise tuning of size and shape of iron oxide NPs prepared via phytosynthesis 
is a challenge and needs greater delving.
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9.3  Representative Endeavours

A number of recent reports testify the application of various plant parts like stem, 
leaves, fruits, flowers, roots and seeds as well as various phytocompounds for the 
preparation and stabilization of iron oxide NPs. Tracing the yesteryears, Shahwan 
et al. (2011) reported the fabrication of green tea extract-based iron NPs rich in iron 
oxide and oxyhydroxide, behaving as Fenton-like catalyst for the removal of cat-
ionic (methylene blue) and anionic (methyl orange) dyes. On parallel lines, Ahmmad 
et al. (2013) synthesized photocatalytic hematite nanoparticles (average size, 60 nm, 
and surface area 22.5m2 g−1) using Camellia sinensis leaf extract. On the other hand, 
superparamagnetic IO/Au NPs (~30 nm) were prepared using grape seed proantho-
cyanidin (GSP) extract at room temperature by Narayanan et al. (2012). Awwad and 
Salem (2012) reported single-step carob-leaf-based synthesis of monodispersed 
iron oxide NPs (4–8 nm) with crystalline structure.

Phumying et al. (2013) synthesized aloe vera leaf extract-based superparamag-
netic Fe3O4 (6–30 nm), the saturation magnetization of which rose with increase in 
temperature and time. Huang et  al. (2014) used polyphenols and caffeine-rich 
oolong tea extract for the synthesis of Fe-based (40–50 nm) NPs (zero-valent iron 
(α-Fe), maghemite (γ-Fe2O3), magnetite (Fe3O4) and iron hydroxides), which were 
tested for their capacity to degrade malachite green dye. Dodonaea viscosa leaf 
extract was used by Daniel et al. (2013) to prepare iron oxide NPs (~27 nm). The 
extract contained flavonoids, tannin and saponins that acted as the reducing and cap-
ping agent. The NPs were reported to exhibit antibacterial activity against a number 
of human pathogens viz. Bacillus subtilis, Klebsiella pneumonia, Pseudomonas 
fluorescens and Staphylococcus aureus. In another study, Venkateswarlu et  al. 
(2013) reported the synthesis of iron oxide NPs using the extract of plantain peel. 
The nearly polydispersed NPs exhibited high saturation magnetization 
(15.8 emu g−1), particle size less than 50 nm and surface area in the range of 11.31m2 
g−1. Venkateswarlu et al. (2014a) also reported the synthesis of polycrystalline, fer-
romagnetic iron oxide NPs, using Punica granatum rind extract. The nanoparticles 
with surface-adhered plant-derived polyphenolics, high saturation magnetization 
(22.7 emu g−1) and surface area of 10.88m2 g−1 were used for the removal of Pb (II) 
ions from wastewater. Venkateswarlu et al. (2014b), in another study, documented 
the synthesis of ferromagnetic spherical iron oxide NPs (~20 nm) with inverse spi-
nal face-centred cubic structure, using Syzygium cumini seed extract that acted as 
the reducing and capping agent. Sodium acetate present in the seed extract served as 
the electrostatic stabilizing agent. On the other hand, the stem extract of Vitis vinif-
era was used for the synthesis of polycrystalline iron oxide NPs (av. particle size 
<50 nm) with core-shell structure and high saturation magnetization (15.74 emu g−1) 
(Venkateswarlu et al. 2015). Similarly, López-Téllez et al. (2013) synthesized iron 
oxide NPs (using an ethanol-treated orange peel) with rodlike shape for the reme-
diation of chromium ion from wastewater. Cellulosic content present in orange peel 
served as the reducing and capping agent.
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Balamurughan et al. (2014) used an extract of Ocimum sanctum for the synthesis 
of iron oxide NPs; SEM analysis was suggestive of aggregated appearance of the 
NPs with irregular spherical shape and rough surface. Makarov et al. (2014) reported 
the application of the extracts of Hordeum vulgare (pH 5.8) and Rumex acetosa (pH 
3.7) for the fabrication of 30 nm- and 10–40 nm-sized iron oxide NPs, respectively. 
Organic acid such as oxalic and citric acid served as the reducing and capping agent. 
Kumar et al. (2014) used an extract of Passiflora tripartita var. mollissima fruit for 
the synthesis of magnetically recyclable, spherical iron oxide NPs (22.3 ± 3 nm), 
exhibiting high catalytic activity for the synthesis of 2-arylbenzimidazoles with 
excellent yields.

Herlekar and Siddhivinayak (2015) reported the microwave-assisted synthesis of 
evenly dispersed spherical iron oxide NPs using the extract of Curcuma longa (tur-
meric) leaves. These NPs were used to address orthophosphate contamination and 
chemical oxygen demand in domestic sewage. Esam (2015) synthesized iron oxide 
NPs (~45 nm) using Al-Abbas’s (A.S.) Hund Fruit (Citrus medica var. sarcodacty-
lis) extract. The antimicrobial application of the NPs was assessed against the bac-
teria present in Al-'alqami River. On the other hand, extract of Hibiscus leaf was 
used by Rath et al. (2015) to prepare superparamagnetic, monodispersed spherical 
iron oxide NPs (10–15 nm). Prasad (2016) reported the synthesis of crystalline iron 
oxide NPs (~30 nm) using Mansoa alliacea (garlic vine) leaf extract abundant with 
polyphenol, flavonoids and other antioxidants. Niraimathee et al. (2016) resorted to 
Mimosa pudica extract for the synthesis of spherical iron oxide NPs (av. 
size = 67 nm). The non-protein alkaloid, mimosine (β-3-hydroxy-4 pyridone amino 
acid, present in the root extract), was propounded as the major active agent, respon-
sible for reducing ferrous sulphate into iron oxide NPs. Groiss et al. (2016) used an 
extract of Cynometra ramiflora leaves for the synthesis of crystalline iron oxide NPs 
with surface functional groups associated with the phytochemicals. They showed 
antibacterial activity against E. coli and S. epidermidis, while the attribute of 
Fenton- like catalyst was established using Rhodamine B dye.

Thakur and Karak (2014) resorted to banana-peel-ash aqueous extract as the base 
source and Colocasia esculenta leaves’ aqueous extract as the reducing agent for 
fabrication of superparamagnetic iron oxide NPs decorated with reduced graphene 
oxide (RGO). Iron oxide/RGO nanocomposite could effectively remove Pb2+ and 
Cd2+ within 10 min, whereas tetrabromobisphenol A within 30 min, following a 
pseudo-second-order adsorption kinetics.

Thus, one can easily comprehend that iron oxide NPs have been prepared using 
a wide varieties of plant extracts. Let us now delve into some of the documented 
applications of the phytogenerated iron oxide NPs.

9.4  Spectrum of Applications

A wide array of applications of iron oxide NPs has been documented in diverse 
realms over the years. The following section mirrors some of the novel applications 
of iron oxide NPs, prepared via phytosynthetic approach.
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9.4.1  Biomedical Applications

The surmounting issue of antibiotic resistance has dictated researchers to explore 
alternative antimicrobial agents. Over the years, various nanomaterials including 
iron oxide NPs have been investigated for their antimicrobial potency. A number of 
studies vouch for the successful biomedical applications of iron oxide NPs (as testi-
fied by recent reports cited in subsequent sections). However, establishing the bio-
compatibility of iron oxide NPs is a prerequisite for their application in anticancer 
therapy or as antimicrobial agents. Investigation of interactions of NPs with the 
possible ‘interactomes’ of the prokaryotic and eukaryotic cells has been a major 
focus of recent research. To illustrate these aspects, Khalil et al. (2017) executed an 
elaborate study on iron oxide NPs prepared by using the aqueous extract of Sageretia 
thea. Five human pathogenic bacterial strains exhibited differential susceptibility 
towards the iron oxide NPs, Pseudomonas aeruginosa (MIC, 7.4 μg mL−1) being 
the most susceptible. The compatibility at the bio-interface for prospective biomedi-
cal applications was attested by high IC50 value (>200 μg mL−1) for human RBCs 
and macrophages. It is pertinent to note that 17.2 and 16.75 μg mL−1 were the IC50 
values for the promastigote and amastigote cultures of Leishmania tropica (sugges-
tive of plausible use of the iron oxide NPs in anti-leishmanial therapy), while the 
assessment of cytotoxic potential using brine shrimps (Artemia salina, used as stan-
dard to screen cytotoxic compounds) revealed an IC50 value of 16.46  μg  mL−1. 
Internalization of iron oxide NPs via receptor-mediated endocytosis and subsequent 
Fe2+ dissolution leading to interference with the stability of the various proteins, 
entry into mitochondria as well as genotoxicity due to ROS generation are some of 
the proposed routes of toxicity of iron oxide NPs. The authors further established 
the protein kinase (PK) (a key enzyme, targeted in cancer therapy) inhibitory poten-
tial of iron oxide NPs using Streptomyces 85E strain as the test organism where the 
enzyme plays a prime role in hyphae formation. In the absence of iron oxide NPs, 
the growth factors are phosphorylated (leading to their activation) by PK in response 
to growth stimuli. On the other hand, interference of iron oxide NPs limits the 
potential of PK to initiate the domino effect of the signalling cascade, thereby result-
ing in the inhibition of division. Thus, these preliminary investigations are sugges-
tive of the indispensable requisite for detailed- and long-term in vitro and in vivo 
investigations prior to commercialization of phytogenerated iron oxide NPs. Having 
said that, let us peruse some of the recent reports on the biomedical applications of 
iron oxide NPs.

9.4.1.1  Antagonist to Microbes and Disease Vectors

In an approach to investigate the prospects of food-processing waste for nanobio-
technological application, Patra and Baek (2017) used silky hairs of corn (Zea 
mays) and outer leaves of Chinese cabbage (Brassica rapa L. subsp. pekinensis) 
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under photo-catalyzed condition for fabricating superparamagnetic iron oxide NPs, 
with crystallite size of 84.81 and 48.91 nm, respectively. Apart from exhibiting anti-
oxidant property, iron oxide NPs showed synergistic antibacterial action (on mixing 
with kanamycin and rifampicin) against pathogenic foodborne bacteria as well as 
anti-candidal activity (on mixing with amphotericin b) against five different Candida 
species. In a similar study, antibacterial activity of iron oxide NPs, fabricated using 
Punica granatum peel extract, had been reported against Pseudomonas aeruginosa 
(Irshad et al. 2017). The nonhaemolytic activity of the iron oxide NPs was projected 
as an index for establishing the biocompatibility of the iron oxide NPs. On the other 
hand, Fe3O4-Ag core-shell NPs, synthesized using Vitis vinifera stem extract as the 
green solvent, reducing and capping agent, were established as a potent antibacte-
rial agent against gram-positive and gram-negative pathogens (Venkateswarlu et al. 
2015). Antimicrobial activity of spherical iron oxide NPs (20–90 nm) prepared by 
ultrasound-assisted Coriandrum sativum leaf extract has been evaluated against 
Micrococcus luteus, Staphylococcus aureus and Aspergillus niger (Sathya et  al. 
2017). Researchers have also resorted to various marine plants for preparation of 
iron oxide NPs. El-Kassas and Ghobrial (2017) used the aqueous extract of 
Halophila stipulacea, rich in protein and polyphenols, to prepare iron oxide NPs 
exhibiting antagonistic action towards cyanobacteria, Oscillatoria simplicissima 
(known for the production of neurotoxins and its detrimental effects on various 
aquatic species). Mixed phase (α-Fe2O3 and γ-Fe2O3) spherical IO-NPs, prepared 
using the leaf extract of Platanus orientalis, were found to exhibit antifungal activ-
ity against Aspergillus niger and Mucor piriformis, the effect being more pro-
nounced towards the latter (Devi et al. 2018).

On the other hand, in an effort to develop effective strategy to control filariasis 
vectors, Murugan et al. (2018) used Ficus natalensis aqueous extract and chemical 
nanosynthesis to prepare Fe2O3 NPs that demonstrated an LC50 ranging between 4.5 
and 22.1 ppm against I instar larval and pupal stage of Culex quinquefasciatus.

9.4.1.2  Diagnostic and Curative (Anticancer) Properties

In vitro cytotoxicity of NPs prepared through green strategy (plant-mediated 
approach) depends on the concentration, exposure time and type of cells used for 
assessment (Saranya et al. 2017). Application of iron oxide NPs has been proposed 
for cancer therapy (Mohanasundaram et al. 2017). Iron oxide NPs, prepared using 
hydroethanolic leaf extract of Annona squamosa, were found to exhibit significant 
cytotoxicity on HepG2 and melanoma A375 cell lines in contrast to complete com-
patibility with normal liver cell line. Cubic-shaped iron oxide NPs (Fe3O4, 
18 ± 4 nm) based on the seaweed, Sargassum muticum, exhibited anticancer activity 
(test duration, 72 h) against HepG2, MCF-7, HeLa and Jurkat cells, the correspond-
ing IC50 values being 23.83 ± 1.1 μg mL−1, 18.75 ± 2.1 μg mL−1, 12.5 ± 1.7 μg mL−1 
and 6.4 ± 2.3 μg mL−1 (Namvar et al. 2014). The reducing and capping potencies of 
aqueous extracts of Vanilla planifolia and Cinnamomum verum were exploited to 
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prepare polyphenol-coated magnetic NPs with core-shell Fe3O4-γFe2O3 structure, 
av. size 10–14  nm, and considerably high saturation magnetization values 
(70.84 emu g−1 and 59.45 emu g−1 for C. verum and V. planifolia mediated samples, 
respectively) (Ramirez-Nuñez et al. 2018). The plausibility of NPs application in 
magnetic hyperthermia was vouched by their efficacy to induce in vitro death of 
BV2 microglial cells post 30 min at a target temperature of 46 °C. However, it is 
appropriate to mention here that a number of factors have posed major hurdles in 
clinical trials of the biogenic nanomaterials against cancer. The issues include the 
selection of dosage and route of administration, biodegradability and biocompati-
bility, uptake, retention and clearance as well as the combinatorial approach with 
FDA-approved anticancer drugs (Barabadi et al. 2017).

On the other hand, in an interesting study to harness the biomedical utility of 
‘green’ iron oxide NPs, ginger (Zingiber officinale) rhizome extract was effectively 
exploited as a capping agent for self-organizing Ag and iron oxide NPs in a single- 
step synthesis protocol, yielding highly ordered hierarchical microstructure, dic-
tated by the ginger polysaccharides and water molecules (Ivashchenko et al. 2017). 
Bactericidal and fungicidal activity as well as magnetic resonance imaging (MRI) 
T2 contrasting and fluorescence attributes established the multimodality of the 
MAg NPs. It is relevant to mention that relaxivity values (R1 and R2) are used to 
assess a potential MRI contrast agent. The effect of MAg was evident only on the 
proton T2 relaxation, the results being dictated by the Fe concentration and the kind 
of dispersive medium. A decrease in the R2 relaxivity was documented from the 
sample MAg (Ag 10%) to MAg (Ag 33%) (Table 9.2).

On the other hand, as shown in Fig. 9.2a, the fluorescence 3D image revealed the 
accumulation of NPs in the surrounding areas of yeast cells. The experiment was 
conducted without the fluorescence dye (concanavalin A). Even without the mem-
brane contour, the cells could be visualized. The observations suggested that the 
MAg could be employed in the studies of cells/NP interactions without the use of 
extra fluorescent agent adhered to the surface of the NPs.

Table 9.2 The relaxivity data of MAg as a T2 contrast agent

Ag content in the sample, Mass % Dispersive medium
Relaxivity data
R1 mM−1 S−1 R1 mM−1 S−1 R2/R1

10 Water 0.33 ± 0.02 25.6 ± 0.1.3 77.52
10 BSA (1%) 0.17 ±. 0.05 37.3 ± 0.2.4 219.59
22 Water 0.36 ± 0.0.02 20 ± 2 56.08
22 BSA (1%) 0.11 ± 0.0.03 12.2 ± 0.0.7 110.55
33 Water 0.29 ± 0.0.02 6.7 ± 0.0.4 23.14
33 BSA (1%) 0.16 ± 0.0.02 7.6 ±. 0.6 47.25

Reproduced from Ivashchenko et al. (2017)
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Fig. 9.2 (a) Fluorescence 3D images of yeast cells incubated with MAg (100 μg/mL) for 1 h (a) 
with and (b) without fluorescence dye. (Reproduced from Ivashchenko et al. 2017.) (b) Plot for 
change in the absorption spectrum of (a) acid brown and (b) acid red by Fe3O4–CeO2. A model for 
the photocatalytic mechanism of the Fe3O4-CeO2 nanocomposite. (Reproduced from Moradi et al. 
2018.) (c) Metal (Au, Pd, Ag)-deposited magnetic γ-Fe2O3 tubular morphology was synthesized 
using cotton fibre as a sacrificial template. The developed material shows promising catalytic activ-
ity for the reduction of 4-nitrophenol to 4-aminophenol with a very good recyclability for the reuse 
of the catalyst. (Reproduced from Purbia and Paria 2018.) (d) Schematic representation of the 
possible mechanisms of As (V) removal and structural changes in lepidocrocite (γ-FeOOH), mag-
netite (FeO) and nZVI. Depending on the iron nanoparticles, As (V) can be removed by adsorption 
(1), absorption (2), precipitation (3), dissolution (4), co-precipitation (5) and reduction (6). The 
structure of nZVI is determined by dissolution or passivation (4 and 7). (Reproduced from 
Manquián-Cerda et al. 2017.) (e) (a) Oil viscosity vs. temperature for heavy oil before and after 
adding iron oxide NRs with different wt%. (b) An inset column chart shows viscosity reduction % 
at each temperature and additives wt%. (Reproduced from Al-Ruqeishi et al. 2016)
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9.4.2  Dye-Adsorption/Degradation

Beheshtkhoo et al. (2018) have reported 81% dye-decolorization efficiency of iron 
oxide NPs (6.5–14.9 nm), prepared using the aqueous leaf extract of Daphne meze-
reum. Tharunya et al. (2017) employed ethanolic extract of Ficus carica fruit for a 
rapid, single-step reduction of ferrous sulphate solution to prepare superparamag-
netic iron oxide NPs for degradation of dyes. On the other hand, monodispersed, 
superparamagnetic Fe3O4-CeO2 nanocomposites were prepared basing on a hydro-
thermal method coupled to a greener protocol involving lemon extract (Moradi et al. 
2018). The efficient and rapid degradation of two azo dyes under ultraviolet light 
irradiation established their prospective photocatalytic application (Fig.  9.2b). 
Similarly, Carvalho and Carvalho (2017) reported the rapid and complete deco-
lourization of different dyes using carbon-rich catalysts based on iron (II)/(III) oxides 
and oxyhydroxides composites (over silica), prepared with Camellia sinensis extract.

9.4.3  Catalysis

Recently, Shahriary et al. (2018) have exploited the extract of Stachys lavandulifolia 
(“Chaye-e-Kohi” a native of Iran) for fabrication of a hybrid magnetic nanocomposite, 
with antibacterial efficacy, documented against E. coli and S. aureus. The Fe3O4 NPs 
with carbonyl and phenolic hydroxyl surface functionality, conferred by the biomole-
cules of the herbal tea extract, acted as the edifice for the in situ generation of silver 
NPs. The recyclable nanocomposite exhibited high catalytic activity for 4-nitrophenol 
reduction at ambient temperature. In yet another interesting study, natural cotton fibres 
were used as sacrificial template for the fabrication of Au, Ag and Pd nanoparticle-
decorated hierarchical maghemite tubes, using green tea extract (Purbia and Paria 
2018). Effective catalytic potency of the magnetically recyclable nanocatalyst was 
demonstrated for the hydrogenation reaction of 4-nitrophenol to aminophenol conver-
sion (Fig. 9.2c). Fe3O4 nanocatalysts were prepared by Shojaee and Mahdavi Shahri 
(2018) using an aqueous extract of Camellia sinensis. The magnetically recyclable 
catalysts were efficiently used for the one-pot synthesis of 2-(4-chlorophenyl)-1H-
benzo[d]imidazole that exhibited dose-dependent in vitro toxicity on MOLT-4 cells. 
The study vouched for the potential of iron oxide NPs, prepared by greener route for 
preparation of biomedically relevant therapeutic materials.

9.4.4  Eco-Hazard Mitigation/Metal-Ion Adsorption

Recalcitrant chlorobenzenes are listed as priority pollutants by the US Environmental 
Protection Agency (USEPA). In this context, Kuang et al. (2013) reported the syn-
thesis of zero-valent iron (α-Fe), maghemite (γ-Fe2O3), magnetite (Fe3O4) and iron 
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hydroxides using extracts of green tea, oolong tea and black tea. These irregular 
spherical NPs (with basic size: 20–40 nm and surface area of 5.82m2 g−1) could 
mediate Fenton-like oxidation of mono-chlorobenzene (MCB) owing to their high 
surface and reactivity, complemented by low leaching of Fe2+. The correspondence 
between oxidative degradation efficacy and the associated COD removal was sug-
gestive of the partial mineralization of MCB to carbon dioxide and water. On the 
other hand, Hassan et al. (2018) have demonstrated the application of iron oxide 
NPs, prepared using pomegranate peel extract, for adsorption of pyrene and benzo 
(α) pyrene. Following a pseudo-second-order mechanism of adsorption, the NPs 
exhibited more than 98% removal of the polycyclic aromatic hydrocarbons (PAH) 
from artificially contaminated water in a semi-pilot plant.

Various reports evince the use of iron oxide NPs for adsorption of metal ions. In an 
endeavour to develop an efficient adsorbent to remove Ni (II) ions, superparamagnetic 
iron oxide NPs were prepared using Lantana camara extract as the stabilizer and 
ammonia solution as the precipitating agent for Fe2+ and Fe3+ salts in water (Nithya 
et al. 2018). These NPs exhibited remarkably high adsorption capacity of 227.2 mg g−1 
at a pH of 6.0 and adsorbent dose of 0.05 g. In another study, Lunge et al. (2014) 
reported the preparation of iron oxide NPs using an extract of tea waste at room tem-
perature for removal of As (III) and As (V). It was observed that the maximum adsorp-
tion of As (III) and As (V) was 188.7  mg  g−1 and 153.8  mg  g−1 at neutral pH, 
respectively. Extract of leaves and shoots of blueberry (Vaccinium corymbosum) was 
used for the preparation of diverse NPs, varying in forms and associated structures, 
including lepidocrocite and magnetite (Manquián-Cerda et al. 2017). These were pro-
jected as an effective material for arsenic (As) (V) remediation (Fig. 9.2d). Iron oxide 
NPs, prepared using the extract of tangerine peels, were employed for the remediation 
of cadmium ions from waste water (Ehrampoush et al. 2015). Similarly, IO-NPs, syn-
thesized using the extract of Excoecaria cochinchinensis leaves and subsequently 
modified by low-temperature calcination, were effectively used to adsorb ~98.50% of 
Cd (II) (10 mg L−1) under optimized parameters (based on Box Behnken Design) of 
pH, absorbent dosage, temperature and ionic strength conditions as 8.07, 2.5 g L−1, 
45 °C and 0.07 mol L−1, respectively (Lin et al. 2018). In an interesting study, Rao 
et al. (2013) obtained surface modification of Yarrowia lipolytica (NCIM 3589 and 
NCIM 3590) cells with phytoinspired Fe0/Fe3O4 NPs in an effort to remove hexavalent 
chromium ions. The reported nanocomposite displayed higher values of Langmuir 
and Scatchard coefficients than untreated cells, thus suggesting that the former was a 
better agent for mitigating Cr (VI) toxicity.

9.4.5  Heavy-Oil Viscosity Treatment

A reduction in dynamic viscosity of crude oil results in direct microwave irradia-
tion. On impregnation of heavy oil with phytosynthesized iron oxide NRs 
(Al-Ruqeishi et al. 2016), the viscosity reduction rate was enhanced. Addition of 
0.2 g of iron oxide NRs to 1 L of heavy oil led to a reduction of viscosity by 10% at 
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30 °C. On the other hand, a further augmentation (up to 38% and 49%) in the vis-
cosity reduction was noted for 0.4 and 0.6 g L−1 additives (0.8 g L−1 being the oil’s 
additive saturation point) (Fig. 9.2e). Experts have forwarded the ‘green’ iron oxide 
NRs as befitting candidate for heavy crude oil cracking in the perspective of small 
size, distribution and thermal conversion.

9.4.6  Augmenting the Agricultural Output

Investigating the effect of nanomaterials on agricultural domain has been an inter-
esting proposition. In this context, Sebastian et al. (2017) have recommended appli-
cation of iron oxide NPs, synthesized using caffeic acid as a potential ameliorant, as 
a solution to Ca-induced Fe deficiency in Oryza sativa (rice). Bioproductivity, pho-
tosynthetic electron transport, antioxidant enzyme activity and iron accumulation 
under calcium stress were augmented. In an endeavour to develop green materials 
for environmental remediation, Sebastian et al. (2018) reported that iron oxide NPs 
with surface-fabricated phenolics from coconut husk could efficiently adsorb Ca 
and Cd. However, the interesting attribute of the study was the augmented iron 
accumulation in rice plants as well as tolerance towards calcium and cadmium 
stress. Increase of biomass and chlorophyll content attested the plant-growth- 
accelerating action of the iron oxide NPs.

9.5  Conclusion

Although a plethora of plants have been explored for fabrication of iron oxide NPs, 
it is fascinating to observe the real-time genesis of the exotic iron oxide nanostruc-
tures reported in a number of studies. Optimization of the process parameters to 
arrest the growth of iron oxide NRs at a particular stage could be another focus area. 
Use of advanced analytical and computational tools would complement our under-
standing on the possible evolution and structural modulations of the iron oxide NPs, 
mediated by the phytocompounds. Despite the fact that phytosynthesis is consid-
ered as a benign approach for preparing iron oxide NPs, it is crucial to note that 
nanomaterials prepared through green strategy may not be ‘green’ per se with 
respect to their action at the biological interface. The shape-size-surface chemistry- 
concentration accord dictates the bio-nano-interfacial outcome. Compilation of tox-
icity profile of the iron oxide NPs is a must prior to their commercial applications. 
Probing the actions at the in vitro and in vivo levels is indispensable. The experi-
mental biocompatibility assessments may be complemented (not substituted) by 
computational techniques like quantitative structure-activity-relationship (QSAR) 
method. Execution of a ‘cradle-to-grave’ analysis would assist in realizing the 
actual application potential of iron oxide NPs. Nevertheless, the portal to several 
prospective applications of phytogenerated iron oxide NPs has just been opened.
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Chapter 10
Phytomediated Synthesis of Cerium Oxide 
Nanoparticles and Their Applications

Annu, Akbar Ali, Rahul Gadkari, Javed N. Sheikh, and Shakeel Ahmed

Abbreviations

AZO Azodicarbonamide
CeO NPs Cerium oxide nanoparticles
CeO2 Cerium dioxide
DSC Differential scanning calorimetry
FESEM Field emission scanning electron microscopy
ROS Reactive oxygen species
SAED Selected area electron diffraction
SEM Scanning electron microscopy
STM Scanning tunnelling microscopy
TEM/HRTEM Transmission electron microscopy/high-resolution transmission 

electron microscopy
TGA Thermogravimetric analysis
WAXD Wide-angle X-ray diffraction
XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction

10.1  Introduction

Among the rare earth group elements, cerium is most abundant. Out of the 83 natu-
rally occurring elements in the earth lithosphere, cerium ranks 28th position in its 
abundance. Jons Jakob Berzelius and Wilhelm Hisinger discovered cerium in 
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Bastnas (Sweden) in 1803 and by Martin Heinrich Klaproth in Germany. Later, 
Berzelius and Hisinger proposed the name ceria to cerium in honour of the newly 
sighted asteroid Ceres (Weeks 1932; Dahle and Arai 2015). The main sources of 
cerium are allanite, bastnasite, monazite and cerite. Allanite, a silicate comprising 
of rare earth elements, aluminium, calcium and iron, is found extensively in 
Germany, Greenland, Madagascar, Scandinavia and the United States. Bastnasite, 
the most important commercial source of cerium and other light rare earth elements 
existing essentially as a rare earth fluorocarbonate, is found in Southern California. 
Cerite contains calcium and iron rare earth silicate and belongs mainly to Sweden. 
It has a high ratio of rare earth contents, but not enough to be the primary source of 
cerium. Monazite is a phosphate and another major source of cerium; it contains 
thorium and other light rare earth elements. Its main deposits are located in Australia, 
Brazil, the United States (Idaho and Florida), South Africa and India (Enghag 2004).

Physically, cerium is soft and ductile. In pure form, cerium has silver colour, but 
the commercial grade cerium is iron-grey. The pure cerium ignites, if scratched with 
a sharp object. Moreover, it tarnishes readily in the air, oxidizes rapidly in hot water, 
dissolves in acids and can burn when heated (Kilbourn 2000). Cerium dioxide 
(CeO2) is a crystalline material and a major compound in the rare earth family. It has 
gained much attention owing to its numerous unique characteristics, such as high 
temperature stability, high hardness index, ultraviolet radiation-absorbing ability 
and its reactivity (Trovarelli et al. 1999). With the rapid progress in nanotechnology 
these days, nanoparticles (NPs) are now being used in various manufacturing, reme-
dial and therapeutic processes. Cerium oxide nanoparticles (CeO NPs), also known 
as nanoceria, are very popular for their multifarious applications in several indus-
tries and are being synthesized in a variety of ways, which will be examined in this 
chapter.

10.2  Methods of Synthesis of Cerium Oxide Nanoparticle

The methods used in the synthesis of NPs play significant role in determining the 
morphological and structural properties of these particles. Some researchers pre-
ferred the solvothermal technique to synthesize the CeO2 NPs so as to control con-
veniently their structural and morphological features. Cerium (IV) ammonium 
nitrate and sodium hydroxide in 1:4 molar ratio were dissolved in deionized water 
to form a solution of pH 12. The whole mixture was stirred for 1 h, using a magnetic 
stirrer with a stirring rate of 1000 rpm, and then kept in microwave oven for 30 min 
at 50 °C. The treatment of ammonium ceric nitrate with sodium hydroxide initiates 
hydrolysis, leading to the formation of products like ammonium hydroxide, cerium 
hydroxide and sodium nitrate. Due to the polar nature of water, a proton (H+) gets 
removed from cerium hydroxide during the course of reaction, leading to the forma-
tion of hydrated CeO2. Annealing of the hydrated CeO2 at 800 °C for 6 h resulted in 
the formation of CeO2 NPs. The particle size varies between 10 and 75 nm with an 
average size of 20  nm. The NPs showed good thermal stability and insulating 
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property with a slight increase in conductivity (AC) on increasing the temperature 
(Kumar et al. 2013).

In another study, CeO2 NPs were prepared from cerium nitrate as the starting 
material and sodium hydroxide (NaOH) as the precipitating agent, without using 
any stabilizer in the conventional or the sonochemical precipitation method. In the 
conventional method, NaOH solution (0.3 gmol) was added dropwise to 30  mL 
cerium nitrate hexahydrate solution (0.1 gmol) under constant stirring at 35 ± 2 °C, 
giving a yellowish white solution. The reaction converted the yellowish white solu-
tion to a light yellow colloidal suspension. After the completion of reaction (4 h), 
the solution was centrifuged to separate the product and heated at 100 °C for 3 h to 
get CeO2 (light yellowish powder) from Ce(OH)3 (Pinjari and Pandit 2011). The 
same concentrations of cerium nitrate hexahydrate and NaOH were used for the 
synthesis of CeO2 by the sonochemical method, where the solutions were mixed 
under sonication by an ultrasonic horn (CE 22 kHz, 40% amplitude) for 2 min with 
a 5 s pulse and 5 s relaxation cycle at 35 ± 2 °C temperature. The addition was done 
in concurrence with the sonic pulse generated by the transducer, followed by the 
exposition of the solution to acoustic cavitation again for 18 min at constant sonica-
tion parameters. The remaining procedure was the same as in the conventional 
method.

The sonochemical method provides a simple, convenient, fast, economical and 
environmentally benign technique with more than 92% (15.15 × 10−2 kJ/g for sono-
chemical and 200.43 × 10−2 kJ/g for conventional method) energy saving for the 
synthesis of CeO2. The crystallite size obtained in both cases was below 30 nm.

The ultrafine ceria particles of less than 5 nm size were synthesized using the 
conventional hydrothermal methods, employing the tetravalent cerium salts 
[Ce(SO4)2), (NH4)2Ce(NO3)6 and Ce(NH4)4(SO4)2] as starting materials. However, 
high surface energy of the nanoparticle caused agglomeration followed by precipi-
tation, which makes it difficult to synthesize well-dispersed particles. The presence 
of SO4

2− ions in the solution further accelerates the agglomeration processes. 
Protection of the NP surface will make it possible to control the size and agglomera-
tion. The addition of citric acid molecules controls the size of cerium oxide NPs and 
the agglomeration process via adsorption on the surface of the particle (Hirano et al. 
2000; Masui et al. 2002).

Another study suggested a new method to obtain ultrafine as well as well- 
dispersed CeO2 NPs through the application of citric acid as a shielding agent 
against particle growth using a 1:1 molar ratio of cerium chloride (1 M aqueous 
solution) and citric acid adding to an excess amount of 3 M ammonium water. A 
dark brown transparent liquid was attained after stirring for 24 h at 323 K. The prod-
uct particles were crystallized via transferring the transparent liquid and heated at 
353 K for 24 h in a Teflon bottle kept in a vessel. Although the apparent status of the 
liquid did not change by heat treatment, the crystallinity after the treatment became 
higher than before. The brown liquid started showing Tyndall effect, indicating the 
presence of well-dispersed colloidal particles. The resulting NPs were separated by 
centrifugation (centrifugal force 4.1 × 104 g and 2.1 × 104 pm) for 24 h, washed with 
water and dried by a freeze-drying method (Masui et al. 2002).

10 Phytomediated Synthesis of Cerium Oxide Nanoparticles and Their Applications



264

A relatively fast “microwave hydrothermal” method has also been devised for the 
fast synthesis of nanoceria and nanorods. This reportedly energy-saving, high- 
yielding, rapid and environment-friendly method had the collective advantages of 
hydrothermal as well as microwave-heating techniques and produced the CeO2 NPs of 
the average size of 1.6–20 nm. Besides, CeO2 nanorods could be synthesized by alter-
ing the cerium source and regulating the quantity of the added ammonia water (Gao 
et al. 2006). Some researchers prepared CeO NPs by mixing the Ce(NO3)3 (0.0375 M) 
and hexamethylenetetramine (0.5 M) solutions in equal volumes at room temperature. 
Bunches of particles ranging in size between 3 and 12 nm were obtained by control-
ling the reaction time (Zhang et al. 2002). Nanoceria of an average particle size of 
3.3 nm were also obtained sonochemically, using tetramethyl ammonium hydroxide 
as additive, having a molar ratio of starting materials and additives in 1:1:1. Cerium 
nitrate and azodicarbonamide (AZO) were used as the starting materials along with 
ethylenediamine or tetraalkyl ammonium hydroxide as the additive. Typically, 0.1 g 
AZO was added to a solution of Ce(NO3)3 (0.434 g in 50 mL distilled water) followed 
by the addition of varied extents of additives that showed strong influence on the size 
and distribution of particles. Addition of additives resulted in the production of small-
sized particles of CeO2 with a narrow range of distribution, whereas agglomerated 
nanoparticles were obtained without using additives (Yin et al. 2002).

10.3  Techniques Used for Characterization of Nanoparticles

10.3.1  NP Characterization by Spectroscopy

10.3.1.1  UV-Visible Spectroscopy

Ultraviolet-visible (UV-Vis) spectrophotometer consists of a source of light (xenon 
lamp), sample beam, reference beam, a monochromator and a detector. The UV-Vis 
spectra for a compound are achieved by exposing a dilute solution of the sample to 
UV light. Metallic nanoparticles, normally of 40–100 nm, scatter optical light elas-
tically with significant efficiency due to a phenomenon known as surface plasmon 
resonance, which is a collective resonance of the conduction electrons in the metal. 
The intensity, peak position and spectral bandwidth of the plasmon resonance 
related with a nanoparticle depend on the NP composition and dimensions like 
shape and size. For example, Fig. 10.1a shows a typical UV-vis spectrum of CeO 
NPs displaying their characteristic absorption peak at a wavelength (λ max) of 
345 nm. The NPs synthesized via solvothermal route were found to have the maxi-
mum absorbance at wavelength 317 nm. Phytomediated synthesized nanoceria dis-
play λmax at 345 nm generally due to the intrinsic band gap absorption, which owes 
to the electronic transitions from valence band [O(2p)] to the conduction band 
[Ce(4f)] in the nanoceria. Band gap of CeO2 was reported to be 3.19 eV (Fig. 10.1b), 
whereas band gap of nanoceria was estimated around 3.59  eV.  The increase 
(0.40 eV) in band gap might be owing to the reduction in particle size or change in 
oxidation state (Ce3+ to Ce4+) (Patil and Paradeshi 2016).
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10.3.1.2  Photoluminescence

Photoluminescence is the light emission from any form of matter after absorption of 
photons. The time periods between absorption and emission may vary ranging from 
femtoseconds to milliseconds. This process can be categorized on the basis of 
energy of exciting photon w.r.t. the emission. Green synthesized CeO NPs exhibited 
strong emission peaks starting from a shorter wavelength (360 nm) to a longer one 
(500  nm). The typical photoluminescence spectrum of CeO NPs recorded at an 
excitation wavelength of 320 nm is shown in Fig. 10.1c. The emission spectra dis-
played four bands in blue-green region (450, 467, 480 and 490 nm) and three bands 
in the near band edge of wavelength (364, 379 and 398 nm), respectively. The near 
band edge was attributed to the localized or free excitons, and blue region peaks 
were attributed to the bouncing of electrons from localized [Ce(4f)] state to the 
[O(2p)] valence band. Besides, the green peaks were ascribed to the surface defects 
in CeO NPs, whereas low density of oxygen vacancies caused weak intensities 
(Patil and Paradeshi 2016). The same was exhibited by the Gloriosa superba leaf 
extract-mediated nanoceria (Arumugam et al. 2015a). Another study reported the 

Fig. 10.1 (a) UV-visible spectra of CeO NPs, (b) photon energy level, (c) photoluminescence 
spectra recorded under light excitation wavelength 320 nm, (d) Raman spectra of CeO NPs synthe-
sized using pectin (Patil and Paradeshi 2016)
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excitation spectra of nanoceria by monitoring the emission at 425 nm. It comprised 
of a sharp peak at 388 nm, attributed to Ce4+ intra-configuration (f–f) transitions 
(Malleshappa et al. 2015).

10.3.1.3  Raman Spectroscopy

It is a low-frequency spectroscopy technique, mainly used in the condensed matter 
physics and chemistry to study the rotational, vibrational and other low-frequency 
modes in a system. In chemistry, it is used normally as an indicator of vibrational 
frequency change, which is highly specific for the chemical bonds in molecules. It 
gives information in the fingerprint region (500–2000 cm−1) of a molecule, which 
can be helpful in the identification of unknown molecules. For CeO NPs, a strong 
and broad Raman active mode band appears at 461.1  cm−1 in Fig.  10.1d, which 
might be ascribed to the symmetrical stretching mode of Ce-O8 vibration unit (Patil 
and Paradeshi 2016).

10.3.1.4  Fourier Transform Infrared (FT-IR) Spectroscopy

FT-IR technique utilizes high spectral resolution data over a wide spectral range. 
This can be applied to get an infrared spectrum of absorption or emission of a solid, 
liquid or gas. FT-IR has remarkable advantage over dispersive spectrometer. 
Besides, it is an analytical technique used to detect the base polymer composition, 
functional group and organic contaminants. It uses infrared light to probe the test 
samples and observe their chemical properties. The FT-IR spectra of Indian red 
pomelo extracted pectin-mediated CeO NPs showed the characteristic peaks as 
shown in Fig. 10.2 and Table 10.1. An additional peak has also been observed at 
545 cm−1 for Ce-O stretching vibration for cubic cerium oxide (Kumar et al. 2013). 
On the other hand, annealed nanoceria depicted a sharp peak at 558 cm−1 for Ce-O 
stretching vibrations along with 3397, 1624 and 1471  cm−1, which were due to 
water and CO2 taken up from the atmosphere (Patil and Paradeshi 2016).

10.3.2  NP Characterization by Microscopy

Optical microscopy techniques are used commonly for observing particles at micron 
level with reasonable magnification. However, higher magnification processing is 
not possible through ordinary optical microscopes due to aberration and limitations 
in wavelength of light. Therefore, advanced imaging techniques such as scanning 
electron microscopy (SEM), transmission electron microscopy/high-resolution 
transmission electron microscopy (TEM/HRTEM) and scanning tunnelling micros-
copy (STM) are used to analyse the surface structure and internal morphology (size, 
shape and dimensions) of nanoparticles with due clarity.
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10.3.2.1  Scanning Electron Microscopy (SEM)

Scanning electron microscopy involves scanning of the surface of a sample with a 
focused beam of electrons which interacts with the atoms of the sample, producing 
various signals. These signals possess the sample’s information about surface 
topography and composition. In the case of CeO NPs obtained from Indian red 

Fig. 10.2 FT-IR spectra of pectin, CeO NPs prepared using pectin and CeO NPs annealed (Patil 
and Paradeshi 2016)

Table 10.1 Characteristic FT-IR peak of CeO NPs (Patil and Paradeshi 2016)

S. No IR frequency (cm−1) Functional group present

1 3390 -OH, stretching
2 2939 C-H, stretching of methyl ester of galacturonic acid
3 1738 C=O, stretching vibration of methyl-esterified carboxyl group
4 1634 C=O, stretching vibration of carboxylate group
5 1402 C-O-H, in plane bending vibration
6 1295 C-O-C, asymmetric stretching vibration of –O-CH3 group
7 1105 C-O-C, bending mode of acetal group
8 1051 C-O-C, bending mode of ethereal group
9 955 Glycosidic group
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pomelo pectin, field emission scanning electron microscopy (FESEM) micrographs 
illustrated the shape of these NPs as spherical and agglomerated with their size 
ranging from 5 to 40 nm (Fig. 10.3), whereas the solvothermal gave the result as 
shown in Fig. 10.4. Additionally, the EDX pattern of CeO NPs revealed the pres-
ence of Ce, Au, O and C as the main components of the CeO NPs produced. The 
presence of Au and C in the EDX spectra appears due to the conductive carbon tape 
used to hold the sample and to the gold used for coating the sample (Patil and 
Paradeshi 2016).

Fig. 10.3 FESEM micrograph of CeO NPs synthesized using pectin (Patil and Paradeshi 2016)

Fig. 10.4 Particle size distribution histogram of biopolymer-mediated CeO NPs (Patil and 
Paradeshi 2016)
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10.3.2.2  Transmission Electron Microscopy (TEM)

TEM is a technique in which a beam of electrons is transmitted through a sample to 
form an image and the image is further magnified on a fluorescent screen. Briefly, 
TEM is generally used for imaging the structural details at a significantly higher 
resolution. The structure of CeO NPs can be observed with TEM (K. Gopinath, 
V. Karthika, C. Sundaravadivelan, S. Gowri 2015a). The HRTEM images showed 
that CeO NPs possessed spherical and cubic morphology and their size ranged 
between 5 and 20 nm with an average particle size of nearly 10 nm. The nanoparti-
cles also showed fluorite cubic structure having a characteristic ring pattern in the 
selected area electron diffraction (SAED) and possessed a high degree of crystallin-
ity (Fig. 10.5).

10.3.3  TGA/DTA Analysis

Thermal stability of the crystalline samples can be examined using the differential 
thermal analysis techniques (thermogravimetric and differential scanning calorim-
etry) under high temperature. The thermal stability of green synthesized nanoparti-
cles of CeO2 has been analysed in the temperature range of 35–1000 °C at a heating 
rate of 20 °C per min. A TGA/DTA curve of CeO NPs is shown in Fig. 10.6. The 
NPs exhibit a three-stage decomposition pattern, with the first stage accompanied 
by a 9.84% weight loss at 35–100 °C due to dehydration of water, moisture and 
extracellular fungal components, the second stage contributes a weight loss of 
13.49% from 100 to 150 °C, and the third stage shows the maximum weight loss of 
15.25% at the temperature range of 540–1000 °C. On DTA curve, the exothermic 
peaks observed at 115 °C were attributed to the combustion of organic residues, and 
those at 615 °C were ascribed to oxygen loss at higher temperatures and decomposi-
tion of some residual, absorbed species. Moreover, the phase change or variation in 
the oxidation state of cerium was shown by a slight increase in the DTA curve above 
740 °C (Gopinath et al. 2015b).

Fig. 10.5 (a) TEM images of mycosynthesized CeO NPs (b) calcined at 40 °C and (c) SAED of 
CeO NPs (Gopinath et al. 2015a, b)
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10.3.4  NP Characterization by X-Ray Technique

X-ray diffraction (XRD) technique gives information about the crystallinity, crystal 
size, phase composition, and crystal alignment. Two types of X-ray technique are 
generally used in the characterization of nanoparticles:

 1. Wide-angle X-ray diffraction (WAXD): It provides information about the crys-
tallinity, alignment of the crystal, crystallite size and the phase composition in 
semi-crystalline polymer.

 2. X-ray photoelectron spectroscopy (XPS): This quantitative surface chemical 
analysis spectroscopic technique is used to evaluate the elemental composition 
or empirical formula, electronic state and chemical state of the elements on the 
surface up to 10 nm of a material. It also detects the presence of contaminants on 
the surface of the sample and oxidation state of each element present in the 
sample with the composition of the surface functionalization of the CeO NPs.

Hewer et al. (2013) prepared CeO NPs surrounded by carbon microspheres by uti-
lizing D(+)-glucose in the one-pot green hydrothermal process. In XRD analysis, 
five diffraction peaks at 2θ = 28.5, 33.0, 47.4, 56.3 and 76.6° were observed and 
attributed to the (111), (200), (220), (311) and (331) cubic plane of CeO2 (JCPDS 
34-0394), respectively. The diffraction peak showed the face-centred cubic phase of 
nanoceria (Hewer et  al. 2013). Another study revealed some other peaks at 
2θ  =  59.09, 69.0 and 78.99°, attributed to (222), (400) and (420) planes of 

Fig. 10.6 TGA/DTA curves of green synthesized CeO2 nanopowders (Gopinath et al. 2015a, b)
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face- centred cubic nanoceria, respectively. Debye-Scherrer’s formula was applied 
to calculate the average crystallite size of CeO NPs which came out to be 24 nm 
(Arumugam et al. 2015b).

10.3.5  Particle Size Analyser

Dynamic light-scattering techniques are generally coupled with various other tech-
niques such as sieve analysis, electro-resistance counting method, laser diffraction 
method and optical counting method for the determination of particle size and dis-
tribution. A general particle size distribution histogram showing the CeO NPs hav-
ing a hydrodynamic size (Z-average) distribution (around 29.47 nm) is presented in 
Fig. 10.4 (Patil and Paradeshi 2016).

10.4  Green Synthesis of Cerium Oxide Nanoparticles or 
Nanoceria

The term “green” is used to indicate an eco-friendly and environmentally benign 
use of the less energy-consuming, non-toxic chemicals and the bio-derived products 
for the synthesis of NPs (Husen 2017; Siddiqi and Husen 2017; Siddiqi et al. 2018). 
The nanoceria have been prepared using several ways and means such as solution 
precipitation; hydrothermal, solvothermal or thermal decomposition; thermal 
hydrolysis; and spray pyrolysis methods. But these methods have several disadvan-
tages, like the use of toxic solvents and reagents, high pressure and temperature and 
the external additives (stabilizing or capping agents) during the reaction. Figure 10.7 
displays various physical, chemical and physicochemical methods of the synthesis 
of nanoparticles, highlighting the green or biological approaches. Numerous bio- 
directed approaches involving application of natural products and other organic 
matrices as a stabilizer are now being used to obtain the biocompatible nanoceria. 
Phytosynthesis of metals and metal oxide nanoparticles is a novel subject in nano-
science engineering. Of late, phytosynthesis of nanoceria, using the extracts of plant 
species (such as Aloe vera, Acalypha indica and Gloriosa superba) as stabilizing 
and capping agents, has been reported (Kannan and Sundrarajan 2014; Priya et al. 
2014; Arumugam et al. 2015a). Tables 10.2 and 10.3 indicate the source materials, 
methods for green synthesized nanoceria and also the reported advantage/disadvan-
tage associated with these methods, respectively.

Leucas aspera leaf extract-mediated nanoceria have been characterized under 
diffraction technique, and the patterns (111), (200), (220) and (222) were well 
indexed to a pure cubic fluorite structure of CeO NPs (JCPDS Card No. 81-0792) 
without any impurity peak, thus indicating the single phase of CeO NPs. The study 
further concluded that the concentration of leaf extract strongly influences the struc-
tural parameters such as crystallite size and lattice constant (Malleshappa et al. 2015). 
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Besides, Patil and co-workers have synthesized CeO NPs using a non-toxic biopoly-

Fig. 10.7 Generalized representations of various physicochemical methods of nanoparticle syn-
thesis, emphasizing the biological synthesis

Table 10.2 Green synthesis methods for CeO NPs

Green synthesis 
methods used Materials used

Particle
size 
(nm) Morphology References

Plant-mediated Gloriosa 
superba

5 Spherical Arumugam et al. (2015a)

Plant-mediated Centella 
asiatica

8 Spherical and 
monodisperse

Sankar et al. (2015)

Plant-mediated Acalypha 
indica

36 Spherical Kannan and Sundrarajan 
(2014)

Plant-mediated Piper longum 46 Spherical Reddy Yadav et al. (2016)
Plant-mediated China rose 

petal
7 Nanosheet Qian et al. (2011)

Plant-mediated Aloe vera 18.23 Spherical Tamizhdurai et al. (2017)
Fungus-mediated Curvularia 

lunata
5–20 Spherical Munusamy et al. (2014)

Nutrient-mediated Egg white 6–30 Plate like Maensiri et al. (2007)
Nutrient-mediated Honey 23 Spherical Darroudi et al. (2014a)
Biopolymer-mediated Agarose 10.5 Spherical Mittal and Pandey (2014)
Biopolymer-mediated Starch 6 Spherical Darroudi et al. (2014b)
Biopolymer-mediated Gum 10 Spherical Charbgoo et al. (2017a)
Biopolymer-mediated Dextran 10 Spherical Perez et al. (2008)
Biopolymer-mediated Pectin ≤40 Spherical Patil and Paradeshi (2016)
Biopolymer-mediated Chitosan ~4 Spherical Sifontes et al. (2011)
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mer pectin. The Braggs peaks are found at an angle (2θ) of 28.51, 33.06, 47.42, 
56.30, 59.09, 69.00, 76.57 and 78.99° with Miller indices (111), (200), (220), (311), 
(222), (400), (331) and (420), respectively (Fig. 10.8). The synthesized CeO NPs 
exhibited a pure cubic fluorite structure (space group, Fm-3 m, 225), which is in 
agreement with the JCPDS PDF 00-033-0334. The lattice value and the unit cell 
volume were 5.089 Å and 131.795 Å, respectively. Furthermore, the average crys-
tallite size of the phyto-mediated CeONPs was estimated to be 23.71 nm using the 
Debye-Scherrer equation (Patil and Paradeshi 2016).

Table 10.3 Advantages and challenges encountered by the green methods for the synthesis of 
CeO NPs

Green methods Advantage Disadvantage/challenge Reference

Plant-mediated 
synthesis of 
CeO NPs

Spherical-shaped NPs were 
obtained with reduced 
cytotoxicity
Easy process, cost-
effective, energy- and 
time- efficient technique
Capable of producing 
stable, water- dispersible, 
and highly fluorescent NPs

Non-uniformity in 
morphology in some 
cases due to which 
agglomeration of the 
individual NPs occurs
Size of NPs exhibited 
wide distribution range 
from 5 to 63.6 nm, using 
different bio-organisms 
for synthesis

Gopinath et al. 
(2015a, b), Charbgoo 
et al. (2017b)

Nutrient- 
mediated 
synthesis of 
CeO NPs

Controllable growth and 
subsequent isotropic 
formation of small and 
stable CeO NPs

Lack of information 
about the constituents 
accountable for metal 
ions reduction

Reddy Yadav et al. 
(2016), Charbgoo 
et al. (2017b)

Capable of providing 
spherical CeO NPs with 
narrow distribution range of 
particle size
Synthesized CeO NPs 
non-toxic toward human 
cell lines at physiological 
concentrations of NPs

Biopolymer- 
mediated 
synthesis of 
CeO NPs

Generating NP with 
spherical morphology

Reproducibility of the 
methods need to be 
enhanced
Abundance of structural 
components might affect 
the synthesis procedure
Complete elucidation of 
mechanism is still a 
major challenge

Primo et al. (2011), 
Sun et al. (2012), 
Darroudi et al. 
(2014c), Kargar et al. 
(2015), 
Sathiyanarayanan 
et al. (2017)

Providing NPs with no 
significant cytotoxic effect 
in human cell line at 
physiological 
concentrations
Capable of controlling 
diameter of CeO NPs
Providing NPs with high 
final purity
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10.5  Applications of CeO NPs

Nanoceria have the potential to be utilized in various areas of science and technol-
ogy and are being used in paint industry, glass polishing, fuel additives, superca-
pacitors, emission control or biodiesel, biogas production, biosensing, microcosm 
system for soil, cosmetics, coating and most commonly biomedical sciences. 
However, the biomedical applications of nanoceria require a lot of care and precau-
tion (Castano et al. 2015; Nguyen et al. 2015; Walkey et al. 2015; Oró et al. 2016; 
Charbgoo et al. 2017b; Li et al. 2017; Vinothkumar et al. 2017).

10.5.1  Biomedical Applications

10.5.1.1  Anti-inflammatory

Chronic inflammation, a complex immunological ailment caused by the increased 
levels of nitric oxide, results in irreversible organ dysfunctioning or damage. It often 
leads to major diseases such as cardiac disorder, rheumatoid arthritis, atherosclero-
sis and multiple sclerosis. Cerium oxide NPs have been used for the treatment of 
such chronic inflammation (Hirst et al. 2009). Khan and Ahmad have successfully 
synthesized CeO NPs by using the thermophilic fungus Humicola sp. for utilization 
in biomedical sciences. The fungus-secreted capping protein, involved in the cap-
ping of nanoparticles, made the particles highly stable, non-agglomerate, highly 
fluorescent and, most importantly, water dispersible (Khan and Ahmad 2013).

Fig. 10.8 X-ray powdered diffraction pattern of pectin-mediated synthesized CeO NPs (Patil and 
Paradeshi 2016)
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10.5.1.2  Antibacterial Activity

The nanoceria fabricated via green route exhibit good antibacterial and antifungal 
activity against pathogens in the oxidation states +III and +IV (Annu and Ahmed 
2018). Some researchers synthesized them using the leaf extract of Gloriosa superba 
and studied the formed nanoparticles against Gram-positive and Gram- negative bac-
teria at varying concentrations. At high concentration of 100 mg, the zone of inhibi-
tion effect was the largest (5.33 mm) against Staphylococcus aureus. The Escherichia 
coli and Shigella dysenteriae exhibited a modulated effect on the inhibition zone of 
4.00 mm and 4.33 mm, respectively. Then, Pseudomonas aeruginosa, Proteus vul-
garis, Klebsiella pneumonia and Streptococcus pneumoniae showed similar inhibi-
tion zone of 4.67 mm for enhanced activity (Arumugam et al. 2015a). Similarly, the 
use of the leaf extract of Acalypha indica resulted in increased rate of antibacterial 
activity against Gram-positive and Gram-negative bacteria (Kannan and Sundrarajan 
2014). Likewise, the nanoceria synthesized from the fungus Aspergillus niger 
showed antibacterial, larvicidal and pupicidal activities against human pathogens, 
viz. Gram-positive Streptococcus pneumoniae and Bacillus subtilis and Gram-
negative Proteus vulgaris and Escherichia coli (Gopinath et  al. 2015a, b). The 
authors obtained different results from different concentrations of nanoceria. For 
instance, 1 mg nanoceria per mL did not show any inhibition zone with any of the 
stains, while moderate zones of inhibition (4.67  ±  0.33  mm, 3.33  ±  0.33  mm, 
3.67 ± 0.33 mm and 3.33 ± 0.33 mm) were observed in B. subtilis, E. coli, P. vulgaris 
and S. pneumoniae at 5 mg/mL concentration, respectively. However, at 10 mg mL−1 
concentration of nanoceria, remarkable inhibition zones (10.33  ±  0.33  mm, 
6.33 ± 0.33 mm, 8.33 ± 0.33 mm and 10.67 ± 0.33 mm) with B. subtilis, E. coli, P. 
vulgaris and S. pneumoniae, respectively (Figs.  10.9 and 10.10) (Gopinath et  al. 
2015a). Gusseme et al. (2010) reduced biogenic cerium by using the freshwater man-
ganese-oxidizing bacteria (MOB) Leptothrix discophora or Pseudomonas putida 
MnB29 and demonstrated the antiviral activity of nanoceria by removing virus bac-
teriophage UZ1 from water due to the bacterial carrier matrix (Gusseme et al. 2010).

Patil and Paradeshi (2016) utilized pectin, extracted from Indian red pomelo fruit 
peels, as a renewable, non-toxic biopolymer in order to fabricate CeO NPs. They 
found that the biogenically synthesized nanoceria exhibited significant antibacterial 
property against E. coli and Bacillus subtilis at both 1 and 2 mM concentrations 
used (Fig. 10.11a) which was far better than one shown by the bulk and CeO2 pow-
der. In case of B. subtilis, cerium nitrate was not effective at both (1 and 2 mM) 
concentrations, whereas the bulk CeO2 caused a slight reduction in survival at 2 mM 
concentration only (Fig. 10.11b) (Patil and Paradeshi 2016).

Causes and Mechanism

The nanoceria exhibited a higher antibacterial activity against the Gram-positive 
than against the Gram-negative bacteria. This is because the cell wall of Gram- 
positive bacteria is composed of peptidoglycan which is attached to teichoic acids. 
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Fig. 10.9 Zones of inhibition by CeO2 NPs at different concentrations against Gram-positive and 
Gram-negative bacteria (Gopinath et al. 2015a, b)

Fig. 10.10 Antibacterial activities of CeO2 NPs against Gram-positive and Gram-negative bacte-
ria (Gopinath et al. 2015a, b)
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The electrostatic interaction between the positively charged metal or metal oxide 
nanoparticles and the negatively charged bacterial cell wall causes disruption of the 
cell wall, simultaneously generates reactive oxygen species (ROS) and ultimately 
leads to the death of the bacterial cell (Gopinath et al. 2015a, b). Figure 10.12 shows 
the schematic view of the cellular uptake of nanoparticles in general and the mecha-
nism of inducing toxicity against bacteria (Hussain et al. 2016).

Fig. 10.11 Antibacterial activity of CeO NPs, bulk CeO2 and cerium nitrate against (a) E.coli and 
(b) B. subtilis, expressed in terms of %age of the survival relative to the control group. In a group, 
the bars not labelled with asterisk demonstrate values (means) that are significantly different from 
the control (p ≤ 0.05) by Dunnett’s comparison test (Patil and Paradeshi 2016)
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10.5.1.3  Cell Viability and Neurotoxicity

Agarose is a naturally occurring oxygen-rich straight-chain polysaccharide mined 
from red purple seaweeds. Some researchers have fabricated the CeO NPs by 
improved solgel route using the bioorganic agarose polymeric matrix, which acted 
as a stabilizing or capping agent. These biologically synthesized nanoparticles were 
then studied for cell viability on L929 cells at different concentrations varying from 
0 to 800 μg mL−1, and no significant cytotoxic effect could be observed at any con-
centration, suggesting that the biogenically synthesized nanoceria have the potential 
to be used in biomedical applications (Kargar et al. 2014). In another study, honey 
was used as a source to prepare CeO NPs with the help of solgel process at different 

Fig. 10.12 Graphical representation of nanoparticle uptake by cells and the mechanism of toxicity 
induced by nanoparticles against bacteria (Hussain et al. 2016)
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calcinated temperatures, and their neurotoxic effect on the neuro2A cells was exam-
ined at concentrations ranging from 0 to 100 μg mL−1 (Darroudi et al. 2014a). It was 
found that the metabolic activity decreased in a concentration-dependent manner 
for more than 25 μg mL−1 after 24 h of incubation, thus proving to be more efficient 
in comparison to the conventionally produced nanoparticles (Darroudi et al. 2014a). 
In a study, based on the nanoceria synthesized with the help of pectin extracted from 
Indian red pomelo fruit peels, it was concluded after demonstrating the cell viability 
by erythrocyte haemolysis assay that the haemolysis (i.e. release of haemoglobin to 
plasma because of the rupture of erythrocyte membrane) increased when the con-
centration of nanoceria increased, as depicted in Table  10.4. This occurred at 
≤4 mg mL−1, which was within the permissible limit and hence biocompatible, but 
not much safe for human beings (Patil and Paradeshi 2016).

10.5.1.4  Antiobesity

Obesity leads to several pathologies such as type 2 diabetes, insulin resistance, 
cancer, hypertension and atherosclerosis. Commercially available drugs cause 
many side effects such as headache and insomnia. Nanoceria can strongly scav-
enge the ROS production for long duration and hence reduce the side effects. 
Rocca et al. (2015) studied the in vitro and in vivo cytotoxic effect of nanoceria on 
3  T3-L1 pre- adipocytes and Wistar rats, respectively, in order to observe their 
interference in the lipid accumulation process and adipogenesis inhibition by 
reducing the mRNA transcription of genes involved in adipogenesis and by 
obstructing the triglyceride accumulation in 3 T3-L1 pre-adipocytes. Additionally, 
Wistar rats showed reduction in weight gain when injected with nanoceria; plasma 
level of insulin, glucose, leptin and triglycerides also declined, and no significant 
toxic effects appeared (Rocca et al. 2015). Another study revealed that the large 
surface area-to-volume ratio creates the oxygen defects as reactive sites on the 
nanoceria surface that can scavenge the free radicals generated in the biological 
system by inhibiting the ROS production and hence plays a vital role as antiobesity 
agent (Hirst et al. 2009).

Table 10.4 Cytotoxicity of CeO NPs measured by the erythrocyte haemolysis assay (Patil and 
Paradeshi 2016)

S. No. Sample Optical density at 540 nm % haemolysis

1 Distilled water 1.658 ± 0.028 100 (“+ve” control)
2 Physiological saline 0.034 ± 0.003 0 (“−ve” control)
3 CeO2 NPs (0.50 mg/mL) 0.043 ± 0.003 0.55
4 CeO2 NPs (1.00 mg/mL) 0.051 ± 0.006 1.05
5 CeO2 NPs (2.00 mg/mL) 0.069 ± 0.005 2.16
6 CeO2 NPs (4.00 mg/mL) 0.108 ± 0.008 4.55
7 CeO2 NPs (4.00 mg/mL) 0.169 ± 0.008 8.31

10 Phytomediated Synthesis of Cerium Oxide Nanoparticles and Their Applications



280

10.5.2  Photocatalytic and Antioxidant Activity

Gogoi and Sarma (2017) biologically synthesized CeO NPs by solgel process using 
β-cyclodextrin in order to degrade efficiently the organic methylene blue dye from 
aqueous solutions at room temperature in the presence of H2O2 and absence of light 
irradiation. They found a complex pathway having different intermediates like leu-
comethylene blue, which is the reduced form of methylene blue and has m/z = 286; 
it is reduced further to leucomethylene blue sulfone having m/z = 317 amu. Thus, 
the colour of dye changes from blue to colourless, confirming the excellent photo-
catalytic activity of these nanoceria (Gogoi and Sarma 2017).

Leaf extract of Aloe vera was also used as stabilizing or capping agent to synthe-
size CeO NPs at ambient temperature (Dutta et al. 2016). The antioxidant property 
of nanoceria was found to be quite good which remained unaffected on being treated 
with H2O2 as the cerium was mainly present in (+III) oxidation state rather than 
(+IV) and the cyclic conversion took place from Ce(III)O → Ce(IV)O → Ce(III)O 
when reacted with H2O2. A gradual decrease in cell viability was noticed on increas-
ing the H2O2 concentration (10–60  μM) for 24  h, and application of 4.34–
78.16 μg mL−1 of CeO NPs remarkably enhanced cell viability, maximal at 120 μM, 
beyond which there was a decrease in the cell survival. Furthermore, a higher anti-
oxidant activity and decrease of the lethal effects of H2O2 were observed with the 
higher oxygen defect in the crystal lattice. Thus, the biogenically synthesized 
nanoceria have the potential of being used as an antioxidant drug or a therapeutic 
agent for neural diseases triggered by oxidative stress and in other fields of biomedi-
cine (Dutta et al. 2016). The catalytic properties of nanoceria, scavenging activity of 
nitric oxide radical, decay of peroxynitrite and their superoxide dismutase and cata-
lase mimetic activity have been discussed recently (Walkey et al. 2015). The pectin- 
mediated nanoceria have been produced and evaluated for their antioxidant effect 
by using DPPH assay. For this assay, DPPH solution kept in the dark showed 

Fig. 10.13 Antioxidant activity of CeO NPs evaluated by the DPPH radical scavenging assay at 
(a) different intervals of time and (b) different concentrations (Patil and Paradeshi 2016)
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unchanged intensity (517 nm) without any colour change, whereas in the presence 
of nanoceria, the absorption intensity was decreased with a colour change from 
deep violet to pale yellow (Fig.  10.13a). Figure  10.13b clearly indicates the 
decreased intensity with increase in the nanoceria concentration, and hence this 
decreased intensity is indicative of the free radical scavenging potential of nanoceria 
(Patil and Paradeshi 2016).

Nanoceria are also applicable for thermal decomposition and dye degradation. 
The nanoceria produced by using the Azadirachta indica leaf extract thermally 
decomposed ammonium perchlorate by dropping down the decomposition 
 temperature of ammonium perchlorate by 130 °C and reducing the activation energy 
as well. This clearly indicated the excellent thermal catalytic behaviour of these 
NPs. On the other hand, their photocatalytic activity, having the degradation rate of 
96% within 120 min, was revealed by photodegradation of Rhodamine B dye, indi-
cating that they can be applied for dye degradation in wastewater treatment (Sharma 
et al. 2017).

10.6  Conclusions

Phytosynthesis of nanoparticles is an important and emerging area in nanoscience 
and technology. The several drawbacks of the conventional methods for NP synthe-
sis have been overcome by the use of eco-friendly and novel green synthesis meth-
ods, which involve the use of plant extract, biopolymer and its derivatives, microbial 
derivatives and other natural products. Application of nanoceria is gaining ground in 
various fields despite many challenges. The different areas where nanoceria can be 
used include biosensing, plant science, coating, electronic applications, catalysis, 
biomedicine and nanomedicine, among others.
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Chapter 11
Plant-Assisted Fabrication of SnO2 
and SnO2-Based Nanostructures 
for Various Applications

Mohammad Mansoob Khan, Mohammad Hilni Harunsani, 
and Adedayo Rasak Adedeji

11.1  Introduction

Nanotechnology encompasses the understanding, manipulation, and control of 
matter at the nanoscale level obtained by a combination of engineering, physical, 
chemical, and biological approaches. It has enabled the development of advanced 
materials such as nanoparticles (NPs) and nanostructures with unique properties, 
including the novel optoelectronic, catalytic, and biological properties (Hong and 
Jiang 2017). The extensive practical application of NPs could be attributed to their 
unique characteristics that establish their superiority over their bulk counterparts 
(Shamaila et al. 2016).

Different metal oxides such as TiO2, ZnO, SnO2, and CeO2, among others, are 
commonly synthesized and used widely as photocatalysts, especially in the hetero-
geneous photocatalysis (Kalathil et  al. 2013; Khan et  al. 2013, 2014, 2015a, b, 
Ansari et al. 2014a, b, c, d, 2016; Saravanan et al. 2015). This is due to their biocom-
patibility as well as exceptional stability in a variety of conditions and their capabil-
ity to generate charge carriers when excited by the required amount of light energy. 
The favorable combination of the electronic structure, light absorption properties, 
charge-transport characteristics, and excited lifetimes of charge carriers in different 
metal oxides has made them a fine photocatalyst (Khan et al. 2015a). Among all 
these nanomaterials (NMs), SnO2 NPs in particular can be utilized as gas sensors 
(Sun et al. 2005; Song et al. 2012; Ahamed Fazil et al. 2015; Manjula et al. 2012), 
photocatalysts (Haritha et al. 2016), semiconductors (Cheng et al. 2016), and anti-
bacterial agents (Vidhu and Philip 2015a).

SnO2 semiconductor is an important n-type oxide semiconductor with wide 
bandgap (3.6 eV). It has good electrical, optical, and electrochemical properties and 
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is known as the catalytic support material for solar cells, as the solid-state chemical 
sensors and for its high lithium-storage capacity. The active crystal surfaces of SnO2 
have an important role in determining its interesting properties including the sens-
ing and catalytic ones (Das and Jayaraman 2014).

The large bandgap (3.6 eV, which can only respond to UV illumination) and the 
high electron hole recombination rate are the main drawbacks of SnO2 semiconduc-
tors. Doping the SnO2 semiconductors with metal ions is one of the best methods to 
improve the visible light photocatalytic activity for the oxidative degradation of 
organic compounds. Many transition metals have been used to modify the electronic 
properties of SnO2. Due to the relative ionic radius and interstitial spacing in the 
SnO2 structure, the most frequently tested transition metals for this modification 
include inter alia gold, manganese, silver, cobalt, and iron. These transition metals 
have similar or lesser ionic radius, so the atoms can easily replace or fit into the 
interstitial sites in the SnO2 structure (Sabergharesou et al. 2013; Cheng et al. 2016; 
Tomer and Duhan 2016; Sinha et al. 2017).

Gas sensors of individual SnO2 materials are attractive due to their high sensitiv-
ity, quick response, and good stability. The hetero-structured SnO2 with other semi-
conducting metal oxides will provide another promising strategy to develop novel 
high-performance gas sensors due to the formation of different charge carriers. This 
would assist to overcome effectively the challenge of high recombination rate in 
SnO2 by scavenging the charge carriers (electrons and holes from the conduction 
and valence band, respectively) through compositing SnO2 with other metal oxides 
such as n-type TiO2, ZnO, WO3, In2O3, CaO, MgO, V2O5, and Nb2O5 and p-type 
NiO, Co3O4, Sb2O3, La2O3, Cu2O, Ag2O, CeO2, etc. (Cheng et al. 2016; Sudhaparimala 
and Vaishnavi 2016).

SnO2 NPs have also been used widely for effective photocatalytic degradation of 
dye effluents and water treatment applications, using the UV or solar irradiation. 
This photodegradation process converts dye molecules into nonhazardous com-
pounds and by-products. The nanostructured SnO2 exhibits enhanced photocatalytic 
activity for the degradation of dyes and proves to be an effective means for the 
elimination of various water pollutants (Bhattacharjee et al. 2015). In addition, util-
ity of SnO2 NPs has been reported for antimicrobial applications (Meena Kumari 
and Philip 2015; Vidhu and Philip 2015a, b; Roopan et al. 2015). This report intends 
to elucidate the morphology and characteristics of phytosynthesized SnO2 NPs and 
their diverse applications.

11.2  Synthesis of Nanoparticles

In general, there are chemical, physical, and biological methodologies (as shown in 
Fig. 11.1) that can be used to synthesize NPs. Chemical methods of producing the 
desired NPs usually involve the use of metal precursors and other chemicals to 
initiate the particular reaction and stabilize pH for favorable reaction condition. 
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These methods include sol-gel technique, microemulsion technique, solvo-thermal 
method, hydrothermal method, and chemical vapor deposition (CVD) technique, 
among others. In the case of physical synthesis, dry and wet mechanical grindings 
are used for inexpensive NP preparation. For technological applications, wet grind-
ing is preferable because it allows more options to control the NP size (Saleh 2016). 
Other physical methods include ultrasonication, thermal evaporation, and lithogra-
phy. Several NP preparation methods employ a combination of both physical and 
chemical synthesis procedures, such as the sonochemical technique based on chem-
ical method and ultrasound technique as well as the microwave-assisted chemical 
syntheses. A proper combination of chemical and physical methods allows for the 
production of smaller NPs (Xia et al. 2008; Saleh 2016).

The expansion of these synthesis procedures to a large-scale production has sev-
eral limitations such as expensive production costs resulting from high energy con-
sumption, use of toxic organic solvents, production of hazardous intermediates, and 
formation of harmful waste products, leading to environmental pollution and sev-
eral biological risks. Generally, wet chemical synthesis of NPs dominates the pro-
duction methods. Agglomeration or aggregation of NPs usually occurs during 
synthesis due to the presence of attractive forces among NPs. Therefore, some cap-
ping agent is used to prevent aggregation and attain the desired morphology of the 
product. Besides their toxic nature, these methods also have such drawbacks as slow 
production rate, limited growth, and distorted structure of synthesized NPs. Size 
reduction may also lead to increased reactivity and toxicity of the material synthesized. 

Biological
- Micro-organisms
- Plant tissues from root, 

flower, leaf, bark, stem 

Chemical
- Solution based
- Sol gel processing
- Micro-emulsion
- Chemical vapor 

deposition

Physical
- Lithography
- Thermal evaporation
- Ultrasonication
- Ball milling

Fig. 11.1 Different methods of nanoparticle synthesis
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Therefore, prior to the large-scale implementation of these reactions, it is necessary 
to analyze the potential hazards to the ecosystem by considering the entire chemical 
procedure and tracking all the species involved (Shamaila et al. 2016; Hong and 
Jiang 2017; Sinha et al. 2017; Osuntokun et al. 2017).

Biological methods have been considered as green (eco-friendly) alternatives to 
the existing chemical and physical methods. The biological tools include microor-
ganisms such as fungi, bacteria, and yeast as well as plant tissues obtained usually 
from roots, barks, leaves, seeds, and fruits (Sun et al. 2005; Song et al. 2012; Ansari 
et  al. 2014d; Kamaraj et  al. 2014; Khan et al. 2015b; Meena Kumari and Philip 
2015; Vidhu and Philip 2015a, b; Elango et  al. 2015; Ahamed Fazil et  al. 2015; 
Sudhaparimala and Vaishnavi 2016; Ahmed et al. 2016; Elango and Roopan 2016; 
Haritha et  al. 2016; Diallo et  al. 2016; Hong and Jiang 2017; Sinha et  al. 2017; 
Osuntokun et al. 2017). Plant-mediated methods to produce the SnO2 nanomaterials 
are very few and yet to be collated. Phyto-nanotechnology (plant-mediated tech-
nique) for NP synthesis has multiple advantages over the chemical and physical 
methods, including cost-effectiveness, eco-friendliness, biocompatibility, scalabil-
ity, and medical applicability of NPs obtained (Singh et  al. 2016). The nontoxic 
nature of plants ensures suitability of phyto-mediated NPs for applications in bio-
medical and environmental areas. Extracts of various plant parts contain compounds 
required for the synthesis of NPs. Active compounds such as polyphenols, flavo-
noids, and other secondary metabolites are believed to be primarily responsible for 
the biological synthesis. These compounds are capable of reducing or oxidizing the 
ions present in the precursors by forming intermediates. The resulting NPs, such as 
SnO2, are usually obtained after calcination at specified temperatures (Diallo et al. 
2016; Hong and Jiang 2017; Osuntokun et al. 2017).

11.3  Plant-Assisted Fabrication of SnO2 Nanostructures 
and Their Applications

Given the current chemophobia and the awareness about the hazardous effects of 
many chemical synthetic routes, green chemistry tends to offer an appropriate 
alternative by ensuring that the fabrication of materials is eco-friendly. A befitting 
and cost-effective means of achieving this goal in NM synthesis is the adoption of 
plant extracts to replace the toxic chemicals. This area of green chemistry is very 
promising to achieve an eco-friendly synthesis route and has gained ground with 
some recent reports on phytosynthesis of SnO2 NPs (Table 11.1) and their diverse 
applications (Fig. 11.2) (Roopan et al. 2015; Vidhu and Philip 2015b; Elango and 
Roopan 2016; Diallo et al. 2016; Hong and Jiang 2017; Sinha et al. 2017; Osuntokun 
et al. 2017).
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Table 11.1 Different SnO2 nanostructures synthesized with plant-assisted methods and their 
applications

No. Plant
Metal oxide 
nanoparticle

Particle size 
(nm) Applications Year Reference

1 Cotton fiber SnO2 
microtubes

5–15 × 103 
(microtubes)

Gas sensing 2005 Sun et al. 
(2005)

2 Cotton fiber SnO2 
nanotubules

14.2 Gas sensing 2010 Zhu et al. 
(2010)

3 Ramie fiber SnO2/C;
original
NaOH- 
treated
degummed

2.0–5.0
2.5–6.3
2.6–4.7

Gas sensing 2011 He et al. (2011)

4 Brassica 
campestris

SnO2 
microreactor

40–55 Gas sensing 2012 Song et al. 
(2012)

5 Cotton SnO2/C 20 Lithium-ion 
batteries

2014 Li et al. (2014)

6 Cleistanthus 
collinus

SnO2 ~49.26 Antimicrobial 
and antioxidant 
agents

2014 Kamaraj et al. 
(2014)

7 Saraca indica SnO2 2.1–4.1 Antibacterial and 
antioxidant 
agents

2014 Vidhu and 
Philip (2015a)

8 Ficus carica SnO2 ~132 Hg2+ sensor 2015 Hu J (2015)
9 Peltophorum 

pterocarpum
SnO2 motifs 16–25 Gas sensing 2015 Ahamed Fazil 

et al. (2015)
10 Trigonella 

foenum- 
graecum

SnO2 2.2–3.2 Nanofluids, 
antibacterial, and 
antioxidant 
agents

2015 Vidhu and 
Philip (2015b)

11 Pomegranate SnO2 2.5 - 2.7 Nanofluids, 
antibacterial, and 
antioxidant 
agents

2015 Meena Kumari 
and Philip 
(2015)

12 Annona 
squamosa

SnO2 25 ± 5 Cytotoxicity 
toward HepG2

2015 Roopan et al. 
(2015)

13 Persea 
americana

SnO2 ~4 Photocatalytic 
degradation 
(phenol red)

2015 Elango et al. 
(2015)

14 Cyphomandra 
betacea

SnO2 ~21 Photocatalytic 
degradation 
(methylene blue)

2016 Elango and 
Roopan (2016)

15 Catunaregam 
spinosa

SnO2 47 ± 2 Photocatalytic 
degradation 
(Congo red)

2016 Haritha et al. 
(2016)

(continued)
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11.3.1  Synthesis of Undoped SnO2

Vidhu and Philip (2015a) reported a cost-effective and environmentally benign 
method of synthesizing bioactive SnO2 NPs of 2.1–4.1  nm, using Saraca indica 
flower. The synthesized NPs exhibited antibacterial activity against the gram- negative 
bacteria Escherichia coli and proved to be a good antioxidant and antibacterial agent. 
In another work, they synthesized SnO2 NPs in the size range of 2.2–3.2 nm, using 
the fenugreek seeds. These particles found applications in nanofluids and biomedi-
cal field due to their unique properties such as viscosity and thermal conductivity 
and their antibacterial and antioxidant potential (Vidhu and Philip 2015b). 

Table 11.1 (continued)

No. Plant
Metal oxide 
nanoparticle

Particle size 
(nm) Applications Year Reference

16 Aloe vera Coupled 
SnO2-ZnO

~22.27 Photocatalytic 
degradation 
(methylene 
orange), 
antimicrobial 
agent

2016 Sudhaparimala 
and Vaishnavi 
(2016)

17 Aspalathus 
linearis

SnO2 2.1–19.3 Photocatalytic 
degradation 
(methylene blue, 
Congo red, and 
eosin Y.)

2016 Diallo et al. 
(2016)

18 Brassica 
oleracea L. 
var. botrytis

SnO2 3.62–6.34 Photocatalytic 
degradation 
(methylene blue)

2017 Osuntokun 
et al. (2017)

19 Litsea cubeba SnO2 ~30 Photocatalytic 
degradation 
(Congo red), 
antioxidant agent

2017 Hong and 
Jiang (2017)

20 Saccharum 
officinarum

Ag doped 
SnO2

~9 Photocatalytic 
degradation 
(methylene blue, 
rose Bengal, 
methyl violet 6B, 
and 4-nitro 
phenol), 
antimicrobial and 
antioxidant 
agents

2017 Sinha et al. 
(2017)

21 Piper nigrum SnO2 8.85 ± 3.5 at 
300 °C;
12.76 ± 3.9 at 
500 °C;
29.29 ± 10.9 nm 
at 900 °C

Cytotoxicity 
toward cancer 
cells

2017 Tammina et al. 
(2017)
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Similarly, Kamaraj and coworkers prepared SnO2 NPs using the methanol extract of 
Cleistanthus collinus plant as the reducing and capping agent. The average crystallite 
size of the NPs formed was 49.26 nm, and they were identified to possess antioxidant 
property due to their activity against DPPH radicals (Kamaraj et al. 2014). Quantum-
confined spherical SnO2 NPs have also been fabricated using different quantities of 
the pomegranate fruit extract as the reducing/oxidizing agent and capping agent, 
while tin (IV) chloride (SnCl4 × H2O) as the precursor. The prepared NPs showed 
excellent antibacterial and antioxidant activity, thus emerging as a potential bioactive 
material (Kumari and Philip 2015).

Aqueous extract of dried peel of sugar apple (Annona squamosa), an agricultural 
waste, was used in the rapid synthesis of stable SnO2 NPs. At specific concentrations 
they exhibited moderate cytotoxicity toward the hepatocellular carcinoma (HepG2) 
(Roopan et al. 2015). Elango et al. (2015) synthesized SnO2 nanoparticles of 4 nm size, 
using the methanol extract of Persea americana seeds as reducing/oxidizing agents as 
well as capping agents and tin chloride as the precursor. These particles could cause 
photocatalytic degradation of phenols under ultraviolet irradiation, depicting their 
applicability in such processes as dye effluents pollution abatement (Elango et  al. 
2015). In another study, these authors used methanol extract of Cyphomandra betacea. 
The NPs produced were rod-shaped with an average size of 21 nm and showed photo-
catalytic ability when used for degrading methylene blue (Elango and Roopan 2016).

Likewise, Hu (2015) synthesized SnO2 NPs from tin chloride in aqueous mixture 
of fig (Ficus carica) leaf extract. The NPs produced were about 132 nm in size and 
could be used as an electrode modifier for electrochemical detection of mercury in 
water. Its application as a Hg2+ sensor proved useful for water purification and 
pollutant detection. Haritha et al. (2016) synthesized SnO2 NPs (47 ± 2 nm) using 
an aqueous extract of Catunaregam spinosa root bark. These particles were able to 

Fig. 11.2 Reported applications of SnO2 nanostructure synthesized by using plants

11 Plant-Assisted Fabrication of SnO2 and SnO2-Based Nanostructures…



292

degrade the toxic Congo red dye and raise the degradation percentage up to 92% 
after 45 min and therefore may be useful for the purpose of pollutant abatement. 
SnO2 NPs have also been synthesized using the Aspalathus linearis natural extract 
as an effective chelating agent and SnCl4 as the precursor, without adding any acid 
or base standard compounds. These particles (2.1–19.3  nm in size) exhibited 
enhanced photocatalytic responses to several organic water contaminants such as 
methylene blue, Congo red, and eosin Y (Diallo et al. 2016).

Recently, SnO2 NPs were produced using the extracts from Litsea cubeba fruits 
as reducing agent and tin chloride as the precursor. These NPs (approximately 
30 nm) with irregular morphology showed high antioxidant capacity against DPPH 
radicals and good photocatalytic activity toward Congo red and were found to be 
useful for photocatalytic and cosmetic applications (Hong and Jiang 2017). Similar 
efforts were made using the aqueous extract of fresh cauliflower (Brassica oleracea 
L. var. botrytis) after annealing at two different temperatures (300 and 450 °C). Due 
to the smaller particle sizes, the samples prepared at 300 °C exhibited greater deg-
radation efficiency than those annealed at 450 °C. It was concluded that the SnO2 
NPs so synthesized can be utilized in applications for degradation of toxic organic 
dyes and purification of effluent water (Osuntokun et al. 2017).

