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Chapter 2
Nanomaterials: Classification, Biological 
Synthesis and Characterization

Anbazhagan Mageswari, Ramachandran Srinivasan, 
Parthiban Subramanian, Nachimuthu Ramesh, 
and Kodiveri Muthukaliannan Gothandam

Abstract Nanomaterial research has recently gained importance due to prospec-
tive applications in human life and environment. However, scientific research on 
nano- and micro-sized materials has reached a saturation state. As a result, research-
ers planning to further develop nanomaterials, need an outlook on recent advances 
in synthesis, classification and characterization of nanomaterials. There is a need in 
particular for an overview of synthesis using biological materials namely bacteria, 
fungi, yeast, and plants, in order to design eco-friendly nanomaterials. Methods 
used to characterize these synthesized nanoparticles must also be reviewed to sug-
gest the appropriate techniques in terms of spectroscopic and microscopic methods 
to study the physio-chemical properties of nanomaterials. Here we review the 
nature, types and synthesis of nanomaterials, with a detailed evaluation on biologi-
cal synthesis. We also discuss in detail nanoparticle production by microorganisms 
including bacteria, fungi and yeasts. This chapter also provides updates on currently 
available techniques used to characterize nanoparticles.

Keywords Nanomaterial classification • Synthesis methods • Nanoparticle charac-
terization • Microscopy

2.1  Introduction

Nanomaterials or nanoparticles represent a significant aspect of nanotechnology 
which deals with various studies involving particles ranging between 1 and 100 nm 
at least in one spatial dimension (Schneider 1997). Though several research groups 
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have showed interest in nanotechnology in the recent years, their primary motiva-
tions regarding nanomaterials were towards its unique electronic, optical and 
mechanical properties compared to their bulk counterpart and molecular compo-
nents. Production of nanoscale materials on a large scale is usually very difficult 
which has led to its synthesis and studies made solely in the lab scale conditions and 
later tried to be scaled-up for commercial purposes. Though nanotechnology has a 
high impact on many field of sciences including physics, engineering, biology, agri-
culture and food sciences, its importance in the agri-food sector is gaining momen-
tum. Several government agencies of developing and developed countries are 
actively involved in research and development of nanomaterials in Agri-food sector 
owing to its importance in serving the growing demand for improved quality of 
common foods mainly food and water. The major scopes of agri-food based nano-
technology research is towards develop of functional food, effecient and rapid deliv-
ery of drugs, nutrients and gene functions at cellular level in plants and animals 
during stress (Nair et al. 2010), nano array based technology for detection and con-
tamination of foods by pathogen (Senturk et al. 2013), nanocomposite or nanobio-
composite based plastic film coatings in food packaging (Arora and Padua 2010), 
nanoemulsion based material for decontamination of equipments and food packing 
(Chaudhry et al. 2008; McClements and Rao 2011), nanoparticles for effective 
increase and direct delivery of nutrients into the cells (Acosta 2009).

In all of these requisite or ongoing areas of nantoechnology research, the produc-
tion of innovative and enhanced materials can be achieved by either top-down or 
bottom-up approach which are two approaches for the synthesis of nanomaterials. 
In the top-down approach, nanoscale devices are created by using larger, externally- 
controlled devices to direct their assembly. The top-down approach often makes use 
of traditional workshop or microfabrication methods in which externally-controlled 
tools are used to cut, mill and shape materials into the desired shape and order. 
Attrition and milling for making nanoparticles are typical top-down processes. In 
the bottom-up approach, molecular components arrange themselves into more com-
plex assemblies like atom-by-atom, molecule-by-molecule and cluster-by-cluster 
from the bottom (e.g., growth of a crystal). Synthesis of nanoparticles by colloid 
dispersions is an example of the bottom-up approach. The bottom-up approach gen-
erally produces nanostructures with fewer defects as compared to nanostructures 
produced by the top-down approach. An approach where both these techniques are 
employed is known as an hybrid approach. Some of the materials commonly used 
for the synthesis of nanomaterials are outlined in Table 2.1.

In Agri-food industry, integration of nanoresearch is essential to select appropri-
ate nanomaterials with desired chemical composition, controlled size, uniformity 
and stability. However, the common modes of synthesis of nanoparticles are by 
chemicals which are toxic to environment. Eco-friendly synthesis of nanoparticles is 
important keeping in mind its agricultural perspective. Extensive literature and data-
base search reveals that several researchers in the field of nanoparticle synthesis and 
assembly have turned to the use of biological systems such as bacteria, yeasts, algae, 
fungi and actinomycetes, agricultural residues, biomass and plants. This chapter 
emphasizes on recent advances in synthesis, classification and characterization of 

A. Mageswari et al.



33

nanoparticles synthesized using several biological materials namely bacteria, fungi, 
yeast, and plants and also summarizes the characterization techniques in terms of 
spectroscopic and microscopic methods to study the physio-chemical properties of 
nanomaterials.

2.2  Classification of Nanomaterials

Nanomaterials are broadly classified into three categories, namely Nanoparticles, 
Nanoclays, Nanoemulsions (Fig. 2.1).

2.2.1  Nanoparticles

Nanoparticles can exist as nanostructures or as composites. All nanostructures can 
be built from elementary units (blocks) having low dimensionality – zero dimen-
sion, one dimension, two dimensions and three dimensions (Table 2.2). Depending 
on the dimension in which the size effect on the resultant property becomes appar-
ent and the nanomaterials can be classified as zero dimensional (quantum dots) in 
which the movement of electrons is confined in all three dimensions, 

Table 2.1 Materials to be used for the synthesis of nanomaterials

Materials Production methods Applications

Carbon 
Fullerenes

Using two carbon electrodes in a 
helium or neon atmosphere and 
generated arc to results in formation 
of fullerenes

Targeted drug delivery (Vogelson 
2001), Lubricants (Holister et al. 
2003), catalysts (Nakamura and 
Sawamura 2001), Nano-scale chemical 
sponges (Tagmatarchis and Shinohara 
2001).

Carbon 
nanotubes

Produced by three techniques such 
as carbon-arc discharge, laser 
ablation of carbon or chemical 
vapor deposition

Scanning probe microscopy 
(Rothschild et al. 1999), Antistatic 
materials (Garland 2009), Carbon 
nanotube-enhanced plastic (Garland 
2009).

Metals Several methods to fabricate 
materials such as combustion 
synthesis, mechanochemical 
processing, chemical precipitation, 
sol-gel processing, laser ablation, 
pyrolysis.

Wound dressings (Panacek et al. 
2006), Electromagnetic interference/
radio frequency interference shielding 
(Yang et al. 2007)

Metal Oxides Combustion synthesis, 
mechanochemical processing, 
chemical precipitation, sol-gel 
processing, laser ablation, 
pyrolysis.

Water and strain repellent textiles 
(Vigneshwaran et al. 2006), sunscreens 
(Jaroenworaluck et al. 2006).
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one- dimensional (quantum wires) in which the electrons can move freely only in the 
X-direction, two-dimensional (thin films) in which case the free electrons can move 
in the X-Y plane, or three dimensional (nanostructured material built of nanoparti-
cles as building blocks) in which the free electron can move in the X, Y and Z direc-
tions (Siegel 1993).

Nanocomposites are found as a microcrystal matrix (micro-nano type), in which 
nanometer sized particles or inclusions (spherical, fiber-like, plate-like) of a second 
phase are dispersed in the intergranular regions or in both inter/intra granular spaces 
of matrix grains. Based on matrix material, three categories of nanocomposites can 
be named such as ceramic matrix nanocomposite, metal matrix nanocomposite and 
polymer matrix nanocomposite. Table 2.3 represents the materials, methods and 
application of different nanocomposite in agri-food sector.

Further nanoparticles can also be classified into organic and inorganic nanopar-
ticles based on nature of material fabrication. Inorganic nanoparticles are typically 
shaped by the precipitation of inorganic salts, which are interconnected with mole-
cules by covalent, metallic and so forth. The organic nanoparticles were assembled 

Fig. 2.1 Classification of nanomaterials: nanoparticles, nanoclays and nanoemulsions

Table 2.2 Different dimensions of nanomaterials with an examples

Elementary units Examples

0D Units (3 dimensions in the 
monometric range)

Molecules, Clusters, fullerenes, rings, metal carbides, 
powders, grains.

1D Units (2 dimensions in the 
monometric range)

Nanotubes, fibres, filaments, whiskers, spirals, belts, 
springs, columns, needles

2D Units (1 dimensions in the 
monometric range)

Layers
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Table 2.3 Materials, methods and application of nanocomposite on agri-food sector

Nanocomposite Materials Methods
Application in Agri-food 
sector

Ceramic matrix 
nanocomposite

Al2O3/SiO2, SiO2/
Ni, Al2O3/SiC, 
Al2O3/CNT

Powder process, 
Polymer precursor 
process, Sol-Gel 
process

Electrochemical 
determination of the food 
dyes, sunset yellow and 
tartrazine, in food and 
beverage samples (Gan 
et al. 2012).
To prevent oil molecules 
from clumping together 
(Sekhon 2014).
Used as antimicrobial 
agent in many products 
e.g. food preservation, 
disinfection of medical 
products and 
decontamination of 
materials (Kawahara et al. 
2000; Matsumura et al. 
2003).

Metal matrix 
nanocomposite

Fe-Cr/Al2O3, Ni/
Al2O3, Co/Cr, Fe/
MgO, Al/CNT, 
Mg/CNT

Spray pyrolysis, 
Liquid infiltration, 
Rapid solidification 
process, Sol-gel, 
colloidal process, RSP 
with ultrasonics, High 
energy ball milling

Used for long term food 
packaging (Azeredo 2009).
Used as antimicrobial 
agents in food packaging 
and in some cases as food 
supplement (Chaudhry 
et al. 2008).
Surfaces of refrigerators 
and storage containers are 
coated with silver 
nanoparticles to prevent 
growth of foodborne 
pathogens and food 
spoilage bacteria (Cho 
et al. 2005).
Application in monitoring 
agricultural pollutants for 
the assessment of impacts 
of these pollutants on 
biological and ecological 
health and in increase of 
crop productivity and 
reducing land burden 
(Sekhon 2014).
Enhancement of many 
physiological parameters 
such as enhanced 
photosynthetic activity and 
nitrogen metabolism in 
plants (Kole et al. 2013).

