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Preface

Nanoparticles (NPs), for their advanced physicochemical properties, have
revolutionized different fields of biological sciences, like biomedical and pharma-
ceutical sciences. However, inside the biological milieu, NPs interact with different
biological moieties to lower their surface free energy content and adopt stable shape,
size, and surface functionalities. The interaction gives rise to nano-biomolecular
complexes in the biological milieu, with dynamic biomolecular layer (corona) as per
interaction affinity and concentration of the biomolecules present in the milieu. The
interaction pattern at the interface to form complexes predominantly determines the
overall fate of interacting biomolecules and NPs inside the biological system.
Additionally, considering the multifaceted role of biomolecule and NP elements,
use of nanoparticle-mediated approaches in biological system is like double-edged
sword. Hence, understanding the interaction pattern at nano-bio interface is a key
challenge to reduce the negative impact of NPs’ use in biological sciences.

In view of the above discussion, the overarching aim of this book is to discuss
about the interactions of NPs with different biomolecules in different biological
environments and the consequences of this interaction on different aspects, like
floura and fauna of the niche, cell proliferations, etc. Hence, the book, initially,
discusses about some novel eco-friendly methods for NPs synthesis, followed by
discussions on the interaction of NPs with biomolecules. The later chapters of the
book discuss about the potential impacts of NPs in different fields of biological
sciences like agriculture, food, healthcare, environment, etc.

The book, in total, comprises 19 chapters, written by experts working in the
respective aspects of nanotechnology. For instance, Chaps. 1 and 2 describe syn-
thetic strategies for development of different types of nanoparticles. Additionally,
Chap. 1 also illustrates the importance of metal nanoparticles that have tremendously
improved as functional nanoprobes to detect adulterants and contaminants for food
safety management. Chapter 3 discusses the application of nanoparticle as a novel
antibiotic with their antibacterial mechanisms, which could be potential solutions
against different infectious diseases caused due to various microorganisms. Chapters
4–6 deal with the applications of nanotechnology in food science. Chapter 5
discusses in detail the applications of nanotechnology towards current use in food
industries as food formulations, processing, and storage, whereas Chap. 6 focuses on
nanoparticle-mediated approaches in the packaging of crops to increase its shelf life.
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It also discusses different nanomaterials to safeguard the food from microorganisms
and other pathogens, especially during storage time. Chapter 7 intends to discuss the
longer use of nanoparticles to control plant diseases, either as nanoparticle alone or
acting as protestants or acting as nanocarriers for insecticides, pesticides, and
fungicides. Chapter 8 deals with various nanosystems and their applications in
cancer therapy. Chapters 9–13 focus on nanotechnology impact in healthcare,
where Chap. 9 describes phytoplankton-mediated nanoparticles formulation for
cancer therapy and prediction of an optimal diagnostic therapy for cancer patients,
which remained a major challenge for the last few decades. Currently, ovary cancer
has become an excruciating factor with major cause of morbidity. Hence, Chap. 10
discerns the potential implications of nanotechnology and its application in several
dimensions of ovary cancers. Chapter 11 evaluates different nanoparticle-based
theranostic applications in protein amyloidogenesis and cancer, both are incurable
human diseases. Chapter 12 deliberates the role of nanotechnology in premature
detection of AD and explores targeting outgrowth in diagnosis and treatment.
Chapter 13 concentrates on the formulation of different nanocurcumin particles
and their implications in tuberculosis treatment. Chapters 14–17 discuss the impact
of nanotechnology on the flora and fauna, where Chap. 14 focuses on the application
of nanobiosensor in health care sector. Chapter 15 deals with bioactive nanoparticles
as a next-generation smart nanomaterial for pollution abatement and ecological
sustainability. Chapter 16 deals with smart nanomaterials for bio-imaging
applications. Chapter 17 deals with effects of nanomaterials on the biology of
naturally available scavengers like earthworm. Chapter 18 discusses the production
of bioethanol from agricultural wastes with the help of nanotechnology. The closing
chapter, Chap. 19, discusses current progress in the use of nanoparticles in biofuel
production. Thus, this edited book is a contribution of experts from
nanobiotechnology, microbiology, cancer biology, pharmaceutical science to help
newcomers and the professionals in the field to potential applications of nanotech-
nology. We are very much thankful to all the contributing authors for timely
cooperation and support, without which this book would not have taken its final
shape. We are also thankful to the Publishing editors Dr. Madhurima Kahali,
Dr. Akash Chakraborty, and Production editor Mr. Lenold Esithor for their critical
reviews and positive remarks to bring positive developments to the book.