Tammina et al. (2017) synthesized tetragonal SnO2 NPs of different sizes using 
Piper nigrum seed extract at three different calcination temperatures (300, 500, and 
900  °C). Their cytotoxicity test proved them to be toxic against the colorectal 
(HCT116) and lung (A549) cancer cell lines, depending on their size and dose. 
The cytotoxicity was attributed to the formation of reactive oxygen species (ROS), 
which was more abundant with the smaller NPs than with the larger ones. The 
reported IC50 values of SnO2 NPs with average particle sizes of 8.85  ±  3.5, 
12.76  ±  3.9, and 29.29  ±  10.9  nm were 165, 174, and 208 μg  L−1, respectively, 
against HCT116, whereas 135, 157, and 187 μg L−1, respectively, against the A549 
carcinoma cell lines. These stable SnO2 NPs were recommended as a potent thera-
peutic agent against cancerous cell lines (Tammina et al. 2017).

11.3.2  Plant-Assisted Template Synthesis of SnO2

Different forms of NPs such as nanotubes, nanospheres, and motifs have been fab-
ricated to enhance their convenient applications in areas of energy storage and gas 
sensing (Song et al. 2012; Ahamed Fazil et al. 2015; Sinha et al. 2017). Sun et al. 
(2005) developed a method to synthesize the biomorphic SnO2 microtubules, using 
cotton fibers as templates. The fibers were infiltrated with tin alkoxide solution and 
subsequently sintered at high temperatures to produce the final SnO2 microtubules 
of 5–15 μm diameter. The BET (Brunauer–Emmett–Teller) surface area and the 
pore volume of the biomorphic SnO2 microtubules were reported to be highest 
(SBET = 24.2 m2 g−1, Vmic = 0.075 mL g−1) at 700 °C based on the N2-adsorption iso-
therms. The fabricated porous SnO2 NPs were recommended for gas-sensing appli-
cations (Sun et al. 2005).
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SnO2 nanotubular materials were also fabricated using a sonochemical route 
with the assistance of cotton fibers to obtain a desirable and porous morphology for 
enhanced sensing response. The nanotubules so produced consisted of nanocrystals 
of 14.2 nm size when calcined at 700 °C. The SnO2 nanotubules exhibited a good 
selectivity for acetone at a working temperature of 350 °C, with the sensitivity to 
20 ppm acetone recorded as 6.4, and a rapid response and recovery (around 9–10 s) 
(Zhu et al. 2010).

He et al. (2011) prepared a biotemplate, using ramie fibers for the fabrication of 
SnO2/C biomorphic materials. In order to study the effect of the finishing processes 
on the material fabricated, the ramie fibers were given different treatments such as 
water washing, NaOH soaking, and oxidative bleaching. Ramie fibers and Sn(OH)4 
were used as the carbon and the SnO2 precursors, respectively, for each treatment 
process. The crystallite size of SnO2 in the SnO2/C biomorphic materials was 
recorded to be 2.0–5.0 nm, 2.5–6.3 nm, and 2.6–4.7 nm for each template, viz., 
original ramie fiber, NaOH-treated ramie fiber, and degummed ramie fiber, respec-
tively. The morphology and properties of the materials produced were reported to 
vary and could be effectively controlled with different finishing processes (He et al. 
2011). The biomorphic SnO2/C composites were also fabricated using the natural 
cotton as the structure template and the bio-carbon as the precursor (Li et al. 2014). 
These composites were made of the nano-sized small particles of about 20 nm. The 
carbon content in the composites obtained had a great impact on their electrochemi-
cal performances and could be adjusted by altering the sintering temperature. The 
composites prepared at 300 °C were reported to exhibit a reversible capacity of 530 
mAh g−1 after 100 cycles at a current density of 100 mA g−1. These were recom-
mended for energy storage application such as anode materials in the lithium-ion 
batteries (Li et al. 2014).

Song et al. (2012) described a method of SnO2 synthesis with morphology that 
mimics the bioreactors’ scaffolds of pollen grains. The technique consists of a facile 
two-step soakage process (the NP was mobilized on the pollen grain) followed by 
calcinations to reconstruct the microreactors of pollen grains (Brassica campestris) 
with the SnO2 nanoparticle as the gas-sensing materials. The resulting microreac-
tors of SnO2 NPs exhibited superior gas-sensing capabilities to NO2 in terms of 
response value and recovery rate, compared with other SnO2-based gas sensors 
(Song et al. 2012). The reported performance of other SnO2 sensors includes the 
sprayed SnO2 thin films (Leo et  al. 1999), SnO2 and WOx−SnO2 thick films 
(Chiorino et  al. 2001), SnO2 nanowires (Kim et  al. 2011), nanowire-structured 
SnOx−SWNT composites (Hoa et al. 2009), and ordered mesoporous SnO2 (Hyodo 
et al. 2003), as shown in Table 11.2.

Ahamed Fazil and associates adopted a plant-assisted template during the syn-
thesis of crystalline SnO2 motifs with porous structure using the Peltophorum ptero-
carpum pollen grains. The motifs were reported to be made up of SnO2 NPs of the 
size of 16–25 nm with a high BET surface area of 82.72 m2 g−1 recorded when 
annealed at 600 °C for 2 h. Since a larger surface area of the SnO2 motifs would aid 
the surface reaction with gases better, the resulting porous morphology proved to be 
useful for gas-sensing applications (Ahamed Fazil et al. 2015).
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11.3.3  Doped, Coupled, and Decorated SnO2 Nanostructure 
Synthesis

In order to overcome the challenge of large bandgap and high recombination rate in 
SnO2, such nanostructures as decorated, doped, and coupled SnO2 hetero-structures 
have been fabricated with enhanced characteristics. Only few reports have appeared 
so far on the synthesis of these SnO2 nanostructures using plant tissues and extracts 
(Sudhaparimala and Vaishnavi 2016; Sinha et al. 2017). Sinha and coworkers have 
reported a phytosynthetic technique for the fabrication of sphere-shaped Ag-SnO2 
nanocomposite of average particle size of 9  nm, employing the stem extracts of 
Saccharum officinarum. The study reveals the nanocomposite efficacy as being anti-
oxidant and antibacterial due to its action against Pseudomonas aeruginosa, 
Escherichia coli, and Bacillus subtilis. Also, the Ag-SnO2 nanocomposite was found 
to be a good photocatalyst, and its removal efficiency for the abatement of different 
industrially emerging pollutants such as methylene blue, rose Bengal, methyl violet 
6B, and 4-nitrophenol was recorded (Sinha et al. 2017). Further, tin (II) chloride and 
zinc acetate were used as the precursors and the gel of Aloe vera plant as the medium 
to fabricate the coupled nanocomposite of tin (IV) oxide and zinc oxide (SnO2/ZnO). 
The average crystallite size was 22.27 nm, while application studies recorded the deg-
radation of organic dyes, such as methyl orange, under the visible light irradiation. 
Moreover, the nanocomposite was effective against the growth of Staphylococcus 
aureus and E. coli at the microgram level (Sudhaparimala and Vaishnavi 2016).

11.4  Future Perspectives

SnO2 NPs have been widely researched for many important applications such as 
energy storage, gas sensing, and photocatalytic degradation. The synthesis route 
determines how safely they could be adopted in biological and biomedical exercises 

Table 11.2 Comparison of some SnO2-based gas sensors

No. SnO2-based gas sensor
Concentration 
(ppm)

Response 
time t1 (s)

Recovery 
time t2 (s)

Temp. 
(°C) Reference

1 Sprayed SnO2 thin 
films

∼15–50 360 300 350 Leo et al. (1999)

2 SnO2 and WOx−SnO2 
thick films

∼2 and 
∼5–10

>300 >300 250 Chiorino et al. 
(2001)

3 SnO2 nanowires <30–10 20–60 >300 300 Kim et al. (2011)
4 Nanowire-structured 

SnOx−SWNT 
composites

∼25–60 ∼50 211 200 Hoa et al. (2009)

5 Ordered mesoporous 
SnO2

<150–100 – – 300 Hyodo et al. 
(2003)

6 SnO2 microreactors 219.5–50 5 111 330 Song et al. 
(2012)
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(as nanofluids, anticancer, antioxidants, and antibacterial materials). The plant- 
assisted (green) synthesis method is a promising and viable technique to fabricate 
SnO2 nanostructures without using harmful chemicals. With the growing accept-
ability of NMs in biology and medical science, new windows have opened for 
potential research on green synthesis routes of SnO2 NPs, in order to render the NPs 
nonhazardous. Nonetheless, the complex mechanism of phytosynthesis of nanoma-
terials, such as SnO2 nanostructures, is yet to be completely understood. The step 
reactions involved and the identification of important isolates among the compo-
nents of plant extracts require in-depth studies to be taken up to adequately under-
stand, improve, and control the reactions for the desired NM synthesis. The efficacy 
of different SnO2 nanostructures as a photocatalyst in pollution control would be 
better appreciated if future researches on photodegradation use samples of mixed 
pollutants from different locations for critical analysis. These studies can facilitate 
an efficient and feasible field application of these photocatalysts to remove the vari-
ous environmental pollutants.

In the near future, many forms of SnO2 nanostructures with enhanced capabili-
ties and efficiencies are likely to be phytosynthesized through doping (metal and 
nonmetal), co-doping, decorating, and coupling with other metals, metal oxides, 
chalcogenides, etc. without using the harmful chemicals. Many potential researches 
would also adopt plant tissues as template for synthesizing the SnO2 nanostructures 
to improve their morphology and porosity and achieve increased surface area for an 
enhanced surface reaction, which would be suitable for such applications as gas 
sensing, self-cleaning, catalysis, and photocatalysis, among others.

11.5  Conclusion

By adopting the green (plant-assisted) synthesis methods, the commonly used hazard-
ous chemicals could be avoided, and the NPs synthesized would be safe for different 
applications. Since there are only few reports on progress with the plant-assisted syn-
thesis of SnO2 nanostructures, this review has summarized the efforts hitherto made 
with reference to the phytosynthesis of undoped, doped, and template-assisted SnO2 
nanostructures as well as their performance and applications.
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Chapter 12
Bionanoparticles in the Treatment 
of Glycation-Induced Secondary 
Complications of Diabetes

Pamela Jha and Ahmad Ali

Abbreviations

AGE Advanced glycation end products
CML Carboxymethyl-lysine
GA Glycated albumin
HbA1c Glycated hemoglobin
MG Methylglyoxal
NP Nanoparticle
RAGE Receptors for advanced glycation end products

12.1  Introduction

The European Commission has defined nanomaterial (NM) as a natural, incidental, 
or manufactured material containing particles in an unbound state or in an aggregate 
or agglomerate in which ≥50% of the particles in the number size distribution have 
one or more external dimensions in the size range 1–100 nm (Mu et al. 2014).

The rationale of nanoparticles (NPs) being an attractive alternative of bulk mate-
rial is based on their unique features, such as their surface to mass ratio, which is 
much larger than that of any other particles or materials. This allows catalytic pro-
motion of reactions as well as their ability to adsorb and carry other compounds. 
The reactivity of the surface originates from quantum phenomena and can make 
them unpredictable, immediately after their generation. NPs may have their surface 
modified, depending upon the presence of reactants and adsorbing compounds, 
which may instantaneously change with the changing compounds and thermody-
namic conditions. Therefore, on one hand, NP has a large (functional) surface which 
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is able to bind, adsorb, and carry other compounds like drugs, probes, and proteins; 
on the other hand, this surface might be chemically more reactive, compared to their 
fine analogues (Paul et al. 2004). There are different types of NPs like liposomes, 
nanocrystals, solid lipid NPs, polymeric NPs, dendrimers, silicon-based structures, 
carbon structures, and metal structures. Each of these types has its specific advan-
tages and dedicated applications (Husen and Siddiqi 2014a, b, c; Siddiqi and Husen 
2016; Husen 2017; Siddiqi et al. 2018a, b).

Diabetes has affected millions of the people all over the world (Shaw et al. 2010). 
Due to prolonged accumulation of glucose in the body, there is an overproduction 
of a group of harmful compounds commonly known as advanced glycation end 
products (AGEs). These products are generated as a result of nonenzymatic and 
covalent interaction between the carbonyl group of sugars and amino groups of 
proteins, nucleic acids, and lipids (Suji and Sivakami 2004). AGEs have been impli-
cated in various secondary complications of diabetes and neurodegenerative disor-
ders (Singh et al. 2014). A range of artificial and natural antiglycating agents have 
been designed to prevent the accumulation of AGEs and adverse effects of these 
compounds (Abbas et al. 2016; Ali et al. 2014). Recent upsurge in application of 
NPs in the field of medicine has led to their utilization in the management of glyca-
tion as sensors and antiglycating agents. This chapter deals with the process of 
glycation and application of plant-based NPs in the detection and prevention of 
glycated products.

12.2  Applications of Plant-Mediated NPs in Medicine 
and Healthcare

Nanoparticles have found many applications in the field of Science and Technology. 
Generally three approaches are used to synthesize NPs: chemical, physical, and 
biological. In the last few years, there are several reports in the literature regarding 
the toxicity of non-bioNPs. Accordingly focus has shifted toward the synthesis of 
bionanoparticles using microbes, algae, and plants. Plant-mediated NPs have found 
various applications in areas of medicine and healthcare and are used for diagnos-
tics, biological imaging, biosensors, and drug development (Husen and Siddiqi 
2014b; Husen 2017; Siddiqi et al. 2018a, b). The antioxidant, antimicrobial, antima-
larial, and antidiabetic properties of plant-mediated NPs have made them suitable 
for use in medicine. The antidiabetic activity of drugs and NPs is mostly concerned 
with decreasing the release of glucose, increasing the utilization of glucose and 
insulin release. However, with increasing evidence of glucotoxicity playing major 
roles in secondary complications of diabetes, focus has been shifted toward the use 
of these NPs in diagnosis and treatment of glycation. The main theme of this chapter 
is to highlight the mechanism of glycation, its prevention by natural agents and 
plant-mediated NPs.
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12.3  Glycation

Diabetes mellitus, which affects around 1–2% of the world population, has come up 
as a significant medical problem. Diabetic patients are prone to long-term micro- 
and macrovascular complications such as cardiomyopathy, atherosclerosis, retinop-
athy, cataract, neuropathy, and nephropathy (Suji and Sivakami 2004). 
Hyperglycemia has an important role in the pathogenesis of long-term complica-
tions, and the diabetic patients with poor blood glucose control are particularly at 
risk. Many mechanisms have been worked out to show the correlation. Production 
of AGEs through protein glycation reaction is one such mechanism, which depicts 
the role of hyperglycemia in the pathogenesis of diabetic complications. The high 
blood glucose nonenzymatically interacts with intracellular proteins, leading to the 
generation of different heterogeneous AGEs. The AGEs formed in the plasma inter-
act with receptors for AGEs (RAGE) and activate proinflammatory response. 
Several lines of evidence suggest that AGE/RAGE axis could profoundly be 
involved in diabetic complications, cardiovascular diseases, neurodegenerative dis-
eases, cancer, and aging (Daroux et al. 2010). Additionally, diffusion of AGEs out 
of the cell gives them an opportunity to react and modify the extracellular matrix 
molecules present in the vicinity, thereby causing cellular dysfunction since this 
affects the signalling between the matrix and the cell (Smit and Lutgers 2004). 
Elevated production of the glycation precursors, namely, the dicarbonyls methylg-
lyoxal (MG) and glyoxal, is witnessed in hyperglycemia, aging, cancer, and neuro-
degeneration. This leads to increase in AGEs and the subsequent pronounced 
molecular glycation damage (Pun and Murphy 2012).

12.3.1  Biochemistry of Glycation

Glycation is a nonenzymatic reaction in which carbonyl groups of sugar react with 
amino group of proteins and nucleic acids. Research on glycation began with the 
discovery by Louis Camille Maillard that heating amino acids and reducing sugars 
together result in a color change to yellowish brown (Thorpe and Baynes 1996). For 
this reason, the process of glycation is also known as “Maillard reaction” (Ashraf 
et al. 2016). Glycation involves posttranslational modification of proteins which is 
responsible for various diseases such as diabetes, cataract, Alzheimer’s, Parkinson’s, 
dialysis-related amyloidosis, atherosclerosis, physiological aging, etc. (Suji and 
Sivakami 2004).

Glycation is initiated by the reversible formation of a Schiff base between a 
reducing sugar and the amino group of a protein, DNA and lipoproteins. The Schiff 
base, which is relatively unstable, undergoes rearrangement to form a more stable 
Amadori product, which in turn undergoes a series of reactions like oxidation, 
reduction, hydration, etc. to form AGEs. The accumulation of these AGEs in the 
tissues is thought to be involved in diabetic complications and aging (Ashraf et al. 
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2016). This process completes within few days, weeks, or months, and it is an irre-
versible process (Fig. 12.1). AGEs are very stable and therefore accumulate inside 
and outside the cells and interfere with the function of macromolecules.

The early and advanced glycation end products are continuously synthesized in 
the body, even at normal glucose levels. However, the deleterious effect of these 
products is observed due to their consequential accumulation after sometime and 
particularly when the blood glucose level increases above the normal range. 
Glycated products interfere with the homeostasis mechanism of the body, which 
results in various diseases (Ali and Sharma 2015). AGE formation progressively 
increases along with the normal process of aging even in the absence of any disease. 
However, they are formed at an extremely accelerated rate in diabetic condition 
(Ashraf et al. 2014). There are three stages of glycation: early, intermediate, and late 
(Fig. 12.2).

Early Stage The carbonyl group of a reducing sugar interacts in a nonenzymatic 
way with an amino acid to form an unstable compound known as Schiff base (Nass 
et al. 2007). Sugars are reactive toward lysine residues, while dicarbonyls are mainly 
reactive toward arginine residues.

Intermediate Stage During this phase, the Schiff base may undergo hydrolysis and 
produce the original sugar and amino acid, or it may undergo cyclization, and then 
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Fig. 12.1 Mechanism of the formation of advanced glycation end products. (Adapted from 
Luevano-Contreras and Chapman-Novakofski 2010)
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Amadori rearranges to form Amadori products, which are relatively more stable 
compounds (Singh et al. 2014). However, under physiological and non-oxidative 
conditions, 90 percent of Amadori products may sustain a reversible reaction to the 
initial sugar and amino acid.

Late Stage In this phase, Amadori products can generate AGEs by oxidative or 
non-oxidative cleavage (Thorpe and Baynes 2003). The principal AGE produced in 
oxidative cleavage is carboxymethyl-lysine (CML), whereas dicarbonyl derivative 
3-deoxyglucosone is produced in non-oxidative cleavage. This derivative can react 
with an amino acid and form CML or other AGE cross-links like pyrraline, pentosi-
dine, imidazolone, etc.

12.3.2  Prevention of Glycation

The Amadori products and AGEs accumulate in the body even during the normo-
glycemic level as the process of glycation takes place continuously between the 
sugars and proteins. The amount of AGEs increases with an increase in the level of 
glucose in the blood, and, accordingly, the body is more severely affected by the 
deleterious effects of these products. AGEs bring about structural alteration of pro-
teins and other biomolecules and in turn cause the functional loss. The other mecha-
nism by which AGEs interfere with the normal functioning of cells is through the 
generation of reactive oxygen species. In the last few decades, efforts have been 

Fig. 12.2 The process of glycation comprising of three successive stages

12 Bionanoparticles in the Treatment of Glycation-Induced Secondary Complications…



304

made to develop anti-AGE therapeutics. There are several stages at which AGE 
formation can be prevented. The simplest mechanism is to inhibit the formation of 
Schiff base by blocking one of the two reacting groups, carbonyl or amino. The 
other stages which can be interfered with are the formation of Amadori products and 
modification of these products to AGEs. Some common strategies for the prevention 
of glycation are:

 (i) Use of inhibitors such as ascorbic acid, aspirin, metformin, etc., to prevent the 
formation of AGEs

 (ii) Use of drugs, e.g., hydrazine, for deglycation and transglycation approach for 
Schiff bases/Amadori products

 (iii) Reversal of AGE-induced modifications such as cross-links and aggregations, 
e.g., phenacylthiazolium bromide (PTB)

 (iv) Prevention from the deleterious effects of accumulated AGEs in the body, e.g., 
resveratrol and curcumin

12.3.2.1  Pharmacological Intervention of Deleterious Reactions

The deleterious effects of glycation products on the human health have been dis-
cussed above. These can be prevented by inhibiting their accumulation and associ-
ated damage to the biomolecules. The AGE inhibitors share a common feature in 
possessing a nucleophilic group such as amine or hydrazine that can react with 
intermediate carbonyl compounds formed during the process of glycation and AGE 
formation (Suji and Sivakami 2004).

Some of the approaches commonly accepted for prevention of the damaging 
effects of AGEs include the use of synthetic and natural compounds to inhibit the 
progression of glycation and repair the damage induced by AGEs (Ali et al. 2017). 
There are many classes of drugs which can help in the prevention of AGE forma-
tion; some of these act by preventing the glycation-induced oxidative damage of 
proteins and DNA (Ali and Sharma 2015). The radical-trapping antioxidants and 
metal ion chelators belong to these classes of inhibitors. However, it is very difficult 
to reduce significantly the accumulation of AGEs by one class of inhibitors. At the 
same time, it can be assumed that a single inhibitor may exert its effect by more than 
one mechanism. The reason behind all these ambiguities is that the exact mecha-
nism by AGEs-caused damage to the biomolecules has not been elucidated and the 
mechanism by which the inhibitors prevent the formation of AGEs is also not very 
clear. Several attempts have been made in the recent past to develop drugs, which 
can be used as multifunctional AGE inhibitor (Suji and Sivakami 2003).

12.3.2.2  Classes of AGE Inhibitors

Several classes of inhibitors have been identified on the basis of their mechanism of 
action (Abbas et al. 2016). Some of these are summarized in Table 12.1.
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12.4  Natural Inhibitors

The naturally occurring phytochemicals/products have been found to be relatively 
safe for human consumption, as compared to synthetic compounds. Natural com-
pounds are relatively nontoxic and inexpensive and can be made available in an 
ingestible form. A large number of plants and natural biomolecules have shown 
antidiabetic effects. Plant extracts have been tested for antiglycating activities, but 
the mechanism is yet to be fully understood. It is well established that glycation and 
AGEs formation are accelerated and followed by oxidative stress. The antioxidant 
compounds may likely be promising agents for the prevention of glycation and AGE 
formation. The polyphenolic compounds, especially the flavonoids, have received 
the maximum attention with special focus on antidiabetic properties (Soumyanath 
2006).

12.4.1  Natural Antiglycating Agents

There are numerous medicinal herbs and dietary plants that have been reported to 
possess antiglycating potential of similar or even higher order than that of amino-
guanidine, an artificial AGE inhibitor (Kang et  al. 2008). Plant-derived natural 

Table 12.1 Major class of AGE inhibitors, their mode of action, and examples

S. No. Type of inhibitor Mechanism of inhibition Examples

1. Inhibition of sugar 
attachment with 
proteins

Modification of sugar or 
protein molecules or ability to 
compete for the amino groups 
on the protein

Aspirin, diclofenac, pyridoxal-5- 
phosphate, metformin, 
pioglitazone, pentoxifylline, etc.

2. Inhibition by using 
antioxidants 
(radical scavengers)

Suppression of AGE formation 
by attenuating glycol oxidation 
and preventing oxidative stress

Calcium antagonists, amlodipine, 
quinine, acetylsalicylic acid, 
ibuprofen, etc.

3. Inhibition by metal 
chelators

Reduction of the metal ion 
catalyzed free-radical 
generation

Deferoxamine, DETAPAC, 
phytate, etc.

4. Inhibition of 
dicarbonyl 
intermediates

Ability to scavenge both 
reactive carbonyls and reactive 
free radicals formed during 
glycation

Aminoguanidine, pyridoxamine, 
thiamine pyrophosphate, etc.

5. Inhibition of 
Amadori product 
formation

Reaction with the sugar- 
derived moieties of glycated 
proteins and Amadori products, 
blocking of AGE receptors, i.e., 
RAGE

Tenilsetam and ethanol, 
antibodies against Amadori 
products, etc.

6. Inhibition of AGE 
and protein 
cross-links

Breaking the cross-linking in 
the formed AGEs

N-Phenacylthiazolium bromide, 
alagebrium (ALT-711), 
TRC4186, etc.
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products possess significant antiglycating potentials (Ali et al. 2014). Studies depict 
that antiglycating potential is correlated with total phenolics present in plant extracts 
(Hsieh et al. 2007). The methanolic extracts of whole plants of Calendula officinalis 
and fruits of Juglans regia have shown antiglycating activity with respect to bovine 
serum albumin. Similarly, ethyl acetate extracts of Erigeron annuus inhibited glyca-
tion of BSA, prevented opacification of lenses and inhibited aldose reductase in the 
in vitro experiments (Jang et al. 2010). The extract of Empetrum nigrum L. inhibits 
glycation in vitro, and its antiglycating activity can be correlated with radical scav-
enging activity (Harris et al. 2014). In the in vitro conditions, maltol showed a sig-
nificant inhibiting activity, as compared with aminoguanidine (Kang et al. 2008). 
Thus, antiglycating activity is exhibited by several plant species.

The polyphenolic compounds are the natural phytochemicals and are common 
constituents of plant-based foods which include fruits, vegetables, cereals, nuts, 
seeds, and chocolate and beverages like tea, coffee, and wine. The consumption of 
polyphenolic compounds is associated with several health benefits such as the pre-
vention of cancer (Landis-Piwowar et al. 2007), neurodegenerative diseases (Mandel 
and Youdim 2004), cardiovascular diseases (Vinson et  al. 2006), and diabetes 
(Kowluru and Kanwar 2007). Polyphenols are classified on the basis of source of 
origin, biological functions, and chemical structures, whereas chlorogenic acids 
present in Chrysanthemum species act as free-radical and metal scavengers and can 
interfere with the absorption of glucose and alter gene expression of antioxidant 
enzymes (Fiuza et al. 2004). The derivatives of cinnamic acid such as ferulic acid 
(3-methoxy-4-hydroxycinnamic acid) also display AGEs’ inhibiting activity (Banan 
and Ali 2016; Meeprom et al. 2013). Ellagic acid also prevents glycation-mediated 
beta sheet formation in hemoglobin and the lysozyme that shows its ability of anti-
glycation (Torres-Piedra et al. 2010). It has the ability to encage MG and glyoxal 
and can thus inhibit AGEs formation.

12.4.2  Mechanisms for Inhibition of Glycation

Complexity of Maillard reaction is the major hurdle in identifying the mechanism 
behind inhibition of glycation by molecules and products of natural origin. It can be 
stated that AGEs are the major pathogenic culprits for diabetes and its complication. 
Several mechanisms have been proposed for inhibition of glycation by means of 
plant products and natural compounds that target essential stages of glycation.

These are certain mechanisms which can correlate antiglycating activity with 
antidiabetic potential of plants and their compounds (Tupe et al. 2016). The mecha-
nisms include antiglycemic or hypoglycemic actions of plant products and their 
compounds (e.g., Albizia odoratissima, Allium cepa); inhibition of Amadori prod-
uct formation (e.g., Salacia chinensis, etc.); inhibition of the formation of AGEs and 
its precursors (Ilex paraguariensis); reduction of cross-linking (green tea extract), 
radical scavenging and antioxidant activity (extracts of wild berries), and  scavenging 
of dicarbonyl compounds (catechin and epicatechin, procyanidin, B2 isolated from 
cinnamon bark extract); etc.
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12.5  Plant-Mediated NPs in Detection of Diabetes

We have discussed the significance of bioNPs in medicine and the strategies for 
inhibition of glycation-mediated secondary complications of diabetes. However, the 
natural as well as synthetic inhibitors have their own limitations. Synthetic drugs are 
associated with certain limitations like high cost, gastrointestinal disturbances, liver 
toxicity, development of hypoglycemia, fatigue, weakness, shortness of breath, nau-
sea, dizziness, kidney toxicity, lactic acidosis, etc. (Modak et  al. 2007). Renal 
patients are not allowed to take certain specific type of synthetic drugs. Limitations 
of natural inhibitors, on the other hand, include lack of dose-dependent standardiza-
tion of inhibitors for their efficacy and safety (Ernst 2005). Different types of NPs, 
such as glucose sensors, glycated protein (Hb and albumin) sensors, protein oxida-
tion sensors, and AGE’s sensors, are used for assessment of glycation-induced com-
plications of diabetes.

In the field of diabetes management, nanotechnology is applicable to glucose 
monitoring, insulin delivery, drug delivery, and wound healing. Fluorescent glucose 
nanosensors provide continuous glucose monitoring in contrast to the conventional 
finger prick tests. Whereas the conventional sensors are based on enzymes like glu-
cose oxidase, the nanosensors incorporate the same enzyme, an oxygen-sensitive 
fluorescent indicator and a fluorescent dye insensitive to oxygen as a reference (Xu 
et al. 2002). The other enzyme, hexokinase, known to bind glucose and induce a 
conformational change in the protein, was used in nanosensors which caused a 25% 
reduction in its intrinsic fluorescence (Hussain et  al. 2005). Another major issue 
with diabetes control is insulin delivery. The low oral bioavailability and short half- 
life of insulin can be overcome by encapsulating it in NPs. Insulin-loaded NPs 
delivered orally demonstrate a sustained effect of decreasing the blood glucose level 
over a longer period of time, as compared to subcutaneous injections (Lin et  al. 
2007). Many drugs of diabetes management have a short half-life and poor absorp-
tion characteristics. Nanodrug delivery systems, such as gliclazide-loaded Eudragit 
(L100 and RS), can release the drug in a controlled manner for extended periods of 
time (Devarajan and Sonavane 2007). One major impact of diabetes is the slow 
wound healing. Nanofibers have exhibited higher wound-healing rates in compari-
son to controls; the poly-n-acetyl glucosamine (sNAG) biodegradable nanofibers 
were found highly effective. Epidermal growth factor (rhEGF)-conjugated nanofi-
bers have also been used for in vivo wound healing of diabetic ulcers in mice (Choi 
et al. 2008).

12.5.1  Glucose Sensors

Monitoring of glucose in an individual is the key factor in the management of dia-
betes. Therefore, the last four decades have observed evolution of glucose meters, 
noninvasive glucose monitoring (NGM) devices and continuous glucose monitoring 
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systems (CGMS) (Rahisuddin 2018). With reference to the use of nanotechnology, 
the following two primary approaches have been incorporated into glucose sensors 
(Cash and Clark 2010).

In the first approach, the sensors can be designed inclusive of macro- or 
microscale components (such as electrodes and supporting hardware) but include 
either a nanostructured surface or a nanomaterial. The advantages of these designs 
are high surface area (leading to increase in current and prompt responses) and 
enhanced catalytic activities. These approaches with modified designs would be 
implemented for continuous monitoring of glucose. However, these sensors need to 
be studied thoroughly for their fouling and shelf life before implementation.

In the second approach, nanofabrication techniques can be used to make glucose 
sensors that are nanoscale in all dimensions. The advantages of these designs are 
that they can be used as injectables with an ease in implantation and administration. 
In this approach, the shelf life is potentially longer than the earlier one. However, 
these sensors have a limited clinical data and hence need to be researched more 
before implementation on a commercial scale.

12.5.2  Glycated Protein Sensors

In a recent study, Ghosh et al. (2017) have investigated an optical sensor comprising 
of DNA aptamer, semiconductor quantum dot, and AuNPs for the detection of gly-
cated albumin (GA). The system “turn on,” due to increase in photoluminescence 
intensity, was caused due to addition of GA to the sensor. This might be possible 
due the structure of DNA aptamer, which undergoes folding to form a hairpin loop, 
before the addition of analyte. In order to bind to GA, this loop is supposed to open 
up after the addition of the target to the sensor.

This pushes the quantum dot and the AuNPs away leading to increase in photo-
luminescence. A linear increase in photoluminescence intensity and quenching effi-
ciency of the sensor is observed as the GA concentration is changed. The present 
work demands further studies with higher number of clinical samples to be effec-
tively and largely employed in efficient diagnosis and monitoring of diabetes 
mellitus.

12.5.3  Protein Oxidation Sensors

For the electrochemical analysis of proteins, a number of sensors have been devel-
oped based on techniques including the direct as well as indirect electrochemistry 
following a selective reaction. Carbon nanotubes have been introduced to utilize 
their faster electron transfer kinetics and to provide a wire to the redox site of a 
protein. Applications cover a very broad range of proteins (Jacobs et al. 2010).
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12.5.4  AGE’s Sensors

The vanadium oxide nanoplates synthesized through microwave assistance were 
used as an interface material in the fabrication of modified Au working electrode for 
electrochemical MG (predominant precursor of AGEs) biosensor. These nanosen-
sors showed a very high sensitivity with a linear range of 3–30 μM and a response 
time less than 8 s toward MG. The lifetime and percentage recovery of the sensor 
were found to be 25  days and 102.5–108.7%, respectively (Bhat et  al. 2008). 
Previously, Ghosh et al. (2007) demonstrated the application of gold NPs synthe-
sized on a protein template in the sensing of AGEs. This sensing property of gold 
NPs of glycated protein was confirmed using the techniques like transmission elec-
tron microscopy, surface plasmon resonance, CD, and FTIR.

12.6  Plant-Mediated NPs in Prevention of Glycation 
and Treatment of Diabetes

The most commonly used NPs for the treatment of glycation-induced diabetic com-
plications are Ag, Au, and Se. The general strategy for checking the effect of NPs on 
glycation is to incubate NPs with the glycation system (protein + sugar) and then 
compare the amount of glycation products in the presence and absence of NPs. The 
glycation products are measured by several established methods including the mea-
surement of browning, fructosamines, carbonyl content, total AGEs by spectrofluo-
rimetry, HPLC, protein structural characterization by CD, and gel electrophoresis 
(Ali et al. 2017). The NP is classified as an antiglycating agent if there is a signifi-
cant decrease in the AGEs in the glycation system.

In one report, Pickup et al. (2008) emphasized that NPs are potent therapeutic 
agent to control diabetes with very few side effects. They asserted that the AgNPs 
were efficient in control of the sugar level of 140  mg  dl−1 in mice successfully. 
Manikanth et al. (2010) found that α-amylase inhibitory components are abundantly 
present in the ethanolic extract of Sphaeranthus amaranthoides. In a similar study, 
AgNPs synthesized by using the same plant, Swarnalatha et al. (2012) reported that 
these NPs inhibited a-amylase and acarbose sugar in diabetes-induced animal 
model. In the same year, Daisy and Saipriya (2012) found AuNPs to have high 
therapeutic effects against diabetic models. The AuNPs used were significantly able 
to reduce the level of liver enzymes such as alanine transaminase, alkaline phospha-
tase, serum creatinine, and uric acid in treated diabetes mice. Also, these diabetic 
models treated with AuNPs showed a decrease in HbA1c (glycated hemoglobin).

Collagen has been a protein of interest to study glycation because of its stability, 
great abundance in the body, and its application in cosmetic surgical treatments. 
Kim et al. (2012) reported the antiglycating effect of gold NPs on collagen. Gold 
NPs (nearly 20 nm) significantly decreased the level of glycation products in the 
glycated collagen sample. The results presented by Kim and colleagues (2012) also 
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suggest that gold NPs can be used for the prevention of glycation-induced skin 
aging.

In an initial effort on the use of selenium NPs in the prevention of glycation, Yu 
et  al. (2015) studied the effect of SeNPs on BSA-glucose glycation system 
(Fig. 12.3) and found that SeNPs can prevent the progress of protein glycation in a 
concentration-dependent but time-independent manner under the specified reaction 
conditions (55  °C, 40  h). The mechanism inferred for the inhibitory efficacy of 
SeNPs might be related to NPs’ (i) strong competitive activity against the available 
amino groups in proteins, (ii) very high scavenging activity on ROS, and (iii) inhibi-
tory effect on the formation of α-dicarbonyl compounds. It was also proven that 
SeNPs protect proteins from structural modifications in the system and do not show 
any significant cytotoxicity toward BV-2 and BRL-3A cells up to 50 μg mL−1. Thus, 
SeNPs may be extended to in vivo studies as the potent antiglycation agents.

Ashraf et al. (2014) observed inhibitory effect of gum arabic capped-AgNPs on 
AGEs formation, which proves the potential of these bioNPs to be an effective anti-
glycating agent. The mixtures of BSA and MG, incubated with different concentra-

Fig. 12.3 Inhibitory effect of selenium NPs on glycated BSA. (Adapted from Yu et al. (2015)
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tions of NPs, caused significant reduction in AGEs, as confirmed by UV-Vis, 
fluorescence spectrometry, and HPLC techniques.

Leaf extract of Solanum nigrum was used to synthesize AgNPs, which were 
evaluated for antidiabetic activity in alloxan-induced diabetic rats. The AgNPs- 
treated diabetic rats could significantly improve the dyslipidemic condition, similar 
to diabetic control. Reduction in the blood glucose level was observed over the 
period of treatment. The body weight was also improved, showing the S. nigrum 
extract-mediated AgNPs as a potential antidiabetic agent against the alloxan- 
induced diabetes in rats (Sengottaiyan et al. 2016).

In another report (Ashraf et al. 2016), inhibitory strength of AgNPs, synthesized 
with Aloe vera leaf, in HSA (human serum albumin) glycation was shown. These 
NPs were characterized using UV-Vis spectroscopy, energy-dispersive X-ray spec-
troscopy, high-resolution transmission electron microscopy, X-ray diffraction, and 
dynamic light-scattering techniques. The inhibitory effects of AgNPs on AGEs for-
mation were assessed by checking the degree of reactivity of free amino groups 
(lysine and arginine residues), protein-bound carbonyl and CML content, and the 
impact on protein structure. It was found that AgNPs significantly inhibited AGEs 
formation in a concentration-dependent manner and also had a positive effect on 
protein structure. It was recommended that AgNPs may play a therapeutic role in 
diabetes-related complications (Ashraf et al. 2016).

In a recent report, ZnONPs synthesized from aqueous extract of Aloe vera leaf 
were found to be a potent antiglycating agent, as they could inhibit the formation of 
AGEs and protect the protein structure from modification. This proves the therapeu-
tic efficacy of ZnONPs in controlling the AGE-related complications (Ashraf et al. 
2018).

Curcumin, an active ingredient of turmeric, has been shown to assist in wound 
healing in diabetic mice (Merrell et al. 2009). Curcumin treatment enhanced the 
biosynthesis of extracellular matrix proteins and also increased the formation of 
granulation tissue. However, the low in vivo stability and low bioavailability of cur-
cumin make it difficult for oral administration. Nanofiber matrices are able to mimic 
the diameter of collagen fibrils in the extracellular matrix. Curcumin-loaded poly 
(ε-caprolactone) nanofibers were shown to reduce inflammation and enhance wound 
closure in vivo in a diabetic mouse model (Merrell et al. 2009). Poly-N-acetyl glu-
cosamine (sNAG) nanofibers were shown to be effective in wound healing and are 
biodegradable (Scherer et  al. 2009). Plant-mediated metal NPs that are used for 
management of secondary complications of diabetes are mentioned in Table 12.2.

In a recent report, leaf of Stevia rebaudiana along with chitosan was used to 
establish their antidiabetic potential in experimental rat model of streptozotocin 
(STZ)-induced diabetes mellitus. These NPs showed a significant reduction in rat’s 
mean fasting blood glucose level, compared with the diabetic control group. Also, 
the serum levels of various enzymes, viz., serum glutamic oxaloacetic transaminase 
(SGOT), serum glutamic pyruvic transaminase (SGPT), alkaline phosphatases 
(ALP), lipid peroxidation, and antioxidant such as catalase (CAT), reduced glutathi-
one (GSH), and superoxide dismutase(SOD), in these NPs-treated group were 
closer to normal levels than those in the diabetic control group (Perumal et al. 2016).
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12.7  Conclusion and Future Prospective

Advanced glycation end products have been implicated in many pathophysiological 
conditions including diabetes, cataract, Alzheimer’s, and Parkinson’s diseases. 
Some artificial compounds have been tested during the last decade for their antigly-
cating potential, but a single drug, which can prevent the accumulation of AGEs, 
could not be developed so far. This has led to search for natural compounds and 
their derivatives with antidiabetic and antiglycating potential. Some compounds 
like phenolics, curcumin, and eugenol have shown promising results. Of late, NPs 
(both bio and non-bio) have been synthesized and characterized for their antidia-
betic and antiglycating properties. Although the plant-mediated NPs with antigly-
cating potential are still very few, their advantage over the synthetic drugs makes 
them a suitable tool for diagnosis and prevention of glycation and glycation- 
mediated secondary complications of diabetes.

On the basis of in vitro and animal model studies, several plant products have 
been found to be effective supplements against glycation. It is therefore desirable to 
undertake their clinical trials on human beings in order to set their appropriate phys-
iological concentration and understand their mode of action. Bioavailability of 
polyphenols is influenced by several factors such as bioaccessibility, transporters, 

Table 12.2 Role of the plant-mediated NPs in glycation-induced diabetic complications

Name of the 
plant

Plant 
part

Metal 
used Significance Reference

Tephrosia 
tinctoria

Stem Ag NPs scavenged free radicals, decreased 
levels of enzymes that catalyze hydrolysis 
of complex carbohydrates (α-glucosidase 
and α-amylase), and increased the 
consumption rate of glucose

Rajaram et al. 
(2015)

Cassia fistula Stem Au NPs-treated diabetic model showed a 
decrease of HbA1c level which is 
maintaining the normal range

Daisy and 
Saipriya 
(2012)

Sphaeranthus 
amaranthoides

Whole 
plant

Ag Inhibitory activity on α-amylase and an 
IC50 was significantly lower than the 
standard drug, acarbose

Swarnalatha 
et al. (2012)

Sphaeranthus 
amaranthoides

Whole 
plant

Au α-amylase inhibitory components are 
present in ethanolic extract of S. 
amaranthoides

Manikanth 
et al. (2010)

Acacia Senegal Leaf Ag The mixtures of BSA and MG incubated 
with increasing concentrations of AgNPs 
showed significant reduction in AGEs

Ashraf et al. 
(2014)

Solanum nigrum Leaf Ag AgNPs-treated diabetic rats showed 
significantly improved dyslipidemic 
condition as seen in the diabetic control. 
Blood glucose level was also reduced

Sengottaiyan 
et al. (2016)

Aloe vera Leaf Zn Displayed strong capability of antioxidant 
and antiglycating agent as well as 
protected protein from damage by MG

Ashraf et al. 
(2018)
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molecular structures, metabolizing enzymes, etc. It is necessary to generate new 
techniques such as nanotechnology and homogenization, which can enhance bio-
availability of natural inhibitors such as polyphenols. The NPs and nanoencapsulation- 
based albumins and polyphenols have been generated. In future more intense 
investigations are likely to be undertaken with regard to the long-term and acute 
hypoglycemic, antiglycating, and hypolipidemic effects of this homogenization, 
NPs, and NP encapsulation on type 2 diabetes.
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Chapter 13
Andrographis paniculata: From Traditional 
to Nano Drug for Cancer Therapy

Rabea Parveen, Bushra Parveen, Abida Parveen, and Sayeed Ahmad

13.1  Introduction

Dried stems and leaves of Andrographis paniculata (Burm. 128a.) Wall. ex Nees of 
the family Acanthaceae have long been used as a traditional herbal drug for a variety 
of human ailments. Its therapeutic effects are due mainly to the andrographolide, a 
labdane diterpenoidal compound (Chadha 1985; Chopra et al. 1956; Niranjan et al. 
2010; Anonymous 2010). It is intensely bitter in taste and therefore known as “King 
of bitters.” The plant is known as Kalmegha in Ayurveda, Kiryat in Unani, Kalomeg 
in Homeopathy systems of medicine, Kalpnath in Nepali medicine, Chuan Xin Lian 
in Chinese medicine, Fah Tha Lai in traditional Thai medicine, Hempedu bumi in 
Malaysian medicine, Senshinren in Japanese traditional medicine, Green chiretta in 
Scandinavian countries, and Nain-e havandi in Iranian folk medicine (Kumar et al. 
2004; Barilla 1999; Handa and Sharma 1990).

Native to China, India, and Taiwan, A. paniculata is found throughout the tropi-
cal and subtropical Asia and Southeast Asia, including Cambodia, Indonesia, Laos, 
Malaysia, Myanmar, Sri Lanka, Thailand, Vietnam, and also the Caribbean islands 
(Niranjan et al. 2010; Wu et al. 1996; Benoy et al. 2012; Hossain et al. 2014). In 
India, it occurs largely in areas from Himachal Pradesh to West Bengal, Assam and 
Mizoram, and all over the South India.

The major phytoconstituents present in the herb are andrographolide, bisan-
drographolide A, isoandrographolide, neoandrographolide, homoandrographolide, 
andrographiside, andrographin, andrographan, andropanoside, andrographosterin, 
14-deoxy-11,12-didehydroandrographolide, 14-deoxyandrographolide, panicolin, 
chlorogenic and myristic acids, and various methoxyflavones (Pholphana et  al. 
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2013; Saxena et al. 2010; Chao and Lin 2010; Smith et al. 2006; Bhaskar et al. 2003; 
Radhika et al. 2010; Chao et al. 2010; Pholphana et al. 2004; Cheung et al. 2001; 
Pramanick et al. 2007). Andrographolide is the main ingredient responsible for its 
therapeutic effects. However, its effectiveness is hampered by its low aqueous solu-
bility (3.29 ± 0.73 μg/mL), high lipophilicity (with log P value = 2.632 ± 0.135), 
and low bioavailability (Parveen et al. 2014).

13.2  Traditional Uses of Andrographis paniculata

Traditionally, the drug has been used as aperients, bitter tonic, and stimulant in 
Indian and some other traditional healthcare systems such as Chinese, Iranian, 
Japanese, and Thai systems of medicine (Kumar et al. 2014). A. paniculata has been 
reported to have antibacterial (Singha et al. 2003), antiviral (Calabrese et al. 2000), 
antiparasitic (Umar et al. 2012), and antifungal (Sule et al. 2012; Bhatnagar et al. 
1961) activities and choleretic, hypoglycemic, hypocholesterolemic, adaptogenic, 
anti-inflammatory, emollient, astringent, diuretic, carminative, anthelmintic, anti-
pyretic, and hepatoprotective properties (Jarukamjorn and Nemoto 2008; Parixit 
et al. 2012).

In China, the drug is used as a blood purifier and immunity enhancer. Because of 
its blood-purifying activity, it is used to treat gonorrhea, leprosy, scabies, and other 
dermal disorders like boils, eruptions, and patches (Deng 1978). Being bitter and 
cold, it is used as anti-inflammatory, antipyretic, detumescent, and detoxicant 
(Saxena et al. 2010) and provides a popular therapy for fevers, common cold, laryn-
gitis, pharyngitis, tonsillitis, pneumonia, hepatitis, and respiratory infection (Chang 
and But 1987; Zhang 2000; Muluye et al. 2014; Chen et al. 2012).

In India, it has a traditional use in managing the liver disorders in Ayurveda 
(Chua 2014; Anonymous 2004; Khare 2007; Balachandran and Govindarajan 
2005), against hepatic problems, leprosy, gonorrhea, scabies, boils, skin eruptions, 
and chronic and seasonal fevers in Unani (Kabeeruddin 1937; Dymock 1972; Kabir 
et al. 2014) and against general debility, dysentery dyspepsia, upper respiratory tract 
infection, and syphilis in Homeopathy (Rajpal et al. 2011; Carr and Nahata 2006). 
The leaf juice is used to relieve griping, loss of appetite, and irregular bowel habits 
both in infants and adults (Farooqi and Sreeramu 2001; Hossain et al. 2014).

It is used for the treatment of cough with thick sputum, carbuncle and sores, diar-
rhea, dysentery, pharyngolaryngitis, diabetes, hypertension, and snakebite in 
Malaysia (Burkill et al. 1966); for fever in Nepal (Kunwar et al. 2010); for common 
cold in Japan (Kumar et al. 2004); for fever, common cold, and noninfectious diar-
rhea in Thailand (Pholphana et al. 2004); for fever, common cold, upper lung infec-
tion, and flu in Scandinavian countries (Cáceres et al. 1997); and for skin problems, 
flu, respiratory disease, and snakebite in Iran (Ebrahimi and Ebrahimi 2012; Valdiani 
et al. 2012).
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13.3  Pharmacological Potential

Apart from the above traditional uses of A. paniculata, recent studies on immuno-
modulatory and antitumor potential of andrographolide have identified it as a phy-
tomolecule of tremendous therapeutic importance for managing a variety of 
disorders such as asthma, allergic reactions, atherosclerosis, cancer, common cold, 
diarrhea, fever, inflammation, hepatotoxicity, hyperglycemia, hypertension, intesti-
nal disorders, leishmaniasis, microbial diseases, nervous disorders, respiratory sys-
tem impairment, and urolithiasis, as illustrated in Table 13.1. Toxicological studies 
on animal model have proved it to be a safe phytoconstituent (Guo et al. 1988).

13.3.1  Effects on Digestive System

There is no effective therapeutic treatment for liver disorders in the modern system 
of medicine, only symptomatic treatment is available, and therefore some alterna-
tive or complimentary system is highly desirable. The therapeutic effect of A. panic-
ulata is due to the presence of a diterpene lactone called andrographolide and some 
related terpenoidal analogues (Kishore et al. 2017). The hepatoprotective or hepa-
tostimulant role of andrographolide has been discussed in the recent past (Shi et al. 
2012; Singh et al. 2009; Kunwar et al. 2010). Khamphaya et al. (2016) studied its 
protective effect on the alpha-naphthylisothiocyanate (ANIT)-induced liver injury 
in a rat model and noted a decline in serum alanine aminotransferase (SGPT), aspar-
tate aminotransferase (SGOT), alkaline phosphatase, and γ-glutamyltransferase. It 
also lowered the expression of α-smooth muscle actin and NF-κB, indicating the 
protective effect against the ANIT-induced cholestatic liver injury (Khamphaya 
et al. 2016).

The mechanism underlying the protective effect of andrographolide was demon-
strated by Mittal et al. (2016) against the H2O2-induced cell death, lipid peroxida-
tion, and reactive oxygen species in HepG2 cells. They considered the antioxidant 
activity to be due to activation of heme oxygenase-1, regulated transcriptionally 
through Nrf2, due to inhibition of GSK-3β by phosphorylation. Andrographolide 
also activated the p38 MAP kinase, which caused upregulation of Nrf2. Binding to 
adenosine A2A receptor resulted in activation of Nrf2 expression (Mittal et  al. 
2016).

13.3.2  Effects on Cardiac System

Andrographolide was reported to have an antiatherogenic property as well as the 
capability to decrease the serum biomarkers in atherogenic serum that prevents the 
complications of atherosclerosis caused by Porphyromonas gingivalis (Al Batran 
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et al. 2014). Recent studies have shown that diterpene lactones from A. paniculata 
(andrographolide, 14-deoxy-11, 12-didehydroandrographolide, 14-deoxyandrogra-
pholide, and sodium 14-deoxyandrographolide-12-sulfonate) possess cardioprotec-
tive activities. Andrographolide protected the cardiomyocytes against the 
reoxygenation injury or hypoxia and upregulated the glutathione level and the activ-
ity of antioxidant enzymes. Andrographolide was also found to upregulate the 

Table 13.1 Therapeutic indications of A. paniculata on different systems of human body and 
against microbial infection

S. 
no.

Therapeutic effect Key references

Digestive system

1 Antidiarrheal Deng (1978); Gupta et al. (1990); Yin and Guo (1993)
2 Hepatoprotective Joselin and Jeeva (2014); Jayakumar et al. (2013); Niranjan et al. 

(2010); Maiti et al. (2006)
3 Antioxidant Verma and Vinayak (2008); Zhang and Tan (2000); Shen et al. 

(2000); Lin et al. (2009)
Cardiac system

4 Coagulant Wang et al. (1997)
5 Antihypertensive Huang (1987)
6 Cardioprotective Tan & Zhang (2004); Woo et al. (2008)
7 Antiatherogenic Al Batran et al. (2014); Lin et al. (2018 )
Urinary system

8 Antiurolithiatic Coresh et al. (2007)
9 Renoprotective Singh et al. (2009)
Immune system

10 Immunomodulatory Puri et al. (1993); Panossian et al. (1999); Iruretagoyena et al. 
(2005); Burgos et al. (1997); Qin et al. (2006)

Reproductive system

11 Contraceptive Akbarsha and Manivannan (1993); Kamal et al. (2003)
12 Antifertility Zoha et al. (1989); Akbarsha et al. (1990); Janarthanan (1990)
Nervous system

13 Neuroprotective Yen et al. (2013); Varela-Nallar et al. (2015); Tapia-Rojas et al. 
(2015); Serrano et al. (2014)

14 Alzheimer’s disease Geng et al. (2018)
Respiratory system

15 Bronchodilator Li et al. (2009); Ozolua et al. (2011); Peng et al. (2016a)
16 Anti-inflammatory Guan et al. (2013); Liao et al. (2016)
Hyperglycemia

17 Antidiabetic Zhang et al. (2009); Li et al. (2015)
Microbial infections

18 Antibacterial Rahman et al. (1999); Zaidan et al. (2005); Xu et al. (2006); 
Voravuthikunchai and Limsuwan (2006); Mishra et al. (2009)

19 Antifungal Bhatnagar et al. (1961); Sule et al. (2012)
20 Antiviral Chang et al. (1991); Wiart et al. (2005); King Spalding (2006); Lin 

et al. (2008); Seubsasana et al. (2011); Tang et al. (2012)
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mRNA and protein levels of GCLC (catalytic subunit of GCL) and GCLM (modi-
fier subunit GCL) (Woo et al. 2008).

One andrographolide analogue (14-deoxy-11, 12-didehydroandrographolide) 
showed a lesser vasorelaxation and hypotensive activity than verapamil (a Ca2+ 
channel blocker). Yoopan et al. (2007) suggested that the smooth vascular muscle is 
the main site of hypotensive effect of 14-deoxy-11, 12-didehydroandrographolide. 
The ethyl acetate fraction of A. paniculata and its major phytoconstituent androgra-
pholide have shown hypotensive effect in the anaesthetized Sprague-Dawley (SD) 
rats, which involved modulation of α-adrenoceptors, histaminergic receptors, and 
autonomic ganglion (Zhang and Tan 1997).

The hypolipidemic effect of andrographolide was demonstrated in yolk emul-
sion-induced hyperlipidemic mice and high-fat emulsion-induced hyperlipidemic 
rats. There was a significant decrease in the plasma levels of triglycerides, total 
cholesterol, and LDL by andrographolide at dose of 100 mg/kg body weight. A 
significant reduction was also found in the plasma levels of SGOT and SGPT by 
andrographolide when compared to that of the positive group (simvastatin). The 
cardioprotective effect was found to be due to upregulation of eNOS expression and 
downregulation of iNOS expression (Yang et al. 2013).

Due to anti-inflammatory activity of andrographolide, it inhibits the oxLDL (oxi-
dized low-density lipoproteins)-induced macrophage foam cell formation and low-
ers the oxLDL-induced lipid accumulation in these cells. It also decreases protein 
expression of CD36 and mRNA by inducing degradation of CD36 mRNA but 
enhances the expression of ABCA1 and ABCG1 proteins and mRNA.  It also 
improves the DNA-binding activity and LXR nuclear translocation. The suggested 
mechanism of andrographolide action in atherosclerosis is the induction of ABCG1- 
and ABCA1-dependent cholesterol efflux and inhibition of CD36-mediated oxLDL 
uptake (Lin et al. 2018).

13.3.3  Effects on Respiratory System

Andrographolide has a use in the treatment of respiratory disorders such as chronic 
obstructive pulmonary disease (COPD) and asthma. Andrographolide activates the 
redox-sensitive antioxidant transcription factor Nrf2 (nuclear factor erythroid-2-re-
lated factor 2) in COPD, which is characterized by a reduced Nrf2 activity (Mittal 
et al. 2016). The antioxidant effect of the drug was observed in the cigarette smoke-
exposed BEAS-2B bronchial epithelial cells wherein andrographolide decreased 
the lavage fluid cell counts and the levels of interleukin-1β, IP-10, MCP-1, and 
KC. It also decreased the levels of oxidative biomarkers like 8-isoprostane, 3-nitro-
tyrosine, and 8-OHdG and increased the activity of glutathione peroxidase and glu-
tathione reductase in the lungs of cigarette smoke-exposed mice (Guan et al. 2013).

The LPS and IFN-γ in combination strongly upregulate the interleukin (IL-27) 
production, which is related to the steroid-resistant airway hyperresponsiveness 
(SR-AHR). Andrographolide restored the steroid sensitivity to block IL-27 produc-

13 Andrographis paniculata: From Traditional to Nano Drug for Cancer Therapy



322

tion and AHR induced by LPS and IFN-γ, due to antioxidative activity of the drug. 
The LPS and IFN-γ markedly decreased the level of histone deacetylase (HDAC-2), 
an epigenetic enzyme mediating the steroid anti-inflammatory action. The drug sig-
nificantly restored the nuclear level of HDAC2 and total HDAC activity and lowered 
the ratio of total histone acetyltransferase/HDAC activity in the LPS and IFN-γ-
exposed mouse lungs. The results indicated that andrographolide could be a poten-
tial agent in re-sensitizing the steroid action in asthma (Liao et al. 2016).

Andrographolide and its analogs have also shown anti-inflammatory effects in a 
variety of inflammatory disease models. Among the different signaling pathways 
explored, the underlying mechanism is the inhibition of NF-κB activity and improve-
ment in the antioxidant defense caused by andrographolide via Nrf2 activation (Tan 
et al. 2017).

In a study by Li et al. (2012), andrographolide significantly decreased the eosino-
phil granulocyte count in bronchoalveolar lavage fluid and significantly downregu-
lated the expressions of eotaxin and interleukin (IL-5) in the bronchoalveolar lavage 
fluid, blood, and lung tissues, thus suppressing the infiltration of eosinophil granu-
locytes in the ovalbumin-induced asthma in a mouse model. In another study (Guan 
et al. 2011), it reversed the ovalbumin-induced increases in eosinophil counts, inter-
leukins (IL-4, IL-5, and IL-13) in lavage fluid, and the serum IgE level in an oval-
bumin-induced asthma model. It decreased the ovalbumin-induced airway 
eosinophilia, mast cell degranulation, mucus production, pro-inflammatory bio-
marker expression in lung tissues, and airway hyperresponsiveness.

Andrographolide showed relaxant effects on the tracheal smooth muscles of 
guinea pig. A. paniculata was effective against histamine-induced contraction, 
whereas andrographolide was more effective on carbachol-induced contraction. The 
mechanism of action involved the inhibition of Ca2+ influx into the smooth muscle 
cells of the trachea (Ozolua et al. 2011). The anti-inflammatory activity of androgra-
pholide studied by the allergen-induced airway inflammation and airways hyperre-
sponsiveness indicated that it decreases the airway hyperreactivity and inhibits the 
extensive infiltration of inflammatory cells in the lungs (Li et al. 2009).

The effect of andrographolide sulfonate, a water-soluble form of andrographolide 
available under the trade name of Xiyanping injection, was studied on lipopolysac-
charide-induced acute lung injury/acute respiratory distress syndrome characterized 
by a widespread lung inflammation (Peng et al. 2016a). The airway inflammatory 
cell recruitment and histological alterations of the lungs were significantly reversed, 
and the levels of pro-inflammatory cytokines in the serum, bronchoalveolar lavage 
fluid, and lung tissues declined. The drug also inhibited the MAPK-mediated 
inflammatory responses (Peng et al. 2016b).

In a study of cigarette smoke-induced chronic obstructive pulmonary disease and 
nontypeable Haemophilus influenzae-induced inflammation, andrographolide 
decreased the lung’s cellular infiltrates and the levels of CXCL1/KC, IL-1β, 
8-OHdG, TNF-α, and matrix metalloproteinases (MMP-8 and MMP-9). This is due 
to an increased Nrf2 activation and a decreased repressor function of the Kelch-like 
ECH-associated protein 1 (Keap1), thus indicating the potential use of androgra-
pholide in lung disorders (Tan et al. 2016).
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13.3.4  Effects on Nervous System

Andrographolide depicted neuroprotective effects against the lipopolysaccharide-
induced chemokine upregulation in mouse cortex and in the cultured primary astro-
cytes (Wong et  al. 2016). Its efficacy was assessed for psychiatric and cognitive 
disorders on the streptozotocin-induced diabetic Charles Foster albino rats, showing 
that it is effective against the diabetes-related cognitive deficits and the increased 
activity of acetylcholinesterase (Thakur et al. 2016).

Andrographolide is a competitive inhibitor of GSK-3β (glycogen synthase 
kinase-3β), a key enzyme of Wnt/β-catenin signaling cascade, suggesting the use of 
this drug in Alzheimer’s disease. It stimulated the neurogenesis process in the adult 
hippocampus of the APPswe/PS1ΔE9 transgenic mouse model (Varela-Nallar et al. 
2015; Tapia-Rojas et al. 2015; Serrano et al. 2014). At a dose of 0.1 mg kg−1 body 
weight, it significantly decreased the activation of microglia and reduced the pro-
duction of cytokines TNF-α, IL-1β, and pro-inflammatory factor, i.e., prostaglandin 
(PG E2) in the ischemic brain areas in rats with permanent middle cerebral artery 
occlusion (pMCAO) (Chan et al. 2010). To study the effect of andrographolide sul-
fonate in Alzheimer’s disease, APPswe/PSENΔ9 double transgenic mice were used 
to imitate the Alzheimer’s condition. The drug was administered to mice for 
7 months before the onset of Aβ plaque. Spatial memory test showed that the treat-
ment prevented the cognitive decline. Aβ deposits were unaffected, while synapse 
and hippocampus damage were significantly alleviated. The mitochondrial swelling 
and oxidative stress were decreased, indicating that this could be a promising drug 
for the treatment of Alzheimer’s disease via mitochondria protection (Geng et al. 
2018).

13.3.5  Effects on Urinary System

Studies on the protective effect of A. paniculata and andrographolide against the 
cyclophosphamide-induced urothelial toxicity have shown that the drug could 
reverse the inflammation caused by cyclophosphamide in the urinary bladder, lower 
the urinary protein and urea levels, and increase the glutathione content in the liver 
and bladder of mice with urothelial toxicity induced by cyclophosphamide. It also 
reduced the pro-inflammatory cytokine production and increased the level of inter-
feron-gamma (Sheeja and Kuttan 2006).

The oral administration of 200 mg/kg and 400 mg/kg of A. paniculata leaves 
extract in ethanol showed a protective effect in cisplatin-induced renal toxicity. 
Serum chemistry was used to determine the markers of oxidative stress, antioxidant 
enzymes, and serum biomarkers. All the oxidative stress markers were significantly 
increased in the toxic group; the condition was reversed in the treatment groups. 
Histopathological study supported these observations. The results of immunohisto-
chemistry showed a higher expression of KIM-1 and lower expression of Nrf2 in the 
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toxic group. The KIM-1 expression was significantly decreased, whereas the Nrf2 
expression was increased in the treatment groups (Adeoye et al. 2018).

13.3.6  Effects on Immune System

Several plant-derived compounds, such as andrographolide, capsaicin, colchicine, 
curcumin, epigallocatechol-3-gallate, quercetin, resveratrol, and genistein, have 
shown modulatory effects on the cellular and humoral immune functions in pre-
clinical investigations, thus proving their clinical potential (Jantan et al. 2015).

Andrographolide modulates both the innate and adaptive immune responses by 
producing Ag-specific antibody and regulating the macrophage activation of the 
phenotypic polarization (Wang et al. 2010). The immunomodulatory activity of a 
mixture of andrographolide, 14-deoxyandrographolide, and 14-deoxy-11, 12-dide-
hydroandrographolide was determined in a delayed-type hypersensitivity (DTH) 
induced by cyclophosphamide in mouse. The mixture enhanced the immune func-
tion by increasing the total WBC count and the number of plaque-forming cells in 
the spleen and depressed the hemagglutination antibody titer (Naik and Hule 2009). 
Andrographolide could also reduce the symptoms of autoimmune encephalomyeli-
tis by inhibition of CD4+ T-cell activation by dendritic cells and the antibody 
responses directed to myelin antigens (Iruretagoyena et  al. 2005). Moreover, it 
reduced the luciferase activity of the nuclear factor of activated T cells and inter-
fered with the nuclear distribution of the same, which leads to activation of c-jun 
N-terminal kinase phosphorylation. Also, it decreased the anti-CD3-induced ERK5 
and ERK1 phosphorylation in T cells (Carretta et al. 2009).

Andrographolide sodium bisulfate is a water-soluble analogue of androgra-
pholide, possessing antioxidant, anti-inflammatory, and immunomodulatory activi-
ties. Its antiphotoaging effect was studied on the ultraviolet irradiation-induced 
premature aging of mice. The topical application of the drug showed protective 
effects against the UV-induced disruption of elastic fibers and collagen fibers (Zhan 
et al. 2016).

13.3.7  Effects on Reproductive System

A. paniculata has shown the contraceptive (Akbarsha et al. 1990; Janarthanan 1990; 
Akbarsha and Manivannan 1993; Kamal et al. 2003) and antifertility (Burgos et al. 
1997; Mkrtchyan et al. 2005; Sattayasai et al. 2010) effects. The contraceptive effect 
was found to be due to termination of spermatogenesis in male albino rats (Akbarsha 
et al. 1990; Kamal et al. 2003). None of the female mice that consumed the food 
mixed with A. paniculata daily could conceive after mating with the untreated male 
mice of potential fertility, indicating that the drug has contraceptive effect (Zoha 
et al. 1989).
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Andrographolide inhibited the cytokinesis of the dividing spermatogenic cell 
lines, which consequently stopped spermatogenesis (Akbarsha and Manivannan 
1993; Kamal et  al. 2003). Andrographolide showed marked decreases in protein 
content and significant increases in the acid phosphatase, alkaline phosphatase and 
cholesterol levels with fructose present in the reproductive systems of rats, indicat-
ing antifertility effect of andrographolide (Janarthanan 1990). Administration of A. 
paniculata showed a negative effect on the blood progesterone content in rats, 
although the testosterone level was significantly increased in mice after 4 weeks of 
treatment (Panossian et al. 1999). Allan et al. (2009) observed no significant change 
in the reproductive or fertility potential of male Wistar rats on administration of an 
extract of A. paniculata. Further research is required to confirm the double stand 
activities of A. paniculata and andrographolide on the male and female sexual 
behaviors.

13.3.8  Hypoglycemic Effects

Some antidiabetic drugs decrease the level of blood glucose directly or indirectly, in 
addition to protecting both mass and insulin-secreting functions of pancreatic cells. 
The same dual function was shown by the andrographolide-lipoic acid conjugate in 
the alloxan-treated mice by decreasing the blood glucose level and increasing the 
insulin level. Simultaneously, it protected the pancreatic β cells by decreasing the 
loss of β cells and their dysfunctioning and by stimulating the glucose transport 
protein subtype 4 membrane translocation (Zhang et al. 2009). Andrographolide-
lipoic acid conjugate also increased the insulin sensitivity and decreased the homeo-
stasis model assessment of insulin resistance in type 2 diabetic rats (Li et al. 2015).

The ethanolic extract of A. paniculata and andrographolide caused delay in glu-
cose absorption by inhibiting the α-glucosidase and α-amylase enzymes in vitro, 
which was confirmed by in vivo studies on diabetic rats (Subramanian et al. 2008). 
The purified extract of A. paniculata and andrographolide showed antidiabetic 
effect on type 1 and type 2 diabetes mellitus models of rats, resembling the effects 
of metformin (Nugroho et  al. 2012). Andrographolide also showed antidiabetic 
effect in the autoimmune nonobese diabetic mice by decreasing the production of 
interferon-γ, IL-2, and IL-17, increasing the production of IL-10 and transforming 
the growth factor-β. It also showed increased expression of GATA3 mRNA and 
decreased expression of T-bet and RORγt mRNA (Zhang et al. 2013). The androgra-
pholide-enriched fraction of A. paniculata showed hypoglycemic effect in the neo-
natal streptozotocin-induced diabetic rats – a model of type 2 diabetic rats (Nugroho 
et al. 2014). Andrographolide attenuated the diabetes-associated cognitive deficits 
in the streptozotocin-induced diabetic Charles Foster albino rats. It  lowered the 
increased acetylcholinesterase activity and oxidative stress in brain tissues, the 
symptoms related to diabetes (Thakur et al. 2016).
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13.3.9  Some Other Effects

Antibacterial Effects A. paniculata has shown in vitro antibacterial activity against 
E. coli, Bordetella pertussis, Legionella pneumophila, Pseudomonas aeruginosa, 
Salmonella typhimurium, Shigella sonnei, Staphylococcus aureus, Streptococcus 
pneumonia, and S. pyogenes at very low concentrations (Xu et al. 2006). The aque-
ous extract of leaves showed activity against gram-positive (S. aureus and methicil-
lin-resistant S. aureus) and gram-negative (Pseudomonas aeruginosa) bacteria 
(Zaidan et al. 2005). The ethanol extract of A. paniculata exhibited significant activ-
ity against E. coli (Voravuthikunchai and Limsuwan 2006). The IC50 value of meth-
anol extract was 7.2𝜇g mL−1 against Plasmodium falciparum (Mishra et al. 2009). 
The antibacterial action of andrographolide was observed by measuring the mini-
mal inhibitory concentration against gram-positive bacteria. Radiolabeled uridine, 
thymidine, leucine, and N-acetyl glucosamine were used to check the effect on the 
biosynthesis of RNA, DNA, protein, and cell wall, respectively (Banerjee et  al. 
2017).

Antiviral Effects The antiviral activity of andrographolide has been reported against 
several viruses like herpes simplex virus 1 (HSV-1) (Wiart et al. 2005; Seubsasana 
et al. 2011), human immunodeficiency virus (HIV) (Chang et al. 1991), pestiviruses 
and flaviviruses (King Spalding 2006), and Epstein-Barr virus (EBV) (Lin et  al. 
2008). Extract of A. paniculata showed cytotoxic effects against the DENV1-
infected Vero E6 cells (Tang et al. 2012) and P3HR1 cells (Lin et al. 2008).

There is no approved antiviral drug against dengue virus. However, androgra-
pholide has shown antiviral effects against a variety of viruses, giving a hope of 
developing new antiviral drug with diverse effects. The activity of andrographolide 
against the dengue virus (DENV) serotype 2 and 4 was carried out in HepG2 and 
serotype 2 in HeLa cell lines only. The results showed significant anti-DENV activ-
ity in HepG2 as well as HeLa cell line (Panraksa et al. 2017). In a study of dengue 
vector A. aegypti, the percent mortality of larvae increased, whereas the number of 
eggs decreased with increasing concentration of andrographolide (Edwin et  al. 
2016). 

The ethanolic extract of A. paniculata and 5.0 μg ml−1 of andrographolide inhib-
ited the expression of Epstein-Barr virus lytic proteins, Zta, Rta, and EA-D, during 
the lytic cycle of virus in P3HR1 cells due to inhibition of transcription of two 
Epstein-Barr virus immediate-early genes (BZLF1 and BRLF1) that encode Zta and 
Rta, respectively. This indicates that the compound is potentially useful as an anti-
Epstein-Barr viral drug (Lin et al. 2018 ).

Antimalarial Effects The chloroform extract of the drug at 0.05 mg mL−1 concen-
tration completely inhibited the growth of malarial parasitic in 24 h of incubation; 
similar results were obtained with methanol extract at 2.5 mg mL−1 concentration in 
48  h. In vivo studies also showed a high antimalarial activity of A. paniculata 
(Rahman et al. 1999; Dua et al. 1999). Andrographide obtained from A. paniculata 
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has shown antimalarial activity against Plasmodium berghei NK65  in Mastomys 
natalensis (Misra et al. 1992).

Larvicidal Effects A. paniculata inhibited the growth of Anopheles stephensi larva 
and caused mortality in a concentration-dependent manner (Kuppusamy and 
Murugan 2009). Its ethanolic extract exhibited the ovicidal activity against Aedes 
stephensi (Chenniappan and Kadarkarai 2008). The methanol, chloroform, hexane, 
and ethyl acetate extracts of A. paniculata leaves showed inhibitory action against 
Culex quinquefasciatus and A. aegypti (Govindarajan 2011). Another study by 
Sheeja et  al. (2012) suggested that these extracts have provided an eco-friendly 
method for the control of Culex quinquefasciatus.

13.4  Pharmacological Validation Through Clinical Studies

Several clinical trials have been conducted on andrographolide to prove the reported 
therapeutic activities. A double-blind, placebo-controlled, parallel-group clinical 
trial was conducted on 185 individuals to study the effect of A. paniculata extract 
SHA-10 fixed combination (Kan Jang®) for the treatment of acute upper respiratory 
tract infections. The total score analysis revealed a significant improvement in the 
test group versus the placebo. The Kan Jang® had a progressive effect against these 
infections and also showed improvement in the inflammatory symptoms of sinusitis 
(Gabrielian et al. 2002). Kan Jang® tablets (A. paniculata extract), developed by the 
Swedish Herbal Institute in Gothenburg, mitigate the symptoms of common cold as 
well as uncomplicated sinusitis. A controlled, double-blind clinical trial conducted 
on 50 patients at the Health Center, Hallehälsan, in 1992, showed a significant 
reduction in the subjective symptoms of common cold and the duration of symp-
toms (Melchior et al. 1997).

Ethanol extract of A. paniculata cured 88.3% cases of acute bacillary dysentery 
and 91.3% cases of acute gastroenteritis. Administration of a tablet, containing neo-
andrographolide and andrographolide in the ratio of 3:7, to the patients of bacillary 
dysentery also gave a similar result (i.e., 91.1% cure rate), which was higher than 
one obtained with furazolidone or chloramphenicol (Chang and But 1987).

Another clinical trial was conducted on 13 HIV-positive patients and 5 healthy 
volunteers. Andrographolide was given orally at a dose of 5.0 mg kg−1 body weight 
for the first 3 weeks and then 10 mg kg−1 body weight for another 3 weeks. The dose 
was increased to 20 mg kg−1 body weight for the last 3 weeks. The results showed 
significant improvement in the CD4+ lymphocyte count (from 405 to 501 cells per 
mm3) in HIV-positive patients. No significant change was observed in the mean 
plasma HIV-1 RNA levels (Calabrese, et al. 2000).

In a randomized, double-blind, and controlled clinical trial, A. paniculata was 
administered to 152 Thai patients of pharyngotonsillitis at a dosage of 6 g per day 
for 7  days, and the result was similar to one obtained by using acetaminophen 
(Thamlikitkul et al. 1991).
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In another trial, the treatment with A. paniculata extract SHA-10 reduced the 
intensity of the symptoms of tiredness (OR = 1.28; 95% CI 1.07–1.53), sleepless-
ness (OR = 1.71; 95% CI 1.38–2.11), sore throat (OR = 2.3; 95% CI 1.69–3.14), and 
HSP (OR = 2.51; 95% CI 1.82–3.46), as compared with the placebo group in a 
duration-dependent manner. Intensity of all the symptoms was significantly reduced 
in the 4-day-treatment group (Cáceres et al. 1999).

In a double-blind, placebo-controlled, and randomized study by Saxena et  al. 
(2010), the extract of A. paniculata leaves (200 mg per day) or placebo was given to 
the 223 patients of both sexes having upper respiratory tract infection (URTI), and 
9 self-evaluated symptoms (cough, earache, expectoration, fever, headache, mal-
aise/fatigue, nasal discharge, sleep disturbance, and sore throat) were observed. In 
both the groups of test and placebo, the mean scores of all symptoms exhibited a 
decreasing trend from day 1 to day 3. However, from the third to the fifth day, some 
symptoms in the placebo group remained unchanged (cough, earache, and head-
ache) or got aggravated (sleep disturbance and sore throat), whereas all symptoms 
were significantly reduced in the test group (p ≤0.05). The overall efficacy of the 
test over the placebo was significant (p ≤0.05) with a 2.1 times (52.7%) improve-
ment (Saxena et al. 2010).

In a prospective, double-blind, randomized, and placebo-controlled study based 
on 60 patients of rheumatoid arthritis (RA), tablets of an extract of A. paniculata 
were administered three times per day for 14 weeks, followed by a 2-week washout 
period. At the end of the treatment, intensity of joint pain decreased in the test 
group, as compared to the placebo group, although the variance was not statistically 
significant. A reduction was also observed in rheumatoid factor, C4, and IgA 
(Burgos et al. 2009).

A multicenter, randomized, and double-blind, 8-week parallel-group trial was 
conducted on 120 patients of ulcerative colitis at five centers in China. The extract 
of A. paniculata leaves was given to patients at a dose of 1200 mg per day and com-
pared with that of 4500 mg per day of slow-release mesalazine granules. In the test 
group, clinical remission was seen in 21% of patients and response in 76%, whereas 
16% of remission and 82% of response were recorded in the mesalazine-treated 
patients (Tang et  al. 2011). By colonoscopy, however, the clinical remission and 
response were observed in 28% and 74% of the extract-treated patients, and in 24% 
and 71% of the mesalazine-treated patients, respectively (Tang et al. 2011).

Two double-blind, randomized, placebo-controlled parallel, group clinical trials 
were conducted on 46 patients of upper respiratory tract infections in Sweden. The 
patients were treated with a commercial formulation consisting of the standardized 
extracts of A. paniculata and Eleutherococcus senticosus in a fixed combination 
(Kan Jang), three times a day for a minimum of 3 days and a maximum up to 8 days. 
Another phase III study was conducted on 179 patients for 3 days. The results of 
both the studies showed a highly significant relief of throat symptoms in the drug-
treated groups, when compared to the placebo-treated groups (Melchior et al. 2000). 
In a three-arm study, the effect of Kan Jang (as an adjunct to standard treatment) 
was also studied in uncomplicated respiratory diseased children (4–11 years) for 
10 days. Patients receiving Kan Jang showed less severe symptoms and faster recov-
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ery and a significantly lesser requirement for the standard medication (Spasov et al. 
2004).

The antidiarrheal effect of andrographolide from A. paniculata was studied on 80 
patients of acute bacterial diarrhea in China. The drug was given at a total dose of 
500 mg in divided doses (three times a day) for 6 days. The results showed a cure 
rate of 82.5%, and the effectiveness of the therapy was confirmed by laboratory tests 
of stool (Yin and Guo 1993). In another study, A. paniculata was used to treat 1611 
patients of bacterial dysentery and 955 patients of diarrhea and showed 91.3% of 
effectiveness (Deng 1978).

In a randomized controlled trial conducted on 60 patients of hypertriglyceride-
mia, the patients were treated with high and low doses of andrographolide and com-
pared with gemfibrozil. The significant reduction caused by andrographolide in 
triglycerides level was comparable to one caused by gemfibrozil (Phunikhom et al. 
2015).

In a trial conducted on 46 patients of hand, foot, and mouth diseases, 28 received 
the conventional therapy, whereas 18 received a combination of andrographolide 
sulfonate plus the conventional therapy. Combination therapy reduced the elevated 
plasma levels of myeloperoxidase, histone, S100A8/A9, and interleukin-6 in com-
parison to the conventional therapy. The lipopolysaccharide-stimulated neutrophil 
activation was inhibited in vitro by the use of andrographolide sulfonate (Wen et al. 
2015).

13.5  Andrographolide in Cancer Therapy

Most of the herbal drugs used for cancer therapy in the modern medicine act either 
directly by inducing apoptosis or indirectly as an immunomodulatory agent by trig-
gering the body’s immune system. Preclinical and clinical studies suggest a poten-
tial use of andrographolides in cancers. The compounds that have a multifaceted 
mode of action and inhibit the multiple pro-cancer events are of greater interest as 
they are more likely to target a wider range of cancers. Andrographolide has emerged 
as a strong therapeutic anticancer pharmacophore that acts both directly and indi-
rectly on the cancer cells (Kumar et al. 2004; Rajagopal et al. 2003).

A. paniculata is cited in Ayurveda as a plant with anticancer properties, and it is 
easy to presume the action of andrographolide on similar principles. The compound 
reportedly induces a G0/G1 cell-cycle arrest in various kinds of cancer cells, acti-
vates the death-receptor pathways, induces TRAIL-mediated apoptosis, activates 
p53 via enhanced phosphorylation, and causes inhibition of NF-κB transcriptional 
factors and various angiogenic factors (Fig. 13.1). It also exerts strong immuno-
modulatory effects against cancer cells in addition to its cytotoxic effects, a property 
which is similar to other anticancer agents including doxorubicin, mitomycin, cis-
platin, and others. Apart from acting on various pathways to obliterate cancer cells, 
it also exerts a protective effect on normal cells saving them from induced toxicity, 
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in comparison to the contrary effect against cancer cells. These characteristics make 
it an interesting molecule for further research (Varma et al. 2011).

The role of andrographolide in gastric cancers has been elucidated in a recent 
in vitro study (Dai et al. 2017), employing the gastric cell line SGC7901 and inves-
tigating the mechanisms by which andrographolide inhibits the gastric cancer cell 
proliferation and metastasis. It showed the survival ratio of cancer cells decreasing 
with increase in concentration of andrographolide in a dose-dependent manner. 
Andrographolide treatment blocked the G2/M2 phase of cell cycle, enhanced the 
proportion of cells arrested at G1/M with increase in dose, and reduced the migra-
tion and invasion of the gastric cancer cells at various concentrations of androgra-
pholide. Therefore, it can be surmised that andrographolide inhibits cell proliferation, 
invasion, and migration; blocks the cell cycle; promotes apoptosis in SGC7901 cells 
possibly via upregulated expression of TIMP-1/TIMP-2, cyclin B1, p-Cdc2, Bax, 
and Bik; and downregulates the expression of MMP-2/MMP-9 and anti-apoptosis 
protein Bcl-2 (Dai et al. 2017).

Studies have shown that andrographolide is also effective in combination therapy 
with flavonoid taxifolin that has antioxidant and antiproliferative effects against dif-
ferent cancer cells. Combination of andrographolide and taxifolin exerted synergis-
tic effects on HeLa cells at various concentrations. Caspase-dependent apoptosis 
was enhanced by the combination, while andrographolide-induced reactive oxygen 
species (ROS)-dependent protective autophagy was attenuated by the addition of 

Fig. 13.1 Mechanism of the multi-target anticancer therapeutic approach of andrographolide: (a) 
activates the extrinsic death-receptor pathway and induces apoptotic cell death; (b) mitochondria-
mediated apoptosis leading to cytochrome c release and apoptotic cell death; (c) inhibition of two 
critical transcription factors, NF-κB and STAT3, resulting in the inhibition of cellular proliferation, 
survival, and angiogenesis; (d) induces cell-cycle arrest in cancer cells at G0/G1 stage due to the 
induction of cell-cycle inhibitory proteins p16, p21, and p53 associated with a decreased expres-
sion of cyclin E, cyclin D, CDK4, CDK6, and CDK2, required for G1 to S transition
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taxifolin. Activation of JNK was involved in the cell death of HeLa cells, while 
activation of p53 was involved in andrographolide-induced autophagy, which was 
decreased by the use of taxifolin. Mitochondrial outer membrane permeabilization 
(MOMP) involved in the andrographolide-induced cell death was further enhanced 
by the combination. This led to an increase in AIF and a cytochrome C release from 
mitochondria, which consequently increased the caspase-dependent and indepen-
dent cell death (Alzaharna et al. 2017).

Andrographolide was recently found to reduce oncogenicity and restore radio-
sensitivity of ALDH1 + CD44+ oral cancer stem cells, which possess high tumori-
genic and metastatic properties as well as the chemo- and radioresistance (Yang 
et al. 2017). Experiments with mice bearing xenograft tumors showed a reduced 
tumor growth after andrographolide treatment, which was attributed to the activa-
tion of miR-218/Bmi1 axis. This is evident in mechanistic studies showing that 
andrographolide treatment increased the expression of microRNA-218 (miR-218), 
leading to the downregulation of Bmi1, and in the knockout studies wherein dele-
tion of miR-218 in the ALDH1-CD44-non-oral cancer stem cells enhanced the can-
cer stemness, while silencing of Bmi1 significantly counteracted it. This suggests 
that andrographolide is a valuable natural compound for anti-CSCs (cancer stem 
cells) treatment of oral squamous cell carcinoma (Yang et al. 2017).

Another example of combination treatment is that of andrographolide and vin-
cristine with reference to nephroblastoma (Wilms’ tumor), which is the most com-
mon malignant renal cancer in children. Wilms’ tumor cells were employed to 
investigate the synergistic antitumor effect of andrographolide in combination with 
vincristine. It suppressed the SK-NEP-1 cell proliferation in vitro and inhibited the 
xenograft tumor growth in vivo. This was due to increased apoptosis, not autophagy. 
Moreover, the PI3K-AKT-p53 signaling pathway was involved in the process of 
combination treatment, which was confirmed when a selective AKT activator was 
applied (Zhang et al. 2016).