(continued)
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themselves in three dimensional form. Self-assembly, the vicinity of zwitterionic 
particles, with polar and nonpolar areas, as the primary segments of nanoparticles 
was key element for the fabrication of organic nanoparticles. Organic nanoparticles 
are synthesized using natural and synthetic organic molecules such as lipid bodies, 
protein aggregates, milk emulsion and other complex structure (Viruses, etc.). This 
form of nanoparticles plays a provital role in agri-food sector and cosmetic indus-
tries. Several food material for example, creams, chocolate, and cakes present nano-
emulsions in their definition. Synthesis of organic nanoparticles can be fabricated 
by either top-down or bottom-up approach. The most common techniques are 
mechanical milling, microfluidics and lithography by top-down method. 
Precipitation, condensation were used to produce organic nanoparticles by bottom-
 up method. Inorganic nanoparticles on the other hand are more stable than organic 
nanoparticles but are limited by their stability in terms of either chemical or mechan-
ical and nature of particle. Produced nanoparticles mainly differed in their consis-
tency, size, yield or crystallinity and are often synthesized using various methods 
(Emulsion-Solvent Evaporation Method, Solvent Displacement/Precipitation 
method, hydrothermal, microemulsion, polyol process and aerosol pyrolysis). These 
nanoparticles can be broadly classified into nanostructure and nanocomposites 
based on the arrangement and their structures with combination of other material 
such as polymer, etc.

Table 2.3 (continued)

Nanocomposite Materials Methods
Application in Agri-food 
sector

Polymer matrix 
nanocomposite

Poly vinyl alcohol 
(PVA), poly 
ethylene glycol 
(PEG), poly 
caprolactone 
(PCL), poly 
lactic-co-glycolic 
acid (PLGA), poly 
glycerol sebacate

Intercalation/ 
prepolymer from 
solution, In-situ 
intercalative 
polymerization, Melt 
intercalation, template 
synthesis, Sol-gel 
process

Packaging for processed 
meats, cheese, 
confectionery, cereals and 
boil-in-the-bag foods, fruit 
juice and dairy products, 
beer and carbonated drinks 
bottles (Silvestre and 
Cimmino 2013).
Useful for farmers to retain 
moisture and control 
weeds (Ray 2013).
Help to control oxidation 
of food stuffs and to 
prevent the formation of 
off-flavors and undesirable 
textures of food (Lagarón 
et al. 2005).
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2.2.2  Nanoclays

Preparation of nanoclays and organoclays using charged (hydrophilic) nature of 
clay molecules such as alkyl/aryl ammonium, phosphonium or imidazolium in 
aqueous or solid state. The ion exchange reaction has two consequences; first, the 
gap between the single sheets is widened, enabling organic cations chain to move in 
between them and second, the surface properties of each single sheet are changed 
from being hydrophilic to hydrophobic or organophilic. It is easy and simple to 
characterize the chemical composition of nanoclays by gravimetric analysis, induc-
tive coupled plasma, X-ray diffraction and fourier transform infrared spectroscopy.

2.2.3  Nanoemulsion

Dispersion of polymer, droplets and solid material in the form of a viscous liquid 
leads to an interesting soft material. The dispersed phase is also known as internal 
phase or the discontinuous phase while the outer phase is called dispersion medium, 
external phase or continuous phase. The emulsifying agent is also known as inter-
mediate or interphase. Nanoemulsion can be synthesized by two methods; high 
(ultrasonification, high pressure homogenization, microfluidizer) and low energy 
emulsification (phase inversion temperature, solvent displacement and phase inver-
sion composition).

Properties and usefulness of nanoparticles has been proved to various aspects, 
including size, polydispersity, dimensions and stability of nanoparticles and bio-
molecules (proteins and poly nucleic acids). Nanoparticles are produced by three 
different methods such as chemical, physical and bio-based.

2.2.4  Synthesis of Nanoparticles

This chapter mainly discusses the chemical and physical methods of nanoparticle 
synthesis.

2.2.4.1  Chemical Synthesis Methods

Chemical methods for nanoparticle production have been straightforward in nature 
and often allow synthesis of nanoparticles in large quantities. Moreover the possi-
bility of controlling particle size even at nanometer scale is also possible during 
chemical synthesis of nanoparticles (Hyeon 2003). These exist a wide variety of 
methods in chemical synthesis of nanoparticles which include reduction, co- 
precipitation, nucleation, sol–gel method, flow injection, electrochemical, 
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solvothermal, hydrothermal and microwave-assisted (Yu et al. 2009; Anbarasu et al. 
2015; Umer et al. 2012; Chaki et al. 2015). Several methods of chemical synthesis, 
the reagents used and conditions are mentioned in Table. 2.4.

Chemical Reduction

The most commonly used approach for synthesis of nanoparticles is chemical 
reduction of organic and inorganic reducing agents such as sodium citrate, ascor-
bate, sodium borohydride (NaBH4), elemental hydrogen, polyol process, Tollens 
reagent, N, N-dimethylformamide (DMF), and poly (ethylene glycol)-block copo-
lymers. This synthesis process results in agglomeration forming colloidal nanopar-
ticles. Usage of protective or capping agents such as poly vinyl alcohol, poly 
vinylpyrrolidone, poly ethylene glycol, poly methacrylic acid and polymethylmeth-
acrylate in addition to presence surfactants groups namely thiols, amines, acids and 
alcohols will able to stabilize the particles from sedimentation, agglomeration, or 
losing their surface properties.

Microemulsion

Nanoparticles are produced by initial spatial separation between two immiscible 
phases (metal and reducing agent) in two-phase aqueous organic systems and the 
interface between the two phases is mediated by quaternary ammonium salt. Metal 

Table 2.4 Chemical mediated synthesis of nanoparticles

Type of 
nanoparticle Precursor Reducer Stabilizer

Particle 
size 
range 
(nm) References

Silver AgNO3 NaHB4 surfactin 3–28 Wiley et al. 
(2005)

Silver AgNO3 Dextrose PVP 22±4.7 Merga et al. 
(2007)

Silver AgClO4 Ethylene glycol – 17–70 Evanoff 
et al. (2004)

Copper CuSO4.5H2O Sodium borohydrate SDS 2–10 Lisiecki 
et al. (1996)

Copper CuCl2.2H2O Ascorbic acid Ascorbic acid 2 Xiong et al. 
(2011)

Copper Cu(NO3)2 Hydrazine PAA Na 20–100 Grouchko 
et al. (2009)

Fe3O4 FeCl3.6H2O 
FeCl3.4H2O

Hexamethylenediamine Polyethylene 
glycol

13–14.4 Anbarasu 
et al. (2015)

Fe3O4 FeCl3.6H2O Sodium borohydrate - 8 Chaki et al. 
(2015)
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clusters in the interface are stabilized, mainly due to capping of stabilizer molecules 
in the non-polar aqueous medium and transferred to organic phase.

Sol-Gel Process

In this method, wide variety of materials can be used for the synthesis of nanopar-
ticles in desired shapes (particles, fibers or films). Primarily, sol formation is carried 
out by dissolving the metal alkoxide, metal-organic, or metal-inorganic salt precur-
sors in a suitable solvent. Upon drying the sol, a polymeric network is formed in 
which the solvent molecules are trapped inside a solid (gel). Subsequent drying of 
the gel followed by the calcinations and sintering leads to the final ceramic 
product.

Polymerization

It is a very common method for preparation of nanomaterials. During polymeriza-
tion the formation of microemulsion is a very much important factor, which has 
been the focus of extensive research worldwide due to its importance in a variety of 
technological applications. These applications include enhanced oil recovery, com-
bustion, cosmetics, pharmaceuticals, agriculture, metal cutting, lubrication, food, 
enzymatic catalysis, organic and bio-organic reactions, chemical synthesis of 
nanoparticles and nanocapsules etc.

Oxidation Process

Oxidizes or deoxidizes of raw nanomaterial in the liquid or quasi-liquid phase state. 
The oxidation phases can be used to prepare the nanoparticles of metals, alloys or 
oxides, in either water solutions or organic solutions.

UV-Initiated Photoreduction

UV-initiated photoreduction induced nanoparticles were synthesized in the pres-
ence of protective and stabilizing agents (citrate, polyvinylpyrrolidone, poly (acrylic 
acid), and collagen) at room temperature. Synthesis and growth of nanorods and 
dendrites mainly depends on concentration of polyvinyl alcohol and silver nitrate.

Microwave-Assisted Synthesis

It is a most promising technique over other conventional method (Oil bath) for syn-
thesis of nanoparticles with smaller sizes, narrower size distributions, and a higher 
degree of crystallization. Microwave heating has shorter reaction times, reduced 
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energy consumption, and a better product yield which prevents the agglomeration 
of the particles formed.

Sonochemical Processing

Implementation of high intensity ultrasound wave as energy source in respective sol 
material has initiated a new field in processing technology. It results in collapse of 
the bubbles of the sol and it leads to very high temperature, high pressure, high heat-
ing and cooling rate. The extreme conditions during acoustic wave enable the reac-
tants to cross the activation energy barrier in a very short amount of time to form the 
product phase.

Irradiation Method

Simple and effective technique, wide variety of irradiation (visible to high) is used 
to synthesis of nanoparticles. Irradiation of light source in an aqueous solution of 
silver salt and surfactant can produce silver NPs with a well defined shape and size 
distribution.

Electric Dispersion Reaction

The technique involves subjecting the reactor liquid (metal-alkoxide solution) to a 
pluse electric field and results in a precipitation reaction to synthesize ultra fine 
precursor powders of advanced ceramic materials. Under the applied electric field, 
the sol is shattered to micron-sized droplets, termed as microreactors, which contain 
hydrous precursor precipitate. The formed precursor powders can be thermally pro-
cessed to obtain oxide nanoparticles.

2.2.4.2  Physical Method

Evaporation-condensation, Combustion synthesis, Arc discharge/plasma, Laser/
electron beam heating, Laser ablation technique are the most prominent physical 
methods for the synthesizing of nanoparticles. Main advantage over chemical 
method is devoid of solvents and uniform distribution of nanoparticles.

Evaporation-Condensation

It is a technique evaporation of metals, alloys and ceramics using gases and allows 
reacting with each other. Later it condensed using cool gases results in the forma-
tion of nanoparticles or nanocapsules. It has many disadvantages; tube furnace 

A. Mageswari et al.



41

occupies a large space, consumes a great amount of energy while raising the envi-
ronmental temperature around the source material, and requires a lot of time to 
achieve thermal stability.