Various mechanisms are reported to be responsible for mediating the anticancer 
activity of andrographolides, including the inhibition of the Janus tyrosine kinases-
signal transducers and activators of transcription, phosphatidylinositol 3-kinase, 
and NF-κB signaling pathways; the suppression of heat shock protein, cyclins, and 
cyclin-dependent kinases, metalloproteinases, and growth factors; and the induction 
of tumor-suppressor proteins p53 and p21, leading to the inhibition of cancer cell 
proliferation, survival, metastasis, and angiogenesis, activation of miR-218/Bmi1 
axis, caspase-dependent, and independent apoptosis, upregulation of expression of 
TIMP-1/TIMP-2, cyclin B1, p-Cdc2, Bax, and Bik, and downregulation of expres-
sion of MMP-2/MMP-9 and anti-apoptosis protein Bcl-2. (Lim et al. 2012).

13.6  Nanoformulations of Andrographolide

Nanoformulations are the most promising drug delivery systems used to deliver 
herbal drugs for improvement of biopharmaceutic and pharmacokinetic properties of 
herbal drugs (Parveen et al. 2008). Therapeutic index of traditional drugs is enhanced 
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via improved specificity due to targeting of drugs to a particular tissue, cell, or intra-
cellular compartment, control over release kinetics, protection of active agent, or a 
combination of the above. Different nanocarrier systems are used in the novel drug 
delivery system (NDDS) like polymeric nanoparticles, solid lipid nanoparticles, 
nanocapsules, liposomes, niosomes, micelles, and dendrimers (Parveen et al. 2013). 
The aim of developing these formulations is to obtain systems with optimized drug 
loading and release properties, long shelf-life, and low toxicity.

If the herbs themselves or their purified phytopharmaceuticals are incorporated 
in the nano-drug delivery systems, we can get the benefits of both. Thus, it is impor-
tant to incorporate the nano-drug delivery system in the Indian Ayurvedic and Unani 
medicines to combat serious diseases like cancer, diabetes, and hepatic damage 
(Parveen et al. 2010; Kamal et al. 2012). Great advances have been made in the 
development of NDDS for active plant metabolites and extracts in the recent past. A 
variety of novel herbal formulations like polymeric nanoparticles, nanocapsules, 
liposomes, phytosomes, nanoemulsions, microsphere, transfersomes, and etho-
somes have been developed using bioactive compounds and plant extracts. These 
formulations have remarkable advantages over the conventional ones, including the 
improved solubility and bioavailability, protection from toxicity, enhanced pharma-
cological activity, increased stability, improved tissue macrophages distribution, 
sustained delivery, and protection from physical and chemical degradation (Parveen 
et al. 2011).

Out of several compounds isolated from A. paniculata, andrographolide is effec-
tive against numerous pharmacological disorders, but its effectiveness is hampered 
due to its low aqueous solubility (3.29 ± 0.73 μg ml−1), poor cellular permeability, 
short biological half-life, and high lipophilicity having log p value = 2.632 ± 0.135, 
efflux by P-glycoprotein, and a very low oral bioavailability. Different formulation 
approaches have been reported to improve its biopharmaceutic properties and 
thereby increase its oral bioavailability (Parveen et al. 2014). Nanoformulations of 
andrographolide have been prepared for the treatment of cancer (Parveen et  al. 
2014), hepatotoxicity (Das et al. 2015), and leishmaniasis (Roy et al. 2010).

Niosomes of andrographolide were prepared by the film hydration method, and 
their tissue distribution was determined by liquid chromatography mass spectrom-
etry (LCMS) in mice. It revealed the maximum absorption in the liver. The cyto-
toxic potential of andrographolide niosomes was analyzed by MTT assay on HepG2 
cell line which showed no significant difference between the pure drug and its nio-
somal form (Tu et al. 2014).

Solid lipid nanoparticles of andrographolide were prepared by the solvent injec-
tion method to increase its oral bioavailability by the UPLC/Q-TOF-MS method. 
An improvement was observed in the pharmacokinetic parameters of the androgra-
pholide nanoparticles in comparison to andrographolide. The antitumor activity was 
also studied on the Balb/c mice, showing better results with andrographolide 
nanoparticles than with andrographolide (Parveen et al. 2014).

Another study reports preparation of solid lipid nanoparticles to deliver androgra-
pholide into the brain. The particles were formulated by emulsion/evaporation/
solidifying method, using Compritol 888 ATO as a lipid and Brij 78 as surfactant. 
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Nanoparticles were spherical in shape, with narrow size distribution, 92% encapsu-
lation efficiency, and physically and chemically stable. In vitro dissolution study at 
pH  7.4 showed a prolonged and sustained release of the drug from solid lipid 
nanoparticles. The results of in vitro permeation to blood-brain barrier using paral-
lel artificial membrane and hCMEC/D3 cells proved that nanoparticles improve 
drug permeability in comparison to the free drug. After i.v. administration to healthy 
rats, fluorescent particles were detected in the brain parenchyma outside the vascu-
lar bed, indicating their ability to overcome the blood-brain barrier (Graverini et al. 
2018).

Andrographolide was also incorporated in a poly D,L-lactide-co-glycolide-b-
poly ethylene glycol-b-poly D,L-lactide-co-glycolide (PLGA-PEG-PLGA) amphi-
philic triblock copolymer-based micelle formulation for enhancement of 
bioavailability and anticancer efficacy in vivo. The andrographolide-loaded micelles 
showed a higher percent proliferation inhibition, pro-apoptosis effects, and cell-
cycle arrest at G2/M phase in MAD-MB-231 cell line, indicating better efficacy for 
intracellular transport and cellular uptake. In the in vivo pharmacokinetic studies, 
2.7-fold and 2.5-fold increase was observed in plasma AUC and mean resident time, 
respectively, by andrographolide micelles, when compared to drug suspension 
(Zhang et al. 2014).

A semisynthetic analogue (19-triphenylmethyl ether andrographolide) has been 
reported to have the cytotoxic effect against many cancer cell lines. It was encapsu-
lated in poly (ethylene glycol)-b-poly (D,L-lactide) (PEG-b-PLA) micelles due to 
its poor aqueous solubility. It increased the aqueous solubility of the drug by 280-
fold. The polymeric micelles exhibited sustained drug-release pattern and excellent 
cytotoxicity against cholangiocarcinoma KKU-M213 cell line, with IC50 value of 
3.33 μM (Puntawee et al. 2016).

Kim and co-workers have prepared an aqueous soluble nano-complex for evalu-
ating the anticancer potential in  vitro and in  vivo. A boronic ester was formed 
between the cis-1, 3-diol of andrographolide with polymer. The drug release from 
loaded nano-complex was controlled by high ATP concentrations and low pH. The 
phenylboronic acid-andrographolide nano-construct showed excellent tumor target-
ing in vitro as well as in vivo, and a significant tumor-growth inhibition was observed 
in the in vivo studies (Kim et al. 2016).

Andrographolide encapsulated in mannosylated and fucosylated liposomes was 
used to target the macrophage-related diseases like leishmaniasis in the hamster 
model. Mannosylated liposomes were more potent in delivering andrographolide to 
phagocytic cells by reducing the parasitic burden in the spleen, and also decreased 
the renal and hepatic toxicity, as compared to the pure drug (Sinha et  al. 2000). 
Likewise, Roy et al. (2010) prepared the poly D,L-lactide-co-glycolic acid-loaded 
andrographolide nanoparticles, using polyvinyl alcohol as stabilizer, for drug deliv-
ery into monocyte-macrophage cells infected with leishmanial amastigote. 
Significant antileishmanial activity was observed with one-fourth of the dose of 
andrographolide in nanoparticles. The IC 50 value of andrographolide in nanopar-
ticles was found to be 160  μM with good tissue localization. Andrographolide 
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nanoparticles may thus bring an effective low-cost alternative therapy for leish-
maniasis (Roy et al. 2010).

Another analogue of andrographolide, the 14-deoxy-11-oxo-andrographolide, 
which shows antileishmanial activity, has been evaluated for its effect in the form of 
subcutaneous injection on hamster model. Different formulation approaches were 
used and compared with the conventional form. The conventional dosage form 
decreased the parasitic load of the spleen by 39%, whereas nanoformulations could 
cause 78% decrease by liposomes, 91% decrease by niosomes, and 59% decrease 
by microspheres. The reduction in spleen parasite load was inversely proportional 
to the size of the carrier. Because of this improved efficacy and lower toxicity, these 
nanocarriers offer a better approach for treating the visceral leishmaniasis (Lala 
et al. 2003). The available drugs for leishmaniasis are toxic in nature and have low 
bioavailability; their incorporation into nanocarriers will be a better option for alter-
native therapy of leishmaniasis. Particle size has proved to be a significant factor for 
efficacy of the drug delivery system (Vermelho et al. 2014).

An analogue (14-deoxy 11,12-didehydro andrographolide) of andrographolide 
with poor water solubility was incorporated into a biodegradable polymer polycap-
rolactone by Kamaraj et  al. (2017). The antidiabetic activity was worked out by 
2-deoxy-D-[1-3H] glucose uptake assay, which produced dose-dependent results 
with a maximum uptake of 108.54 ± 1.42% in L6 myoblasts. A biphasic pattern was 
observed in the in vitro drug release with an initial burst release followed by the 
sustained release pattern (Kamaraj et al., 2017).

Antileishmanial andrographolide-loaded PLGA nanoparticles were formulated 
using vitamin E TPGS as stabilizer for targeting the macrophage cells infected with 
the drug-resistant amastigotes. The nanoparticles showed the sustained drug-release 
pattern up to 288 h. Significant antileishmanial activity was found with a one-tenth 
dose of andrographolide in nanoparticles, using TPGS and one-third dose without 
TPGS in comparison with the pure drug. Cytotoxic potential of the nanoparticulate 
formulation of the drug with and without using TPGS was significantly less than 
that of the standard drugs (such as amphotericin B, sodium stibogluconate or paro-
momycin) used for leishmaniasis (Mondal et al. 2013).

Cationic modified biodegradable polylactic-co-glycolic acid (PLGA) nanoparti-
cles of andrographolide were prepared and evaluated against hepatotoxic conditions 
in the experimental mouse model. The polymeric nanoparticles exhibited significant 
protective effect in the liver and restoration of oxidative stress markers. The better 
residence time in the liver and the favorable cytokine regulation of liver tissues were 
responsible for the rapid recovery (Roy et al. 2014).

Andrographolide-loaded PLGA nanoparticles were prepared using heparin of 
different densities by the emulsion solvent evaporation method to determine their 
hepatotoprotective effect against the paracetamol-induced hepatotoxicity in mouse. 
The heparin-functionalized andrographolide-loaded PLGA nanoparticles showed a 
hepatic localization of nanoparticles and a fast protective effect due to regeneration 
of antioxidant capacity of andrographolide (Roy et al. 2013).

The PLGA-loaded andrographolide nanoparticulate formulation was evaluated 
against the arsenic-induced liver toxicity in mice model. The nanoformulation 
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reduced the arsenic-induced elevated serum levels of liver function markers like 
SGPT, SGOT, and alkaline phosphatase as well as arsenic deposition in the liver. It 
also increased the concentration of antioxidant enzymes such as superoxide dis-
mutase and catalase in liver tissues. Its potency was five times greater than that of 
the free drug (Das et al. 2015).

The optimized and stabilized oil-in-water nanoemulsion of andrographolide pre-
pared with the layer-by-layer technique through electrostatic deposition of chitosan 
over alginate by the ultra-sonication method has shown strategic drug release 
in vitro in the simulated biological fluids. The use of this formulation restored the 
markers of liver function and antioxidant capacity in the galactosamine-lipopoly-
saccharide-induced liver toxicity in mice (Mishra et al. 2017).

Qiao et  al. (2017) prepared a nanosuspension of andrographolide using D-α-
tocopheryl polyethylene glycol 1000 succinate (TPGS) as the surfactant and sodium 
lauryl sulfate as stabilizer by the wet media milling method followed by freeze-
drying. The optimized product by Box-Behnken design was amorphous and showed 
a faster dissolution rate in vitro than the pure drug suspension. The membrane-per-
meability studies on the Caco-2 cell monolayer showed a significantly higher per-
meability rate of andrographolide nanosuspension with TPGS than the 
nanosuspension without TPGS and the pure suspension. The pharmacokinetic study 
revealed a significant improvement in the area under plasma-response curve and 
Cmax (maximum plasma concentration). The anti-inflammatory activity was evalu-
ated on the carr-induced paw edema in rat model. Serum levels of anti-inflammatory 
markers were significantly restored after the treatment with andrographolide nano-
suspension, and the formulation was more efficacious than the pure drug (Qiao et al. 
2017).

A solid self-nanodispersion of andrographolide was formulated by homogeniza-
tion technique to increase its solubility and oral bioavailability. It was then con-
verted to dried nanocrystals using the spray-drying technology. Dissolution rate of 
nanocrystals was faster (85.87%) than that of the pure drug or a physical mixture of 
drug with stabilizer. The maximum plasma concentration and the area under the 
plasma-response curve were significantly higher, compared to the pure drug (Xu 
et al.). The nanocrystals of andrographolide were also prepared from nanosuspen-
sion using different cryoprotectants (Xie et al. 2016).

An injectable form of andrographolide nanosuspension was also prepared using 
poloxamer 188 as the nonionic stabilizer and sodium deoxycholate/sodium taurour-
sodeoxycholate as the ionic stabilizers by wet milling method, followed by freeze-
drying using mannitol as a cryoprotectant. The nanosuspension showed a 
significantly faster release rate, as compared to the bulk drug. It also brought 
improvement in the pharmacokinetic parameters and tissue distribution (Guo et al. 
2017). Similarly, the andrographolide nanosuspension was developed by Chen et al. 
(2017), using the natural triterpenoidal saponin (i.e., glycyrrhizin) as stabilizer, by 
the homogenization technique followed by freeze-drying to convert the drug into a 
solid powdered form. Glycyrrhizin prevents aggregation between the nanoparticles, 
an easy re-dispersibility in the vehicle. This natural saponin possessed the interfa-
cial property and electrostatic effect, which help in entrapment of nanoparticles into 
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a network-like structure. The dissolution rate was significantly increased up to 
99.87% in comparison to the free drug (42.35%) (Chen et al. 2017).

Zinc oxide nanoparticles of A. paniculata leaf extract were synthesized using its 
reducing and capping potential. The nanoparticles were characterized using differ-
ent analytical techniques such as UV-visible spectrometry, X-ray diffraction, 
FT-infrared spectrometry, and the scanning and transmission electron microscopy. 
The results showed that phenolics, terpenoids, and proteins of A. paniculata were 
involved in stability and nucleation of nanoparticles. The particles were spherical in 
shape and in the size range of 96–115 nm (Rajakumar et al. 2018).

13.7  Conclusion

Herbal drugs are believed to boost the body’s immune system without producing 
harmful side effects and therefore provide an effective means of treating the chronic 
diseases. To overcome problems relating to the delivery of herbal drugs, novel phar-
maceutical formulations such as nanoemulsion, nanoparticles, nanocrystals, nano-
dispersion liposomes and niosomes, etc. are being introduced and have dramatically 
increased the oral bioavailability as well as the therapeutic effectiveness of the drug. 
The synergy of potential herbal drugs and contemporary nanotechniques must lead 
to increased therapeutic indices, reduced toxicities/side effects, improved bioavail-
ability, and localized drug targeting. Andrographolide, obtained from the traditional 
hepatoprotective herb A. paniculata, is a diterpenoidal labdane responsible for the 
therapeutic properties of the herb, including the anticancer activity. Its effectiveness 
was hindered due to its poor water solubility, short biological half-life, and low oral 
bioavailability. Nanoformulations have the potential to improve the biopharmaceu-
tic and pharmacokinetic properties of andrographolide and thus open up new per-
spectives for the poorly water-soluble herbal drugs. Nanotechniques used for the 
incorporation of andrographolide have increased its oral bioavailability, dissolution 
rate, and degree of efficacy, compared to the pure andrographolide suspension.
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Chapter 14
Impact of Nanomaterials on Plant 
Physiology and Functions

Rubbel Singla, Avnesh Kumari, and Sudesh Kumar Yadav

14.1  Introduction

Nanotechnology has generated a variety of nanoparticles (NPs) with differences in 
size, shape, surface charge, and surface chemistry (Albanese et al. 2012). Among 
the various types of nanomaterials synthesized and released in the environment, 
metallic NPs are found in greater amount. The metal-based NPs have been exten-
sively used in different applications (Husen and Siddiqi 2014a; Siddiqi et al. 2016, 
2018; Husen 2017) which are directly or indirectly related to humans (Zhu and 
Njuguna 2014) and the environment (Remédios et al. 2012). The systematic design 
and engineering of NPs pose risks through inhalation, dermal penetration, and envi-
ronmental persistence to humans as well as environment (Maurer-Jones et al. 2013). 
Small size and large surface area of NPs make them more prone for causing toxicity 
in the ecosystem (Ostiguy and IRSST (Québec) 2006). Plants, the most abundant 
species in the ecosystem, possess the highest likelihood to experience adverse or 
positive effects of NPs (Maiti et al. 2015). The presence of NPs in the air, water, and 
soil shows inevitable effects on plants. NPs are absorbed directly or indirectly by 
rootless or rooted surface by any of the physical or chemical processes. NPs are 
transported to leaves and other parts of plants through stem and may get accumu-
lated in seeds (Maiti et al. 2015). Plants originating from seeds having NP concen-
tration above bioconcentration may develop toxicity. NPs also play vital role in the 
protection of plants against different abiotic stresses as these can mimic the role of 
antioxidant enzymes (Rico et al. 2013a, b; Wei and Wang 2013; Siddiqi and Husen 
2016, 2017). They may also enhance the photosynthesis rate by suppressing the 

R. Singla · A. Kumari 
Biotechnology Division, CSIR-Institute of Himalayan Bioresource Technology,  
Palampur, HP, India 

S. K. Yadav (*) 
Center of Innovative and Applied Bioprocessing (CIAB), Mohali, PB, India

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-05569-1_14&domain=pdf


350

osmotic and oxidative stresses (Haghighi and Pessarakli 2013; Qi et al. 2013). 
On the other hand, plants also show toxic effects depending upon the plant species 
and the type and concentration of NPs used (Begum et  al. 2011; Slomberg and 
Schoenfisch 2012). For instance, the presence of NPs in growth media inhibits the 
seed germination rate, root and shoot length, plant biomass, and even the level of 
nutrients (Barhoumi et al. 2015; Da Costa and Sharma 2016; Wang et al. 2015). 
Exposure of plants to NPs has detrimental effects on cell biosynthesis, cell organi-
zation, electron transport, and energy pathways of the plant system (Landa et al. 
2012; Van Aken 2015). Extensive studies have been carried out to investigate the 
interaction of NPs with plants, but the role of NPs in plant physiology and functions 
still remains ambiguous and unclear.

This chapter addresses the role of metallic NPs in plant physiology affecting the 
various functions of plant systems. The mechanism of NPs uptake, transport, and 
accumulation in the plant and plant parts and the role of NPs associated factors in 
relation to major physiological processes such as photosynthesis, water and nutrient 
uptake, respiration, transpiration, and seed germination have been highlighted. Both 
the negative and positive effects of metallic NPs on the activation of plant growth 
and development have been discussed with special focus on the NP-mediated gene 
delivery to plants as well as the phytotoxicity of NPs.

14.2  NPs Interactions with Plants

As already mentioned, the wide applicability and use of metal NPs in our daily life 
are directly proportional to the release of NPs in the environment (Maurer-Jones 
et al. 2013). NPs discharged into the environment possess a great tendency to inter-
act with the terrestrial or aquatic plants through the atmosphere, soil, or water (Rico 
et al. 2011). The mechanism of NPs interactions with plants covers mainly three 
phases: uptake, translocation, and accumulation. The interactions of NPs with plants 
depends upon the type of plant species, type of NPs, the chemical composition, 
surface functionality, properties, shape and size of NPs, and many more factors 
(Rico et  al. 2011). The uptake of nanomaterials by plants is a current topic of 
research in the scientific world, as most of the data available till date provides a view 
merely in the formative stage. This is because the protocols followed to measure the 
quantity of NPs entering in the plant tissues are not yet well-defined (Remédios 
et al. 2012). The lack of proper information regarding how the NPs enter the plant 
tissues, their transport, and then accumulation in various food chains leads to a 
defective understanding of the phenomena. The metal-based nanomaterials include 
Ag, Au, Al2O3, Cu, Zn, ZnO, TiO2, CeO2, SiO2, Fe, Fe2O3, CdS, ZnSe, etc. Several 
reports are available on the uptake of these different kinds of NP by the plant systems 
and their effect on the physiology and growth of plants.
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14.3  Uptake, Translocation, and Bio-distribution of Metallic 
NPs in Plants

In general, uptake of NPs occurs when a particle penetrates the cell walls of plants. 
The plant cell wall acts as a semipermeable barrier that regulates the trafficking of 
materials across the membrane through various pores to the plant cells. Several 
routes have been proposed in the literature describing the uptake of NPs by the 
plants. Pore sizes of the plant cell wall vary depending upon the plant species but 
generally range from 5 to 20 nm (Miralles et al. 2012; Fleischer et al. 1999). To pass 
through these pores, the size, orientation, and properties of NPs play a critical role. 
NPs or their aggregates having a size smaller than the diameter of the cell wall pores 
could easily penetrate the cell wall and reach the plasma membrane (Navarro et al. 
2008). NPs may enter into plant cells by binding to carrier proteins and ion chan-
nels, through endocytosis, by binding to organic acids present in the culture media, 
or by forming complexes with the transporters of the plasma membrane (Kurepa 
et al. 2010; Rico et al. 2013a, b). Once the NPs reach the cell cytoplasm, these may 
combine with various cellular organelles and obstruct the metabolic reactions at that 
particular site (Jia et al. 2005). Although in vitro studies have been performed using 
isolated plant cells to determine the NPs uptake and interactions, these studies did 
not prove enough to explain the interactions of NPs with the whole plant. Most of 
the studies have suggested that NPs uptake by plants is associated with the absorp-
tion of nutrients from the culture media in which plants are grown (Lin et al. 2009). 
The uptake of NPs by the plant mainly occurs through seed coat, roots, and leaves. 
It takes place through the root tips in many species, though NPs can also enter the 
plant tissues through the stomatal openings present on the leaf surface. The muci-
lage and exudates excreted by root caps and root hairs also assist in the NP uptake 
in various plant species (Chichiriccò and Poma 2015; Schwab et al. 2016). Details 
of the uptake through different routes are described below.

Metallic NPs are being rapidly discharged into the environment and used exten-
sively in agriculture system over the past few years. Studies on the uptake, transloca-
tion, and accumulation of iron oxide (Fe2O3) NPs in pumpkin plant grown in the 
aqueous media showed that NPs were taken up by the roots and then transported to 
leaves through the stem of the plant (Zhu et al. 2008). In wheat plant (Triticum aes-
tivum) grown in the hydroponic culture, uptake of the citric acid-coated Fe2O3 NPs 
(20 mg L−1) took place by roots through the apoplastic pathway (Iannone et al. 2016). 
Leaves and roots of arugula (Eruca sativa) and escarole (Cichorium endivia) were 
exposed to Pt NPs to study root-to-leaf and leaf-to-root translocation. Inductively 
coupled plasma mass spectrometry results showed that for both plants, the propor-
tion of Pt translocated from roots to leaves (99% for arugula and 28% for escarole) 
was higher than that from leaves to roots (<1% for both plants) (Kranjc et al. 2018). 
It was depicted that foliar surface free energy affects Pt NPs adhesion, uptake, and 
translocation from leaves to roots in arugula and escarole. Similarly, the fluorescence 
and transmission electron microscopy images revealed that the magnetic Fe2O3 NPs 
penetrated the corn (Zea mays) root epidermis and migrated from the epidermal 
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layer to endodermal cells through the apoplastic route (Li et al. 2016a, b). It was 
hypothesized that the macromolecular exudates excreted by root cells might be 
responsible for the NPs accumulation in the root epidermis (Li et al. 2016a, b). 
A different study regarding the uptake and accumulation of the anatase titanium 
dioxide TiO2 NPs (12 nm) has shown the uptake of these NPs by wheat plant roots 
from the hydroponics media. After 7 days of exposure, TiO2 NPs were observed in 
the parenchyma cells of the root and also in the vascular cylinder, indicating the 
transfer of NPs from media to vegetal tissues of the wheat (Larue et al. 2011). In 
another study, the uptake and transport of TiO2 NPs were studied in two crops 
(Phaseolus vulgaris and T. aestivum), a wetland species (Rumex crispus), and a float-
ing aquatic plant (Elodea canadensis). All the rooted plants showed higher concen-
trations of Ti in roots. Ti from these NPs was translocated from roots to shoots in R. 
crispus. It was proposed that this species might increase the availability of metal NPs 
by producing siderophores (which have the tendency to bind metals) or by altering 
the rhizosphere pH (Jacob et al. 2013).

The uptake and transport of silver nanoparticles (AgNPs) of 20  nm size in 
Arabidopsis thaliana seedlings grown in gel media have been studied by Geisler- 
Lee et al. (2014), who noticed the presence of AgNPs on root surface and root tips 
and also in the root hair cells 14 days after planting. By the 17th day, AgNPs reached 
the vascular tissues, viz., xylem and phloem, and got transported through them to 
the whole plant. The AgNPs accumulated in cotyledons quite early, entered the 
stomatal pores at day 14, and then heavily accumulated in stomata and pavement 
cells by the 17th day of planting. The study thus showed the accumulation and a 
long-distance transport of AgNPs in A. thaliana (Geisler-Lee et al. 2014). Another 
study revealed the uptake of tannate and citrate-coated gold (Au) NPs of 10, 30, and 
50 nm size in tobacco Nicotiana and Triticum aestivum plants. The uptake behavior 
of Au NPs was different in the two species. Au NPs were found in the leaf midrib of 
tobacco plant in detectable concentrations, whereas the wheat leaf showed no evi-
dence of Au NPs accumulation. The authors suggested that there is no requirement 
of passive movement through the pores of the cell wall for NPs uptake inside the 
plants (Judy et al. 2012). Similarly, polyvinylpyrrollidone (PVP)-coated Au NPs of 
diameter 40 nm were applied to tomato seeds at concentrations of 0.2 mg L−1 and 
5 mg L−1, and the tomato plants obtained were capable of absorbing the 40 nm-sized 
Au NPs and transporting them as intact NPs to the plant shoots (Dan et al. 2015).

A recent study (Antisari et al. 2015) described the uptake and translocation of 
metal oxides CeO2, Fe3O4, SnO2, and TiO2 and metallic Ag, Co, and Ni NPs in 
tomato plants grown in a soil and peat mixture. Fe3O4 and TiO2 did not show any 
uptake by plant organs. Ag, Co, and Ni accumulated in leaves, and Fe, Ce, and Sn 
were accumulated in roots, while Ni was found in stems. Ag and Co were translo-
cated from roots to the aboveground organs, whereas no translocation was observed 
in the case of Ce, Sn, and Ti. The translocation of metal NPs could be associated 
with the absorption behavior of water and nutrients in plant roots (Antisari et al. 
2015). Similarly, CuO NPs exposed to Z. mays were studied for their transport and 
bio-distribution in the plant. The results demonstrated that CuO NPs were taken up 
by the plant roots. The evidence of translocation of NPs was provided by the 
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 presence of NPs in the xylem saps which might be responsible for the transport of 
particles from roots to shoots (Wang et al. 2012). NPs could also be translocated 
back to roots from shoots by the phloem. In general, CuO NPs existed in the cell 
wall of epidermal cells, intracellular spaces, and the cytoplasm of cortical cells. 
Their presence was also observed in the nucleus at 100 mg L−1 concentration. The 
study suggested that NPs may pass through epidermis and cortex to enter the intra-
cellular space via the apoplastic pathway; further, the presence of endosome con-
firmed that CuO NPs entered the plant cells by endocytosis (Wang et  al. 2012). 
Another study of zinc oxide (ZnO) NPs (30 nm) in relation to maize plants has 
shown that ZnO NPs were present in the epidermal cells, cortex, and root tips of the 
plant. Few NPs also entered the vascular cylinder of tap roots through the primary 
root-lateral root junction. No NPs were observed in shoots, thus indicating a lack of 
NPs translocation to the aerial plant parts (Lv et al. 2015) (Table 14.1).

Table 14.1 Role of metal and metal oxide nanoparticles in plant growth and development

Type of 
nanoparticles 
(NPs) Plant

Concentration 
of NPs used Effect on plants Reference

AgNPs A. thaliana 300 mg L−1 Inhibition of root 
elongation and leaf 
expansion, decreased 
photosynthetic efficiency

Sosan et al. 
(2016)

AgNPs Wheat, 
cowpea, and 
Brassica

50 and 
75 ppm

Improvement in growth, 
root nodulation and shoot 
parameters

Mehta et al. 
(2016)

AgNPs Lycopersicon 
esculentum

Drastic decrease in 
germination index, root 
and shoot length

Mehrian et al. 
(2016)

AgNPs Maize 100 mg kg−1 Increase in biomass Sillen et al. 
(2015)

Cu NPs and 
AgNPs

Cucurbita 
pepo

– Decrease in biomass and 
transpiration

Musante and 
White (2012)

AgNPs Raphanus 500 mg L−1 Decrease in root and 
shoot length, decrease in 
water content

Zuverza-Mena 
et al. (2016)

AgNPs Brassica 50 ppm Positive effect on root 
and shoot length and 
seedling index

Sharma et al. 
(2012)

AgNPs Rice 10 or 
100 mg L−1

Decrease in growth and 
germination of seedlings

Thuesombat 
et al. (2014)

CeO2 Arabidopsis 
thaliana

250 ppm Increase in biomass Ma et al. (2013)

Fe NPs Barley 300 mg L−1 Reduction in germination 
rate

El-Temsah and 
Joner (2012)

Alumina NPs Lemna minor 0.3 g L−1 Increase in root length 
and accumulation of 
biomass

Juhel et al. 
(2011)

(continued)
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Quantum dots (QDs) are another important kind of metal-based NPs used in 
various applications. The impact of these NPs after their release in the environment 
is necessary to understand. Thereby, few recent studies have explored the uptake, 
translocation, and bioaccumulation of CdSe/CdZnS QDs in plants. In a study, 
A. thaliana leaf petiole was exposed to three types of CdSe/CdZnS coated with 
anionic, cationic, and neutral coatings. It was found that the anionic NPs were 
taken up by the leaf petiole and roots and distributed uniformly in the plant leaves. 
The cationic and neutral QDs showed destabilization in the plant growth media. 
The cationic QDs failed to translocate readily to the distal parts of plant leaves 
possibly due to their aggregation. Confocal microscopic studies demonstrated that 

Type of 
nanoparticles 
(NPs) Plant

Concentration 
of NPs used Effect on plants Reference

ZnO Arachis 
hypogea

1000 ppm Enhancement in stem and 
root growth, high yield

Prasad et al. 
(2012)

ZnO Soybean 500 mg L−1 Increase in root growth of 
the plant

Lopez-Moreno 
et al. (2010)

Fe, Co, and, Cu 
NPs

Soybean <300 mg 
hectare−1

Increase in yield of the 
crop plant

Ngo et al. (2014)

Zerovalent Fe Peanut 40 and 
80 μmol L−1

Stimulation of seedling 
development and growth

Li et al. (2015a, 
b)

ZnO, FeO, and 
ZnCuFe-oxide 
NPs

Vigna 
radiata

– Improvement in shoot 
growth of seedlings

Dhoke et al. 
(2013)

Cu NPs Lettuce 0.013% (w/w) Improvement in shoot/
root ratio

Shah and 
Belozerova 
(2009)

CuO Triticum 
aestivum

500 mg kg−1 Increase in plant biomass Dimkpa et al. 
(2012)

TiO2 Wheat 2 and 10 ppm Promotion of seed 
germination

Feizi et al. 
(2012)

Au NPs Gloriosa 
superba

1000 μM Enhancement in seed 
yield

Gopinath et al. 
(2014)

TiO2 Fennel 60 ppm Positive effect on seed 
germination and shoot 
dry weight

Feizi et al. 
(2013)

ZnO Vigna 
radiata

20, 40, 60 and 
100 mg

Increase in germination 
rate, fresh and dry 
weights of roots and 
shoots

Jayarambabu 
et al. (2014)

Au NPs Brassica 10–25 ppm Increase in seed yield as 
well as increase in total 
sugar content

Arora et al. 
(2012)

Al NPs Raddish, 
rape

2000 mg L−1 Improvement in growth 
of plant roots

Lin and Xing 
(2007)

Table 14.1 (continued)
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the anionic and neutral charged QDs get accumulated within cells of the main root, 
root hairs, and leaf veins (Koo et al. 2014). In another study of A. thaliana exposed 
to CdSe/CdZnS QDs, intact QDs were not internalized by the plants. Analysis of Cd 
and Se in the roots and leaves showed that QDs were mainly present on the external 
surfaces of roots and were not transported to the plant leaves (Navarro et al. 2012). 
The strong adsorption of QDs on the root surface was supposed to be due possibly 
to the mechanism of van der Waals interactions as well as the cross-linking of CO2 
groups on the plant roots and QDs. The uptake of QDs occurs when QDs are con-
jugated to nitrogenous organic compounds like arginine, glycine, and chitosan 
(Silver and Ou 2005).

14.4  Effect of NPs Uptake on Plant Physiology 
and Functions

The main processes that constitute plant physiology are water uptake, transpiration, 
photosynthesis, plant nutrition, respiration, seed dormancy and germination, and 
plant growth and movements. Since, the NPs are widely used in various products 
that are released into the environment, it is necessary to study the impact of these 
NPs on plant physiology. Studies have shown both the positive and negative effects 
of NPs on the physiological parameters of plants.

14.4.1  Seed Germination

Water is important for seed germination, a process by which a plant grows from the 
seed through the emergence of radical and plumule. NPs present in the plant growth 
media highly regulate the water imbibitions by the seed coat and thus affect seed 
germination. In a recent study (Andersen et al. 2016), TiO2 NPs and CeO2 NPs were 
found to affect seed germination as well as the timing of cotyledon development in 
ten different plant species. Exposure of TiO2 NPs significantly altered the germina-
tion rate in five species, although the germination was enhanced in some species and 
suppressed in some others. CeO2 NPs did not show alteration of germination in any 
of the ten species (Andersen et al. 2016). The mechanism behind alteration in ger-
mination rate may be related to the photocatalytic activity of these NPs (Ma et al. 
2012). Another study investigated the influence of ZrO2, SiO2, Al2O3, and TiO2 NPs 
on maize seed germination. Al2O3 and TiO2 reduced the germination percentage, 
while SiO2 has enhanced it under all the growth conditions. The uptake of metal 
NPs by seeds was the maximum for SiO2, followed by TiO2, Al2O3, and then ZrO2 
(Karunakaran et al. 2016). Corn seedlings exposed to 400 mg L−1 concentration of 
ZnO NPs (24 ± 3 nm) for 15 days showed a significant reduction of 40 and 53% 
in seed germination at exposure temperature of 20 and 25 °C, respectively (López- 
Moreno et al. 2017). The effect of AgNPs on the germination (%) of pea, rice, and 
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maize plants varied with the size of the NPs. AgNPs of all sizes (77.5, 111.7, 68.6, 
and 98.9 nm) showed a 100% higher germination in peanut, whereas AgNPs of 77.5 
and 111.7 nm showed lesser germination in maize and rice, as compared to controls 
(Prasad et al. 2016). Seed germination was greatly influenced upon the application 
of metallic NPs like Ag, Au, and Cu. The seed germination was 98.6% for Ag, 
69.6% for Cu, and 56.5% for Au NPs suspensions, compared to the control, after 
35 days of inoculation (Hussain et al. 2017). Similarly, effect of AgNPs at concen-
tration (0, 10, 20, 30, and 40 μg mL−1) was investigated on the rate of seed germina-
tion in lentils. At low concentrations (10  μg  mL−1), AgNPs promoted seed 
germination, while adverse effects were seen at higher concentrations (Hojjat and 
Hojjat 2016). Influence of metal NPs (Si, Pd, Cu, and Au) has also been studied on 
seed germination in lettuce plants; the Pd and Au NPs at low concentrations whereas 
Cu and Si NPs at high concentrations could enhance seed germination after a 15-day 
exposure and ultimately affected the root and shoot growth of the plants (Shah and 
Belozerova 2009). Another study focused on the germination of lettuce seeds 
exposed to low concentrations of four metal NPs (CuO, Fe2O3, ZnO, and MnO2) 
showed that CuO NPs inhibited seed germination and the MnO2 and Fe2O3 NPs 
enhanced the growth of seedlings, whereas no alteration was caused by ZnO NPs, 
as compared to their respective controls (Liu et al. 2016). Spinach seeds treated with 
50 μg mL−1 solutions of graphene oxide NPs prompted early and extensive seed 
germination and increased the mass of spinach, compared to seeds treated with 0 as 
well as 200 μg mL−1 NP concentration (He et al. 2018).

14.4.2  Water Absorption

Water uptake by plant roots is an important process to carry out the various 
 metabolic functions in the plant. Plants absorb water from the media (e.g., the 
soil) in which they are grown. The nanomaterials present in the plant growth 
media or soil greatly alter the water absorption capacity of plant roots by regulat-
ing the gene expression of water channel proteins involved in uptake process. In 
a recent study, effect of a short-term exposure of the nano zerovalent iron and 
Fe2O3 NPs on the water uptake capacity and root water content of tomato plants 
was investigated (Martinez-Fernandez and Komárek 2016). Fe2O3 NPs at a con-
centration of 100 mg L−1 have significantly reduced water uptake by plant roots 
(40% less water content than in the control), whereas at the same concentration, 
the nanoscale zerovalent iron did not show any effect on the water uptake. Thus, 
the potential adherence of Fe2O3 NPs to the root surface could be responsible for 
the observed effects. Hence the difference in relative effect of two types of NPs 
could be due to their degree of aggregation on the surface of roots, as well as their 
oxidation products. It was presumed that at this concentration, Fe2O3 NPs got 
accumulated in the epithelial root cell wall causing blockage of water uptake 
(Martinez-Fernandez and Komárek 2016). Similarly, TiO2 NPs also decreased the 
water transport of maize roots because the aggregates of NPs formed in the cell 
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wall of roots blocked the water uptake (Asli and Neumann 2009). Also, TiO2 NPs 
could interfere with the pores of the root cell wall leading to a reduction in the 
water uptake and ultimately inhibited the growth of tobacco roots. Similarly, 
cobalt oxide NPs affected the water uptake by blocking the water channels through 
adsorption, whereas ZnO NPs permeated the onion root cells and damaged their 
morphology (Ghodake et al. 2011).

14.4.3  Mineral Uptake

Since the NPs are released frequently in the soil, it is a prerequisite to study the 
impact of NPs on the nutrient uptake by the plants. Micro- and macronutrients 
absorbed by the plant roots from the soil have a great role in various physiological 
processes such as photosynthesis, nitrogen fixation, and nitrogen metabolism. The 
Raphanus sativus sprouts were exposed to AgNPs at a concentration of 500 mg L−1 
to study the impact of NPs on the nutrient uptake. The Ca and Mg uptake was found 
to decline by 33% and 19%, respectively. Even the uptake of micronutrients (B, Zn, 
Mn, and Cu) was found impaired at this concentration of AgNPs. It was believed 
that the accumulation of AgNPs at high concentration might block the diffusion 
pathways or Ca and Mg channels, affecting their active absorption by the plants 
(Zuverza-Mena et al. 2016). Similarly, the pumpkin plants exposed to the neodym-
ium oxide (Nd2O3) NPs at 100 mg L−1 showed significantly reduced levels of S, Ca, 
K, and Mg. On the other hand, when tannic acid was used in addition to Nd2O3 NPs, 
plants restored the levels of these nutrients, because the tannic acid aided in altering 
the surface charge of Nd2O3 NPs, which reduced the likelihood of NPs binding onto 
the roots of the plants (Chen et al. 2016).

Another study (Peralta-Videa et al. 2014) conducted on the soil-cultivated soy-
bean has shown that CeO2 (1000 mg kg−1) exposure increased the P and Cu contents 
but decreased the Ca content of pods, as compared to controls. However, plant expo-
sure to ZnO NPs resulted in a greater Zn, Mn, and Cu accumulation. Both these NPs 
altered the nutritional uptake in soybean to a different extent. It was suggested that 
CeO2 interferes with the uptake of those nutrients which play a role in nitrogen 
metabolism and photosynthesis of plants (Peralta-Videa et al. 2014). In contrast, 
application of TiO2 NPs (500 mg kg−1) to cucumber plants grown in sandy loam soil 
caused accumulation of about 35% more K and 34% more P than in the control 
plants (Servin et al. 2013). The authors reported that TiO2 NPs have a similar posi-
tive effect as do the plant hormones cytokinins and gibberellins that favor K and P 
uptake by plants. Likewise, exposure to three types (unmodified, hydrophilic, and 
hydrophobic) of TiO2 NPs has been found to affect the homeostasis of essential ele-
ments in Ocimum basilicum plant. At 500 mg kg−1 concentration, the unmodified 
NPs increased the Cu (104%) and Fe (90%) contents, and hydrophilic NPs increased 
Fe content (90%), while hydrophobic ones increased Mn (339%) but reduced Ca 
(71%), Cu (58%), and P (40%) contents, with reference to the control (Tan et al. 
2017). Another study described the effect of Cu/CuO NPs (10 and 20 mg L−1) on 
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nutrient uptake in lettuce plants showing that these NPs significantly increased the 
uptake of Al, Zn, S, and Fe whereas decreased that of Mg, Mn, and P (Trujillo- 
Reyes et al. 2014). Lettuce plants exposed to the other kind of core/shell Fe/Fe2O3 
NPs (10  mg  L−1) were found to increase the uptake of Al. The uptake was less 
affected by the Fe/Fe2O3 NPs than by the Cu/CuO NPs, which might be due to less 
damage of the cellular membrane by the former NPs and consequently a lesser 
reduction in selectivity for the nutrient uptake (Trujillo-Reyes et al. 2014). Leaf of 
Capsicum annum plants exposed to 125 mg kg−1 of CuO NPs was found to show 
lower concentration of P by 42% than in plants exposed to the bulk CuO. In fruit 
samples upon 500 mg kg−1 CuO NPs exposure, the P concentration was signifi-
cantly lower than the bulk CuO at 62.5 and 125 mg kg−1 exposure. CuO NPs at 
500 mg kg−1 also reduced the amount of Zn in leaves compared to bulk CuO treat-
ment (Rawat et al. 2018). The effect of citrate-coated Au NPs has also been studied 
on the uptake of micro- and macronutrients by the barley plants. Au NPs slightly 
increased the uptake of Ca when at 10  mg  L−1 concentration and significantly 
increased the uptake of K when at 5 mgL−1 concentration. The uptake of micronu-
trients Zn and Fe increased, whereas that of Mn decreased after the plant’s exposure 
to Au NPs (Feichtmeier et al. 2015).

14.4.4  Root Water Transport and Transpiration

Maintenance of the water transport capacity of roots is essential to meet the water 
utilization for evaporation and leaf growth in plants. Reduction in water supply by 
the roots may cause xylem tension, leaf growth inhibition, stomatal closure, reduced 
transpiration, and, ultimately, plant wilting (Neumann 2008). Imbalance in the root 
water transport may occur as a result of environmental stress. Any material present 
in the external water sources has to pass through the cell wall pores of the epidermal 
layer of roots to reach the root xylem through the parallel transport of molecules via 
both the symplastic and apoplastic pathways. Plant cell walls act as semipermeable 
membranes to allow the passage of water or only the small molecules through them 
and block the movement of the larger ones (Steudle and Peterson 1988). Therefore, 
the presence of NPs in the soil water sources may affect the root hydraulic conduc-
tivity and ultimately the transpiration. In a study, TiO2 NPs applied to Z. mays 
caused a concentration-dependent inhibitory effect on the root hydraulics in a pro-
gressive manner and ultimately decreased the transpiration rate. Physical interaction 
between the NPs and the root cell wall, buildup of the interfacial viscosity, and 
further decrease in the pore diameter were considered to be reasons behind the inhi-
bition of the root hydraulic conductivity (Asli and Neumann 2009). AgNPs and Cu 
NPs have reduced the transpiration rate of Cucurbita pepo by 66–84% and 60–70%, 
respectively, compared to untreated controls (Musante and White 2012). In other 
study, treatments of 500 and 100 mg L−1 of AgNPs decreased the transpiration rate 
of Cucurbita pepo by 41% (Stampoulis et al. 2009).
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14.4.5  Stomatal Conductance and Gas Exchange

In a study, exposure of A. thaliana plants to ZnO NPs (300 mg L−1) reduced the 
stomatal conductance and intracellular CO2 as compared to controls (Wang et al. 
2015). CeO2 and TiO2 NPs applied to soil-grown Clarkia unguiculata plants inhib-
ited CO2 assimilation in plants (Conway et al. 2015). Similarly, application of CeO2 
and ZnO NPs (at 0, 400 and 800  mg  kg−1 dosage) on maize (Zea mays) plants 
revealed that CeO2 NPs did not affect the stomatal conductance and gaseous 
exchange parameters, while ZnO NPs (at 800 mg kg−1) reduced the stomatal con-
ductance by 15%, compared to controls, 20 days after exposure (Zhang et al. 2015). 
In contrast, Cucurbita pepo plants grown under saline (NaCl) stress showed a 
decreased gas exchange and stomatal conductance due to excessive accumulation 
of Na+ and Cl− ions. However, addition of SiO2 NPs alleviated the adverse effects 
of NaCl treatment by enhancing the gas exchange parameters in plants (Siddiqui 
et  al. 2014). A recent study has described the effect of positive-charged and 
negative- charged CeO2 NPs on the physiology of soybean. At 100% field capacity, 
both types of NPs significantly increased the stomatal conductance to a similar 
extent (Cao et al. 2018).

14.4.6  Photosynthetic Parameters

The effect of metal and metal oxide NPs on the chlorophyll content and photosyn-
thesis rate of plants has been widely studied. Of late, the effect of mesoporous SiO2 
NPs on the chlorophyll and photosynthetic activity of treated wheat and lupin plants 
was investigated, showing an increase in chlorophyll (both a and b pigments) and 
the maximum photosynthetic activity when plants were exposed to 500 mg L−1 of 
NPs (Sun et al. 2016). It was believed that the application of Si increased the expres-
sion of genes (HemD and PsbY) that might be related to chlorophyll biosynthesis. 
Enhanced expression of these genes might result in greater activity of photosystem 
II and the electron transfer rate, which led to enhanced chlorophyll content (Song 
et al. 2014; Li et al. 2015a, b). Application of 0.1, 0.2 and 0.4% anatase TiO2 NPs 
on Ulmus elongata seedlings lowered the net photosynthetic activity, as compared 
to control plants. It also led to reduction and blockage of electron flow from Qa to 
Qb (Gao et al. 2013). At 60 mg kg−1 concentration, TiO2 NPs of less than 20 nm 
increased the chlorophyll content in wheat (Triticum aestivum) plants by 32.3% in 
comparison to the control. However, there was a decrease of 11.1% at 100 mg kg−1 
concentration, as the plants were not able to tolerate NPs at concentrations beyond 
60 mg kg−1 (Rafique et al. 2018). In contrast, TiO2 NPs increased the regulated pho-
tosystem II (PS II) energy dissipation and decreased the nonregulated PS II energy 
dissipation during heat stress in tomato plants and then promoted photosynthesis 
(Qi et al. 2013).
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In a similar way, application of ZnO NPs (300 and 400 mg L−1) on A. thaliana 
showed that ZnO NPs significantly lowered the chlorophyll a and b content by 
50%, as compared to controls. The net photosynthetic activity was also reduced by 
more than 50% at 300 mg L−1 concentration of these NPs. Even the expression of 
chlorophyll synthesis genes and photosystem structure genes was reduced fivefold 
(Wang et al. 2015). CeO2 NPs at a concentration of 400 or 800 mg kg−1 showed no 
effect on the net photosynthetic activity after 10, 15, and 20 days of germination in 
maize (Zhao et al. 2012a, b). In a similar manner, CeO2 and ZnO NPs did not affect 
the chlorophyll content and net photosynthetic rate of cucumber plants (Zhao et al. 
2013). On the other hand, CuO NPs of <50 nm size when applied to barley leaves 
at concentrations of 0.5, 1.0, and 1.5 mM showed no noticeable change in chloro-
phyll contents on the 10th day of growth. A sudden loss of chlorophyll contents 
was, however, observed on the 20th day of growth (Shaw et al. 2014). In another 
study, exposure of the aquatic plant Lemna gibba L. to CuO NPs for 48 h inhibited 
the photosynthetic rate due to inactivation of reaction centers of PS II and a decline 
in electron transport (Perreault et al. 2014). AgNPs showed a concentration-depen-
dent fluorescence quenching of chlorophyll in soybean plants and also reduced the 
photosynthetic pigments. The fluorescence quenching of chlorophyll may be attrib-
uted to the process of electron transport from excited chlorophyll molecules to 
AgNPs (Falco et al. 2015). A recent study reveals that at 100% field capacity, the 
content of chlorophyll a was increased by 18 and 20% in soybean exposed to 
uncoated CeO2 NPs and PVP-coated CeO2 NPs, respectively. However, the 
uncoated CeO2 NPs reduced chlorophyll b content by 12% and 21% at 55% and 
100% field capacity, respectively, whereas the reduction caused by PVP-coated 
CeO2 NPs at 55 and 100% field capacity was up to 15 and 12%, respectively. The 
net photosynthetic rate was significantly higher in the CeO2 NP-treated plants than 
in their respective controls (Cao et al. 2018).

14.5  Factors Affecting Behavior of NPs

It is clear from the above discussion that the use of metal-based NPs has a direct 
impact on physiology and growth of plants. Let us now examine the important fac-
tors that decide the behavior of NPs toward plant physiology.

14.5.1  Size, Shape, and Type of NPs

Size and shape of NPs are the most important factors which have noticeable impact 
on plant performance (Siddiqi and Husen 2016, 2017). NPs of the same metal 
having different sizes and shapes may have different behaviors toward the plant 
physiological processes. In a study of rice plants exposed to AgNPs of different 
sizes (20, 30–60, 70–120, and 150 nm), the uptake was increased when the seeds 
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were treated with small (20 nm)-sized AgNPs. Treatment with AgNPs of 150 nm 
diameter resulted in leaf cell deformation (Thuesombat et al. 2014). Nicotiana taba-
cum L. cv Xanthi (tobacco) and Triticum aestivum (wheat) have been exposed to 
tannate (T-MNPs)- or citrate (C-MNPs)-coated Au NPs of 10, 30, and 50 nm sizes. 
All these MNPs bioaccumulated in tobacco, but no bioaccumulation of MNPs was 
observed in wheat (Judy et al. 2012). In another study, ZnO and CeO2 NPs were 
exposed to soybean plants. Presence of CeO2 NPs was observed in plant roots, but 
no ZnO NPs were present in roots, demonstrating the differential effect of different 
types of metal NPs exposed to plants (Lopez-Moreno et al. 2010). Similarly, the 
effect of four different metallic NPs (Al2O3, SiO2, Fe3O4, and ZnO) was different on 
the development of Arobidopsis thaliana; ZnO NPs were most phytotoxic, followed 
by Fe3O4, SiO2, and Al2O3. ZnO NPs inhibited the germination of seeds, and the 
effect was size dependent (Lee et al. 2010). A similar study evaluated the effect of 
anatase and rutile TiO2 on flax seeds. The anatase TiO2 were more toxic than the 
rutile TiO2 due to differences in their crystalline behavior (Clement et al. 2013). 
Different types of carbon nanomaterials, namely, fullerenes, single-walled carbon 
nanotube (CNT), multi-walled CNT, and graphene oxide NPs, showed different 
effects on the physiological parameters, viz., concentration of phytohormones, 
activity of antioxidant enzymes, and extension growth of plant axis in rice (Oryza 
sativa) grown in loamy soil (Hao et al. 2018).

14.5.2  Surface Coating or Surface Functionality of NPs

Surface characteristics of NPs are important with reference to phytotoxicity of NPs. 
Five plant species, Zea mays (corn), Cucumis sativus (cucumber), Glycine max 
(soybean), Brassica oleracea (cabbage), and Daucus carota (carrot), treated with 
monomolecular layers of alumina NPs, showed that phytotoxicity of alumina NPs 
was reduced appreciably by the loading of 10% monomolecular layers of 
 phenanthrene. Alumina NPs loaded with phenanthrene were less toxic than the non-
loaded NPs (Yang and Watts 2005). Likewise, corn plants treated with bare and 
alginate- coated cerium oxide (CeO2) NPs in soil exhibited that alginate coating on 
NPs surface increased the uptake of Ce in plants (Zhao et al. 2012a, b). In another 
study, the surface of ultra-small TiO2 NPs was modified with alizarin red S and sucrose 
and the effect was seen in the intact Arabidopsis thaliana. The nano-conjugates 
traversed the cell walls to enter plant cells and accumulated in specific subcellular 
locations (Kurepa et al. 2010). One more study demonstrated the effect of surface 
ligands, i.e., cysteamine, cysteine, and thioglycolic acid, on the uptake of Au NPs in 
tomato and rice. The negatively charged cysteine-coated Au NPs were more easily 
internalized by roots and then transferred to plant shoots as compared to the thiogly-
colic acid-coated Au NPs of similar size and having similar charge. It was noted that 
the uptake and translocation of NPs depend more upon the type of surface ligand 
rather than the surface charge (Li et al. 2016a, b). Similarly, citric acid coated and 
uncoated CeO2 NPs could increase the shoot length and total chlorophyll content in 
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tomato plants, whereas the same were reduced after incubation of plants with the 
bulk cerium oxide and cerium acetate. The ligand coating on the surface of NPs 
reduced the Ce uptake by plants and did not have any effect on the translocation of 
NPs (Barrios et al. 2016).

14.5.3  Surface Charge of NPs

Surface charge (cationic, anionic, or neutral) of NPs is a major deciding factor for 
their uptake by the plant parts. The positively charged Au NPs were most readily 
taken up by plant roots, while the negatively charged NPs were most efficiently 
translocated from roots to shoots (Zhu et al. 2012). CeO2 NPs functionalized with 
positive-charged, negative-charged, and neutral dextran coatings were assessed for 
their uptake by wheat seedlings. A 15–20% reduction from Ce(IV) to Ce(III) was 
found in both roots and leaves. Due to their high affinity with the negative-charged 
cell walls, CeO2(+) NPs adhered in a strongest way to the plant roots. After 34 h, 
plants exposed to CeO2(−) and CeO2(0) NPs showed higher leaf Ce concentrations 
than the plants exposed to CeO2(+) NPs (Spielman-Sun et al. 2017).

14.5.4  Concentration/Dose of NPs

Concentration of NPs has a significant effect on the growth and development of 
plants (Siddiqi and Husen 2016, 2017). Exposure to 24 nm-sized green synthe-
sized Au NPs at concentrations of 10 and 80 μg mL−1 enhanced the shoot length 
of A. thaliana seedlings by 1.42- and 1.64-folds in comparison to the control 
(Kumar et al. 2013). Cucumber plants exposed to CeO2 or ZnO NPs at concentra-
tions of 0, 400, and 800 mg kg−1 have indicated that remained unaffected with 
reference to plant growth, gas exchange, and chlorophyll content. However, at 
800 mg kg−1 concentration, CeO2 NPs reduced the yield, compared to the control 
(Zhao et al. 2013). The hydroponically grown lettuce treated with core–shell (Fe/
Fe3O4, Cu/CuO NPs) at 10 and 20 mg L−1 and FeSO4·7H2O and CuSO4·5H2O at 
10 mg L−1 indicated no effect of iron ions/NPs on the physiological parameters. 
Conversely, Cu ions/NPs decreased the water content, root length, and dry bio-
mass of the lettuce plants (Trujillo-Reyes et al. 2014). Treatment with 2000 mg L−1 
and 4000  mg  L−1 CeO2 NPs has induced genotoxic effects in soybean plants 
(Lopez-Moreno et al. 2010). Lemna minor exposed to media with various concen-
trations of TiO2 NPs showed that superoxide dismutase activity was decreased when 
TiO2 NPs concentration was higher than 200 mg L−1 and the plant cell membrane 
experienced serious damage at 500  mg  L−1 TiO2 NP concentration (Song et  al. 
2012). Similarly, TiO2 NPs have a significant effect on seed germination, plant 
growth, and development of switchgrass (Panicum virgatum) in a dose-dependent 
manner (Boykov et al. 2018).
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The well-known model plant, A. thaliana, when exposed to different concentrations 
of CeO2 and indium oxide (In2O3) NPs, indicated that CeO2 NPs at 250 ppm can 
significantly increase the plant biomass, but at 500–2000 ppm the plant growth was 
reduced by 85%. CeO2 NPs at 1000 and 2000 ppm reduced the chlorophyll produc-
tion by nearly 60% and 85%, respectively, whereas anthocyanin production was 
enhanced three- to fivefold. Malondialdehyde (MDA) production was unaffected by 
the exposure to 250–500 ppm CeO2 NPs, but it increased by 2.5-fold at 1000 ppm 
(Ma et  al. 2013). Application of CeO2 NPs at 0–1000 mg kg−1 and ZnO NPs at 
0–500 mg kg−1 reduced the nutritional value of soybean plants. Compared to the 
control, CeO2 NPs at 1000 mg kg−1 could cause significantly less accumulation of 
Ca and more of P and Cu in pods, while 100 mg kg−1 ZnO NPs led to a higher accu-
mulation of Zn, Mn, and Cu (Peralta-Videa et al. 2014). The higher concentration of 
NPs had a more negative effect on seedling growth (Thuesombat et  al. 2014). 
Growth of roots of buckwheat treated with ZnO NPs and CuO NPs at 2000 and 
4000 mg L−1, respectively, was reduced considerably in comparison to the control 
(Lee et al. 2013).

14.5.5  Type of Plant Species Exposed

NPs of the same type often have different impact on different plant species (Husen 
and Siddiqi 2014b, c; Siddiqi and Husen 2016, 2017). A study revealed that radish 
and ryegrass roots generally accumulated more amounts of Au NPs (14–900 ng mg−1) 
than rice and pumpkin roots (7–59 ng mg−1). Accumulation was statistically signifi-
cant in rice shoots (1.1–2.9 ng mg−1), while none of the Au NPs accumulated in the 
shoots of radish and pumpkins (Zhu et  al. 2012). NPs bioaccumulation has also 
been reported to be plant species-dependent possibly due to interspecific differences 
in the nature of chemical exudations from roots (Judy et al. 2012). In another study, 
effect of Cu NPs on the growth of Polyboroides radiatus and Triticum aestivum was 
studied and found that P. radiatus was more sensitive to Cu NPs than T. aestivum 
(Lee et al. 2008).

14.5.6  Nature of Growth Media

The medium used for plant cultivation also has an effect on the phytotoxicity of 
NPs. The toxicity and bioavailability of AgNPs to Polyboroides radiatus and 
Sorghum bicolor were measured in the agar and soil media. Growth of S. bicolor 
was reduced in a concentration-dependent manner in the agar medium. In the case 
of soil, growth of P. radiatus was not significantly affected, but S. bicolor showed a 
slightly reduced growth rate (Lee et al. 2012). In another study, it was shown that 
the soil organic matter plays a vital role in the mobility and bioavailability of CeO2 
NPs in the soil solution (Zhao et al. 2012a, b). The pumpkin and wheat plants were 
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exposed to CeO2 NPs dissolved in media containing gum arabic or fulvic acid. 
None of the plants showed a reduced growth or any toxic response. CeO2 NPs were 
found to be translocated shoots in pumpkin but not in wheat plants. The presence of 
fulvic acid and gum arabic acid also affected the amount of NPs associated with 
roots (Schwabe et al. 2013).

14.6  Effect of NPs-Mediated Gene Delivery on Plant Growth

Metallic NPs, nanofibers, and nanocapsules offer a new set of tools to manipulate the 
genes. Appropriately functionalized NPs serve as a platform to transport a large num-
ber of genes as well as chemicals that trigger gene expression in plants (McKnight 
et al. 2003; Radu et al. 2004; Roy et al. 2005; Torney et al. 2007; Xia et al. 2009). 
Fluorescent-labeled starch NPs were used for transport of genes across the plant cell 
wall. Integration of different genes on NPs and, at the same time, imaging of the fluo-
rescent NPs were possible with fluorescence microscope so as to monitor the move-
ment of exterior genes along with the expression of genes (Liu et al. 2008). SiO2 NPs 
capped with Au NPs have been used for particle bombardment in plant cells. The 
results have demonstrated that the plasmid DNA transferred by the gene gun method, 
using the gold-capped SiO2 NPs, was successfully expressed in the intact tobacco and 
maize tissues. The main benefit was the simultaneous delivery of both DNA and effec-
tor molecules to the specific sites that resulted in the site-targeted delivery and expres-
sion of chemicals and genes, respectively (Torney et  al. 2007). In another study, 
plasmids were covalently bound to magnetic NPs and successfully delivered to canola 
cells. The expression of plasmid delivery after 48 h in suspension culture was con-
firmed by the appearance of blue- color expression of GUS gene due to staining with 
5-bromo-4-chloro-3-indolyl-β- d- glucuronic acid (X-Gluc) in the plant protoplasts 
(Hao et al. 2013). Likewise, SiO2 NPs served as a vehicle for the delivery of foreign 
DNA into the roots of Arabidopsis thaliana. The expression of DNA was noticed in 
the epidermal layer and also in the inner most cortical and endodermal regions of 
plant roots (Chang et al. 2013). Another study has described the role of gold-coated 
SiO2 NPs for co-delivery of protein and DNA into the onion plant cells by the particle 
bombardment method. The expression of marker gene (enhanced green fluorescent 
protein) and fluorescently labeled BSA protein was detected in the onion epidermal 
cells (Martin- Ortigosa et al. 2012). Thus, the metallic NPs serve as candidates suitable 
for the plasmid/DNA delivery to plant cells.

14.7  Phytotoxicity of NPs

NPs are used in a wide variety of consumer products such as cosmetics, wound 
dressings, textiles, and so on. After the end usage of NPs, these are discharged 
into the environment inevitably, leading ultimately to the pollution of water 
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bodies and soil. Plants also get exposed to NPs in the aquatic and terrestrial envi-
ronments (Choudhury et al. 2016). Airborne NPs possess the tendency to attach 
to leaves and other aerial parts of plants, whereas roots interact with NPs through 
the waterborne or soil materials. Once present on the leaf surface, NPs penetrate the 
plants via the bases of trichomes or through stomata and then get translocated to 
tissues of different plant systems. The main damage to the ecosystem due to NP 
deposition is related to the alteration of competition pattern among the species, 
which results in a drastic effect on plant biodiversity (Choudhury et al. 2016). More 
sensitive species may be eliminated, while the growth, flowering, and fructification 
of other species may be favored. This situation has brought the phytotoxicity issues 
of NPs to the fore.

Higher plants strongly interact with their atmospheric and terrestrial environ-
ments. These interactions are expected to be affected by their exposure to NPs 
(Navarro et  al. 2008). Most of the studies undertaken on the effects of NPs on 
higher plants have been confined to seed germination and root elongation test (Lin 
and Xing 2007; Yang et al. 2006; Zheng et al. 2005). TiO2 NPs have shown positive 
effects on germination of aged spinach seeds as well as on the growth of seedlings 
(Zheng et al. 2005). Similarly, TiO2 NPs significantly promoted the growth of spin-
ach and accelerated the nitrogen assimilation (Yang et al. 2006). TiO2 NPs were not 
much toxic to willow trees, and the toxic effects did not follow a clear dose- 
dependent relationship, probably due to the formation of aggregates and their sub-
sequent sedimentation (Seeger et al. 2009). Similarly, effects of TiO2 NPs on the 
photochemical reaction of chloroplasts of Spinacia oleracea were analyzed (Hong 
et al. 2005), which showed that the nano-TiO2 treatment could enhance the Hill 
reaction and the activity of chloroplasts, which further accelerated the FeCy reduc-
tion and oxygen evolution. Moreover, noncyclic photophosphorylation activity was 
higher than the cyclic photophosphorylation activity during the TiO2 treatment, 
which also increased the germination rate and vigor indexes (Zheng et al. 2005). 
The plant dry weight also increased due to increase in the chlorophyll formation 
and the ribulose bisphosphate carboxylase/oxygenase activity and, consequently, in 
the photosynthetic rate. Gao et  al. (2006) have shown that Rubisco carboxylase 
activity was 2.67 times higher in the nano-anatase TiO2-treated Spinacia oleracea 
than that in the control. The molecular mechanism of the carbon reaction pro-
moted by nano- anatase TiO2 during photosynthesis is still not clearly understood. 
Reverse transcription PCR and northern blotting experiments have evidenced that 
mRNAs encoding the small and large subunit of Rubisco were promoted in the 
NPs-treated plants (Xuming et  al. 2008). Accordingly, the protein expression of 
Rubisco from the nano-anatase-treated spinach was increased by 40%, as compared 
to the control.

The phytotoxicity of AgNPs was investigated in crop plants Phaseolus radiatus 
and Sorghum bicolor grown in the agar and soil media. AgNPs showed a 
concentration- dependent growth inhibition of P. radiatus and S. bicolor seeds in 
agar media and also caused browning and necrosis of root tips. The phytotoxicity 
was relatively less in soil media due to the reduced bioavailability of AgNPs in soil 
than in agar (Lee et al. 2012). In a similar study, exposure of glucoxylan-mediated 
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green synthesized AgNPs (40 nm) and Au NPs (6 nm) did not show any significant 
effect on germination of radish seeds. These two types of NPs behaved differently 
toward the root growth of radish seedlings, where AgNPs induced a stimulatory 
effect on root length in a concentration-dependent manner, while Au NP exposure 
caused no significant change in the root length (Iram et al. 2014). Zn and ZnO NPs 
have shown effect on the root and shoot growth in radish, rape, and ryegrass. The 
phytotoxicity of ZnO NPs was not directly related with their limited dissolution in 
the bulk nutrient solution or rhizosphere (Lin and Xing 2007). In the aquatic plant 
Hydrilla verticillata, growth in early stages was inhibited after exposure to ZnO 
NPs at a high concentration of 1000 mg mL−1, whereas Phragmites australis indi-
cated a decline in growth rate after few weeks of exposure. It was concluded that 
high dosage of ZnO NPs caused significant phytotoxicity in these aquatic plants 
(Song and Lee 2016). In another study to determine the toxicity of ZnO NPs in the 
corn and cucumber plants, root length was found to reduce by 17% and 21%, 
respectively, while seed germination remained unaffected by the ZnO NPs at a con-
centration of 1000 mg mL−1 (Zhang et al. 2015).

In a study of the phytotoxicity and bioavailability of Cu NPs to Phaseolus radia-
tus and Triticum aestivum, growth rate of both the crop plants was found to drop as 
a result of exposure to NPs. Bioaccumulation was concentration-dependent, and the 
contents of NPs in plant tissues increased with increasing NPs concentration in the 
growth media. T. aestivum showed a relatively greater accumulation of Cu NPs in 
roots due to its peculiar root morphology (Lee et al. 2008). Of late, toxicity of Cu 
NPs was evaluated in 10–15 days old alfalfa and lettuce seedlings grown in hydro-
ponics. Plant size and the nutrient content of tissues got reduced, whereas enzyme 
activity was altered in both the plants (Hong et al. 2015). In A. thaliana grown in 
agar media, CeO2 NPs caused stimulatory effect at a low dose, while high NP con-
centrations led to adverse effects on antioxidant system, photosystem, and the over-
all plant growth (Yang et al. 2016). The toxicity effects of Al2O3 NPs (13 nm) were 
investigated in a time- and dose-dependent manner on the root growth and 
 development of T. aestivum. There was a decrease in root elongation with increase 
in the concentration of NPs applied. Moreover, a decrease in the total protein con-
tent, an increase in peroxidase activity and accumulation of lignin, and a damage to 
root cortex were also recorded (Yanik and Vardar 2015).

The magnetic NPs coated with tetramethylammonium hydroxide had a magnetic 
influence on the enzyme structures implied at different stages of photosynthesis 
during the early growth of Zea mays plants. Small concentrations of aqueous fer-
rofluid solution added to the culture medium showed a stimulating effect on growth, 
while the larger amounts induced an inhibitory effect (Racuciu and Creanga 2007). 
Toxic effects of semiconductor L-cysteine capped CdS NPs (15–20 nm) were exam-
ined on the aquatic plant Spirodela polyrrhiza, which experienced  significant 
reduction in plant growth as well as changes in the activity of antioxidant enzymes 
(peroxidase and superoxide dismutase), demonstrating the phytotoxicity of the 
synthesized NPs (Khataee et al. 2014). Earlier, phytotoxicity and biotransforma-
tion of La2O3 NPs were assessed in cucumber roots. The NPs over a concentration 
of 200  mg  L−1 affected the root elongation and growth rate. The organic acids 
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secreted from the root cells could possibly cause dissolution of the NPs applied. 
Moreover, the biotransformation of La2O3 NPs from spherical shape to needlelike 
form was observed in the intercellular spaces and middle lamella of the root tissues 
(Ma et al. 2011).

14.8  NPs Exposure Causes Oxidative Stress in Plants

There are limited reports in the literature regarding the oxidative stress caused or 
altered by NPs in the plant tissues. Reactive oxygen species (ROS) are free radicals 
which contain atoms of oxygen and are generally formed inside several plant struc-
tures due to various metabolic pathways (Anjum et al. 2015a, b; Aref et al. 2016). 
Various environmental factors are responsible for increasing the ROS in the cellular 
milieu of plants, leading to stressful conditions. Increase in ROS inside plant cell 
membranes may cause several damages and disturb normal activity of plants (Gill 
and Tuteja 2010; Anjum et al. 2012). Heavy metal ions present in soil or water may 
affect the plant metabolism and cause oxidative stress (Lopez-Moreno et al. 2010). 
Excessive increase in ROS levels may elicit detoxification mechanisms involving 
both enzymatic and nonenzymatic systems that tend to prevent oxidation of biologi-
cal molecules like proteins or lipids (Gill and Tuteja 2010). A difference in balance 
of both the ROS production and detoxification leads to oxidative stress. Oxidative 
stress caused in plants by metal NPs has been mentioned in several studies (Anjum 
et al. 2015a, b).

In a study, wheat (T. aestivum) plants exposed to Fe2O3 NPs were evaluated for 
any oxidative damage by monitoring the activity of antioxidant enzymes. It came 
out that the activity of enzymes such as ascorbate peroxidase, superoxide dismutase 
(SOD), guaiacol peroxidase, and catalase (CAT) was increased significantly in the 
roots and aerial parts of NPs-treated plants (Iannone et al. 2016). Similarly, R. sati-
vus exposed to Fe2O3 NPs (1 mg mL−1 concentration) showed a 219.5% increase in 
the ROS inside the cells. Consequently, activities of CAT, SOD, and the glutathione 
content also increased, showing that Fe2O3 NPs generated heavy oxidative stress 
which was countered by the antioxidant enzymes in order to develop the defense 
system (Saquib et al. 2016). AgNPs of size 20 nm (20 and 50 mg mL−1) applied to 
Vigna radiata L. (mung bean) for 21 days produced ROS and increased the forma-
tion of hydrogen peroxide and lipid peroxidation, which caused cellular damage 
(Nair and Chung 2015). In contrast, AgNPs synthesized by synthetic route caused a 
decrease in SOD activity in E. crassipes at all the doses used, whereas activity of 
CAT was increased. In water hyacinth plant, the activity of catalase (CAT) and per-
oxidase (POD) was decreased with increase in the concentration of biosynthesized 
AgNPs applied. The study suggested that synthetic AgNPs could produce more 
oxidative stress in comparison to the biosynthesized AgNPs, which was combated 
by modulation of antioxidant enzymes accordingly (Rani et al. 2016).

CuO and ZnO NPs in Cucumis sativus significantly increased the activity of 
SOD, CAT, and POD enzymes. The activity of SOD and POD in root cells was 
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increased by more than 50% than in the control (Kim et al. 2012). Similarly, oxidative 
stress in the sand-grown wheat plants treated with CuO and ZnO NPs was evi-
denced by increased lipid peroxidation and oxidized glutathione in roots, leading to 
increased ROS production (Dimkpa et al. 2012). A significant increase in the levels 
of SOD and POD was found in response to ROS generation in cotton plants caused 
by the low dose of ZnO NPs carrying phycomolecule ligands present in the extract 
of algae Halimeda tuna (Venkatachalam et al. 2017). On the other hand, ZnO NPs 
at higher concentration induced the oxidative stress in S. lycopersicum through the 
generation of ROS. The activity of SOD was increased at lower concentrations of 
ZnO NPs, whereas lipid peroxidation measured in terms of malondialdehyde 
increased with increase in the ZnO NP concentration (Singh et al. 2016). In rice 
plants, H2O2 content increased by 162% over the control on exposure to 500 mg L−1 
CeO2. At 125 mg L−1, the activity of SOD, glutathione reductase, and dehydroascor-
bate reductase was significantly reduced, causing damage to cellular membranes 
(Rico et  al. 2013a, b). Similarly, radish plants grown with 125  mg of CeO2 NPs 
showed enhanced CAT and ascorbate peroxidase activity in root tubers but a reduced 
one in leaves (Corral-Diaz et al. 2014). Medicago sativa cells exposed to MPA- CdSe/
ZnS QDs at 10, 50, and 100 nM showed increased activity of SOD, CAT, and gluta-
thione reductase enzymes, possibly due to the release of Cd from the degradation of 
CdSe/ZnS QDs. The ROS generated in the plants after the treatment with QDs was 
thus overcome by mobilizing the ROS-scavenging mechanisms through enzymatic 
actions (Santos et al. 2013).

14.9  Conclusions

A variety of metallic NPs released in our environment have a great impact on the 
living beings such as humans, plants, and animals. Uptake, translocation, and accu-
mulation of metallic NPs occur in plant roots, stem, leaves, and other plant parts. 
Uptake of NPs affects plant physiological processes such as photosynthesis, respira-
tion, mineral and water uptake, and transpiration. This leads to variations in seed 
germination rate, plant growth, and biomass. Plants’ exposure to NPs has both posi-
tive and negative effects on plant growth and development, depending on several 
factors such as size and shape of NPs, plant species exposed, concentration of NPs, 
and duration of exposure. Delivery of plasmids/DNA to plant cells mediated by NPs 
carriers and also the phytotoxicity and oxidative stress caused in plants by applica-
tion of NPs are of utmost importance. It is a prerequisite to decide the various param-
eters related to NPs (size, shape, concentration of use, exposure duration, etc.) 
before their applicability in the plant systems so as to avoid toxicity effects and get 
the beneficial response.
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Chapter 15
Impacts of Metal and Metal Oxide 
Nanoparticles on Plant Growth 
and Productivity

Mukesh Kumar Kanwar, Shuchang Sun, Xianyao Chu, and Jie Zhou

15.1  Introduction

The art of manipulating matter on an atomic, molecular, or supramolecular level is 
known as nanotechnology (Banerjee and Kole 2016). Usually, materials lesser than 
100 nm in one dimension, are treated as nanomaterial. Therefore, they can be one 
dimensional (rod-shaped), two dimensional (films), three dimensional (any shape), 
or zero dimensional (all dimensions are at nanoscales), based on the modification of 
matter (Bernhardt et al. 2010; Tiwari et al. 2014; Banerjee and Kole 2016). Because 
of this, they possess some characteristic features, including the physical and chemi-
cal properties that have drawn a general attention to their pivotal application in plant 
sciences with reference to plant growth and development.

In general, nanoparticles (NPs) can be distinguished into three main groups, viz., 
natural, incidental, and engineered or manufactured NPs (Nowack and Bucheli 2007; 
Monica and Cremonini 2009). NPs of the first type are present since the beginning of 
the earth and are released through natural processes like volcanic eruptions, forest 
fires, dust storms, and photochemical reactions. The second form of NPs is anthropo-
genic in nature, which emanates usually from petrol/diesel exhaust, burning of coal, 
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and industrial exhausts (Buzea et al. 2007). The engineered NPs (ENPs) can be cat-
egorized as carbon-based NPs (CB-NPs), metal-based NPs (MB-NPs), magnetic 
NPs, dendrimers, and composite NPs. The metal and metal oxide-based NPs are 
purposely produced by humans from different metals like gold (Au), silver (Ag), zinc 
(Zn), nickel (Ni), ferrum (Fe), and copper (Cu) and from metal oxides like titanium 
dioxide (TiO2), ferroferric oxide (Fe3O4), silicon dioxide (SiO2), cerium oxide 
(CeO2), aluminum oxide (Al2O3), etc. (Fedlheim and Foss 2001).

During the last two decades, a significant amount of research has been conducted 
on metal NPs (MNPs) and metal oxide NPS (MONPs) particularly from agricultural 
perspective, because these NPs can easily slip into the plant system (Tripathi et al. 
2011; Husen and Siddiqi 2014a, b; Raliya et al. 2015). Because of their unique prop-
erties, NPs are reported to boost plant metabolism (Nair et al. 2011). Excessive use 
of NPs in the industrial sector, in food and agricultural products, and in remediation 
technologies has conjured the issue of contamination of ecosystems (Gardea- 
Torresdey et al. 2014; Nair 2016). This has dragged the attention of many research 
groups to explore the potential effects of NPs on plants (Monica and Cremonini 
2009; Nair et al. 2011; Li et al. 2014; Rico et al. 2015). Being sessile in nature, plants 
are frequently exposed to NPs. Plants exposed to MNPs and MONPs subsequently 
accumulate them in their underground and aerial parts. When present into the rhizo-
sphere, NPs can easily enter the epidermis and cortex via the apoplastic route (Rizwan 
et al. 2016). Translocation to aerial parts is much dependent on exposure time, plant 
species, and the shape and size of NPs (Li et al. 2014; Rico et al. 2015). On finding 
their entry into crop plants, NPs also generate a threat to human population through 
contamination of the food chain. Potential toxicity of NPs toward living organisms is 
well established. Given this, it becomes imperative to study the interactions among 
plants and NPs, which determine the mode of the NP uptake and accumulation, and 
subsequently their fate in the environment (Nair 2016). This chapter provides the 
latest information related to the interaction of plants with NPs and elucidates the 
consequent effects on plant growth and development.

15.2  Metal and Metal Oxide Nanoparticles

Being a new field, nanotechnology has a potential to provide a platform for research-
ers to design and incorporate new tools for studying the key functioning of NPs into 
the plant system (Cossins 2014). Metallic NPs are simple to synthesize because of 
their tunable features like size, shape, composition, structure, and encapsulation, 
out of different reported NPs (Subbenaik 2016). Of the synthesized NPs, Au and Ag 
NPs are most frequently used because of their simplicity in preparation, bio- 
conjugation, and appealing results under various tested systems. Limited size and 
high density of corner gave exclusive properties to metal oxide NPs also (Picó and 
Blasco 2012; Raliya and Tarafdar 2013; Subbenaik 2016). Different metals (Au, 
Ag, Zn, Ni, Fe, and Cu) and metal oxides (TiO2, Fe2O4, SiO2, CeO2, Al2O3, etc.) 
have been used to design NPs (Fedlheim and Foss 2001) that suit different 
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plant- related processes including protection and fertilization (Gogos et al. 2012). 
For example, the use of SiO2 and Al2O3 nanoparticles reportedly increases the ger-
mination percentage and growth of roots in plants (Lin and Xing 2007; Siddiqui and 
Al-Whaibi 2014).

However, the rapidly increasing use of MNPs and MONPs in various operations 
and their presence in the environment has raised the issues of environmental health. 
Regulation of their optimum levels within the soil as nutrients/facilitators/pollutants 
for sustainable agriculture and crop production is a tedious task. As plant develop-
ment is regulated by diverse environmental factors like nutrient availability, tem-
perature, soil morphology, and light intensity, it is important to explore whether 
MNPs/MONPs also have a potential to influence the plant growth and development 
and/or create toxicity in the plant system.

15.3  Effects of NPs on Plant Growth and Development

Plant growth and development is a holistic term that starts from the initial stages of 
seed germination and extends up to the senescence. The effects of MNPs/MONPs 
on the overall growth process are found to be both positive and negative, possibly 
depending upon the size, composition, concentration, physical and chemical prop-
erties of NPs, and also the nature of plant species (Khodakovskaya et  al. 2012; 
Husen and Siddiqi 2014b; Nair 2016; Siddiqi and Husen 2016, 2017a, b; Husen 
2017; Fig. 15.1). This chapter is planned to discuss the plausible role of NPs on 
overall plant growth and productivity.

15.3.1  Seed Germination

Effects of NPs on seed germination are both positive and negative (Hong et  al. 
2015). Nanoparticles synthesized from lead, palladium, gold, and copper have con-
siderably swayed the growth of lettuce (Lactuca sativa) seeds (Shah and Belozerova 
2009). The activity of nitrate reductase was increased by the exogenous treatment of 
nano-SiO2 and nano-TiO2 which results in the better germination of soybean seeds 
(Lu et al. 2002). Improved seed germination was also noticed in lettuce and cucum-
ber (Cucumis sativus) (Barrena et  al. 2009), Indian mustard (Brassica juncea) 
(Arora et al. 2012), Boswellia ovalifoliolata (Savithramma et al. 2012), and Gloriosa 
superba (Gopinath et al. 2014) plants when given Au NP treatment. Similarly, appli-
cation of nano-SiO2 improves seed germination and nutrient’s availability to maize 
plants (Suriyaprabha et al. 2012). Better germination of seeds was noticed in peanut 
(Arachis hypogaea) (Prasad et  al. 2012), soybean (Glycine max) (Sedghi et  al. 
2013), wheat (Triticum aestivum) (Ramesh et al. 2014), and onion (Allium cepa) 
(Raskar and Laware 2014) by the application of Zn nanoparticle.
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Negative impacts of NPs on seed germination have also been recorded. Rice, 
barley, faba bean, and turnip have shown a dose-dependent decrease when treated 
with Ag NPs (El-Temsah and Joner 2012; Thuesombat et al. 2014; Thiruvengadam 
et al. 2014). Similarly, NPs of copper oxide (CuO), nickel oxide (NiO), TiO2, iron 
oxide (Fe2O3), and cobaltosic oxide (Co3O4) also reduced the seed germination of 
lettuce, radish, and cucumber plants (Wu et al. 2014). Plants growing in soils under 
natural environment somehow behave differently from those in the lab or green-
house. Seed germination varied with different soils and was less affected in rye 
grass, barley, and flax plants when supplied with differential doses of Fe or Ag NPs 
in soil as compared to water. For instance, it was less obvious in clay soil than in 
sandy ones (El-Temsah and Joner 2012). In another supporting study, germination 
of lettuce and radish was less pretentious in soil than in water when treated with Ag 
NPs (Gruyer et al. 2013).

It is also known that a lower dose of NPs may serve as a seed-priming agent, 
whereas a higher dose causes phytotoxicity in crops. Moreover, plant response var-
ies significantly with the NPs tested and can be correlated to their dose and size (De 
Rosa et al. 2013). Although the positive or negative interaction between NPs and 
seed germination is voraciously studied in plants, the mechanism operative behind 
the scene is still obscure and needs a comprehensive evaluation.

Fig. 15.1 Schematic summary depicting the potential impacts of metal and metal oxide nanopar-
ticles on plant growth and productivity. These impacts are affected by size, composition, concen-
tration, physical and chemical properties of NPs, mode of their application, and also on the nature 
of plant species
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15.3.2  Mineral Uptake

Nutrients play a significant role in the process of plant growth, and their deficiency 
or nonavailability may lead to devastating effects such as stunting, deformity, dis-
coloration, distress, and even death of the plant. The toxic metal ions considerably 
hamper the uptake of minerals in plants (Zaheer et al. 2015; Rizwan et al. 2016). 
Foliar spray of Ag NPs at a differential dose range reduced the mineral uptake in 
tomato seedlings, which led to nutrient deficiency (Shams et al. 2013). Treatment of 
CeO2 and SiO2 NPs altered the nutrient supply in shoots and roots of transgenic 
cotton(Gossypium)plant (Le et  al. 2014; Li et  al. 2014). Similarly, lettuce plants 
were challenged for the nutrients on application of CuO NPs (Trujillo-Reyes et al. 
2014). Zhao et  al. (2014) found an increase in the uptake of micronutrients in 
cucumber plants when treated with ZnO NPs. However, 5, 10, and 20 mg L−1 doses 
of CuO NPs increased the content of various nutrients, like Cu, P, and S in alfalfa 
(Medicago sativa) shoots, and lowered the uptake of P and Fe in lettuce shoots 
(Hong et al. 2015). Such a decrease in mineral uptake by plants on the application 
of NPs might be because of the release of toxic metal ions from NPs (Dimkpa et al. 
2012; Mahmoodzadeh et al. 2013). However, more research is required to know the 
details of the mechanism involved.

15.3.3  Photosynthetic Machinery

Photosynthesis is a vital process by which plants convert light energy into chemi-
cal energy that can later be used for their growth and development. Of the total 
solar radiation energy falling on the surface of earth, approximately 2–4% is con-
verted by plants for their growth and development (Kirschbaum 2011). It is impor-
tant to increase the efficiency of this profit-yielding process for the better growth 
of plants. One essential modification for increasing the efficiency of photosynthe-
sis in plants is modifying the rubisco activity, an enzyme that catalyzes the conver-
sion of carbon dioxide (CO2) into the biomolecules. Recently, genes of 
cyanobacterium Synechococcus elongatus were incorporated in tobacco (Nicotiana 
tabacum) plants by replacing the Rubisco gene for carbon fixation in tobacco plant 
(Lin et al. 2014). These new engineered plants showed more photosynthetic effi-
ciency than the native ones. It has been reported that the application of SiO2 NPs to 
plants improves the photosynthetic rate by improving the activity of carbonic 
anhydrase enzyme (that supplies CO2 to the Rubisco) and synthesis of photosyn-
thetic pigments (Xie et  al., 2012, Siddiqui and Al-Whaibi 2014; Siddiqui et  al. 
2014). Similarly, the use of nano-anatase TiO2 enhances photosynthesis by stimu-
lating the Rubisco activity that could eventually increase the growth rate of plants 
(Gao et al. 2006; Chand and Siddiqui, 2012). It is also noteworthy that the bulk use 
of MNPs/MONPs generates the oxidative burst in plants by releasing their metal 
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ions (Rizwan et  al. 2016). This oxidative stress may result in the production of 
ROS that might interfere with many biochemical reactions and reduce the photo-
synthesis and gas exchange capacity of plants (Adrees et al. 2015; Das et al. 2015). 
The toxic effect of NPs on photosynthesis and gas exchange in food crops has been 
widely studied (Mirzajani et  al. 2013; Abouzeid and Moustafa 2014; Rao and 
Shekhawat 2014; Shaw et al. 2014).

The use of Ag NPs as seed-priming agent in wheat, soybean, and barley signifi-
cantly hampered the content of photosynthetic pigments and also quenched the 
chlorophyll fluorescence (Zhao et al. 2013; Abouzeid and Moustafa 2014; Gorczyca 
et al. 2015). The excessive application of MNPs/MONPs caused a significant reduc-
tion in the total chlorophyll content of some crop plants including Indian mustard, 
pea, and soybean (Pradhan et al. 2013; Mukherjee et al. 2014; Rao and Shekhawat 
2014). Therefore, it is quite now known that the toxic effects of MNPs/MONPs on 
the photosynthetic machinery depend on the duration, type, and dose of the NPs. 
Plants have the in-built mechanism to withstand against NP toxicity for certain 
period of time, and the extended exposure to NPs could hamper the photosynthetic 
system.

15.3.4  Plant Morphology

Plants flourishing in suited environment are characterized with better morphology 
based on the shoot and root lengths, the shoot and root biomass, and the leaf area. 
Stressful environment has adverse effects on these characters. Asli and Neumann 
(2009) reported that application of nTiO2 NPs repressed leaf growth and leaf func-
tions in maize seedlings via affecting the water uptake. Implications of the ZnO, 
Fe2O3, Al2O3, and CuO NPs in modifying the morphological parameters have been 
assessed in various crop systems (Dimkpa et al. 2012; Mahmoodzadeh et al. 2013; 
Nair and Chung 2014). It is suggested that the possible reason for the negative effect 
on plant growth parameters is the plausible release of toxic metal ions from these 
manufactured NPs. NPs synthesized from Ag significantly inhibited the root growth 
and biomass of different tested crops such as wheat, rice, sorghum, and tomato 
(Mazumdar and Ahmed 2011; Dimkpa et al. 2012; Song et al. 2013; Vannini et al. 
2014). Exposure of Ag NPs, at a dose of 0.2, 0.5, and 1 mg L−1 for 1 week, remark-
ably reduced the shoot and root biomass as well as the root elongation in rice seed-
lings (Nair et al. 2014). The length of wheat seedlings as well as the root growth in 
soybean and chickpea was noticeably hampered on application of CuO NPs 
(Adhikari et al. 2012; Dimkpa et al. 2012). Similarly, a dose-dependent decrease in 
plant height and in the shoot and root biomass of cotton seedlings was caused by the 
CeO2 and SiO2 NPs added to the growth media (Le et al. 2014). Additionally, occur-
rence of silver nanoparticles was detected in plasmodesmata and cell wall (Geisler- 
Lee et  al. 2013), which would certainly result in wall seepage and snarl-up of 
intercellular communication (Geisler-Lee et  al. 2014), sequentially distorting the 
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performance of nutrient transporter proteins and intercellular transport and thereby 
affecting the overall growth of the plants. The anatomical and ultrastructural 
responses of Capsicum annuum toward Fe NPs have been studied recently by Yuan 
et al. (2018) who found the responses to be dose-dependent. For instance, improve-
ment in leaf growth, chloroplast number, grana stacking, and development of vascu-
lar bundles was observed by light and electron microscopes at low concentrations of 
Fe NPs. In contrast, at elevated doses, Fe NPs appeared to be aggregated in cell 
walls and entered into the roots via the apoplastic pathway, thereby blocking the 
movement of iron.

In addition, many studies have shown the stimulating effects of different NPs 
toward plant morphology (Wang et al. 2012; Wang et al. 2013a; Antisari et al. 2015). 
Exposure of tomato seedlings to CeO2 NPs (0.1-10 mg L−1) caused a little increase 
in plant height and biomass (Wang et al. 2012). Application of nTiO2 to spinach 
(Spinacia oleracea) significantly improved its growth (Hong et al. 2015); treatment 
with ZnO at different doses (125, 250, and 500 mg−1 kg−1 soil) enhanced the root 
length of green peas (Pisum sativum), which was almost doubled in comparison to 
the control (Mukherjee et al. 2014). Treatment of TiO2 NPs improves the growth 
and yield of wheat plants in water-deficit condition (Jaberzadeh et  al. 2013). 
Similarly, SiO2 NP application (at a dose of 5–20 kg ha−1) in sandy loam soil appre-
ciably increased the shoot and root length and leaf area of 20-day-old maize seed-
lings (Suriyaprabha et al. 2012). Tobacco plants exposed to different concentrations 
(0.1%, 0.5%, and 1%) of Al2O3 NPs exhibited increase in root length and biomass 
but a drastic decrease in leaf count (Burklew et  al. 2012; Verma et  al. 2018). 
Likewise, physiological changes in watermelon were evaluated in vitro after expo-
sure to γ-Fe2O3 NPs (Wang et  al. 2016). An optimum dose of NPs was able to 
recover chlorosis and iron deficiency and promote plant growth.

Interaction between NPs and rhizosphere is immensely important because of the 
probable impact of NPs on the root-bacteria symbiosis. ZnO NPs proved perilous to 
rhizobium-legume symbiosis, as they disrupted early communication between rhi-
zobia and the plant along with the nodule development, and subsequently delayed 
the onset of nitrogen fixation, an important factor in relation to plant growth and 
productivity (Huang et al. 2014). Additionally, the presence of NPs also brought 
other molecular changes in terms of hormonal imbalance in plants. For instance, 
CuO NP application on cotton and Bt-cotton caused momentous alterations in the 
intrinsic levels of indole-3-acetic acid (IAA) and abscisic acid (ABA) (Nhan Le 
et  al. 2016). Although the MNPs/MONPs may have synergistic and antagonistic 
effects on the morphology of plants, their impact depends primarily on size and 
dose of NPs, duration of exposure, and experimental setup (Pokhrel and Dubey 
2013; Thuesombat et al. 2014). It is germane to mention that most of the studies 
performed on NPs with respect to plant morphology have been of short duration and 
were conducted in controlled conditions. Therefore, for a better understanding of 
NP-plant interaction, long-term studies have to be carried out under natural environ-
mental conditions.
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15.3.5  Grain Yield and Quality

Higher yield and excellent quality of seeds signify the best growth of plants. 
Researchers have applied diverse nanotechnology inputs to get these desired out-
comes in plants. It is now well established that plant exposure to NPs alters the 
uptake of nutrients and ensues biological activities, causing variation in growth and 
yield in different plant species. For instance, plants raised in the soil with unmodi-
fied or modified nano-TiO2 (hydrophobic or hydrophilic coating) for 65 days showed 
that plant growth, inorganic nutrient uptake (Ca, Mg, P, Cu, Fe, Mn, and Se), enzyme 
activity, chlorophyll, and carbohydrate production were augmented with coated 
NPs (Tan et al. 2017). Application of Ag, Fe2O3, and CeO2 NPs increased fruit yield 
and biomass in cucumber, soybean, and tomato plants (Sheykhbaglou et al. 2010; 
Wang et al. 2012; Shams et al. 2013). An increased vigor index was observed in 
fennel seeds exposed to TiO2 NPs, as compared to the control and bulk TiO2-treated 
plants (Feizi et al. 2013; Verma et al. 2018). Likewise, increased pod biomass and 
kernel, together with shelling percentage, was observed in peanut, when treated 
with ZnO NPs (Prasad et  al. 2012). Additionally, NPs also affect the nutritional 
components and dietary value of fruits, and the impact may be trans-generational as 
observed in tomato plants treated with cerium oxide NPs (Wang et  al. 2013b). 
However, some researchers have encountered contrary effects in other crops like 
barley (Hordeum vulgare), where exposure of CeO2 NPs prevented seed setting 
(Rico et  al. 2015). Application of the same NP (CeO2) noticeably decreased Fe, 
sulfur (S), starch, and amino acid content in rice seedlings (Rico et  al. 2013). 
Significant decrease in potassium (K) and phosphorus (P) was observed with the 
application of TiO2 in cucumber fruits (Servin et  al. 2012). The ZnO and 
CeO2treatments significantly reduce overall yield of maize plants, remarkably alter-
ing the quality of corn by disrupting the mineral elements in cobs and kernels (Zhao 
et al. 2015). In the nutshell, application of different MNPs/MONPs affects the yield 
and quality of fruits and seeds, which entirely depend on the type and size of NPs 
and on the mode of treatment. Further illustrative studies need to be conducted to 
find the optimum dose of NPs. In-depth analysis in terms of long-term exposure, 
dose-dependent experiments, and molecular studies like proteomics and metabolics 
can be a handy tool in deciding the exact role of NPs on grain yield and quality.

15.4  Conclusion and Future Directions

Nanotechnology has evinced immense potential for the growth of agriculture sector 
and hence used excessively. However, bulk production and inadvertent discharge of 
NPs into the environment have dragged attention toward the contamination of eco-
systems and food supply (Medina-Velo et al. 2016). Being nano in dimension, NPs 
can easily be inserted into the plant system and translocated to different organs of 
the plant. Therefore, it becomes imperative to evaluate their interaction on the plant 
system, irrespective of benefits or hazards. Furthermore, the kinetic studies have 

M. K. Kanwar et al.



387

revealed the rapid and highly reactive nature of NPs and showed them to be inher-
ently interactive with impurities (Subbenaik 2016). Recently, phytotoxicity and 
beneficial aspects of these xenobiotic compounds in the plant system have been 
discussed by several research groups (Sheikh Mohamed and Sakthi Kumar 2016). 
But the exact picture of their roles and interaction with plants is still blurred. 
Comprehensive evidence of the toxicity/benefits of different MNPs/MONPs has 
been presented and discussed in this chapter (Fig. 15.1). It is clear that, from their 
entry to accumulation, NPs depend upon the plant species, growth stage, NP size, 
and the mode of treatment (Kole et al. 2013; Raliya et al. 2015).

It is germane to mention that the presence of NPs in plants also poses a threat of 
human exposure to NPs through the food chain. Therefore, the effects of NPs in 
plants need to be evaluated from a wider perspective and over several generations of 
plants to get the better insights on their fate in the ecosystem. A comprehensive 
research should also be conducted at the molecular level to assess the precise roles 
of NPs in plants, which could be used as a platform for designing the future research 
in the field of nano-agriculture.
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Chapter 16
Ecotoxicological Effects of Nanomaterials 
on Growth, Metabolism, and Toxicity 
of Nonvascular Plants

Sophia Mavrikou and Spyridon Kintzios

16.1  Introduction

Nanomaterials (NMs), defined as materials with one or more dimensions of the size 
of 1–100 nm (ASTM/E2456-06 2012; Reiners 2013), have gained increasing atten-
tion due to their unique properties, relative to their bulk counterparts, which impart 
them beneficial characteristics including a high specific surface area and reaction 
activity (Laurent et al. 2008) and the quantum confinement effects (Amelia et al. 
2012). Nowadays with the increasing insertion of nanotechnology in our daily life, 
nanomaterials of different shapes and diameters have been developed and used in 
various consumer products, pharmaceuticals, cosmetics (Melo et  al. 2015), and 
other commodities (Bradley et al. 2011; Ghasemzadeh et al. 2014; Singh 2017).

Nanoparticles (NPs), a subgroup of nanomaterials, are classified into various 
categories depending on their size, morphology, and chemical properties. The pri-
mary focus of this chapter is metal, metal oxide, carbon-based NPs, and quantum 
dots. Metal NPs, i.e., Cu, Ag, and Au, in nanometer range possess unique optical, 
electrical, and magnetic properties due to their localized surface plasmon resonance 
(LSPR) characteristics (Dreaden et al. 2012). They are considered as the potential 
candidates for catalysis due to their large surface area per volume or weight unit, 
compared to their bulk counterparts, typically functioning on metal surfaces (Roldan 
Cuenya 2010). Metal oxide nanoparticles represent a class of engineered nanomate-
rials that can be synthesized via several routes (Lang et al. 2011). The usual prac-
tices for manufacturing metal oxide nanoparticles are chemical vapor synthesis 
(Stankic et al. 2016) and the addition of oxidizing/precipitating agents during their 
synthesis (Sanchez-Dominguez et al. 2009). Metal oxide nanoparticles include both 
individual (e.g., TiO2, CeO2, CrO2, ZnO, Bi2O3, and MoO3) and binary oxides (e.g., 
BaTiO2, InSnO, and LiCoO2). They too have wide applications in industry.
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Carbon-based NPs comprise mainly of two major groups: fullerenes and carbon 
nanotubes (CNTs). Fullerenes are globular cage-like structures with various numbers 
of carbon atoms (e.g., C60, C70). They have created noteworthy commercial interest 
due to their remarkable electronic and structural properties, high strength, and versa-
tility (Astefanei et al. 2015). The fullerene-C60 is the most commercially attractive 
carbon-based NP due to its ability to increase the efficiency of drugs, cosmetics, and 
electronics (Bianco and Da Ros 2011). Carbon nanotubes (CNTs) have been listed at 
the third position of the most important engineered nanoparticles (ENPs) found in 
the consumer product inventories (Vance et al. 2015). They are elongated, tubular 
structure with a large length/diameter ratio (Ibrahim 2013). They can be metallic or 
semiconducting reliant on a chiral vector value (the way they are rolled up) (Aqel 
et al. 2012). Structurally, they resemble graphite sheet rolling upon itself. Depending 
on the number of carbon sheets, they can either be single-walled (SWNTs), double-
walled (DWNTs), or multiwalled carbon nanotubes (MWNTs), respectively (Elliott 
et al. 2013). CNTs have many potential applications, e.g., in plastics, batteries, paints, 
composites, touch screens, and drug delivery (De Volder et al. 2013).

Semiconductor materials possess properties between metals and nonmetals and 
therefore have found various applications (Ali et al. 2017). Semiconductor NPs or 
quantum dots (QDs) possess wide bandgaps and therefore show significant altera-
tion in their properties with bandgap tuning by exhibiting particle size-dependent 
tunable photoluminescence (Dybiec et al. 2007). These properties render them very 
useful materials in photocatalysis, photo optics, electronic devices (Chow and 
Jahnke 2013), biology, and medicine (Zhou et al. 2015). The most common com-
mercially available QDs are CdSe/ZnS-QDs due to their bright and unique emission 
with wide excitation spectra and narrow emission bandwidths (Deerinck 2008).

The increased use of nanomaterials in several industrial applications and con-
sumer products ranging from cosmetics to medicine (e.g., odor-resistant textiles, 
household appliances, including wound dressings) (Rai et al. 2009; Namasivayam 
et al. 2010; Chaudhari et al. 2012) during the past decade has led to a rise in con-
cerns about the potential toxic effects of accidentally or incidentally released NPs 
into the environment and their likely access into ambient aquatic systems (Colvin 
2003; Service 2008). Scientists have expressed concerns about the potential adverse 
effects of NPs to beneficial bacteria in the environment, especially in soil and water. 
Although toxic effects of NPs on bacterial, fungal, and mammalian cells have been 
well investigated (Shrivastava et al. 2007, 2009; Kim et al. 2009), their impact on 
the growth and biology of algae and nonvascular lower plants has not been suffi-
ciently documented (Lee et al. 2005).

“Lower plants” represent a heterogeneous group of plants and plantlike organ-
isms, including algae, bryophytes, and lichens, which are characterized primarily by 
their lack of vascular tissues (which circulate water and nutrients in higher plants) 
(Eddy et al. 1992). However, pteridophytes, which are also included in lower plants 
due to absence of seeds, have the vasculature (phloem and xylem tissues), like the 
seed-bearing “higher plants.” This chapter is focused on algae and bryophytes, the 
nonvascular lower plants, because there is hardly any information on responses of 
sister groups (like lichens, pteridophytes) to NPs.
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Algae represent a large and diverse group of photosynthetic eukaryotes. They 
comprise of many ancient and miscellaneous lineages, including various symbiotic 
relationships with animals and fungi. Moreover, they display many degrees of 
organismal complexity: they range from microscopic unicells to macroscopic bod-
ies and also possess multicellular thalli more than a meter in length (De Clerck 
et al. 2012). Further, algal cell wall surface has an additional layer of rigid, porous 
cell wall for modulating the entry of foreign materials, ions, and particles (Chen 
et al. 2012). Algae are commercially important since they can be used as biofertil-
izers, pollution control agents (algae bioreactors) (Pimratcha et al. 2015), biofuels 
(Hannon et  al. 2010), stabilizers of casein, and source of nutrition (B complex 
vitamins and minerals) and can be incorporated to cosmetics (Spolaore et al. 2006). 
They form a critical component of almost all aquatic and many terrestrial ecosys-
tems. As primary producers in the aquatic ecosystem, they are important indicators 
for environmental pollution monitoring and therefore constitute widely used model 
organisms in ecotoxicity studies of nanomaterials (Ma and Lin 2013; Quigg et al. 
2013). The observed toxicities of NPs to algae have been attributed mainly to three 
mechanisms (Schwab et al. 2011; Long et al. 2012): (1) reduction of photosyn-
thetic rate due to inhibition of light transmittance (shading effect) (Miazek et al. 
2015); (2) NP agglomeration and physical interaction with algal cells, leading to 
the internalization of NPs and the disruption of the cell membrane (García-
Cambero et al. 2013); and (3) induction of intracellular reactive oxygen species 
(ROS) formation leading to membrane lipid peroxidation and changes in the con-
centration of nonenzymatic antioxidants and in the activity of antioxidant enzymes 
(Chen et al. 2012).

Like algae, bryophytes are also nonvascular plants that can grow on the surface 
of tree trunks or rocks and generally absorb water and nutrients direct through leaf 
surfaces from their immediate environment (Dymytrova 2009; Schröder et al. 2010; 
Harmens et al. 2011). Some species play an important role in the colonization of 
bare or degraded soil and facilitate the installation and maintenance of higher plants, 
a significant fact for a healthy plant-soil dynamics and sustainable ecosystem devel-
opment. Moreover, these lower plants are recognized as good accumulators of pol-
lutants, especially for metal trace elements (Garrec and Van Haluwyn 2002; Faburé 
et al. 2010). Furthermore, these organisms lack a root system ensuring their expo-
sure to atmospheric pollutants and are excellent sensors of air quality for different 
contexts and pollutants (Faburé et  al. 2010; Meyer et  al. 2010; Lodenius 2013). 
Owing to these properties, bryophytes are considered excellent models for evaluat-
ing atmospheric pollutant impact on the environment in many parts of the world 
(Oishi 2013; Agnan et al. 2015; Vuković et al. 2015). The observed toxicities of NPs 
to bryophytes have been mainly attributed to (a) NP agglomeration that leads to the 
NP uptake by leaves (Canivet et al. 2014) and (b) overproduction of ROS/RNS and 
induction of glutathione status modulation (Canivet et al. 2015).

Since the last decade, the use of NPs in our daily life has considerably increased, 
and the ecotoxicity studies about NP effects on plants and animals come up rapidly. 
However, the published data on NP toxicity on algae and plants of sister groups are 
insufficient, and the experimental designs and testing conditions are inconsistent 
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across the studies. This chapter provides an outline of the NP ecotoxicological 
effects on these plants based on the data available in the published literature and 
focuses on the underlying mechanisms of NP toxicity.

16.2  Effects of Metal Nanoparticles

16.2.1  Gold Nanoparticles (Au-NPs)

A recent study explored the impacts of amine-coated 10 nm gold NP contamina-
tions on the green alga Scenedesmus subspicatus (Renault et al. 2008). The growth/
mortality effects were determined by the algal cell numerations. The lethal dose for 
50% of the population was reached within a 24 h exposure at 1.6 × 105 Au-NPs/
cell, while mortality for the lowest contamination condition was 20%. TEM exami-
nation revealed that Au-NPs were strongly adsorbed by the cell wall of algae, lead-
ing to progressive intracellular and wall disturbances. However, bare and hyaluronic 
acid- capped Au-NPs (particle size 12.5 nm) were found to be harmless to S. sub-
spicatus in contrast to bulk soluble gold that gave an EC50 value 1.91  mg  L−1 
(García- Cambero et al. 2013). The carbonate- and citrate-coated Au-NPs did not 
cause any significant toxicity to the green algae Chlamydomonas reinhardtii (Behra 
et al. 2015).

The effects of Au-NPs with amphiphilic polymer coating (AP) or amphiphilic 
coating to which 10 kDa polyethylene glycol chains were attached (AP-PEG) were 
also assessed on the green algae Pseudokirchneriella subcapitata (Van Hoecke 
et al. 2013). The AP Au-NPs were more toxic than the AP-PEG after a 72 h expo-
sure with EC50 values 7.5 and 39 mg Au-NPs L−1, respectively. In another study 
Au-NP toxicity effects on P. subcapitata (formerly known as Selenastrum capri-
cornutum) were evaluated by three biomass measuring techniques (coulter count-
ing, cell counting in hemocytometer, and fluorescence of pigment extracts) 
(Hartmann et  al. 2013). The coulter counting method gave unreliable results. 
Therefore, it was not considered suitable for biomass quantification. At 48 h, algal 
cultures showed follow the growth of the control sample – both with respect to cell 
number and pigment content – whereas at 72 h a leveling off was noticed in pig-
ment content of all algal cultures exposed to Au-NP dispersions accompanied by a 
decrease in EC10. On the contrary, cell number growth rates followed continued 
exponential trends. The results also indicated that pigment (such as chlorophyll 
and carotenoid) synthesis was affected by the exposure to Au-NP dispersions 
despite the continued exponential cell growth. Although the EC50 values were 
higher than the highest tested concentration, subsequent tests of the effects of the 
“Starch Control” (starch/glucose/MES solution in concentrations identical to that 
of the Au nanoparticle dispersions) revealed that the dispersion constituents, and 
not Au-NPs themselves, were largely responsible for inhibitory effects as well as 
the characteristic leveling off in pigment content after 48 h.
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A recent study suggested that the naturally existing ions like zinc ions could 
modulate the toxicity of Au-NPs (Iswarya et al. 2017). The effects of Au-NPs with 
two surface cappings (citrate and PVP) and three different sizes (16, 27, and 37 nm) 
were explored on a predominant freshwater alga Scenedesmus obliquus in the sterile 
freshwater matrix. Among the different-sized Au-NPs, the highest toxicity (54%) 
was observed at 1  mg  L−1 of citrate-capped Au-NPs with particle size 37  nm, 
whereas PVP-capped Au-NPs showed 42% toxicity. A statistically significant 
reduction in the Au-NP (both citrate-capped/37 nm and PVP-capped/37 nm) toxic-
ity was observed when Zn2+ (5 mg L−1) was added to the growth medium (12% for 
citrate-capped −37 and 11% for of PVP-capped −37). All the above information on 
the Au-NP toxicity on lower plants is summarized in Table 16.1, specifying the NP 
size, the algal species used, the half maximal effective concentration, the exposure 
time, and the effects observed.

Table 16.1 Summarized results from Au-NP toxicity studies performed on the lower plants

Species
Particle size 
(nm)

EC50 (mg 
Au-NPs 
L−1) – 
incubation time Effects observed Reference

Scenedesmus 
subspicatus (Chodat)

10 1.6 × 105 
Au-NPs per cell 
at 24 h

Agglutination, 
intracellular and 
wall disturbances

Renault et al. 
(2008)

S. subspicatus 
(Chodat)

12.8 1.91 at 72 h Agglomeration García- 
Cambero 
et al. (2013)

Pseudokirchneriella 
subcapitata 
(Korshikov) 
F. Hindák

51 by dynamic 
light scattering 
(DLS) 
measurements
46 by NTA 
measurements

36 at 48 h
38 at 72 h 
fluorescence of 
pigments/
83 at 72 h 
hemocytometer 
counts

Formation of larger 
agglomerates/
aggregate during 
time, reduction of 
pigment (chlorophyll 
and carotenoid) 
synthesis

Hartmann 
et al. (2013)

P. subcapitata 
(Korshikov) 
F. Hindák

4–5 AP:7.5 at 72 h
AP-PEG:39 at 
72 h

Growth inhibition Van Hoecke 
et al. (2013)

Chlamydomonas 
reinhardtii 
P.A. Dangeard 
(strain CC 125 and 
wall-free strain 
CC-400)

5 – No effects observed Behra et al. 
(2015)

Scenedesmus 
obliquus (Turpin) 
Kützing

16 PVP-capped: >1 Aggregation, 
cytotoxicity

Iswarya et al. 
(2017)Citrate-capped: 

>1
27 PVP-capped: >1
37 Citrate-capped: 

>0.1 and <1
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16.2.2  Silver Nanoparticles (Ag-NPs)

Ag-NPs have shown extensive adverse effects on growth and morphology of the 
green algae Pithophora oedogonia and Chara vulgaris in a dose-dependent manner 
(Dash et al. 2012). Exposure of algal thalli to increasing concentrations of Ag-NPs 
resulted in progressive chromosome instability, mitotic disturbance, depletion of 
chlorophyll content, and the associated morphological malformations in algal fila-
ments. SEM micrographs revealed dramatic alterations in cell wall, characterized 
with cell wall rupture and degradation in the NP-treated Pithophora. Discoloration 
of filaments due to chloroplast contraction followed by disintegration, regional 
bulging of filaments, thinning and disruption of cell wall permitting exclusion of the 
chlorophyll pigments, adsorption of Ag-NPs on cell surface and organellar mem-
branes, mitostatic effect, induction of chromosomal anomalies, and irreversible 
genetic damage were the significant detrimental effects of nanosilver recorded in 
the tested algae. Ag-NPs also caused growth inhibition on the green algaPseu-
dokirchneriella subcapitata with an EC50 value 0.19 mg Ag-NPs L−1 after 96 h incu-
bation (Griffitt et al. 2008).

The short-term toxicity of citrate-stabilized Ag-NPs and ionic silver Ag(I) to the 
ichthyotoxic marine raphidophyte Chattonella marina has also been investigated 
(He et al. 2012). The addition of Ag-NPs to GSe medium caused aggregation and 
dissolution of Ag-NPs. Cellular uptake of dissolved Ag(I) was observed, and toxic-
ity effects were much higher for Ag(I) than for Ag-NPs. However, these inhibitory 
effects of Ag(I) and Ag-NPs were completely removed by the addition of cysteine, 
a strong Ag(I) ligand, suggesting that the toxicity of Ag-NPs was due to the release 
of Ag(I). The growth inhibition effects of Ag-NPs have been studied also on the 
bloom-forming cyanobacterial Microcystis aeruginosa strain after a 10-day expo-
sure (Duong et  al. 2016). A dose-dependent reduction of the cell growth was 
observed by increasing Ag-NP concentrations. The EC50 value based on the cell 
growth was 0.0075 mg L−1, and the inhibition efficiency at the highest concentration 
of Ag-NPs (1 mg L−1) was 98.7%. SEM and TEM images indicated shrunken and 
damaged cell wall attributed to toxicity of Ag-NPs.

The toxic effects of large-sized Ag-NPs (50 nm) were investigated on the fresh-
water microalga Chlorella vulgaris and the marine microalga Dunaliella tertiolecta 
after 24 h exposure (Oukarroum et al. 2012). Ag-NPs interacted directly with the 
Chlorella vulgaris cell surface forming large aggregates and caused significant 
decrease in chlorophyll contents and algal viability, while they induced ROS forma-
tion and lipid peroxidation in both algae, showing a variability in sensitivity 
(1 mg L−1 Ag-NPs induced a 44% decrease of viable cells for D. tertiolecta and 33% 
for C. vulgaris). In another study, aggregation and dissolution behavior of gum ara-
bic (GA)- and polyvinylpyrrolidone (PVP)-coated Ag-NPs were compared in a 
mixture of aquatic plants Potamogeton diversifolius and Egeria densa (Unrine et al. 
2012). Plants released dissolved organic matter (DOM) into the water column either 
through active or passive processes in response to Ag exposure that bound Ag ions. 
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As a result, the plant-derived DOM stabilized PVP-Ag-NPs as the primary particles 
but removed GA-Ag-NPs from the water column, possibly by dissolution and bind-
ing of the released Ag ions on sediment and plant surfaces.

The extent and mechanisms of toxicity of two Ag-NPs with differing size distri-
butions (AG1 and AG2) and capping agents were investigated on two model organ-
isms, a green alga (Chlamydomonas reinhardtii) and a cyanobacterium 
(Synechococcus leopoliensis) (Taylor et al. 2016a). Their effects on the production 
of extracellular polymeric substances (EPS) were also assessed. Both silver forms 
had a significant effect on viability and membrane integrity in C. reinhardtii but 
hardly affected ROS production, whereas no toxicity effects were observed in S. 
leopoliensis. The levels of EPS produced by both the species were similar for all the 
treatments. The EPS composition was affected from AG1  in a concentration- 
dependent manner and conversely from AG2. Higher levels of lower molecular 
weight material were produced by C. reinhardtii in the presence of all silver forms. 
Reduction in growth rate was observed for S. leopoliensis, but the impact on viabil-
ity and ROS was lower than for C. reinhardtii probably due to differences in rele-
vant biological properties (e.g., algal cell size and cell wall composition).

The abovementioned toxicity data of Ag-NPs on lower plants are presented in 
Table 16.2, specifying the particle size of Ag-NPs, the algal species used, the half 
maximal effective concentration and exposure time, and the effects observed.

16.2.3  Platinum Nanoparticles (Pt-NPs)

Pt-NP toxicity toward green microalgae Pseudokirchneriella subcapitata and 
Chlamydomonas reinhardtii was assessed (Sørensen et al. 2016), using the standard 
ISO tests for estimation of growth rate inhibition (EC50 values of 15−200 mg Pt-NPs 
L−1). By using a double-vial setup, cells were separated from Pt-NPs, which indi-
cated that shading is an important artifact for Pt-NP toxicity. Membrane damage 
was not severe, but substantial oxidative stress was detected at 0.1–80 mg Pt-NPs 
L−1 in both the algal species. Pt-NPs caused a growth rate inhibition and oxidative 
stress in P. subcapitata, in a low concentration of dissolved Pt, indicating the 
NP-specific toxicity of Pt. In addition, higher body burdens were measured in this 
species, possibly due to a favored binding of Pt to the polysaccharide-rich cell wall. 
However, in a previous study, the Pt-NP concentration causing total inhibition of 
algal growth was 22.2 mg L−1 (Książyk et al. 2015). Similar results were obtained 
by analyzing the levels of photosynthetic pigments in P. subcapitata exposed to 
nanoparticles. In another study, where the acute toxicity of PtCl4 and Pt-NPs was 
investigated, EC50 values were 14 mg L−1 after 48 h exposure and 28 mg L−1 after 
2 h, indicating that the toxicity was dependent on the exposure duration (Delgado 
et al. 2013).
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16.3  Effects of Metal Oxide Nanoparticles

16.3.1  Alumina Nanoparticles

The toxicological impact of Al2O3-NPs to lower plants was demonstrated on algal 
species Scenedesmus sp. and Chlorella sp. (Aruoja et al. 2015). The observed EC50 
value of Al2O3-NPs with particle size <50 nm after 72 h was 45.4 mg L−1 for Chlorella 
sp. and 39.35 mg L−1 for Scenedesmus sp. Bulk alumina (particle size <5 um) also 

Table 16.2 Summarized results from Ag-NP toxicity studies performed on lower plants

Species

Particle 
size 
(nm)

EC50 (mg Ag-NPs/
L−1) – incubation 
time Effects observed Reference

Pseudokirchneriella 
subcapitata 
(Korshikov) F. Hindák

20–30 0.19 at 96 h Growth inhibition Griffitt et al. 
(2008)

Pithophora oedogonia 
(Mont.) Wittrock
Chara vulgaris Linn.

10–15 n.m.a Depletion in algal 
chlorophyll content, 
chromosome instability, 
mitotic disturbance, 
morphological 
malformations in algal 
filaments

Dash et al. 
(2012)

Chattonella marina 
(Subrahmanyan) Hara 
et Chihara (strain 
CMPL01)

56 10–20 uM at 1 h Growth inhibition, 
aggregation, cellular 
uptake

He et al. 
(2012)

Chlorella vulgaris 
Beyerinck
Dunaliella tertiolecta 
Butcher (CPCC-420)

50 n.m.a >1 at 24 h Aggregation, decrease in 
chlorophyll content and 
algal viability, induction 
of ROS formation and 
lipid peroxidation

Oukarroum 
et al. (2012)

Potamogeton 
diversifolius Raf.

49.3 
(PVP)

Not assayed Aggregation Unrine et al. 
(2012)

Egeria densa Planch. 12.0 
(GA)

Microcystis aeruginosa 
(Kützing) Kützing

10–15 0.0075 Growth inhibition, 
changes in cell structure 
and morphology

Duong et al. 
(2016)

Chlamydomonas 
reinhardtii 
P.A. Dangeard (CCAP 
strain 11/32c)
Synechococcus 
leopoliensis 
(Raciborski) Komárek

3–8 
(AG1)
50 
(AG2: 
PVP)

0.038 (AG1) and 
0.031 (AG2) at 
72 h0.028 (AG1) 
and 0.01 (AG2) at 
72 h

Growth inhibition only, 
variation on the 
composition of the 
produced EPS

Taylor et al. 
(2016a, b)

aNot mentioned
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showed toxicity in a lower range (EC50 = 110.2 mg L−1 for Chlorella sp.; 100.4 mg L−1 
for Scenedesmus sp.). Additionally, chlorophyll content declined, and the cell surface 
was also affected (Sadiq et  al. 2011b). Earlier, Al2O3-NPs with a particle size of 
51  nm showed an EC50 value 8.30  mg  L−1 at 96  h for the algal species 
Pseudokirchneriella subcapitata (Griffitt et  al. 2008), whereas smaller Al2O3- NPs 
(particle size 8–21 nm) showed an EC50 value >10–100 mg Al2O3 L−1 at 72 h.

In addition, toxic effects of binary compounds of aluminum oxide alpha-forms 
(7 and 70 nm) and macro form (4um) on the growth of unicellular algae Chlorella 
vulgaris (Gosteva et al. 2015) were found to be concentration-dependent. A selec-
tive dependence of Al2O3-NPs toxicity on the size, concentration, and chemical 
nature of NPs was revealed. The EС50 values for the small-sized Al2O3-NPs (7 and 
70  nm) were around 1  mg  L−1, whereas no toxicity was observed for the 
macro form.

16.3.2  Cerium Oxide Nanoparticles (CeO2-NPs)

An assessment of the molecular and phenotypic effects of CeO2-NPs was conducted 
with the unicellular green alga, Chlamydomonas reinhardtii, by using well- 
characterized monodispersed NPs (particle size 4– nm) based on the hypothesis that 
their toxicity is likely to be higher than the macro form (Taylor et al. 2016a, b). The 
potential toxicity of NPs was investigated by transcriptomics and metabolomics 
approaches in a wide range of exposure concentrations in order to provide insight 
into molecular toxicity pathways. Even though CeO2-NPs inserted the intracellular 
vesicles within C. reinhardtii, they did not cause significant changes in the algal 
growth at any exposure concentration. At supra-environmental CeO2-NPs concen-
trations, downregulation of photosynthesis and the carbon fixation perturbations 
were detected with further effects on energy metabolism.

In a previous study, on a short-term exposure, dissolved Ce3+ decreased the pho-
tosynthetic yield in a concentration-dependent manner with EC50 values of 7.5 uM 
for the wild type and 6.3 uM for a cell wall-free mutant strain of C. reinhardtii, 
whereas precipitated CePO4(s) was not bioavailable and, hence, not toxic (Röhder 
et al. 2014). The intracellular ROS levels increased upon exposure to Ce3+ with the 
effective concentrations being similar to those inhibiting photosynthesis. Moreover, 
CeO2-NPs agglomerated in exposure media and caused a slight inhibition of photo-
synthesis and reduction of intracellular ATP content upon a short-term exposure at 
the highest (100 uM) concentrations possibly due to Ce3+ ions co-occurring in the 
nanoparticle suspension, whereas no effect was observed for dispersed CeO2-NPs as 
the dissolved Ce3+ got precipitated with phosphate and, hence, was not bioavailable. 
Moreover, flocculation of algal cells upon exposure to agglomerated CeO2-NPs and 
Ce3+ was observed. The cell wall-free mutant and wild type of C. reinhardtii showed 
the same sensitivity to either Ce3+ or CeO2-NPs toxicity indicating that the cell wall 
does not have a protective effect against CeO2-NPs or Ce3+.
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16.3.3  Titanium Dioxide Nanoparticles

The studies on a potential impact of TiO2-NPs on the environment have been con-
ducted on green alga Desmodesmus subspicatus by determining its growth during a 
72 h incubation period (Hund-Rinke and Simon 2006). Twenty-five nm-sized TiO2- 
NPs (EC50 = 44 mg TiO2-NPs L−1) were more toxic to D. subspicatus than 100 nm 
TiO2-NPs (no toxicity observed). It was demonstrated that the smaller particles 
caused a clear dose-dependent reduction in the algal growth, whereas the larger 
ones showed less toxicity (C < 50 mg TiO2-NPs L−1). On similar lines, TiO2-NPs 
(10, 30, 300 nm) were applied to the algal species Pseudokirchneriella subcapitata, 
and their effects assessed after 72  h incubation (Hartmann et  al. 2010). Smaller 
TiO2-NPs (<10 nm) showed inhibition (21% reduction) in growth rate at the con-
centration of 2 mg L−1, whereas, 30 and 300 nm TiO2-NPs showed a slight stimula-
tion of algal growth. In earlier studies, TiO2-NPs with particle size of 30 nm (Griffitt 
et al. 2008) and ~ 100 nm (Blaise et al. 2008) were shown not to be toxic to this alga.

In another study, P. subcapitata was used for toxicity assessment of not readily 
soluble NPs with standardized algal growth inhibition tests (Hartmann et al. 2013). 
TiO2-NPs formed large (micron-sized) agglomerates/aggregates in a dose- dependent 
manner. Three biomass surrogate measuring techniques (coulter counting, cell 
counting in hemocytometer, and fluorescence of pigment extracts) were evaluated. 
The results showed a concentration-dependent reduction in algal growth by both the 
biomass quantification techniques, yielding an EC50 value of 160 mg TiO2-NPs L−1 
(by hemocytometer). The EC50 value based on measurements of pigment fluores-
cence was found to be 200 mg L−1 (the highest tested concentration was 560 TiO2- 
NPs L−1). P. subcapitata was also used for toxicity assessment of fine (140 nm) and 
ultrafine (~140 nm) TiO2 (uf-TiO2) particles after incubation for 72 h (Warheit et al. 
2007). EC50 values (95% fiducial limits) based on inhibition of growth and healthy 
average cell counts were 16 mg L−1 for fine TiO2-NPs and 21 mg L−1 for uf-TiO2- 
NPs. Aruoja et al. (2009) found that bulk TiO2 (EC50 = 35.9 mg Ti L−1) were less 
toxic to this algal species than their nano formulations (EC50 = 5.83 mg TiO2-NPs 
L−1). TiO2-NPs formed characteristic aggregates entrapping the algal cells, thus 
contributing therefore to the toxic effect of TiO2-NPs to algae. In a later study, it was 
indicated that the agglomerates entrapped nearly all algal cells so that the cells 
could mostly be seen inside the agglomerates and rarely in the surrounding medium 
(Aruoja et al. 2015). The high variability in the observed toxicity of TiO2-NPs has 
been discussed by Menard et  al. (2011), but no discernable correlation between 
primary particle size and toxic effect could be proved because the existing data were 
insufficient for confirmation (Menard et al. 2011).

Manier et al. (2016) indicated that the type of exposure system also affects the 
toxicity of TiO2-NPs. Different exposure systems including the Erlenmeyer flasks 
and 24-well microplates (both using an orbital shake system) and an alternative sys-
tem using cylindrical vials and magnetic stirring were used. After a 72 h exposure of 
P. subcapitata to two different types of TiO2-NPs (particle size <10 and 20 nm), the 
authors found that the exposure systems applied to achieve the test can substantially 
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affect the ecotoxicological results and the subsequent calculated EC50 values. The 
selected systems influenced both the interaction between algal cells and TiO2-NPs as 
well as the growth inhibition level (Manier et al. 2016). The cytotoxicity potential of 
TiO2-NPs was also assessed toward freshwater algal isolate Scenedesmus obliquus 
under dark and UV conditions at low exposure levels (≤1 μg mL−1) (Dalai et  al. 
2013). Statistically significant reduction in cell viability and photosynthetic pigment 
content and increase in ROS production and membrane permeability (light vs. dark) 
were observed. Cell viability at 1 μg mL−1 concentration under UV illumination and 
dark conditions was 59.1% and 69.46%, respectively, for 72  h exposure period. 
Cellular uptake of NPs was indicated in electron micrographs, whereas fluorescence 
micrographs and images from confocal laser scanning microscopy (CLSM) brought 
out their probable genotoxic effects (Dalai et al. 2013).

In addition, a comparative study was conducted by Sadiq et  al. (2011a, b) to 
demonstrate the toxic effects caused by TiO2-NPs toward the freshwater algae 
(Scenedesmus sp. and Chlorella sp.) isolated from freshwater environment after 
72  h incubation. The particles had a growth-inhibiting effect for both species 
(EC50 = 16.12 mg TiO2-NPs L−1 for Chlorella sp.; EC50 = 21.2 mg TiO2-NPs L−1 for 
Scenedesmus sp.). Bulk (micron-sized) TiO2 also showed toxicity though to a lesser 
extent (EC50 = 35.50 mg TiO2-NPs L−1 for Chlorella sp.; EC50 = 44.40 mg TiO2-NPs 
L−1 for Scenedesmus sp.). A concentration-dependent reduction in the fluorescence 
of chlorophyll content was also observed (Sadiq et al. 2011a, b). These species were 
also used in a comparative study of the photocatalytic activity of P25 TiO2-NPs 
under dark, visible light and UVA conditions (Roy et al. 2016). Chlorella was more 
sensitive toward the toxicity effects than Scenedesmus. Furthermore, at the highest 
exposure concentration, ROS generation was found correlated with inactivation of 
the antioxidant enzymes (SOD and GSH) for both the algae under visible light and 
UVA conditions. Additionally, TiO2-NPs increased catalase activity and LPO 
release, indicating the membrane damage, particularly high in Chlorella, which is a 
single-cell algae and therefore is more susceptible to TiO2-NP uptake in comparison 
to Scenedesmus, which shows a high colonization tendency.

Moreover, toxicity of NPs of binary compounds of titanium dioxides (with par-
ticle size 5, 50, 90, and 350 nm) was studied again on the unicellular alga Chlorella 
vulgaris (Gosteva et al. 2015). Substantiating the findings of Hartmann et al. (2010), 
this study revealed a selective dependence of TiO2-NP toxicity on size and concen-
tration of NPs. TiO2-NPs with particle size 5 and 90 nm were classified to the cate-
gory “acute toxicity 1,” whereas no acute toxicity was registered for particle size 
50 nm. Physiological, biochemical, and molecular genetic levels were assessed on 
the unicellular green algaChlamydomonas reinhardtii after application of TiO2-NPs 
(Wang et al. 2008). Growth inhibition was observed during the first 2–3 days of 
incubation with TiO2-NPs, but later a dose-dependent recovery was observed. 
Oxidative stress occurred within the cell after exposure to TiO2-NPs, which caused 
an increase in malondialdehyde levels, while four stress response genes (sod1, gpx, 
cat, and ptox2) were upregulated in cultures containing even 1 mg L−1 of TiO2-NPs. 
The maximum transcripts of cat, sod1, gpx, and ptox2 occurred at 1.5, 3, 3, and 6 h, 
respectively, proportional to the initial concentration of the NPs.
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Kulacki and Cardinale (2012) examined how TiO2-NPs (ranging from 0 to 
300 mg TiO2-NPs L−1) affect the population dynamics and production of biomass 
across a range of the North American freshwater algae (Anabaena spp., Navicula 
subminuscula, Nitzschia pusilla, Oscillatoria spp., Planothidium lanceolatum, 
Scenedesmus quadricauda, Selenastrum minutum, Spirogyra communis, 
Stigeoclonium tenue, Tabularia fasciculata). The effects of TiO2-NPs on the popula-
tion growth rate of each algal species over a period of 25 days were not significant 
(p = 0.376), even though there was a considerable species-specific differentiation in 
responses (strong inhibition of maximum growth rate for Spirogyra communis, 
whereas strong stimulation of maximum growth rate for Stigeoclonium tenue). On 
the contrary, exposure to TiO2-NPs tended to increase the maximum biomass 
achieved by species in culture (p = 0.06).

Finally, the effects of TiO2-NPs and bulk particles on the marine microalga 
Nitzschia closterium were evaluated with reference to growth, oxidative stress, and 
cellular uptake after 96 h incubation (Xia et al. 2015). Toxicity of TiO2-NPs to algal 
cells significantly increased with decreasing nominal particle size, and the EC50 
values were 88.78, 118.80, and 179.05 mg L−1 for 21, 60, and 400 nm NPs, respec-
tively. The growth was significantly inhibited on exposure to 5 mg L−1 of 21 nm 
TiO2 NPs. Activities of antioxidant enzymes, viz., peroxidase (POD), superoxide 
dismutase (SOD), and catalase (CAT), were induced at the beginning and thereupon 
were inhibited, whereas malondialdehyde (MDA) levels and reactive oxygen spe-
cies (ROS) increased following the exposure to 5 mg L−1 TiO2 NPs, indicating dam-
ages on the cell membrane. Flow cytometry and TEM studies and Ti content 
measurements indicated that TiO2-NPs were internalized in N. closterium cells. The 
level of extracellular ROS was negligible, as compared to the intracellular ROS 
level, suggesting that the elevated TiO2 toxicity in marine environments is related to 
increased ROS levels caused by internalization of TiO2-NPs.

The abovementioned toxicity data of TiO2-NPs are presented in Table 16.3, spec-
ifying the particle size, the algal species used, the half maximal effective concentra-
tion, and the exposure time used.

(continued)

Table 16.3 Summarized results from TiO2-NP toxicity studies performed on algae

Species

Particle 
size 
(nm)

EC50 (mg TiO2-NPs 
L−1) – incubation time Effects observed Reference

Desmodesmus 
subspicatus Chodat

25
100

44 at 72 h Reduction of 
fluorescence intensity

Hund- 
Rinke and 
Simon 
(2006)

Pseudokirchneriella 
subcapitata 
(Korshikov) F. Hindák

140 16 (fine TiO2-NPs) at 
72 h

Growth inhibition Warheit 
et al. 
(2007)Mean~ 

140
21 (uf-C TiO2-NPs) at 
72 h
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Species

Particle 
size 
(nm)

EC50 (mg TiO2-NPs 
L−1) – incubation time Effects observed Reference

P. subcapitata 
(Korshikov) F. Hindák

30 n.m.a Growth inhibition Griffitt 
et al. 
(2008)

Chlamydomonas 
reinhardtii 
P.A. Dangeard

21 n.m.a >10 at 72 h Aggregate during time, 
growth inhibition, lipid 
peroxidation, increase 
of malondialdehyde 
level, upregulation of 
sod1, gpx, cat, and 
ptox2 gene transcripts

Wang 
et al. 
(2008)

Pseudokirchneriella
subcapitata 
(Korshikov) F. Hindák

<100 n.m.a at 72 h No toxicity effects 
mentioned

Blaise 
et al. 
(2008)

P. subcapitata 
(Korshikov) F. Hindák

25
70

5.83 at 72 h
35.9 at 72 h

Aggregate during time, 
growth inhibition

Aruoja 
et al. 
(2009)

P. subcapitata 
(Korshikov) F. Hindák

10
30
300

241 at 72 h,
71.1 at 72 h,
145 at 72 h

Concentration- 
dependent aggregation, 
reduction of 
fluorescence intensity

Hartmann 
et al. 
(2010)

Scenedesmus sp. 25 21.2 (TiO2-NPs) at 
72 h,

Reduction of 
fluorescence intensity

Sadiq 
et al. 
(2011a, b)35.5 (bulk TiO2- NPs) 

at 72 h
16.12 (TiO2-NPs) at 
72 h,

Chlorella sp. 44.4 (bulk TiO2-mPs) 
at 72 h

Anabaena spp., 
Navicula subminuscula 
Manguin, Nitzschia 
pusilla Grunow, 
Oscillatoria spp., 
Planothidium 
lanceolatum (Brébisson 
ex Kützing) Lange-
Bertalot, Scenedesmus 
quadricauda (Turpin) 
Brébisson, Selenastrum 
minutum (Nägeli) 
Collins, Spirogyra 
communis (Hassall) 
Kützing, Stigeoclonium 
tenue (C.Agardh) 
Kützing, Tabularia 
fasciculata (C. Agardh) 
D.M.Williams and 
Round

27 n.m.a Moderate growth 
inhibition across all 
species, increase of 
maximum biomass

Kulacki 
and 
Cardinale 
(2012)

(continued)

Table 16.3 (continued)
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Table 16.3 (continued)

Species

Particle 
size 
(nm)

EC50 (mg TiO2-NPs 
L−1) – incubation time Effects observed Reference

Pseudokirchneriella 
subcapitata 
(Korshikov) F. Hindák

21 200 at 72 h 
(fluorescence of 
pigments),
160 at 72 h 
(hemocytometer 
counts)

Formation of larger
agglomerates/aggregate 
during time,
reduction of pigment 
(chlorophyll and 
carotenoid) synthesis

Hartmann 
et al. 
(2013)

Scenedesmus obliquus 
(Turpin) Kützing

25 n.m.a >1 at 72 h Agglomeration, ROS 
generation, 
genotoxicity, increased 
membrane permeability 
and TiO2-NP uptake

Dalai 
et al. 
(2013)

Pseudokirchneriella 
subcapitata 
(Korshikov) F. Hindák

8–21 >1–10 at 72 h Growth inhibition, 
agglomeration

Aruoja 
et al. 
(2015)

Chlorella vulgaris 
Beyerinck

5
50
90
350

1.153 at 72 h,
>100 at 72 h,
7.7 at 72 h,
>100 at 72 h

Growth inhibition Gosteva 
et al. 
(2015)

Nitzschia closterium 
(Ehrenberg) W.Smith

21
60
400

88.78
118.80
179.05

Aggregation, growth 
inhibition, decrease in 
the activities of SOD, 
CAT, and POD, 
increase in MDA and 
ROS levels, damages in 
cell membrane, NP 
internalization

Xia et al. 
(2015)

Pseudokirchneriella 
subcapitata 
(Korshikov) F. Hindák

<10 8.5 at 72 h (24-well 
microplates), 2.7 at 
72 h (in cylindrical 
vial systems), >50 at 
72 h (in Erlenmeyer 
flasks)

Growth inhibition Manier 
et al. 
(2016)

20 >50 at 72 h (24-well 
microplates), 39 at 
72 h (in cylindrical 
vial systems), >50 at 
72 h (in Erlenmeyer 
flasks)

Scenedesmus sp. 21 7.6 at 72 h under dark 
conditions

Growth inhibition 
under UVA, ROS 
generation, decreased 
SOD activity and GSH 
levels especially under 
UVA, increased 
catalase levels, LPO 
release and TiO2-NP 
uptake

Roy et al. 
(2016)

4.1 at 72 h under 
visible light
2.7 at 72 h under UVA

Chlorella sp. 5.9 at 72 h under dark 
conditions
2.16 at 72 h under 
visible light
1.5 at 72 h under UVA

aNot mentioned
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16.3.4  Zinc Oxide Nanoparticles

Toxicity of ZnO-NPs to the algae Pseudokirchneriella subcapitata was determined 
by the OECD 201 algal growth inhibition test (Aruoja et al. 2009). EC50 values of 
bulk and nano ZnO particles were both similar to that of ZnSO4 (at 72 h EC50 ~ 
0.04  mg ZnO-NPs L−1), and no aggregation formation was observed. This was 
attributed to the dissolved Zn possibly because most of the ZnO is dissolved at these 
low concentrations (Franklin et  al. 2007). The toxicity data were close to those 
obtained by Franklin et al. (2007) who showed EC50 values for the same algal spe-
cies to be 0.063 mg Zn L−1 for bulk ZnO and 0.068 mg Zn L−1 for nano ZnO after 
72  h exposure. In another study performed on P. subcapitata, EC50 value was 
between 0.1 and 1 mg ZnO-NPs L−1 with particle size 8–21 nm (Aruoja et al. 2015).

Toxicity of ZnO-NPs with particle size 20 nm was also evaluated on the unicel-
lular alga  Chlorella vulgaris (Morgalev et  al. 2015). A concentration-dependent 
reduction in the fluorescence of growth rate was observed after application of ZnO- 
NPs. The detected value of EC50 was 0.17 mg ZnO-NPs L−1. In assessing the maxi-
mum effect of ZnO-NPs on Chlorella and other organisms according to GHS and 
EU Directive 93/67/ EEC, they were assigned to dangerous substances with a high- 
degree toxicity “acute toxicity 1.”

16.3.5  Iron Oxide and Zerovalent Iron Nanoparticles

Engineered zerovalent nano-iron particles (Fe-NPs) hold promise for remediation 
of several pollutants, but their impact on the environment is not completely clear. 
The effects of three types of nZVI, (a) Nanofer 25 (uncoated), (b) Nanofer 25S 
(surface coated with a Na-acrylic copolymer), and (c) Nanofer STAR (Surface sta-
bilized Transportable Air-stable Reactive) powder with an inorganic coating, were 
assessed on the growth, cell morphology, and metabolic status of marine microalgae 
Pavlova lutheri, Isochrysis galbana, and Tetraselmis suecica after 23-day exposure 
(Kadar et al. 2012). The algal growth rate, size distribution, and cellular structure 
were not altered significantly in any of the three species. The total cellular lipid 
content increased in T. suecica grown on media enriched with uncoated Nanofer 25 
and in P. lutheri with Nanofer STAR, when compared at equimolar exposures. 
Furthermore, there occurred a significant change in fatty acid composition comple-
menting the Nanofer STAR-mediated increase in lipid content of P. lutheri. 
Likewise, Zehnder medium fortified with zerovalent Fe-NPs (Nanofer 25 and 
Nanofer 25S) boosted the growth of four green algae (Desmodesmus subspicatus, 
Dunaliella salina, Parachlorella kessleri, and Raphidocelis subcapitata), two 
eustigmatophycean algae (Nannochloropsis limnetica and Trachydiscus minutus), 
and the cyanobacterium Arthrospira maxima (Pádrová et al. 2015). In all the species 
studied, zerovalent Fe-NPs induced lipid accumulation, the saturated and monoun-
saturated fatty acid (except palmitoleic acid) and polyunsaturated fatty acid con-
tents in cells. The authors suggested that these particles may provide a source of 
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iron that increases cell growth and enhances metabolic changes leading to higher 
lipid production and changes in the composition of fatty acids.

In another study, toxicities of four zerovalent Fe-NPs of different sizes (20, 50, 80, 
and 100 nm), Fe2O3-NPs of two sizes (30 and 20 nm) of different crystal phases (α, 
γ), and Fe3O4-NPs of one size (20 nm) were assessed with green alga Chlorella pyre-
noidosa, focusing on the effects of particle size, crystal phase, oxidation state, and 
environmental aging (Lei et al. 2016). The results indicated a significant increase in 
toxicity as particle size decreased. The algal growth inhibition decreased with oxida-
tion of the NPs with an order of zerovalent Fe-NPs > Fe3O4 NPs > Fe2O3 NPs, while 
α-Fe2O3 NPs (EC50 = 71 mg L−1) presented significantly higher toxicity than γ-Fe2O3 
NPs (EC50 = 132 mg L−1). The EC50 values after a 96 h exposure to zerovalent Fe-NPs 
were for 100 nm (91.3 mg L−1) > 80 nm (81.2 mg L−1) > 50 nm (74.1 mg L−1) > 20 nm 
(19.8  mg  L−1). The NP-induced oxidative stress was the main toxic mechanism, 
which could give a possible explanation in the difference in algal toxicity caused by 
NPs with the contribution of agglomeration and physical interactions.

The effects of Fe-NPs have also been assessed on the bryophyte Physcomitrella 
patens subsp. patens after foliar exposure (Canivet et al. 2015). The effects (cyto-
toxicity, oxidative stress, lipid peroxidation of membrane) of Fe-NPs from indus-
trial emissions of metallurgical industries were determined through the axenic 
culture of P. patens exposed at five different concentrations (5 ng, 50 ng, 500 ng, 
5 mg, and 50 mg per plant). At concentrations tested over a short period (24 h, 72 h), 
the levels of ROS, MDA, and glutathione were not significantly disturbed, but after 
internalization (168 h) the Fe-NPs could interact with the intracellular medium and 
cause cytotoxic effects and/or oxidative stress. Additionally, confocal microscopy 
experiments revealed that Fe-NPs (particle size 20–80 nm) penetrated the leaves of 
Aphanorrhegma patens when applied as mineral water suspensions (Canivet et al. 
2014). By the way, this was the first demonstration of NP uptake by a bryophyte, 
and the actual penetration mechanism remains mysterious as also in higher plants.

16.3.6  Copper Oxide Nanoparticles

In a recent study, toxicity of CuO-NPs toward the algal species Pseudokirchneriella 
subcapitata was estimated by the OECD 201 algal growth inhibition test (Aruoja 
et al. 2009). CuO-NPs with mean particle size 30 nm were found to cause higher 
toxicity (72 h EC50 = 0.71 mg CuO-NPs L−1) than one caused by bulk CuO (72 h 
EC50  =  11.55  mg CuO-NPs L−1). No aggregates were observed in the growth 
medium. These findings are in agreement with those of a previous study where 
15–45 nm CuO-NPs gave 0.54 mg CuO-NPs L−1 EC50 value at 96 h (Griffitt et al. 
2008). The toxicity of CuO-NPs to algae has also been assessed in the presence of 
dissolved organic matter (DOM). One of the main fractions of DOM (Suwannee 
river fulvic acid) (20 mg L−1) was added alone or in the presence of CuO-NPs in the 
culture medium of the prokaryotic alga Microcystis aeruginosa (Wang et al. 2011). 
Internalization of CuO-NPs was observed in the intact algal cells at certain locations 

S. Mavrikou and S. Kintzios



409

(e.g., thylakoids and granules), and the cell uptake was enhanced by Suwannee river 
fulvic acid (SRFA). The main form of intracellular NPs observed was Cu2O, indi-
cating that intracellular environment may reduce CuO into Cu2O.  The increased 
CuO nanotoxicity observed in the presence of SRFA was related to the decreased 
rate of aggregation formation, the higher Cu2+ release, and the induction in the inter-
nalization of CuO-NPs.

In another study, the short-term effects of core-shell copper oxide NPs (CS-CuO- 
NPs) in two different agglomeration states on the green alga Chlamydomonas rein-
hardtii were examined, and toxicity was investigated with regard to change in 
cellular population structure, primary photochemistry of photosystem II, and the 
ROS formation (Saison et al. 2010). CS-CuO-NPs induced cellular aggregation pro-
cesses and reduced chlorophyll levels by inhibiting photosystem II. This process 
(inhibition of photosynthetic electron transport) induced a strong energy dissipation 
process via non-photochemical pathways indicating the formation of reactive oxy-
gen ROS.  However, no ROS formation was observed when C. reinhardtii was 
exposed to the core without the shell or to the shell only. The toxicity of carbon- 
coated copper nanoparticles (Cu-NPs) was also investigated using the alga C. rein-
hardtii and compared with effects of dissolved Cu2+ (provided as CuSO4) (Müller 
et al. 2015). The Cu-NPs agglomerated in the medium from original size of 6–7 nm 
to average particle sizes of 140–200 nm possibly due to the hydrophobic properties 
of the carbon coating. Cu-NPs strongly decreased the photosynthetic yield of C. 
reinhardtii after 1–2 h exposure to dissolved CuII in a concentration range 1–100uM, 
whereas this decrease occurred in a concentration range of 0.1–10 uM for CuSO4. 
Cu-NP effects on photosynthetic yield were similar for the same concentration of 
dissolved Cu2+ for 1 h exposure and slightly stronger after longer exposure times. 
After the addition of EDTA as a strong ligand for CuII, toxicity of both dissolved 
CuII and of Cu-NPs was completely suppressed.

The toxicity effects of sonicated and non-sonicated CuO suspensions (<50 nm) 
were elucidated on macrophytic (Nitellopsis obtusa) and microphytic (Chlorella 
spp.) algae cells (Manusadžianas et al. 2012). Cell lethality and resting potential 
depolarization were used to measure the NP effects on N. obtusa, whereas photo-
synthetic efficiency was assessed on Chlorella spp. There were no substantial dif-
ferences between the effects of non-sonicated and sonicated CuO-NP suspensions. 
The particles rapidly reagglomerated within 5 min after sonication. The lethal con-
centrations of CuO-NPs did not evoke a rapid cell membrane depolarization in N. 
obtusa within the initial 90 min period, indicating that charophyte cell wall might 
have delayed the NP toxic effects. Significant cell membrane depolarization could 
be observed only after a 6 h exposure. In addition, rewash lethality tests revealed 
that 5 min exposure in 100 mg CuO-NPs L−1 concentration induced algal cells mor-
tality by 70% after 8 days, whereas 6 h exposure at 0.64 mg L−1 of Cu2+ evoked less 
than 40% cell mortality. The observed lethal effects of algae cells as well as delayed 
cell membrane depolarization were evoked by nanoparticles or their agglomerates 
per se, but not by dissolved Cu, as neither chemical analysis nor biological testing 
confirmed the presence of Cu2+ in toxic amounts.
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The macrophyte Lemna gibba was also used to evaluate CuO-NP toxicity. On 
exposure to CuO-NPs or soluble copper for 48 h, photosynthetic activity was inhib-
ited due to inactivation of photosystem II reaction centers, causing a decrease in 
electron transport rate and an increase of thermal energy dissipation (Perreault et al. 
2014). Toxicity of CuO-NPs was mainly driven by copper ions released from par-
ticles due to the NPs’ tendency to agglomerate in the culture medium.

The data on CuO-NPs versus algae are presented in Table 16.4.

Table 16.4 Summarized results from CuO-NP toxicity studies performed on lower plants

Species

Particle 
size 
(nm)

EC50 (mg 
CuO-NPs 
L−1) – 
incubation time Effects observed Reference

Pseudokirchneriella 
subcapitata 
(Korshikov) F. Hindák

15–45 0.54 at 96 h Growth inhibition Griffitt et al. 
(2008)

P. subcapitata 
(Korshikov) F. Hindák

30 0.71at 72 h Growth inhibition Aruoja et al. 
(2009)

Chlamydomonas 
reinhardtii 
P.A. Dangeard 
(wall-free strain 
CC-400)

81 n.m.a Formation of aggregates, 
inhibition of 
photosynthesis, ROS 
formation

Saison et al. 
(2010)

Microcystis 
aeruginosa (Kützing) 
Kützing

<10 0.47 at 72 h Growth inhibition, ROS 
formation, DNA damage, 
membrane integrity 
damage

Wang et al. 
(2011)

Nitellopsis obtusa 
(N.A. Desvaux) 
J. Groves

~30 4.3 for 
non- sonicated 
NPs at 96 h

Growth inhibition, 
agglomeration, inhibition 
of photosynthesis, cell 
membrane depolarization

Manusadžianas 
et al. (2012)

2.8 for sonicated 
NPs at 96 h

Chlorella sp. 57 for 
non- sonicated 
NPs at 30 min
47 for sonicated 
NPs at 30 min

Lemna gibba L. 30–40 n.m.a Growth inhibition, 
inactivation of 
photosystem II reaction 
centers, decrease in 
electron transport rate, 
increase of thermal 
energy dissipation

Perreault et al. 
(2014)

C. reinhardtii 
P.A. Dangeard

6–7 1.87 ± 3 at 2 h Agglomeration, 
inhibition of 
photosynthesis

Müller et al. 
(2015)

aNot mentioned
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16.3.7  Nickel Oxide Nanoparticles

NiO-NPs (20 nm average size) were found to provoke a severe growth inhibition on 
a marine microalga strain of Chlorella vulgaris in a sterilized enriched seawater 
medium (f/2 medium) when treated with 40–50 mg L−1 during 72–120 h of expo-
sure, with EC50 being 32.28 mg NiO L−1 at 72 h and 44.33 mg NiO L−1 at 120 h 
(Gong et  al. 2011). The observed inhibitory effect was accompanied by cellular 
structural alterations such as cytomembrane breakage (detached or degraded plasma 
membrane), plasmolysis (leak of cytosol), and disorder of thylakoids. At the same 
time, living algae showed a tendency to increase the agglomeration-deposition 
capacity of NiO-NPs as well as to reduce them for zero valence nickel.

In another study, the aquatic plant Lemna gibba was used to investigate and com-
pare the toxicity induced by 30  nm NiO-NPs and nickel(II) oxide as bulk (NiO 
Bulk) (Oukarroum et al. 2015). Plants were exposed for 24 h to NiO-NPs, or NiO 
Bulk caused agglomerations of NiO-NPs in culture medium, due to ionic strength. 
Both NPs and bulk enhanced ROS formation, especially at 1000 mg L−1 (five times 
compared to control), indicating the cellular oxidative stress. Both types of NiO 
induced a strong inhibitory effect on the PSII quantum yield, indicating a reduction 
of the photosynthetic electron transport performance due to damage to the structural 
and functional properties of PSII (Oukarroum et al. 2015).

Likewise, Chlorella vulgaris exposed to NiO-NPs for 96 h showed cellular altera-
tions, which were related to NiO-NP concentration (EC50 of 13.7 mg L−1). They par-
ticularly inhibited cell division (relative cell size and granularity), deteriorated the 
photosynthetic apparatus (chlorophyll synthesis and photochemical reactions of photo-
synthesis), and induced oxidative stress (ROS formation). The TEM and X-ray analysis 
indicated that NiO-NPs were able to cross biological membranes and accumulate 
inside the algal cells (Oukarroum et al. 2017). In addition, 20 nm NiO-NPs displayed 
severe inhibitory effect on the growth of C. vulgaris after 96 h exposure with EC50 
value of 31.4 mg L−1 (Li et al. 2017). The changes observed were plasmolysis with a 
shriveled cell shape, disruption of plasma membrane, cytosol leakage, and disorders in 
thylakoid grana lamella. Moreover, NP aggregation as well as partial reduction to Ni0 
could be observed, suggesting a possible remediation strategy of aquatic pollution (Li 
et al. 2017). These results for 20 nm NiO-NPs are comparable to the 0.35 mg NiO L−1 
EC50 value obtained in a previous study for Pseudokirchneriella subcapitata (Griffitt 
et al. 2008). Data on toxicity effects of NiO-NPs are presented in Table 16.5.

16.3.8  Silica Oxide Nanoparticles

In order to test the hypothesis that the ecotoxicity of nanoparticles is related to their 
surface area and not to their mass, toxicity of silica (SiO2) nanoparticles was moni-
tored on the growth of Pseudokirchneriella subcapitata exposed to stable silica sus-
pensions (Van Hoecke et  al. 2008). Commercial Ludox suspensions of NPs with 
diameters 12.5 and 27 nm were toxic, with 20% effect concentration (EC20) values on 
growth rate of 20.0 and 28.8 mg L−1, respectively, at 72 h. Because no aggregation was 
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observed and the dissolution of NPs was negligible, the toxicity was attributable to the 
solid nanospheres. There was no significant difference in toxicity on expressing the 
concentration as a surface area. The 72 h EC20 values were 4.7 and 3.9 mg L−1. Silica 
bulk material was found to be nontoxic up to 1 g L−1. TEM studies with 100 mg SiO2-
NPs L−1 (particle size 12.5 and 27 nm) elucidated no evidence of particle uptake even 
though the particles clearly adhered to the cell wall surface (Van Hoecke et al. 2008).

In a different study, 96 h exposure of Scenedesmus obliquus to SiO2-NPs (10–
20 nm, 25–200 mg L−1) resulted in a significant concentration-dependent decrease 
in chlorophyll content, whereas the carotenoid content was unaffected. EC50 value 
could not be determined since SiO2-NPs were not toxic probably due to shading on 
the cell surface (Wei et al. 2010a).

16.4  Carbon-Based Nanoparticles

16.4.1  Fullerene

The effects of carbon fullerene C60 were investigated on Chlamydomonas rein-
hardtii. The assays included also a bioaccumulation test to observe whether the 
algae accumulate nanomaterials and whether they have negative effects on Daphnia 

Table 16.5 Summarized results from NiO-NP toxicity studies performed on lower plants

Species

Particle 
size 
(nm)

EC50 (mg NiO-NPs 
L−1) – incubation 
time Effects observed Reference

Pseudokirchneriella 
subcapitata 
(Korshikov) 
F.Hindák

5–20 0.35 at 96 h Growth inhibition Griffitt et al. 
(2008)

Chlorella vulgaris 
Beyerinck

20 32.28 at 72 h
44.33 at 120 h

Plasmolysis, 
cytomembrane breakage, 
and thylakoid disorder

Gong et al. 
(2011)

Lemna gibba L. 30 n.m.a/at 24 h Increase in ROS formation, 
inhibition of the 
photochemical activity of 
the photosystem II (PSII), 
reduction in the quantum 
yield of PSII electron 
transport

Oukarroum 
et al. (2015)

Chlorella vulgaris 
Beyerinck

20 31.4 at 96 h Growth inhibition, 
plasmolysis

Li et al. 
(2017)

C. vulgaris 
Beyerinck

30 13.7 at 96 h Agglomeration formation, 
inhibition in cell division, 
deterioration of 
photosynthetic apparatus, 
ROS formation

Oukarroum 
et al. (2017)

aNot mentioned
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magna (water flea), a small planktonic crustacean belonging to the subclass 
Phyllopoda and consecutively on the whole trophic chain (Luo 2007). Population 
changes were measured over an initial period of 48 h, which was then extended to 
480 h to estimate the long-term effects. The effects were long lasting, as the algal 
population treated with 10 mg L−1 of C60-NPs was unable to recover within a 20-day 
period. C60 treatment caused color changes, cell lysis, and difficulties in reproduc-
tion. More algae died on 1 mg L−1 of C60, compared to 10 mg L−1 of C12. C60 NPs 
were also more toxic to D. magna than C12. Bioaccumulation studies indicate the 
relocation of nanomaterials from the alga to Daphnia, primarily through water but 
also through the alga, but the trend is not conclusive. Dynamic light scattering stud-
ies indicated aggregate formation, when the particles were introduced in an aquatic 
environment that led to the induction of oxidative stress.

The nanocrystalline fullerene (nC60) uptake amounts and trophic transfer effi-
ciency to the predator (Daphnia magna) through dietary exposure to algae or algal 
subcellular fractions (Scenedesmus obliquus) have also been investigated (Chen 
et al. 2016). The nC60-contaminated algae were separated into the cell wall (CW), 
cell organelle (CO), and cell membrane (CM) fractions. The highest nC60 distribu-
tion was in CW, followed by CO and CM subparts. Further, the sublethal concentra-
tion for S. obliquus has been determined as 0.09 mg L−1 after 72 h exposure (Tao 
et al. 2015). During a sublethal experiment of C60 that was carried out for 60 days, 
the photosynthesis processes, the photosynthetic polysaccharide products, soluble 
protein, and total lipids in S. obliquus were decreased. Additionally, chlorophyll a 
and chlorophyll b were negatively impacted possibly due to the 40% algal Mg2+ 
decline at the sublethal concentration (0.09 mg L−1) of C60. The decline was due to 
inhibition of Mg2+-ATPase activity caused by nC60 aggregates. On the other hand, 
on comparing the highest and lowest sensitivity responses of a bioassay on 
Pseudokirchneriella subcapitata, Blaise et al. (2008) found fullerene C60 to be less 
toxic than other NPs and placed it in the “not toxic” category (>100 mg L−1) (Blaise 
et al. 2008).

Pseudokirchneriella subcapitata as well as the crustacean D. magna were used 
in a series of toxicity tests for studying the influence of C60 aggregates on toxicity 
and bioaccumulation (Baun et  al. 2008). C60 powder was stirred in water over 
2 months, and the aggregates formed were mixed with four environmental contami-
nants (atrazine, methyl parathion, pentachlorophenol-PCP, and phenanthrene) with 
different physicochemical properties and toxic modes of action, 5 days prior to test-
ing. The sorption to C60 aggregates was 85% for phenanthrene and 10% for the rest 
of the compounds. In the presence of C60 suspensions, the toxicity of phenanthrene 
increased (from 720 μg L−1 to 430 μg L−1), and the toxicity of PCP decreased (from 
36 μg L−1 to 70 μg L−1), and a consequent increase in toxicity was found for phen-
anthrene after addition of C60 to the aqueous solution. Addition of C60 suspensions 
reduced the toxicity of PCP. Finally, no enhanced bioaccumulation of phenanthrene 
was observed in the presence of C60 (Baun et al. 2008).
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16.4.2  Carbon Nanotubes (CNTs)

In a recent study, multiwalled CNT (MWNT) material was carboxylated by 
microwave- assisted acid oxidations (f-MWNTs) and was examined for potential 
toxicity effects, using the unicellular marine chlorophyte algaDunaliella tertiolecta 
(Wei et al. 2010a, b). Concentrations 5 and 10 mg f-MWNTs L−1 caused substantial 
growth lag phase, and the EC50 value at 96 h was 0.82 mg L−1. This impact is in line 
with the 72 h IC25 value (1.04 mg L−1) of single-walled carbon nanotubes (SWCNTs) 
on the growth of green alga Pseudokirchneriella subcapitata (Blaise et al. 2008). 
Especially, at 10 mg L−1 f-MWNTs, 36% reduction in exponential growth rate was 
observed indicating the presence of oxidative stress and 22% reduction in photosys-
tem II (PSII) quantum yield (Wei et al. 2010a, b). The results differed in a later 
study, where oxidized SWCNTs (f-SWCNTs) caused 30% growth inhibition, 18% 
decrease in the photosynthetic yield, and 95% reduction in the intracellular glutathi-
one levels of Dunaliella tertiolecta (Thakkar et al. 2016).

In a study of growth inhibition and photosynthetic activity in Chlorella vulgaris 
and P. subcapitata, EC50 values were 1.8 mg CNTs L−1 and 20 mg CNTs L−1, respec-
tively, in well-dispersed suspension whereas 24 mg CNTs L−1 and 36 mg CNTs L−1, 
respectively, in agglomerated suspension (Schwab et al. 2011). The photosynthetic 
activity was not affected, whereas growth inhibition was correlated to the shading of 
CNTs and the agglomeration of algal cells, suggesting that the growth might be 
affected by the shading caused by the CNTs and by alga-CNT agglomerates. 
However, in another study the toxicological effects of MWCNTs were not dose- 
dependent (Pereira et al. 2014). Exposure of C. vulgaris to MWCNTs induced SOD 
activity, decreased intracellular ATP levels, and further induced ultrastructural cell 
damage. Uptake of MWCNTs was observed when cells were cultured in BB 
medium, but this internalization was not repeated when cells were cultured in Seine 
river water. The toxicity of MWCNTs was also investigated in Chlorella sp. focus-
ing on the four possible mechanisms for the algal growth inhibition (i.e., oxidative 
stress, agglomeration, physical interactions, and shading effects) and their correla-
tion to the MWCNT size and concentration. At MWCNT concentrations near EC50 
at 96 h, the oxidative stress accounted for approximately 50% of the algal growth 
inhibition, whereas 25% of it owes to agglomeration-physical interactions and 25% 
to the shading effects (Long et al. 2012). Moreover, toxicity of MWCNTs toward 
Chlorella pyrenoidosa was investigated in the presence of different dissolved 
organic matters, i.e., a natural originated humic acid (HA) and two synthetic surfac-
tants [sodium dodecylbenzenesulfonate (SDBS) and octyl phenoxy polyethoxyeth-
anol (TX100)] (Zhang et al. 2015). Cell internalization of MWCNTs and induction 
of oxidative stress were promoted by SDBS and TX100, while HA alleviated the 
MWCNT toxicity by limiting the cell internalization of MWCNTs and reducing the 
oxidative stress.

The acute aquatic toxicity of SWCNTs (∼20 um in length and 1 ∼ 1.2 nm in 
diameter) has been evaluated toward two freshwater microalgae (Raphidocelis sub-
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capitata and Chlorella vulgaris) after a 72 h incubation period (Sohn et al. 2015). 
The SWCNTs inhibited the growth of R. subcapitata and C. vulgaris with EC50 
values of 29.99 and 30.96 mg CNTs L−1, respectively, and were classified as “acute 
category 3” in the Globally Harmonized System (GHS) of classification and label-
ing of chemicals. A study of the effects of SWCNTs was undertaken on a population 
of microalga Chromochloris zofingiensis with a special focus on the profile and 
production of pigments and fatty acids (Wang and Yang 2013). The alga after a 
6-day incubation with SWCNTs showed biomass enhancement at low concentra-
tions (40–160 mg L−1) and inhibition at high concentrations (320 mg L−1). By con-
trast, fatty acids and pigments accumulation decreased over the range of the tested 
concentrations indicating an increasing sensitivity of the inhibitive toxicity markers 
as follows: biomass and fatty acids < primary carotenoids < chlorophylls < second-
ary carotenoids. The data recorded for toxicity of CNTs are shown in Table 16.6.

16.5  Quantum Dots

Potential toxicity of quantum dots (QDs) was assessed by using Chlamydomonas 
reinhardtii as a model system (Wang et al. 2008). The response of the organism to 
QDs was initially assessed by growth kinetics that showed growth inhibition and 
formation of aggregates during the first 2–3 days of cultivation (EC50 value = 5 mg 
QDs L−1), followed by a rapid recovery and reduction of cell aggregation as the 
culture proceeded. Cellular oxidative stress occurred 6 h after exposure to QDs, as 
confirmed by the transcriptional expression profiling of three stress response genes 
(SOD1, GPX, and CAT). The expression of these genes was temporarily enhanced 
in cultures containing 0.1 mg QDs L−1, with the maximum transcripts of SOD1, 
GPX, and CAT occurring after 3 h of treatment, proportionally to the initial concen-
tration of QDs. As the cultures continued, recovery in growth was observed, and the 
extent of recovery, as indicated by the final cell concentration, was dosage- 
dependent. In another study, the adsorption of carboxyl-functionalized polymer- 
coated QDs (CdSe/ZnS-QDs) and their effects on C. reinhardtii photosynthesis 
were examined (Lin et al. 2009). The amount of QDs adsorbed onto algae logarith-
mically depends upon the equilibrium concentration of the QDs with Freundlich 
constants determined as k = 0.588 ppm1−n and n = 0.629. Furthermore, CO2 deple-
tion and O2 production assays showed a significantly inhibited photosynthetic activ-
ity of the alga exposed to QDs in concentrations above 100  ppm and 5  ppm, 
respectively, suggesting the potential impact of NP adsorption on the obstruction of 
gas flow and nutrients uptake for the algae.

In addition, when C. reinhardtii was exposed to increasing QD concentrations, 
dissolution increased with decreasing pH (Domingos et al. 2011). QDs were accu-
mulated by the algal cells (in a size-dependent manner), though the particles may 
have been dissolved upon entry into the cells. Whole transcriptome screening using 
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RNA-Seq analysis identified 174 transcripts that were specifically upregulated by 
QDs. Moreover, pathways linked to transmembrane activity, proteolysis involving 
proteasome activation, and ubiquitin-mediated processes were observed. In a differ-
ent study, effects of CdSe/ZnS-QDs were studied on the availability of Cu and Pb 
on two strains of C. reinhardtii (a wall-less and a walled strain containing glycopro-
teins) and a microalga (Chlorella kesslerii) that possesses a cellulosic cell wall 
(Worms et al. 2012). The results indicated that QDs decreased the intracellular Cu 
and Pb contents (non-extractable by EDTA) to almost half in C. kesslerii and in the 
walled strain of C. reinhardtii but increased them about 3.5–4 times in the wall-less 
strain, suggesting that CdSe/ZnS-QDs could influence metal bioavailability due to 
the interactions of QDs with the cell wall.

As the stability of NPs in seawater is an important requisite for efficient interac-
tions with living organisms, the effects of water-soluble CdSe-QDs were assessed 
on the marine microalga Phaeodactylum tricornutum (Morelli et al. 2012). High 
QD concentrations (>0.5 nM) caused a dose-dependent inhibition of growth rate 
and induced ROS formation as well as modulation of SOD and CAT activities. 
Similarly, functionalized CdSe/ZnS-QDs (amine- and carboxyl-) showed limited 
toxicity to the marine diatom Thalassiosira pseudonana after a 5-day exposure 
under varied nutrient conditions (enriched versus nitrogen-limited media) (Zhang 
et al. 2013). Production of proteins in T. pseudonana was induced suggesting that 
these extracellular proteins might be involved in the detoxification of QDs by this 
alga via the Cd release of QDs.