Combustion Synthesis

The major advantage of the method is that it is fast and required the least external 
energy input and gives high output with the possibility of producing wide variety of 
ceramic oxides. In combustion synthesis, there is the exploitation of an excess heat 
generating or exothermic reaction, to overcome the activation energy barrier for the 
formation of products using precursor organic compound (fuel) as the reducing 
agent and a metal salt as the oxidizing agent.

Arc Discharge/Plasma

This technique has been used widely for the synthesis of fullerenes and other related 
materials. There are two methods for the production of plasma; Direct current arc 
plasma and high frequency plasma. Direct current arc method is convert inert/active 
gases into ionized with the generation of high temperature and melt the materials. 
Further condensation of the evaporating matters lead to the formation of nanopar-
ticles and nanocapsules.

Laser/Electron Beam Heating

Main principle of technique is to emit the electron from electron gun with high 
temperature due to application of high voltage and thus creates vacuum in the elec-
tron gun. Conveniently, using transmission electron microscope can be used for 
electron beam heating and irradiating of the materials for developing different form 
of nanomaterials such as carbon nanotubes, carbon nanocapsules, and carbon 
nanoparticles. It has several advantages like heating source is outside the evapora-
tion system, any materials, including metals, compounds, ceramics, etc., there is no 
contamination from the heating source.

Laser Ablation Process

Laser ablation technique is recent development for the synthesis of nanoparticles in 
controlled particle size and compositions. The technique involves the vaporization 
of a target using pulsed laser, which is then followed by the controlled condensation 
in a diffusion cloud chamber under well-defined conditions of temperature and 
pressure. A wide variety of metal oxides, carbides and nitrides can be synthesized 
in nanoscale dimensions.

2 Nanomaterials: Classification, Biological Synthesis and Characterization
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2.2.5  Biological Synthesis of Nanoparticles

Despite the presence of extensive preparation techniques, most of these methods 
have complex protocols, extreme conditions of temperatures and toxic chemicals as 
reducing agents which not only result in high running costs but may also contain 
minor toxic contaminations on particle surface which question their direct applica-
tion in biological systems (Hebbalalu et al. 2013). Biological nanoparticle synthesis 
on the other hand, makes use of biological catalysts which result in an environment 
friendly approach of synthesis thereby gaining precedence over conventional physi-
cal or chemical methods (Kruis et al. 2000; Sastry et al. 2003; Ahmad et al. 2003; 
Hebbalalu et al. 2013). Several existing methods of biological nanoparticle synthe-
sis are explained in detail below.

2.2.5.1  Plant Mediated Synthesis of Nanoparticles

Noruzi (2015) has comprehensively reviewed the biosynthesis of gold nanoparticle 
using plant extracts in which he has covered various methods of green synthesis of 
nanoparticles and their characterization techniques in detail

The review also covers application of gold nanoparticle in various fields. With 
this note, we are including some more recent research reports on synthesis of 
nanoparticle using plant extracts. Silver and gold nanoparticles synthesis has been 
reported extensively using Neem (Azadirachta indica) leaf broth (Shankar et al. 
2004). Chenopodium album (an obnoxious weed) leaf extract used for the synthesis 
of silver and gold nanoparticle and produced quasi-spherical shaped particle with 
size of 10–30 nm and in the same study the influence of leaf extract quantities, metal 
ion concentration, contact time, temperature and pH on the synthesis of nanoparti-
cles were also evaluated. With increase of concentration of the leaf extract, the size 
of the particle becomes small. The particle size was increased with increase in metal 
ion concentration. At 5 and 1 mM concentration, 40–90 nm silver nanoparticle was 
formed and 50–100 nm of gold nanoparticles was formed at 1 mM concentration. 
The reaction time resulting in synthesis of nanoparticle ranges from 15 min to 2 h 
and sharp peaks were obtained upto 2 h following which a slight variation was 
observed. On studying the effect of temperature and pH on silver nanoparticle syn-
thesis, increase in temperature increased the particle size but large sized nanoparti-
cle only in case of a lower pH. However in case of gold nanoparticle, almost similar 
shape and size was observed from pH4 to pH10. Flavanones and terpenoids present 
in the plant or leaf extracts often been reported to be responsible for the synthesis of 
nanoparticles. Oxalate and aldehydic groups present in the leaf can be act as reduc-
ing agent as well as ligand (Dwivedi and Gopal 2010).

Aluminium oxide nanoparticles were synthesized from lemon grass leaf extract 
in the size of 9–180 nm which were spherical in shape (Ansari et al. 2015). Similarly, 
Prabhu et al. 2015 demonstrated the extracellular synthesis of copper nanoparticles 
in the size of 20–25 nm using Garcinia mangostana leaf extract. Garcinia man-
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gostana leaf extract also examined for the production of silver nanoparticle. The 
optimum reaction time in both cases was 1 h and 1 mM concentration of substrate 
for the synthesis of nanoparticle. Based on temperature, initial increase in tempera-
ture led to the formation of increase in number of particles and at higher pH, smaller 
sized particles were observed (Veerasamy et al. 2011).

Coleus amboinicus leaf extract produced spherical, triangular, truncated triangu-
lar, hexagonal and decahedral shaped gold nanoparticle with the size range of 4.6–
55.1 nm. Aromatic amines, amides and secondary alcohols were reported to be 
responsible for the capping of the particle (Narayanan and Sakthivel 2010). 
Magnolia kobus and Diopyros kaki synthesized gold nanoparticle extracellularly, at 
lower temperature and decreased concentrations of leaf broths. They produced 
spherical, triangular, pentagonal and hexagonal nanoparticle in the size of 5–300 nm. 
At higher temperature and increase concentration of leaf broth, small spherical 
shaped nanoparticles were produced. gold nanoparticles synthesized using Magnolia 
kobus are bounded by some proteins and metabolites such as terpenoids having 
functional groups of amines, alcohols, ketones, aldehydes and carboxylic acids 
(Song et al. 2009). Similar results were observed in the synthesis of gold nanopar-
ticle using olive leaf extract by Khalil et al. 2012. When Zingiber officinale extracts 
used, gold nanoparticles of size 5–15 nm were synthesized. Alkaloids, alkanoids, 
flavonoids in the extracts were reported to act as capping agents. The synthesized 
particles were used for blood biocompatibility (Kumar et al. 2011). These nanopar-
ticles were non platelet activating and non-complement activating on contact with 
human blood. These nanoparticles are not aggregate with other blood cells.

Terminalia bellirica fruit extract have also been used to synthesize silver 
nanoparticle, and the nanoparticles evaluated for antibacterial and antioxidant activ-
ity. In their research, the authors have identified gallic acid to be responsible for the 
reduction and stability of the nanoparticles (Hoskote Anand and Mandal 2015). 
Further silver nanoparticle synthesis using beet root (Bindhu and Umadevi 2015) 
and A. indicum leaves extract have also been reported (Ashokkumar et al. 2015). 
The synthesized nanoparticles were spherical in shape and 10 nm in size. Gold 
nanoparticle production using cold and hot extract of Pedalium murex showed that 
both the extracts produced nanoparticles in the range of 180–200 nm. Hexagonal, 
triangular and spherical nanoparticle was seen in TEM analysis and semi-spherical 
nanoparticle was observed in SEM analysis (Peter et al. 2014).

In recent studies, seed extract of Pistacia atlantica was utilized for the synthesis 
of silver nanoparticle which produced spherical shaped particles with 27 nm in size. 
The particles were stable in the pH range of 7–11 and OH group acts as a reducing/ 
capping agent (Sadeghi et al. 2015). In the same year, the same authors used the leaf 
extract of Ziziphora tenuior for the synthesis of silver nanoparticle which formed 
spherical particles with 8–40 nm size. The alkaloids, phenolic compounds, terpe-
noids and co-enzymes present in the leaf have been hypothesized to play a major 
role in the reduction and stabilization of the nanoparticles (Sadeghi and 
Gholamhoseinpoor 2015). When Ficus carica leaf extracts were used to synthesize 
silver nanoparticles irradiances between 6.5 and 13.3 mW/cm2 in the range of 330–
550 nm wavelength were used and the results were compared in the dark and under 
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direct sunlight (Ulug et al. 2015). Available data on synthesis of nanoparticles using 
plant extract is represented in the Table 2.5.

2.2.5.2  Bacteria in Synthesis of Nanoparticle

Inorganic materials are produced by microbes either intra or extracellularly. Among 
microorganisms, bacteria have been extensively studied by researchers for the syn-
thesis of metallic nanoparticles (Table 2.6). Bacteria can be cultivated in shorter 
intervals of time and are easy targets for the recovery of nanoparticles. Several 
researchers are working on the synthesis of nanomaterials for more than decades. 
Recent developments and current scenario of the nanoparticle research has been 
reviewed by many scientists. A comprehensive explanation of extracellular and 
intracellular silver nanoparticle synthesis of bacteria or bacterially derived compo-
nents has been reported by Singh et al. 2015. They also proceed further and mention 
in detail, the mechanism behind the extra and intracellular synthesis, as well as the 
role of reducing as well as capping agents in the synthesis (Fig. 2.2).

Several bacterial strains, regardless of their taxonomic groups have been reported 
to synthesize silver nanoparticles (Mohanpuria et al. 2008; Narayanan and Sakthivel 
2010; Sweet et al. 2012). On a careful observation, it can be understood that most of 
these isolates are soil and marine origin, thus they were involved in several biogeo-
chemical cycles of metals (Sweet et al. 2012). These bacteria are metabolically 
accustomed to presence of metals in their environment and detoxify them by reduc-
tion and/or precipitation mechanism of inorganic ions to metal nanoclusters 
(Narayanan and Sakthivel 2010). Strain Pseudomonas stutzeri AG259 which was 
primarily isolated from silver mines showed synthesis of silver nanoparticles and 
magnetotactic bacteria Magnetospirillum magneticum produced magnetic (Fe3O4) 
nanoparticles (Mohanpuria and Rana 2008). However there are also a few reports 
where strains of Lactobacillus sp., Bacillus sp., Shewanella algae and Rhodobacter 
sphaeroides are able to synthesize nanoparticles of metals such as gold, silver, tita-
nium, platinum and zinc (Sweet et al. 2012). Therefore, one microorganism can 
form nanoparticles of different metals and the nanoparticle synthesizing capacity of 
a given bacterial strain dependent on the physiological properties of the strain but its 
lineage or taxonomic group to which they belong.