The bioaccumulation kinetics of thioglycolic acid-stabilized CdTe quantum dots 
(TGA-CdTe-QDs) was investigated in a freshwater alga Ochromonas danica (Wang 
et al. 2013). Flow cytometry measurements showed high photoluminescent inten-
sity in cells during the exposure time (1, 5, 10, 15, 20, 30, 40, 50, 60 min) suggesting 
internalization of TGA-CdTe-QDs, while a significant NP uptake was observed 
through the mechanism of micropinocytosis. The intracellular TGA-CdTe-QDs had 
negligibly direct acute effects on the algae, and their toxicity was mainly caused by 
Cd ion liberation into the bulk medium. Quick elimination in the photoluminescent 
intensity of cellular TGA-CdTe-QDs was also observed, and it was correlated to QD 
dissolution, surface modification, or expulsion out of the cells. In another report, 
cytotoxicity of two types of QDs, i.e., carbon QDs (N,S-doped CQDs, N-doped 
CQDs, no-doped CQDs) and metal QDs (CdTe-QDs, CdS-QDs, CuInS2/ZnS-QDs), 
was investigated on Chlorella pyrenoidosa (Xiao et  al. 2016). On treating 
C. Pyrenoidosa with various concentrations of QDs, the total protein and chloro-
phyll a contents were reduced in a dose-response manner. The EC50 values (mg L−1) 
of CQDs and MQDs (shown in Table 16.7) were determined by a growth inhibition 
biotest (algal cells counting) for 96 h, and their toxicity order was CuInS2/ZnS-QDs 
< no-doped CQDs < N-doped CQDs < N,S-doped CQDs < CdS-QDs < CdTe-QDs. 
QDs enhanced the activity of antioxidant enzyme superoxide dismutase (SOD) and 
decreased the reduced glutathione (GSH) level in a dose-dependent manner. 
Additionally, QDs enhanced the accumulation of malondialdehyde (MDA). Finally, 
the toxicity of CQDs was smaller than MQDs, with the toxicity of CuInS2/ZnS-QDs 
being the smallest one (Xiao et al. 2016).
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16.6  Conclusions

The quick growth of nanotechnology over the years has led to rapid development of 
its commercial applications, which involves the use of a great variety of manufac-
tured NPs. The use of these organic and inorganic nanomaterials may result in the 
surreptitious discharge of these materials into the environment through soil, sedi-
ment, and biosolids from wastewater treatment. Algae and other nonvascular plants 
constitute an important component of our ecosystem, and toxic effects of nanopar-
ticles on their growth attract serious concerns. Most of the studies conducted on NP 
toxicity to nonvascular plants have been focused on algae; only a few could encom-
pass bryophytes. The toxic action of NPs can involve some distinct mechanisms, but 
drawing a general conclusion regarding factors that determine the toxicological 
effects of NPs is not possible, because toxicity data generated thus far are conflict-
ing and inconsistent. There are indications that NPs might interact directly with 
algae due to secondary particle size and/or specific surface area or indirectly through 
release of toxic substances into the exposure media. Further, the duration of expo-
sure to NPs may be an important parameter for the assessment of their toxicity 
potential (even at low concentrations), which may be more representative of real 
environmental conditions. Additional comprehensive investigations are urgently 
and immensely required to examine the impact of NPs on the food chain and the 
environment and also to be able to reach at logical conclusions for establishing 
regulations over the use, confinement, and disposal of NPs for the protection of the 
ecosystem and humankind.
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Chapter 17
Oxidative Stress Biomarkers 
and Antioxidant Defense in Plants Exposed 
to Metallic Nanoparticles

Naser A. Anjum, Sarvajeet Singh Gill, Armando C. Duarte, 
and Eduarda Pereira

17.1  Introduction

Nanoparticles (NPs) are being engineered to at least one dimension ≤100 nm in order 
to achieve twofold goals: first, to enhance their technologically interesting properties 
and, second, to explore their use in multiple disciplines such as electronics, textiles, 
cosmetics, environment, and health/medicines (Royal Society 2004; Elder et al. 2009; 
Bhatt and Tripathi 2011; Husen and Siddiqi 2014; Husen 2017; Siddiqi et al. 2018). 
Engineered NPs may end up in various environmental compartments (such as air, 
water, and soils), after their multidisciplinary and/or indiscriminate use. However, 
information is meager on the fate and persistence of engineered NPs and also on the 
outcome of their possible interaction with living systems and the subsequent conse-
quences therein (Handy et  al. 2008; Mueller and Nowack 2008; Ma et  al. 2010). 
Among the engineered NPs, metallic NPs (such as Ag, CuO, ZnO, TiO2, CeO2, CrO2, 
MoO3, Bi2O3) are being increasingly used in a variety of disciplines such as electron-
ics, optics, textiles, medical applications, cosmetics, food packaging, water treatment 
technology, fuel cells, catalysts, biosensors, and environmental remediation. 
Environmental contamination due to these NPs is therefore obvious. Given this, sys-
tematic investigations on the potential impact of NPs on the health of environment and 
biota (plant/animal/human) have been strongly advocated (Handy et al. 2008; Thakkar 
et al. 2010; Gerloff et al. 2012; Anjum et al. 2016; Siddiqi and Husen 2016).
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17.2  Reactive Oxygen Species, Oxidative Stress, and Its 
Major Biomarkers

Reactive oxygen species (ROS) are produced in living systems, including plants, as 
the by-products of a normal metabolism. In plants, specific organelles such as chlo-
roplasts, mitochondria, or peroxisomes are the major source of the cellular ROS, as 
these organelles have a highly oxidizing metabolic activity or intense rate of elec-
tron flow (Gill and Tuteja 2010). A myriad of biotic and abiotic stress factors elevate 
the generation of ROS in plants, where the failure of ROS-metabolizing system 
gives rise to the oxidative stress, which in turn damages biomolecules and cellular 
organelles and disrupts the cellular redox homeostasis (Anjum et al. 2010, 2012a, b; 
Gill and Tuteja 2010; Gill et al. 2013). ROS-mediated mechanism has been consid-
ered as one of the major mechanisms underlying the metallic NP-caused toxicity in 
living organisms including plants (Hou et al. 2018). Ample literature is now avail-
able on the ROS-caused oxidative stress in plants exposed to the environmental NPs 
(He et al. 2011; Panda et al. 2011; Zhao et al. 2012; Rico et al. 2013; Shaw and 
Hossain 2013; Anjum et  al. 2013a, b; Zhang et  al. 2013; Yasur and Rani 2013; 
Marslin et al. 2017; Yanık and Vardar 2018). The organ/tissue or cellular levels of 
the ROS (O2

•−, OH•, and H2O2), and the ROS-led protein and membrane lipid prod-
ucts, reactive/protein carbonyls, and thiobarbituric acid reactive substances 
(TBARS)/malondialdehyde (MDA), are considered to be the major biomarkers of 
oxidative stress in plants (Anjum et  al. 2010; 2012a, b; Gill and Tuteja 2010). 
Recently, distribution of metallic NPs in root/shoot of a number of plants and their 
impact on plant performance have been reviewed, together with the role of oxidative 
stress in suppressing the plant growth (Siddiqi and Husen 2017). However, litera-
ture is inconclusive on whether oxidative stresses caused by NPs could activate 
defense mechanisms in order to counteract the nanotoxicity in plants (Morales et al. 
2013; Rico et al. 2013; Li et al. 2016).

17.3  Membrane Lipid Peroxidation Versus Metallic 
Nanoparticles

As mentioned above, owing to their unique physical (size, shape, crystallinity, sur-
face charge) and chemical (surface coating, elemental composition and solubility) 
attributes, NPs can produce chemical conditions conducive for the generation of 
ROS (Carlson et al. 2008). Elevated or unmetabolized ROS may alter the cellular 
redox homeostasis and cause adverse biological consequences (Anjum et al. 2010, 
2012a, b; Gill and Tuteja 2010). Moreover, an elevated production of ROS and the 
subsequent oxidative stress, lipid peroxidation, proteins, and DNA damage in plants 
are the major causes for the metallic NP’s phytotoxicity (reviewed by Arruda et al. 
2015; Ma et al. 2015a, b; Tripathi et al. 2017) (Fig. 17.1). Biosolids disposal from 
wastewater treatment plant can add to the CeO2 metal-oxide NPs in soils. A 
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concentration-dependent increase in oxidative stress via elevated levels of cellular 
H2O2 and lipid peroxidation has been reported in maize (Zea mays) exposed to CeO2 
NPs (Zhao et al. 2012). Elevated generation of ROS, including H2O2, was evidenced 
in duckweed (Spirodela punctata) exposed to Ag and ZnO NPs (Thwala et al. 2013). 
Increasing use of ZnO NPs in consumer products may enhance their release into the 
environment. In Allium cepa, ZnO NP-mediated high toxicity due to Zn2+ ion in 
hydroponic solution was attributed to a higher release of ROS (Kumari et al. 2011). 
The effect of ZnO NPs on lipid peroxidation, as examined by measuring TBARS 
concentration, was evident at all the concentrations (25, 50, 75, and 100 μg ml−1), 
compared to bulk ZnO. ROS-sensitive organic compounds such as dye 3, 3′-diami-
nobenzidine (DAB) polymerize in the presence of ROS and yield deep greenish- 
brown polymerization product that could be visualized by naked eyes. By the in vivo 
detection of H2O2 through DAB staining, Shaw et al. (2014) found high accumula-
tion of H2O2 in leaves of nano-CuO-stressed Hordeum vulgare seedlings after 
20  days of stress treatment. Shaw and Hossain (2013) also reported a similar 
increasing trend of H2O2 (and MDA levels) in leaves of rice (Oryza sativa) seedlings 
subjected to nano-CuO stress. Priester et al. (2017) reported a differential level of 
leaf ROS in soybean (Glycine max) grown in the soil amended with either nano- 
CeO2 (0.1, 0.5, or 1 g kg−1 soil) or nano-ZnO (0.05, 0.1, or 0.5 g kg−1 soil). Compared 
to the control, total leaf ROS concentrations (measured as fluorescence intensity 

Fig. 17.1 Schematic presentation highlighting the interaction of nanoparticle exposure and oxida-
tive stress and their impact on plant growth and metabolism via antioxidant defense system
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units (FIU) g−1 dry leaf) were higher with medium (0.5  g  kg−1 soil) and high 
(1.0 g kg−1 soil) doses of nano-CeO2. However, ROS concentrations did not differ 
from the control under ZnO NP exposure. Titanium dioxide nanoparticles (TiO2NPs) 
are also among the maximally used nanomaterials these days (Piccinno et al. 2012). 
Elevation in the ROS generation due to their exposure has been reported in several 
higher plant species (Cox et al. 2016; Du et al. 2017). In Brassica juncea, 200 mg L−1 
CuO and TiO2 failed to bring any significant amount of DAB polymerization (that 
occurs in the presence of ROS), but higher (1500 mg L−1) metal concentration trig-
gered the production of more H2O2 (Rao and Shekhawat 2016). Further, H2O2 con-
tent in shoots exposed to varying concentrations of CuO and TiO2NPs increased by 
28% and 19% with similar concentration (1500 mg L−1) of CuO and TiO2, respec-
tively (Rao and Shekhawat 2016). Occurrence of ROS, including superoxides and 
H2O2, was reported to be independent of the nano-CuO concentration and the expo-
sure time in rice leaves, as determined through NBT-stained dark blue spots and 
DAB-stained deep brown spots, respectively; the maximum spots were observed in 
the leaves of 1.5 mM CuO-treated seedlings (Shaw and Hossain 2013). However, 
the increasing trend of foliar H2O2 content exhibited dependence on time period and 
nano-CuO concentration; even a low concentration (0.5 mM) could markedly ele-
vate the H2O2content after a 7-day treatment. A sharp increase (1.7-fold over the 
control) in the foliar H2O2 level was recorded with a high CuO treatment (1.5 mM) 
after 14 days (Shaw and Hossain 2013). Staining of stressed plant organs with 
2′,7′-dichlorofluorescin diacetate (DCFH-DA) and subsequent DCF fluorescence 
have also been used to measure the status of oxidative stress caused by ROS genera-
tion in plant organs (Wang and Joseph 1999; Faisal et al. 2013). Compared to the 
untreated control, Faisal et al. (2013) reported a sharp increase of DCF fluorescence 
in roots of tomato exposed to higher concentrations (1.0, 1.5, and 2 mg ml−1) of 
NiO, which was further confirmed with the help of flow cytometry (Faisal et  al. 
2013). Recently, Yanık and Vardar (2018) reported a dose-dependent increase in 
H2O2 content and lipid peroxidation in Triticum aestivum exposed to varying con-
centrations (5.0, 25, and 50 mg ml−1; 96 h) of 13-nm-sized Al2O3 NPs for 96 h. 
Significant decreases in growth traits and damages in the photosynthetic apparatus 
of barley due to exposure to NiO NP (120 mg kg−1; 14 d) were found to be accom-
panied by an overproduction of superoxide anion (O2

•-) and the enhancement of 
lipid peroxidation Soares et al. (2018a, b). In their earlier study also, these authors 
observed the occurence of significant increases in lipid peroxidation, O2

•− genera-
tion, and subsequent cell death in barley plants exposed even to the lowest 
(87.8 mg kg−1) of the applied dose of NiO NPs (Soares et al. 2016).

Thiobarbituric acid reactive substances (TBARS) and malondialdehyde (MDA) 
have been used as indicators of membrane lipid peroxidation. Cellular status of lipid 
peroxidation (LPO) (and also electrolyte leakage) is among the major traits to mea-
sure the NP-caused oxidative stress in plants (Rico et al. 2015). The cellular status 
of major oxidative stress biomarkers, including H2O2 generation, lipid peroxidation, 
and electrolyte leakage, responded differently to the CeO2 NP concentrations in 
Oryza sativa (Rico et al. 2013). In particular, 500 mg nCeO2 L−1 increased the H2O2 
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content by 162%, whereas 125 and 250 mg nCeO2 L−1 did not change the H2O2 
content in roots. However, NP concentration of 125  mg  L−1 caused significant 
increases in lipid peroxidation (by 19–31%) and electrolyte leakage (by 4–18%) in 
comparison with the other nCeO2 treatments (Rico et al. 2013). In the case of shoots, 
the highest lipid peroxidation was recorded at 500  mg nCeO2  L−1 treatment. 
Likewise, high levels of H2O2 and O2

•– have been reported in AgNP-exposed Allium 
cepa (Panda et  al. 2011). All concentrations of ZnO NPs and ZnO bulk caused 
increase in TBARS formation in A. cepa, the degree of increase being higher with 
ZnO NPs than their bulk counterparts (Kumari et al. 2011). Notably, a rapid genera-
tion of ROS was supposed to be the possible mechanism for higher intrinsic cyto-/
genotoxicity of ZnO NPs to A. cepa, where ROS presumably converted fatty acids 
to toxic lipid peroxides (such as TBARS formation), subsequently damaging the 
membrane permeability. The highest concentration of ZnO NP (0.5 g kg−1 dry soil) 
caused a higher leaf lipid peroxidation in Pisum sativum (Mukherjee et al. 2014) 
and Glycine max (Priester et al. (2017). In contrast to no increase in ROS in the ZnO 
NP-exposed G. max, the occurrence of H2O2 along with the elevated lipid peroxida-
tion in P. sativum indicates the differential response of plant species to Zn (Mukherjee 
et al. 2014; Priester et al. 2012).

The MDA level indicates changes in the cell membrane integrity due to oxidative 
stress. In addition, the cellular level of MDA may also represent plant senescence 
and injury under the pollution stress (Song et al. 2012; Nair and Chung 2014b). Li 
et  al. (2016) determined the oxidative stress indicated by the five- to sevenfold 
higher (vs. control) MDA levels in corn roots treated with g-Fe2O3 NPs (20–
100 mg L−1). Application of silver nanoparticles (Ag NPs) at 200 and 250 mg L−1 
could significantly elevate the MDA content in shoot and root of the wild-type (WT) 
Crambe abyssinica (Ma et  al. 2015b). Exposure of Arabidopsis thaliana to 
1000 ppm CeO2 NPs caused fourfold higher MDA levels, compared to the control 
(Ma et al. 2013). However, exposure to In2O3 NPs (up to 1000 ppm) did not affect 
the MDA level and lipid peroxidation in A. thaliana (Ma et  al. 2013). It can be 
inferred that induction in the ROS formation even at high NP exposure concentra-
tions depends on the NP types and concentration and/or the ROS-scavenging effi-
ciency of the plant’s detoxification pathways. In A. thaliana, Nair and Chung 
(2014b) reported a differential impact of 0.2 mg L−1 of AgNPs and AgNO3 on the 
modulation of lipid peroxidation, where a significantly increased MDA level was 
observed with the former. In the CuO NP-exposed Syrian barley (Hordeum vul-
gare), Shaw et  al. (2014) reported a nano-CuO concentration-dependent gradual 
increase in the foliar MDA level; the maximum increase (∼1.8-fold) was noticed 
with 1.5  mM CuO treatment, irrespective of the stress period involved. Earlier, 
CeO2NPs were reported to cause the oxidative stress and modulate the antioxidant 
defense system in germinating rice seeds (Rico et al. 2013). In Glycine max, grown 
in soil amended with either nano-CeO2 (0.1, 0.5, or 1.0 g kg−1 soil) or nano-ZnO 
(0.05, 0.1, or 0.5 g kg−1 soil), low and medium nano-CeO2 treatments significantly 
elevated lipid peroxidation (as MDA concentration) by approximately 50%; but the 
nano-ZnO treatments could cause no significant differences in MDA concentrations 
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relative to the controls (Priester et al. 2017). Increase in H2O2 (and also MDA level) 
may be accompanied by increased leaf damage, necrotic leaf spots, and reduced 
photosynthesis in Glycine max and Hordeum vulgare exposed to CeO2 NPs (Priester 
et al. 2017) and CuO NPs, respectively (Shaw et al. 2014). Nano-Cu (0.5, 1.0, and 
1.5 mM; <50 nm)-mediated elevated level of foliar MDA, a general marker of oxi-
dative damage to lipid membranes, was evidenced in Oryza sativa seedlings, where 
the maximum increase (1.5-fold) was noticed with 1.5 mM CuO treatment at 7-day 
exposure, while at 14-day exposure, the highest MDA level appeared with 1.0 mM 
CuO treatment (Shaw and Hossain 2013). To confirm the occurrence of oxidative 
stress in the ZnO NP-treated tomato seedlings, Li et al. (2016) biochemically quan-
tified the concentration of H2O2 and MDA, the important marker of lipid peroxida-
tion, and correlated the observed growth inhibition with the excessive levels H2O2 
and MDA. Earlier, metallic NPs were extensively shown to cause plant growth inhi-
bition by inducing oxidative stress in a range of plant species (Dietz and Herth 
2011; Chichiriccò and Poma 2015). CuO NPs (1000 and 1500 mg L−1) caused sig-
nificant increases over the control in MDA level in the roots of Brassica juncea 
(Rao and Shekhawat 2016), while the increase caused by 1500 mg TiO2NPs L−1 was 
almost 50% and 9% less in the shoot and roots, respectively. In another study, Cu 
NPs caused about 180% increase in lipid peroxidation in Elodea densa when com-
pared to Cu2+ (Nekrasova et al. 2011).

17.4  Antioxidant Metabolism Versus Metallic Nanoparticles

Much of the toxicity research on nanomaterials has focused mammals (including 
mammalian cell cultures) and aquatic species, and comparatively little has been 
done with the terrestrial plants (USEPA 2007; Klaine et al. 2008). Notably, unme-
tabolized ROS and their reaction products may bring irreparable changes in biomol-
ecules and cellular organelles, disrupt the cellular redox homeostasis, and lead to 
cell death (He et al. 2011; Rico et al. 2013; Shaw and Hossain 2013; Anjum et al. 
2013a, b; Yasur and Rani 2013; Zhang et  al. 2013). To avoid the elevated/non- 
metabolized ROS-mediated consequences, plants possess efficient antioxidant 
defense system, where a synchronous action of enzymatic (such as superoxide dis-
mutase, SOD; catalase, CAT; guaiacol peroxidase, GPX; glutathione sulfo- 
transferase, GST; ascorbate peroxidase, APX; monodehydroascorbate reductase, 
MDHAR; dehydroascorbate reductase, DHAR; glutathione reductase, GR) and 
nonenzymatic (such as ascorbate, AsA; glutathione, GSH; carotenoids; tocopherols; 
phenolics) antioxidants metabolizes the ROS and their reaction products and nulli-
fies their toxic consequences (Anjum et al. 2010, 2012a, b; Gill and Tuteja 2010; 
Gill et al. 2013).

The following text is focused on the modulation of major enzymatic and nonen-
zymatic antioxidants in the metallic NP-exposed plants.
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17.4.1  Enzymatic Antioxidants

Reduced activity of DHAR and MDHAR in Hordeum vulgare plants exposed to 
nano-CuO (0.5, 1.0, and 1.5 mM; size, <50 nm) was considered to cause severe 
decreases in the recycling of AsA pool (Shaw et al. 2014). In the CeO NP-exposed 
Raphanus sativus, CAT activity was higher in tubers but lower in leaves with refer-
ence to the control, as observed at 125 mg nCeO2 dose (Corral-Diaz et al. 2014). 
The enhanced CAT activity can reduce the excess of H2O2 likely to be generated by 
external stressors and enhanced cellular activity during the tuber formation (Marcelis 
et  al. 1997). Increased CAT and APX activity has been reported in the nCeO2 
(125 mg kg−1)-treated shoots of cilantro plants (Morales et al. 2013) and in the Ce3+-
exposed rice seedlings (Liu et al. 2012). In addition, Rico et al. (2013) considered 
the triggering of increments in CAT and APX activity as an outcome of the nCeO2 
(500 mg L−1)-mediated enhancement in the electrolyte leakage and lipid peroxida-
tion. Significant reduction in CAT activity was noticed in P. sativum leaves with all 
ZnO NP concentrations, whereas APOX was reduced in both roots and leaves 
(Mukherjee et al. 2014). However, APOX activity was downregulated in the root 
and leaf, and CAT remained unchanged under the bulk ZnO exposure. A high activ-
ity of H2O2-metabolizing enzymes (such as peroxidase and CAT) was observed in 
the CuO and ZnO NP-exposed wheat grown in sandculture (Dimkpa et al. 2012a). 
The elevated APX activity was not sufficient to control the H2O2 level in the nano- 
CuO (0.5, 1.0, and 1.5 mM; size, <50 nm)-exposed Hordeum vulgare (Shaw et al. 
2014). In the nano-CuO-exposed O. sativa and H. vulgare, Shaw and Hossain 
(2013) and Shaw et al. (2014) reported the failure of APX-mediated ROS (such as 
H2O2)-scavenging system, where high levels of H2O2 occurred despite an elevated 
APX activity. Nano-CuO-caused inhibition in the cellular H2O2-metabolizing 
potential of APX and CAT was evidenced by Trujillo-Reyes et al. (2014), where 
they observed a decreased APX activity (at 10  mg  L−1) and CAT activity (at 
20 mg L−1) in Lactuca sativa roots and leaves. Plant organs (root and shoot) may 
respond differently to metallic NPs in terms of the stress enzyme behavior therein. 
To this end, Hong et  al. (2015) noted a differential ROS-generating potential of 
nano-CuO and nano-Cu and the ROS-metabolizing capacity in root cells of the test 
plants. They observed a downregulated CAT activity and an upregulated APX activ-
ity in the roots of both Lactuca sativa and Medicago sativa when exposed to either 
nano-CuO or nano-Cu concentrations (5, 10, and 20 mg L−1) (Hong et al. 2015).

The expression patterns of genes of H2O2-metabolizing enzymes such as APX 
(APX1 and APX2) and CAT (CAT2 and CAT3) can be differently modulated in 
plants when exposed to different (0.5, 1, 2, 5, 10, 20, 50, and 100 mg L−1) nano-CuO 
concentrations (Nair and Chung 2014a). These nano-CuO concentrations can also 
differently modulate the expression patterns of genes of SODs (MnSOD gene, 
MSD; CuZnSOD genes, CSD1 and CSD2) and control the dismutation of O2

•− into 
H2O2 (Nair and Chung 2014a). In Ricinus communis, AgNP and AgNO3 (0, 500, 
1000, 2000, and 4000  mg  L−1) enhanced the activities of SOD and peroxidase 
(Yasur and Rani 2013). This was considered to be due to the AgNP-mediated 
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 elevation in the ROS level and subsequent oxidative stress. In CuO and TiO2 
NP-exposed Brassica juncea, APX exhibited a much higher affinity to H2O2 than 
CAT. Decline in the CAT activity due to increasing CuO NP concentration increased 
the level of H2O2 content. It was inferred that APX could maintain the low levels of 
H2O2 and CAT can control the excess of H2O2. Metallic NPs may also play a protec-
tive role against the ROS in plants. To this end, ROS (H2O2)-metabolizing enzymes 
such as CAT and APX were reported to rise in velvet mesquite (Prosopis juliflora-
velutina) with increase in nano-ZnO doses (Hernandez-Viezcas et al. 2011) and in 
corn (Zea mays) with increase in nano-CeO2 doses (Zhao et al. 2012). Later, Rico 
et al. (2013) explained the protective response of rice seedlings to nano-CeO2 at 
certain concentrations. At 125 mg L−1, nCeO2 caused a low H2O2 content with a 
greatly enhanced lipid peroxidation and electrolyte leakage. It was advocated that 
the decreased activity of SOD (and also that of DHAR and GR) resulted in an inef-
ficient removal of H2O2, which led to enhancement in the membrane damage. In the 
NiO NP (2 mg ml−1)-exposed tomato plants, activity of CAT and SOD increased by 
6.8- and 1.7-fold, compared to the control (Faisal et al. 2013).

17.4.2  Nonenzymatic Antioxidants

Let us now examine the modulation of nonenzymatic antioxidants such as AsA, 
GSH, amino acid (such as proline), phenols and phenolic acids, and anthocyanin in 
plants exposed to different metallic NPs. Being a major free thiol in most living 
cells, reduced GSH is involved in the scavenging of ROS such as H2O2 and in detox-
ification of xenobiotics. In stressed cells, the status of intracellular GSH is indica-
tive of the overall cellular health (Akerboom and Sies 1981). ZnO NP (under 
50  mg  L−1) brought tomato seedlings to oxidized redox state by significantly 
decreasing the GSH/GSSG ratio (Li et al. 2016). Increased accumulation of oxi-
dized glutathione (GSSG, indicative of oxidative stress) was reported in AgNP- 
exposed Triticum aestivum (Van Aken 2015). Nano-CuO can bring a significant 
increase in GSH oxidation (Dimkpa et al. 2012a) and also a decreased GSH and the 
GSH/GSSG ratio (Shaw and Hossain 2013; Shaw et al. 2014). The use of GSH or 
GSSG quantification as an alternative method for demonstrating the role of the GSH 
biosynthesis pathway in NP detoxification has been focused recently (reviewed by 
Ma et al. 2015a). Metallic NPs such as CeO2 and In2O3 have the potential to induce 
upregulation of genes related to GSH biosynthesis pathways (Ma et al. 2013). It has 
also been pointed out that the depletion of GSH and elevation of GSSG levels could 
not be directly considered as the indictor of ROS conversion into H2O (Ma et al. 
2013). The AgNP and Ag+ ion treatments elevated the GSSG level in wheat (Dimkpa 
et  al. 2012b). CuO and ZnO NP exposure could also elevate the GSSG level in 
wheat (Dimkpa et al. 2012a). GSH level responded differently to NiO NPs in tomato 
plants in a dose-dependent manner (Faisal et al. 2013). Moderate concentration of 
NiO NPs (1000 mg L−1) caused elevation in GSH levels, whereas the higher ones 
(1500 and 2000 mg L−1) brought a decline. Very little is known about AsA and its 
redox couple (AsA, AsA/DHA) in relation to metallic NPs. In Syrian barley 
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(Hordeum vulgare), Shaw et al. (2014) found a significant impact of CuO NPs on 
the foliar AsA pool. Marked changes in the reduced ascorbate (AsA) contents were 
observed 20 days after treatment. The gradual increase was in accordance with the 
increase in CuO concentration applied. The highest AsA accumulation (tenfold over 
the control) was observed in the leaves of the 1.5  mM CuO-exposed seedlings. 
Similar increasing trends were recorded in the total as well as oxidized (DHA) 
ascorbate contents. Nevertheless, the changes observed in the AsA/DHA ratio in 
stressed leaves, in comparison with the control, were mostly nonsignificant except 
at the 1.5 mM nano-copper treatment for 20 days. Rico et al. (2013) reported the 
highest AsA in the rice roots because of the 500 mg nCeO2 L−1 treatment.

In addition to the major antioxidant metabolites (such as AsA and GSH), the 
potential of amino acids (such as proline), phenols and phenolic acids, and anthocy-
anin with reference to the protection of plants is affected by exposure to metallic 
NPs (Winkel-Shirley 2002; Krishnaraj et al. 2012; Ma et al. 2013, 2015a; Yasur and 
Rani 2013; Nair and Chung 2014a, b; Rao and Shekhawat 2016). Arabidopsis thali-
ana was reported to respond to the abiotic stress caused by CeO2 and In2O3 NPs by 
producing anthocyanin at the physiological level (Ma et al. 2013). Proline, which 
can scavenge ROS, maintain redox homeostasis, and improve plant resistance to 
oxidative stress, was found to be affected by nano-CuO concentrations (10 and 
20  mg  L−1) in Arabidopsis thaliana, as the proline biosynthesis genes (such as 
P5CS1 and P5CS2) upregulated significantly under the nano-CuO exposure (Nair 
and Chung 2014a, b). In the CuO- and TiO2-exposed Brassica juncea, Rao and 
Shekhawat (2016) reported a sharp rise in proline content, with the highest content 
(1500  mg  L−1) detected in roots. CuO- and TiO2-treated roots had 65 and 66% 
higher proline content (vs. control). Phenols and phenolic acids may protect plants 
against Ag+- and AgNP-induced oxidative stress (Winkel-Shirley 2002; Krishnaraj 
et al. 2012; Yasur and Rani 2013). Anthocyanin, a type of flavonoid located in the 
vacuole system (Mourato et al. 2012) and acting as a superoxide radical scavenger, 
hydrogen donor, and metal chelator, responded to the abiotic stress caused by the 
metal-oxide NPs (CeO2 and In2O3) in A. thaliana (Ma et  al. 2013, 2015a). 
Anthocyanin production was unaffected by In2O3 NPs, but a treatment of 1000 ppm 
CeO2 NPs clearly promoted the anthocyanin production; however, its production 
decreased at higher doses of CeO2 NPs. It was argued that the higher (2000 ppm) 
dose of CeO2 NPs might have inhibited the activity of phenylalanine ammonium- 
lyase (PAL) (a catalytic enzyme involved in the biosynthesis of anthocyanin via a 
phenylpropanoid pathway) that caused elevation in the ROS (H2O2) level and subse-
quently deceased the anthocyanin biosynthesis.

17.5  Conclusions and Prospects

The field of “plants-nanoparticles interaction” is emerging with diverse avenues. 
Particularly, exploration of physiological/biochemical and molecular insights into 
plant nanotoxicology has been the focus of recent researches on the subject. It is 
clear from the literature appraisal that metallic NPs have the potential to provoke 
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oxidative stress via elevating the cellular ROS and thereby halting the cellular 
metabolism and function probably as a result of a dual toxicity of metallic NPs 
through metal and NPs. Further efforts need to be made to explore the impact of 
NPs (and also that of NP-NP interaction) on individual enzymatic and nonenzy-
matic components of antioxidant defense system in plants and also to understand 
the outcomes of the cross talk between these antioxidants in order to get rid of ROS 
and their consequences in plants exposed to metallic NPs.
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Chapter 18
Role of Nanomaterials in the Mitigation 
of Abiotic Stress in Plants

Sanjay Singh and Azamal Husen

18.1  Introduction

Nanotechnology is a novel scientific approach that involves the use of materials and 
equipments capable of manipulating the physical and chemical properties of a sub-
stance at molecular levels to develop products and services used in diverse fields 
ranging from medicine to agriculture (Siddiqi and Husen 2016, 2017). We know 
that agriculture is the backbone of developing countries, with more than 60% of 
their population depending on it for their livelihood (Brock et  al. 2011). 
Nanotechnology has the potential to revolutionize the agricultural and food industry 
by providing novel tools for the molecular management of plant diseases, and by 
enhancing the ability of plants to absorb nutrients, and withstand the inhospitable 
environmental conditions (Khan et al. 2016). Thus, it can potentially enhance crop 
yields and their nutritional values, develop improved systems for monitoring the 
environmental conditions, and enhance plant resistance/tolerance to environmental 
stress (Tarafdar et al. 2013).

Nanotechnology promises to provide smart sensors and delivery systems that 
will help the agricultural industry immensely. In the near future, nanostructured 
catalysts are likely to be available to increase the efficiency of input utilization, 
allowing lower doses of agricultural inputs and managing the crop production sys-
tems more efficiently (Liu and Lal 2015). Nanotechnology will also protect the 
environment indirectly through the use of alternative (renewable) energy supplies 
and filters or catalysts to reduce pollution and clean up the existing pollutants in soil 
and water (Adeleye et al. 2016; Mohamed 2017). In the agricultural sector,  nanotech 
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research and development may frame the next level of expansion of genetically 
modified crops, animal production inputs, chemical pesticides, and precision farm-
ing techniques (Prasad et al. 2012). While nanochemical pesticides are already in 
use, other applications related mainly to the fine-tuning and more precise micro-
management of problem soils, the more efficient and targeted use of inputs in the 
wake of climate change and global warming, and the new toxin formulations for 
pest control are yet to come in full swing (Aragay et al. 2012; Kah 2015).

With the emergence of nanotechnology and its wide-spectrum applications in 
diverse fields, more attention is being paid on the synthesis of nanomaterials (NMs) 
from metals like Ag, Au, Pb, etc. or metal oxides, e.g., TiO2, SiO2, ZnO, etc. There 
are several physical, chemical, or biological methods through which nanoparticles 
(NPs) can be synthesized (Husen and Siddiqi 2014; Tulinski and Jurczyk 2017). 
Fabrication of metallic NPs using plants or their extracts is becoming more popular 
now. All plants contain a variety of chemical compounds such as enzymes, sugars, 
proteins, and other phytochemicals like flavanoids, latex, phenolics, terpenoids, 
alcohols, amines, cofactors, etc., which act as the reducing and stabilizing agents 
during the synthesis of metal NPs from metal salts with well-defined size and shape 
without creating any atmospheric pollution (Husen 2017). It is also observed that 
under certain conditions plants are capable of producing natural mineralized NMs 
necessary for their growth (Wang et al. 2001). However, designing a material from 
the atomic level to achieve a tailored response in extreme conditions is a grand chal-
lenge in material research. Controlling the radiation-induced defects via interfaces 
is the key factor in reducing the damage and imparting stability to certain NMs 
under conditions where bulk materials exhibit void swelling and/or embrittlement 
(Tulinski and Jurczyk 2017). The recovery of radiation-induced point defects at free 
surfaces and grain boundaries and stabilization of helium bubbles at interphase 
boundaries have been reviewed recently, and an approach for processing the bulk 
nanocomposites containing interfaces that are stable under irradiation has been sug-
gested (Beyerlein et al. 2013). As the understanding of nanotechnology deepens, it 
will hopefully become a major economic driving force that will benefit consumers 
as well as farmers with no adverse effect on humans and their environment (Lutz 
and Steevens 2009). This chapter is focused on strategies adopted for mitigating the 
harmful effects of abiotic stresses by using the potential NMs to achieve the opti-
mum plant growth and yield.

18.2  NMs to Mitigate the Harmful Effects of Abiotic Stress

NPs, also termed as nanoscale particles (NSPs), are small molecular aggregates 
having dimensions between 1 and 100 nm. Due to their extremely small size, such 
particles acquire some peculiar and diverse physicochemical properties in compari-
son to their standard or bulk form, as described in detail in Chaps. 1, 2, and 3 of this 
book. Nanostructured metals and composites provide huge interfaces that attract, 
absorb, and annihilate point and line defects. These interfaces recover and control 
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defects produced in materials subjected to extremes of displacement damage, impu-
rity implantation, stress, and temperature (Tulinski and Jurczyk 2017). Among the 
abiotic stresses, drought, salinity, flooding, mineral deficiencies, and various pollut-
ants including radiations are considered as the major factors that affect crop growth 
and productivity (Andy 2016; Husen et al. 2014, 2016). Plants, being the sessile 
organism in general, have no choice but to face various environmental stresses 
throughout their life cycle. They, therefore, develop their defense against environ-
mental stresses at various levels by modulating the molecular, biochemical, and 
physiological pathways (Husen et al. 2017, 2018). There are several studies indicat-
ing that NP-mediated effects on plant growth and development are concentration- 
dependent. NPs are involved in upregulating the activities of antioxidative enzymes 
like catalase, superoxide dismutase, and peroxidase under oxidative stress (Laware 
and Raskar 2014; Farhangi-Abriz and Torabian 2018). The following text summa-
rizes the efforts being made to use various NPs for mitigating the harmful effects of 
abiotic stresses on plant species.

18.2.1  Salinity Stress

Salinity, which is caused normally by accumulation of chloride (Cl−) and sulfate 
(SO42−) anions of predominantly sodium (Na+) cation but sometimes of calcium 
(Ca2+) and magnesium (Mg2+) cations as well in soils of arid, semiarid, and coastal 
areas, is a major abiotic stress factor limiting food production. It is estimated that 
more than 20% of cultivated land worldwide is experiencing salinity stress and the 
area is increasing day by day. Since the majority of the major crop species belong to 
the glycophyte category, they are susceptible to salt stress (Munns and Tester 2008). 
Salinity stress causes negative impact on various biochemical and physiological 
processes associated with plant growth and yield. Lowering of soil osmotic poten-
tial, creation of nutritional imbalance, enhancing specific ionic toxicity (salt stress), 
and/or the combination(s) of these factors are some of the common implications of 
salinity stress experienced by plants. Some other vital processes of plant system, 
like photosynthesis, protein synthesis, and lipid metabolism, are also affected mark-
edly (Qureshi et al. 2013; Yousuf et al. 2016, 2017). Recent studies on the applica-
tion of multi-walled carbon nanotubes (MWCNTs) in broccoli (Martinez-Ballesta 
et  al. 2016), chitosan NPs in maize (Bruna et  al. 2016) and tomato (Hernandez- 
Hernandez et al. 2018), and silver NPs in wheat (Mohamed et al. 2017; Abou-Zeid 
and Ismail 2018) have clearly revealed their alleviating effect on salinity stress.

Studies have indicated that NPs of silica (SiO2) and titanium dioxide (TiO2) 
improve growth and yield in plants under stress. This tolerance may be attributed to 
the absorption of silicon NPs by the root where they develop a fine layer in the cell 
wall which helps plant to resist various stresses and maintain the yield (Derosa et al. 
2010; Latef et  al. 2018). Suriyaprabha et al. (2012) have reported that nanoSiO2 
particles are absorbed better and faster than the bulk or micro-SiO2, Na2SiO3, and 
H4SiO4 when applied to maize roots and seeds. Because of their fast absorption, 
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NPs can be immediately utilized by plants to fulfill their growth needs (Suriyaprabha 
et  al. 2012). In tomato (Lycopersicon esculentum) and squash (Cucurbita pepo) 
plants grown under salinity stress, seed germination and the antioxidant system 
have shown improvement when treated with nanoSiO2 particles (Haghighi and 
Pourkhaloee 2013).

The effect of AgNPs application was concentration-dependent, with the opti-
mum at 50 ppm, for growth amelioration in Brassica juncea under salinity stress 
(Sharma et al. 2012b). Similarly, silicon NPs and silicon fertilizer exhibited promis-
ing effects on physiological and morphological traits of basil (Ocimum basilicum) 
under salinity stress, as was evident from significant increase in growth and devel-
opment indices, chlorophyll content (chl-a) and proline level (Kalteh et al. 2014). 
This could be due to tolerance induction in plants, thereby mitigating the effect of 
salinity stress (Haghighi et al. 2012). Application of SiO2NPs has shown potential 
increase in chlorophyll content, fresh weight and dry weight of leaves, proline accu-
mulation, and antioxidant enzymes’ activity in some other plants also grown under 
salinity stress (Almutairi 2016; Mahmoud et al. 2017). Application of silicon NPs 
revealed significant increase in seed germination percentage and seedling growth of 
lentil (Lens culinaris) genotypes, which had suffered a significant reduction in these 
parameters due to salinity stress (Sabaghnia and Janmohammadi 2014). Salinity 
stress reduced the crop growth and yield due to Na+ ion toxicity in tomato plants, but 
the use of SiO2NPs reduced the ionic toxicity leading to enhanced crop growth and 
yield (Savvasd et al. 2009). Some similar results were obtained in maize also (Gao 
et al. 2006). These NPs apparently reduce Na+ ion concentration, perhaps by reduc-
ing Na+ ion absorption by plant tissues.

Treatment of squash seeds with NaCl reduced the seed germination percentage 
and the vigor, length, and biomass of roots and shoots (Siddiqui et  al. 2014). 
Application of nanoSiO2 improved these growth parameters by reducing the levels 
of malondialdehyde (MDA), hydrogen peroxide (H2O2), and electrolyte leakage. In 
addition, it reduced chlorophyll degradation and enhanced the net photosynthetic 
rate (Pn), stomatal conductance (gs), transpiration rate, and water-use efficiency. The 
increase in plant germination and growth characteristics through application of 
nanoSiO2 might reflect an enhanced K/Na ratio (Alsaeedi et al. 2018) and a reduc-
tion in oxidative damage due to expression of antioxidant enzymes (Torabian et al. 
2016; Farhangi-Abriz and Torabian 2018). Askary et  al. (2017) reported that 
Fe2O3NPs caused increases in foliar fresh and dry weights and in the phosphorus, 
potassium, iron, zinc, and calcium contents of peppermint (Mentha piperita) under 
salinity stress, but had no effect on sodium content. Lipid peroxidation and proline 
contents decreased significantly. The maximum activities of antioxidant enzymes 
(catalase, superoxide dismutase, and guaiacol peroxidase) were observed in plants 
treated with 150 mM of NaCl, but application of Fe2O3NPs suppressed these activi-
ties. Further, seedlings of cv. California wonder sweet pepper (Capsicum annuum) 
plants were irrigated with saline water with an EC (electrical conductivity) of 5.47 
dS m−1 and silicon in regular (25%) as well as nanosilicon (25%) forms. All aspects 
of plant growth and yield were improved under all silicon treatments compared to 
non-treated plants. Treatment with 1 mL L−1 of nanosilicon recorded the maximal 
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and significant success in mitigating the negative effects of salinity. Thus, nanosili-
con was more effective and efficient in mitigating the salt-stress impact on sweet 
pepper plants (Tantawy et al. 2015).

Haghighi and Pessarakli (2013) studied the influence of silicon and nanosilicon 
on salinity tolerance of cherry tomatoes (Lycopersicon esculentum) at early growth 
stage and reported that salinity caused deleterious effects on plant-growth parame-
ters. Conversely, electrolyte leakage increased by increasing the salinity levels. 
High salinity levels diminished the sub-stomatal CO2 content, photosynthetic rate, 
mesophyll conductance, and water-use efficiency. Si application alleviated the 
effect of salinity stress on chlorophyll concentration, photosynthetic rate, leaf water 
content, and, ultimately, on fresh weight of the plant. In short, application of Si was 
beneficial in improving the salt tolerance of tomato plants; the effect of Si and 
nanoSi was not significantly different. Torabian et al. (2016) have reported increase 
in growth, net CO2 assimilation rate, sub-stomatal CO2 concentration, chlorophyll 
content, Fv/Fm and Zn contents, and a decreased Na content in the leaves of sun-
flower (Helianthus annuus) under the influence of nanoZnO. Exposure of wheat 
plants to CuO/ZnONPs improved the growth of both root and shoot, and this was 
attributed to lower solubility of CuONPs. It has been suggested that due to alkaline 
soil, Cu and Fe may precipitate as hydroxides and therefore may not be available for 
absorption by plants. However, chelated Cu and FeNPs may be an answer to this 
problem (Fathi et al. 2017). The above discussion shows that the NMs of differrent 
compounds are capable of mitigating the ill-effects of salinity stress and enhancing 
the growth of several plant species.

18.2.2  Drought Stress

Climate change and global warming have paved the way for several problems, the 
global water crisis being the most prominent among them. The ever-increasing scar-
city of agricultural water is affecting the agricultural production adversely (FAO 
2012) and destroying the green belts in the arid and semiarid regions worldwide 
(Aref et al. 2013, 2016). Therefore, identification of tolerant plant material or aug-
mentation of drought tolerance in plants is always a prime concern related to sus-
tainable agriculture and crop production. Efforts have been made to mitigate the 
harmful effects of limited water supply or drought stress on crop plants by using 
NMs. Use of nanosensors in global positioning systems yielding satellite images of 
fields might enable farmers to detect the impact of stress in plants at an early stage 
(Khot et al. 2012). In addition, due to their porous properties and the capillary suc-
tion they exert, nanozeolites can be used for enhanced water retention in soils 
(Boroghani et al. 2011). Improving water-retention capacity of soils could result in 
increased crop production in areas prone to drought (Gururaj and Krishna 2016).

Application of different fractions of silica NPs improved the tolerance of haw-
thorn (Crataegus sp.) toward drought stress (Ashkavand et al. 2015). Silicon NPs 
seem to be involved in maintaining the critical physiological and biochemical 
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 attributes in order to induce drought tolerance in hawthorn seedlings, but the exact 
mechanism is yet to be understood. Sedghi et al. (2013) demonstrated that nanozinc 
oxide can increase seed germination in soybean subjected to water stress by facili-
tating the rapid use of seed reservoirs for seedling growth. Absorption of microele-
ment iron in plants under drought stress may also have a pivotal role in drought 
tolerance. Foliar application of iron NPs exhibited drought stress-mitigating effects 
on yield components and oil percentage of Goldasht spring safflower cultivars 
(Davar et  al. 2014). Martinez-Fernandez et  al. (2015) reported that meghemite 
(Fe2O3) counteracted drought stress with no effect on proline, total amino acids, and 
mobilization of trace elements in sunflower (Helianthus annuus). Further, foliar 
application of 0.02% TiO2NPs improved various agronomic traits such as plant 
height, ear weight, ear number, seed number, 1000-seed weight, final yield, bio-
mass, harvest index, and the gluten and starch contents of wheat under drought 
stress (Jaberzadeh et al. 2013).

In the case of dragonhead (Dracocephalum moldavica) grown under water- 
deficit condition, plants treated with 10 ppm TiO2NPs had more proline and much 
less H2O2 and malondialdehyde contents, as compared to untreated plants 
(Mohammadi et al. 2014). It was concluded that water-deficit stress-induced dam-
ages such as oxidative stress and membrane damage can be ameliorated by foliar 
application of TiO2NPs at appropriate concentrations. Similarly, AgNPs application 
reduced the negative effects of drought stress induced by polyethylene glycol on 
germination rate, germination percentage, and the length as well as fresh and dry 
weights of roots in lentil (Lens culinaris) (Hojjat 2016). The drought impact was 
alleviated by foliar application of fullerenol NPs in sugarbeet (Beta vulgaris) 
(Borisev et al. 2016) and TiO2NPs in linseed (Linum usitatissimum) (Aghdam et al. 
2016). Multi-walled carbon nanotubes (MWCNTs) and sodium nitroprusside (SN) 
NPs could improve tolerance of barley against drought and salinity by boosting seed 
water absorption and increasing seedling water content (Karami and Sepehri 2017). 
Recently, a group of Iranian scientists has revealed the beneficial effects of nanogra-
phine oxide at low concentrations and its phytotoxicity at higher concentrations on 
callus cells of Plantago major (a medicinal plant) grown under the polyethylene 
glycol-induced drought (Ghorbanpoura et al. 2018). In soybean, The use of com-
posite micronutrient NPs (Dimkpa et al. 2017) and cerium oxide (CeO2) NPs could 
enhance crop performance of soybean under drought stress (Cao et al. 2018). In 
vitro application of iron NPs along with salicylic acid proved to be a useful method 
for enhancing adaptation of strawberry plants to drought before their transplantation 
in the field (Mozafari et al. 2018).

A complete understanding of the mechanism of ameliorating action of NPs at 
cellular and metabolic levels will likely help scientists to develop resistant crop 
cultivars and manage them well for better yield not only in regions of limited water 
availability but also under other abiotic stresses (Singh et al. 2017). Some studies 
have confirmed the synthesis of new proteins and enzymes called dehydrins whose 
enhanced accumulation is related to acquisition of drought tolerance (Lopez et al. 
2003). These enzymes, among others, lead to the synthesis of compatible solutes 
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like proline, betaine, polyamines, etc., which protect cells from excessive loss of 
water and maintain the membranes and cell integrity (Paleg et al. 1984). It would be 
interesting to know at which point(s) of metabolic pathways the NPs interact with 
abiotic stresses for enahncing the stress tolerance of plants. It is, however, clear that 
NPs can be used to enhance crop yield under limited water-supply conditions.

18.2.3  Flooding Stress

Heavy rainfall can cause flooding of fields, if proper drainage is not available. 
Overflow of water in rivers and rise of groundwater table also cause flooding, which 
may destroy the standing crops. In addition, excessive irrigation also results in 
flooding or temporary waterlogging. All these situations may cause either partial 
anaerobiosis (hypoxia) or complete anaerobic condition (anoxia) in the soil, driving 
out air from the soil (Ricard et al. 1994; Vartapetian et al. 2014). Flooding causes 
not only the deficiency of O2 whose diffusion rate is 104-fold slower in water than in 
air (Armstrong and Drew 2002) but also produces toxic compounds, which retard 
plant growth and often kill the plants. Hypoxia and anoxia result in energy-deficit 
conditions, inhibition of respiration, and upregulation of ethylene and abscisic acid 
synthesis-related genes as strategies for adaptation to waterlogging (Komatsu et al. 
2009). Other adaptive strategies include the formation of nodal roots at the air-water 
interphase and the development of aerenchymatous cells in the root cortex in order 
to facilitate diffusion of oxygen (Yamauchi et al. 2013). It is, therefore, imperative 
to know whether NPs enhance the flooding tolerance or mitigate the ill-effects of 
flooding in plants (Bailey-Serres and Colmer 2014). A study of saffron (Crocus 
sativus), a medicinal and aromatic plant species (Rezvani et al. 2012), revealed a 
reduction in the number of roots, root length, root biomass, and leaf biomass caused 
by a 10-day flooding stress, whereas soaking the saffron corms with 40 or 80 ppm 
concentration of nanosilver mitigated the ill-effects of flooding stress, as indicated 
by increased production of roots. The effect of Al2O3NPs of 30–60 nm was studied 
on soybean plant under flooding condition with the result that the root length 
increased while mitochondrial proteins related to glycolysis were suppressed 
(Mustafa and Komatsu 2016). Also, Al2O3NPs of varying size and shape modulated 
the scavenging activity of cells by regulating the ascorbate/glutathione pathway 
(Mustafa et al. 2015a). In addition, some other physiological and biochemical strat-
egies include (i) shifting of carbohydrate metabolism toward fermentation (Banti 
et al. 2013) and (ii) downregulation of alcohol dehydrogenase enzyme in tolerant 
species (Mustafa et al. 2015b). The apparent paucity of information on NPs-plants 
interaction warrants further well-planned investigations. However, based on the 
available information, it can be postulated that NMs play a vital role in alleviating 
the harmful effects of flooding stress through modulating the metabolism and gene 
expression.
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18.2.4  Mineral Nutrient Stress

Application of fertilizers is a common practice in agriculture to increase the crop 
productivity. Efforts have been made to identify NMs that may not only increase the 
crop production and yield but also minimize the nutrient loss of fertilizers, causing 
nutrient deficiency, and augment their effective availability to plants (Liu and Lal 
2015). Development of nanofertilizers (NFs) or nano-encapsulated nutrients that 
may ensure constant availability and smooth release of nutrients could be an effec-
tive tool toward sustainable agriculture. The NFs can be classified under four cate-
gories: macronutrient NFs, micronutrient NFs, nutrient-loaded NFs, and plant 
growth-enhancing NMs (Liu and Lal 2015). Application of NFs could be a potential 
approach to address issues of soil toxicity and associated stress problems on one 
hand and enhance the nutrient-use efficiency, on the other. Xiumei et  al. (2005) 
demonstrated that application of nanoCaCO3 coordinated with humic acid and 
organic manures could improve growth and development of peanut plants signifi-
cantly, and the contents of soluble sugar and protein also increased notably in the 
stems and leaves accompanied by enhanced absorbability of nutrient elements (cal-
cium, nitrogen, phosphorus, and potassium). The effect of synthesized zinc NPs, 
characterized for size, shape, surface structure, crystalline nature, and elemental 
proportion, was studied in pearl millet (Pennisetum americanum L.) cv. HHB 67 
(Tarafdar et al. 2014). Results indicated that synthesized NPs of 15–25 nm brought 
significant improvement in root and shoot growth, chlorophyll content, total soluble 
leaf protein, plant dry biomass, and enzyme activities of acid phosphatase, alkaline 
phosphatase, phytase, and dehydrogenase in 6-week-old plants. Moreover, grain 
yield was improved by 37.7% due to application of zinc NF.

Silicon NPs have distinctive physicochemical characteristics and are able to 
enter into plants, influence the plant metabolism, and improve plant growth and 
yield under unfavorable environmental conditions. The effect of nanosilicon foliar 
application on safflower growth under organic and inorganic fertilizer regimes was 
also investigated (Janmohammadi et al. 2016). Safflower plants were treated with 
SiO2 suspension at leaf development, branching, and capitulum emergence stages. 
The findings suggested that application of organic fertilizers with foliar spray of 
SiO2NPs can improve safflower production. Further, the response of two Iranian 
rice cultivars to nitrogen and nanopotassium fertilizer was studied by Lemraski 
et al. (2017) who found that NPs consumption by rice cultivars resulted in improved 
yields. In brief, the use of NFs with a view to reducing nutrient deficiencies in the 
soil may be quite effective and enhance the growth and yield of different crops.

18.2.5  Temperature Stress

Since the industrial revolution, the atmospheric CO2 concentration is consistently 
increasing, giving rise to “global warming.” Adverse effects of rising temperatures 
on crop production have been predicted (Asseng et  al. 2015; Kumar 2016), and 
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efforts are being made world over to arrest the rise of temperature to make agricul-
ture sustainable. Both high temperature (heat stress) and low temperature (cold 
stress or chilling/freezing stress) become injurious to plants on crossing the thresh-
old level.

18.2.5.1  Heat Stress

High temperature stress or heat stress is the rise in temperature beyond a critical 
threshold for a period of time sufficient to cause irreversible damage to plant growth, 
development, and yield (Wahid 2007). Heat stress accelerates overproduction of 
ROS and creates oxidative stress, which causes disintegration of membrane lipids, 
leakage of electrolytes, and denaturation of biomolecules (Savicka and Skute 2010; 
Karuppanapandian et al. 2011; Aref et al. 2016) and decreases the chlorophyll con-
tent and photosynthesis rate (Prasad et  al. 2011). Iqbal et  al. (2017) conducted 
experiments to investigate the effect of AgNPs on the regulation of growth of wheat 
under heat stress. Plant extract of Moringa oleifera was used for AgNPs synthesis 
followed by its characterization through UV-Vis spectroscopy, X-ray diffractrome-
try (XRD), scanning electron microscopy (SEM), and atomic force microscopy 
(AFM). Different concentrations of AgNPs were applied to wheat plants at three- 
leaf stage under heat stress of 35–40 °C for 3 h day−1 for 3 days. Exposure of heat 
stress alone reduced several plant-growth parameters including dry biomass, 
whereas application of AgNPs at 50 and 75 mg L−1 protected wheat plants against 
heat stress and improved their growth significantly. Application of low concentra-
tion of selenium (Se) NPs also increased chlorophyll content, hydration level, and 
growth of tomato and sorghum plants because of their antioxidative properties 
(Haghighi et al. 2014; Djanaguiraman et al. 2018). Heat shock proteins (HSPs), the 
molecular chaperons, are synthesized in response to heat stress (Schulze et  al. 
2005). HSPs and compatible solutes help other proteins in maintaining their stabil-
ity under heat stress (Paleg et al. 1981; Wahid et al. 2007) and play an important role 
in thermotolerance. Khodakovkazya et al. (2011), using genetic, photothermal, and 
photoacoustic methods, demonstrated that MWCNTs upregulated the expression of 
various stress-related genes including HSP90 (Table 18.1). These findings are also 
supported by Zhao et al. (2012) who observed that cerium oxide NPs (CeO2) caused 
stress response in corn plants resulting in overproduction of H2O2 and upregulation 
of HSP70. Qi et al. (2013) found that TiO2NPs alleviated heat stress through the 
regulation of stomatal opening. These interesting findings, inter alia, are encourag-
ing especially for those working on aspects related to global warming versus agri-
cultural productivity and food security.

18.2.5.2  Cold Stress

The frequent and unusual occurrence of low temperature is also a cause of concern 
to farmers. Cold stress (0–15 °C) is caused by the temperature cool enough to pro-
duce injury without forming ice crystals in plant tissues, while freezing stress 

18 Role of Nanomaterials in the Mitigation of Abiotic Stress in Plants
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(<0 °C) results in the formation of ice crystals in plant tissues causing frost-killing 
of crops (Hasanuzzaman et al. 2013). Loss of fluidity of membranes and leakage of 
electrolytes are the distinct effects of cold stress. Plants exposed to cold stress show 
poor germination, retarded growth, and reduced crop yield (Welti et al. 2002; Suzuki 
et al. 2008). However, susceptibility to cold stress varies among species and culti-
vars. Plants with higher tolerance levels show less membrane injury than the sensi-
tive species (Amiri et al. 2010; Heidarvand et al. 2011).

With the objective of how to diminish the ill-effects of cold stress on crop plants, 
Mohammadi et al. (2013a) assessed the effect of TiO2NPs on changes in membrane 
damage indices like electrolyte leakage index and malondialdehyde content during 
cold stress of 4  °C in a sensitive (ILC 533) and a tolerant (Sel 11439) chickpea 
(Cicer arietinum) genotypes. Bioaccumulation of NPs within the vacuole and chlo-
roplast showed that, under thermal treatments, the sensitive genotype had more per-
meability to NPs compared to the tolerant one, and TiO2 content was higher during 
cold stress than at the optimum temperature. Obviously, physiological indices were 
positively affected by NPs during thermal treatments. TiO2 treatments not only pre-
vented oxidative damage in chickpea genotypes but also alleviated membrane dam-
age under cold stress. It was suggested for the first time that TiO2NPs improved the 
redox status of the genotypes under thermal treatments. Extending their studies, 
Mohammadi et al. (2013b) confirmed the earlier results and suggested that TiO2NPs 
confer an increased tolerance of chickpea plants to cold stress by decreasing the 
level of injuries and increasing the capacity of defense systems. Further research 
may likely endorse the usefulness of NPs in general and TiO2NPs in particular for 
increasing the crop tolerance against cold stress.

Photosynthesis, a vital process, is prone to cold stress. Plants exposed to cold 
stress have less chlorophyll content, reduced CO2 assimilation, and degradation of 
Rubisco enzyme (Yordanova and Popova 2007; Liu et al. 2012). Positive effects of 
NMs on photosynthesis enhance carboxylation of Rubisco (Gao et al. 2006), light 
absorption capacity of chloroplast (Ze et al. 2011), electron transport rate, and inhi-
bition of ROS generation in chloroplast (Giraldo et al. 2014). Application of nano-
TiO2 enhances the expression level of Rubisco- and chlorophyll-binding protein 
genes (Hasanpour et al. 2015) and activities of catalase, superoxide dismutase, and 
ascorbate peroxidase (Mohammadi et al. 2014), maintains the stability of chloro-
phyll and carotenoid contents, and increases plant tolerance to cold stress 
(Table 18.1). Exposure of plants to chilling stress causes upregulation of MeCu/
ZnSOD and MeAPX2 genes and enhances the activities of monodehydroascorbate 
reductase, dehydroascorbate reductase, and glutathione reductase that improves 
ROS scavenging, leading to suppressed oxidative stress parameters such as lipid 
peroxidation, chlorophyll degradation, and H2O2 synthesis that ultimately causes 
stress resistance (Xu et al. 2014). On the other hand, application of NMs alone or 
along with a short- term chilling stress treatment has been shown to improve growth 
and the physiological and biochemical attributes of cold-stressed plants (Azimi 
et  al. 2014; Haghighi et  al. 2014; Kohan-Baghkheirati and Geisler-Lee 2015, 
Table  18.1). More work is certainly required to arrive at a concrete conclusion 
regarding the role of NPs in enhancing cold tolerance of different agricultural and 
horticultural crops.
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18.2.6  Ultraviolet (UV) Radiation Stress

Exposure of plants to ultraviolet-B (UV-B, 280–315 nm), photosynthetically inac-
tive and non-ionizing radiation, leads to accumulation of enhanced level of ROS in 
cells (Mackerness et  al. 2001), which damages DNA, chloroplast structure, and 
several cellular processes including photosynthesis (Chen et al. 2011; Wang et al. 
2012; Hideg et  al. 2013). DNA damage results from the formation of dimer of 
pyrimidine bases leading to the loss of biological activity. RNA, proteins, ABA, and 
IAA also absorb UV radiation and, consequently, lose their biological activity. 
Besides activating their enzymatic and nonenzymatic antioxidant defense system, 
plants tend to adapt to the stressful situation by accumulating phenolic compounds 
such as flavonoids and flavones that absorb harmful UV radiations (Shen et  al. 
2010a, b). The use of NMs protects photosynthetic systems from UV-B stress 
(Table 18.1) by enhancing chl content and Rubisco activity and suppressing oxida-
tive stress (Sicard et al. 2011). It is interesting to note that nanoanatase TiO2 with a 
photocatalyzed characteristic under light could cause an oxidation-reduction reac-
tion. Hong et al. (2005a, b) observed that nanoTiO2 could promote photosynthesis 
and greatly improve spinach growth. However, the mechanism of the action of 
nanoTiO2 in promoting conversion from light energy to electron energy and from 
electron energy to active chemical energy remains largely unclear. Along these find-
ings, Lei et al. (2007, 2008) reported that during the photosynthesis, electron trans-
fer, photoreduction activity of photosystem II,  oxygen evolution, and 
photophosphorylation of chloroplast in the nanoanatase TiO2-treated spinach were 
greatly increased under both visible and ultraviolet light illumination. Likewise, the 
energy-enriched electron from nanoanatase TiO2 could enter chloroplast under 
ultraviolet light, got transferred to photosynthetic electron transport chain, and 
made NADP+ be reduced to NADPH and coupled to photophosphorylation, making 
electron energy be transformed to ATP. Moreover, nanoanatase h+, which photo-
generated electron holes, captured an electron from water, which accelerated water 
photolysis and O2 evolution. However, designing a material from the atomic level to 
achieve a tailored response in extreme conditions is a grand challenge in material 
research. NMs for the control of radiation-induced defects via interfaces are the key 
factors in reducing damage and providing stability in camparison to bulk materials, 
which display void swelling or embrittlement (Beyerlein et al. 2013; Tulinski and 
Jurczyk 2017).

The mechanisms by which nanoanatase promotes antioxidant stress in spinach 
chloroplasts under UV-B radiation are not fully understood (Lei et  al. 2008). 
However, these authors showed that nanoanatase treatment could significantly 
decrease the accumulation of superoxide radicals (O·  −2), hydrogen peroxide 
(H2O2), and malondialdehyde (MDA) contents; increase activities of catalase (CAT), 
superoxide dismutase (SOD), ascorbate peroxidase (APX), and guaiacol peroxidase 
(GPX); and elevate the oxygen evolution rate in spinach chloroplasts under UV-B 
radiation, thus mitigating the oxidative stress caused by UV-B radiation. Lately, sili-
con NPs have also been found to alleviate effectively the harmful effects of UV-B 

S. Singh and A. Husen



457

radiation in wheat seedlings (Tripathi et al. 2017). Such studies are opening new 
vistas in research that may prove revolutionary in terms of food production in the 
future under conditions of abiotic stress.

18.2.7  Irradiance Stress

Enhancing radiation-use efficiency is a prime consideration for realizing the maxi-
mum yield of crops. However, when the energy absorbed by the photosystems 
exceeds the energy that can be used in the photochemistry, it causes photodamage 
(photooxidation, i.e., bleaching of chl) to the plants (Havaux et al. 2000). Moreover, 
plants develop mechanisms to avoid photodamage by losing excess light energy as 
heat due to induced acidification of thylakoid lumen resulting from the formation of 
a proton-motive force that involves xanthophyll cycle. This leads to the enzymatic 
conversion of carotene violaxanthin into zeaxanthin which loses the energy as heat 
(Taiz and Zeiger 2010). Toward this end, the effects of nanoTiO2 (rutile) on the 
aging of spinach chloroplast under light were studied (Hong et al. 2005a), and the 
results showed that when the chloroplasts were illuminated for relatively short peri-
ods with 500  μmol  cm−2  min−1 light intensity, oxygen evolution rate rapidly 
increased; when the chloroplasts were treated for longer periods with similar light 
intensity, the rate gradually decreased. When spinach was treated with 0.25% nano-
TiO2, the rate of oxygen evolution in chloroplasts with different illumination times 
(1, 5, 10, 20, 30, and 40 min) was higher than that of the control. It suggested that 
nanoTiO2 treatment could protect chloroplasts from aging due to longtime illumina-
tion. The results also indicated that nanoTiO2 treatment could significantly increase 
the activities of SOD, CAT, and POD, decrease accumulation of reactive oxygen 
free radicals and the level of MDA, and maintain the stability of membrane structure 
of chloroplasts under light. Hong et al. (2005b) extended their studies on the effects 
of nanoTiO2 (rutile) on the photochemical reaction of chloroplasts of spinach and 
demonstrated that when spinach was treated with 0.25% nanoTiO2, the Hill reaction 
such as the reduction rate of Fe-cytochrome and the rate of oxygen evolution of 
chloroplasts was accelerated, and noncyclic photophosphorylation (nc-PSP) activ-
ity of chloroplasts was higher than cyclic photophosphorylation (c-PSP) activity; 
the chloroplast coupling was improved, and activities of Mg2+-ATPase and chloro-
plast coupling factor I (CF1)-ATPase on thylakoid membranes were activated. These 
findings suggest that the promotion of photosynthesis by nanoTiO2 might be related 
to activation of photochemical reaction of the chloroplasts. On the whole, very little 
information is available on the effects of NPs on photosynthesis, the sole source of 
chemical energy for living organisms on the Earth, under long-term illumination 
with a range of high and low levels of irradiance for different agricultural crops. 
This is a productive area of basic research which might prove beneficial in enhanc-
ing crop yields, especially under low-light stress conditions often resulting from 
mutual shading of plants (Li et al. 2014).
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18.2.8  Post-harvest Stress

The long-distance commercial shipping and handling of horticultural commodities 
are subjected to various post-harvest stresses. Dark stress, among them, is known to 
suppress chl content, photosynthesis, and antioxidant enzymes’ acitivities, to 
increase ethylene production and ROS generation and induce membrane damage 
(Prochazkova and Wilhelmova 2007). These changes in the cellular system result in 
senescence and abscission that affect the shelf life and commercial value of plants 
and plant products. Post-harvest stress in horticultural products is attributed to 
increased water loss, respiration, oxidative stress, and lipid peroxidation, which 
affect the weight and nutritional value of the commodities concerned (Ouzounidou 
and Gaitis 2011). Although several approaches have been adopted to counteract 
these stresses, recent involvement of NMs in modulating the physiological and bio-
chemical processes of plants has gained special attention of experts. Application of 
AgNPs suppresses abscission of flowers and flower buds, as observed in Alstroemeria 
and Dendrobium species (Wagstaff et al. 2005; Uthaichay et al. 2007); AgNPs are 
more promising in alleviating dark stress than the routine Ag salts. Treatment with 
CuNPs and AgNPs also improved shelf life of parsley leaves and longevity of cut 
flowers of chrysanthemum, respectively (Ouzounidou and Gaitis 2011; Kazemipour 
et al. 2013). Alleviating effect of AgNPs has also been reported with respect to alle-
viation of the dark stress-induced oxidative stress, and the consequent increase in 
the longevity of petals due to AgNP treatment has been reported in Pelargonium 
zonale (Hatami and Ghorbanpour 2013, 2014). These authors also observed 
decreased petal abscission in geranium cultivars treated with AgNPs and thidia-
zuron during storage in the dark (Table 18.1).

18.2.9  Pollutant Stress

Rapid industrialization and urbanization in the recent past have significantly con-
tributed to the man-made pollution of air, land, and water. Air pollutants include O3, 
SO2, NO, NO2, NH3, CFCs, peroxyacylnitrate (PAN), and volatile organic com-
pounds (VOC) apart from high concentration of CO2 (Iqbal et al. 2000), whereas 
heavy metals such as As, Cd, Cr, Hg, Pb, etc., in addition to Na, Cl, SO4, CO3, 
HCO3, and NO3 ions, are the major land and water pollutants (Umar et al. 2005). 
Industrial solid waste products and effluents mostly consisting of the abovemen-
tioned toxic heavy metals and other chemical ions contaminate the food chain also. 
Detoxification or remediation of harmful pollutants using synthetic clay nanomin-
eral is quite common (Prasad et  al. 2014). The water to be filtered is percolated 
through a column of hydrotalcite (synthetic clay mineral), which can also be cou-
pled with leaching through porous pots or filter candles (Gilman 2006). Zinc oxide 
NPs can be used to remove arsenic, using a point-of-source purification device. 
Nanoscale zero-valent iron is the most widely used NM that could be deployed to 
remediate pollutants in soil or groundwater (Chibuike and Obiora 2014). Metal 
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toxicity often suppresses enzyme activities, disrupts uptake of essential elements 
causing deficiency symptoms (Capuana 2011), and generates ROS leading to oxida-
tive stress coupled with denaturation of cell structure, biomembrane, and macro-
molecules (Rascio and Navari-Izzo 2011; Sharma et  al. 2012a). However, plants 
evolve a diverse range of defense systems such as biophysical barriers serving as the 
first line of defense against metal stress. Further they accumulate metal chelates, 
organic acids, and polyphosphates, which restrict the uptake and promote endoge-
nous sequestration of metals and the activation of antioxidant defense system to 
scavenge ROS. The timely and target-oriented activation of these defense systems is 
crucial to counter the ill-effects of metal stress.

Engineered NMs are highly effective in alleviating the metal-induced toxicity of 
plants (Gunjan et al. 2014; Siddiqi and Husen 2017). As NPs are smaller in size with 
large surface area, they easily penetrate into the contamination zone and show 
strong affinity to metals. Availability of Cu and Pb may be reduced due to metal 
binding to quantum dots (QDs) with the cell wall acting as an additional barrier 
(Worms et al. 2012). In case the metals pass the biophysical barriers and enter the 
cell, plants build up resistance to counteract their harmful effects by accumulating 
biomolecules and nutrients and activating their defense systems. The role of nano-
TiO2, among several NPs, has been most extensively studied. TiO2NPs restricted Cd 
uptake in pea seedlings, whereas SiNPs protected them against Cr phytotoxicity 
(Tripathi et al. 2015). Exposure of cowpea seeds to gold (Au) ion stress provides 
reduction of Au3+ to non-/less toxic AuNPs by phenolics released by the seed coat 
of germinating seeds (Shabnam et al. 2014, Table 18.1). Other NMs that could be 
used in remediation include nanoscale zeolites, metal oxides, carbon nanotubes and 
fibers, and various noble metals (mainly as bimetallic NPs). Titanium dioxide 
nanoparticle filters can be used to remove organic particles and pesticides, for 
example, dichlorodiphenyltrichloroethane (DDT), endosulfan, malathion, and 
chlorpyrifos from water. A variety of nanoparticle filters have been used in remedia-
tion of waste sites in the developed countries (Karn et al. 2009).

Thus, NMs are useful in getting the environment and ecosystems freed from the 
clutches of pollutant stress and protecting plants from the ill-effects of other abiotic 
stresses. The mode and mechanism of NPs action within the cell to make the cellu-
lar machinery more effective and render them less toxic to plants facing abiotic 
stresses is depicted in Fig. 18.1.

18.2.10  Stress Caused by NMs and Their Impact 
on Ecosystems

With the rapid advancement in nanotechnology, release of nanoscale materials into 
the environment is inevitable. This may negatively influence the functioning of the 
ecosystems. Many manufactured NPs contain heavy metals, which can cause soil 
and water contamination (Sect. 18.2.9). Proteomic techniques have contributed sub-
stantially in understanding the molecular mechanisms of plant responses against 
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various stresses by providing a link between gene expression and cell metabolism 
(Hossain et al. 2015). Because TiO2 generates reactive oxygen species (ROS) when 
exposed to ultraviolet radiation (UV-R), nanoparticulate TiO2 has been used in anti-
bacterial coatings and wastewater disinfection and has been investigated as an anti-
cancer agent (Charpentier et al. 2012). In vivo tests of TiO2 toxicity with aquatic 
organisms have typically shown low toxicity, though results across studies have 

Fig. 18.1 Depiction of the role of NPs in cellular defense against abiotic stress. Gray half of the 
diagram at right-hand side shows the possible mechanism of NPs action. Red arrows indicate 
increase, whereas solid arrows and dashed arrows show established pathway and possible pathway, 
respectively. Perception of stress stimulus elevates the cytosolic Ca2+ concentration ([Ca2+]cyt), 
which is sensed by Ca2+-binding protein (CaBP). Binding of Ca2+ activates CaBP that directly 
binds to the promoters of specific genes and induces or represses their expression, causing plant 
tolerance to the stress. The NPs cause overexpression of CaBPs and bind to CaBPs that trigger 
downstream signaling and finally the expression of stress-related genes and activation of plant’s 
defense system. Similar to [Ca2+]cyt, NPs also induce nitric oxide (NO) synthesis that acts as stress- 
signaling molecule and induces expression of stress-related genes that activate the defense system 
and ultimately generate tolerance to stress. Optimum concentration of NPs also maintains reactive 
oxygen species (ROS), via regulating antioxidant defense system, at the level sufficient enough for 
stress signaling leading to activation of plant’s defense system and development of tolerance to 
stress. (Source: Khan et al. 2016 with slight modification)
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been variable. No work has demonstrated that photoactivity causes environmental 
toxicity of TiO2 under natural levels of UV-R. Relatively low levels of ultraviolet 
light, consistent with those found in nature, can induce toxicity of TiO2NPs to 
marine phytoplankton, the most important primary producers on the Earth. No 
effect of TiO2 on phytoplankton was found in treatments where UV light was 
blocked. Under low-intensity UV-R, ROS in seawater increased with increasing 
nanoTiO2 concentration. These increases may lead to increased oxidative stress in 
seawater contaminated by TiO2, and cause decreased resiliency of marine ecosys-
tems (Miller et  al. 2012). Further, the solar UV radiation impacts on toxicity of 
ZnONPs through photocatalytic ROS generation and photo-induced dissolution. 
Toxicity of ZnONPs to Daphnia magna was examined by Ma et  al. (2014) who 
found enhanced ZnONPs toxicity under simulated solar UV radiation, being paral-
lel to those of photocatalytic ROS generation and increased particle dissolution. 
These findings demonstrate the importance of considering the environmental solar 
UV radiation when assessing ZnO and other NPs’ toxicity and risk in the aquatic 
systems.

A comprehensive study of the uptake and toxic effects of CuONPs and Cu2+ ions, 
alone and in combination with UV radiation, was undertaken using the aquatic mac-
rophyte, Elodea nuttallii, as the test plant (Regier et al. 2015). Its growth was inhib-
ited when treated with CuSO4 or CuONPs with a lower amount of accumulated 
copper in CuSO4-treated plants than in those treated with CuONPs. The difference 
has been attributed to the solubility of Cu2+ in CuO nanoparticle medium. 
Surprisingly, the relation between accumulated Cu and dissolved Cu2+ was higher in 
plants exposed to 256 μg L−1 Cu2+ than those exposed to 10 mg L−1 CuONPs con-
taining nearly 2 mg L−1 dissolved Cu, as the formation of large agglomerates pre-
vents the dissolution of Cu. Interestingly, Cu accumulation was enhanced under UV 
radiation in shoots of Pisum sativum after 4 h, but there was no direct evidence of 
enhanced solubility of Cu2+ in CuO nanoparticle suspension (Agrawal and Mishra 
2009). Rai et al. (1995) observed an altered membrane permeability due to lipid 
peroxidation in cell membranes of UV-exposed cells of cyanobacteria. In plants, 
under UV radiation, photosynthetic capacity is strongly reduced. When higher 
quantities of Cu accumulate in plants, the response of oxidative stress-related 
enzymes (peroxidase and superoxide dismutase) is also high. Therefore, phototox-
icity must be considered while evaluating the environmental impacts of NMs, as 
many of them are photoactive.

The cells in higher plants act against the toxic effects of NPs, and in doing so, 
certain metals are absorbed, and certain others are precipitated. Phytotoxicity of 
commercial CuO (<50 nm) and ZnNPs (<100 nm) against sand-grown wheat (T. 
aestivum) has been investigated (Watson et  al. 2014). Oxidative stress in the 
nanoparticle-treated plants was reflected by an increase in lipid peroxidation and 
oxidized glutathione and higher peroxidase and catalase activities in roots. Also, 
CuONPs have been shown to induce DNA damage in plants (Atha et  al. 2012). 
Growth inhibition in radish (Raphanus sativus), perennial ryegrass (Lolium 
perenne), and annual ryegrass (Lolium rigidum) under laboratory conditions has 
been reported. Germination of radish seeds in the presence of CuONPs induces 
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substantial accumulation of mutagenic DNA lesions. Radish and similar other 
plants produce oxygen-derived species (O·  −2, H2O2,·OH) during germination 
(Schopfer et al. 2001). H2O2 enhances seed germination but, in the presence of per-
oxidase or transition metal ions, such as iron or copper, produces an excess of ·OH 
via the Fenton reaction (Sharma et al. 2012a). It is therefore suggested that copper 
ions produced from CuONPs may catalyze the formation of ·OH which probably 
inhibited radish root growth to the extent of 79%, which is much more than the 
effect of Cu2+ ions alone.

Morales-Diaz et al. (2017) studied the application of nanoelements in plant nutri-
tion and its impact on ecosystems and consumers. As discussed earlier, nanofertil-
izers are more effective and efficient than traditional fertilizers due to their impact 
on crop nutritional quality and stress tolerance in plants. However, there are virtu-
ally no studies on the potential environmental impact of NMs when used in agricul-
ture. Such studies are highly desirable because NPs or NMs can be transferred to 
ecosystems by various pathways where they can cause toxicity to organisms, affect-
ing the biodiversity in ecosystems and also causing risks to human health.

18.3  Conclusion

NPs, being small in size and having large surface area, penetrate into plant cells 
easily, and their absorption and targeted delivery to the sites and substances are also 
facilitated in relatively shorter period of time, as compared to their standard or bulk 
chemical forms. Several have been used for mitigating the harmful effects of vari-
ous abiotic stresses on fruits, flowers, and vegetables. Some of the frequently used 
NMs like TiO2, SiO2, AgNPs, etc. have been found to have a multitude of beneficial 
effects, compared to their bulk chemical forms, on the expression of morphological, 
physiological, and biochemical attributes and enhance crop yields under a variety of 
abiotic stresses. Their application could have a positive impact on seed germination, 
plant growth, quality and quantity of yield, chlorophyll and caretonoid contents, 
photosynthesis rate, expression of Rubisco- and chlorophyll-binding protein genes, 
stomatal opening, WUE, ability to dissipate excess light energy in the form of heat, 
etc., thus causing less oxidative damage and enhancing tolerance to abiotic stresses 
in a range of crops including cereals, pulses, oil seeds, vegetables, and various orna-
mental, medicinal, and fruit plants.

On the contrary, NMs may generate ROS and cause several toxic effects on 
plants. However, the enhanced ROS level brought about by NMs could be associ-
ated with the amplification of a stress signal that perhaps activates defense systems 
of plants more effeciently. Information available on the mode and mechanism of 
action of NMs is still insufficient and inconsistent. It seems, however, that induction 
of an array of signaling molecules triggers gene expression leading to de novo syn-
thesis of new proteins and enzymes, thus enhancing the tolerance of plants to abiotic 
stresses, resulting in optimum growth and yield of crop plants (Fig. 18.1). It may be 
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concluded that NMs alleviate the abiotic stress-caused damage through activating 
the defense system in plants.

So far, there have not been enough studies at field level to allow commercializa-
tion of the large-scale use of NMs for enhancing food production. It is essential to 
understand plant-NP interaction and optimization of NP size and concentration 
before their practical applications can be taken to farmers’ fields. Moreover, their 
possible negative impact on natural environment and crops should also be assessed 
and minimized. The prospective research on NM-plant interaction must address 
especially the effect of hormones in combination with various NPs, seed priming 
with penetrable (NPs of inorganic salt) and non-penetrable solutes (NPs of polyeth-
ylene glycol of higher molecular wt.) and hormones, DNA photolyase, a unique 
class of flavoenzymes that use blue light to catalyze repair of UV-induced damage 
to plant DNA, and the effect of soil acidity on the efficiency of NMs. While nano-
chemical pesticides are already in use, other applications that include mainly the 
fine-tuning and more precise micromanagement of problem soils, the more efficient 
and targeted use of inputs in the wake of climate change and global warming, and 
new toxin formulations for pest control are yet to come in full swing. Also, it would 
be interesting to know at which point(s) of metabolic pathways the NPs interact 
with abiotic stresses for enhancing the stress tolerance of plants.
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Chapter 19
Nano-fertilization to Enhance Nutrient Use 
Efficiency and Productivity of Crop Plants

Muhammad Iqbal, Shahid Umar, and Mahmooduzzafar

19.1  Introduction

For generations, farmers have understood the importance of nitrogen (N) for the 
growth of their crops and struggled consistently to boost up N levels in the soil, but 
the fact remains that only a small extent (30%) of the conventional fertilizer is uti-
lized by crops, as the bulk (70%) of it is destroyed by water or wind before being 
used by plants (Crawshaw 2018). Fertilizers of N, P, and K are quite popular, and a 
balanced use of these chemical boosters helps in protecting plants from several risks 
and improving their growth and yield. Today, when nanotechnology research her-
alds the beginning of a new era of advancement in human life, it opens promising 
avenues concerning agriculture also. In nanotechnology, which deals with the 
nanoscale particles/structures, when the crystallite size of inorganic materials is 
reduced to nanoscale, two different phenomena occur. One is the quantum size 
effect, which exhibits radical changes in the physicochemical properties of the 
material; the other is the huge ratio of surface area to volume, which endows 
nanoparticles (NPs) with remarkably good transduction properties (Prasad et  al. 
2017; Chap. 2 of this book). Nanomaterials (NMs) have a special role in managing 
nutrient availability for plants and their protection from a variety of risks through 
health improvement, much of which could be assigned to optimized utilization of 
the nutrients required.

Nano-fertilizers (NFs) are nutrient carriers developed by using the substrates 
with nano-dimensions (1–100 nm), which have extensive surface area and can hold 
abundance of nutrients to be released slowly and steadily. In the case of conven-
tional fertilizers, nutrient use efficiency hardly exceeds 30–35%, 18–20%, and 
35–40% for N, P, and K, respectively, and these estimates remain constant for the 
past several decade (Preetha and Balakrishnan 2017), whereas the nano-clay-based 
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fertilizer formulations (zeolite and montmorillonite with a dimension of 30–40 nm) 
are capable of releasing N for a much longer period of time (>1000 h) than the con-
ventional fertilizers (<500 h) (Rahale 2011). Nano-fertilizers may contain NPs of 
zinc, silica, iron and titanium dioxides, ZnCdSe/ZnS core-shell QDs, InP/ZnS core- 
shell QDs, Mn/ZnSe QDs, gold nanorods, core-shell QDs, etc. (Sadeghzadeh 2013; 
Prasad et al. 2017). Since they provide a larger surface area for reaction and a pro-
longed availability of nutrients to the crop plant, this situation favors quality param-
eters, such as protein, oil, and sugar contents, by enhancing the rate of reaction or 
synthesis process in the plant system, as observed in various crops (Singh et  al. 
2017).

The use of NFs not only enhances the nutrient use efficiency but also reduces the 
frequency of fertilizer application and consequently the soil toxicity and other 
potential negative effects associated with excessive use of chemicals (Qureshi et al. 
2018). A critical evaluation of nano-agrochemicals versus conventional analogues 
has shown that the gain in efficacy relative to the conventional products is about 
20–30% (Kah et al. 2018). Nano-fertilizers motivate early seed germination and a 
superior plant growth and yield. The uptake of NFs relies mainly on the type of the 
plant and the type and size of particles of the engineered NF. A current collaborative 
research project undertaken by the University of Alberta, Carleton University, 
Agrium (a fertilizer company), and Nanogrande (a nanotechnology firm) is likely to 
give rise to smart products, which would be able to release nitrogen in the soil only 
when the plant needs it and in the amount as required by the plant. This will increase 
the fertilizer efficiency from 30% to more than 80% (Crawshaw 2018). The compo-
nent biosensors of these smart products detect the chemical signals sent by plant 
roots regarding the N requirement of the plant and then allow microbes’ access to 
the fertilizer-N inside the polymer-protected particle so that this N may be con-
verted to forms utilizable by plants. As the different crop species send out different 
chemical signals, an intelligent NF product should be able to respond aptly to the 
varying needs of different crops (Crawshaw 2018).

Nonetheless, in some cases plants as well as soil microflora suffer from toxic 
effects of the nano-forms of fertilizers and other chemicals (e.g., pesticides and 
herbicides), which are normally concentration-dependent (Dimkpa and Bindraban 
2018; Kah et al. 2018). The NMs may have adverse effects on environmental health 
also. The changes brought about in nano-formulations of agrochemicals may not 
necessarily reduce the environmental damage. Unfortunately, most of the NM stud-
ies conducted so far have lacked the nano-specific quality assurance and adequate 
controls, and no comprehensive study is yet available on the efficacy and environ-
mental impact of nano-agrochemicals under field conditions (Kah et  al. 2018). 
Several concerns related to (a) toxicity of nanoscale materials, (b) scanty nano- 
research with key crop nutrients, (c) inadequacy of soil- or field-based studies with 
NFs, (d) types of NM to produce fertilizers, (e) ways of effective NF application at 
the field scale, and (f) the economics of NFs are yet to be satisfied (Dimkpa and 
Bindraban 2018; Raliya et al. 2018).

On the whole, nanotechnology has made a positive contribution in agriculture 
sector by offering farmers better solutions of their problems, improving the crop 

M. Iqbal et al.



475

production and ensuring ecological sustainability and economic stability. Here is an 
effort to evaluate, on the basis of information available, the role of NFs in meeting 
the current challenges in areas of crop production and protection.