Until now, specific bacterial secretions responsible for bio-reduction of silver 
have not been reported, with the exception of a NADH dependent nitrate reductase 
that involved in microbial nanoparticle synthesis (Durán and Seabra 2012). Under 
conditions of high pH, EPS from bacteria, made of glucose, delivered reducing 
power to reduce metal ions into nanoparticles (Sintubin et al. 2009). However, in 
psychrotolerant bacteria, a direct evidence of proteins or EPS production promoting 
AgNPs synthesis at low temperatures remains to be documented. Interestingly, one 
psychrotolerant bacteria Pseudoalteromonas antarctica NF3, produced EPS and 
certain outer membrane vesicle proteins that were linked to survival of this bacteria 
under low temperature (Nevot et al. 2006a, b). Regardless of the putative carbohy-
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Table 2.5 Plant-mediated synthesis of nanoparticles

Plant
Type of 
nanoparticle Morphology

Size 
range 
(nm)

Location/
organelle References

Azadirachta 
indica

Silver, Gold Flat, plate 
(Gold 
nanoparticle) 
Spherical 
(Silver 
nanoparticle)

5–35 Leaf extract Shankar et al. (2004)

Chenopodium 
album

Gold, Silver Quasi- 
spherical

10–30 Extracellular Dwivedi and Gopal 
(2010)

Lemon grass Aluminum 
oxide

Spherical 9–180 Leaf extract Ansari et al. (2015)

Garcinia 
mangostana

Copper Spherical 20–25 Extracellular Prabhu et al. (2015)

Garcinia 
mangostana

Silver Spherical 35 Leaf extract Veerasamy et al. 
(2011)

Coleus 
amboinicus

Gold Spherical, 
triangle, 
truncated 
triangle, 
hexagonal and 
decahedral 
shaped

4.6–
55.l

Extracellular Narayanan and 
Sakthivel (2011)

Magnolia 
kobus and 
Diopyros kaki

Gold Spherical, 
triangle, 
pentagons, 
hexagones

5–300 Leaf extract Song et al. (2009)

Olive leaf Gold Spherical, 
triangle, 
pentagons, 
hexagones

5–300 Leaf extract Khalil et al. (2012)

Zingiber 
officinale

Gold Irregular 5–15 Intracellular Kumar et al. (2011)

Terminalia 
bellirica

Silver Spherical 20 Fruit extract Hoskote Anand and 
Mandal (2015)

Beet root Silver Spherical 15 Beet root 
extract

Bindhu and Umadevi 
(2015)

A. indicum Silver Spherical 10 Leaf extract Ashokkumar et al. 
(2015)

Pedalium 
murex

Gold Hexagonal, 
triangular and 
spherical

180–
200

Leaf extract Peter et al. (2014)

Pistacia 
atlantica

Silver Spherical 27 Seed extract Sadeghi et al. (2015)

Ziziphora 
tenuior

Silver Spherical 8–40 Leaf extract Sadeghi and 
Gholamhoseinpoor 
(2015)

Ficus carica Silver Spherical 330–
550

Leaf extract Ulug et al. (2015)

2 Nanomaterials: Classification, Biological Synthesis and Characterization



46

Ta
bl

e 
2.

6 
B

ac
te

ri
al

-m
ed

ia
te

d 
na

no
pa

rt
ic

le
 s

yn
th

es
is

B
ac

te
ri

a
Ty

pe
 o

f 
na

no
pa

rt
ic

le
M

or
ph

ol
og

y
Si

ze
 r

an
ge

 (
nm

)
L

oc
at

io
n/

or
ga

ne
lle

R
ef

er
en

ce
s

P
se

ud
om

on
as

 s
tu

ze
ri

 A
G

25
9

Si
lv

er
T

ri
an

gu
la

r, 
he

xa
go

na
l, 

sp
he

ro
id

al

20
0

Pe
ri

pl
as

m
ic

 s
pa

ce
, 

In
tr

ac
el

lu
la

r
Sl

aw
so

n 
et

 a
l. 

(1
99

2)

M
or

ga
ne

ll
a 

sp
. R

P-
42

Si
lv

er
Sp

he
ri

ca
l

20
–3

0
E

xt
ra

ce
llu

la
r

Pa
ri

kh
 e

t a
l. 

(2
00

8)
E

.c
ol

i
C

ad
m

iu
m

 s
ul

fid
e

Sp
he

ri
ca

l, 
el

lip
tic

al
2–

5
In

tr
ac

el
lu

la
r

Sw
ee

ne
y 

et
 a

l. 
(1

99
8)

C
lo

st
ri

di
um

 th
er

m
oa

ce
ti

um
C

ad
m

iu
m

 s
ul

fid
e

–
–

C
el

l s
ur

fa
ce

, E
xt

ra
ce

llu
la

r
C

un
ni

ng
ha

m
 a

nd
 

L
un

di
e 

(1
99

3)
Su

lf
at

e-
re

du
ci

ng
 b

ac
te

ri
a

M
ag

ne
tit

e
–

20
C

el
l s

ur
fa

ce
W

at
so

n 
et

 a
l. 

(1
99

9)
A

ct
in

ob
ac

te
r 

sp
.

M
ag

ne
tit

e
Q

ua
si

-s
ph

er
ic

al
10

–4
0

E
xt

ra
ce

llu
la

r
B

ha
rd

e 
et

 a
l. 

(2
00

5)
R

ho
do

ps
eu

do
m

on
as

 c
ap

su
la

ta
Ir

on
 S

ul
fid

e
pH

7-
sp

he
ri

ca
l, 

pH
-4

 T
ri

an
gu

la
r 

na
no

pl
at

es

10
–2

0
E

xt
ra

ce
llu

la
r

H
e 

et
 a

l. 
(2

00
7)

U
re

ib
ac

il
lu

s 
th

er
m

os
ph

ae
ri

cu
s

Si
lv

er
Sp

he
ri

ca
l

10
–1

00
E

xt
ra

ce
llu

la
r

Ju
ib

ar
i e

t a
l. 

(2
01

1)
H

al
om

on
as

 m
au

ra
M

R
(m

ur
an

)/
C

H
(c

hi
to

sa
n)

-
30

–2
00

Po
ly

sa
cc

ha
ri

de
R

av
ee

nd
ra

n 
et

 a
l. 

(2
01

5)
G

eo
ba

ci
ll

us
 s

te
ar

ot
he

rm
op

hi
lu

s
Si

lv
er

, G
ol

d
Sp

he
ri

ca
l

G
ol

d 
na

no
pa

rt
ic

le
 

–5
–8

, S
ilv

er
 

na
no

pa
rt

ic
le

 –
 5

–3
5.

E
xt

ra
ce

llu
la

r
M

oh
am

m
ed

 F
ay

az
 

et
 a

l. 
(2

01
1)

Sh
ew

an
el

la
 o

ne
id

en
si

s
G

ol
d

Sp
he

ri
ca

l
2–

50
C

el
l m

em
br

an
e,

 
E

xt
ra

ce
llu

la
r

Su
re

sh
 e

t a
l. 

(2
01

1)

B
ac

il
lu

s 
su

bt
il

is
T

ita
ni

um
 O

xi
de

Sp
he

ri
ca

l
10

–3
0

In
tr

ac
el

lu
la

r
D

ha
nd

ap
an

i e
t a

l. 
(2

01
2)

M
ar

in
ob

ac
te

r 
pe

la
gi

us
,

G
ol

d
Sp

he
ri

ca
l a

nd
 

tr
ia

ng
le

s
10

In
tr

ac
el

lu
la

r
Sh

ar
m

a 
et

 a
l. 

(2
01

2)

A
rt

hr
ob

ac
te

r 
ni

tr
og

ua
ja

co
li

cu
s

G
ol

d
Sp

he
ri

ca
l

40
In

tr
a-

 e
xt

ra
ce

llu
la

r
D

eh
na

d 
et

 a
l. 

(2
01

5)
Sa

cc
ha

ro
ph

ag
us

 d
eg

ra
da

ns
M

an
ga

ne
se

 o
xi

de
H

ex
ag

on
al

 a
nd

 
sp

he
ri

ca
l

35
E

xt
ra

ce
llu

la
r

Sa
lu

nk
e 

et
 a

l. 
(2

01
5)

A. Mageswari et al.



47
B

ac
te

ri
a

Ty
pe

 o
f 

na
no

pa
rt

ic
le

M
or

ph
ol

og
y

Si
ze

 r
an

ge
 (

nm
)

L
oc

at
io

n/
or

ga
ne

lle
R

ef
er

en
ce

s

H
al

oc
oc

cu
s 

sa
li

fo
di

na
e 

B
K

3
Te

llu
ri

um
H

ex
ag

on
al

 n
ee

dl
e 

sh
ap

ed
10

In
tr

ac
el

lu
la

r
Sr

iv
as

ta
va

 e
t a

l. 
(2

01
3)

E
. c

ol
i

G
ol

d
Sp

he
ri

ca
l

10
In

tr
ac

el
lu

la
r

G
ho

la
m

i-
Sh

ab
an

i e
t a

l. 
(2

01
5)

P
se

ud
om

on
as

 m
an

de
li

i
Si

lv
er

Sp
he

ri
ca

l
1.

9–
14

.1
E

xt
ra

ce
llu

la
r

M
ag

es
w

ar
i e

t a
l. 

(2
01

5)
Ps

yc
hr

op
hi

lic
 b

ac
te

ri
a

Si
lv

er
Sp

he
ri

ca
l

6–
13

E
xt

ra
ce

llu
la

r
Sh

iv
aj

i e
t a

l. 
(2

01
1)

2 Nanomaterials: Classification, Biological Synthesis and Characterization



48

drate and protein based mechanisms, specific cellular proteins or polymers based 
AgNP synthesis remains unclear at present (Sintubin et al. 2009; Shivaji et al. 2011).