19.2  Management of Crop’s Nutritional Requirement

Soil is a natural body of finely divided rocks, minerals, and organic matter, in which 
sand, silt, clay, and organic matter facilitate the maintenance of necessary aeration 
and favorable water-intake rates. However, these components seldom have adequate 
nutrition to maintain soil fertility and sustain a continuous healthy plant growth. 
Loss of essential elements through leaching, volatilization, and/or erosion is a com-
mon phenomenon, leading to reduced soil fertility. Deficiency of macro- and micro-
nutrients in the soil, topsoil erosion, depleted amount of water, sanitation problems, 
and industry effluent are some other factors that adversely affect arable lands 
(El-Ladan et al. 2014; IFA 2016). Sometimes, adequate nutrients are present in the 
soil, but these do not become bioavailable to plants due to inappropriate soil pH. The 
widespread nutrient deficiency in soils thus causes a decline in quantity and nutri-
tional quality of grains for humans and livestock. The large-scale application of 
chemical fertilizers has increased crop production markedly but also disturbed the 
soil mineral balance and reduced the soil fertility, besides having adverse effects on 
food chains across ecosystems, often leading to heritable mutations in future gen-
erations of consumers (Solanki et al. 2015).

Eighteen elements are supposed to be essential for maintaining plant growth and 
development (Table 19.1). These elements are supplied in a readily available form 
for plant use by certain chemical materials called fertilizers. Of these required ele-
ments, three non-mineral nutrients (carbon, hydrogen, oxygen) are obtained by 
plants from air and water, whereas 15 mineral nutrients, including three primary 
nutrients or “macronutrients” (nitrogen, phosphorus, potassium), three “secondary 
nutrients” (calcium, magnesium, sulfur), and nine “micronutrients” (manganese, 
molybdenum, copper, zinc, iron, chlorine, boron, cobalt, nickel), come from the soil 
or added fertilizers (Savoy 1999; White and Brown 2010). Carbon dioxide (CO2) 
enters the plant through small leaf openings called stomata, whereas water is taken 
from the soil system into the plant through absorption by roots. When chlorophyll 
(green pigments) of plants are exposed to light, carbon (C), hydrogen (H), and oxy-
gen (O) obtained from air and water are combined in a process called photosynthe-
sis, which results into the formation of carbohydrates (the food and the building 
material for plants) with a subsequent release of oxygen. The water and nutritional 
status of plants markedly affect the rate of photosynthesis (Iqbal et  al. 2000; 
Kirschbaum 2011).

Limitation of nutrients results in poor growth of plants and often makes them 
susceptible to a variety of diseases and stresses. Soil productivity can be maintained 
by well-planned applications of multiple-element fertilizers, the primary function of 
which is to correct the deficiency of micro- and macronutrients of the soil (Umar 
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et al. 2011; IFA 2016). Spray of inorganic fertilizers on the leaves and soil is a better 
way of supplying N, P, and K in equal amounts. One reason of the low (about 
30–40%) utilization of the applied fertilizer by plants is the chemical nature of the 
nutrient materials. For instance, plants can’t use elemental nitrogen (N); they take 
up N only when it is in the NO3 or NH4 form. This means that each part of nitrogen 
has three associated parts of oxygen with (NO3) or four parts of hydrogen with 
(NH4). Thus, N forms only a small part of the bioavailable compounds. Similarly, 
phosphorus (P) is absorbed by plants as H2PO4

−, HPO4
−, or PO4

− depending upon 
the soil pH. Application of NFs increases the chances of bioavailability of nutrient 
elements as well as compact nutrients or vitamins and even hormones.

Recent reports indicate that the world human population, which is around seven 
billion now, will be almost ten billion in 2050 (Kah et al. 2018). In view of this 
tremendous increase in population and a consistent reduction of agricultural land, 
the pressure to extract more amount of food from less area of cultivable land is 

Table 19.1 Plant nutrients, their function in plant cells, and their form in which taken up by plants 
from the soil solution

Nutrient 
element Function in plants

Form to be taken 
up by plants

Nitrogen Promotes rapid growth, chlorophyll formation, and protein 
synthesis

Anion and cation

Phosphorus Stimulates early root growth. Hastens maturity. Stimulates 
blooming and seed formation

Anion

Potassium Increases resistance to drought and disease. Enhances stalk 
and straw strength. Improves quality of grain and seed

Cation

Calcium Improves root formation, stiffness of straw, and vigor. 
Increases resistance to seedling diseases

Cation

Magnesium Facilitates chlorophyll formation and phosphorus 
metabolism. Helps in uptake of other nutrients

Cation

Sulfur Imparts dark green color; stimulates seed production; 
forms part of amino acids, vitamins

Anion

Boron Aids carbohydrate transport and cell division Anion
Copper Forms part of enzymes, light reactions Cationa

Iron Facilitates chlorophyll formation Cationa

Manganese Oxidation-reduction reactions. Hastens seed germination 
and maturation

Cationa

Zinc Stimulates auxins, enzymes Cationa

Molybdenum Aids nitrogen fixation and nitrate assimilation Anion
Cobalt Facilitates nitrogen fixation Cation
Nickel Facilitates grain filling, seed viability Cation
Chlorine Helps in water-use efficiency Anion
Oxygen, Component of most plant compounds

-do-
-do-

Obtained from
air and
water

Hydrogen,
Carbon

aAlso available to plants in chelate form (a nutrient form having the essential nutrient linked to an 
organic compound so that it stays available for plant use within certain range of soil pH)
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inevitable. Moreover, approximately 40% of the world’s agricultural land has 
degraded seriously and lost its fertility due to several reasons including intensive 
farming practice (Kale and Gawade 2016). As a result, huge amounts of fertilizer 
need to be applied to improve soil fertility and crop production, because very little 
of the added nutrients reaches the target site due to loss caused by leaching, drift, 
runoff, hydrolysis, evaporation, and the photolytic or microbial degradation of the 
nutrients. The enormous fertilizer load, on the other hand, pollutes the air and con-
taminates rivers and water reservoirs (Sabir et al. 2014a; Solanki et al. 2015; Dubey 
and Mailapalli 2016). While only 27 kg NPK ha−1 was required to produce 1 ton of 
grain in the early 1970s, as much as 109 kg of NPK ha−1 was consumed to obtain 
the same amount of grain in 2008. As per the estimates of International Fertilizer 
Industry Association (IFIA), the world fertilizer consumption now hovers around 
193 Mt (Manjunatha et al. 2016). Urea is a common nitrogen source in fertilizers, 
but it quickly breaks down into ammonia, which is rapidly flushed away by rainfall. 
To account for that loss, farmers need to apply extra fertilizer to crops, which 
increases the cost involved. Ammonia may also lead to harmful algal blooms in 
waterways and/or enter the atmosphere as nitrogen dioxide, a potent greenhouse 
gas.

Biofertilizers have also been tried in place of chemical fertilizers in order to 
avoid the hazards associated with the use of agrochemicals and improve the quality 
and quantity of crop yield. Biofertilizers are the natural carrier or liquid-based prod-
ucts containing living or dormant microbes (i.e., bacteria, fungi, algae, actinomy-
cetes) alone or in combination, which (a) increase soil fertility by fixing atmospheric 
N or solubilizing different soil nutrients, (b) stimulate plant growth through synthe-
sis of growth-promoting substances, and/or (c) activate the biological process to 
facilitate nutrients availability for plants (Simarmata et al. 2017; Dineshkumar et al. 
2018). Different biofertilizers may be identified as N2-fixing biofertilizers, 
P-solubilizing biofertilizers, P-mobilizing biofertilizers, plant growth-promoting 
rhizobacteria, and nutrient-carrying biofertilizers. They can improve soil health as 
well as the nutrient uptake efficiency, growth, and yield of plants (El-Ghamry et al. 
2018).

Of late, smart delivery of fertilizers through nanoscale carriers has initiated the 
era of NFs, which turned out highly efficient and compatible to the environment. 
The use of NFs increases the bioavailability of poorly bioavailable nutrients (such 
as P and Zn) and reduces the loss of runaway nutrients (such as nitrate) to the sur-
rounding environment, thus ensuring a full nutrient use efficiency of crops. It also 
excludes environmental deterioration, including the eutrophication (Mukherjee 
et al. 2016). Some NMs (such as TiO2 or carbon nanotubes) also act as alternative 
growth promoters without any nutrients attached. Introduction of NF is likely to 
remove the macro- and micronutrient deficiency of the soil and help plants achieve 
their full nutrient use efficiency by regulating a sustained release of nutrients accord-
ing to the need of the crop concerned (Prasad et al. 2014). Nano-fertilizers are pro-
duced mainly by encapsulating nutrients inside nanoporous materials or coating 
with thin polymer film or are delivered as NPs or emulsions as in the case of cationic 
(NH4

+, K+, Ca2
+, Mg2

+) nutrients or after surface modification as for anionic (NO3
−, 
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PO4
−, SO4

−) nutrients (Subramanian et  al. 2015; Panpatte et  al. 2016). Based on 
their mode of action, NFs are identified as “controlled release fertilizers,” “slow 
release fertilizers,” “controlled-loss fertilizers,” “magnetic fertilizers,” or “nano-
composite fertilizers” (Lateef et  al. 2016; Liu et  al. 2016a; Chhowalla 2017). 
Besides, depending on the type of the nutrient and the role of the nanomaterial 
involved, three types of NF are broadly identified, i.e., (a) NFs made of macronutri-
ents, (b) NFs made of micronutrients, and (c) NFs acting as carriers for macronutri-
ents. In the first two cases, the NM itself is nutrient, while in the third case, it acts 
as an additive (Kah et al. 2018) and is often referred to as “nutrient-loaded nano- 
fertilizer” or “NM-enhanced fertilizer” (Liu and Lal 2015). All these “plant growth- 
enhancing NMs” and “NMs acting as carriers for micronutrients” are either a 
nanoparticle or a nanostructured entity.

19.3  Nanomaterials Used for Improving Fertilizers

In general, all NFs provide a slow, steady, and time-dependent release of essential 
nutrients to ensure delivery of essential elements to the plant in a balanced and 
need-oriented form. The nanostructured nutrient carriers may be categorized as 
nanoclays, hydroxyapatite NPs, polymeric NPs, carbon-based NMs, mesoporous 
silica, and miscellaneous NMs.

19.3.1  Nanoclays

Nanoclays, which are defined as layered silicates with bidimensional platelets of 
nanoscale thickness (frequently ~ 1 nm) and a length of several micrometers, are the 
most frequently used nanocarriers of fertilizers and have the widest range of materi-
als both in anionic and cationic forms. Anionic clays, also called layered double 
hydroxides (LDH), have a unique anion-exchange capacity and hence are highly 
suitable for transport of nitrate, phosphate, and borate (Everaert et al. 2016; Bernardo 
et  al. 2018; Songkhum et  al. 2018). Zeolites, montmorillonite, and kaolinite are 
among the most common cationic nutrient carriers. The quality of nanoclays as 
nutrient carriers is generally determined by (a) their ability to protect nutrient mol-
ecules through physical barriers provided by their structural components and (b) 
intercalation of nutrients into the layers of nanoclays through ion-exchange or non- 
electrostatic interactions such as hydrogen bonding (Guo et al. 2018).

Zeolites are natural porous crystalline aluminosilicates, composed of SiO4 and 
AlO4 tetrahedral linked by oxygen atoms. Each aluminum atom in the zeolite con-
tributes one negative charge, which is balanced by an exchangeable cation (Ca2+, 
Mg2+, Na+, K+, etc.) located in the channels and cavities throughout the zeolite struc-
ture. These cations, bound to the aluminosilicate structure by weak electrostatic 
bonds, have a pivotal role in determining the adsorption capacity and thermal prop-
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erties of the zeolite (Elizondo-Villarreal et al. 2016). This solid crystal with a rela-
tively open, three-dimensional structure built from the combination of aluminum, 
oxygen, and silicon with alkali or alkaline-earth metals such as sodium, potassium, 
and magnesium, plus water molecules trapped in the gaps among these components, 
may act as a sustained release NF, ensuring that the whole amount of nutrient is 
taken up by plants due to continuous release in small portions. Made up of many 
different crystalline structures with large open pores arranged in a regular way, zeo-
lite has a large surface area and can accommodate many organic molecules, which 
are delivered on receiving signal from the plant (Guo et al. 2018).

Clinoptilolite, one of the most commonly occurring natural minerals, is a weath-
ering product of volcanic glass. It is microporous in structure and may have the 
surface area as large as 500 m2 g−1. It is a very good adsorbent for cations (notably 
ammonium) and non-charged but polar organic compounds and is known for high 
ion exchange and excellent molecular sieving (Elizondo-Villarreal et al. 2016). It 
belongs to a large zeolite family called heulandites. A single-phase clinoptilolite can 
be hydrothermally synthesized in an autoclave from various silica, alumina, and 
alkali sources with an initial Si/Al ratio from 3.0 to 5.0 at 120–195 °C. Its crystal-
lization rate and crystallinity can be improved by seeding (Ambrozova et al. 2017). 
The clinoptilolite particles can be reduced to nanosize with the help of ball mill and 
modified chemically without disturbing its crystalline structure but incorporating 
adequate surface moieties for various applications (Elizondo-Villarreal et al. 2016). 
Bortolin et  al. (2013) synthesized a novel series of hydrogels (gels in which the 
liquid component is water) consisting of polyacrylamide, methylcellulose, and cal-
cic montmorillonite, which displayed a synergistic effect for controlled release of 
fertilizers, giving a very high fertilizer loading in their structure. The presence of 
montmorillonite in the hydrogel caused the system to liberate the nutrient in a more 
controlled manner than with the pure hydrogel in different pH ranges. The hydro-
lyzed hydrogels containing 50% calcic montmorillonite gave the best desorption 
performance, releasing larger amounts of nutrient at about 200 times slower rate 
than by the pure urea, i.e., without hydrogel.

19.3.2  Hydroxyapatite Nanoparticles

Hydroxyapatite [(Ca10(PO4)6(OH)2], also called “bone mineral,” is a biocompatible 
material naturally present in human and animal hard tissues. It has a high surface 
area to volume ratio and holds potential to deliver both Ca and P. Kottegoda et al. 
(2011) used urea fertilizer modified with NPs of hydroxyapatite to achieve an 
extended slow release of N in three sets of soil having three different pH values. 
They could obtain a slow release of nitrogen from modified urea up to 60 days after 
an initial burst, while the commercial urea supplied nitrogen for 30 days only. The 
initial burst of N was inversely related to pH of the soil, i.e., the lower the pH, the 
greater was the initial burst of nitrogen. Also, Kottegoda et al. (2017) synthesized 
urea-laden hydroxyapatite nanohybrids as a fertilizer to enact slow release of 
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nitrogen. These urea-laden HA nanohybrids displayed a much slower release profile 
(up to 1 week) than pure urea did (within minutes) and increased rice (Oryza sativa) 
yield by 8.2%, while having only half the N demand of pure urea. HA NPs com-
bined with a secondary protective material to form a hybrid nutrient carrier gave 
even better results than the pure urea or urea-HA NPs (Giroto et al. 2017). However, 
no evidence was found that HA NPs were internalized by the plant (Guo et al. 2018).

19.3.3  Polymeric Nanoparticles

Polymeric materials used as fertilizer carriers are supposed to be biodegradable. 
Chitosan, as a natural and biodegradable biopolymer, exhibits sorbent and bacteri-
cidal properties, rendering it a potential agrochemical carrier. Suspensions of chito-
san NPs containing N, P, and K fertilizers and urea-modified hydroxyapatite (HA) 
NPs have proved quite useful for gradual release of nutrients (Corradini et al. 2010; 
Kottegoda et al. 2011; Malebra and Cerana 2018). These NFs exhibit an initial burst 
followed by a gradual slow release of nutrient for a much longer period than com-
mercial fertilizers. Foliar spray of NPK-loaded chitosan NPs developed through 
polymerization of methacrylic acid in a chitosan solution followed by further load-
ing of NPK, accelerated growth, and yield of wheat (Triticum aestivum) and mark-
edly raised the harvest index, crop index, and mobilization index of yield variables, 
in comparison to the conventional NPK fertilizer as well as the unfertilized control 
(Abdel-Aziz et al. 2016), though the release rates of NPK from the chitosan were 
not known. Moreover, it is not known if the enhancement was due to a controlled 
release of NPK from the chitosan NPs, to a direct NP internalization with subse-
quent nutrient release, or to both (Guo et al. 2018). Further, polymers that are not 
nanostructured can be used as bonding agents or as secondary protective layers for 
nano-enabled fertilizers (Roshanravan et  al. 2014, 2015). Such polymers could 
enhance the mechanical strength of fertilizers and play a significant role in reducing 
emission of N2O, one of the contributors to climate change (Kundu et al. 2016).

19.3.4  Carbon-Based Nanomaterials

Ashfaq et al. (2017) have shown that Cu nanoparticle (NPs)-loaded carbon nanofi-
bers (CNFs) yielded slower release of Cu in water than Cu-loaded activated carbon 
microfibers (ACFs) did. These nanofibers enhanced the water-uptake capacity, seed 
germination rate, shoot and root lengths, and chlorophyll and protein contents of 
chickpea (Cicer arietinum). The authors suggested that a substrate or coating mate-
rial such as a biodegradable polymer to encapsulate the NF would promote the 
nano-formulation stability. Kumar et al. (2018) investigated a combination of poly-
mer film (PVAc starch) with carbon nanofibers as delivery vehicle for Cu-Zn 
nanoparticles and found that the polymeric formulation protected the Cu-Zn NPs 
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from rapid release into the soil, showed scavenging effects on reactive oxygen spe-
cies (ROS), and enhanced the growth of chickpea plants. Likewise, application of 
carbon NPs together with fertilizer increased grain yields of rice (10.29%), spring 
maize (10.93%), soybean (16.74%), winter wheat (28.81%) and vegetables (12.34–
19.76%) (Liu et al. 2009). However, none of these studies could work out the mode 
of action (i.e., controlled nutrient release or plant uptake of nutrient-loaded nanocar-
riers) responsible for the enhanced crop productivity (Guo et al. 2018).

19.3.5  Mesoporous Silica

Formation of mesoporous silica (MS) involves more demanding synthesis methods. 
Wanyika et al. (2012) produced urea-loaded MS NPs, which had a high capacity to 
adsorb urea (up to 80% (w/w)) and yielded a slow release profile (fivefold increase 
in release period as compared with pure urea) into both water and soil. Earlier, 
Hossain et al. (2008) used MCM-41, another common type of mesoporous silica, as 
a support for urease, a nickel-based large metalloenzyme for urea hydrolysis. The 
pore-expanded MCM-41 silica had a higher adsorption capacity for urease 
(102  mg  g−1) than regular MCM-41 (56  mg  g−1) or silica gel adsorbent (SGA, 
21 mg g−1), causing a significantly slower rate of urea hydrolysis. The impact of 
these nanostructures on N-use efficiency and crop growth and productivity has not 
been evaluated and confirmed.

19.3.6  Miscellaneous Nanomaterials

Many other NMs have also been used as the fertilizer or fertilizer carrier. Experiment 
with a nanosized Mn carbonate hollow core-shell loaded with ZnSO4 demonstrated 
that the release of Zn from this NM to a soil column (inceptisol) was slower than 
from conventional ZnSO4 and in consonance with the plants’ demand (Yuvaraj and 
Subramanian 2014). As plant roots absorbed the nutrients from growth media, the 
dissolution and ion-exchange reactions in the core-shell replenished the Zn in the 
soil solution to meet the nutritional requirement of the plant. This could improve the 
NUE, as the Zn release was extended to 29 days in comparison to 17 days with the 
conventional ZnSO4. The core-shell-loaded Zn increased the rice grain yield by 
36% and 27% under aerobic and submerged soil conditions, respectively, relative to 
the conventional ZnSO4. It was, however, difficult to conclude whether the benefits 
were induced by the slow release of nutrients or by the nanocarriers themselves. 
Application of pine oleoresin (POR; 5%)-coated urea to soil (0.92 g N kg−1 soil) 
reduced N2O emissions by 20.3%, whereas addition of 2% nanoscale zinc oxide 
(ZnO) and 35% nanoscale rock phosphate (RP) particles lowered the N2O emission 
by 44.95% and 40.15%, respectively (Kundu et al. 2016). Application of nanocal-
cite CaCO3 (40%) with nano-SiO2 (4%), MgO (1%), and Fe2O3 (1%) markedly 
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improved the uptake of not only Ca, Mg, and Fe but also of P, Zn, and Mn (Sabir 
et al. 2014b). Several metal- and metal-oxide NPs have the potential of acting as 
NF. Berahmand et al. (2012) reported enhanced yield of maize, using Ag NPs as 
NFs.

19.4  Intelligent Nano-fertilizers and Their Application

Nanostructured fertilizers are capable of improving the nutrient use efficiency 
through such mechanisms as targeted delivery and slow or controlled release of 
their active ingredients in response to environmental triggers and biological 
demands. They may increase N-use efficiency threefolds and enable plants to toler-
ate environmental stress. They improve crop productivity by promoting various bio-
logical phenomena through stimulation of seed germination, seedling growth, 
nitrogen metabolism, photosynthetic activity, protein synthesis, and antioxidant 
system (Siddiqi and Husen 2017; Sohair et al. 2018). Supplementations of nanofor-
mulated or nano-entrapped micronutrients maintain the soil health and vigor and 
ultimately promote crop growth and productivity. Nano-fertilizers have been tried 
with several crops in different agroecosystems (soil and water), as enumerated by 
El-Ramady et  al. (2018), and their toxicity analyzed in both soil microbiota and 
plants (Anjum et al. 2015). The toxicity level was found to be comparable with that 
of the conventional counterparts; e.g., CuO NPs were slightly more toxic than other 
Cu ions; ZnO NPs were similar to Zn ions, but manganese and iron oxide NPs 
caused less toxicity than their ionic counterparts and significantly enhanced the 
growth of lettuce seedlings (Liu et  al. 2016b). NF application promoted growth, 
development, total phenolic content, and antioxidant activity in rice (Benzon et al. 
2015). Carbon dots (CDs) of ∼5 nm with different oxygen contents could penetrate 
into all parts of rice plants, including the cell nuclei, enhanced RuBisCO activity 
(by 42%), loosened the DNA structure, and increased the thionin (Os06g32600) 
gene expression, which resulted in enhanced potential of rice plant to resist diseases 
(Li et al. 2018). The CDs applied were degraded by the plant to form plant-hormone 
analogues and CO2 and then the former promoted plant growth, while the latter got 
converted into carbohydrates through the Calvin cycle of photosynthesis. In conse-
quence, the total rice yield was increased by 14.8% (Li et al. 2018).

In order to prevent their uncontrolled release in the environment, NFs are associ-
ated with such materials as hydrogels, films, or other biopolymers like chitosan, 
which aggregate the fertilizers in complexes with mineral NPs in the soil or other 
types of ceramic materials so that they respond to environmental stimuli (such as 
temperature or irradiance) by modifying the release of nutrients according to the 
plants’ need (Morales-Díaz et al. 2017). Another way to control the NF supply is 
foliar spray, especially for elements with limited bioavailability in the soil such as 
Fe, Cu, and Ni (El-Kereti et al. 2013). Emulsions or encapsulated organic NPs can 
be useful for this purpose. However, the best way of reducing the release of NMs in 
the environment is perhaps to match their quantities with the stage of crop growth 

M. Iqbal et al.



483

with maximal response. Application of small amounts of NMs to seeds at a pre- 
germinative stage (seed priming) proves highly beneficial, leading to a higher ger-
mination rate in senescent seeds or in seeds germinating in stressful environment 
(Nair et al. 2012). This is suggestive of NM application by seed priming to enhance 
stress tolerance and/or growth and productivity of crops (Azimi et  al. 2013). An 
ideal NF must be responsive to any chemical or physical stimuli indicative of the 
plant’s need of nutrition, such as rhizosphere acidification or ethylene production by 
roots under stress. However, these signals may sometimes be modified by the pres-
ence of NPs themselves. It is on record that Ag NPs interfered with the perception 
and synthesis of ethylene in Arabidopsis, thereby affecting other metabolic path-
ways also (Syu et al. 2014). Inhibition of ethylene synthesis may be accompanied 
by root elongation. Therefore, it is important to analyze whether such a growth 
enhancement is because of the improved nutritional status of the plant or due to 
blocking of perception and synthesis of ethylene under stress (Mirzajani et  al. 
2013).

While developing the nano-enabled fertilizers, evaluation system should include 
such criteria as release kinetics, crop productivity, nutrient use efficiency, environ-
mental compatibility, and economic feasibility. Moreover, search for newer and 
safer nanocarriers, such as zein NPs made from a maize protein (Xu et al. 2011; 
Oliveira et al. 2018), should also continue. Multifunctional nanocarriers may also 
be developed; for instance, carbon nanotubes (CNTs) serving as plant growth regu-
lators (Khodakovskaya et al. 2013) may be loaded with fertilizers to achieve plant 
growth regulation and nutrient delivery simultaneously. Some nanocomposites have 
been used as carriers for pesticides, fertilizers, and growth regulators, indicating 
that multiple objectives can be achieved through a single formulation (Guo et al. 
2018). Efficacy of beneficial soil microbes with reference to crop plants can also be 
enhanced by co-application of NMs. For instance, integration of beneficial bacteria 
with nano-titania NPs was found to increase adherence of bacteria to plant roots, 
which improved crop growth and stress management (Palmqvist et al. 2015).

Various groups of NFs are identified on the basis of the nutrient they carry for 
utilization by plants, the major ones of which are described below.

19.4.1  Nitrogen-Based Nano-fertilizers

Enormous absorption of essential nutrients by plants, on one hand, and the natural 
phenomena of leaching, volatilization, and denitrification, on the other, often lead to 
depletion of soil nutrients. Such a situation necessitates an efficient availability of 
nitrogen fertilizers to the growing crops, as inorganic nitrogen is the most essential 
requirement of plants for their handsome growth and yield. This can be obtained 
from ammonia (NH3) and its derivatives including ammonium nitrate (N2H4O3), 
urea (CH4N2O), and diammonium phosphate [(NH4)2HPO4] as well as the calcium 
products such as calcium nitrate [Ca(NO3)2] and calcium cyanamide (CaCN2). 
N-use efficiency of plants becomes typically low when fertilizer release rate is 
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higher than the rate of its absorption by plants and/or when fertilizers/nutrients are 
converted to forms that are not bioavailable to crops. A sustained N availability for 
a low but continuous N-feeding of crops, which is too difficult to manage manually, 
is now possible using a variety of N-based NFs. In order to raise the level of N-use 
efficiency of crops, which normally varies from 30% to 50%, modified N fertilizers, 
termed as “intelligent nano-fertilizers,” have been put to use. This has raised the 
N-use efficiency of plants to 80% (Solanki et al. 2015).

One of the drawbacks of nitrogen NFs is their highly soluble nature, which may 
cause acute damage to crops and their surroundings. To overcome this problem, 
nano- and microporous zeolites are designed such that in combination with urea, 
their controlled release behavior ensures an improved uptake of urea N by plants. 
They help in retaining the maximum possible moisture to store soil nutrients and 
prevent their loss (Ramesh and Reddy 2011). The N-based NFs (e.g., porous nano-
materials such as zeolites, clay, or chitosan) could synchronize the release of fertil-
izer- N with its demand by the crop, thus preventing the undue loss of N and 
enhancing the plant uptake process (Abdel-Aziz et al. 2016; Panpatte et al. 2016). 
Similarly, ammonium-charged zeolites could improve the solubility of phosphate 
minerals, thus enhancing the availability of P for uptake by the crop (Dwivedi et al. 
2016). Graphene oxide film (a carbon-based NP) could prolong the process of 
potassium nitrate release, thus extending the time of physiological action and avoid-
ing the loss of nutrient by leaching (Zaytseva and Neumann 2016). Manikandan and 
Subramanian (2016) analyzed the impact of zeolite-based N fertilizers on maize 
plants grown in inceptisol (clay loam) and alfisol (sandy loam) soil textures. The 
nutrient uptake, plant growth and yield, and grain N content were consistently 
higher for treatments with nano-zeo-urea than with the conventional urea, the 
response being more pronounced in alfisol than in inceptisol soil. The mechanism 
of how the applied nanoclays modify soil properties and later affect plant growth is 
yet to be clearly understood.

19.4.2  Phosphorus-Based Nano-fertilizers

Phosphorus (P), the second most important nutrient requirement of plants after 
nitrogen, functions as an energy transfer molecule in plants and has a vital role in 
processes like respiration, photosynthesis, biosynthesis of nucleic acids, and energy 
generation. It is an integral part of several plant cell components such as phospho-
lipids (Soliman et al. 2016). However, in most of the tropical agricultural soils, P is 
the least accessible macronutrient, meagerly available to plants for uptake mainly 
because of its fixation with Ca in alkaline soils and its poor recovery from fertilizers 
applied (Marschner 1995). Supply of P at an early stage of crop is essential for the 
development of reproductive structures. In general, the commercially available P 
fertilizers are water-soluble phosphate salts, which are easily dissolved in in the soil 
solution and are available to be taken up by plants. However, being highly mobile in 
the soil, they undergo leaching and runoff and give rise to eutrophication in water 
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bodies. P fertilizers in solid form, on the other hand, are less effective in providing 
P to the plant. Allen et al. (1996) concluded from their experiments that mixtures of 
zeolite and phosphate rock had the potential to provide slow release fertilization to 
plants in synthetic soils by means of dissolution and ion-exchange reactions. Malhi 
et al. (2002) reported that zeolites (clinoptilolite), when saturated with monovalent 
nutrient cations, such as NH4

+ and K+, can increase the solubility of phosphate rock 
(PR). P-use efficiency of crops ranged from 18% to 20% during the year of applica-
tion; the remaining 78–80% became part of the soil P pool to be released to the crop 
over the following months and years. Bansiwal et al. (2006) found that P supply 
from fertilizer-loaded surface-modified zeolite (SMZ) was available even after 
1080 h of continuous percolation, whereas P from solid KH2PO4 was exhausted 
within 264 h. Thus, being a good sorbent for PO4

3−, SMZ showed a great potential 
to act as a fertilizer carrier for slow release of P, which was duly confirmed by the 
subsequent research. Rahale (2011) studied the PO4

− release pattern, using various 
nanoclays and zeolites in a percolation reactor. Nano-formulations could release 
phosphate for an extended period of 40–50 days, whereas the conventional fertilizer 
let out nutrients only up to 10–12 days. Liu and Lal (2014) noted that application of 
nanosized hydroxyapatite (nHA) increased the growth rate and seed yield of soy-
bean plants by 32.6% and 20.4%, respectively, over those treated with a regular P 
fertilizers [Ca(H2PO4)2]. Improvement in biomass production was 18.2% in shoots 
and 41.2% in roots. Preetha and Balakrishnan (2017) suggest that the use of SMZ 
could be a potential strategy to promote P-use efficiency, which hardly exceeds 20% 
in the conventional system. Benício et  al. (2017) showed that layered double 
hydroxide (LDH)-P (15, 30, 45, and 60 mg kg−1) increased soil pH in both sandy 
and clayey soils on harvesting maize (Zea mays) plants 25 days after sowing. They 
speculated that pH increase might facilitate the adsorption of P by plants. 
Hydroxyapatite particles were also used in agronomic applications for systematic 
release of P. Soliman et al. (2016) evaluated the effectiveness of foliar spray of dif-
ferent sources of P on Adansonia digitata and found that hydroxyapatite nanopar-
ticles (nHA) caused a significant increase not only in plant growth parameters but 
also in chemical contents and the anticancer activity of leaves against Ehrlich asci-
tes carcinoma cells (EACC), compared to controls. A group of Danish scientists led 
by Søren Husted is engaged in encapsulating P in biodegradable NPs that plants can 
absorb direct through leaves, avoiding the need to bind P to the soil before absorp-
tion. These researchers believe that plants may absorb P more effectively through 
their leaves than roots. Normally, farmlands are overfertilized with P, the excess of 
which accumulates in the soil without benefitting the crop. The objective of this 
research is to replace the 25 kg per hectare of P currently used on an annual basis, 
with merely 5–8 kg of P that will enter plants directly (Husted 2018).

Arbuscular mycorrhizal fungi have a crucial role in mobilization of soil P to 
roots (Das et  al. 2013). Piriformospora indica, a newly discovered arbuscular 
mycorrhiza-like root-colonizing fungus, showed growth-promoting potential on 
being inoculated into Bacopa monnieri (Prasad et  al. 2013). Rane et  al. (2015) 
assessed the effect of calcium phosphate (CaP) NPs on Zea mays inoculated with P. 
indica and Glomus mosseae and found that CaP NPs in combination with both G. 
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mosseae and P. indica together were more potent plant growth promoter than alone 
or in combination with any of these fungi individually. The CaP NPs alone or in 
combination with P. indica could improve chlorophyll a content and performance 
index of the treated maize plants. The authors concluded that CaP NPs exhibited 
synergistic growth-promoting effect with the endosymbiotic and arbuscular mycor-
rhizal fungi used.

19.4.3  Potassium-Based Nano-fertilizers

While potassium (K) is not a constituent of any plant structure or compound, it has 
an important regulatory role in nearly all processes needed to sustain plant growth 
and reproduction, e.g., in photosynthesis, protein synthesis, photosynthate translo-
cation, ionic balance, stomatal function, water-use efficiency, and activation of more 
than 60 enzymes. Plants with sufficient K are more resistant to drought, to flood, 
and to high and low temperatures. Umar et al. (2003) asserted that a proper K fertil-
ization can even abolish the need of pesticide application on crops. Some natural 
zeolites contain considerable amounts of exchangeable K+ that can enhance plant 
growth (Mazur et al. 1986). Natural zeolites are highly selective for K+ than for Na+ 
or divalent cations, such as calcium and magnesium, due to location and density of 
negative charge in the structure and dimensions of interior channels (Ming and 
Mumpton 1989). Potassium has a very high ion-exchange capacity of 216 cmol kg−1 
(Dakovic et al. 2007) and hence is easily released from the crystal zeolite structure 
into the soil solution, eventually increasing its total content in the soil. Zeolites 
dominated by exchangeable K may be well-suited for plant growth-promoting 
applications. Zhou and Huang (2007) reported a slow and steady release of K from 
nano-zeolites possibly due to their ion exchangeability with selected nutrient cat-
ions. Li et al. (2010) used K+-loaded zeolite as a slow release fertilizer and studied 
the growth features of hot pepper and the changes in the N and K contents of the 
soil. Subbarao et al. (2013) studied the dissolution rate of water-soluble polymer- 
coated potash prepared in the form of a cylindrical pellet and found that the lower 
the quantity of fertilizer and water, the slower was the release of K. The strength of 
the pellet had a vital role in determining the replenishment time.

Plants use the mineral nutrients of NFs either (a) as nanostructured elements 
incorporated in a carrier complex that may or may not be a nanomaterial, e.g., NPs 
of essential elements incorporated by absorption or adsorption in a matrix such as 
chitosan, polyacrylic acid, clay, or zeolite or (b) as the element per se in a nanostruc-
tured form (in suspension or encapsulated), such as NPs of Fe or Zn (Ghahremani 
et al. 2014). Treatments with 6/1000 nano-K concentration were found most effec-
tive in increasing the leaf area, harvest index, grain yield, biological yield, potas-
sium percentage, and chlorophyll content in Ocimum basilicum (Ghahremani et al. 
2014). In order to achieve a slow release of fertilizer, Khalifa and Hasaneen (2018) 
obtained chitosan (CS) NPs by polymerizing methacrylic acid (PMAA) for the 
entrapment of N, P, and K NPs and evaluated the impact of this CS-PMAA-NPK 
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NPs complex on garden pea (Pisum sativum var. Master B) plants by treating 5-day- 
old seedlings through root system. They noted a reduction in root-elongation rate 
and in starch accumulation at the root tip in a dose-dependent manner. Low concen-
trations induced mitotic cell division and upregulated some major proteins such as 
convicilin, vicilin, and legumin β. However, all the concentrations used exhibited 
genotoxic effect on DNA, based on the comet assay data 48 h after treatment. Foliar 
spray of different concentrations of nano-K fertilizer on Cucurbita pepo caused a 
significant increase in the number of leaves, fresh and dry weights, and product 
quality, by improving the nutrient absorption. Disease and pest resistance as well as 
drought tolerance were also enhanced (Gerdini 2016).

19.4.4  Zinc-Based Nano-fertilizers

Zinc deficiency is considered to be a major factor in limiting agricultural productiv-
ity in the alkaline soils (Sadeghzadeh 2013). Normally, Zn-use efficiency does not 
exceed 2–3%, and the major portion of added Zn gets fixed in the soil. However, the 
zinc-based NFs have shown a great promise (Wang et al. 2016b). Biogenic synthesis 
of zinc oxide (ZnO) NPs, by using different plant extracts (Sabir et al. 2014b; Chap. 
7 of this book), and their application in agriculture are quite common these days. Of 
the various methods to synthesize ZnO nanocrystals, solution-evaporation method 
is more popular, as it may be carried out at ambient temperature, with a good control 
over particle morphology. ZnO NPs may be applied to crop plants by foliar spray, 
soil mixing method, or seed priming method, the last one being more effective, 
simple, and cost-effective (Narendhran et al. 2016; Sharifi et al. 2016; Khanm et al. 
2018; Munir et al. 2018). Application of low concentrations (≤100 mg kg−1) of ZnO 
NPs to the soil increased Zn uptake by cucumber plant in comparison to the applica-
tion of their bulk counterparts, but higher concentrations (1000 mg kg−1) inhibited 
plant growth (Moghaddasi et  al. 2017). The natural zeolite (clinoptilolite), ball 
milled to achieve nano-dimension (90–110 nm) and fortified with Zn by loading 
zinc sulfate (ZnSO4), was found to prolong the duration of Zn release from the sub-
strate into the soil solution 5.44 times, compared to the Zn release from ordinary 
ZnSO4 (Yuvaraj and Subramanian 2017), serving therefore as a slow release Zn 
fertilizer to improve the nutrient use efficiency of crops.

Application of nano-zinc oxide to Zn-deficient soil improved the overall growth 
and the fresh and dry weights of sesame seedlings (Narendhran et al. 2016). In simi-
lar conditions, application of ZnO together with other fertilizer increased barley 
yield up to 91%, while the traditional bulk ZnSO4 caused 31% increase over the 
control (Kale and Gawade 2016). Tarafdar et al. (2014) biosynthesized and charac-
terized zinc NPs (15 and 25 nm) and used them as NF to enhance production of 
pearl millet (Pennisetum americanum L.) cv. HHB 67. A significant improvement in 
shoot length (15.1%), root length (4.2%), root area (24.2%), chlorophyll content 
(24.4%), total soluble leaf protein (38.7%), plant dry biomass (12.5%), and enzyme 
activities of acid phosphatase (76.9%), alkaline phosphatase (61.7%), phytase 
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(322.2%), and dehydrogenase (21%) was observed over the control in 6-week-old 
plants. The grain yield at crop maturity was found to increase by 37.7%. Davarpanah 
et al. (2016) tried foliar application of zinc (Zn) and boron (B) NFs on pomegranate 
(Punica granatum cv. Ardestani) before full bloom. It increased the leaf concentra-
tions of both microelements and the pomegranate fruit yield. Fertilization with 
higher doses led to significant improvements in fruit quality, including 4.4–7.6% 
increase in total soluble solids (TSS), 9.5–29.1% decline in titratable acidity (TA), 
20.6–46.1% increase in maturity index (TSS:TA ratio), and 0.28–0.62 pH unit 
increase in juice pH, whereas the physical fruit characteristics remained unaffected. 
Changes in total sugars and total phenolic compounds in the juice were minor, while 
the total anthocyanins and antioxidant activity stayed unaltered (Davarpanah et al. 
2016).

Dapkekar et al. (2018) used zinc-complexed chitosan nanoparticles (Zn-C NPs) 
for biofortification of durum wheat in field-scale experiments. They analyzed the 
efficacy of Zn-C NPs in comparison to conventional ZnSO4 (0.2%; 400  mg  L−1 
zinc) fertilizer in MACS-3125 and UC-1114 genotypes of durum wheat. Grain zinc 
enrichment on using Zn-CNP nanocarrier (~36%) and conventional ZnSO4 (~50%) 
was comparable, although the zinc used in the former case was ten times less. By all 
accounts, NF application proved effective in enhancing grain zinc content (without 
affecting grain yield, protein content, spikelets per spike, kernel weight, etc.) in 
4-year field trials conducted on plots differing in the soil zinc content, thus confirm-
ing the usefulness of Zn-CNP in ferti-fortification of wheat crop (Dapkekar et al. 
2018). However, while showing that zinc in the form of NPs (nano ZnO) gets into 
roots of sunflower (Helianthus annuus) more effectively than the common zinc 
source (ZnSO4·7H2O), Sturikova et al. (2017) have asserted that it is important to 
deal with the toxicity of zinc NPs, because zinc in nano-form is often more toxic to 
plants than its equivalent in the form of simple inorganic salts.

19.5  Mechanism of Nano-fertilizer Uptake and Translocation 
in Plants

The entrapped fertilizer nutrients enter the soil network via hydrogen bonds, surface 
tension, molecular force, or viscous force, thus enlarging their spatial scale so that 
they are easily prevented from soil filtration and remain fixed in the soil around the 
crop roots. This also reduces the migration rate of N elements in the environment 
(Cai et al. 2014). Liu et al. (2016a) observed that application of controlled-loss fer-
tilizer reduced the nitrogen runoff and leaching loss by 21.6% and 24.5%, respec-
tively, and caused a 9.8% increase in the residual mineral N of the soil, ultimately 
leading to 5.5% more wheat production than the production with traditional 
fertilizers.

Plant cell walls in the surface cell layer, which act as a barrier between inner tis-
sues and outer environment, are porous and let the nutrients enter the plant cell. The 
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NF particles enter the plant tissue either through roots or the aboveground parts 
including root junctions and wounds. They first interact with plant cell wall, which 
is made up basically of a cellulosic framework that permits the entry of small par-
ticles, restricting the larger ones. The size exclusion limit for the plant cell wall is 
between 5 and 20 nm (Dietz and Herth 2011). Functionalized NPs promote enlarge-
ment of pore size or induction of new pores in the cell wall, thus facilitating the 
entry of large NPs (Kurepa et al. 2010). NPs may also enter into the cell via ion 
channels or endocytosis, binding to carrier proteins through aquaporin or forming 
complexes with membrane transporters or root exudates (Nair et al. 2010). Kurepa 
et al. (2010) noted that mucilage released by Arabidopsis thalianaroots develops 
pectin hydrogel complex around the roots, which paves the way for the entry of 
NP-dye complex. The NF particles absorbed by the root move through the apoplas-
tic and symplastic pathways to reach the xylem and then spread to different plant 
parts through the vascular bundles, as has been reported for the mesoporous silica 
NPs and SiO2 NPs (Sun et al. 2014). However, ZnO NPs, which follow the same 
transport pattern, hardly move beyond the endodermis (Ma et al. 2010; Morales- 
Díaz et al. 2017). Having entered into the plant tissue, NPs can move from one cell 
to the other through plasmodesmata (Rico et  al. 2011). Figure 19.1 explains the 
process of uptake and transport of nutrients in plant tissues. Some authors consider 
the cytoplasmic symplastic pathway as a better option for their entry into plants, 
because NPs facilitate a rapid cellular internalization and movement through 
 aquaporins and ion channels, compared to their bulk counterpart (Hemraj 2017). 
While studying the uptake and accumulation of ZnO NPs in Glycine max seedlings 

Fig. 19.1 Mechanism of action of the nutrients supplied through nano-fertilizer. Entry may occur 
through root and/or leaf tissues, and translocation takes place both by apoplastic and symplastic 
routes. The nutrients influence various cell organelles and their functions, which have a direct bear-
ing on growth and productivity of the plant
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raised from seeds treated with different concentrations (500–4000  ppm) of ZnO 
NPs, Lopez-Moreno et al. (2010) observed a higher Zn uptake at low concentra-
tions. They concluded that NPs are agglomerated at high concentrations, which 
inhibit their entry into the seeds via cell wall pores. Further, the presence of Zn2

+ 
ions, instead of Zno, suggested a role of roots in ZnO ionization on their surface. 
Wong et al. (2016) proposed a scheme, based on lipid exchange mechanism, for NP 
transport within the plant cells, showing that size, magnitude, and zeta potential of 
NPs primarily determine the efficiency of the process.

Nanomaterials may affect plant metabolism by providing micronutrients (Liu 
and Lal 2015), regulating genes (Nair and Chung 2014), or interfering with different 
oxidative processes in plants (Hossain et  al. 2015). If accumulated in the cell in 
heavy concentration, NMs can interfere with electron transport chain of mitochon-
dria and chloroplasts, affecting the formation of ROS (Rastogi et al. 2017), which 
may influence protein modifications, lipid peroxidation, and DNA health (Van 
Breusegem and Dat 2006; Chap. 17 of this book). Whether the ROS have a destruc-
tive or a signaling role depends on the equilibrium between ROS production and 
their scavenging. In order to combat the effect of ROS, cells have a strong antioxi-
dant mechanism comprising of enzymatic (superoxide dismutase, catalase, guaiacol 
peroxidase, etc.) and nonenzymatic (ascorbate, glutathione, carotenoids, tocopher-
ols, and phenolics) molecules (Sharma et al. 2012; Aref et al. 2016), and the NMs 
often promote the production of antioxidant molecules in plant cells (Faisal et al. 
2013; Jiang et al. 2014; Costa and Sharma 2016; Chap. 18 of this book). Different 
hormonal pathways may also be upregulated or downregulated in response to differ-
ent NMs (Rastogi et  al. 2017). Studies have shown that NMs also influence the 
photosynthetic pigment and activity in plants (Hong et  al. 2005; Perreault et  al. 
2014; Tripathi et al. 2017), and an altered photosynthesis then affects all aspects of 
plant metabolism and physiology (Ahmad et al. 2003; Ruhil et al. 2015).

Plant roots and leaf surfaces are highly porous on nanometer scale and constitute 
the main nutrient gateways for NMs entry into plants (Eichert and Goldbach 2008). 
The NF uptake through these pores could be facilitated by their complexation with 
molecular transporters or root exudates, creation of new pores, or exploitation of 
endocytosis or ion channels (Mastronardi et al. 2015). Size reduction of NMs espe-
cially helps increasing the surface-mass ratio of particles, which facilitates adsorp-
tion of many more nutrient ions and then their slow and steady desorption over an 
extended period of time (Subramanian et al. 2015; Monreal et al. 2016). However, 
if NPs accumulate at stomata-bearing surfaces of leaves, foliar heat is produced. 
Moreover, accumulation of NPs often hinders exchange of gases between leaves 
and the air due to clogging of stomata, which inhibits photosynthesis and transpira-
tion (Gruyer et al. 2013).

NPs may also enter plant leaves through stomata quite rapidly. It is known that 
magnetic NPs penetrate more conveniently and are translocated to xylem and 
phloem more efficiently (Wang et al. 2012b). Wang et al. (2013) examined the leaf- 
to- root translocation of titanium (Ti), magnesium (Mg), and zinc (Zn) NPs and 
found a higher NP concentration in leaves (1.87, 8.13, and 5.74%, respectively) than 
in roots (5.45, 21.2, and 13.9%, respectively). They noted that aerosolized NPs of 
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smaller diameter, such as TiO2 (27 nm), MgO (35 nm), and ZnO (45 nm), have an 
easy passage through stomata, but NPs of large diameter obstruct the stomatal func-
tioning, thus inhibiting transpiration and photosynthesis. This obviously indicates a 
shortcoming of the foliar application of NFs. However, it is argued that the foliar 
application is important for protection from infectious agents (Gogos et al. 2012; 
Giannousi et al. 2013). Further, the NP uptake is affected by the type of growth 
medium, e.g., it was higher in hydroponic medium, relatively low in sand medium, 
and nil in the soil, as recorded for roots and shoots of Cucurbita maxima (Zhu et al. 
2008).

19.6  Nano-biosensors in Agriculture

Nanosensors (or nano-biosensors) have come up as promising tools in agriculture 
and food production sectors for determining microbes, contaminants, pollutants, 
toxins, moisture content, and food freshness. These are extremely small devices that 
can bind to entities to be detected and send back a signal. Compared with the tradi-
tional sensors, nanosensors are superior in having high sensitivity and selectivity, 
near real-time detection, low cost, and easy portability (Lu and Bowles 2013). These 
devices can be developed by using top-down lithography, molecular self-assembly, 
and bottom-up assembly approaches and may occur in the form of NPs, nanostruc-
tured materials (e.g., porous silicon), nanoprobes, nanowires, cantilevers, and nano- 
electromechanical systems (NEMS). Nanosensors are normally categorized as 
NP-based nanosensors, electrochemical nanosensors, and optical nanosensors 
(Omanović-Mikličanin and Maksimović 2016). Details about the nano-biosensors 
employed for monitoring soil conditions and status of plant growth hormones and 
for detecting plant pathogens and pesticide residue have been summarized by 
Kaushal and Wani (2017).

Although nitrogen is an essential and basic requirement of plants, the unusual 
and excess uptake of N becomes harmful and disturbs the ideal crop production. 
There are sensors that may detect and accurately calculate the amounts of N present 
in the soil and/or taken up by the plant. Certain biosensors can also monitor the 
presence of biological substances in the field. They detect the excess of chemicals 
or the toxicity level in the soil, the variation factors such as pH level, development 
of herbs, the presence of moisture, and the growth condition of different plant 
organs (Kaushal and Wani 2017). Fertilizers can be coated by a polymer containing 
nano-biosensors that ensure a time-bound release of nutrients in exact quantities. İn 
the case of N depletion, these nano-biosensors receive signals in the form of chemi-
cals released by the plant roots and manage to release specified amount of N 
(Khodakovskaya et al. 2012).

Aptamers are used extensively as recognition elements in the fabrication of apta- 
integrated sensors, which consist of aptamers (the target-recognition element) and 
nanomaterial (the signal transducers and/or signal enhancers). Aptamers of a natural 
or synthetic origin are single-stranded nucleic acid or peptide molecules of a size 
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less than 25 kDa. They are highly specific and selective toward their target entities 
(ions, proteins, toxins, microbes, viruses) due to their precise and well-defined 
three-dimensional structures. These are also termed as synthetic antibodies due to 
their selection and generation through an in vitro combinatorial molecular process 
called systematic evolution of ligands by exponential enrichment (SELEX). 
Dissociation constants of aptamers are in nanomolar or picomolar range. Based on 
the detection systems, aptamers are classified into optical and electrochemical sys-
tems. A variety of nanomaterials (metal NPs and nanoclusters, semiconductor NPs, 
carbon NPs, magnetic NPs, etc.) can be used in apta-sensors (Sharma et al. 2015). 
Without disturbing the cell functioning, these sensors help monitoring the signaling 
pathways and are used specifically for detecting plant pathology. Various transduc-
ing systems have been employed in apta-sensors for food quality assessment and 
safety. These devices, processed with photoluminescence, monitor the toxicity level 
in the foodstuff efficiently (Yasmin et al. 2016).

Carbon nanotubes (CNTs), with their typical construction, have proved useful in 
improving water utilization, nutrient uptake, seed germination, and the rate of plant 
growth (Husen and Siddiqi 2014). CNTs are hollow cylinders formed of carbon 
atoms. These appear like coiled tube graphite ducts, and their walls look like hexadic 
carbon rings. These are produced normally in huge bundles and categorized as 
single- walled carbon nanotube (SWCNT) and multi-walled carbon nanotube 
(MWCNT), the former consisting of a sole, cylindrical graphene coat, whereas the 
latter possessing multiple graphene coats. Having a high tensile strength, CNTs are 
considered to be 100 times tougher than steel and are good conductors of electricity. 
CNT-based nanodevices are popular because of their good electrical conductivity, 
elevated electrochemical catalytic efficiency, bio-suitability, and non-toxicity 
(Kaushal and Wani 2017). Very strong van der Waals forces bind carbon atoms in 
their specified position due to which these tubes are especially useful for monitoring 
of microenvironments, energy storage, fertilizers packaging, and also in crop 
improvement (Tripathi and Chauhan 2017).

Rodrigues et al. (2013) determined the impact of carboxyl-functionalized single- 
walled carbon nanotubes (SWCNTs) on fungal and bacterial communities in the 
soil through culture-dependent and -independent methods. The bacterial soil com-
munity was transiently affected by the presence of SWCNTs. The major impact 
figured 3  days after exposure, but the community recovered fully after 14  days. 
However, fungal community could not recover during the period of experiment. 
Physiological and DNA analyses suggested that fungi and bacteria involved in bio-
geochemical cycles of C and P nutrients could suffer by the presence of SWCNTs. 
In a similar study by Shrestha et al. (2013), application of 10, 100, and 1000 mg kg−1 
concentrations of multi-walled carbon nanotubes (MWCNTs) of high purity caused 
no change in soil respiration, enzymatic activity, and microbial community compo-
sition, but the highest concentration (10,000 mg kg−1) increased the fungal fatty acid 
methyl ester markers. Further, pyrosequencing revealed a decline in abundance of 
some bacterial genera like Derxia, Holophaga, Opitutus, and Waddlia at the highest 
treatment, while other genera like Cellulomonas, Nocardioides, Pseudomonas, and 
Rhodococcus, regarded as potential degraders of recalcitrant contaminants such as 
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polycyclic aromatic hydrocarbons, increased in population. This was indicative of a 
shift in the soil microbial community composition to more tolerant microbial popu-
lations due to very high MWCNT concentration (Shrestha et al. 2013). Oxidized 
MWCNTs have been found effective in increasing root cell elongation and facilitat-
ing root growth and biomass production by augmenting dehydrogenase activity in 
plants such as wheat (Wang et al. 2012a; Arif et al. 2016). Tomato production was 
remarkably enhanced when treated with fullerene (a spherical pure carbon molecule 
having a hollow network of at least 60 carbon atoms) (Khodakovskaya et al. 2013).

Quantum dots (QD) are very small semiconductor particles, only several nano-
meters in size, having optical and electronic properties different from those of larger 
particles. Spherical in shape and 2–8 nm in diameter, QDs fluoresce on being stimu-
lated by an excitation light source. These are composed of a core, which decides the 
color to be emitted, and a shell, both inorganic. Further, there is an aqueous organic 
film where biomolecules get joined to target different biomarkers having size- 
dependent fluorescent properties (Patolsky et  al. 2006). A single wavelength can 
excite QDs of different sizes, and emissions governed at varying dots are utilized as 
high-resolution biological fluorescent probes. QDs are being used in agriculture for 
sensing several chemical/biochemical compounds outside and within plants 
(Kaushal and Wani 2017). In a study of the impact of QDs and superparamagnetic 
NPs on Fusarium oxysporum, a fungal plant pathogen, Rispail et al. (2014) observed 
that both these nanomaterials rapidly interacted with the fungal hypha, labeling the 
presence of the pathogenic fungus, and caused low toxicity to the fungal germina-
tion, growth, and viability. Whereas magnetic NPs appeared to be on the cell sur-
face, QDs were significantly taken up by the fungal hyphae showing their potential 
for a possible control of the pathogen following appropriate functionalization 
(Rispail et al. 2014).

19.7  Toxicity Assessment of Nano-fertilizers

Based on the information available, we often conclude that the use of NFs has sev-
eral positive effects on plant metabolism, growth, and yield. However, it may also 
have adverse effects causing a slower plant growth, increased oxidative stress 
(Dimkpa et  al. 2013), chromosomal abnormalities (Raskar and Laware 2014), 
decreased photosynthetic rate (Wang et al. 2016a), disturbed water transport and 
water status of the plant (Martínez-Fernández et al. 2016), lower concentration of 
growth hormones (Le et al. 2014), metabolic disorders or necrosis (Lin and Xing 
2008), changes in the transcriptional profile of many genes (Khodakovskaya et al. 
2012; García-Sánchez et al. 2015; Van Aken 2015), or increased susceptibility to 
natural toxins such as As (Hu et al. 2014). Phytotoxicity issues of metal/metal-oxide 
NPs were examined by Ruttkay-Nedecky et al. (2017), who concluded that while 
assessing the NM phytotoxicity, we must build a connection between the character-
istics of NPs applied (surface area, particle size, surface tension) and the toxicity 
symptoms and also keep it in view that our studies conducted in a hydroponic 
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system and under controlled lab conditions do not reflect the interaction of NMs 
with soil and soil microorganisms. However, they opine that, on the whole, NPs of 
essential metals and metal oxides favor crop production and that the NPs of iron 
oxides and manganese oxides seem to be the least phytotoxic (Ruttkay-Nedecky 
et al. 2017).

Plant responses to nanomaterials vary depending on the chemical elements that 
constitute the respective NMs, their concentration and aggregation state, duration of 
exposure, metabolic potential of plant species, and the local environmental condi-
tions that often extensively modify the NP properties (Pan and Xing 2012; Mrakovcic 
et al. 2013; Schultz et al. 2015). The surface charge of NPs, the formation of ions 
from NMs, and the agglomeration or aggregation of NPs are modified by the pres-
ence of dissolved organic material that forms organic coatings on the NPs 
(El-Badawy et al. 2011; Romih et al. 2015). The organic matter also interacts with 
environmental factors such as irradiance, UV radiation, temperature, the presence 
of dissolved elements, and biotic activity, which in turn affect their reactivity with 
NMs (Glenn and Klaine 2013; Rodrigues et al. 2016). The pH and presence of com-
plexing agents such as citrate or ascorbate in water or soil solution and the bacterial 
or root exopolysaccharides may significantly modify NP toxicity by way of increas-
ing the stability of NPs and limiting their aggregation, which would enhance their 
toxicity. Depending on the experimental conditions or the habitat environment, the 
same NMs may behave differently in terms of their positive or negative impact on 
plants (El-Temsah and Joner 2012; Parveen and Rao 2015). Their impact may also 
differ on different plant species that differ in their capacity of absorbing the NMs or 
their ability to metabolize these materials (Morales-Díaz et al. 2017). Given these 
complex interactions and variation in conditions, it is not easy to predict the envi-
ronmental fate of NMs in the long term. Further, NMs may cause toxicity to plants 
either directly via the absorption or adsorption of NPs by the plant or indirectly 
through release of ions due to decomposition of NMs or by inducing amplified 
responses of other environmental toxins (Aruoja et  al. 2015; Wang et  al. 2016a; 
Massalha et  al. 2017). There is, however, paucity of information on interactions 
between NPs and the organic/inorganic abiotic soil components.

The ethical and safety issues regarding the use of NPs in crop production are 
very many (Solanki et al. 2015), and exposure to nano-fertilizers and nanopesticides 
can contribute to health hazards (Berekaa 2015). It needs to be investigated deeply 
whether NFs are fully transformed into ionic forms in the plant and later incorpo-
rated into proteins and different metabolites or some residue remains intact and is 
transferred to consumers through food chain. The NFs in crop fields may be trans-
ferred to the soil, water, and air by contaminated leachate, runoff due to rain, trans-
port by wind or trophic transfer through harvested organs or agricultural waste, or 
by some other means. NPs are also generated extrasomatically by natural processes 
including volcanism and meteoric dust, weathering, and nucleation and crystalliza-
tion of minerals and by the action of microbes or organic matter in soil and water 
(Nowack and Bucheli 2007; Hochella et al. 2008). Given this, natural soil may have 
NPs of clay, organic matter, and Fe oxides, but their concentration in the ecosystem 
remains insignificant (Vittori et al. 2015). Only the occasional catastrophic events 
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such as volcanic eruptions and perhaps some interactive happenings in the space 
may result in sudden bulk production of NMs (Gabrielli et al. 2004, Tepe and Bau 
2014). The picture of the postharvest phase of the crop also remains blurred, and we 
are little informed about the fate of NFs in terms of their transfer to the environment, 
to different trophic levels, and to the end consumers of the crop, although some 
studies have suggested their transfer to different trophic levels (Zhu et  al. 2010; 
Werlin et al. 2011; Bielmyer-Fraser et al. 2014; De la Torre et al. 2015; Kim et al. 
2016).

Another apprehension regarding our understanding of the NM-plant interaction 
is that our conclusions, often drawn from experiments conducted under controlled 
laboratory conditions normally with low irradiance, temperature control, and 
absence of stresses, may not fit accurately to the natural conditions of open agricul-
tural fields. Plant response to nano-enabled fertilizers under the harsh or less favor-
able field conditions may be markedly different depending on the habitat 
environment, which is modulated often by the plant’s own concentration of NPs, 
dynamic equilibrium based on release and aggregation of ions, degree of irradiance, 
pH level, temperature range, the presence of other metal ions, oxidation-reduction 
potential (ORP), and the amount of organic material present in the soil (Cheloni 
et al. 2016; Mashock et al. 2016; Read et al. 2016). Extreme care must, therefore, be 
taken before concluding about the adverse, neutral, or beneficial effects of NMs at 
the ecosystem scale. Although several NFs are now freely available in the market 
(Table 19.2), major chemical companies still seem to be cautious in launching the 
NF production (Prasad et al. 2017).

Table 19.2 Some common commercial products of nano-fertilizers

Commercial product Composition Manufacturing company

Nano-Gro™ Plant growth regulator and immunity enhancer Agro Nanotechnology 
Corp., FL, United States

Nano Green Extracts of corn, grain, soybeans, potatoes, 
coconut, and palm

Nano Green Sciences, 
Inc., India

Nano-Ag Answer® Microorganisms, sea kelp, and mineral 
electrolyte

Urth Agriculture, CA, 
United States

Biozar 
Nano-Fertilizer

Combination of organic materials, 
micronutrients, and macromolecules

Fanavar Nano- 
Pazhoohesh Markazi 
Company, Iran

Nano Max NPK 
Fertilizer

Multiple organic acids chelated with major 
nutrients, amino acids, organic carbon, organic 
micronutrients/trace elements, vitamins, and 
probiotic

JU Agri Sciences Pvt. 
Ltd, New Delhi, India

Master Nano 
Chitosan Organic 
Fertilizer

Water-soluble liquid chitosan, organic acid and 
salicylic acids, phenolic compounds

Pannaraj Intertrade, 
Thailand

TAG NANO (NPK, 
phos, zinc, cal, etc.) 
fertilizers

Proteino-lacto-gluconate chelated with 
micronutrients, vitamins, probiotics, seaweed 
extracts, humic acid

Tropical Agrosystem 
India (P) Ltd, India

After Prasad et al. (2017)
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19.8  Conclusions

Having gone through the relevant literature, as cited in this chapter too, we have 
reached the conclusions that:

 (a) Most of the studies hitherto published have compared the nutrient-release rate 
of the nano-enabled fertilizers with that of conventional fertilizers but ignored 
the release mechanisms and kinetic models, which are important for determin-
ing the dose and frequency of nutrient supply to meet the crop demand.

 (b) The major objective of developing nano-enabled fertilizers is to improve NUE 
and crop productivity, but most of the published reports have analyzed merely 
the properties of the nano-fertilizers, whereas investigations on NUE and crop 
productivity have been relative few and that too considering diverse criteria for 
assessing these ultimate parameters, making the comparison of the efficacy of 
different formulations too difficult.

 (c) Environmental compatibility and economic feasibility of the nanostructured 
material should be given due attention. These aspects need to be studied even 
for naturally occurring materials such as chitosan and nanoclays.

 (d) Assessment of the potential negative effects of nanocarrier design and nutrient 
encapsulation on crops, consumers, and the environment, though highly essen-
tial, has been unduly ignored in the case of NFs unlike the case of 
nanopesticides.

 (e) Phosphorus concentration can be increased by using the phosphate-solubilizing 
bacteria. On receiving stimuli from the unique signal molecules released by 
plants under nutrient deficiency or stress, stimuli-responsive nanocarriers can 
possibly provide more active and intelligent delivery systems than the normally 
employed diffusion and/or ion-exchange pathways. Release of P can perhaps be 
harmonized with the need of crops by designing nanocarriers that may be 
degraded or dissolved by P deficiency-related enzymes or organic acids.

 (f) NFs are prone to be leached away by irrigation water and can enter direct into 
the food chain when taken up by plants. Therefore, limits of concentration of 
NPs need to be defined. Moreover, stability of NPs in food, their physicochemi-
cal properties, and toxicokinetics in the consumer’s body also merit special 
attention.
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Chapter 20
Weed Control Through Herbicide-Loaded 
Nanoparticles

Amna, Hesham F. Alharby, Khalid Rehman Hakeem, 
and Mohammad Irfan Qureshi

20.1  Introduction

The term ‘weed’ applies to any plant that grows or reproduces aggressively or is 
invasive outside its native habitat (Zimdahl 2007). The term is not based on any 
taxonomical considerations and relates purely to the social status of the plant in a 
given scenario of phytosociology. Therefore, one can see extremely important crops 
and devastating weeds belonging to the same genus or family (Lenser and Theissen 
2013). Economically, weeds are always unwanted because they can cause great 
damages to crop productivity (Fried et al. 2017; Stewart Jr 2017) and ecosystems 
(Pyšek et al. 2017). Weeds can be classified on the basis of their life habits as annual 
or perennial. The annual weeds regrow out of the seeds dropped in the soil or envi-
ronment during the previous seasons, whereas the perennial weeds regrow from 
existing plants, dormant buds, roots, stolons, rhizomes, tubers, etc.

20.2  Impact of Weeds on Agriculture

Many weed species have moved out of their natural geographic ranges and spread 
around the world in tandem with human migrations and commerce. Weed seeds are 
often mixed inadvertently with crop seeds while harvesting. Consecutively, such 
lots of seeds are collected and transported with crop grain to various new geographi-
cal locations, so humans serve as vector of weed seeds transport (Hassan et al. 2005; 
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National Geographic 2011). Ultimately, nations suffer from multiple adverse 
impacts caused by weeds (Fig. 20.1).

Some weed species have been classified as noxious weeds by the government 
authorities, because if left unchecked, they often compete with the native or crop 
plants and/or cause harm to livestock. They are often foreign species accidentally or 
imprudently imported into a region where there are few natural controls to limit 
their population and spread. Some plants that are often considered to be weeds 
include amaranth (pigweed),, bermuda grass, bindweed, broadleaf plantain, bur-
dock, common lambsquarters, creeping charlie, dandelion, goldenrod, Japanese 
knotweed, kudzu, leafy spurge, milk thistle, Parthenium, poison ivy, ragweed, sor-
rel, striga, St John’s wort, sumac, tree of heaven, wild carrot, wood sorrel and yel-
low nutsedge, among others. Many invasive weeds were introduced deliberately in 
the first place and may have not been considered nuisances at that point of time 
(Smith 1995; Randall 2017).

20.3  Destructions Caused by Weeds

Weeds are naturally adapted to survive to a higher degree. They are called ‘pioneer’ 
plants, as they are the first to establish themselves even in very harsh conditions. 
Their seeds are especially adapted to survive and spread through unique mecha-
nisms. For instance, many weed seeds have small ‘hooks’ which may penetrate 
animals’ skin and cannot be removed easily. As the animal moves along, the seed 
penetrates deeper and deeper into the skin and often injures the flesh also. This also 
proves damaging to wool business, as the presence of seeds in the wool decreases 
its value (Sinden et al. 2004). Weeds have a negative impact on bottom line of the 
farming business; but growers often don’t have enough knowledge about how much 
the weeds affect yields and quality of crops.

Fig. 20.1 Impact of weeds 
on various attributes of a 
social system
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20.3.1  Competition with Crop Plants

Plants are always in competition with one another. The competition can be for light, 
water, nutrients and growing space. Competition for light is the first factor that 
influences the growth of young plants. In most cases weeds grow faster than com-
mercial crops (Patterson 1995; Swanton et al. 2015; Gharde et al. 2018). As a result, 
weeds overshadow the commercial crop reducing the amount of photosynthetic 
active radiation (PAR) required by crop plants to grow and develop (Kropff and 
Spitter 1990). In dry land conditions, where means of irrigation are not available 
and the farmers rely on rain, plants compete for available water. Since most weeds 
are well adapted, they grow faster and develop fast-spreading root systems that are 
efficient in absorbing water and nutrients. The input of fertilizers, a source of nutri-
tion, is thus consumed by unwanted plants. It results in high production cost; unin-
tentional adulteration of grains, vegetables and other economically important plants; 
transport of allergens to consumers; and so on (Patterson 1995; Baysinger and Sims 
1991).

Allelopathic compounds are chemicals that are excreted by plant roots or leaves 
in order to protect that plant from other neighbouring plant species that might reduce 
its chance of survival (Kunz et al. 2016). Most plants that are highly competitive 
have allelopathic compounds that influence other plants’ growth negatively (Ahmed 
et al. 2018). For this reason also, weeds can have a significant effect on field crops. 
Contamination of weeds into agricultural lands leads to enormous enhancement of 
production costs, as the farmers have to manage additional activities, such as man-
ual removal of weeds during growth season, application of chemicals, supply of 
additional fertilizers to meet out doses lost in competition to weeds and mulching, 
etc., in order to control weeds in the field.

20.3.2  Toxicity of Weeds

Depending on the sensitivity of humans and animals, a weed could be a dermal and/
or respiratory allergen, neurotoxic, digestion-disruptive and sometimes even life- 
threatening. Some plants can cause serious problems throughout the year, while 
others exert poisonous effects only during certain specific periods in the year. Many 
a times, pollens have been reported to cause health hazards to both human and ani-
mals (Bajwa et al. 2016; Ahmed et al. 2018; Pablos et al. 2017). Seeds of Senecio 
can prove fatal if not removed from wheat before milling. The weeds known to 
cause harm to human and animal health include Lantana camara, Nerium oleander, 
Hypericum perforatum, Tribulus terrestris, Fagopyrum esculentum, Trifolium spp., 
Medicago denticulata, Panicum schinzii, Crotalaria burkeana, Cotyledon orbicu-
lata, Homeria spp., Moraea spp., Pachystigma pygmaeum, P. thamnus, Tribulus 
terrestris, Lolium temulentum (carrying the fungus Endoconidium temulentum), 
Parthenium hysterophorus, etc. A number of medical cases are reported throughout 
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the world due to exposure to weed and weed-associated products (Mack and Smith 
2011; Mazza et al. 2014).

Grain crops are harvested when moisture of the plant material is at its lowest. 
The low water content ensures that grains can be stored for a long period. If weeds 
are mixed with dry grains, the high water content of weeds may cause fermentation 
in the grain storage facilities, causing high storage losses. Certain weeds, e.g. 
Cleome viscosa, when eaten by milking cattle, impart an undesirable flavour to 
milk. Similarly, Tribulus terrestris seeds get attached to the body of the sheep and 
impair the quality of wool. If seeds of weeds get mixed with the grains of the main 
crops, like cereals and pulses, it lowers the quality of the produce.

Water reservoirs such as dams, water tanks and rivers are susceptible to many 
weeds. Such places receive seeds of weeds through birds, bats or winds. Growth of 
weeds at such places has numerous disadvantages, such as increased water evapora-
tion through leaves of weeds, water contamination causing undesirable taste and/or 
smell and oxygen scarcity for fish if present in the water body, among others 
(Pípalová 2006).

20.4  Weed Management and Controlling Methods

Weed management strategies (Fig. 20.2) encompass preventive as well as control 
methods. The preventive methods include all such measures through which the 
introduction of weeds into crop fields could be avoided, whereas the control meth-
ods include ways of destruction and eradication of weeds after they have come up 
in the crop field.

Fig. 20.2 Various 
conventional methods used 
to control weeds in a 
cropping system
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20.5  Preventive Measures

Since weeds multiply at a much faster rate and are hardier than crop plants, they 
always win over crops, if allowed to establish in the field. Furthermore, it is difficult 
and costly to eradicate them. The potential preventive measures are (i) using clean 
seeds which are free from weed seeds; (ii) using well-decomposed dung or com-
post; and (iii) sanitizing fields of weed seeds before seeding the crops. By adopting 
various methods of weed prevention (Smith 1995; Smith et al. 2005; McDougall 
et al. 2011; Rao et al. 2017), the losses could be minimized.

20.6  Weed Control Methods

These methods, classified as mechanical methods, cropping or cultural methods, 
biological methods and chemicals methods, have different merits as shown in 
Fig. 20.3.

Fig. 20.3 A comparative account of technologies used to control weeds
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The most common mechanical methods are hand pulling, hand weeding, burn-
ing, flooding, ploughing, harrowing, etc. Pulling weeds by hand or with the help of 
sickle is the oldest and most efficient method. Weeds can be easily uprooted after a 
good soaking irrigation or rain. However, this method is labour-intensive besides 
being costly and time-consuming (Walsh et  al. 2013; Walsh and Powels 2014; 
Broster et al. 2013).

Wise cropping/culture methods include proper crop rotations so that neither 
annual nor perennial weeds have a free growth. Inter-tilled crops like cotton and 
crops like potato and groundnut, which necessarily require digging of soil, help in 
reducing the infestation of weeds. Growing crops, like sunn hemp, that have a very 
vigorous and leafy growth helps in smothering the weeds. A suitable combination 
of mechanical methods and crop rotation is very effective in controlling weeds 
(Darmency et al. 2017; Lowry and Smith 2018).

Under biological approach, the plant or animal enemies of weeds may be used 
for their control or eradication. The most notable example is the control of prickly 
pear by using the cochineal insects. Likewise, Kans grass is controlled by growing 
basket grass, the roots of which are supposed to excrete substances inhibitory to 
Kans. Biological control of weeds also includes the use of plant pathogens, nema-
todes, parasitic plants and other organisms. Parthenium can be controlled using 
beetles. Biological methods prove to be highly efficient and economical, provided 
the right type of predators, which may not feed upon cultivated crop even under 
starvation conditions, are selected and introduced (Winston et al. 2014).

Any chemical substance of biological or synthetic origin, which can kill plants 
or inhibit their growth, is known as herbicide, and its application is called chemical 
method of weed control. Selective herbicides damage the specific weed species 
while leaving the desired crop relatively unharmed, while non-selective herbicides 
(also called total weed killers in commercial products) can be used to clear the 
waste ground, industrial and construction sites, railways and railway embankments, 
as they kill all plant material with which they come into contact (Zimdahl 2007). 
Other factors that are taken into consideration while choosing a herbicide com-
pound include their persistence, i.e. how long the product stays in place and remains 
active (also known as residual action), means of uptake (whether it is absorbed by 
foliage only, through roots or by other means) and mechanism of action. Products 
such as common salt and other metal salts have been used as herbicides in the past, 
but these have gradually fallen out of favour, and in some countries many of these 
are banned due to concerns for their persistence in the soil, toxicity and groundwa-
ter contamination (Guzzella et al. 2006; Noshadi and Homaee 2018).

Modernherbicides are often synthetic mimics of natural plant hormones, which 
interfere with growth of the target plants. The term organic herbicide has come to 
mean herbicides intended for organic farming. Some plants, such as the genus 
Juglans (walnuts) or the tree of heaven, also produce their own natural herbicides. 
Such action of natural herbicides, and other related chemical interactions, is called 
allelopathy. Due to herbicide resistance, a major concern in agriculture, a number of 
products combine herbicides with different modes of action. Integrated pest man-
agement may use herbicides along with pest control methods. In the United States 
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in 2007, about 83% of all herbicide usage, determined by weight applied, was in 
agriculture. The world pesticide expenditures in that year totalled about $39.4 bil-
lion; herbicides constituted about 40% of those sales, followed by insecticides, fun-
gicides and other types. Smaller quantities are used in forestry and pasture systems 
and for the management of areas earmarked as the wildlife habitat.

Herbicides are applied to crops in various ways, e.g. (a) pre-sowing treatment, 
wherein the soil is treated with herbicide before sowing or planting of the crop; (b) 
pre-emergence treatment, which involves herbicide application after sowing or 
planting of the crop but before the emergence of the crop; (c) post-emergence treat-
ment in which herbicide is applied after full emergence of crop plants; (d) directed 
application, which comprises of spray of non-selective herbicides over the space left 
between the rows in wide-spaced-row crops, without treating the crop foliage or 
crop shoots; and (e) band application, wherein herbicides are sprayed only over the 
crop rows, and the interrow spaces are left unsprayed. In the case of expensive her-
bicides, normally soil-treating mode of application is preferred.

Herbicides are an integral component of most crop management systems. 
However, although weeds are targeted by herbicides application, sometimes herbi-
cide sprays hugely affect the yields of food crops, which may transfer toxicity to 
consumers. Further, no single management system effectively controls all the weed 
species (Smith 1995; Owen 2016). Any shift in the selection of suitable herbicide 
might result into the growth of other weeds, which are less sensitive to the herbicide 
used. Certain herbicides produce long residual effect and hence limit the choice of 
next crop in the rotation. Herbicide drifts may harm the neighbouring crops, e.g. 
ester form of 2,4-D may harm the neighbouring crop of cotton, soybean, okra, etc. 
Besides, the use of herbicides may cause environmental pollution. All these limita-
tions of herbicides in use compelled scientists to look for better alternatives for 
effectively eradicating weeds with no or negligible harm to cultivated crops, and 
this has culminated into the development of nanoherbicides (Yadav et al. 2015).

20.7  Nanoherbicidal Approach for Weed Control

Nanotechnology has shown potential for efficient delivery of chemical and biologi-
cal pesticides using nanosized preparations or nanomaterial-based agrochemical 
formulations (Kothari and Wani 2019). Herbicides are loaded on nanomaterials 
(NMs) to facilitate the higher bioavailability and thus ensure better eradication of 
weeds. For producing the NM, which could load and deliver an impressive amount 
of herbicide to seeds of herbs in the soil during the non-crop stage or into the live 
plants (Abgail and Chidambaram 2017), a perfect match between nanostructure and 
herbicide molecules has to be worked out.

The active ingredient is adsorbed, attached, encapsulated or entrapped unto or 
into the nano-matrix. Controlled release of the active ingredient is achieved due to 
slow-release characteristics of NMs, bonding of the ingredients to the material and 
the environmental conditions. The benefits of NM-based formulations are the 
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improvement of efficacy due to higher surface area, higher solubility, higher mobil-
ity and lower toxicity due to elimination of organic solvents.

A nanoherbicide consists of either minute particles of active ingredients of her-
bicide or other minutely engineered structures possessing herbicidal properties. 
Nanoherbicides can be a cause to enhance wettability and dispersion of agricultural 
formulations, hence the restricted movement of herbicide to other areas. Bio- 
composites and nanomaterials possess useful properties (thermal stability, stiffness, 
permeability, solubility, crystallity and biodegradability) needed for formulating 
nanoherbicides. Nanoherbicides also offer large specific surface area and hence 
increased affinity to the target. Nanoemulsions, nanoencapsules, nanocontainers 
and nanocages are some of the nanoherbicide delivery techniques capable of con-
trolling or delaying the delivery (Roy et al. 2013; Khatem et al. 2016). The current 
constraints due to droplet size may be overcome by using NM-encapsulated or 
nanosized herbicides that will contribute to efficient spraying and reduction of spray 
drift and splash losses.

Basically, nanoformulations should possess the ability to degrade faster within 
the soil and at a slow rate within the plants that have the residue level below the 
criteria necessary for regulation in food stuff. Sodium dodecyl sulphate (SDS) is 
utilized to enhance the photodegradation of nanoparticles (NPs) in the soil. The 
SDS-modified Ag/TiO2 imidacloprid nanoformulation has been developed by a 
microencapsulation technique that used chitosan and alginate (Baker et al. 2017). 
Many other nanomaterials could also be tried for safer development of nanoherbi-
cides as, for instance, polymer stabilizers such as polyvinylpyrrolidone (PVP), 
polyvinyl alcohol (PVOH) and poly(acrylic acid)-b-poly(butyacrylate (PAA-b- 
PBA) have been tried for synthesizing bifenthrin, a stable nanopesticide (Maarouf 
et al. 2016).

Nanoherbicide in 1–100 nm range will try to mingle with the soil particles and 
destroy weed seeds and weeds via their roots. Herbicides like atrazine and triazine 
could be encapsulated to get efficient release to the plants. NPs of poly(epsilon- 
caprolactone) containing the herbicide atrazine were prepared, characterized and 
evaluated in terms of their herbicidal activity and genotoxicity (Pereira et al. 2014). 
Most of the herbicides available in the market are designed in such a way that either 
they kill or control the above-ground part of the weed plants; none of them inhibits 
the activity of viable underground plant parts like rhizomes or tubers, which act as 
a source for new weeds in the following season (Ali et al. 2014; Dashora and Kanika 
2018).

Developing a target-specific molecule of herbicide encapsulated along with 
nanoparticle is aimed for specific receptor in the roots of target weeds, which pen-
etrates into the roots system of the weeds and reaches the parts that inhibit  glycolysis 
of food reserves in the root system, thus causing the specific weed plant to starve 
due to lack of food and ultimately get killed (Hess 2018). Detoxification of weed 
residues is necessary, because excessive use of herbicides for long periods of time 
leaves the residues in the soil and causes damage to succeeding crops (Chinnamuthu 
and Boopathi 2009). Also, a continuous use of the same herbicide for long durations 
renders the weed resistant to that particular herbicide. Up to 88% detoxification of 

Amna et al.



515

atrazine herbicide by the carboxy methyl cellulose (CMC) NPs is on record 
(Satapanajaru et al. 2008).

The easiest way to eliminate weeds is to destroy their seed banks in the soil and 
prevent them from germinating when weather and soil conditions become favour-
able for their growth (Buhler 1997). Being very small, nanoherbicides will be able 
to blend with the soil, eradicate weeds in an eco-friendly way without leaving any 
toxic residues and prevent the growth of weed species that have become resistant to 
conventional herbicides. Weeds survive and spread through underground structures 
such as tubers and deep roots. Ploughing infects fields while removing weeds by 
hand can make these unwanted plants spread to uninfected areas (Prasad et  al. 
2014). Each weed plant produces thousands of seeds every growing season. In some 
cases, the buried seeds can sprout even after 20 years. Frequent tilling of the soil can 
multiply weeds that spread through root fragments.

20.8  Synthesis of Nanoparticles

The major components required for synthesis of nanoherbicides are the appropriate 
nanomaterial and effective herbicide. Crop protection companies have started man-
ufacturing products composed of particles of active ingredients in the nanoscale 
range (1–100 nm). This size is 2000 to 50,000 times smaller than the size of parti-
cles used in the conventional crop protection products. For example, a nanoherbi-
cide contains many trillions of particles of active ingredient per litre. The extra 
surface area that is formed by reducing the size of the particle boosts potency, accel-
erates uptake by the plant, increases solubility in the spray tank and reduces or even 
eliminates the risk of settling and separation (Manceau et al. 2008; Zaseybida and 
Wilkes 2016). In addition, nanotechnology is spawning a variety of breakthrough 
products such as herbicide sensors that can dramatically reduce the amount and 
toxicity of the products used.

Nanoparticles are synthesized using well-designed systematic methods, which 
start from grinding the crop protection products down to a couple of microns in a 
single pass through a large disk mill (300 or 500 litre machine). The method used 
by most manufacturers of such products to develop NPs is through the comminution 
of larger, coarse particles, which is referred to as the dispersion or top-down method 
(Mukhopadhyay 2014). Wet comminution with a media mill with high energy den-
sity is used to bring bigger particles down to submicron particle size, preferably 
using the popular NP-manufacturing method called media milling or grinding. For 
example, stirred media mills are used by ceramic manufacturers, lithium ion battery 
manufacturers and electronic component manufacturers to bring particle size down. 
Nanogrinding with a stirred media mill is suitable in particle size reduction, equip-
ment scalability and cost-effectiveness (Hill 2010).

With rapid advancements of stirred media mills, the agitator design becomes a 
key factor. Rapidly agitating the beads with the pins or pegs on the agitator shaft 
creates grinding and dispersion. For effective results, it is important to maintain a 
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uniform compression throughout the chamber’s length. This process is used to 
achieve higher efficiency in particle size reduction by utilizing complete media 
charge and mill capacity. It is important to keep particles free from external con-
tamination during the milling process. The equipment used in metal grinding can 
slough off metal particles, thus causing accidental contamination, leading to a poor- 
quality agrochemical. To exclude this probability, ceramic mills can be used which 
are free of metal-grinding shafts and chambers and ensure that the coatings are not 
compromised.