The techniques involved in the characterization and application of nanoparticle 
have also been illustrated extensively in the past (Fedlheim and Foss 2001; Oskam 
2006). As bacterial synthesis of nanoparticle has been described in detail by so 
many authors, in this chapter, we have tried to emphasize synthesis of nanoparticles 
by extremophilic bacteria as well bacteria colonizing niche environments. One of 
the primary reports on nanoparticle synthesis by extremophilic bacteria was on 
Pseudomonas stuzeri AG259. The bacterium was able to synthesize silver nanopar-
ticles of size 35–46 nm intracellularly and accumulate the synthesized particles in 
its periplasmic space (Slawson et al. 1992). Morganella sp. RP-42, an insect midgut 
bacterium produced extracellular silver nanoparticle of size 20±5 nm and was iden-
tified to host three homologous silver resistant gene (silE, silP and silS) in its plas-
mids. The gene SilE was found to encode a periplasmic silver-binding protein 
(Parikh et al. 2008).

In other studies, cadmium sulfide (CdS) nanocrystals were produced intracellu-
larly by E. coli (Sweeney et al. 1998) and extracellularly at the cell surface by 
Clostridium thermoacetium (Cunningham and Lundie 1993). In a study by Watson 
et al. 1999, Magnetic iron sulfide (FeS) nanoparticles of size about 20 nm were 
observed on the cell surface of sulfate-reducing bacteria. Though FeS nanoparticles 
are commonly found to be synthesized under anaerobic condition, a later study 
showed FeS nanoparticle production by Actinobacter sp. under aerobic conditions 
(Bharde et al. 2005). In another report, Konishi et al. (2004) demonstrated the effect 
of pH in influencing the size of nanoparticles. Under pH 1, the extracellularlly syn-
thesized particles were 50–500 nm in size whereas at pH7 there was significant size 

Fig. 2.2 Mechanism for synthesis of intracellular and extracellular nanoparticles by microorgan-
isms. EP Exopolysaccharide, R Receptor, E Enzyme, RE Reducing enzymes, e- Electron
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reduction upto 10–20 nm. Similar results were observed in Rhodopseudomonas 
capsulate. Moreover nanoparticle synthesis at pH 7 was found to result in more 
spherical shaped particles with size ranging from 10 to 20 nm whereas at pH 4, tri-
angular nanoplates were observed (He et al. 2007). Therefore pH plays a vital role 
in the synthesis of nanomaterials, by regulating the size, morphology and location 
of nanoparticles.

In a report by Juibari et al. (2011), an extremophilic bacterium, Ureibacillus 
thermosphaericus isolated from Ramsan geothermal hot springs located in 
Mazandatan province, Iran exhibited extracellular silver nanoparticle synthesize at 
higher temperatures (60–80 °C) under varying concentrations of AgNO3 (0.001–0.1 
M). Maximum nanoparticle synthesis was achieved at 0.01 M AgNO3 at 80 °C. The 
biomolecules produced by the extremophile under extreme temperatures may play 
a major role in the synthesis of nanoparticles even under unfavorable temperature 
conditions. Halomonas maura, a salt tolerant bacterium produced mauran, a poly-
saccharide which plays a major role in synthesis of MR(muran)/CH(chitosan) 
nanoparticle, by polyelectrolyte complexation of CH and MR solution through 
strong magnetic stirring (Raveendran et al. 2015).

Another thermophilic bacterium, Geobacillus stearothermophilus was reported 
to synthesize nanoparticles of silver and gold nanoparticle. Gold nanoparticles syn-
thesized by this extremophilic bacterium were spherical shaped and monodispersed 
with a size range of 5–8 nm. In case of silver nanoparticles, the particles were poly-
dispersed, spherical shaped with a size range of 5–35 nm (Mohammed Fayaz et al. 
2011). The authors stated that the free amine groups or cysteine residues present in 
the proteins were key components responsible for the synthesis of nanoparticles. 
They have also identified seven different proteins in the range of ascending 98 kDa- 
12 kDa that are bearing free amine or cysteine bearing molecules aiding nanoparti-
cle synthesis. Similarly, gold nanoparticle synthesis by Shewanella oneidensis has 
been reported by Suresh et al. (2011). An extracellularly synthesized spherical gold 
nanoparticle particles of size 2–50 nm by S. oneidensis was found to be stable for 
several months. The particles were hypothesized to be synthesized by the reducing 
agents present in the cell membrane and were capped by the detachable protein or 
peptide coat. In 2012, Dhandapani et al. synthesized TiO2 (Titanium oxide) nanopar-
ticles using Bacillus subtilis which was reported to destroy biofilm forming 
microbes. In another study, 11 marine bacteria were screened for the synthesis of 
gold nanoparticle (Sharma et al. 2012). Among those strains, Marinobacter pela-
gius isolated from solar saltern in Kakinada (India), produced monodispersed gold 
nanoparticle of size 10 nm that were highly stable. This is one of the initial reports 
on the synthesis of gold nanoparticle by marine bacteria. They confirmed the role of 
extracellular biomolecules produced by the bacteria in reducing and capping of 
nanoparticles. A study by Dehnad et al. (2015) demonstrated gold nanoparticle syn-
thesis by Arthrobacter nitroguajacolicus, isolated from Andaliyan gold mine in 
north-west of Iran. It exhibited intracellular synthesis of spherical shaped nanopar-
ticles of about 40 nm in 24 h. However, not all bacteria are found to be capable of 
gold nanoparticle synthesis in shorter time periods. An alkalothermophilic actino-
bacterium, Thermomonospora sp. synthesized gold nanoparticle extracellularly tak-

2 Nanomaterials: Classification, Biological Synthesis and Characterization
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ing 120 h for reduction of aurum ion. In the case of strains Rhodococcus, it reduced 
the aurum ion in 24 h, but the particles were synthesized intracellularly which com-
plicated the extraction and also destroys the bacterial cells (Kalabegishvili et al. 
2012).

MnO2 nanoparticles were synthesized by the marine bacteria Saccharophagus 
degradans (Sde 2–40) using KMnO4 as the substrate. Salunke and his colleagues 
(2015) ruled out the possibility of negative outcome on nanoparticle synthesis under 
the presence of several media components used for microbial growth. Recently, 
Srivastava et al. 2013 reported the synthesis of Tellurium nanoparticles (TeNPs) by 
haloarchea on Halococcus salifodinae BK3, which was isolated from the salt pan. 
The enzyme responsible for the synthesis of TeNPs was identified as tellurite reduc-
tase. The archea H. salifodinae was orange-red pigmented and the pigmentation 
was found to decrease with increased concentration of tellurite which turned the 
organism black against being orange-red. TEM analysis exhibited hexagonal 
needle- shaped nanoparticle with an average diameter of 10 nm and length of 44 nm. 
In E. coli, α-NADPH dependent sulfite reductase was extracted and used for the 
synthesis of gold nanoparticle. The particles were spherical in shape with 10 nm in 
size which was found to act as an antifungal agent (Gholami-Shabani et al. 2015).

Silver nanoparticle synthesis by psychrotolerant bacteria, Pseudomonas man-
delii was reported by Mageswari et al. (2015). Its stability under long-term storage, 
and larvicidal activity under low-temperature conditions were investigated. Electron 
and atomic force microscopy studies revealed that 6 among 22 psychrotolerant iso-
lates synthesized silver nanoparticles with an average diameter of 1.9–14.1 nm. 
Pseudomonas mandelii SR1 synthesized the least-sized silver nanoparticles with an 
average diameter of 1.9–10 nm, at temperatures as low as 12 °C without aggregate 
formation, and the synthesized nanoparticles were stable for up to 19 months of 
storage period. In larvicidal studies, LC90 (lethal concentration) values against 
Anopheles subpictus and Culex tritaeniorhynchus larvae were at 31.7 and 35.6 
mg/L, respectively. The synthesis of nanoparticles on different temperature, pH, 
incubation time and storage stability in dark and light conditions was studied. In UV 
spectroscopy scan, the synthesized silver nanoparticle showed a peak around 
420 nm, which is a characteristic of the surface plasmon resonance of silver nanopar-
ticles. XRD analysis revealed the diffraction peaks at 46°, 54°, 68°, 26° and 32° 
corresponding to (2 1 1), (2 2 0), (2 2 2), (1 1 0) and (1 1 1) that were planes of silver 
and silver oxide. EDAX spectrum confirmed the presence of silver atom. In FTIR 
analysis, the presence of primary/secondary amines and sugar derivatives were con-
firmed. These results revealed that the protein and sugar molecules were responsible 
for the synthesis of silver nanoparticle. Further, the sugar derivatives were analyzed 
by HPLC. The synthesized silver nanoparticles showed larvicidal activity at low 
temperature which is non-toxic to environment.

Nanoparticle synthesis by psychrotolerant bacterium, M. psychrotolerans (Parikh 
et al. 2011) was investigated at temperatures as low as 12 °C and it showed enhanced 
synthesis at 22 °C reflect the cold-adapted physiology of the strain. Extracellular 
synthesis of silver nanoparticles using psychrophilic bacteria was investigated by 
Shivaji et al. 2011. The synthesized silver nanoparticles were characterized using 
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UV–Visible spectroscopy, transmission electron microscopy and atomic force 
microscopy. The sizes of the silver nanoparticles ranged from 6 to 13 nm and were 
stable for 8 months in the dark. The synthesis and stability of silver nanoparticles 
appears to depend on the temperature, pH or the species of bacteria (P. antarctica or 
A. kerguelensis) from which the supernatant is used. It was observed that the A. 
kerguelensis supernatant could not produce silver nanoparticles at the temperature 
where the P. antarctica could synthesize silver nanoparticles. This study provides 
evidence that the factors in the cell-free culture supernatants that facilitate synthesis 
of silver nanoparticles vary from bacterial species to species.

2.2.5.3  Fungi Mediated Synthesis of Nanoparticles

In recent years, there has been an increase in research focusing on the use of fungi 
for the synthesis of different types of nanoparticles (Dhillon et al. 2012). Research 
on fungi has been found to be preferred as they offer several advantages. One such 
benefit is that they could secrete large quantities of enzymes. Other benefit includes 
ease of handling compared to other microorganisms, which make the biosynthesis 
of nanoparticles using fungi potentially exciting (Table 2.7). However, one major 
concern is the genetic manipulation of some specific enzymes for over expression is 
much more difficult than in prokaryotes.

Fusarium oxysporum, is a fungus that has been often used for the biosynthesis of 
nanoparticles. F. oxysporum synthesizes extracellular gold nanoparticles which are 
spherical or triangular in shape and are at a size of 20–40 nm and they are found to 
be well dispersed with no significant reunion was found even after a month 
(Mukherjee et al. 2002). In another report, stable cadmium sulfide nanoparticles of 
size range 5–20 nm was synthesized by F. oxysporum. This nano-CdS was produced 
with the help of enzyme sulfate reductase when exposed to CdSO4 solution. 
Similarly ZnS, PbS and MoS2 nanoparticles also could be synthesized by F. oxyspo-
rum when incubated with corresponding sulfate (Ahmad et al. 2002). They also 
used F. oxysporum for biosynthesis of cruciform-shaped CaCO3 crystals by expos-
ing to aqueous calcium ions. In both of these studies the basic mechanism behind 
the synthesis is discussed as the role of enzymes present in fungi which played a 
crucial role during the synthesis (Rautaray et al. 2003).

Acidophilic fungus Verticillium sp. has been reported to produce intracellular 
silver nanoparticles in cytoplasm (Sastry et al. 2003). When F. oxysporum was uti-
lized to synthesize alloy nanoparticles, surprisingly Au-Ag alloy nanoparticles were 
obtained which was the first reported on the fungus-mediated biosynthesis of Au-Ag 
alloy nanoparticles. The highly stable alloy nanoparticles in the size range of 
8–14 nm were formed when the fungi were exposed to equimolar concentrations of 
AgNO3 and HAuCl4. The fungi F. oxysporum was demonstrated to secrete NADH- 
dependent enzymes and it was confirmed that the nano-alloy composition was dif-
ferent in the control of the amount of NADH (Senapati et al. 2005). In 2006, it was 
reported that the substantial amorphous hydrated silica in the rice husk could be 
bioleached and biotransformed into quasi-spherical crystalline silica nanoparticles 
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in a size range of 2–6 nm. Further studies demonstrated that the amorphous hydrated 
silica could be bioleached by the proteins secreted by the cells. However, amor-
phous hydrated silica could not be biotransformed into silica nanocrystallites by 
these proteins alone (Bansal et al. 2006). The fungi Aspergillus flavus has been 

Table 2.7 Fungi-mediated nanoparticle synthesis

Fungi
Type of 
nanoparticle Morphology

Size 
range 
(nm)

Location/
organelle References

Fusarium 
oxysporum

Gold Spherical or 
triangular

20–40 Extracellular Mukherjee et al. 
(2002)

F. oxysporum Cadmium 
sulfide , Zinc 
sulfide, Lead 
sulfide and 
Molybdenum 
disulfide

Hexagonal 
(CdS)

5–20 Extracellular Ahmad et al. 
(2002)

Verticillium 
sp.

Silver – 2–20 Cytoplasm, 
Intracellular

Sastry et al. 
(2003)

F. oxysporum Au-Ag alloy Spherical 8–14 Extracellular Senapati et al. 
(2005)

Aspergillus 
flavus

Silver Isotropic 8.9 Surface of 
cellwall

Vigneshwaran 
et al. (2007)

F. oxysporum Lead sulfide Spherical 5–30 Extracellular Syed and Ahmad 
(2012)

F. oxysporum Zinc sulfide Spherical 42 Extracellular Mirzadeh et al. 
(2013)

F. semitectum Silver Spherical 10–60 Extracellular Basavaraja et al. 
(2008)

V. luteoalbum Gold pH3 
spherical, 
pH5- 
spherical, 
triangular, 
hexagons, 
spheres and 
rod, 
pH7,9- small 
spherical, and 
irregular 
shaped 
particles

10–100 Intracellular Gericke and 
Pinches (2006)

Agaricus 
bisporus

Silver Spherical 8–20 Extracellular El-Sonbaty 
(2013)

Botrytis 
cinerea

Gold Spherical, 
pyramidal, 
hexagonal, 
triangular and 
decahedral

1–100 Extracellular Castro et al. 
(2014)
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reported to synthesize silver nanoparticles on the surface of cell wall with size rang-
ing in 8–9 nm. Proteins present on the cell wall were hypothesized to be responsible 
for the reduction and stability of the particle (Vigneshwaran et al. 2007).

Extracellular platinum nanoparticles with the size ranged 5–30 nm were obtained 
when the F. oxysporum incubated with H2PtCl6 which were stabilized by proteins 
(Syed and Ahmad 2012). Biosynthesis of spherical ZnS nanoparticles with the aver-
age size of 42 nm was also reported using F. oxysporum (Mirzadeh et al. 2013). It 
was found that other species of Fusarium such as F. acuminatum (Ingle et al. 2008) 
and F. semitectum (Basavaraja et al. 2008)could also be used to synthesize 
 extracellular silver nanoparticles with size of 10–60 nm with spherical in shape. The 
synthesized particles were stable for weeks. In fungus V. luteoalbum, gold nanopar-
ticle synthesis was found to occur at different conditions of pH. At pH 3, spherical 
shaped particles were formed. However at pH 5 with spherical, triangular, hexa-
gons, spheres and rod shaped particles were observed and when the pH was 
increased to 7 and 9, small spherical and irregular shaped particles were formed 
(Gericke and Pinches 2006).

Silver nanoparticles synthesis has also been reported when aqueous extracts of 
Agaricus bisporus were used. A study using Agaricus bisporus revealed that these 
nanoparticles were of spherical shape and size ranging between 8 and 20 nm 
(El-Sonbaty). Biosynthesis of gold nanoparticles by fungus Botrytis cinerea was 
reported first in 2014. This gold nanoparticle synthesis was found to result in 
nanoparticles of various shapes such as spherical, pyramidal, hexagonal, triangular 
and decahedral of sizes ranging between 1 and 100 nm. Biomolecules secreted by 
the fungus were responsible for the production of gold nanoparticles, but the exact 
mechanism remains to be elucidated (Castro et al. 2014).

2.2.5.4  Yeast in Synthesis of Nanoparticle

Studies on biosynthesis of metallic nanoparticles by yeast are few compared to bac-
teria and fungi (Table 2.8). Available research carried out on yeast mostly deal with 
the synthesis of quantum semiconductor nanocrystallites. Extremophilic yeasts iso-
lated from the drainage of acid mine have been utilized for the synthesis of Ag and 
Au nanoparticles. Yeasts are reported to exhibit growth up to concentrations such as 
1.5 mM Ag ion and 0.09 mM Au ion and nanoparticle synthesis is mainly extracel-
lular in nature with the produced particles around 20–100 nm in size synthesized 
(Mourato et al. 2011). The most commonly studied yeast Sachharomyces cerevisae 
has also been used in the biosynthesis of metallic nanoparticles in recent years. 
Biosynthesis of TiO2 nanoparticles using the S. cerevisae yielded in nanoparticles 
of size 8–35 nm and it was proposed that the quinones and membrane bound oxido-
reductases might affect the formation of TiO2 nanoparticles (Jha et al. 2009). The 
yeast S. cerevisae was investigated for the synthesis of MnO2 nanoparticle in both 
extra and intracellular manner. All experiments showed positive result with spheri-
cal and hexagonal shaped nanoparticle ranging 30 nm in diameter (Salunke et al. 
2015). Report also exists on gold nanoparticle synthesis using the yeast S. cerevisae 
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(Lin et al. 2005). When gold nanoparticles synthesis was studied in Yarrowia lipo-
lytica, the particles were associated with the cell wall and were hexagonal or trian-
gular in shape at varying pH of 2, 7 and 9. Reductases were reported to have a major 
responsibility in nanoparticle production by yeasts. A method to extract cell wall 
associated nanoparticles from yeasts using a freeze and thaw method was proposed 
(Agnihotri et al. 2009).

2.2.5.5  Actinomycetes in Synthesis of Nanoparticle

Actinomycetes are widely distributed in nature and have the characteristics of both 
fungi and bacteria. Gold nanoparticles have been reported to be synthesized suc-
cessfully with Rhodococcus sp. When an alkalotolerant actinomycete was used for 
intracellular synthesis of gold nanoparticle particles with the dimension of 5–15 nm 
were produced (Ahmad et al. 2003). This was the very first report on the extracel-
lular synthesis of gold nanoparticle with the use of bacteria. These thermoactinomy-
cetes are able to restore gold ion into spherical NPs with good monodisperity at an 
average size of 8 nm. The FTIR analysis demonstrates that the surface of the gold 
nanoparticle was amide (N) and (O) protein, which are stable factors that promote 
these Nanoparticles.

A recent report demonstrates gold nanoparticle production by Streptomyces viri-
dogens strain [HM10] a novel actinomyces. The strain was reported to follow an 
intracellular mechanism for synthesis of gold nanoparticles. Electron microscopy 
(TEM) study on the strain revealed the presence of spherical and rod shaped gold 
mycelium and X- ray diffraction analysis demonstrated that their average size to be 
18–20 nm. At the same time, the strain HM10 showed increased growth at 1 and 10 
mM concentration of HAuC14. In addition the gold nanoparticles produced by the 
strain HM10 possessed high antibacterial activity against S. aureus and E. coli 

Table 2.8 Yeast-mediated nanoparticle synthesis

Yeast
Type of 
nanoparticle Morphology Size range (nm)

Location/ 
organelle References

Extremophilic 
yeast

Ag and Au Spherical Silver 
nanoparticle- 20, 
Gold nanoparticle- 
30–100

Silver 
nanoparticle- 
extracellular

Mourato 
et al. (2011)

Sachharomyces 
cerevisae

Titanium 
Oxide

Spherical 8–35 Extracellular Jha et al. 
(2009)

Yarrowia 
lipolytica

Gold Hexagonal 
and 
triangular 
shaped at pH 
2, 7 and 9

15 cell wall Agnihotri 
et al. (2009)

S. cerevisae Manganese 
oxide

spherical 
and 
hexagonal

30 Intra and 
extracellular

Salunke et al. 
(2015)
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(Balagurunathan et al. 2011). Nanoparticle production by S. albidoflavus has been 
found to be both extracellular and intracellular. An interesting phenomenon observed 
was that that the nanoparticles synthesized by this strain were reaction-time depen-
dent. The average size of these nanoparticles from S. albidoflavus was found to be 
14.5 nm. By varying pH and reaction time multidimensional gold nanoparticles 
were generated (Prakasham et al. 2012). Thirty five marine actinobacterial strains 
were isolated from marine sediment of Busan coast, South Korea and employed for 
the biosynthesis of gold nanoparticle. In that, Nocardiopsis sp. MBRC-48 exhibited 
the production of extracellular gold nanoparticles. The synthesized nanoparticles 
have been characterized using UV-visible spectral analysis, XRD and FTIR. In 
FTIR analysis, the results clearly evidenced that the nanoparticle formation occurred 
by proteins, enzymes and metabolites. EDAX spectroscopy revealed that the pres-
ence of elemental gold peak. TEM analysis confirmed that the particle were spheri-
cal in shape and non-uniformly distributed with size ranges from 7 to 15 nm and 
they evaluated the antibacterial, antioxidant and cytotoxicity of the nanoparticles 
(Manivasagan et al. 2015). Few reports for Actinomycetes-mediated synthesis of 
nanoparticles list in the Table 2.9.