20.9  Nanoscale Carriers in Plant Protection

The potential of nanotechnology to create crop protection products with revolution-
ary properties is prompting many of the world’s largest chemical companies such as 
Syngenta Crop Protection, BASF and Bayer CropScience to speed up their com-
mercial development. Also, DuPont Crop Protection has provided expertise and 
support for the US National Nanotechnology Initiative, a 10-year $12 billion 
research program to date (Clunan and Rodine-Hardy 2014). These companies have 
been testing the performance of crop protection products containing particles of 
conventional size that can be boosted simply by adding a catalyst-containing 
nanoscale particles. BASF and Embrapa, the Brazilian Agricultural Research 
Cooperation, jointly developed herbicide-tolerant soybeans that were green-lighted 
by the Brazilian Biosafety Technical Commission also known as CTNBio. BASF 
and Embrapa launched the new production system with the brand name Cultivance 
to Brazilian farmers. They are also seeking necessary approvals to introduce this 
technology in key export markets, such as the United States and China (Hill 2010; 
Agostinetto et al. 2018).

The Cultivance Production System’s herbicide-tolerant soybean varieties along 
with BASF’s broad-spectrum’s imidazolinone class of herbicides have been tai-
lored, using nano techniques, to suit regional conditions (www.basf.com). Cultivance 
herbicides are designed for post-emergence applications that help cultivators con-
trol weeds during the first few weeks of crop growth. Cultivators get a season-long 
control of both broadleaf and grass weeds, including those difficult to control with 
just a one-time application. Fewer herbicide applications per hectare will reduce the 
use of machinery and labour, reducing costs for cultivators as well as diminishing 
the release of CO2 into the surroundings (Janak and Grichar 2016).

For the last several years, crop protection research has been focusing more on 
ways to use nanotechnology to attack a weed’s seed coating and prevent them from 
germinating. This approach destroys the weed even when it is buried in the soil and 
prevents it from growing in even the most favourable conditions (Melander et al. 
2017). Due to the small proportions of the nanoscale herbicides, they can easily 
blend with the soil and attack seeds that are buried below the reach of tillers and 
conventional herbicides. This also allows growers to prevent the spread of weeds 
that will multiply through stem cuttings from tilling.
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20.10  Mode and Mechanism of Nanoherbicide Action

Some of the common herbicides have been discussed ahead for their mode of action 
(Song 2014). Modern herbicides generally inhibit the activity of enzymes/proteins 
in the cell and, consequently, trigger a series of events that kill or inhibit the devel-
opment of the cell or the organism (Vats 2015). The phytotoxic action of any herbi-
cide can be separated into two phases: the mechanism of action and the mode of 
action. Mechanism of action is understood as the biochemical or biophysical pro-
cess in the cellular interior to be inhibited by the herbicidal activity, including the 
one at the molecular levels. This initial process may be sufficient to kill sensitive 
plants, but normally several other chemical reactions or processes are also needed 
to kill the plant. Mode of herbicide action is targeting the weeds at functional, mor-
phological or anatomical aspects. In fact, it is the outcome of mechanism of herbi-
cide at molecular level.

Some examples can make this mode of action clear to understand. The herbicide 
bispyribac-sodium, belonging to the chemical group pyrimidil carboxy, is used for 
the post-emergence control of grasses, Cyperaceae and some dicotyledons (Rodrigues 
and de Almeida 1998). It acts like the ALS inhibitors, which inhibit the enzyme 
acetolactate synthase (ALS), also called acetohydroxyacid synthase (AHAS). ALS is 
the first enzyme in the route of synthesis of branched chain amino acids called valine, 
leucine and isoleucine. The ALS and three other enzymes are common to two meta-
bolic routes that occur in plastids of young plant tissues and produce three amino 
acids. In the route that produces valine and leucine, ALS catalyses the reaction of two 
molecules of pyruvate to form acetolactate, the precursor of these amino acids. It also 
catalyses the reaction between pyruvate and ketobutyrate to produce acetohydroxy-
butyrate, the isoleucine precursor. ALS requires flavin adenine dinucleotide (FAD), 
thiamine pyrophosphate (TPP) and Mg+2 or Mn+2 to be activated.

Herbicides can start to inhibit the growth of weeds within a few hours of their 
application, long before there are effects on other processes, such as photosynthetic 
reactions, aerobic respiration or synthesis of RNA or proteins. Studies have shown 
that the herbicide rapidly blocks the cell cycle from G2 to mitosis and from G1 to 
DNA synthesis. Although there is no direct effect on the mitotic apparatus, there 
may be a regulatory function over the control of cell division (Hess 2018). A pos-
sible effect of inhibition of ALS by herbicides is the accumulation of the substrate 
of this enzyme, ketobutyrate (Brown 1990).

Another herbicide clomazone belonging to the chemical group isoxazolidinones 
is indicated for the pre-emergence control of mono- and dicotyledons and can be 
applied in the rice crop soon after the onset of emergence (Silva et al. 2017). This 
herbicide acts by inhibiting the synthesis of carotenoids. Initially it was thought that 
the primary site of action of clomazone was early enzymatic synthesis of carot-
enoids, such as isopentenyl pyrophosphate isomerase and prenyltransferase, the 
enzymes responsible for the elongation of the carotenoid chain to 10, 15 or 20 car-
bons, with subsequent generation of oxidative stress, which destroys the membranes 
of the cells, thus causing plants to die. After several works, it has been demonstrated 
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that these enzymes are not inhibited by clomazone, leaving the possibility that a 
clomazone metabolite produced in vivo is the true inhibitor or that the site of inhibi-
tion is outside the carotenoid biosynthesis route (Mueller et al. 2000). It is possible 
that some of these metabolites are converted to toxic form in plants (Devine et al. 
1993; Kańa et al. 2004).

Quinclorac herbicide, belonging to the chemical group quinolines, indicated for 
the post-emergence control of mono- and dicotyledons, acts as an inhibitor of cell 
wall synthesis. In fact, there are three hypotheses regarding the mechanism of action 
of this compound: (1) mechanism similar to auxin mimics (growth regulators); (2) 
stimulation of ethylene synthesis with co-production of cyanide, which blocks the 
transport of electrons to reduce oxygen; and (3) inhibition of cell wall synthesis. 
Auxins are plant growth regulators that interfere with cell elongation growth inhibi-
tion (Fig. 20.4, Grossmann 2000).

Auxins control the activity of genes through a sequence of events. Initially, aux-
ins activate receptor proteins present in the cell membrane. These receptors send 
secondary messengers that will cause two types of effect in the plant cell: rapid 
response effects and long-term effects (Grossmann 2000). Soon after the applica-
tion of auxins, there is accumulation of calcium in the cytoplasm, stimulation of 
ethylene production and acidification of the cell wall. Ethylene promotes the forma-
tion of cellulase that degrades cellulose in the cell wall, leading to cell elongation. 

Fig. 20.4 Proposed model of the mode of action of auxin herbicides and the phytohormone 
indole-3-acetic acid (IAA) at high concentrations, which induce growth inhibition and senescence 
in dicot plant species. (Modified and adopted with permission, from Grossmann 2000)
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In the long run, calcium activates the calmodulin protein, which in turn activates key 
regulating enzymes responsible for the metabolism of various cell components 
(Voxeur and Höfte 2016). Much of the symptoms observed after the application of 
auxins are caused by the action of ethylene. Twisting of stem and petioles, wilting, 
chlorosis and leaf fall are secondary effects, leading ultimately to death of sensitive 
plants. Propanil, belonging to the chemical group of chloroaniline derivatives, used 
to control monocot and dicot weeds, works by acting as photosynthetic inhibitor. 
The photosynthesis is inhibited by inhibition of ATP-synthase, flow of electrons and 
phosphate transport into the cell and chloroplast. Propanil also inhibits RNA and 
protein synthesis (Gealy et al. 2003). Symptoms of chlorosis occur a few days after 
treatment, followed by desiccation, foliar necrosis and death of plants.

20.11  Nanoherbicides Metabolism: Transport 
of the Metabolites

Herbicides affect a wide range of metabolism in plants involved in multiple pro-
cesses (Fig. 20.5). Most techniques used for the study of absorption and transloca-
tion are based on using radiolabelled herbicide. This helps in tracing the movement 
of the herbicide through the plant as long as there is a radioactivity detector-type 
phosphorimager, although the latter does not give any information about the metab-
olite transport (Rojano-Delgado et  al. 2012; Fernandez et  al. 2015). Glufosinate 
hardly translocates, and, if it does, it takes a small proportion only, whereas ima-
zamox is a systemic herbicide with a high translocation speed (Bukun et al. 2012; 
Busi et  al. 2017). It was observed in two cultivars of Triticum aestivum with 
Clearfield technology (Rojano-Delgado et  al. 2014) that the susceptible cultivar, 
which is unable to metabolize the herbicide, translocates imazamox from leaves to 
roots throughout the experiment, showing that translocation of imazamox occurs 
throughout the plant. On the contrary, in the resistant cultivar, the metabolites are 
the compounds translocated to roots, proportionally to dose and time. Some closely 
related cultivars exhibit differential response to a herbicide, which might be due to 
differential metabolism at target sites (Maroli et al. 2016). Nanoherbicides can be 
taken up both by foliar and root absorption, depending on the application method, 
and then can exert their phytotoxic effect near the point of entry or be translocated 
throughout the plant. Foliar uptake is typical for foliar herbicide (post-emergence) 
applications, whereas root absorption is mostly observed in soil-applied herbicides 
(Fig. 20.5). A mixture of these mechanisms is also observed in multiple herbicides. 
The achievement of foliar herbicide absorption is not an easy task. This is because, 
in contrast to root absorption, foliar uptake involves absorption of the herbicide by 
the plant parts not specifically designed to do so. Once deposited on the leaf surface, 
the active ingredients have to cross multiple barriers, such as the epicuticular waxes 
and leaf cuticle at the leaf surface before they reach the apoplast and finally pene-
trate the plant cells (Devine et al. 1993). Alternatively, the herbicide would penetrate 
through the stomata and reach the mesophyll cells (Eichert and Burkhardt 2001).
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These events are governed by external parameters, such as the chemical and 
physical properties of the herbicide or the external environment, as well as by inter-
nal parameters such as the physiological nature of the leaf surface. While external 
parameters are not a source of (heritable) herbicide resistance, internal parameters 
are. The leaf cuticle is a thin biological layer covering the aerial parts of most plants, 
and its function is to prevent uncontrolled water loss through transpiration (Nawrath 
2002). Some cuticles contain suberin, a shikimate-derived combination of cutin-like 
aliphatic polymers and aromatic moieties. Interestingly, while cutin and suberin are 
partly hydrophilic, the epicuticular waxes that form the outer surface of the cuticle 
are hydrophobic (Reiderer 2006). This means that the plant cuticle does not act as a 
homogeneous layer in terms of hydrophobicity because it becomes more ‘water- 
friendly’ deeper into the layer (Devine et al. 1993). Despite this lipophilic gradient, 
cuticles are considered to be lipophilic membranes (Nawrath 2006), so the resis-
tance of the cuticle against the penetration of polar solutes is high. Thus, non-polar 

Fig. 20.5 Movement and impact of nanoherbicides in the plant system (Reproduced with permis-
sion; from Pérez-de-Luque 2017)
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herbicide penetration is usually described following a solution-diffusion model 
(Riederer and Friedmann 2006).

Therefore, the ability of an herbicide to penetrate plant cuticles is proportional to 
the solubility and mobility of the herbicide through the cuticle (Schreiber 2005, 
2006). This means that changes in cuticle composition may change herbicide sus-
ceptibility. This additional pathway, generally called ‘aqueous pores’ (Schönherr 
2006), is supposed to be formed by adsorption of molecules of water via polar ele-
ments within the cuticular membrane and pectic cell wall (Schreiber 2005). The 
‘aqueous pores’ pathway may involve lower size selectivity, compared with the 
lipophilic path. Aqueous pores should provide an additional penetration pathway 
exclusively available for water soluble, polar herbicides, whereas lipophilic herbi-
cides should exclusively penetrate via the lipophilic pathway, i.e., by solution and 
diffusion into the cuticular matrix (Schönherr 2006). Open stomata also provide 
herbicides a fast way to reach leaf mesophyll cells, provided the spraying solution 
surface tension is below 30 mN m−2 of surface energy (Devine et al. 1993). The 
activated stomata are distinct from the inactive stomata based on wettability of the 
cuticle surrounding the guard cells (Eichert and Burkhardt 2001). This wettability 
depends on the presence or absence and the nature of the hygroscopic elements 
found on the surface of stomatal pores (Eichert et al. 2008).

It is often surprising to non-plant physiologists that roots are quite impermeable 
to water. In fact, roots account for two watertight barriers for the avoidance of water 
and solutes running down and out the plant once absorbed. One is an external suber-
ized layer (the exodermis) that covers all but the active growing meristematic tis-
sues. The other is the Casparian strip, another suberized layer located at the root 
endodermis. Herbicide absorption in roots mostly occurs through the root tips and 
root hairs, the same locations where solute absorption occurs and both the outer 
exodermis and the inner Casparian strip are not fully developed. However, the role 
of the later layer is not clear, as it appears to be a watertight but not ‘solute-tight’ 
barrier. Herbicide uptake into the roots is a result of the combination of a dual-step 
process: a rapid and perhaps apoplastic initial entry, mostly due to non-metabolic 
processes such as bulk water flow and herbicide diffusion along concentration gra-
dients, is followed by a slower phase of entry and accumulation associated with 
metabolic activity. Whether water transpiration (together with water mass flow) is 
related to herbicide absorption is another controversy, with several studies either 
supporting (Araldi et al. 2011) or opposing the hypothesis.

20.12  Nanoherbicide Translocation

While nanoherbicide absorption can be considered as a short-range transport, herbi-
cide translocation is a long-range delivery that requires two transport systems to be 
present in plants: the phloem and xylem vascular systems. Translocation is a desir-
able attribute because it allows the herbicide to reach both treated and untreated 
parts of the plant. The movement of water, sugars and other compounds such as 
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amino acids and inorganic ions through the phloem is due to the active loading of 
sugars into sieve elements of the phloem by companion cells. The high concentra-
tion of sugars in the phloem causes the water potential in the tissue to drop, so water 
comes from the xylem and creates a pressure gradient that pushes the water from the 
source leaves to the sink organs in a two-osmometers-connected model (Henton 
et al. 2002; Kizilova 2008). Solutes enter the sieve elements via both the apoplast 
and symplast. The symplastic system implies the passage of solutes from one cell 
cytoplasm to another through cell channels, the plasmodesmata (Bel 2018), while 
the apoplastic system is constituted by the continuum of cell walls of adjacent cells, 
as well as by the extracellular spaces out of the plasmalemma. Thus, the apoplastic 
system involves the active pumping of sugars first out of the mesophyll photosyn-
thetic cells and then into the companion cells through a H+-sucrose co-transport 
mechanism that uses highly specific channels and is driven by the proton-motive 
force, generated by an H+-ATPase pump.

Homeostasis within the cell is maintained by cell membranes, so much of the inter-
nal regulation can be attributed to both the permeability of the phospholipidic layers 
and these membrane-bound proteins acting as channels, carriers and pumps. In these 
terms, herbicides can move through the plasmalemma either by simple diffusion due 
to a concentration gradient or by a more specific transport mechanism, using suitable 
membrane channels and carriers. Regarding the putative existence of carrier-medi-
ated, energy-requiring herbicide transport through the cell membrane, facts such as 
the positive effect of metabolic inhibitors on transport inhibition or the existence of 
saturable uptake kinetics in some herbicides support this hypothesis. However, herbi-
cide diffusion appears to be the most important mechanism of transport, at least in the 
lipophilic fast-penetrant herbicides (Balke and Price 1988; Hess 2018).

20.13  Market of Nanoherbicides and Future Prospects

There is no accurate data available on the market share of nanoherbicides, as it is a 
latest technology which is still evolving. However, some reports on crop protection 
chemicals have been published in the recent past. According to recent report pub-
lished in 2016, the total market for crop protection chemicals is estimated at $54.88 
billion in the year 2016 (www.marketandmarket.com). It is projected to grow at a 
compound annual growth rate (CAGR) of 5.15% from 2016 and reach $70.57 bil-
lion by 2021, with herbicides occupying the largest market share (44.2%), followed 
by insecticides and fungicides.

The biopesticide is expected to become the fastest-growing category of products. 
According to the report ‘Herbicides Market by Type (Glyphosate, 2, 4-D, Diquat), 
Crop Type (Cereals & Grains, Oilseeds & Pulses, Fruits & Vegetables), Mode of 
Action (Non-selective, Selective), and Region - Global Forecast to 2022’, the global 
herbicides market has reached around USD 27.21 billion in 2016 and is expected to 
reach around USD 39.15 billion by 2022, at a compound annual growth rate (CAGR) 
of 6.25% during the period of forecasting. The market is driven by factors such as 
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adoption of better farming practices and rise in production of cereals and grains, 
especially in the Asia-Pacific region. During this period, a significant trend involves 
a gradual transformation from using selective herbicide to non-selective herbicide. 
With a CAGR of 5.69%, glyphosate segment is assumed to grow during this period. 
Among the various types of herbicides, bio-herbicide is thought to grow with the 
fastest growth rate of around 23.5% CAGR.

In 2016, Asia-Pacific and Latin America were the top consumers of herbicides 
which accounted for more than half of the market share. North American market has 
reached a saturated phase due to which the growth rate is slow, while Asia-Pacific is 
expected to experience the fastest growth rate in the market. Increasing demand 
from end applications will drive demand for glyphosate-based herbicides. Countries 
such as the USA, Japan, China and Taiwan are leading consumers in terms of per 
capita usage of pesticide market as compared to low-consumption countries such as 
Greece, India and others.

South America dominated the herbicides market in 2015 due to the emergence of 
the South American countries (Brazil and Argentina in particular) as the agricultural 
hubs, growing above the global growth average. Additionally, the regulatory frame-
work in South America is less stringent as compared to North America and Europe. 
The Pesticide Action Network (South America) handles regulatory control in the 
region. The herbicide products can be registered with minimum resistance from regu-
latory agencies in the South American region. The key companies profiled are BASF 
SE (Germany), E.I. du Pont de Nemours & Company (USA), The Dow Chemical 
Company (USA), Monsanto Company (USA), Syngenta AG (Switzerland), Platform 
Specialty Products Corporation (USA), FMC Corporation (USA), Nufarm Ltd. 
(Australia), Nissan Chemical Industries Ltd. (Japan) and Drexel Chemical Co. (USA).

In conclusion, nanoherbicides are an ‘efficient form’ of herbicides, which are 
required in low amounts with high bioavailability to the weeds. The worldwide 
campaigns emphasize on greener, safer and eco-friendly approaches even to eradi-
cate weeds. In addition, development of nanosensors might play an effective role in 
controlling weeds and making food products safer for consumption. The nanosen-
sors will indicate whether the food products obtained from nanoherbicide-applied 
fields are free from herbicidal residue and safe for consumption. New methods for 
analysis need to be developed for detection and validation and to access the effects 
of nanomaterials/nanofoods in the entire ecosystem. Improvement of databanks and 
international collaborations for idea, policy and regulation for manipulation of such 
knowledge are the need of the hour. The authorities concerned should provide trans-
parent roadmaps and guidelines for reducing the risks associated with nanotechno-
logical products.
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Chapter 21
Impact of Fabricated Nanoparticles 
on the Rhizospheric Microorganisms 
and Soil Environment

Mokula Mohammed Raffi and Azamal Husen

21.1  Introduction

Nanoparticles (NPs) can be defined as objects ranging in size from 1 to 100 nm that 
due to their size may differ from the bulk material. NPs are broadly classified into 
three classes: (i) one-dimensional NPs, i.e., thin films or monolayers that have a 
common use in the field of solar cells; (ii) two-dimensional NPs, i.e., carbon nano-
tubes; and (iii) three-dimensional NPs, i.e., dendrimers, quantum dots, and fuller-
enes (Carbon 60) (Bhatia 2016). The available literature indicates that the most 
studied NPs are Ag, Au, TiO2, and ZnO, whereas the least studied NPs include 
Al2O3, CeO2, quantum dots, SiO2, and SnO2. Currently, a variety of metallic nano-
materials are being produced using copper, zinc, titanium, magnesium, gold, algi-
nate, and silver. NPs are being used for diverse purposes such as medical treatments, 
production of solar and oxide fuel batteries for energy storage, and materials of 
daily use such as cosmetics or clothes (Biswas and Wu 2005; Mauter and Elimelech 
2008; Husen and Siddiqi 2014a; Gowramma et al. 2015; Hussein 2016; Siddiqi and 
Husen 2017a; Siddiqi et al. 2018a, b, c, d). Presently, there is a growing need to use 
environment-friendly NPs that do not produce toxic wastes in their synthesis proto-
col (Husen and Siddiqi 2014b, c; Siddiqi and Husen 2016a, b, c; Siddiqi et al. 2016, 
2018a; Husen 2017).

For the successful use of nanotechnology in agriculture, it is important to under-
stand the phytotoxic and genotoxic effects of nanoparticle interactions with plants. 
A number of studies have been focused on such effects which reported positive as 
well as negative impacts of NPs on different or similar plant species. Tables 21.1 
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Table 21.1 Impact of some NPs on different plant species

Key reference Nanoparticles Plant species Impact

Yang and Watts 
(2005)

Al2O3 Zea mays, Cucumis sativus, 
Glycine max, Brassica 
oleracea, Daucus carota

Phytotoxic

Lin and Xing 
(2007)

MWNT, Al, ZnO, Zn, 
Al2O3

Brassica napus, 
Raphanussativus, Lolium 
perenne, Lactuca sativa, 
Zea mays, Cucumis sativus

Phytotoxic

Yang et al. 
(2007)

TiO2 Spinacia oleracea N2 fixation

Canas et al. 
(2008)

SWCNTs Brassica oleracea, Daucus 
carota, Cucumis sativus, 
Allium cepa, Lycopersicon 
esculentum, Lactuca sativa

Phytotoxic

Gao et al. 
(2008)

TiO2 Spinacia oleracea Fresh weight and dry 
weight increased by 
60%; Rubisco activase 
increased by 42%, and 
its activity increased 2.5 
times over the control

Zhu et al. 
(2008)

Fe2O3 Cucurbita 
maxima,Phaseolus limensis

Uptake, translocation, 
andaccumulation of 
Fe2O3

González- 
Melendi et al. 
(2008)

Carbon-coated Fe Cucurbita pepo NP transformation in 
plant

Battke et al. 
(2008)

Pb Hordeum vulgare cv. Barke Bioaccumulation and 
growth

Lin and Xing 
(2008)

ZnO Lolium perenne Uptake and toxicity of 
ZnO

Lee et al. 
(2008a, b)

Cu Phaseolus 
radiatus,Triticum aestivum

Phytotoxic

Doshi et al. 
2008

Al Phaseolus vulgaris, Lolium 
perenne

No effect

Lee et al. 
(2008a, b)

Cu Mung bean Reduced root and 
seedling growth

Kumari et al. 
2009

Ag Allium cepa Cytotoxic and 
genotoxic

Stampoulis 
et al. (2009)

Ag, MWCNT, Cu, 
ZnO, Si

Cucurbita pepo Influenced seed 
germination, root 
elongation, and biomass

Stampoulis 
et al. (2009)

Ag-Nps Zucchini Reduced biomass

Stampoulis 
et al. 2009

CuO Zucchini Reduced biomass and 
root growth

Barrena et al. 
(2009)

Au, Ag, Fe3O4 Lactuca sativa, Cucumis 
sativus

Toxic effect on plant 
and microbes

(continued)
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Table 21.1 (continued)

Key reference Nanoparticles Plant species Impact

Shah and 
Belozerova 
(2009)

Si, Pd, Au, Cu Lactuca sativa Toxic effect on seed 
germination

Lin et al. (2009) SWNT Nicotiana tobacum cv. Bright Yellow (BY-2) 
cellsSWNT transports 
in plant cells

Liu et al. (2009) MWNT, C70 Rice Uptake and 
bioaccumulation of 
CNT in plant

Su et al. (2009) TiO2 Spinach Improved energy 
utilization leading to 
growth improvement

Tan et al. (2009) MWNT Rice Effect on rice cell
Khodakovskaya 
et al. (2009)

MWCT Tomato Increased seed 
germination and growth 
rate

Wild and Jones 
(2009)

MWNT, TiO2, CeO2 Triticum aestivum No effect; proposed 
investigation method of 
NP in plants cell

Asli and 
Neumann 
(2009)

TiO2 Zea mays Inhibited hydraulic 
conductivity, leaf 
growth, and 
transpiration

Rostami and 
Shahsavar 
(2009)

Ag Mission olive explant Severe injuries and 
browning of the 
explants

Seeger et al. 
(2009)

TiO2 Willow tree No significant effects on 
transpiration rate, 
growth, and water use 
efficiency

Kurepa et al. 
(2010)

TiO2 Arabidopsis thaliana Uptake and distribution 
of TiO2 in plants

Lee et al. 
(2010)

Al2O3 Arabidopsis thaliana No significant effect on 
seed germination, root 
elongation, and number 
of seeds

Ma et al. (2010) La2O3, Gd2O3, 
CeO2,Yb2O3

Brassica napus, Raphanus 
sativus, Triticum aestivum, 
Lactuca sativa, Brassica 
oleracea, 
Lycopersiconesculentum, 
Cucumis sativus

The rare earth oxide 
nanoparticlesaffected 
the plant

Speranza et al. 
(2010)

Pb Kiwi Pb toxicity to kiwifruit 
pollen

Wang et al. 
(2010)

Fe3O4 Lolium perenne 
L.,Cucurbita mixta

Physiological effect of 
magnetic NP on plants

(continued)
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Table 21.1 (continued)

Key reference Nanoparticles Plant species Impact

Mazumdar and 
Ahmed (2011)

Ag-NPs Oryza sativa Broke the cell wall and 
damaged the vacuoles 
of root cells

Kumari et al. 
(2011)

ZnO NPs Allium cepa Lipid peroxidation, 
decreasing of mitotic 
index; increasing of the 
micronuclei and 
chromosomal aberration 
index

Larue et al. 
(2011)

TiO2 NPs Triticum aestivum, Brassica 
napus, Arabidopsis 
thaliana

No effect on seed 
germination and root 
elongation

Savithramma 
et al. (2012)

Ag Boswellia ovalifoliolata Increased germination 
and seedling growth

El-Temsah and 
Joner (2012)

Ag Barley Reduced germination 
and shoot length

Prasad et al. 
(2012)

ZnO Arachis hypogaea Up to 1000 mg L−1 the 
NP promoted seed 
germination and growth 
vigor, but 2000 mg L−1 
was observed to be 
toxic for the plant

Priester et al. 
(2012)

CeO2 ZnO2 Soybean Nano-ZnO accumulated 
in plant tissue; growth 
and yield of plant 
reduced, nitrogen 
fixation affected

Khodakovskaya 
et al. (2013)

MWCNTs Tomato plants Tomato plants grown in 
the soil supplemented 
with CNTs produced 
more flowers and fruits 
than the plants grown in 
the control soil

Feng et al. 
(2013)

Ag Clover Reduced aboveground 
biomass

Rico et al. 
(2013)

CeO2 Rice Enhanced membrane 
damage and 
photosynthetic stress

Shaw et al. 
(2014)

CuO Barley Reduction in growth; 
significantly low GSH/
GSSG ratio; increase in 
H2O2 and lipid 
peroxidation with 
increased concentration 
of NP

(continued)
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and 21.2 and Fig. 21.1 summarize the possible role and/or the impact of NPs on 
plant growth and rhizospheric microorganisms. The unprecedented extensive use 
and the uncontrolled release of nanomaterials (NMs) into the environment and soil 
through various pathways, such as agricultural amendments of sewage sludge, 
atmospheric deposition, landfills, or accidental spills during industrial production, 
pose enormous threat to living organisms. The current models (material-flow model, 
probabilistic modeling) of environmental emissions of engineered nanomaterials 
estimate that in the sewage-sludge-treated soil, TiO2-NP concentrations increase 
between 0.94 and 3.6 mg kg−1 per year, whereas for silver NPs (Ag-NPs) and fuller-
enes, the yearly predicted increases are more than 1000-fold lower, as they vary 
between 0.09 and 0.65 μg kg−1 and between 0.38 and 1.5 μg kg−1, respectively (Sun 
et  al. 2014). These NPs may be extremely resistant to degradation and have the 
potential to accumulate in water bodies of water or the soil. Ag-NPs are used in 

Table 21.1 (continued)

Key reference Nanoparticles Plant species Impact

Judy et al. 
(2015)

Ag2S NPs, 
polyvinylpyrrolidone- 
coated Ag-NPs 
(PVP-Ag)

Solanum lycopersicum 100 mg kg−1 PVP-Ag- 
NPs and Ag+ reduced 
the plant biomass and 
mycorrhizal 
colonization

Judy et al. 
(2015)

Biosolids (WWTP) 
containing a mixture 
of NMs

Medicago truncatula Reductions in 
nodulation frequency 
and plant growth

Sweet and 
Singleton 
(2015)

Ag Bishop pine Inhibition of root and 
shoot growth

Majumdar et al. 
(2016)

CeO2 Phaseolus vulgaris NP increased 
antioxidant enzyme 
activities in the aerial 
tissues

Tomacheski 
et al. (2017)

Ag-NPs Avena byzantine, Lactuca 
sativa, and Raphanus 
sativus

Low root growth of oat 
in the soil loaded with 
AgNp_silica; 
enhancement of dry 
mass of radish plants; 
root growth and dry 
mass of lettuce 
unaltered

Jiang et al. 
(2017)

TiO2 Triticum aestivum The abscisic acid and 
jasmonic acid contents 
increased with 
increasing concentration 
of TiO2 NPs

Tripathi et al. 
(2017)

ZnO Triticum aestivum Reduced 
photosynthesis; 
increased H2O2 and 
lipid peroxidation
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Table 21.2 Impact of NPs on different microorganisms

Key references Nanoparticles Microorganisms Impact

Dubchak et al. 
(2010)

Ag-NPs Mycorrhiza Inhibited mycorrhizal 
colonization of sunflower

Cherchi and Gu 
(2010)

TiO2 NPs Cyanobacterium
Anabaena variabilis

Growth, N2 fixation, and 
storage by the 
cyanobacterium were affected

He et al. (2011) Fe3O4 NPs Actinobacteria, 
Duganella, 
Streptomycetaceae, or 
Nocardioides

Stimulation of specific groups 
of bacteria

Bandyopadhyay 
and Peralta-Videa 
(2012)

CeO2 and ZnO 
NPs

Sinorhizobium meliloti, 
S. melba

CeO2 and ZnO NPs were 
toxic to Sinorhizobium 
meliloti; CeO2 NPs were 
bacteriostatic, and ZnO NPs 
were bactericidal to S. melba

Feng et al. (2013) Ag-NPs, pristine 
iron oxide (FeO)

AMF Both affected AMF 
colonization of clover; FeO 
NPs lowered the glomalin 
content and acquisition of P 
by AMF causing significant 
biomass reduction

Yuan et al. (2013) Ag-NPs Nitrosomonas europaea Alterations in expression of 
genes involved in energy 
production and the 
nitrification process, 
inhibiting bacteria

Karunakaran et al. 
(2013)

TiO2 PGPRs, Bacillus 
subtilis, and 
Pseudomonas 
fluorescens

NPs inhibited the growth of 
PGPRs; bacteria were 
susceptible to toxicity

Allard et al. 
(2013)

WO3 NPs 
(tungsten)

Azotobacter vinelandii Detrimental to the growth of 
the N2-fixing bacterium under 
Mo-limiting conditions

Karunakaran et al. 
(2014)

Nanosilica and 
bulk silica(SiO2) 
and alumina 
(Al2O3)

B. megaterium, B. 
brevis, P. fluorescens, 
and Azotobacter 
vinelandii

Nano and bulk SiO2 particles 
were nontoxic to PGPRs up 
to 1000 mg L−1; Al2O3 NPs 
were highly toxic to bacteria

Fan et al. (2014) TiO2 Rhizobium 
leguminosarum bv. 
viciae 3841

TiO2 NPs caused 
morphological changes in 
bacterial cells; nodule 
development slow, onset of 
N2 fixation in symbiotic 
interaction with garden pea

Gurunathan 
(2015)

Graphene oxide 
(GO) NPs

B. megaterium, B. 
cereus, B. subtilis, B. 
mycoides, and B. 
marisflavi

Negative effect of GO NPs on 
isolated rhizobacteria

(continued)

M. M. Raffi and A. Husen



535

several industries, and their continuous release may hamper many physiological and 
biochemical processes in the living organisms including both autotrophs and het-
erotrophs (Tripathi et al. 2017). Application of NPs has shown promising results in 
the areas of delivery of pesticides, biopesticides, fertilizers, and genetic material for 
plant transformation. The use of nanomaterials for delivery of pesticides and fertil-
izers is expected to reduce the dosage and ensure a controlled slow delivery. 
Application of NMs to stabilize the biocontrol preparations is likely to go a long 
way in reducing the environmental hazard (Manjunatha et al. 2016). The range of 

Table 21.2 (continued)

Key references Nanoparticles Microorganisms Impact

Wang et al. (2017) Ag-NPs Acidobacteria, 
Actinobacteria, 
Cyanobacteria, and 
Nitrospirae

Microbial population 
decreased with increasing 
Ag-NPs concentration

Wang et al. (2017) Ag-NPs Proteobacteria and 
Planctomycetes

Increase in microbe 
population

Fig. 21.1 Impact of NPs on plant growth and rhizospheric microorganisms
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nanotechnology products is now extensive and can be divided into several com-
pound classes, such as carbonaceous nanomaterials, metal oxides, semiconductor 
materials (including quantum dots), zerovalent metals (iron, silver, and gold), and 
nanopolymers (dendrimers). A variety of products are now being generated, includ-
ing NPs as well as nanofibers, nanowires, and nanosheets, and the range and types 
of NMs are consistently expanding. An estimated inventory of 1814 consumer prod-
ucts of the engineered NPs was identified in October 2013, with 435 products of 
Ag-NPs (Vance et al. 2015; Thul and Sarangi 2015). However, we remain ignorant 
of the effects of NPs that might be accumulating in our natural ecosystems like soil 
and water. The escape of NPs into the environment, especially the soil, is one of the 
most serious threats to microbial communities in ecosystems. Microorganisms in 
the soil play important role in maintenance of soil function in both natural and agri-
cultural soils due to their involvement in processes like soil structure formation, 
decomposition of organic matter, removal of toxins, and biogeochemical cycles. In 
addition, they are involved in suppressing the soilborne plant diseases and promot-
ing plant growth (Karimi and Fard 2017). Alteration in the composition of soil 
microflora can be critical for the functional integrity of soil. For instance, in the 
nitrification process, ammonium nitrogen is converted to nitrite and then to nitrate 
by the ammonia-oxidizing and nitrite-oxidizing bacteria, respectively. The deletion 
of any one of these bacteria from the environment leads to decreased nitrogen 
removal and interferes with plant growth. Therefore, protection of the environment 
and beneficial microorganisms from NPs is very important, and the scientific com-
munity should pay attention to the adverse effects of NPs on microorganisms, in 
spite of their beneficial commercial uses (Hajipour et al. 2012; Husen and Siddiqi 
2014b; Siddiqi and Husen 2016d, 2017b).

Various studies on the production and uses of NPs (Navarro et al. 2008; Husen 
and Siddiqi 2014b; Siddiqi and Husen 2016d, 2017b) have highlighted their appli-
cation as ion exchangers, adsorbents, and disinfectants in water and air for eliminat-
ing ions, organic compounds, and pathogens and also assessed the associated risks 
to human health, ecology, and environment (Kumar et al. 2014). More research is 
needed, especially through assays using more environmentally realistic concentra-
tions of nanomaterials based on the predicted concentrations in modelization stud-
ies and more realistic exposure conditions (Simonin and Richaume 2015). It has 
been demonstrated that the toxic effects on soil microbial community are highly 
dependent on both the NMs considered and the soil properties. Soil properties, 
especially the clay and organic matter content, seem to play an important role for 
the bioavailability of NPs. Identification of soil parameters controlling the bioavail-
ability of NPs is fundamental for a better environmental risk assessment (Karimi 
and Fard 2017). Information available so far on the effect of NPs on the rhizosphere 
and soil microorganisms is quite meagre. Hence, this chapter is focused on the cur-
rent scientific evidences regarding the positive and negative (toxic) influences of 
different NPs on plants and the rhizospheric microorganisms.
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21.2  Rhizosphere and Engineered NPs

In 1904, Lorenz Hiltner, a German agronomist and plant physiologist, coined the 
term “rhizosphere” derived in part from the Greek word “rhiza” that means “root,” 
to describe the plant-root interface (Hiltner 1904; Hartmann et al. 2008). Hiltner 
described the rhizosphere as the area around a plant root that is inhabited by a 
unique population of microorganisms influenced by the chemicals released from 
plant roots, the root exudates. It involves interactions between plant roots, soil 
microbes, and plant pathogens. Soil microorganisms play a very significant role in 
maintaining the soil ecosystem, soil health, and crop productivity. NPs have both 
positive and negative effects on plant roots and rhizospheric microorganisms. Since 
the engineered NPs released to the environment go down the soil, the effects of 
engineered NPs on soil processes and the organisms that carry them out should be 
grasped. At present, inadequate information is available on how these engineered 
NPs affect the soil microorganisms. However, they influence the soil microorgan-
isms via (i) a direct toxicity effect, (ii) changes in the bioavailability of toxins or 
nutrients, (iii) indirect effects resulting from their interaction with natural organic 
compounds, and (iv) interaction with toxic organic compounds causing synergism 
or antagonism (Haris and Ahmad 2017).

21.2.1  Effect of NPs on Rhizosphere Soil Population

Soil microbial communities have a direct impact on soil quality through processes 
such as nutrient cycling, decomposition of organic matter, and symbiotic relation-
ships with terrestrial plant species (Kennedy and Smith 1995). Consequently, pro-
tection of soil microbial biomass and diversity is a major challenge in agriculture. 
We have limited information on the interaction between NPs and soil microbial 
community (Simonet and Valcarcel 2009; Dinesh et al. 2012; Rodrigues et al. 2013). 
The fabricated and/or engineered NPs enter the soil environment through sewage 
water, agriculture management practices, and other anthropogenic sources. The 
metallic oxide NPs constitute a group of engineered NPs that may be potentially 
hazardous for the environment, as reported by Frenk et  al. (2013). The authors 
assessed the effects of engineered NPs on soil bacteria by measuring the activity, 
composition, and size of the bacterial community following an exposure to the cop-
per oxide (CuO) and magnetite (Fe3O4) nanosized (<50 nm) particles in two differ-
ent soil types, a sandy loam and a clay loam, under two ENP concentrations (1 and 
0.1%). The bacterial community in the sandy loam soil was more susceptible to 
change due to exposure to these ENPs, relative to the clay loam soil. Particularly, 
CuO had a strong effect on the microbial community composition and size in the 
sandy loam soil, whereas few effects were noticed in the clay loam soil. Fe3O4 
changed the bacterial community composition in the sandy loam soil only. Further, 
the abundance of bacteria of class Bacilli decreased on addition of 0.1% CuO but 
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increased with 1% CuO in the sandy loam soil; in the clay loam soil, the abundance 
was reduced with 1% CuO. These authors also reported that the other important soil 
bacterial groups, Rhizobiales and Sphingobacteriaceae, were negatively affected by 
CuO addition to the soil. The bacterial populations reacting to a metal oxide- 
engineered NP, especially CuO, are highly dependent on the concentration of the 
NPs applied to the soil (Frenk et al. 2013).

Mirzajani et al. (2013) studied the phytotoxic effect of silver NPs (Ag-NPs) on 
Oryza sativa and some of its rhizosphere bacteria. Nine isolates of the genus 
Bacillus were isolated, identified, and used in these studies. The Ag-NPs treatment 
altered the populations of bacteria as Bacillus thuringiensis SBURR1 was totally 
eliminated, and Bacillus amyloliquefaciens SBURR5 became the most populated 
one and revealed that Ag-NPs may damage the cell wall of the bacteria and trans-
form them to protoplasts resulting in the leakage of sugars and proteins through the 
bacterial membrane. Xu et al. (2015) reported the disturbing action of TiO2 NPs and 
CuO NPs on soil community in a flooded paddy soil, emphasizing that high bio-
availability of CuO NPs was the main source of microbial toxicity. The metabolic 
changes caused due to exposure of rhizosphere bacteria to zinc oxide (ZnO) NPs 
were investigated on cell signaling molecules, which regulate the intra- as well as 
intercellular activities. ZnO NPs effectively disrupt cell signaling in Pseudomonas 
chlororaphis O6, a rhizosphere-competent bacterium. Reduction in phenazine pro-
duction with increasing doses of ZnO NPs correlated with the lowered levels of the 
quorum-sensing molecules, acyl-homoserine lactones (AHSLs). The ZnO NPs had 
a higher efficacy than Zn ions in these responses. Linked with changes to phenazine 
production was an effect on Fe metabolism manifested by an enhanced siderophore 
production, as the Zn concentration from NPs or ions increased. The ZnO NPs- 
induced phenotypes of lowered phenazines, AHSLs, and increased siderophores 
were observed with a mutant lacking the global regulator GacS (Goodman et al. 
2016).

The effect of combined pre-seed treatment with microbial inoculants and molyb-
denum (Mo) NPs on the composition of root exudates and the taxonomic diversity 
of microorganisms in the chickpea plants rhizosphere were studied by Shcherbakova 
et al. (2016). The introduced bacteria were most abundant in variants with Mo NPs. 
The symbiotic effectiveness of Mesorhizobium ciceri strain ST282 was improved 
by co-inoculation with Bacillus subtilis helper bacteria and Mo NPs. A self- sufficient 
legume-rhizobium symbiosis improved the physiological status of the plant, increas-
ing the structural diversity of the microbial community of the rhizosphere through 
changes in the activity of root exudates, and paved the way for the development of 
the most effective associative bacteria (Shcherbakova et al. 2016). Moll et al. (2017) 
tested two different TiO2 NPs (P25, E171) and a bulk TiO2 (particle size > 100 nm) 
for their effects on the diversity and community composition of soil microorgan-
isms. To analyze the microbial diversity, Illumina MiSeq paired-end sequencing of 
ribosomal markers was used. The authors reported that application of TiO2NPs 
altered the structure of the prokaryotic community but not that of the fungal com-
munity. Specific microbial taxa responded positively or negatively to the particular 
TiO2 NP treatments and hence may be used as bio-indicators for TiO2 NPs. They 

M. M. Raffi and A. Husen



539

also examined the effect of increasing concentrations of TiO2 NPs on wheat growth 
and yield. No negative effects on wheat growth and on the arbuscular mycorrhizal 
root colonization were detected in their study. These results reveal that prokaryotes 
are more sensitive to the TiO2 NP than fungi. The influence of five different metal 
NPs present in the biosolids on soil microbial community as a function of time was 
investigated and found that ZnO and Zero Valent Cu NPs were not toxic to the soil 
bacterial community. Biosolids mixed with Ag-NPs and TiO2 in contrast changed 
the bacterial richness and composition in wavering pattern as a function of time 
(Shah et al. 2014).

Akhilesh et al. (2013) examined the effect of chemically synthesized Ag-NPs on 
Vigna radiata, Brassica juncea, and their rhizobacteria and reported a huge reduc-
tion in germination potential of seeds so that only 11.07% and 27.74% of seeds of 
the two species, respectively, could germinate. The length of roots and shoots and 
the leaf number were also reduced in treated plants. The authors also found a reduc-
tion in the population of rhizosphere bacteria. Wang et al. (2017) investigated the 
effect of different concentrations of Ag-NPs (10, 50, and 100 mg kg−1) on the soil 
microbial community exposed for 7  days. The number of Acidobacteria, 
Actinobacteria, Cyanobacteria, and Nitrospirae significantly decreased with 
increasing Ag-NPs concentration; at the same time, several other phyla, 
Proteobacteria and Planctomycetes, increased in number. After 12 h of exposure, 
the survival rate of the ammonia-oxidizing bacterium Nitrosomonas europaea 
treated with 1 mg L−1 Ag +  ions was significantly lower than those treated with 
1 mg L−1 and 10 mg L−1 of Ag-NPs, but a much lower survival rate was observed in 
the treatment with a high (20 mg L−1) concentration of Ag-NPs.

Fullerene is a pure carbon molecule composed of at least 60 atoms of carbon. 
Because a fullerene takes a shape similar to a soccer ball or a geodesic dome, it is 
also referred to as a buckyball after Buckminster Fuller, the inventor of the geodesic 
dome, for whom the molecule is more formally named as fullerene. Carbon nano-
materials (CNMs) may be directly toxic to soil microorganisms or may alter the 
bioavailability of nutrients and the toxicity of organic compounds and/or toxins 
(Dinesh et al. 2012). In addition, toxicity to plants may have indirect impact, nega-
tive or positive, on the microbial communities.

A limited published literature is available on the effects of CNMs, which are 
generally negative, on rhizosphere microorganisms. However, a few studies have 
also revealed some neutral or positive biological effects. For instance, the impact of 
fullerenes (C60) on the soil microbial community populations was evaluated using 
the total phospholipid-derived phosphate. The soil was treated with 1 and 1000 μg 
C60 g−1 soil for 180 days; the results showed that fullerenes had no impact on the 
structure or function of the soil microbial community or the soil enzymatic activities 
(Tong et  al. 2007). Shrestha et  al. (2013) reported diverse effects on soil (sandy 
loam) microbial communities after a 90-day exposure of multi-walled carbon nano-
tubes (MWCNT) to a wide range of CNT concentrations (10, 100, and 10,000 mg/
kg). No observable effects were evidenced on the soil microbial composition and 
enzymatic activities at lower concentrations. However, at 10,000 mg kg−1, a mixed 
response was observed; a decrease in abundance was detected in some select 
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 bacterial species (for instance, Waddlia, Holophaga, Derxia, and Opitutus), whereas 
the number of the polycyclic aromatic hydrocarbon (PAH)-degrading organisms 
(for instance, Cellulomonas, Rhodococcus, Pseudomonas, and Nocardioides) was 
markedly increased. These results suggest a potential shift toward more stress-toler-
ant organisms with increase in the soil-MWCNT concentration, although the find-
ings are too limited to be convincing. The first exposure of CNTs lowered the 
microbial biomass immediately, but the values recovered to the level of the control 
by the end of the experiment despite the repeated addition of CNTs. The abundance 
and diversity of the ammonium-oxidizing archaea (AOA) were higher than those of 
the ammonium-oxidizing bacteria (AOB) under the exposure of CNTs (Chen et al. 
2015). The mechanisms responsible for these interactions are unknown; however, 
the limited literature does suggest that under certain exposure scenarios, CNM may 
have neutral or perhaps modestly beneficial effects on microbial communities 
(Mukherjee et al. 2016).

Several authors have reported negative/toxic effects of the carbon-based materi-
als on soil bacteria. Fang et  al. (2007) showed that C60 aggregates in water at 
0.01 mg L−1 significantly increased the levels of the iso- and anteiso-branched fatty 
acids from 5.8% to 31.5% and 12.9% to 32.3%, respectively, in Bacillus subtilis 
(gram-positive), suggesting an increase in membrane fluidity as an adaptation 
response to C60. Alternatively, the aq-C60 at 0.5 mg L−1 caused alteration in the 
Pseudomonas putida (gram-negative) phase-transition temperatures and levels of 
unsaturated fatty acids from bacterial membrane. Johansen et  al. (2008) applied 
agglomerates of pristine C60 fullerenes (50 nm to micron-size) to the soil at 0, 5, 25, 
and 50 mg kg−1 dry soil to assess their effect on the soil microbiota by measuring 
total respiration, the biomass, number, and diversity of bacteria, as well as the total 
number and diversity of protozoans during 14 d. These authors reported that respira-
tion and microbial biomass were unaffected by the fullerenes at any time, whereas 
the number of fast-growing bacteria was decreased by three- to fourfold just after 
incorporation of the nanomaterial. Tong et al. (2012) investigated the effects of sur-
face coating of SWCNTs on soil microbial community under low and high organic 
matter concentration. Upon 6000 μg/g of functionalized SWNTs (fSWCNT, coated 
with polyethylene glycol or m-polyamino benzene sulfonic acid) exposure for 
6 weeks, they observed some microbial community shift, keeping the total biomass 
unaffected. Another important factor that may influence the toxicity of CNTs to 
bacteria is the presence of residual impurities. Commercial CNTs are synthesized 
with strong acids and contain up to 4.5–15% of metals such as cobalt (Co), iron 
(Fe), nickel (Ni), yttrium (Y), and other impurities, which may exert toxic effects on 
microbes (Kang et al. 2007; Petersen et al. 2014). Another possible mechanism of 
CNT toxicity is the induction of ROS, which may then directly interact with organ-
elles to induce DNA damage or protein inactivation that results in apoptosis and cell 
death (Jackson et al. 2013).

Rodrigues et al. (2013) investigated the effect of carboxyl-functionalized single- 
walled carbon nanotubes (SWNTs) on soil bacterial and fungal communities 
employing the culture-dependent and culture-independent methods. The soil was 
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added with 0, 250, and 500 μg of SWNTs per gram of soil SWCNT for 14 days, and 
the populations were observed. The soil bacterial community was transiently 
affected by the presence of SWNTs. After 3 days of exposure, the number of colony- 
forming units (CFUs) was significantly decreased, but the bacterial community 
completely recovered after 14 days. Alternatively, higher doses of SWNTs had a 
similar biomass loss at 3 days, but the fungal community was unable to recover even 
after 14 days. Similarly, Jin et al. (2013) reported that at relatively low concentra-
tions (300–1000 μg g−1 soil), SWCNTs significantly lowered the activities of most 
enzymes and microbial biomass, which showed a negative relationship with surface 
area of SWCNT. Additionally, in a 3-week study, the authors reported that SWCNTs 
showed similar toxicological responses to MWCNTs but at five-times lower con-
centrations due to the higher surface area of single-walled tubes than that of 
MWCNTs. Kerfahi et  al. (2015) compared the effect of raw and acid-treated or 
fSWCNT on soil bacterial communities, at different concentrations of MWCNTs 
(0, 50, 500, and 5000 μg g−1) to the soil. The soil DNA was extracted at 0, 2, and 
8 weeks, and the V3 region of the 16S rRNA gene was PCR-amplified and sequenced 
to find out that the bacterial diversity was not affected by either type of MWCNT. On 
the other hand, the overall soil bacterial community composition was affected only 
by fMWCNT at high concentrations, and a detectable effect was noticed at 2 weeks, 
but the bacterial diversity remained unaffected. The authors ascribed this early 
effect to the acidic nature of fMWCNTs, which caused a decrease in soil pH at 
higher exposure concentrations and subsequently changed (temporarily) the soil 
bacterial communities (Kerfahi et al. 2015). The short-term effect of MWCNTs on 
the activity and biomass of microorganisms inhabiting two different soil types was 
investigated by Chung et al. (2011). Up to 5000 μg MWCNT g−1 soil was applied, 
and the activities of 1,4-β-glucosidase, cellobiohydrolase, xylosidase, 1,4-β-N- 
acetylglucosaminidase, and phosphatase as well as the microbial biomass were 
measured; most of the enzyme activities showed a tendency to be repressed under 
500 μg MWCNT g−1 soil, and all enzymatic activities as well as microbial biomass 
C and N were significantly lowered under 5000 μg MWCNT g−1 soil, which sug-
gested that high concentrations of MWCNTs could lower the microbial activity and 
biomass in soils. Chung et al. (2015) also studied the impact of GO at 0.5–1 mg kg−1 
and noted a decrease up to 50% in the activity of key soil enzymes, including xylo-
sidase, 1,4-ß-N-acetyl glucosaminidase, and phosphatase, after 21 days of expo-
sure. All these reports indicate that CNMs may have a considerable negative effect 
on soil microbial communities.

Shan et  al. (2015) investigated the effects of biochar, activated carbon (AC), 
WCNTs, and MWCNTs in various concentrations (0, 0.2, 20, and 2000 mg kg−1 dry 
soil) on the fate of 14C-catechol and microbial community in the soil and reported 
that SWCNTs at 2000 mg kg−1 significantly reduced mineralization. The inhibitory 
effects of AC and SWCNTs on the mineralization were attributed to the inhibited 
soil microbial activities and the shifts in the microbial communities, as suggested by 
the reduced microbial biomass C and the separated phylogenetic distance. However, 
MWCNTs at 0.2 mg kg−1 significantly stimulated mineralization, compared with 
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the control soil. Tong et al. (2016) evaluated the effects of nC60 aggregates of differ-
ent particle sizes via organic solvents on soils with different organic matter contents 
by measuring the total microbial biomass, metabolic activity, and bacterial com-
munity structure and observed that nC60 aggregates, introduced as an aqueous sus-
pension, had size-dependent effects on soil bacterial community composition in the 
low organic matter system but induced a minimal change in the microbial biomass 
and metabolic activity in soils with both high and low organic matter contents. The 
authors suggested that nC60 aggregates of smaller size may have negative impact on 
soil biota and soil organic matter and play a key role in modulating the environmen-
tal effect of nanomaterials. Karunakaran et al. (2013) evaluated the effect of nano-
silica and silicon on soil properties, total bacterial population, and maize seed 
germination. Sodium silicate-treated soil inhibited plant-growth-promoting rhizo-
bacteria in contrast to nanosilica. Bacterial population doubled in the presence of 
nanosilica from 4 × 105 CFU to 8 × 105 CFU per gram of soil. Nanosilica also pro-
moted seed germination percentage in maize than the conventional Si sources. 
Rangaraj et al. (2014) reported enhanced microbial populations and total biomass 
content (C = 1508 μg g−1 and N = 178 μg g−1) in maize rhizosphere due to applica-
tion of nanosilica, which plays a vital role in influencing soil nutrient content and 
microbial biota and, hence, may promote the growth of maize crop.

21.2.2  Effect of NPs on Soil Enzymes

Soil enzyme activity, often treated as an indicator of soil health and soil biota, is also 
useful in determining the sustainability of agricultural ecosystems, particularly the 
physicochemical and microbiological processes in the soil (Caldwell 2005; Cao 
et al. 2016; Li et al. 2017). Fabricated NPs also show their impact on different soil 
enzymes in the rhizosphere. Du et al. (2011) established that TiO2 and ZnO NPs 
affect protease, catalase, and peroxidase, but not urease. Dehydrogenase, urease, 
and phosphatases are among the most frequently evaluated soil enzymes (Burns 
et al. 2013). The influence of TiO2 NPs on mung bean was investigated where activi-
ties of acid phosphatase, alkaline phosphatase, and dehydrogenase were noticed to 
rise by 67.3%, 72%, and 108.7%, respectively (Raliya et  al. 2015). Ag-NPs (0, 
0.024, 0.24, 4.80, and 9.60 μg g−1 dry soil) were found to inhibit the activity of soil 
exoenzymes dehydrogenase, urease, acid phosphatase, neutral phosphatase, and 
alkaline phosphatase in the rhizosphere of wetland plants (Arundo donax, Iris wil-
sonii, and Typha orientalis), effect being more pronounced with higher (4.80 and 
9.60 μg g−1 dry soil) Ag-NPs levels. The lowest Ag-NPs concentration (0.024 μg g−1 
dry soil) could cause adverse effects on the activity of exoenzymes in T. orientalis 
rhizosphere; the impact was limited in the rhizosphere of I. wilsonii and A. donax, 
suggesting that high concentrations of Ag-NPs could affect negatively all soil exo-
enzyme activities, while the impact of low Ag-NPs level was related mainly to plant 
species (Cao et al. 2017). High concentrations of Ag-NPs were toxic on rhizosphere 
microbes (Navarro et al. 2008, Choi et al. 2008, Das et al. 2012, Garcia et al. 2012), 
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leading to a decline in the bulk of soil microorganisms and the capacity of enzyme 
production (Hemida et al. 1997; Cao et al. 2017).

Toxicity of NPs on microorganisms was given much emphasis, but studies on the 
effect of NPs on exoenzymes in the soil are relatively few. Experiments by Zheng 
et al. (2011) revealed the inhibitory effect of TiO2 NPs on ammonia monooxygenase 
and nitrite oxidoreductase, the enzymes involved in the N2 cycle, but no significant 
impact on the activities of exopolyphosphatase and polyphosphate kinase. The 
authors related these findings to the biological N and P removal as well as the deple-
tion of NH3-oxidizing bacterial population caused by the NPs. Du et  al. (2011) 
noted inhibition of the activity of soil protease, catalase, peroxidase, but not of 
urease, in the presence of TiO2 and ZnO NPs. Nonlethal doses of ZnO NP applied 
to B. subtilis and Pseudomonas aeruginosa completely inhibited or lowered the 
activities of enzymes involved in starch degradation, denitrification, and urea degra-
dation (Santimano and Kowshik 2013). Increased dehydrogenase activity and a 
minimal effect of fluorescein diacetate hydrolase in the soil treated with nano- 
zerovalent iron (nZVI, 10,000 μg/g soil) were reported by Cullen et  al. (2011). 
Studies on the effect of Ag-NPs (1, 10, 100, and 1000 μg g−1) and silver ions on soil 
exoenzymes, urease, acid phosphatase, arylsulfatase, and β-glucosidase involved in 
nutrient cycles and on dehydrogenase and fluorescein diacetate hydrolase involved 
in microbial overall activity established that Ag-NPs could control all enzyme activ-
ities and particularly inhibit those of dehydrogenase and urease (Shin et al. 2012). 
Urease was most sensitive to Ag-NPs, which was inhibited at a concentration as low 
as 1 μg Ag-NP g−1. It was reduced by approximately 90% at 1000 μg g−1 and could 
not recover after 7 days which indicates that Ag-NPs clearly inhibit the nitrogen 
cycling in the soil ecosystem. Dehydrogenase was inhibited by more than 50%, 
whereas the inhibitory effect of Ag-NPs was less than 50% on the rest of the 
enzymes.

Li et  al. (2017) examined the impact of concentration and exposure time- 
dependent toxicity of CeO2NPs (0, 100, 500, and 1000 mg kg−1 soil mixtures) on 
soil microorganisms by testing the activity of urease, phosphatase, and β-glucosidase 
in a soil-grass microcosm system. Higher NP concentration (100  mg  kg−1 and 
above) inhibited the activity of urease and β-glucosidase but stimulated that of phos-
phatase. A longer contact time between NPs and the soil alleviated the NPs impact 
on soil enzymes and potentially reduced the NPs ecotoxicity in the soil environ-
ment. Simonin et al. (2016) exposed an agricultural soil to TiO2 NPs at concentra-
tions 1 and 500 mg kg−1 dry soil to know the response of the microbial community 
and to assess their impact on soil function, the nitrogen cycle. Simonin et al. (2016) 
found strong negative impacts on nitrification enzyme activities and the abundance 
of ammonia-oxidizing microorganism, TiO2-NPs-triggered cascading negative 
effects on denitrification enzyme activity, and a deep modification of the bacterial 
community structure after just 90 days of exposure to even the lowest NPs concen-
tration, realistic concentration of NPs. Results obtained from the various experi-
ments plea for further research to assess how these emerging pollutants modify the 
soil health and broader ecosystem function.
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21.2.3  Effect of NPs on Biogeochemical Cycles

The NPs also disturb the various biogeochemical cycles by affecting the organisms 
involved. In a study on urease activity in the rhizosphere soil of Typha orientalis, 
Cao et al. (2016) found that Ag-NPs could affect the microorganisms and root exu-
dates associated with urease, thus inhibiting the urease production. At low Ag-NP 
concentrations (0.024, 0.240 μg/g dry soil), urease activity in rhizosphere soil was 
inhibited. Since the microbial quantity, organic matter content of the soil matrix, 
and the total nitrogen and available nitrogen content were positively correlated with 
urease activity, the suppressed activity of urease indicates a decline of microbial 
population in the rhizosphere soil under the Ag-NPs stress and consequently a 
repression of the nitrogen cycle. The authors also claimed that Ag-NPs inhibit the 
activities of alkaline phosphatase in the rhizosphere of wetland plants which in turn 
shows its effect on phosphorus cycle. The impact of engineered NPs (ENPs), TiO2, 
and nano-ZnO at various doses (0, 0.5, 1.0, and 2.0 mg g−1 soil for TiO2 and 0.05, 
0.1, and 0.5 mg g−1 soil for ZnO) was investigated in soil microcosms (Ge et al. 
2012). These engineered NPs significantly altered the bacterial communities in a 
dose-dependent manner, with some taxa increasing and many others decreasing 
their proportion in the community, mostly causing a reduced diversity. Some of the 
declining taxa were associated with nitrogen fixation (Rhizobiales, 
Bradyrhizobiaceae) and methane oxidation (Methylobacteriaceae), while some 
positively impacted taxa were associated with the decomposition of recalcitrant 
organic pollutants (Sphingomonadaceae) and biopolymers including protein 
(Streptomycetaceae), indicating potential consequences to the ecosystem-scale pro-
cesses. The effects on individual taxa could result either from direct toxicity or 
indirect abiotic effects, such as changes in water or nutrient availability, or from 
biotic interactions. As some of the sensitive taxa are known to carry out important 
and defined roles in the nitrogen and carbon cycling, the accumulation of engi-
neered NPs in the soil could affect the critical, ecosystem-level biogeochemical 
processes (Ge et al. 2012). Rodrigues et al. (2013) reported that fungi and bacteria 
involved in the carbon and phosphorus biogeochemical cycles can be adversely 
affected by the presence of SWNTs. Shen et al. (2015) investigated the ecotoxico-
logical effect of ZnO NPs on soil microorganisms, using respiration, ammonifica-
tion, dehydrogenase (DH) activity, and fluorescent diacetate hydrolase (FDAH) 
activity as ecotoxicological parameters. In the neutral soil treated with 1 mg ZnO 
NPs per g soil (fresh, neutral), ammonification was significantly inhibited during 
the study period of 3 months, but the inhibition rate decreased on increasing the 
time. In various ZnO NPs treatments (1, 5, and 10 mg ZnO NPs g−1 soil), respira-
tion, DH activity, and FDAH activity were inhibited during the study period of 
1 month. There was a positive, dose-dependent relationship between the concentra-
tion of ZnO NPs and the inhibition of enzyme activity. Soil type affected the toxicity 
of ZnO NPs in the soil, the toxicity the highest in the acid soil, followed by the 
neutral soil, and relatively low in the alkaline soil. The influence of the metal or 
metal oxide NPs on the specific microbial metabolic activity and specific 
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nitrification potential could possibly change the C and N cycles of agricultural soils 
through influencing the soil microbial metabolism (He et al. 2016).

21.2.4  Effect of NPs on Plant-Microbe Interactions

Tomacheski et al. (2017) evaluated the impact of silver-based particles on the Avena 
byzantina (oat), Lactuca sativa (lettuce), and Raphanus sativus (radish) develop-
ment and on the soil microorganism abundance. The three plants were cultivated in 
soil contaminated with particles of bentonite organo-modified with silver (Ag+ ben-
tonite), silver phosphate glass (Ag+ phosphate), and Ag-NPs adsorbed on fumed 
silica (Ag-NPs-silica). Ag+ bentonite showed positive impact on the dry mass of 
radish plants; the root growth and dry mass of lettuce exhibited insignificant differ-
ence, while Ag-NPs-silica caused an adverse effect on microbial abundance. The 
impact on plants and microorganisms was contradictory and varied according to the 
soil’s and particles’ physicochemical characteristics.

21.2.5  Effect of NPs on Metabolic Activity of Soil 
Microorganisms

Soil microorganisms directly influence the soil processes such as decomposition of 
soil organic matter and the cycling of nutrients. Therefore, any factor that affects the 
soil microbial biomass, activity, and populations would necessarily affect the soil 
quality and sustainability. As mentioned earlier, the engineered NPs enter the soil 
via various ways and affect the soil microbial communities under field conditions, 
but information regarding their impact on the metabolic activities of microbes is 
lacking. Recently, He et al. (2016) evaluated the responses of soil microbial meta-
bolic activity to silver (Ag-NPs) and iron oxide (FeO) NPs, by microcalorimetry 
and soil nitrification potential. They have established that Ag-NP (at 0.1, 1, and 
10 mg kg−1 soil) amendments decreased the soil microbial metabolic activity, nitri-
fication potential, and the abundance of bacteria and ammonia-oxidizing bacteria; 
however, FeO NPs had positive effects on soil microbial metabolic activity (at 1 and 
10 mg kg−1 soil) and soil nitrification potential (at 0.1 and 1 mg kg−1 soil).

21.3  Conclusion

Studies have shown that the use of nanomaterials or engineered NPs enhances plant 
growth, but at the same time, depending on their size, these tiny particles easily 
accumulate intracellularly and/or extracellularly. Moreover, due to their rapid 
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proliferation, several new materials are expected to become a source of engineered 
NPs to the ecosystem. The rhizosphere has shown that NPs influence soil ecosys-
tem, soil health, and plant productivity. The poorly understood interaction mecha-
nisms of nanomaterials or engineered NPs with soil ecosystem and/or rhizospheric 
microorganisms have been discussed in this chapter. The regular accumulation and 
deposition of nanomaterials may influence the soil health both directly and indi-
rectly. Thus, a framework allowing for the extrapolation of various results concern-
ing the impact of nanomaterials or engineered NPs on soil ecosystem and 
rhizospheric microorganisms, and for assessment of threats of the prospective nano-
materials, is highly desirable.
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Chapter 22
Effect of Carbon-Based Nanomaterials 
on Rhizosphere and Plant Functioning

Javed Ahmad Wagay, Sanjay Singh, Mohammed Raffi, 
Qazi Inamur Rahman, and Azamal Husen

22.1  Introduction

Carbon-based nanomaterials (CBNMs), often called majic carbons, have shown poten-
tial application in various disciplines of science due to their exceptional physical, 
chemical, and mechanical properties (Hurt et al. 2006; Bennett et al. 2013; Srivastava 
et al. 2015). Their synthesis was started around the year 1985 (Baughman et al. 2002). 
Carbon is considered to be the most stable atom with balanced thermodynamic con-
figurations (sp3 to sp2) and has given rise to different allotropic structures including 
carbon nanotubes (CNTs), fullerenes, nano-diamonds, graphene sheets, nano-onions, 
nano-cones, nano-horns, carbon dots, nano-beads, and nano- fibers with change in the 
reaction conditions (Mauter and Elimelech 2008; Sharon and Sharon 2010; Cha et al. 
2013; Baptista et al. 2015). These entities have a vast heterogeneity in their morphol-
ogy and size, including the outer range of dimensions within the nanoscale measure-
ment. The exclusive nanoscale dimensions of CBNMs can be illustrated by taking the 
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example of graphene that has only length and breadth with sp2-C-atoms in a checkered 
six crystal lattice with sp3-C-atoms at the defect sites. Because of this dimensional 
character, graphene is considered as an important fundamental compound for its other 
nanoallotropes (Georgakilas et al. 2015). Fullerene is any allotrope (molecular form) of 
carbon, in the form of a hollow sphere, ellipsoid, or tube. A 20-polyhedron facet sym-
metry (nC60) is the most common structure of fullerene, including C28 and C36 (Ugarte 
1992; Wang et al. 2001). Nano-onions are coaxial poly-layered fullerenes with shining 
prospects in bioindustry (Chichiriccò and Poma 2015) because of having a promising 
thermal and electrical conductivity with prominent mechanical properties. Similarly, 
CNTs are cylindrical in morphology with several nanometers in diameter and graph-
eme-rolled sheets showing varying chiralities. They are of two main types: single-
walled nanotubes (SWCNTs) and multi-walled nanotubes (MWCNTs).

In plant system, these materials cause increased yield; influence plant function-
ing, nutrient uptake, and protection from disease; and may also lead to cytotoxicity 
and genetic alteration (Husen and Siddiqi 2014a, b; Mukherjee et al. 2016). They 
affect the bioavailability and toxicity of organic contaminants in the soil due to their 
adsorption properties and also have the ability to influence soil rhizosphere micro-
bial community (Khodakovskaya et al. 2013; Shrestha et al. 2013; Mukherjee et al. 
2016). These nanomaterials enter the plant cells mostly through stomata and cell 
wall as the size of CBNMs is less than its pore diameter of stomata (Torney et al. 
2007; Zhang et  al. 2007). The CBNMs have shown positive as well as negative 
impacts on plant growth and functioning (Husen and Siddiqi 2014a, b; Mukherjee 
et al. 2016). They may accumulate in some plant species and may not in some others 
(Husen and Siddiqi 2014a, b; Mukherjee et al. 2016).

MWCNT-encapsulated fungicides have also been used against Alternaria alter-
nata (Sarlak et al. 2014). Similarly, graphene oxide (GO)-encapsulated fertilizers 
have caused slow, steady, and efficient discharge for longer periods (Zhang et al. 
2014). Potassium nitrate encapsulated in GO has resulted in extended discharge and 
its longer accessibility to plant roots (Zhang et al. 2014). CBNMs have synergistic 
impact on most of the mycocides because of their antifungal character (Wang et al. 
2014). Burlaka et al. (2015) found the CBNMs as good delivery agents of gene to 
cells during plant transgenic techniques, because of their specific chemical structure 
(Liu et al. 2009). This chapter aims at elucidating CBNMs and their impact on plant 
functioning and on the rhizosphere and its associated soil microflora.

22.2  Plant Growth and Physiological Response to CBNMs

CBNMs have shown potential to increase seed germination and plant growth (Husen 
and Siddiqi 2014a, b), the extent of the effect being dependent on plant species, 
nature of the growth medium, CNM type/concentration, and growth conditions 
(Table  22.1). The roots of wheat showed fast growth (10×) on application of 
150 mg L−1 of CBNMs (carbon nano-dots) up to 10 days as compared to control 
group (Tripathi and Sarkar 2015). Sonkar et al. (2012) synthesized water-soluble 
carbon nano-onions (wsCNOs) from wood wool (waste product of wood) and 
examined their interaction with Cicer arietinum, which appeared positive 
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throughout the life cycle of the plant. The authors used four treatments (0, 20, 
30 mg L−1) of wsCNOs along with control (without wsCNOs) and noted an increase 
in plant growth (shoot length, branching, number of roots and length, water uptake, 
etc.) with increase in concentration of wsCNOs. The phenotypes of C. arietinum 
plants, as found after 5 days (A) and 10 days (B), are shown in Fig. 22.1. They 
claimed that improvement in C. arietinum growth and yield was connected with the 
uptake of wsCNOs (embedded in the xylem vessels) as shown by scanning electron 
microscopy. Cañas et al. (2008a) have reported that SWCNTs enhanced the root 
growth of Cucumis sativus and Allium cepa but had adverse effects on Lactuca 
sativa, Daucus carota, and Brassica oleracea. Zhang et  al. (2015) treated 
Lycopersicon esculentum seeds cotton-cushioned glass bottles with 40 mg L−1 gra-
phene. They have reported that germination rate increased from 26% on the second 
day to 43% on the fourth day in comparison to control. CBNMs could cause not 
only root emergence but also shoot emergence in various plant species (Table 22.1).

Khodakovskaya et al. (2009) have also investigated L. esculentum from germina-
tion to flowering and found that MWCNTs caused a fast increase of shoot height 
and enhanced flowering by two times than in the control. The treatment increased 
the yield of tomato fruit by 200% at a minimum dose of 50 μg mL−1. Some other 
studies also mentioned that SWCNTs (10–40 mg L−1) increased the rate of seed 
germination and caused perforation in seed testa in many plants such as Capsicum 
annuum, Festuca arundinacea, and Salvia macrosiphon (Pourkhaloee et al. 2011). 

Fig. 22.1 Phenotypic images of gram plants treated with different concentrations of water-soluble 
carbon nano-onions: (a) plants after 5 days; (b) plants after 10 days; (a) control plant; (b–d) plants 
treated with 10, 20, and 30 mg mL−1 wsCNOs, respectively. (Adapted from Sonkar et al. 2012)
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The best germination rates were shown by Capsicum annuum at 10 mg L−1 and 
Salvia macrosiphon at 30  mg  L−1 concentration of SWCNTs (Yan et  al. 2013). 
MWCNTs also exhibited reflective stimulatory germination property in some plants 
such as Oryza sativa and L. esculentum (Khodakovskaya et  al. 2009; Biris and 
Khodakovskaya 2012). SWCNTs caused a fast germination response in Hordeum 
vulgare, Glycine max, Zea mays, and Brassica juncea (Lahiani et al. 2013; Mondal 
et al. 2011). The cause of germination in these plants by SWCNTs was linked with 
the process of imbibition caused by the rupturing of seed testa which in turn could 
switch on SLR1 and RTCS aquaporin genes (Lahiani et al. 2013; Yan et al. 2013). 
Tripathi et al. (2011) showed the effect of citrate-coated wsCNTs in Cicer arietinum 
after a 10-day exposure to 6 mg L−1 concentration and observed internalization of 
CNTs by electron microscopy. They further reported that once these materials enter 
into the vascular tissue, they make an aligned network that results in a high water 
uptake which has a positive correlation with plant growth. In a recent study Kumar 
et al. (2018) have also reported that CNP treatment increased seed germination and 
caused elongated hypocotyl, larger cotyledon area, and enhanced chlorophyll con-
tent in Arabidopsis thaliana seedlings.

Villagarcia et  al. (2012) determined the physiological response of tomato by 
exposing seeds to five types of CNTs. The results indicated correlation between the 
physiological responses of seeds and surface chemistry of CNTs, which causes a 
significant change in seed germination rates. In an experiment it was found that ful-
lerol accelerates biomass accumulation and amounts of medicinal compounds in 
Momordica charantia (Kole et al. 2013). Recently, Joshi et al. (2018b) have reported 
an augmented growth of MWCNT-primed Triticum aestivum, increased stomatal 
density, xylem-phloem size, epidermal cells, and water uptake, whereas no DNA 
damage was recorded. In another investigation, Fan et al. (2018) have shown that 
the 50 mg L−1 MWCNT was beneficial for photosynthesis and lateral root emer-
gence, but toxic for root growth in A. thaliana. The authors also claimed that the 
relative electron transport rate and photochemical quantum yield of PSII were 
increased ~12% while the lateral root production up to nearly fourfold in compari-
son to control plants. Zhao et al. (2017) recorded the MWCNT content in A. thali-
ana, rice, maize, and soybean by using 14C-labeled MWCNTs. The MWCNT 
content varied in different plant parts possibly because of different plant species 
used and the different sizes of MWCNTs. They also noticed that changes in bio-
chemical features were more sensitive than physiological attributes. It has been 
reported that CNTs induced positive effects on flowering (Khodakovskaya et  al. 
2013), fruiting (Khodakovskaya et al. 2013), and water channel protein production 
in tomato (Villagarcia et al. 2012) and photosynthetic activity in spinach (Giraldo 
et al. 2014) along with root growth in maize and wheat (Miralles et al. 2012; Begum 
et al. 2012; Yan et al. 2013). On the other hand, reduced growth of shoot and root 
(Cañas et al. 2008b; Begum et al. 2012; Yan et al. 2013), enhanced production of 
reactive oxygen species (Lin et al. 2009; Tan et al. 2009), and chromosomal aberra-
tions (Ghosh et  al. 2011) due to CNT exposure have also been reported. 
Environmental abiotic stresses such as salinity and drought negatively affect the 
overall plant growth and development (Husen et al. 2014, 2016, 2017, 2018, 2019; 
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Getnet et  al. 2015; Embiale et  al. 2016), whereas CBNMs move simultaneously 
with other nutrients in soil (Nair et al. 2010; Rico et al. 2011; Husen and Siddiqi 
2014a, b; Martínez-Ballesta et  al. 2016) and may have an effect on plant stress 
response mechanisms under salinity and/or drought stress. For instance, Martínez-
Ballesta et al. (2016) used MWCNTs in control and 100 mM NaCl-treated broccoli 
plants. It was shown by TEM images that MWCNTs could enter cells in adult 
plants, with a higher accumulation under salt stress. MWCNTs increased water 
uptake under stressed condition, promoted growth, and increased the net assimila-
tion of CO2. MWCNTs also induced changes in the lipid composition, rigidity, and 
permeability of the root plasma membranes, relative to the salt-stressed plants. 
Moreover, the increased aquaporin transduction was observed, which improved 
water uptake and transport and mitigated the negative impacts of salt stress. The role 
of graphene- based nanomaterials has also been investigated. In a recent experiment, 
Ghorbanpour et al. (2018) used various doses (100–800 μg mL−1) of nano-graphene 
oxide and observed their response influence on morphological, physiological, and 
biochemical features of Plantago major calli cultures under normal and polyethyl-
ene glycol- induced drought stress conditions. They found that lower doses (100 and 
200  μg  mL−1) of nano-graphene oxide mitigated the adverse effects of drought 
stress through enhanced proline content and decreased H2O2 level. However, higher 
doses caused oxidative stress and showed toxic effects on the physiological regula-
tions of calli. Several factors related to nanotube, plant species, and experimental 
conditions were found to be responsible for modulating the impact of MWCNTs on 
plant growth. In an experiment, He et al. (2017) analyzed the effect of GO on spin-
ach and chive plants and found that the lower concentration of GO promoted seed 
germination and plant growth. They suggested that the oxygen-containing func-
tional groups of GO collected water, and the hydrophobic sp2 domains transported 
water to seeds to accelerate germination. Additionally, GO was not detected either 
on the surface or inside the plant cells; and they claimed that it was not phytotoxic. 
Recently, Joshi et  al. (2018a) used functionalized MWCNT treatment to Avena 
sativa plants at 70, 80, and 90 μg mL−1. MWCNTs were absorbed by seed and taken 
up by roots into shoots (Fig. 22.2). The authors have suggested that application of 
MWCNTs stimulated seed germination and plant growth and facilitated more water 
uptake by increasing the number of roots, root hair, vascular tissues (enhanced the 
growth of xylem cells by about 1.85-fold in the shoot vasculature), stomatal con-
ductance, chlorophyll content (by 57%), and photosynthetic efficiency (by 15%). 
Moreover, no toxic effects of MWCNT were observed on DNA of the primed plants 
and in the human cell lines treated with grains harvested from the MWCNT-primed 
plants (Joshi et al. 2018a).

22.3  Biomass Production and Yield in Response to CBNMs

CBNMs, such as SWCNT and MWCNT (50 μg mL−1), added to Murashige and 
Skoog growth medium increased the biomass of L. esculentum seeds by 75% and 
110%, respectively, in comparison to activated carbon and graphene (Khodakovskaya 
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et al. 2011). In another study, Khodakovskaya et al. (2012) have compared the influ-
ence of MWCNT and activated carbon on the tobacco cells and recorded the growth 
enhancement of tobacco cells 55–64% higher at 5–500 μg mL−1 MWCNT in com-
parison to untreated controls. However, activated carbon could increase the cell 
growth by 16% at low concentration (5 μg mL−1), while their growth was suppressed 
by ∼25% at higher concentration (100–500 μg mL−1). The authors claimed that the 
upregulation of several genes due to CNT treatments, including an aquaporin 
(NtPIP1) and two other genes (CycB and NtLRX), facilitates water transport, cell 
wall formation, and cell division.

Another CBNMs, fullerol, has shown its positive role not only in relation to bio-
mass and yield of Momordica charantia but also to the production of metabolites of 
therapeutic value, as reported by Kole et  al. (2013). They found that different 
 concentrations of fullerol increased the biomass by more than 54%, water content 
by 24%, fruit length by 20%, fruit number by 59%, and fruit weight by 70%, besides 
the total fruit yield improvement up to 128%. Similarly, fullerol caused an increase 
of 74% in cucurbitacin-B7, 82% in lycopene, and 20% in charantin, used for the 
treatment of AIDS, diabetes, and cancer, respectively (Ng et al. 1992; Raman and 
Lau 1996; Basch et al. 2003). Kole et al. (2013) further confirmed the uptake, trans-

Fig. 22.2 Field emission scanning electron microscope images of the surface of oat seeds primed 
with MWCNT showing their entry into the seed (yellow circles; a–d); no similar activity was seen 
in seeds of control samples (e, f); SEM images of the surface of main shoot of oat; control (g), 
FW90 primed (h), inside the main roots of control (i) functionalized multi-walled carbon nano-
tubes 90 μg mL−1 primed (j; yellow circle), xylem vessels in cross sections of shoots of control (k) 
and functionalized multi-walled carbon nanotubes 90  μg  mL−1 primed (l, enlarged vessels). 
(Adapted from Joshi et al. 2018a)
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location, and accumulation of fullerol in different parts of the tested plant by bright- 
field imaging and FTRI spectroscopy. Saxena et al. (2014) analyzed the impact of 
wsCNPs present in biochar on wheat and found an optimum growth of plants at 
50 mg L−1 among all concentrations (10–150 mg L−1) applied up to 3 weeks, with a 
prominent increase of root and shoot length (up to three times with respect to 
untreated controls).

Lahiani et  al. (2015) reported that carbon nano-horns (CNHs) were actively 
involved in increasing growth and biomass of some terrestrial plants. Sonkar et al. 
(2012) applied wsCNOs (30 μg mL−1) isolated from wood wool (pyrolysis waste 
product of wood) on Cicer arietinum plants for 10 days and observed higher growth 
rate of the wsCNOs pre-treated plants in soil, in terms of biomass accumulation. 
The carbon, hydrogen, and nitrogen (CHN) content of shoot and fruits in plants with 
and without wsCNO treatment showed a significant difference. The significant 
increase in percentage of carbon and hydrogen in shoots reflects an enhanced syn-
thesis of organic biomass in wsCNO-treated plants. The results also indicated that 
wsCNOs are nontoxic to plant cells and play a good role as active growth stimulants 
and could be used as benign growth promoters. Recently, Joshi et al. (2018b) have 
reported an augmented growth of MWCNT-primed Triticum aestivum, showing 
improved grain number and biomass.

22.4  Photosynthetic Response to CBNMs

CBNMs have been reported to promote the functioning of photosynthetic apparatus 
in leaves and enhance the rate of photosynthesis (Schmitz-Linneweber 2001). 
SWCNTs are able to activate the function of chloroplast (Heller 2009). They accu-
mulate in the chloroplast and increase the rate of reduction of dichlorophenol- 
indophenol (DCPIP), an oxidizing agent, as observed in the spinach chloroplast 
(Schmitz-Linneweber 2001). DCPIP catches electrons released from the reaction 
center of photosystem II to photosystem I (Kim 2009). The chloroplast DCPIP was 
three times reduced than in the control after 6 h exposure, thus elevating the photo-
synthetic efficiency significantly. The reason for high photosynthetic activity by 
SWCNTs is the fast electron transfer between SWCNTs and chloroplasts, as the 
SWCNTs reportedly generate a photoelectrochemical current on in vitro extracted 
reaction centers and nano-disc lipids (Ham 2010), as confirmed by the study of 
spinach thylakoids (Boghossian 2013; Calkins et al. 2013).

In a recent study, Joshi et al. (2018a) have assessed the impact of MWCNTs on 
the photosynthetic ability and chlorophyll concentration in the leaves of A. sativa. 
They found that chlorophyll concentration was higher in CNT-primed plants and 
suggested that this might be related to an improvement in the overall plant growth 
by CNT treatments. In this experiment, Fv/Fm was also increased by the CNT treat-
ments, which obviously increases chlorophyll concentration and photosynthesis. 
Earlier studies have also shown that SWCNTs promote the photosynthetic activity 
and enhance the electron transport rate, as compared to control (Ham 2010; 
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Boghossian 2013; Calkins et al. 2013). It has also been suggested that the major 
encouraging quality of CNTs is to absorb a wide range of wavelengths that allow 
two bandgaps to change the solar light into excitons, which facilitates the transfer of 
more electron flow in photosynthesis and increases chlorophyll concentrations 
(Wong et al. 2017).

22.5  CBNMs as Plant Fertilizers and Disease Protectors

A pretty number of reports are available justifying the importance of different 
CBNMs as fertilizers called as nanofertilizers. Most of these are altered mineral and 
organic fertilizers with nano-carbons that ensure fast nutrient availability and flow, 
prevent nutrient loss, and improve plant growth. CBNMs are being used to wrap 
fertilizers for their high stability and efficiency in different crops (González-Melendi 
et  al. 2008). Films of GO are used to encapsulate for slow release of fertilizers 
(Zhang et al. 2014) and soil-mobile nutrients such as potassium nitrate that causes 
delayed process of fertilizer release, which results in a maintained nutrient uptake 
of plants (Zhang et al. 2014). CBNMs are being remarcably used in dapper delivery 
mechanism of fertilizers and organic molecules such as oligonucleotides or DNA 
into plant cells, because of their fast penetrating properties into the plant cells 
through cellulosic cell wall and plasma lemma (Liu et al. 2009).

The impact of CBNMs on pesticide residue in zucchini, corn, tomato, and soy-
bean was reported to reduce in the presence of carbon nanotubes (Torre-Roche et al. 
2013). The CBNMs were reported to have a slow-releasing effect on different pes-
ticides on crops (Perez-de-Luque and Rubiales 2009). Sarlak et al. (2014) demon-
strated that fungicides, encapsulated in MWCNTs functionalized with citric acid, 
had a higher toxicity against Alternaria alternata fungi.