2.2.6  Characterization of Nanomaterials

Several sophisticated techniques being continuously developed for characterization 
of the size, shape, stability, of nanomaterial as well as to determine and identify the 
presence of metal signals in the synthesized nanomaterials (Table 2.10). 
Characterization of nanomaterials can be carried out using two major strategies 
which are spectroscopy and microscopy techniques.

Table 2.9 Actinomycetes-mediated synthesis of nanoparticles

Actinomycetes
Type of 
nanoparticle Morphology

Size 
range 
(nm)

Location/
organelle References

Alkalotolerant 
actinomycete 
(Rhodococcus 
sp.)

Gold Spherical 5–15 Intracellular Ahmad et al. 
(2003)

Streptomyces 
viridogens 
strain [HM10]

Gold Spherical 
and rod 
shaped

18–
20.

intracellular Balagurunathan 
et al. (2011)

S. albidoflavus Silver Spherical 14.5 extracellular and 
intracellular

Prakasham et al. 
(2012)

Nocardiopsis 
sp.

Gold Spherical 7–15 extracellular Manivasagan et al. 
(2015)
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2.2.6.1  Spectroscopic Techniques

Ultraviolet-Visible Spectroscopy

Nanoparticles from metals such as gold and silver interact strongly at specific wave-
lengths of light (500–600 and 400–450 nm) based on their optical property and 
surface plasma resonance.

Such characteristics of the nanoparticles can be attributed to free flow electron 
oscillation in the elements composing the nanoparticles being induced by the elec-
tromagnetic field (Noruzi et al. 2011). However, these techniques are used only to 
detect metallic nanoparticles and are often not compatible with other nanomaterials. 
A change in color of the initial solution to red or violet for gold nanoparticles indi-
cates the presence of synthesized nanomaterials in the extract and the solution turns 
brown in case of silver nanoparticles (Noruzi et al. 2012). Thus color change indi-
cates and influences the absorption pattern which confirms the presence of synthe-
sized nanomaterials in the extract. The plasma resonance property has been found 
to vary with size and shape of nanoparticles. A change in surface resonance due to 
variation in particle size may lead to a shift in wavelength from red (increase in 
particle size) and blue (reduction in particle size). However, in several cases adverse 
effect in the position of plasma resonance has been observed due to factors such as 
environment dielectric properties, interactions that are physical or chemical which 
happens on the particle surface, surface charge, interparticle distance as well as 
aggregation. Asymmetrical and broad plasma resonance bands indicate that diverse 
orientation of material often results in formation of anisotropic nanoparticles 
(Kasthuri et al. 2009; Noruzi et al. 2011).

X-Ray Diffraction

XRD is one of the most powerful techniques to study the structure of nanomaterial 
which provides us data regarding the width and shape of the nanomaterials (size of 
crystalline, lattice, dislodgment of particle structures, etc). Samples are often pre-
pared as smear or compact flat or in capillary and are exposed to a monochromatic 
beam of X-ray which is diffracted by the nanomaterial and data on the diffracted 
beam is collected at an angle (2θ) with respect to the incident beam. A powder dif-
fraction pattern supplies information from the nanomaterial on phases present, 
phase concentrations, structure, as well as the degree of crystallinity or amorphous 
content followed by details on crystallite size/strain. The peak widths in given phase 
pattern provides information on the average crystallite size where large crystallites 
give rise to sharp peaks and any increase in the peak width indicates a reduced crys-
tallite size.

The measure of the crystallite size does not equal to the size of the particle as a 
single nanoparticle can be an aggregate of several crystallites. Peak broadening also 
occurs as a result of variation in d-spacing caused by microstrain. The average crys-
tallite size can be determined from the breadth of the peaks in an X-ray diffracto-
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gram, assuming no lattice strain or defects are observed, through the Debye-Scherrer 
equation (Dubey et al. 2010). Comparison of average particle sizes either using a 
power XRD or TEM methods can help us obtain the crystal structures of nanopar-
ticles. An important parameter to be considered is X-ray coherence length, which 
gives us an approximation of the average size of crystalline domain of nanomaterial 
(XRD-size), whereas total size of the particles (TEM-size) can be viewed from the 
TEM metaphors (Schmid 2004). A major disadvantage of using these techniques is 
that it is very difficult to find out the single conformation and binding state of grow-
ing crystals followed by occurrence of low intensity diffracted X-rays in low atomic 
number materials (Cao 2004). A recent study has proposed the use of a femtosecond 
pulse to determine the macromolecules for non-matured crystal (Chapman et al. 
2011).

Fourier Transformed Infrared Spectroscopy

FT-IR is primarily used to determine the functional groups of the protein bound over 
the surface of nanomaterials or functional groups of exoploysaccharides which act 
as capping agents and thereby improve stability during biological synthesis of nano-
materials. Identifying such biomolecules is important to change or enhance the 
chemical structural composition which may leads to understand the development of 
their properties and probable future applications. These types of biomolecules in 
biological suspension falls into absorption spectrum in the range of 1000–1800 cm-1 
(C=C, C=O, C-N, C-O) which indicate the possible role of those compounds in 
maintaining the nanoparticle stability. The stretching peak for amine and amide 
groups during an FT-IR analysis falls in the range between 3200 and 3500 cm-1 
(N-H and O-H) (Philip 2010).

Dynamic Light Scattering

DLS technique is used to study the size distribution and hydrodynamic average 
particle size of nanoparticles. The basic principle behind this technique is that the 
movement of a particle depends on time of fluctuation in light scattering to the sus-
pension which is based on Doppler effect (Brar and Verma 2011). Determination of 
particle size distribution is not completely known due to adverse effect on particle 
suspension, scattering angle and shape of nanoparticles. This technique is especially 
important in reuse of nanoparticles, as the samples can be used for other character-
ization. In addition, scattering of light is directly proportional to sixth power of 
particle radius; this reason helps extremely to determine the presence of small 
aggregates. This technique is quicker and less expensive than that of microscopy 
technique for analysis the size of nanomaterials (Bankar et al. 2010).
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Zeta Potential

Zeta potential is an instrument to measure the electrostatic potential of nanomaterial 
by supplying electric field between dispersion medium and stationary layer of fluid. 
Zeta potential difference of nanomaterials between -10 to +10 mV are considered as 
neutral, whereas greater than +30 or less than -30 mV are considered as cationic or 
anionic charged particles. Almost all biologically synthesized nanomaterials were 
strongly cationic charged particles due to negatively charged cell membrane which 
displaying more toxic associated with cell wall disruption (Clogston and Patri 
2011). Dilution of concentrated samples which does not affects the results of syn-
thesized nanoparticles it may due to shift in zeta-potential value was attributed to an 
increase in contribution of the signal from extraneous particulate matter (Tantra 
et al. 2010). Zeta potential and hydrodynamic size can be altered by charging the pH 
of the solution. At low pH, nanomaterial have a positive surface and inversely, at 
high pH, a negative surface charge. The isoelectric focusing point is intermediate 
pH it results in net charge of particles will be zero. State and stability of nanoparti-
cles depends on pH, surface charge and coating surface. From profound studies, pH 
can change the dispersion state by altering the zeta potential which influences the 
ionic strength of dispersion medium by altering the double layered surface electric 
charge of nanomaterial (Jiang et al. 2009).

Other Spectroscopy Techniques

To characterize the physio-chemical properties of nanomaterials, other techniques 
like X-ray photoelectron spectroscopy (XPS), Inductively coupled plasma atomic 
emission spectroscopy (ICP/AES), Raman scattering (RS), Fluorescence correla-
tion spectroscopy (FCS), circular dichroism (CD), Mass Spectroscpy (MS) were 
used.

2.2.6.2  Microscopy Techniques

Transmission Electron Microscopy

The transmission electron microscope (TEM) is the most very powerful tool for 
probing the structure of nanosized particles. It is not only can give morphological 
information of shape and size of material even able to define at atom level of the 
nanomaterials. To analyse the structure of nanomaterials by two types of mode 
either Bright-field TEM of Dark field TEM. In Bright-field TEM, is most common 
type of mode to imaging the nanomaterials in which images are captured by direct 
exposure of transmitted electrons and any type of materials can be visualized in the 
form of liquid or solid. In dark-field TEM, directly use diffracted electron at specific 
set of crystal plane. Mainly, it is used to locate defect in the crystal. For imaging the 
nanomaterials using TEM depends on their contrast of sample relative to the 
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background. Samples are prepared for imaging by drying nanoparticles on a copper 
grid that is coated with a thin layer of carbon. Materials with high electron densities 
can able visible directly than amorphous carbon such as metals (silver, gold, copper, 
aluminium) and most of the oxides and other materials as to be coats with tungsten- 
gold materials. Size and morphological distribution of nanomaterials is straight for-
ward if it is individual non-aggregated samples. Otherwise, it is statistically difficult 
to image the particular size and shape of the nanomaterial. Since the presence of 
polymeric structure (irregular or more than one size) of nanomaterials in dispersion, 
the resulting statistical representation in average and standard deviation of the sam-
ple may not be accurate. For irregular shape nanomaterials an alternative method is 
used to image by cross sectional area or convert the area to an equivalent spherical 
diameter by using softwares.

The fast electrons used in a TEM are capable of penetrating many atomic planes 
and so are diffracted by crystalline regions of material just like X-rays. Their wave-
length (~ 0.04 nm for Eo ~ 100 keV) is much less than a typical atomic-plane spac-
ing (~ 0.3 nm) so that according to the Bragg equation nλ = 2dsinθ, Bragg angles θ 
are small. In addition the integer n is usually taken as unity, since nth order diffrac-
tion from planes of spacing d can be regarded as first order diffraction from planes 
of spacing d/n (Wittstock 2001). Diffraction represents elastic scattering of elec-
trons in a crystal. The regularity of the spacing of these nuclei results in a redistribu-
tion of the angular distribution of the scattered intensity. Instead of continuous 
distribution over scattering angle, there are sharp peaks centered on certain scatter-
ing angles, each twice the corresponding Bragg angle θ. In the TEM this angular 
distribution can be displayed by magnifying the diffraction pattern first formed at 
the back focal plane of the objective lens. Examination of the TEM image of the 
polycrystalline specimen shows that there is a variation of electron intensity within 
each crystallite. This diffraction contrast arises either from atomic defects within 
the crystal or the crystalline nature of the material itself, combined with the wave 
nature of transmitted electrons.

The resolution of the TEM could be improved by special arrangements of the 
magnetic fields serving as focuses of the electron beam, by enhancing the energy of 
the electrons. The main advantages of the HRTEM are the direct observations of the 
detailed nanostructures, such as the core/shell structure, the interfaces and the sur-
faces, the atomic defects (including point defects, dislocation, planar defects) the 
twin structures etc (West 2007). The nanocrystal characterization can be done using 
transmission microscopy. Here, an electron beam is used to image a thin sample in 
transmission mode. The resolution is a sensitive function of the beam voltage and 
electron optics: a low-resolution microscope operating at 100 kV might have a 
2–3 Å resolution while a high voltage machine designed for imaging can have a 
resolution approaching 1 Å.

Three main issues are causing major problems during image process such as 
particle agglomeration, Impurities in the samples and few particles in images.
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Particle Agglomeration A number of factors influences how sample synthesized 
and preparation conditions namely, dynamic property of dispersion or diffusion of 
particles in the solvent during drying and concentrating process.

Impurities in the Sample Due to electron density present in the sample and in the 
dispersion. i.e., presence of salt, silica, etc.

Few Particles in Image It’s mainly due to the way of sample preparation, in that 
presence of low or dense particles in the gird.

Recently, Scanning Transmission Electron Microscope (STEM) has advanced to 
generate images by staging a scan of a narrow electron beam over the samples and 
coupled with high-angle annular dark-field (HAADF) detector. Other detectors such 
as Energy-dispersive X-ray spectroscopy (EDX) and Electron energy loss spectros-
copy (EELS) used for analysis elements by qualitative and quantitatively. In addi-
tion, cryo-TEM an equipment to examine biological samples under cryogenic 
temperature, preventing them from structural deformation caused by electron beams 
and by the conventional sample treatment during ultra-sectioning.

Scanning Electron Microscopy

Scanning electron microscope (SEM), which is used to observe the morphology of 
a surface of sample and back scattering of electrons at higher magnification, higher 
resolution and depth of focus. SEM creates a low-energy beam of electrons (1–30 
keV) and detecting the electrons scattered off the sample. Samples for SEM are 
mounted on aluminum or carbon stubs either in the liquid or solid form. Unlike 
TEM, in SEM, prepared samples can be introduced for imaging in bulk form, as 
there is no need to cut thin sections. Generally, sample preparation is less tedious for 
SEM imaging, compared to TEM. For example, liquid samples can be dried directly 
on the SEM stub (Lorenz et al. 2010), or closed in agar capsules that, after chemical 
treatment, undergo notch (Egelandsdal et al. 1999). In addition, Focused-ion beam 
scanning electron microscope (FIB-SEM) the ion beam can cut into the material 
and a solid specimen can be sectioned for 3D imaging and also gives the possibility 
of tilting the sample to allow observation from different angles and 3D imaging. A 
camera is used to photograph the image or it may be digitized and processed on a 
computer. The characteristic X-rays emitted may be analyzed for their energy and 
intensity (EDX), the energy being the signature of the element emitting them and 
the intensity as to how much of it is present. SEM while having lower resolution 
than TEM, is able to image nanoparticles on bulk surfaces and for direct visualiza-
tion of nanocrystals in larger assemblies (Khler and Fritzsche 2004).
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Scanning Probe Microscopy

Most advance equipment to determine the surface structures are the atomic force 
microscope (AFM) and scanning tunneling microscope (STM). These techniques 
are capable of imaging the local surface topography with atomic resolution 
(Wiesendanger 1994).

Atomic Force Microscopy

Atomic force microscope (AFM) and scanning force microscope (SFM) are the 
most common techniques from the SPM family and play a major role in research 
and development part of nanotechnology. Both these methods are based on minute 
but measurable forces between a sharp metallic tip and atoms present on a surface. 
Atomic force microscope (AFM) was invented by Gerd Binning in the year 1986. 
The tip is usually mounted on arm called cantilever which is flexible in nature, and 
the entire set up is placed at subnanometer distance from the sample surface. As the 
tip is brought closer to a sample placed on the surface, interatomic forces between 
the tip and the atoms in the samples causes the cantilever to curve finely which is 
detected optically by a laser beam reflecting off from the back of the cantilever. 
When the tip scans over the entire sample surface, an image which is proportional 
to the deflections of the cantilever can be obtained, which basically represents the 
three dimensional structure of the sample surface. When the tip is made to scan the 
sample in the X-Y plane, it senses the attractive or repulsive forces arising from the 
surface atoms which are then redirected to the Z direction (Sarid 1991). Primarily, 
there are two ways in which atomic force microscopy can be applied namely contact 
mode and non-contact/tapping mode. During the contact mode, the tip is placed 
within few angstroms from the sample surface, and there are direct interactions 
occurring between the atoms on the tip and on the sample surface. It is highly com-
plex to describe the atomic force interactions occurring during the contact mode and 
requires molecular dynamics stimulation of the coulombic interactions taking place 
between charges or charge distribution, followed by polarization caused due to 
induced dipole moments as well as quantum mechanical forces when the electrons 
in the orbital start to interact, for each pair of atoms residing on the tip and the 
sample surface. Despite its complexity, the contact mode is the usual choice to study 
by researchers to study surface morphology of particles with atomic resolution 
(Sarid and Coratger 1991). The distance between the tip and the sample is increased 
in the non-contact mode, usually between 2 and 30 nm. The non-contact mode 
describes the forces between the sample surface and tip in terms of macroscopic 
interactions. The tapping mode requires the sample to have a flat surface and a 
spherical tip. Other forces may such as electrostatic force and magnetostatic force 
may also play a role in influencing the interactions between sample surface and tip. 
The forces in the non-contact mode are on average of 2–4 orders smaller in magni-
tude than forces occurring in the contact mode. Details on the sub nanometer scale 
are not possible to obtain in the non-contact methods as the interactions that occur 
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are only between larger portions of the tip and the sample. The non-contact mode is 
mainly used for study and capture magnetic domains or electronic devices. An 
atomic force microscope is primarily used to identify the sample’s surface charac-
teristics at the atomic level, including its topography as well as the magnetic and 
electrical properties. AFM creates a highly magnified 3D image of a surface which 
helps us to directly view surface features which may only have nanometer-sized 
dimensions including those such as single atoms and/or molecules on a surface. 
This gives researchers the facility to directly visualize objects that are of nanome-
ters in size and measure various dimensions of the surface features (Binnig et al. 
1982; Lang et al. 2002).

Scanning Tunneling Microscopy

Scanning tunneling microscope or STM, belonging to the SPM family was invented 
in 1982 by Gerd Binning and Heinrich Rohrer remains a key tool used in nanotech-
nology. STM is primarily used to study surface properties at an atomic level and 
works on the principle of measuring the tunneling current between a sharpened 
metallic tip and surface of a conducting material. When a small bias of voltage is 
applied between the atomically sharp tip and the sample, there is no flow of current 
if the distance separating the tip and the sample is large. On the contrary, current 
flows across the space when the tip is brought closer but without physical contact 
towards the sample. Such a current is termed as a tunneling current which is the 
consequence of overlapping wave functions occurring between the atom on the tip 
and opposite atom on the sample surface. When there is small bias voltage, the 
electrons are able to travel across a vacuum barrier from the tip and reach the sam-
ple. However, the degree of the tunneling current is extremely sensitive and relies on 
the distance that separates the tip from the sample, the local electron density in the 
sample as well as the local barrier height. STM is typically performed on conductive 
and semiconductive surfaces and the atomic information of the surface of the sam-
ples can be mapped out as well as the topography of surface electronic states mea-
sured. Some of the common applications of STM are atomic resolution imaging and 
electrochemical STM whereas scanning tunneling spectroscopy (STS) aids imaging 
of poorly conductive samples (Ong et al. 2013).

2.2.7  Conclusion

As an innovative branch among emerging sciences nanotechnology has the poten-
tial to completely revolutionize our lives. There exists a massive variety of nanoma-
terials today which posses a wide range of properties with the potential to be 
developed into endless applications. Despite its description as an emerging technol-
ogy, several indications exist that are examples of human use of nanomaterials for 
centuries such as the ruby colour in crystals which are caused by gold nanoparticles 
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that are trapped within the crystal matrix. Emerging studies describing the manipu-
lation of materials at their atomic level has paved way for the development of nano-
materials ranging in the sizes scaling 1–100 nanometres. Modification of material 
properties on a molecular scale offers the prospective for upgrading performance 
for applications in every aspect of human activity. The potential applications for 
nanomaterials in the future are limitless, with chances of producing significant 
advances in the fields of electronics, food, medicine, computing, etc.

Thus the use of nanomaterials can hope to bring a range of benefits to society. On 
the economical front, science and technology are key participants in improving the 
economy and life quality, both of which are proposed to be improved by commer-
cialization of positive nanomaterial technologies. In terms of energy efficiency, 
nanomaterials can have a huge impact as it is proposed that they are functional even 
at higher temperatures and hence can improve efficiency of power plants, thereby 
enabling the development of new energy generation systems. However, industrial- 
scale production of nanomaterials could be possible only when they provide perfor-
mances similar to conventional materials at a much reduced cost and cause less 
environmental impacts compared to conventional materials. Thinking along similar 
lines, though its impact in the future and implications has debated over the last 
decade, products making use of nanomaterials and nanotechnology has gradually 
started to arrive. Keeping in mind several other technologies and innovations which 
faced initial reluctances and antagonism, nanotechnology follows the same path 
causing alarms in terms of its environmental impacts or the economy. Further, 
research related to production and applications of nanomaterials has gained signifi-
cant improvements by receiving funding from both private and government catego-
ries in the recent years. Therefore until the benefits of nanomaterials are disproved, 
research on nanomaterials as well as nanotechnology must be encouraged.
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