CBNMs are substantial compounds for synthesis of broad-spectrum fungicides 
to control different plant diseases caused by fungi (Wang et al. 2014). CNTs, fuller-
enes, and GO were reported to have strong antifungal properties and used as fungi-
cides against Fusarium graminearum and F. poae (Wang et al. 2014). Having an 
intimate association with fungal spores, CBNMs cause exosmosis and plasmolysis, 
leading to the death of fungal spores. In some other reports, the underlying antifun-
gal property of GO has been ascribed to the initiation of membrane catalysis which 
creates imbalance of membrane potential (Chen et al. 2014) and electron transport 
(Liu et  al. 2017) and generation of reactive oxygen species (Hui et  al. 2014, 
Mangadlao et al. 2015). The antibacterial properties of CBNMs also depend on their 
size, and basal plane larger sheets of GO were found to have higher antibacterial 
properties than its smaller sheets (Akhavan & Ghaderi 2010; Liu et  al. 2011). 
SWCNTs and MWCNTs were also reported to have an antibacterial activity against 
some bacterial strains (Liu et al. 2009; Kang et al. 2008). Nano sheets of GO and its 
reduced form have the most inhibitive effect against Escherichia coli bacterium but 
no cytotoxicity to A549 cells (Hu et al. 2010). SWCNTs and GO also have a promi-
nent wound healing property to prevent infection, allow oxygen to the wound site, 
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and stimulate the tissue growth (Simmons et  al. 2009). CBNMs cause bacterial 
resistance and reveal poly site antibacterial mechanisms, due to breaking of bacte-
rial cell wall and making oxidative stress, which in turn results in the arrest of cell 
growth (Kang et al. 2007; Lyon et al. 2008).

Wang et al. (2012) investigated the antibacterial activity of CBNMs against the 
copper-resistant plant pathogenic bacterium Ralstonia solanacearum and showed 
that SWCNT dispersion had the strongest antibacterial activity, followed by GO, 
MWCNTs, reduced GO, and fullerene. The antibacterial activity of SWCNTs and 
GO caused rupture to cell membrane, which in turn resulted in release of cytoplas-
mic content from bacterial cell and hence inactivated R. solanacearum (Fig. 22.3). 
Therefore, SWCNTs and GO are suggested as appropriate pesticides for the control 
of plant bacterial diseases.

22.6  CBNMs and Their Molecular Mechanism of Action

Khodakovskaya et al. (2012) reported that CNTs revealed an upregulation of several 
genes, including an aquaporin (NtPIP1) and two genes, namely, CycB and NtLRX, 
involved in water transport, cell wall formation, and cell division. Cell cycle regula-
tion of CBNMs was also reported by Schnittger et al. (2002), where he indicated 
that ectopic CYCLIN B1;2 gene expression is a basic requirement for mitosis in 

Fig. 22.3 SEM images of Ralstonia solanacearum cells treated (a) without CNMs, (b) with 
SWCNTs, and (c) with GO suspensions, respectively. TEM images of R. solanacearum cells 
treated (d) without CNMs, (e) with SWCNTs, and (f) with GO suspensions, respectively. 100 μL 
of SWCNTs and GO dispersion (250 μg mL−1) were incubated with 1 mL of different bacterial 
suspensions (108 cfu mL−1) for 2 h at a 120 rpm shaking speed and 30 °C. (Adapted from Wang 
et al. 2012)
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plant cells and showed the mechanism of nuclear division induction between endo-
reduplication and fast cell divisions in Arabidopsis trichomes. This was also shown 
that NtLRX1 gene (extensin1) played a prominent role in synthesis of cell wall when 
the cells were boosted with MWCNTs (Tire et al. 1994; Merouropoulos et al. 1999). 
Transcript abundance of the NtLRX1 gene between the control and MWCNT- 
supplemented plants was shown, with the highest rate of gene expression at 
100 μg mg L−1 concentration in 25 days of incubation. It is suggested that extensins 
are produced by plant cells as a defense during stress (Salva and Jamet 2001; Bucher 
et al. 2002) and that MWCNTs also act as a stressful stimulus for NtLRX1 gene 
expression in tobacco plant resulting in cell division and growth.

CNTs reportedly regulate tobacco water channels (aquaporins) and have direct 
influence on plant transcriptome and various essential genes. MWCNTs have been 
found to express water channel gene (NtPIP1) and the production of the corre-
sponding NtPIP1 protein in tobacco cells (Khodakovskaya et al. 2012). It was sug-
gested that water channel proteins (aquaporins) play a central role in most 
physiological processes in plants such as ascent of sap, seed germination, cell elon-
gation, flowering, and photosynthesis (Kaldenholff and Fischer 2006; Maurel 2007). 
The expression of water channel gene (PIPIb) in tobacco plants resulted in fast cell 
division and respiration (Aharon et al. 2003). The report has shown SLTIP2;2 gene 
expression that caused a direct positive effect on water potential and permeability of 
cells, which also increased the rate of transpiration in genetically modified plant 
species under stressful conditions (Sade et  al. 2009). SLTIP2;2 and OsPIP1;3 
(aquaporin) gene expression was also reported to cause high yield of some fruit 
biomass and seed germination under water stress (Liu et al. 2007). In a study with 
A. thaliana, CNP treatments have induced early flowering in both long-day and 
short- day growth conditions which indicates a photoperiod-dependent effect 
(Kumar et al. 2018). The authors found that despite the upregulation of repressor of 
gibberellic acid 1 (RGA1), the early flowering is most likely gibberellic acid-inde-
pendent. They suggest that the early flowering in CNP-treated A. thaliana seedlings 
was phytochrome B and photoperiod-dependent.

22.7  CBNMs and Rhizosphere

CBNMs may be toxic to soil microorganisms, may alter the bioavailability of nutri-
ents, or may affect the toxicity level of organic compounds and/or toxins (Dinesh 
et al. 2012). There are reports on both progressive and regressive effects of CBNMs 
on rhizosphere microorganisms. CBNMs generally appear to show negative effects 
on soil/rhizosphere microbes, but studies have also revealed neutral or positive bio-
logical effects. For instance, the impact of fullerenes on soil microbial community 
populations was evaluated using total phospholipid-derived phosphate. The soil was 
treated with 1 and 1000 μg C60 g−1 soil for 180 days; fullerenes showed no impact 
on the structure or function of the soil microbial community or on soil enzymatic 
activities (Tong et al. 2007). Shrestha et al. (2013) reported diverse changes in soil 
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(sandy loam) microbial communities after 90 days of exposure to MWCNT. CNT 
concentrations (10, 100, and 10,000 mg kg−1) caused no observable effects on soil 
microbial composition and enzymatic activities at lower concentrations, but a 
decreased abundance was detected in select bacterial species such as Waddlia, 
Holophaga, Derxia, and Opitutus at 10,000 mg kg−1. Notably, the amount of poly-
cyclic aromatic hydrocarbon (PAH)-degrading organisms, such as Cellulomonas, 
Rhodococcus, Pseudomonas, and Nocardioides, was markedly increased. Chen 
et  al. (2015) reported that the abundance and diversity of ammonium-oxidizing 
archaea (AOA) were higher than that of ammonium-oxidizing bacteria (AOB) under 
the influence of CNTs. The mechanisms responsible for these interactions are 
unknown; however, the limited literature does suggest that under certain exposure 
scenarios, CBNMs may have neutral or perhaps modestly beneficial effects on 
microbial communities (Mukherjee et al. 2016). Fang et al. (2007) showed that C60 
aggregates in water at 0.01  mg  L−1 significantly increased the levels of iso and 
anteiso branched fatty acids from 5.8% to 31.5% and 12.9% to 32.3%, respectively, 
in Bacillus subtilis (Gram positive), suggesting an increase in membrane fluidity as 
an adaptation response to C60. Alternatively, the aq-C60 at 0.5 mg L−1 resulted in an 
alteration on Pseudomonas putida (Gram negative) phase transition temperatures 
and levels of unsaturated fatty acids from bacterial membrane. Johansen et  al. 
(2008) reported that respiration and microbial biomass were unaffected by the 
fullerenes at any time, whereas the number of fast-growing bacteria was decreased 
by three- to fourfold just after incorporation of the nanomaterial, when they applied 
agglomerates of pristine C60 fullerenes (50 nm to micron-size) to soil at 0, 5, 25, and 
50 mg kg−1 dry soil to assess their effect on soil microbiota by measuring total res-
piration, biomass, and the number and diversity of bacteria and protozoans during 
the 14-day incubation. Tong et al. (2012) quantitatively investigated the effects of 
surface coating of SWCNTs on soil microbial community under low and high 
organic matter concentration. Upon 6000 μg g−1 of functionalized SWCNT expo-
sure for 6 weeks, they observed some microbial community shift keeping the total 
biomass unaffected. Another important factor that may influence the toxicity of 
CNTs to bacteria is the presence of residual impurities.

The induction of ROS, which may then directly interact with organelles to induce 
DNA damage or protein inactivation that results in apoptosis and cell death, might 
be another possible mechanism of CNT toxicity (Jackson et al. 2013). Rodrigues 
et  al. (2013) investigated the effect of carboxyl-functionalized SWCNTs on soil 
bacterial and fungal communities employing the culture-dependent and culture- 
independent methods. The soil was added with 0, 250, and 500 μg of SWNTs per 
gram of soil for 14 days, and the microbial populations were observed. The bacterial 
soil community was transiently affected by the presence of SWCNTs, but a major 
impact was observed after 3 days of exposure when the number of colony-forming 
units (CFUs) was significantly decreased but the bacterial community completely 
recovered after 14 days. Alternatively, higher doses of SWCNTs had a similar bio-
mass loss at 3-day exposure, but the fungal community was unable to recover even 
after 14 days. Similarly, Jin et al. (2013) reported that at relatively low concentra-
tions (300–1000 μg g−1 soil), SWCNTs significantly lowered the activities of most 
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enzymes and microbial biomass which showed a negative relationship with surface 
area of SWCNTs. Kerfahi et al. (2015) compared the effect of raw and acid-treated 
or fSWCNTs on soil bacterial communities, at different concentrations (0 μg g−1, 
50 μg g−1, 500 μgg−1, and 5000 μgg−1). The soil DNA was extracted at 0, 2, and 
8 weeks, and the V3 region of the 16S rRNA gene was PCR-amplified and sequenced; 
the bacterial diversity was not affected by either type of MWCNTs. On the other 
hand, the overall soil bacterial community composition was affected only by fMW-
CNTs at high concentrations, and a detectable effect was noticed after 2 weeks, and 
the bacterial diversity remained unaffected.

Chung et al. (2011) reported short-term effects of MWCNTs on the activity and 
biomass of microorganisms inhabiting two different soil types. Upon application of 
MWCNT (up to 5000 μg g−1 soil), activities of 1,4-β-glucosidase, cellobiohydrolase, 
xylosidase, 1,4-β-N-acetylglucosaminidase, and phosphatase and microbial biomass 
were measured. Most of the enzyme activities showed a tendency to be repressed 
under 500 μg MWCNT g−1soil, and all enzymatic activities as well as microbial 
biomass C and N were significantly lowered under 5000 μg MWCNT g−1 soil, sug-
gesting that high concentrations of MWCNTs could lower the microbial activity and 
biomass in soils. They also studied the impact of GO at 0.5–1 mg kg−1 and noted a 
decrease up to 50% in the activity of select key soil enzymes, including xylosidase, 
1,4-ß-N-acetylglucosaminidase, and phosphatase after 21  days of exposure. Shan 
et al. (2015) investigated the effects of biochar, activated carbon (AC), and SWCNTs 
and MWCNTs in various concentrations (0, 0.2, 20, and 2000 mg kg−1 dry soil) on 
the fate of 14C-catechol and microbial community in soil and reported that SWCNTs 
at 2000 mg kg−1 significantly reduced mineralization. The inhibitory effects of AC 
and SWCNTs on the mineralization were attributed to the inhibited soil microbial 
activities and the shifts in microbial communities, as suggested by the reduced 
microbial biomass C and the separated phylogenetic distance. However, MWCNTs 
at 0.2 mg kg−1 significantly stimulated mineralization, compared with the control 
soil. Tong et al. (2016) evaluated the effects of nC60 aggregates of different particle 
sizes via organic solvents on soils with different organic matter contents by measur-
ing the total microbial biomass, metabolic activity, and bacterial community struc-
ture and concluded that nC60 aggregates, introduced as an aqueous suspension, 
exhibited size-dependent effects on soil bacterial community composition in the low 
organic matter system, but induced a minimal change in the microbial biomass and 
metabolic activity in soils with both high and low organic matter contents. These 
authors also suggested that nC60 aggregates of smaller size may have negative impact 
on soil biota and that soil organic matter may play a key role in modulating the envi-
ronmental effect of nanomaterials. Karunakaran et al. (2013) evaluated the effect of 
nanosilica and silicon on soil properties, total bacterial population, and maize seed 
germination. The sodium silicate-treated soil inhibited plant growth-promoting rhi-
zobacteria in contrast to nanosilica. Bacterial population doubled in the presence of 
nanosilica from 4 × 105 CFU to 8 × 105 CFU per gram of soil. Rangaraj et al. (2014) 
also reported enhanced microbial populations and total biomass content 
(C = 1508 μg g−1 and N = 178 μg g−1) in maize rhizosphere caused by nanosilica, 
which plays a vital role in influencing the soil nutrient content and microbial biota 
and, hence, may promote the growth of maize plant.
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22.8  Conclusion

Most of the investigations concerning CBNMs vis-à-vis plants have been focused 
on seed germination seedling growth responses. CBNMs show beneficial effects on 
optimum concentration by hormesis and stress defense systems, whereas no effects 
or adverse effects stem from higher concentrations. Variability in CBNM impact on 
different plant species may be due not only to CBNM concentration but also to their 
heterogeneity in size, structure, chemical composition, and surface area. Studies 
have demonstrated that CBNMs increase the root and shoot growth at different 
growth stages, improve biomass, and also promote cell elongation and enhance crop 
yield. The stimulatory role of CBNMs in plants on water uptake, germination, pho-
tosynthesis, biomass, crop yield, and disease protection is of significant economic 
importance for agriculture, horticulture, as well as bioenergy sectors. Besides, 
CBNMs have an overall healthier impact on rhizosphere and its associated micro-
floa, increasing the activity of soil anaerobic ammonium-oxidizing bacteria as well 
as their involvement in protein and carbohydrate synthesis. However, their increased 
application over the last few years has raised concerns about the probable biological 
and environmental risks, warranting optimization and safety assessment consider-
ations. Compared to application-oriented investigation of CBNMs, studies on their 
ecotoxicity are inadequate, and data on their interaction with plant species and 
materials, growth media, and analytical techniques are insufficient. Since CBNMs 
exhibit some unique and reactive properties, they are likely to affect the individual 
plant or microbial species but also to upset the ecological system. Various reports 
presented in this chapter indicate that the CBNM interactions with biota and the co- 
existing impurities are amazingly complicated and may have noteworthy conse-
quences. Risk assessment studies involving the CBNM sources, pathways, and 
sinks are highly desirable.
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Chapter 23
Progress in Research on Nanomaterial- 
Plant Interaction

Mohammad Babar Ali

23.1  Introduction

Nanotechnology is one of the key technologies of the present century. Application 
of nanomaterials (NMs) in agriculture/horticulture sector is likely to ensure a tre-
mendous improvement in farming techniques, crop development, and environmen-
tal protection and curtail the use of chemical fertilizers, pesticides, herbicides, etc. 
(Sekhon 2014; Liu and Lal 2015; Kah 2015; Sertova 2015). Human population in 
the world is expected to exceed nine billion by 2050. Nanotechnology is poised to 
play a vital role in providing more and better food for this rapidly growing world 
population by improving the quality and quantity of plant produce and by enhancing 
their nutrient contents and reducing the uptake of metals (Kole et al. 2013; Sagadevan 
and Periasamy 2014; Husen and Siddiqi 2014a; Siddiqi and Husen 2017a, b; Karny 
et al. 2018; Chen et al. 2018; Ogunkunle et al. 2018; Sheykhbaglou et al. 2018). 
Therefore, the development of new NPs is important for exploitation of the strengths 
of nanotechnology for improving plant performance (Fraceto et  al. 2016). The 
chemically synthesized NPs are toxic and limit plant growth performance (Mattiello 
et al. 2015; Navarro et al. 2015; Cox et al. 2016; Wang et al. 2016; Du et al. 2017; 
Tiwari et al. 2017; Spengler et al. 2017). Therefore, plant-mediated biosynthesis of 
NPs is rapidly gaining the ground. This green synthesis of NPs is safe, quick, 
energy-efficient, cost-effective, and environment-friendly, with limited waste pro-
duction and greenhouse gas emissions (Husen and Siddiqi 2014b, c; Fraceto et al. 
2016; Husen 2017; Siddiqi et al. 2018).

There are indications that investment in the global agribusiness market will soon 
increase to 3.4 trillion dollars (Hooley et  al. 2012). According to the National 
Nanotechnology Initiative (NNI), the United States of America (USA) is spending 
3.7 billion dollars for a 4-year term for developing useful nanotechnology (Hirsh 
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et  al. 2014; Banterle et  al. 2014), followed by Japan and the European Union 
(Sodano and Verneau 2014). The Nanotechnology Research Review (2014) pro-
claimed the consumption of nanoscale ceramic powders (oxides, carbides, nitrides, 
and borides used for starting materials for solid commercial articles) costing 12.1 
billion dollars over the years 2013–2018. The consumption of nanocomposites was 
estimated to grow from 225,060 metric tons in 2014 to nearly 584,984 metric tons 
over a period of 5 years.

23.2  Future Prospects of Nanoparticle-Plant Interaction

The main aim of NP application on plants is to increase plant growth and productiv-
ity and improve plant protection without polluting the environment. Recent 
researches, based almost entirely on laboratory experiments, have shown both posi-
tive and negative effects of NPs on plant physiology. Nanoparticles not only enhance 
plant productivity but also induce accumulation of secondary metabolites in plants 
and can possibly be used as elicitors of secondary metabolites. However, certain 
groups of NPs have shown toxicity at the cellular and molecular level, normally in 
a concentration- or duration-dependent way. Their toxicity often relates to their size, 
shape, chemistry, and surface area to volume ratio, the factors that determine the 
biological characteristics of NPs. Redesigning of NPs using new methods and stan-
dard protocols is thus imperative to ensure a healthy plant performance and improve 
the plant productivity; it is also to be seen that the cost and time involved do not 
become the limiting factors.

Various NP-based products have already been developed, e.g., nano-sized nutri-
ents made from ZnONPs and TiO2 NPs promoted growth and antioxidant potential 
in tomatoes (Raliya et  al. 2015), macronutrient fertilizers coated with ZnO NPs 
caused enhanced nutrient absorption by plants and their quick transfer to specific 
sites (Milani et al. 2015), and acetamiprid-loaded alginate-chitosan nanocapsules 
improved the transfer of agrochemicals and control of dosage (Kumar et al. 2015). 
However, it is yet to be confirmed whether the positive effects of these products are 
consistent in different plant species and varied soil conditions, particularly during 
the large-scale cultivation. It may be noted that carbon nanotubes and nanosilver- 
based products did not show potential for large-scale agricultural applications 
(Aschberger et al. 2015). Further, these products are yet to be evaluated repeatedly 
for their impact on plant performance, and hardly few NP-based products have been 
officially registered as yet (EFSA 2009; USDA 2015; Gewin 2015; JRC scientific 
and policy reports 2014). However, according to the European Patent Office (EPO) 
and Patent Statistical Database (PATSTAT), about 200,000 patents were identified 
related to nanotechnology from 76 patent organizations; majority (47%) of these 
patents were assigned to the USA, followed by Japan (25%), EU (20%), and Korea 
(4%) (Parisi et al. 2014). Manufactured nanoparticles, nano-emulsions, and nano-
capsules are no longer new to agricultural chemicals (Gewin 2015).
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23.2.1  Plant-Based Biosynthesis of Nanoparticles

NP biosynthesis using plant extracts has received tremendous attention; the NPs so 
produced have less toxicity and are preferably used to improve plant productivity 
and plant protection. The phyto-mediated biosynthesis of NPs and the mechanisms 
involved have been examined by many researchers (Husen and Siddiqi 2014b; 
Siddiqi and Husen 2016a, b; Siddiqi et al. 2016, 2018). Ag NPs synthesized through 
biological method, using Bryophyllum pinnatum leaf extract, have been able to 
improve crop production by preventing the bacterial pathogen attack (Tareq et al. 
2017). Kumari et al. (2017a) studied in vitro and in vivo the effect of biosynthesized 
Ag NPs on tomato plant infected with Alternaria solani, the causative agent of early 
blight disease of tomato. They noted increase in fresh weight (32.58%) and total 
chlorophyll content (23.52%) in tomato plants treated with 5 μg mL−1 biosynthe-
sized Ag NPs. Also, application of these Ag NPs on infected plants decreased the 
fungal spore count (48.57%), lipid peroxidation (30%), proline content (39.59%), 
and superoxide dismutase activity (28.57%), indicating that the Ag NPs were able 
to prevent further fungal growth, decrease the stress parameters, and increase the 
chlorophyll content. Another study by this group (Kumari et al. 2017b) revealed that 
foliar application of 5 μg mL−1 of biosynthesized Ag NPs reduced the number of 
fungal spores and number of lesions per leaf in Alternaria brassicicola-infected 
Arabidopsis thaliana plants, without causing any perceptible change in soil proper-
ties (pH, electric conductivity, soil organic carbon, soil microbial biomass carbon, 
soil enzymes activities, microbial diversity). The authors concluded that biosynthe-
sized Ag NPs have the potential to act as strong antimicrobial agent and protect 
plants from damage caused by pathogens, without altering the native soil 
microflora.

In contrast, foliar application of 5 μg mL−1 Ag NPs reduced the number of fungal 
spores, indicating that the biosynthesized Ag NPs control the fungal spore forma-
tion, and hence the number of lesions got reduced from 2.9/leaf in the pathogen- 
infected plants to 0.9/leaf in Ag NP-treated plants. These studies suggest that 
application of biosynthesized Ag NPs may be able to control the fungal infection of 
crop plants with proper management. Therefore, application of biosynthesized Ag 
NPs may improve the floral diversity and increase plant defense against the patho-
gen attack. Thus, controlling the spread of plant diseases by applying biosynthe-
sized Ag NPs may increase plant productivity and undo the 10–30% loss in crop 
yield that occurs per year due to incidence of plant diseases (Savary et al. 2012). 
Raliya et al. (2014) reported the beneficial effect of biosynthesized MgO NPs pre-
pared from Aspergillus flavus on cluster bean (Cyamopsis tetragonoloba). MgO NP 
(15  mg  L−1)-treated plants increased the root and shoot growth and chlorophyll 
content in cluster bean. Similarly, TiO2 NPs biosynthesized from Aspergillus flavus 
induced the plant growth of Vigna radiata and rhizospheric microbial population 
(Raliya et al. 2015). Prasad et al. (2018) demonstrated that application of phyto-
genic Ag NPs (synthesized from Stevia rebaudiana leaf extract) caused improve-
ment in seed germination, plant growth, contents of chlorophyll, carotenoids and 
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protein, and antifungal activity of Aspergillus niger in rice (Oryza sativa), maize 
(Zea mays), and peanut (Arachis hypogaea). Balashanmugam et al. (2016) biosyn-
thesized Ag NPs using ten different species of Cassia and obtained the most effi-
cient and stable ones with Cassia roxburghii aqueous leaf extract, which were 
markedly effective in controlling various plant diseases caused by fungi. Ponmurugan 
(2017) biosynthesized gold and silver NPs with Trichoderma atroviride and tested 
them against a tea pathogenic fungus Phomopsis theae. Application of these NPs in 
soil significantly reduced canker size and improved leaf yield in tea plants, indicat-
ing that productivity of tea leaves can be increased and the crop be protected from 
the disease caused by Phomopsis theae.

Ahmad et al. (2017) reported that fabrication of Fe NPs from aqueous extract of 
neem leaf (Azadirachta indica) induced biocidal activity against phytopathogens of 
apple such as Alternaria mali, Botryosphaeria dothidea, and Diplodia seriata indi-
cating that these NPs may be useful to prevent fungal attacks, which harm apple 
productivity. Sathiyabama and Charles (2015) isolated cell-wall polymer (chitosan) 
from Fusarium oxysporum f. sp. lycopersici and cross-linked it with sodium tripoly-
phosphate (TPP) to synthesize nanoparticles (CWP-NPs). Application of these bio-
synthesized NPs that caused delay in the expression of wilt disease symptom in 
tomato plants minimized the wilt disease severity and increased the ultimate yield. 
Phytochemical-capped Au NPs synthesized using the extracts of galangal rhizome 
and considered as being nontoxic and biocompatible markedly increased seed ger-
mination, seedling vigor index, and physiological and biochemical properties of 
maize seedlings (Mahakham et al. 2016). Phyto-mediated Fe NPs, fabricated from 
coconut husk, increased the biomass, quantum yield of photochemistry, and chloro-
phyll content in Oryza sativa (Sebastian et al. 2018).

Green synthesis of CuONPs (20–40  nm), using Morus alba leaf extract, was 
done by Singh et al. (2017). Higher concentrations (100 and 500 mg L−1) of these 
NPs reduced the chlorophyll and sugar content in cauliflower (Brassica oleracea 
var. botrytis) and tomato (Solanum lycopersicum), whereas 10 mg L−1 of NPs could 
increase the chlorophyll and sugar contents slightly in tomato plants only. Increased 
concentration of NPs enhanced lipid peroxidation, electrolyte leakage, and superox-
ide and hydrogen peroxide accumulation, thus showing toxicity at higher concentra-
tions. Deposition of lignin was found in both plants, but NP accumulation was 
higher in tomato than in cauliflower plants, which might be due to the difference in 
root morphology of the two species. These studies suggest that all phyto-mediated 
NPs are not safe for plant physiology. Fe NPs biosynthesized with the help of 
Eucalyptus leaf extracts were able to remove Cr (VI) under optimal experimental 
conditions (Jin et al. 2017). The removal efficiency was 55.7% after four repeats. 
Such NPs also increased the oxidative degradation of herbicide ametryn (Sangami 
and Manu 2017). Fe NPs synthesized by the green method from the green tea and 
eucalyptus leaf extract were able to remove nitrate from swine wastewater, indicat-
ing that the plant-based NPs may also be useful for cleaning the environmental 
pollution and the damaged plant-growing fields (Wang et al. 2014).

Application of phyto-mediated NPs to enhance plant growth is rapidly growing 
in field conditions. Several studies have suggested that the phyto-mediated NPs alter 
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plant metabolism, improve plant protection against pathogen, and increase toler-
ance. However, since most of these studies are based on short-term experiments in 
controlled laboratory conditions, generalizations should not be drawn unless these 
results have been endorsed by long-term studies in open fields under varied environ-
mental factors such as variation in soil pH, diverse temperatures, soil nutrient varia-
tion, improper irrigation management, and many more. Thus, limited knowledge 
about the mechanism of NP action and lack of long-term studies of NP impact on 
plants cause a major concern and certainly deserve more attention.

23.2.2  Nutrient Carriers

The main task in developing sustainable crops is to minimize the inputs of NPs and 
maximize the crop productivity. This is feasible if the engineered molecules are able 
to make the soil more fertile and improve the nutrient utilization by plants for 
greater productivity and better environmental security. Nanotechnology has the 
potential to improve the profile of nutrients and their efficiency. There are various 
nutrient carriers available in the medical field for drug delivery, like micelles, lipo-
somes, nano-emulsions, protein-carbohydrate nanoscale complexes, solid nano- 
lipid particles, and others; these can possibly be utilized to carry nutrients or specific 
NPs for improving the plant productivity. These materials may interfere with NPs in 
the soil to facilitate ion exchange (e.g., NH4

+ H2PO4
−, HPO4

2−, PO4
3−, Zn2+) and 

promote nutrient translocation to plants. Thus, the presence of nutrient carriers and 
newly developed agromolecules may help improve the overall soil profile (absorp-
tion, bioavailability, solubility, and dispersion) and finally the plant productivity. 
Such products may have the potential to improve the nutritional uptake, increase the 
soil integrity of agricultural lands, and minimize the toxicity of NPs.

23.2.3  Company-Based Products

Various companies in agricultural sector have developed a vast range of NP-based 
products. Syngenta, a leading agrochemical corporation, developed a nano- 
encapsulated product, which is available under the name “Karate Zeon®” (Syngenta 
2018). It contains lambda-cyhalothrin that is released quickly on contact with 
leaves, for the control of biting, chewing, as well as sucking insect pests in a variety 
of crops. The product is currently available for use in most countries including 
India. Another product of Syngenta, called “Gusbuster,” is a nano-insecticide that 
releases its content when exposed to alkaline environment (e.g., insect stomach). 
Nano Green Sciences (USA) has developed an organic NPs-based plant tonic called 
“Nano Green” that promotes nutrient uptake and plant growth. Agro Nanotechnology 
Corp. (USA) has also produced a similar product called “Nano-Gro” which increases 
plant growth, yield, and resistance.
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23.3  Conclusion

Future research extended to open-field experiments may help to understand better 
the mechanism of NP effect on plants. Production of phyto-mediated NPs looks 
highly promising as they are environment-friendly, cost-effective, and less time- 
consuming and ensure long-term safety of products. However, for use in agricul-
tural sector, these NPs need to be designed carefully keeping in view their mode of 
treatment (soil or foliar) so that high impact with easy routes may be made possible 
to ensure improved quality of crops.

There is no doubt about the beneficial effects of NPs and their contributions to 
various fields including medical and agricultural sectors. However, it is not advis-
able to use NPs in developing food stuffs unless their toxicity has been tested on a 
large scale through repeated short-term as well as long-term studies under varied 
sets of conditions, and their mechanism of action is fully understood. Rigorous test-
ing of nanoproducts should be done through governmental agencies also before 
bringing them to the market.
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Advanced glycation end products (AGEs)
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RAGE, 301
secondary complications, 300

Agglomerate bubbling fluidization (ABF), 44
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44, 45
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colloidal dispersion, 43
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isoelectric point, 44
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factors, 43
macropinocytosis, 42

mass conservation, 43
mechanical properties, 42
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surface energy of NMs, 43
suspensions, 42
toxicity/safety, 42
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spectrophotometric techniques, 44
stable and non-stable colloidal systems, 44
temperature, 44
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Agriculture, 380, 381, 386
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Agrochemicals, 474, 477, 480
Air pollutants, 458
Airborne NPs, 365
Al2O3 NPs, 14
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CNTs, ecotoxicological effects, 414–417
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Algae (cont.)
TiO2-NPs, 402–406
ZnO-NPs, 407

photosynthetic eukaryotes, 395
usage, 395

Alkaline phosphatases (ALP), 311
Alkaloids, 72
Allelopathic compounds, 509
Aloe Vera leaf, 311
Alpha-helix, 178
Alumina nanoparticles (Al2O3-NPs)

to lower plants, 400, 401
Alumina NMs, 18
Andrographis paniculata

pharmacological potential  
(see Pharmacological potential,  
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therapeutic indications, 320
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Antibacterial efficacy, 252
Anticancer activity

CuO NPs, 230–232
ZnO NPs, 207, 208

Anticancer drug, 128
Anticancer therapy, 248
Antifungal activity

ZnO NPs, 204, 205
Antiglycating agents, 300
Antimicrobial activity

CuO NPs, 229–231
IO-NPs, 247
ZnO NPs, 202, 204

Antimicrobial agents, 248
Au NPs, 96

Antimicrobial therapeutics, 46
Antioxidant activity, CuO NPs, 230–232
Antioxidant defense system, 429, 432
Antioxidant metabolism

defense system, 432
enzymatic antioxidants, 433, 434
non-enzymatic antioxidants, 434, 435

Anti-solvent method, 180
APOX activity, 433
Applications

Ag NPs
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antibacterial properties, 158
antimicrobial, 158–160

anti-oxidant activity, 158
anti-oxidant potential, 162
biomedical, 160–162
catalytic activity, 162
silver-based compounds, 158

Au NPs
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anticancer drug, 128
antimicrobial agents, 96
antioxidants, 97
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photochemical agents, 98
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SMG-capped, 130
surface area and energy, 129
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ZnO NPs (see Zinc-oxide NPs (ZnO NPs))
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APX activity, 433
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Arabic concentration, 120
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Ag NPs, 148, 153, 154
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fabrication, 116
formation, 117
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reaction mechanism, 121
SAED, 117
size, shape and morphology, 116
UV-Vis analysis, 117
XG-capped, 118, 119

Autoclaving, 116
Auxins, 518, 519

B
Bacterial cells, 159
Bael gum (BG), 113, 115, 120, 125, 126
Banana peels, 82
Banana-peel-ash aqueous extract, 247
Bassorin, 115
Beta-sheet, 178
Bioaccumulation, NPs, 455
Bioactive capacity, SnO2, 290
Bio-cargoes, 239
Biodegradable polymers, 58
Bio-distribution, 240
Biofertilizers, 477
Bioimaging

ZnO NPs, 208
Biomedical applications

Ag NPs, 160–162
Au NPs, 99, 100
CeO NPs

antibacterial activity, 275
anti-inflammatory, 274
anti-obesity, 279
cell viability and neurotoxicity, 278, 
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IO-NPs

antibiotic resistance, 248
anticancer therapy, 248
antimicrobial agents, 248
biocompatibility, 248
bio-interface, 248
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properties, 249–250
microbes and disease-vectors, 248, 249
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Biomolecules, 100
Biopesticide, 522
Bioreduction, 79, 227
Bio-resources, 240
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Blackberry fruit extract, 150
Blood-brain barrier (BBB), 48
Bone disorders, 60

Bone mineral, 479
Bottom-up and top-down approaches, 5
Bovine submaxillary gland mucin (BSM), 188
Bragg reflections, 117
Bragg’s reflection, 88
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Brownian NPs, 12
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Cancer therapy
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anticancer activity, 331
cell proliferation, 331
cytotoxic effects, 329
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Cancer-causing dyes, 96
Capping agents/stabilizing agents, 240
Carbohydrate polymers, 121
Carbon, 553

allotropes, 5
Carbon-based nanomaterials (CBNMs)
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ecotoxicity, 569
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and molecular mechanism of action,  
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on plant growth and functioning, 554
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plant growth and physiological response, 
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Carbon dots (CDs), 482
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nanomaterials (CBNMs))
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Carbon nanotubes (CNTs) (cont.)
MWNTs material, 414
NFs, 492
photosynthetic activity, 414
potential applications, 394
single-walled, 9
SWCNTs material, 414
toxicity studies, on algae, 416–417

Carbon-rich catalysts, 252
Carboxy methyl lysine (CML), 303
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functionalized Au NPs, 129
Carboxylmethyl gum-capped Au NPs, 119
Carboxymethyl chitosan, 183
Cartilage, 60
Caspase-3, 161
CAT activity, 433, 434
Catalysis

IO-NPs, 252
Catalytic activity

Ag NPs, 162
Au NPs, 96, 97
CuO NPs, 230–231, 233

Catalytic promotion, NPs, 299
Cellular membranes, 51
Central nervous system (CNS), 48
Ceramic NPs, 9, 52
Ceria, 62
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discovery, 261
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sources, 262

Cerium-oxide nanoparticles (CeO NPs)
applications, 274
dynamic light-scattering techniques, 271
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citric acid, 263
conventional method, 263
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photocatalytic and antioxidant activity, 280
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high-resolution TEM, 154, 155
IR spectroscopy, 148
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Raman spectroscopy, 148
reaction mixture, 152, 153
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surface Plasmon vibrations, 150
TEM, 148–150
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zeta potential, 150, 152

CuO NPs, 228, 229
Cholesterol moieties, 48
Chronic inflammation, 274
Chronic obstructive pulmonary disease 
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Cinnamomum camphora, 80
Classical nucleation theory (CNT), 39
Climate change, 442, 445
Clinoptilolite, 479
Clomazone, 517, 518
Clonogenic assays, 232
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Coaxial electro-spinning, 184
Cold stress, 449, 455
Coleus amboinicus, 81
Collective oscillations, 36
Colloidal carriers, 51
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Continuous glucose monitoring systems 

(CGMS), 307–308
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biological application
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antimicrobial activity, 229–231
antioxidant activity, 230–232
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anti-rehumatic activity, 230–232
catalytic effect, 230–231, 233

characterization, 228, 229
core-shell copper oxide NPs  

(CS-CuO- NPs), 409
ecotoxicological effects, non-vascular 

plants, 401
internalization, 408
macrophyte Lemna gibba, 410
production methods, 221–222
properties, 222
shape and size, 228
sonicated and non-sonicated, 409
toxicity studies, on lower plants, 410

Copper-based NMs, 18
Core-sheath nanofibers, 184
Core-shell NPs, 184
Core-shell structure, 48
Cosmetics

ZnO NPs, 208, 209
Covalent organic frameworks (COFs), 59
Cranberry procyanidins (CPs)-zein NPs, 185
Crop plants, 445, 455, 460, 462
Crop protection, 515
Crystallographically oriented mode, 42
Curcumin treatment, 311

D
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Dark stress, 458
de Broglie wavelength, 34
Debye-Scherrer equation, 88, 148
Degrees of polymerization (DP), 185
Delayed-type hypersensitivity (DTH), 324
Dendrimers and dendritic polymers, 52
Dengue virus (DENV), 326
Dermal absorption, 209
Diabetes

AGEs, 300 (see also Advanced glycation 
end products (AGEs))
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nanosensors, 307
prevalence, 300
secondary complications, 300, 307
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Dimensions, 379
Direct heating, 116
Distilled water, 82
Double emulsion and evaporation method,  
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Double-walled CNTs, 9
Doxorubicin hydrochloride (DOX),  
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DPPH (1,1-diphenyl-l-2-picryl-hydrazyl) 

radical-scavenging assay, 162
Drought stress

Ag NPs application, 446
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silicon NPs, 445

Drug carriers, 51
Drug-carrier system, 50
Drug-loaded fibers, 184
Drug-resistance management, 96
Dual polarization interferometry, 10
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IO-NPs, 252
Dye degradation processes, 96
Dyeing process, 96
Dynamic light scattering (DLS), 10–12, 81
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E
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Ecophysiology, 520
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Electron scattering, 84
Electronic energy levels, 35
Electronic energy states, 35
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Electro-spray deposition system, 187
Electrospraying, 56
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Emulsion-solvent evaporation method, 53
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toxicity, 8
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Enzymatic antioxidants, 433, 434
Evaporation-condensation techniques, 5

Index



592

F
Fabricated NPs, 537, 542
Fabrication

Ag NPs
Azadirachta indica leaf extract, 150
growth factors (see Growth factors)

Au NPs
atom formation, 121
banana peels, 82
bioreduction process, 79
carbohydrate polymers, 121
Coleus amboinicus, 81
FTIR, 80, 81, 83
growth factors (see Growth factors)
HAuCl4, 81
1H-NMR spectroscopy, 82
HRTEM, 81
leaf extract, 81
Mangifera indica, 81
mechanism, 121
microwave radiation, 82
plant materials, 79
plant-mediated, 79
polymerization of atom, 121
red alga, 83
shape and size, leaf extract quantity, 79
Sphaeranthus amaranthoides, 81
SPR, 81
stabilization, 121
stable gold NPs, 82
sun-dried leaf powder, 79
Terminalia arjuna, 82
terpenoids, 79

ZnO NPs
dried sap, 196
FESEM, 202, 203
green, 202
growth factors, 195
human health and environment, 194
jaft extract, 202
leaf extracts, 201
plants, 194, 195
reducing and stabilizing agent, 201–202
shape, 194
stabilizing and capping agent, 196
zinc acetate salt, 196
ZnNO3 salt to, 196

Fatty acids, 48
Fe2O3 NPs, 18, 19
Feedback-regulated drug delivery, 47
Fenton-like catalyst, 247
Fertilizers

application, 448
biofertilizers, 477

conventional fertilizers, 473
efficiency, 474
elements, 475
large-scale application, 475
N, P and K, 473
nanofertilizers, 462
NFs, use (see Nano-fertilizers (NFs))
organic and inorganic, 448
silicon NPs, 448
soil productivity, 475

Field-emission scanning electron microscopy 
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Field-emission SEM, 185
Flavonoids, 72
Flooding stress, 447
Fluorescence microscopy

zein NPs, 184
Folate-conjugated catalase (CAT), 181, 182
Fourier-transform infrared (FTIR) 

spectroscopy, 10–12
Ag NPs, 150, 151
Au NPs, 80, 81, 90, 91, 123, 124
zein NPs, 184
ZnO NPs, 196, 201
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Gastro-intestinal (GI) tract, 62, 63
Gellan gum (GG), 113, 115–117, 129
GG-capped Au NPs, 117
Gibbs-Thomson theory, 45
GK-stabilized Au NPs, 119
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Global warming, 442, 445, 448, 449
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AGE formation, 304
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pharmacological intervention, 304

process, 303
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Gold nanoparticles (Au NPs)
amphiphilic polymer coating (AP), 396
applications, 72–78, 128–130
attributes, 113
biosynthesis, 112, 113
bottom-up and top-down procedure, 72
catalytic reduction, 112
characterization, 72–78, 80

DLS, 126, 127
EDXA, 125, 126
FTIR spectroscopy, 123, 124
SAED, 124–126
TEM, 124, 125
UV-Vis spectroscopy, 122
XRD, 127, 128

DLS, 88–90
fabrication (see Fabrication, Au NPs)
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obliquus, 397
FTIR, 90, 91
on green alga Scenedesmus subspicatus, 396
layer-by-layer-coated, 117
microscopy (see Microscopy)
nanoscale materials, 111
natural gums, 113, 115, 116
plant-based biomaterials/biomolecules, 112
plant extracts, 112
principal biomolecules, 79
reducing agents, 112
reduction of gold ions with reducing 

agents, 112
size and shape, 114
SPR, 79
synthesis (see Au NPs synthesis)
toxicity studies, on lower plants, 397
UV-vis spectroscopy, 83–85
XRD, 86, 88
zeta potential analysis, 88–90

Gram-negative bacteria, 275
Gram-positive bacteria, 129, 275
Grape seed proanthocyanidin (GSP) extract, 246
Green methods, 160
Green synthesis

Ag NPs (see Silver nanoparticles  
(Ag NPs))

Au NPs (see Gold NPs (Au NPs))
CuO NPs

antioxidants, 227
black bean extract and characterized, 222
capping agents, 226 (see Copper oxide 

NPs (CuO NPs))
formation, 222
FTIR spectroscopy, 222, 226
mechanism, 227

photocatalytic activities, 227
plant parts, 222
plant species, 222–226
SEM and TEM, 222
UV-vis spectroscopy, 222, 226
XRD, 222

IO-NPs (see Iron-oxide NPs (IO-NPs))
NPs, 7, 8
optimization and growth factors, 7, 8
optimization, stabilization and 
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silver and gold NPs, 7
ZnO NPs (see Zinc-oxide NPS (ZnO NPs))

Growth factors
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pH, 156, 157
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temperature, 155, 156

Au NPs
incubation time, 94
pH, 93
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plant-mediated fabrication, 91–92
temperature, 92, 93

ZnO NPs, 196
GT-capped Au NPs, 129
GT-stabilized Au NPs, 120
Guar gum (GG), 113, 115, 117
Gum acacia stabilized Au NPs, 119
Gum arabic, 113, 115
Gum arabic-capped small-size Au NPs, 129
Gum-capped Au NPs, 116, 117
Gum ghatti, 113, 120
Gum karaya (GK), 113, 114
Gum katira, 113
Gum kondagogu, 113
Gum salmalia, 113, 115
Gum tragacanth-capped Au NPs, 129
Gum tragacanth (GT), 113–115, 123, 125
Gusbuster, 581

H
Heat stress, 449
Heavy-oil viscosity treatment

IO-NPs, 253, 254
HeLa cell lines, 161
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Herbicide
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crop-management systems, 513
description, 512
drifts, 513

Index



594

Herbicide (cont.)
modern, 512
natural, 512
non-selective, 512
on NMs (see Nano-herbicide)
organic, 512
selective, 512
to crops, 513

Herpes simplex virus type 1 (HSV-1), 161
Hexokinase, 307
High-resolution transmission electron 

microscopy (HRTEM), 10, 11, 81
Ag NPs, 154, 155
Au NPs, 85

High temperature stress, 449
HIV-1 virus, 161
Hollow zein NPs, 179, 180
Human immunodeficiency virus (HIV), 326
Hydrophobic chains, phospholipids, 51
Hydrothermal method, 252
Hydroxyapatite, 479, 480
Hypertriglyceridemia, 329

I
Immiscible liquids, 50
Immune clearance, 240
Immune surveillance system, 48
In vitro drug-release studies, 185
Incubation time

Ag NPs, 157
Au NPs, 94

Infrared (IR) spectroscopy
Ag NPs, 148

Inorganic NPs, 47, 52, 59
Inorganic porous NMs, 59
Intelligent fertilizers, 474

N-based NFs, 483, 484
P-based NFS, 484–486
potassium (K)-based NFs, 486, 487
zinc-based NFs, 487, 488

Inter-instrument reproducibility, 39
Iron oxide NMs, 18
Iron-oxide NPs (IO-NPs)

aloe vera leaf extract, 246
antimicrobial application, 247
applications

agricultural output, 254
biomedical, 248–252
catalysis, 252
dye-adsorption/degradation, 252
eco-hazard mitigation/metal-ion 

adsorption, 251–253
heavy-oil viscosity treatment, 253, 254

banana-peel-ash aqueous extract, 247
biocompatibility, 240
bio-distribution, 240
bio-resources, 240
databases, 240
Dodonaea viscosa leaf extract, 246
ferromagnetic, 246
GSP extract, 246
immune acceptance, 240
immune clearance, 240
microwave assisted synthesis, 247
nanomagnetism scaling laws, 240
non-protein alkaloid, 247
Ocimum sanctum, 247
organic acid, 247
pharmacokinetics, 240
phytochemicals, 240
phytosynthesis (see Phytosynthesis, 

IO-NPs)
plant-mediated preparation, 240–243
plant parts, 246
polymeric encapsulation/coating, 240
preparation protocols, 240
reducing and capping agents, 240
RGO, 247
stem extract of Vitis vinifera, 246
toxic reagents, 240
waste-water treatment, 239

Irradiance stress, 457
Irreversible interparticle coupling, 84

K
Katira gum (KG), 115, 117, 126, 127, 130
Ketoprofen, 184
King of bitters, 317

L
Laboratory-independent reference method, 39
l-α-amino acids, 178
Laser ablation, 5
LBG-stabilized Au NPs, 118, 129
Legumin NPs, 187, 188
Light-emitting diodes (LEDs), 41
Lipid-based nanovectors, 58
Lipid-based NPs, 9
Lipid peroxidation (LPO), 430
Liposomes, 48–50
Liquid chromatography mass spectrometry 

(LCMS), 332
Liquid-liquid dispersion method, 183
Localized surface Plasmon resonance  

(LSPR), 393
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Locust bean gum (LBG), 113, 115, 127, 130
Longitudinal band, 37
Low-energy phase separation method, 183
Lower plants

Au-NP toxicity, 397
description, 394
metal trace elements, 395
NiO-NPS toxicity, 412
nonvascular, 394
toxicity data, Ag-NPs, 399, 400
toxicological impact, Al2O3-NPs, 400

Lycurgus Cups, 4

M
Macropinocytosis, 42
Macroporous, 59
Maillard reaction, 301
Majic carbons, 553
Malondialdehyde (MDA), 428, 430–432
Mangifera indica, 81
Matrix-assisted laser desorption/ionization 

time-of-flight mass spectrometry 
(MALDI-TOF), 10

Media milling, 515
Mesoporous, 59
Mesoporous carbons, 59
Mesoporous silica (MS), 481
Metal and metal oxide NPs  

(MNPs/MONPs), 380
environmental factors, 381
nanotechnology, 380
on plant growth and development, 

353–354, 381
grain yield and quality, 386
mineral uptake, 383
photosynthetic machinery, 383, 384
plant morphology, 384, 385
potential impacts, 381, 382
seed germination, 381, 382

sustainable agriculture, 381
tunable features, 380
underground and aerial parts, 380

Metal NPs, 5, 7, 9, 14, 111
Metal oxide NPs, 5
Metal toxicity, 458–459
Metallic NPs

in agriculture system, 351
antioxidant defense system, 432
vs. antioxidant metabolism

enzymatic antioxidants, 433, 434
non-enzymatic antioxidants, 434, 435

apoplastic pathway, 353
biosolids disposal, 428
CdSe/CdZnS QDs, 354, 355

elevated generation, ROS, 429
H2O2 content, 430
leaf ROS concentrations, 429
MDA level, 431
vs. membrane lipid peroxidation, 428, 429
synthesis, 72
TBARS formation, 430, 431
TiO2 NPs, 352, 430
translocation, 352
uptake and transport, Ag NPs, 352
uptake behavior, Au NPs, 352
in wheat plant, 351
ZnO NPs, 429

Metal-organic frameworks (MOFs), 59
Metal-oxide NPs, 9, 19
Micelles, 48, 49
Microemulsions (MEs), 47, 50, 51, 62
Microencapsulation technique, 514
Microporous, 59
Microscopy

AFM, 84, 86, 87
EDS, 85
electron scattering, 84
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HRTEM, 85
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TEM, 84, 85, 87

Microwave assisted synthesis, 119, 196, 247
Microwave irradiation, 116
Microwave radiation, 82
Mie theory, 121
Mineral nutrient stress, 448
Minimum inhibitory concentration (MIC), 159
Mitochondrial outer-membrane 
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Mitotic cell division assays, 99
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184, 185
Mono-chlorobenzene (MCB), 253
Mononuclear phagocytic system (MPS), 57
Muco-adhesive particles (MAPs), 62
Mucus-penetrating particles (MPP), 62
Multi-walled carbon nanotubes (MWCNTs), 

9, 452, 492, 493
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methods, 449
and SN NPs, 446

N
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Nanocapsules, 55
Nanocarriers (NCs), 51, 55–57
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Nanoceria, 262, 264, 271, 274, 279–281
See also Cerium-oxide nanoparticles  

(CeO NPs)
Nanochemistry

nanoscale materials, 33
NPs (see Nanoparticles (NPs))
quantum confinement, 34, 35
size distribution, nanostructures, 38, 39
SPR, 35–38

Nanoclays, 60
clinoptilolite, 479
definition, 478
quality, 478
zeolites, 478

Nano-dimensions, 32
Nanoelements, 462
Nanoemulsification, 56
Nanoemulsion (NE), 62, 514
Nanoencapsulation, 513, 514

bioavailability, 55
biodegradable polymers, 58
electrospinning, 56
electrospraying, 56
inorganic NPs, 59
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lipid-based nanovectors, 58
materials and structures, 57, 58
nanocapsules, 55
nanocarriers, 59
nanoclays, 60
nanoemulsification, 56
natural and synthetic nanoporous  

materials, 59
natural polymers, 58
NCs, 55–57
polymeric nanoencapsulated materials, 59
structure-directing agents, 59
synthetic polymers, 58

Nano-fertilizers (NFs), 448
agrochemicals, 474
in agroecosystems, 482
CDS, 482
common commercial products, 495
description, 473
emulsions/encapsulated organic NPs, 482
ethylene synthesis, 483
evaluation system, 483
fertilization, 488
hydrogels, 482
intelligent (see Intelligent fertilizers)
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requirement, 475, 476
mechanism of action, nutrients, 489
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NMs
carbon-based nanomaterials, 480, 481
hydroxyapatite NPs, 479, 480
mesoporous silica (MS), 481
miscellaneous nanomaterials, 481
nanoclays, 478, 479
polymeric materials, 480

NPs, 474
soil, 475
toxicity assessment, 493–495
types, 478
uptake and translocation, in plants, 488–491
uses, 474, 477

Nanoformulations
andrographolide, 331–336
hamster model, 334
homogenization technique, 335
in vitro permeation, 333
in vivo efficacy, 333
pharmacological disorders, 332
therapeutic index, 331
zinc oxide, 336

Nano Green, 581
Nanogrinding, 515
Nano-herbicide
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mode and mechanism of action, 517

ALS, 517
auxins, 518, 519
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modern herbicides, 517
photosynthesis, 519
photosynthetic reactions, 517

systematic methods, 515, 516
translocation, 521, 522
transport of metabolites, 519
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in plant system, 520
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Nanomaterials (NMs)

abiotic stress, 8
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mineral nutrient stress, 448
pollutant stress, 458, 459
post-harvest stress, 458
salinity stress, 443–445
temperature stress, 448, 449, 455
UV radiation stress, 456

in agriculture/horticulture sector, 577
alumina, 18
applications, 15, 17, 20
biodegradation, 3
biomineralization, 3
carbon-based, 18
cell engineering and therapy, 47
ceramic NPs, 52
characterization, 3
chemical/biochemical characteristics  

(see Nanochemistry)
CNS, 48
CNTs, 19
copper-based, 18
definition, 393
dendrimers and dendritic polymers, 52
engineered, 3, 9–10
fabrication, 7
FAO estimate, 8
gold, 17
industrial and biological applications, 31
inorganic NPs, 52
iron oxide, 18
liposomes, 48–50
mechanical features, 14
medical technology, 46, 47
MEs, 50, 51
metals and composites, 442
micelles, 48
nanoencapsulation (see Nanoencapsulation)
nanometre, 3
nanoscale, 33
nanostructures, 31, 32
natural, 3
NPs (see Nanoparticles (NPs))
NSPs, 442
palladium, 18
phospholipid moieties, 48
physico-chemical characters, 14–15
plant interaction, 8
plant-mediated, 8
platinum NMs, 18
polymer NPs, 52
radiation-induced defects, 442
role, plant system, 15–17
selenium, 18
silver, 17

sizes, 31, 32
SLNs, 51, 52
with soil-plant system, 20
stress and ecosystems, 459, 461, 462
synthesis and surface functionalization, 17
titania, 18
titanium dioxide-based, 18
zinc oxide, 19

Nanomedicine, 47
Nanometers (nm), 3, 193
Nanomicelles, 48
Nano-onions, 554
Nanoparticle-plant interaction

future research, 582
Gusbuster, 581
Nano Green, 581
NP-based products, 578
nutrients carriers, 581
plant productivity, 578
plant-based biosynthesis (see Plant-based 

biosynthesis, NPs)
Syngenta, 581

Nanoparticles (NPs)
abundance and surface area, 38
agglomeration (see Agglomeration)
Ag NPs application, 444, 446
Al2O3 NPs, 447
applications, 20, 111
biological methods, 5, 6
biosynthesis, 6
bottom-up and top-down approaches, 5
carbon, 5
categories, 393
characterization, 10–13
chemical methods, 5
chemically synthesized NPs, 577
composite micronutrient, 446
definition, 529
dimensions, 529
ecosystem and food chain, 20
electronic and optical characters, 14
engineered, 427
environment friendly, 529
environmental contamination, 427
excessive use, 380
fabrication of metallic NPs, 442
factors affecting behavior
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surface charge, 362
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Nanoparticles (NPs) (cont.)
Fe2O3 NPs, application, 444
foliar application, iron NPs, 446
fullerene, 5
gold (see Gold NPs (Au NPs))
green synthesis, 6–8, 577
groups, 379
interactions with plants, 350
intravascular delivery, 61
IO (see Iron-oxide NPs (IO-NPs))
Lycurgus Cups, 4
magnetic property, 14
metal oxides, 5
metallic (see Metallic nanoparticles)
metals, 5 (see also Nanomaterials (NMs))
nonhazardous ways, 7
as NSPs, 442
on photosynthesis, 457
on plant growth and rhizospheric 

microorganisms, 530–535
phase transition, 45, 46
physical methods, 5
plant extract, Moringa oleifera, 449
plant protein-based (see Plant protein- 

based NPs)
potential toxicity, 380
properties, 32
shape (see Shape of NPs)
shape and size, 7
shape-and size-dependent properties, 111
silver-gold alloy, 4
size effects, 37, 38
solubility, 45, 46
surface atoms, 33
three-dimensional quantum confinements, 4
TiO2, 430
ZnO (see Zinc-oxide NPS (ZnO NPs))

Nanoporous solids, 59
Nanoscale, 33
Nano-scale herbicides, in plant protection, 516
Nanoscale materials

definition, 111
Nanoscale particles (NSPs), 442
Nanoscience, 239
Nanosensors, 445, 491, 492
Nano-sized materials, 32
Nanostructured fertilizers, 482
Nanostructured lipid carriers, 56
Nanostructures, 31, 32, 49

in medicine
biodistribution, 61
bone disorders, 60
cartilage, 60
ceria, 62

double emulsion and evaporation 
method, 53, 54

emulsions-diffusion method, 54, 56
emulsion-solvent evaporation method, 53
GI tract, 62, 63
lungs, 62
MEs, 62
metal NPs, 61
NE, 62
salting-out method, 54, 55
self-assembled, 60
skin, 61
solvent displacement/precipitation 

method, 55, 57
TiO2 NPs, 62

medicinal applications, 46
size distribution, 38, 39

Nanotechnology, 379
agricultural and food industry, 441
agricultural and industrial products, 31
definition, 4
description, 441
molecular, 4
NMs (see Nanomaterials (NMs))
sensors and delivery systems, 441

Nanotechnology-enabled drug delivery, 60
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BG, 115
description, 113
functional groups, 113
GG, 115
GK, 114
GT, 114, 115
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gum salmalia, 115
hydrocolloids, 112
KG, 115
LBG, 115
OG, 115
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methanolic extracts, 306
plant extracts, 305
polyphenols, 306
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Nickel-oxide nanoparticles (NiO-NPs), 430, 434

aquatic plant Lemna gibba, 411
Chlorella vulgaris, 411
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inhibitory effect, 411
toxicity studies, on lower plants, 412

Nitric oxide (NO) synthesis, 460
NM applications

biomedical, 59, 60
in drug delivery and imaging, 59
industrial and biological, 31
medicinal, 46
MEs (see Microemulsions (MEs))
multifaceted, 47
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plasmonic NP-based photothermal  

therapy, 37
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SPR, 36
therapeutic, 61, 62
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electronic and optical, 34
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scattering and absorption, 37
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solid-state, 39
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wave function radius, 38–39

Non-enzymatic antioxidants, 434, 435
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Oleic acid, 196
Olibanum gum (OG), 113, 115, 119,  
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Optoelectronics, 239
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Organic contaminants, 554
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biotic and abiotic stress factors, 428
CeO2 NPs, 431
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DCF fluorescence, 430
elevated production, ROS, 428
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Oxidative stress biomarkers, 430

P
Palladium NMs, 18
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Pharmacokinetics, 240
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Ag NPs (see Silver nanoparticles (Ag NPs))
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surface modification, 177
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Post-harvest stress, 458
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Prunus domestica gum (PDG), 113, 116, 127
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Rhizosphere (cont.)
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SiO2NPs, application, 444
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Scanning electron microscopy (SEM), 10, 11
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Seed-mediated growth approach, 40, 41
Selected area electron diffraction (SAED)
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glycated protein, 308
protein oxidation, 308
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Shape-dependent SPR spectrum, 83, 84
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optical properties of nanostructures, 39
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Ostwald ripening, 41
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SERS, 41

Silica-oxide nanoparticles (SiO2 NPs), 411, 412
Silicon NPs, 445
Silver nanoparticles (Ag NPs), 431, 433, 434

applications (see Applications)
biochemical synthesis, 136, 137
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cellular uptake, 398
characterization (see Characterization,  

Ag NPs)
chemical reduction, 136
fabrication, 136
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phytochemicals, 136
plant-mediated protocols, 136
plant-mediated synthesis, 138–147
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toxic effects, 398
toxicity studies, on lower plants, 400
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Silver-gold alloy NPs, 4
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Site-targeting drug delivery, 47
Size-dependent SPR spectrum, 84
Small-angle X-ray scattering (SAXS), 39
SMG-capped Au NPs, 130
SnO2 NPs

active compounds, 288
agglomeration/aggregation, 287
applications, 294
biological methods, 288
chemical methods, 286
doping, 286
dye effluents and water treatment 

applications, 286
efficacy, 295
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green synthesis methods, 295
NP preparation methods, 287
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assisted fabrication, SnO2 
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plant-mediated methods, 288
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synthesis procedures, 287
technological applications, 287
with other metal oxides, 286

Soil, 475
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CeO2 NPs, 543
CNMs effects, 539
environment and beneficial, 536
MWCNTs effects, 541
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plant growth and rhizospheric 

microorganisms, 533
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soil function, 536
taxonomic diversity, 538
toxicity, NPs, 543
ZnO NPs, 544

Solid lipid nanoparticles (SLNs), 51, 52
Solid lipid NPs, 47
Solution-diffusion model, 521
Solution-enhanced dispersion, 185
Solvent displacement/precipitation method, 

55, 57
Spectrophotometric techniques, 44
Sphaeranthus amaranthoides, 81, 309
Stable and non-stable colloidal systems, 44
Steroid-resistant airway hyperresponsiveness 

(SR-AHR), 321
Strong longitudinal band, 122

Structure-directing agents, 59
Sunscreen lotion, 193
Superoxide dismutase (SOD), 181, 182, 311
Surface modification, 52
Surface Plasmon oscillations, 36, 37
Surface Plasmon resonance (SPR), 9

absorption band, 122
absorption properties, 112
Ag NPs, 79, 148
applications, 36
Au NRs, 37
Au NPs, 117
binding kinetics, 35
and crystal structure, 118
CuO NPs, 221
data, 37
and ELISA, 35
high temperature, metal network, 37
light absorption, 37, 38
longitudinal band, 37
MNPs, 36
molecular interactions, 35
nano-dimensions, 36
NPs preparation, 117
photon and electron behavior, 36
physical process, 35
quantum theory, 36
single plasmonic frequency, 36
size-dependent, 36
TIR, 36
transverse band, 37
unique and tunable, 128
UV-Vis analysis, 117

Surface structural defects, 5
Surface-enhanced Raman spectroscopy 

(SERS), 10, 12, 41
Ag NPs, 148

Surface-modified SLN (SMSLN), 52
Sustainable agriculture, 445, 448
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Suzuki−Miyaura cross-coupling reaction, 112
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Synthetic drugs, 307
Synthetic polymers, 58
Systematic design and engineering, NPs, 349
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Temperature stress, 448
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Tf-modified liposomes, 50
Therapeutic/bioactive molecules, 239
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(TBARS), 428, 430, 431
Thioglycolic acid-stabilized CdTe quantum 

dots (TGA-CdTe-QDs), 418, 419
Thymol-loaded zein NPs, 181
Time utility, 240
Tin (IV) oxide, see SnO2 NPs
Tissue engineering, 239
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Titanium dioxide-based NMs, 18
Titanium-dioxide nanoparticles (TiO2-NPs), 
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cytotoxicity potential, 403
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mineral uptake, 357, 358
photosynthetic parameters, 359, 360
root water transport and transpiration, 358
seed germination, 355, 356
stomatal conductance and gas 

exchange, 359
water absorption, 356, 357

pore sizes, 351
seed coat, roots and leaves, 351
TiO2 NPs, 352

UV light-emitting devices, 194
UV-visible spectroscopy (UV-vis), 10–12

Au NPs, 121–123
ZnO NPs, 196, 201

V
Vicilin NPs, 187, 188
Vitamin E, 187

W
Waste-water treatment, 239
Water phase, 50
Water purification

Au NPs, 96, 97
Water reservoirs, 510
Water-in-oil emulsion, 50
Water-soluble carbon nano-onions (wsCNOs), 

554, 559, 563
Weed control

biological approach, 512
burning, 512
cropping/culture methods, 512
flooding, 512
hand weeding, 512
harrowing, 512
herbicide, 512
methods, 511
modern herbicides, 512
nanoherbicidal approach, 513–515
ploughing, 515
pulling weeds, 512
technologies used, 511

Weeds
on agriculture, 507, 508
on attributes of social system, 508
description, 507
destructions

competition with crop plants, 509
‘pioneer’ plants, 508
toxicity, 509, 510

invasive, 508
management and controlling methods, 510

Index



605

plants, 508
preventive measures, 511

Wound healing, 161

X
Xanthan gum (XG), 113, 115, 118, 129
Xanthomonas campestris, 115
XG-capped Au NPs, 118, 119
X-ray diffraction (XRD), 10–12

Ag NPs, 148, 151, 152
Au NPs, 86, 88, 117, 127, 128
ZnO NPs, 196

X-ray photoelectron spectroscopy (XPS),  
10, 12

X-ray spectroscopy, 311

Z
Zein NPs

advantages, 179
biocompatibility, 181
biodegradable and biocompatible  

protein, 179
carboxymethyl chitosan, 183
CAT, 181, 182
coacervation technique, 183
core-sheath nanofibers, 184
core-shell, 184
CPs, 185
deficient, 179
DNA encapsulation, 183
drug delivery system, 181
drug-loaded fibers, 184
electrostatic interactions and hydrogen 

bonds, 182
encapsulation efficiency and drug  

loading, 181
FDA, 179
fluorescence microscopy, 184
genetic material, 179
hollow, 179, 180
hydrophobic nature, 178
in liver, 181
ketoprofen, 184
lysozyme/thymol, 186
modified coaxial electro-spinning process, 

184, 185
morphological analysis, GAPDH-siRNA, 180
phase separation, 179
properties, 179, 180
resveratrol, 185
SEM, 182, 184
SOD, 181, 182
spherical structure and size distribution, 184

synthesized and conjugated, 181
tangeretin-loaded protein, 182
thymol and carvacrol, 183
thymol-loaded, 181
TZN, 180
vitamin D3, 183
water-insoluble plant storage, 178

Zeolites, 478
Zeolitic imidazolate frameworks (ZIFs), 59
Zeta potential, 10

Ag NPs, 150, 152
Au NPs, 88–90

Zinc NPs (Zn NPs)
enzyme classes, 193

Zinc oxide NMs, 19
Zinc-oxide NPs (ZnO NPs), 429–433

antibacterial agent, 193
antimicrobial properties, 194
applications

agriculture, 209–211
anticancer activity, 207, 208
antifungal activity, 204, 205
antimicrobial activity, 202, 204
antioxidant, antidiabetic and anti- 

inflammatory, 205, 206
bioimaging, 208
biosensors, 208
cosmetics, 208, 209
drug and gene delivery, 206
photocatalytic activity, 205

characterization
capping agent, 196
EDX, 201
FTIR, 196, 201
gum tragacanth, 196
morphologically, 196
phytochemicals, 195
plant products, 196
SEM, 196
TEM, 196
UV-vis spectroscopy, 196, 201
XRD, 196, 201

hydrothermal synthesis, 194
luminescent/magnetic properties, 194
optical and electrical features, 194
optoelectronic applications, 193
plant-mediated fabrication, 197–202
plants, 194, 195
polymeric material, 193
precipitation, 194
shape, 194
sol-gel method, 194
surface-area-to-volume ratio, 194
toxicity, on unicellular alga, 407
UV light-emitting devices, 194

Index


	Preface
	Contents
	Part I: Plant-Mediated Synthesis and Applications of Nanomaterials
	Chapter 1: Nanomaterials and Plant Potential: An Overview
	1.1 Introduction
	1.2 Type of Engineered NMs
	1.3 Characterization Techniques
	1.4 Physical and Chemical Characters of NMs
	1.5 Application and Impact of NMs
	1.6 Conclusion
	References

	Chapter 2: Basic Chemistry and Biomedical Significance of Nanomaterials
	2.1 Introduction
	2.2 Importance of Nanoscale
	2.3 Nanochemistry
	2.3.1 Quantum Confinement
	2.3.2 Surface Plasmon Resonance (SPR)
	2.3.3 Nanoparticle Size Effects
	2.3.4 Size Distribution of Nanostructures
	2.3.5 Shape of Nanoparticles
	2.3.6 Agglomeration of Nanoparticles
	2.3.7 Effect of pH, Ionic Strength, and Temperature on Agglomeration
	2.3.8 Solubility and Phase Transition of Nanoparticles

	2.4 Nanomaterials in Bio-systems
	2.4.1 Micelles and Liposomes
	2.4.2 Microemulsions
	2.4.3 Other Relevant Materials

	2.5 Preparation of Nanostructures for Use in Medicine
	2.5.1 Emulsion-Solvent Evaporation Method
	2.5.2 Double Emulsion and Evaporation Method
	2.5.3 Salting-Out Method
	2.5.4 Emulsion-Diffusion Method
	2.5.5 Solvent Displacement/Precipitation Method

	2.6 Nanoencapsulation and Nanoencapsulated Materials
	2.7 Medical Significance of Nanostructures
	2.8 Conclusion
	References

	Chapter 3: Plant-Mediated Fabrication of Gold Nanoparticles and Their Applications
	3.1 Introduction
	3.2 Fabrication and Characterization of Gold Nanoparticles
	3.2.1 Fabrication of Gold Nanoparticles
	3.2.2 Characterization of Gold Nanoparticles
	3.2.2.1 Ultraviolet-Visible (UV-Vis) Spectroscopy
	3.2.2.2 Microscopy
	3.2.2.3 X-Ray Diffraction (XRD)
	3.2.2.4 Dynamic Light Scattering (DLS) and Zeta Potential Analysis
	3.2.2.5 Fourier Transform Infrared Spectroscopy (FTIR)


	3.3 Factors Affecting the Fabrication
	3.3.1 Temperature
	3.3.2 pH
	3.3.3 Incubation Time
	3.3.4 Plant Biomass Concentration

	3.4 Applications of Gold Nanoparticles
	3.4.1 Antimicrobial Agents
	3.4.2 Catalytic Activity and Water Purification
	3.4.3 Antioxidant Potential
	3.4.4 Photochemical Agents
	3.4.5 Plant Response to Gold Nanoparticles
	3.4.6 Biomedical Application

	3.5 Conclusion
	References

	Chapter 4: Green Synthesis of Gold Nanoparticles by Using Natural Gums
	4.1 Introduction
	4.2 Description of Various Gums
	4.3 Synthesis of AuNPs
	4.3.1 Reaction Mechanism

	4.4 Characterization of AuNPs
	4.4.1 EDX Analysis
	4.4.2 Dynamic Light Scattering (DLS)
	4.4.3 XRD Analysis

	4.5 Applications
	4.6 Conclusion
	References

	Chapter 5: Plant-Based Fabrication of Silver Nanoparticles and Their Application
	5.1 Introduction
	5.2 Fabrication and Characterization of Ag NPs
	5.3 Factors Affecting Fabrication of Ag NPs
	5.3.1 Temperature
	5.3.2 pH
	5.3.3 Incubation Time
	5.3.4 Plant Biomass Concentration

	5.4 Applications of Ag NPs
	5.4.1 Antimicrobial
	5.4.2 Biomedical Application
	5.4.3 Antioxidant Potential and Catalytic Activity
	5.4.4 Agricultural Application

	5.5 Conclusion
	References

	Chapter 6: Plant Protein-Based Nanoparticles and Their Biomedical Applications
	6.1 Introduction
	6.2 Plant Protein-Based NPs and Their Biomedical Applications
	6.2.1 The Zein NPs
	6.2.2 The Gliadin NPs
	6.2.3 The Legumin and Vicilin NPs
	6.2.4 The Glycinin and β-Conglycinin NPs

	6.3 Conclusion
	References

	Chapter 7: Natural Product-Based Fabrication of Zinc-Oxide Nanoparticles and Their Applications
	7.1 Introduction
	7.2 Fabrication and Characterization of ZnO NPs
	7.3 Applications of ZnO NPs
	7.3.1 Antimicrobial Activity
	7.3.2 Antifungal Activity
	7.3.3 Photocatalytic Activity
	7.3.4 Antioxidant, Antidiabetic and Anti-inflammatory Properties
	7.3.5 Drug and Gene Delivery
	7.3.6 Anticancer Activity
	7.3.7 Biosensor
	7.3.8 Bioimaging
	7.3.9 Cosmetics
	7.3.10 Agriculture

	7.4 Conclusion
	References

	Chapter 8: Plant-Mediated Synthesis of Copper Oxide Nanoparticles and Their Biological Applications
	8.1 Introduction
	8.2 Plant-Mediated Synthesis of Copper Oxide NPs
	8.2.1 Mechanism of CuO NP Synthesis

	8.3 Controlling the Shape and Size of CuO NPs
	8.4 Characterization of CuO NPs
	8.5 Applications of Copper Oxide NPs
	8.5.1 Biological Application
	8.5.1.1 Antimicrobial Activity
	8.5.1.2 Antioxidant Activity
	8.5.1.3 Anticancer Activity
	8.5.1.4 Antirheumatic Activity
	8.5.1.5 Catalytic Effect


	8.6 Conclusion
	References

	Chapter 9: Green Synthesis of Iron Oxide Nanoparticles: Cutting Edge Technology and Multifaceted Applications
	9.1 Introduction
	9.2 The Basics of IO-NP Phytosynthesis
	9.2.1 Principle and Exemplary Illustrations
	9.2.2 Crucial Dictates of the Synthesis
	9.2.3 Approaches for Physicochemical Characterization
	9.2.4 Pros and Cons

	9.3 Representative Endeavours
	9.4 Spectrum of Applications
	9.4.1 Biomedical Applications
	9.4.1.1 Antagonist to Microbes and Disease Vectors
	9.4.1.2 Diagnostic and Curative (Anticancer) Properties

	9.4.2 Dye-Adsorption/Degradation
	9.4.3 Catalysis
	9.4.4 Eco-Hazard Mitigation/Metal-Ion Adsorption
	9.4.5 Heavy-Oil Viscosity Treatment
	9.4.6 Augmenting the Agricultural Output

	9.5 Conclusion
	References

	Chapter 10: Phytomediated Synthesis of Cerium Oxide Nanoparticles and Their Applications
	10.1 Introduction
	10.2 Methods of Synthesis of Cerium Oxide Nanoparticle
	10.3 Techniques Used for Characterization of Nanoparticles
	10.3.1 NP Characterization by Spectroscopy
	10.3.1.1 UV-Visible Spectroscopy
	10.3.1.2 Photoluminescence
	10.3.1.3 Raman Spectroscopy
	10.3.1.4 Fourier Transform Infrared (FT-IR) Spectroscopy

	10.3.2 NP Characterization by Microscopy
	10.3.2.1 Scanning Electron Microscopy (SEM)
	10.3.2.2 Transmission Electron Microscopy (TEM)

	10.3.3 TGA/DTA Analysis
	10.3.4 NP Characterization by X-Ray Technique
	10.3.5 Particle Size Analyser

	10.4 Green Synthesis of Cerium Oxide Nanoparticles or Nanoceria
	10.5 Applications of CeO NPs
	10.5.1 Biomedical Applications
	10.5.1.1 Anti-inflammatory
	10.5.1.2 Antibacterial Activity
	Causes and Mechanism

	10.5.1.3 Cell Viability and Neurotoxicity
	10.5.1.4 Antiobesity

	10.5.2 Photocatalytic and Antioxidant Activity

	10.6 Conclusions
	References

	Chapter 11: Plant-Assisted Fabrication of SnO2 and SnO2-Based Nanostructures for Various Applications
	11.1 Introduction
	11.2 Synthesis of Nanoparticles
	11.3 Plant-Assisted Fabrication of SnO2 Nanostructures and Their Applications
	11.3.1 Synthesis of Undoped SnO2
	11.3.2 Plant-Assisted Template Synthesis of SnO2
	11.3.3 Doped, Coupled, and Decorated SnO2 Nanostructure Synthesis

	11.4 Future Perspectives
	11.5 Conclusion
	References

	Chapter 12: Bionanoparticles in the Treatment of Glycation-Induced Secondary Complications of Diabetes
	12.1 Introduction
	12.2 Applications of Plant-Mediated NPs in Medicine and Healthcare
	12.3 Glycation
	12.3.1 Biochemistry of Glycation
	12.3.2 Prevention of Glycation
	12.3.2.1 Pharmacological Intervention of Deleterious Reactions
	12.3.2.2 Classes of AGE Inhibitors


	12.4 Natural Inhibitors
	12.4.1 Natural Antiglycating Agents
	12.4.2 Mechanisms for Inhibition of Glycation

	12.5 Plant-Mediated NPs in Detection of Diabetes
	12.5.1 Glucose Sensors
	12.5.2 Glycated Protein Sensors
	12.5.3 Protein Oxidation Sensors
	12.5.4 AGE’s Sensors

	12.6 Plant-Mediated NPs in Prevention of Glycation and Treatment of Diabetes
	12.7 Conclusion and Future Prospective
	References

	Chapter 13: Andrographis paniculata: From Traditional to Nano Drug for Cancer Therapy
	13.1 Introduction
	13.2 Traditional Uses of Andrographis paniculata
	13.3 Pharmacological Potential
	13.3.1 Effects on Digestive System
	13.3.2 Effects on Cardiac System
	13.3.3 Effects on Respiratory System
	13.3.4 Effects on Nervous System
	13.3.5 Effects on Urinary System
	13.3.6 Effects on Immune System
	13.3.7 Effects on Reproductive System
	13.3.8 Hypoglycemic Effects
	13.3.9 Some Other Effects

	13.4 Pharmacological Validation Through Clinical Studies
	13.5 Andrographolide in Cancer Therapy
	13.6 Nanoformulations of Andrographolide
	13.7 Conclusion
	References


	Part II: Interaction of Plants and Nanomaterials
	Chapter 14: Impact of Nanomaterials on Plant Physiology and Functions
	14.1 Introduction
	14.2 NPs Interactions with Plants
	14.3 Uptake, Translocation, and Bio-distribution of Metallic NPs in Plants
	14.4 Effect of NPs Uptake on Plant Physiology and Functions
	14.4.1 Seed Germination
	14.4.2 Water Absorption
	14.4.3 Mineral Uptake
	14.4.4 Root Water Transport and Transpiration
	14.4.5 Stomatal Conductance and Gas Exchange
	14.4.6 Photosynthetic Parameters

	14.5 Factors Affecting Behavior of NPs
	14.5.1 Size, Shape, and Type of NPs
	14.5.2 Surface Coating or Surface Functionality of NPs
	14.5.3 Surface Charge of NPs
	14.5.4 Concentration/Dose of NPs
	14.5.5 Type of Plant Species Exposed
	14.5.6 Nature of Growth Media

	14.6 Effect of NPs-Mediated Gene Delivery on Plant Growth
	14.7 Phytotoxicity of NPs
	14.8 NPs Exposure Causes Oxidative Stress in Plants
	14.9 Conclusions
	References

	Chapter 15: Impacts of Metal and Metal Oxide Nanoparticles on Plant Growth and Productivity
	15.1 Introduction
	15.2 Metal and Metal Oxide Nanoparticles
	15.3 Effects of NPs on Plant Growth and Development
	15.3.1 Seed Germination
	15.3.2 Mineral Uptake
	15.3.3 Photosynthetic Machinery
	15.3.4 Plant Morphology
	15.3.5 Grain Yield and Quality

	15.4 Conclusion and Future Directions
	References

	Chapter 16: Ecotoxicological Effects of Nanomaterials on Growth, Metabolism, and Toxicity of Nonvascular Plants
	16.1 Introduction
	16.2 Effects of Metal Nanoparticles
	16.2.1 Gold Nanoparticles (Au-NPs)
	16.2.2 Silver Nanoparticles (Ag-NPs)
	16.2.3 Platinum Nanoparticles (Pt-NPs)

	16.3 Effects of Metal Oxide Nanoparticles
	16.3.1 Alumina Nanoparticles
	16.3.2 Cerium Oxide Nanoparticles (CeO2-NPs)
	16.3.3 Titanium Dioxide Nanoparticles
	16.3.4 Zinc Oxide Nanoparticles
	16.3.5 Iron Oxide and Zerovalent Iron Nanoparticles
	16.3.6 Copper Oxide Nanoparticles
	16.3.7 Nickel Oxide Nanoparticles
	16.3.8 Silica Oxide Nanoparticles

	16.4 Carbon-Based Nanoparticles
	16.4.1 Fullerene
	16.4.2 Carbon Nanotubes (CNTs)

	16.5 Quantum Dots
	16.6 Conclusions
	References

	Chapter 17: Oxidative Stress Biomarkers and Antioxidant Defense in Plants Exposed to Metallic Nanoparticles
	17.1 Introduction
	17.2 Reactive Oxygen Species, Oxidative Stress, and Its Major Biomarkers
	17.3 Membrane Lipid Peroxidation Versus Metallic Nanoparticles
	17.4 Antioxidant Metabolism Versus Metallic Nanoparticles
	17.4.1 Enzymatic Antioxidants
	17.4.2 Nonenzymatic Antioxidants

	17.5 Conclusions and Prospects
	References

	Chapter 18: Role of Nanomaterials in the Mitigation of Abiotic Stress in Plants
	18.1 Introduction
	18.2 NMs to Mitigate the Harmful Effects of Abiotic Stress
	18.2.1 Salinity Stress
	18.2.2 Drought Stress
	18.2.3 Flooding Stress
	18.2.4 Mineral Nutrient Stress
	18.2.5 Temperature Stress
	18.2.5.1 Heat Stress
	18.2.5.2 Cold Stress

	18.2.6 Ultraviolet (UV) Radiation Stress
	18.2.7 Irradiance Stress
	18.2.8 Post-harvest Stress
	18.2.9 Pollutant Stress
	18.2.10 Stress Caused by NMs and Their Impact on Ecosystems

	18.3 Conclusion
	References

	Chapter 19: Nano-fertilization to Enhance Nutrient Use Efficiency and Productivity of Crop Plants
	19.1 Introduction
	19.2 Management of Crop’s Nutritional Requirement
	19.3 Nanomaterials Used for Improving Fertilizers
	19.3.1 Nanoclays
	19.3.2 Hydroxyapatite Nanoparticles
	19.3.3 Polymeric Nanoparticles
	19.3.4 Carbon-Based Nanomaterials
	19.3.5 Mesoporous Silica
	19.3.6 Miscellaneous Nanomaterials

	19.4 Intelligent Nano-fertilizers and Their Application
	19.4.1 Nitrogen-Based Nano-fertilizers
	19.4.2 Phosphorus-Based Nano-fertilizers
	19.4.3 Potassium-Based Nano-fertilizers
	19.4.4 Zinc-Based Nano-fertilizers

	19.5 Mechanism of Nano-fertilizer Uptake and Translocation in Plants
	19.6 Nano-biosensors in Agriculture
	19.7 Toxicity Assessment of Nano-fertilizers
	19.8 Conclusions
	References

	Chapter 20: Weed Control Through Herbicide-Loaded Nanoparticles
	20.1 Introduction
	20.2 Impact of Weeds on Agriculture
	20.3 Destructions Caused by Weeds
	20.3.1 Competition with Crop Plants
	20.3.2 Toxicity of Weeds

	20.4 Weed Management and Controlling Methods
	20.5 Preventive Measures
	20.6 Weed Control Methods
	20.7 Nanoherbicidal Approach for Weed Control
	20.8 Synthesis of Nanoparticles
	20.9 Nanoscale Carriers in Plant Protection
	20.10 Mode and Mechanism of Nanoherbicide Action
	20.11 Nanoherbicides Metabolism: Transport of the Metabolites
	20.12 Nanoherbicide Translocation
	20.13 Market of Nanoherbicides and Future Prospects
	References

	Chapter 21: Impact of Fabricated Nanoparticles on the Rhizospheric Microorganisms and Soil Environment
	21.1 Introduction
	21.2 Rhizosphere and Engineered NPs
	21.2.1 Effect of NPs on Rhizosphere Soil Population
	21.2.2 Effect of NPs on Soil Enzymes
	21.2.3 Effect of NPs on Biogeochemical Cycles
	21.2.4 Effect of NPs on Plant-Microbe Interactions
	21.2.5 Effect of NPs on Metabolic Activity of Soil Microorganisms

	21.3 Conclusion
	References

	Chapter 22: Effect of Carbon-Based Nanomaterials on Rhizosphere and Plant Functioning
	22.1 Introduction
	22.2 Plant Growth and Physiological Response to CBNMs
	22.3 Biomass Production and Yield in Response to CBNMs
	22.4 Photosynthetic Response to CBNMs
	22.5 CBNMs as Plant Fertilizers and Disease Protectors
	22.6 CBNMs and Their Molecular Mechanism of Action
	22.7 CBNMs and Rhizosphere
	22.8 Conclusion
	References

	Chapter 23: Progress in Research on Nanomaterial-Plant Interaction
	23.1 Introduction
	23.2 Future Prospects of Nanoparticle-Plant Interaction
	23.2.1 Plant-Based Biosynthesis of Nanoparticles
	23.2.2 Nutrient Carriers
	23.2.3 Company-Based Products

	23.3 Conclusion
	References


	Index