Bhubaneswar, Odisha, India Manoranjan Arakha
Bhubaneswar, Odisha, India Arun Kumar Pradhan
Rourkela, Odisha, India Suman Jha

vi Preface



Contents

1 Impact of Isotropic and Anisotropic Plasmonic Metal Nanoparticles
on Healthcare and Food Safety Management . . . . . . . . . . . . . . . . . 1
Nabojit Das and Rayavarapu Raja Gopal

2 An Introduction to Different Methods of Nanoparticles Synthesis . . 21
Rohit Pritam Das and Arun Kumar Pradhan

3 Classification, Synthesis and Application of Nanoparticles Against
Infectious Diseases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
Bhabani Shankar Das, Ankita Das, Abhisek Mishra,
and Manoranjan Arakha

4 Nanotechnology in Food Science . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
Rina Ningthoujam, Barsarani Jena, Sabita Pattanayak,
Santwona Dash, Manasa Kumar Panda, Rajendra Kumar Behera,
Nabin Kumar Dhal, and Yengkhom Disco Singh

5 Facets of Nanotechnology in Food Processing, Packaging and Safety:
An Emerald Insight . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
Sushrirekha Das, Smita Hasini Panda, Mahidhar Bolem,
Nityasundar Pal, Biswa Ranjan Samantaray, and Hrudayanath Thatoi

6 Nanotechnology and Its Potential Application in Postharvest
Technology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
Barsarani Jena, Rina Ningthoujam, Sabita Pattanayak,
Santwona Dash, Manasa Kumar Panda, Bimal Prasad Jit,
Mohinikanti Das, and Yengkhom Disco Singh

7 Nanotechnology Mediated Detection and Control
of Phytopathogens . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
Banishree Sahoo, Sandip Kumar Rath, Sailendra Kumar Mahanta,
and Manoranjan Arakha

8 Nanosystems for Cancer Therapy . . . . . . . . . . . . . . . . . . . . . . . . . . 127
Sailendra Kumar Mahanta and Manoranjan Arakha

viivii



9 Phytoplankton Mediated Nanoparticles for Cancer Therapy . . . . . . 143
Priyadarshini Padhi, Manasa Kumar Panda, Yengkhom Disco Singh,
Kaushik Kumar Bharadwaj, Kausika Kumar Malik, and Binata Nayak

10 Nanotechnology and Its Potential Implications in Ovary Cancer . . . 161
Bimal Prasad Jit, Biswajita Padhan, and Ashok Sharma

11 Nanotechnology: An Emerging Field in Protein Aggregation and
Cancer Therapeutics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177
Sonali Jena, Sonali Mohanty, Monalisha Ojha, Kumari Subham,
and Suman Jha

12 Bio-nano Interface and Its Potential Application in Alzheimer’s
Disease . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 209
Biswajita Pradhan, Bimal Prasad Jit, Sairendri Maharana,
Shankar Ramchandani, and Mrutyunjay Jena

13 Potential of Curcumin Nanoparticles in Tuberculosis
Management . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 225
Bhabani Shankar Das, Ashirbad Sarangi, and Debapriya Bhattacharya

14 Application of Nanobiosensor in Health Care Sector . . . . . . . . . . . . 251
Subham Preetam, Lipsa Dash, Suman Sudha Sarangi,
Mitali Madhusmita Sahoo, and Arun Kumar Pradhan

15 Bioactive Nanoparticles: A Next Generation Smart Nanomaterials
for Pollution Abatement and Ecological Sustainability . . . . . . . . . . 271
Showkat Mir, Nirius Jenan Ekka, Binata Nayak, and Iswar Baitharu

16 Smart Nanomaterials for Bioimaging Applications: An Overview . . 287
Kunal Biswas, Avik Sett, Debashis De, Jaya Bandyopadhyay,
and Yugal Kishore Mohanta

17 Biology of Earthworm in the World of Nanomaterials: New Room,
Challenges, and Future Perspectives . . . . . . . . . . . . . . . . . . . . . . . . 307
Jayanta Kumar Sahu, Rajendra Kumar Behera, Iswar Baitharu,
and Prajna Paramita Naik

18 Bioethanol Production from Agricultural Wastes with the Aid
of Nanotechnology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 329
Manisha Mahapatra and Arun Kumar Pradhan

19 Nanotechnology for Sustainable Bioenergy Production . . . . . . . . . . 339
Yengkhom Disco Singh, Manasa Kumar Panda, Mrinal Kumar Sarma,
Rina Ningthoujam, Punuri Jayasekhar Babu, Mohinikanti Das,
and Jyoshnamayee Patra

viii Contents



About the Editors

Manoranjan Arakha is an Assistant Professor at the Centre for Biotechnology,
Siksha ‘O’ Anusandhan (deemed to be university), Bhubaneswar, Odisha, India. He
received his doctorate in life science from the National Institute of Technology,
Rourkela, India, in 2017, and subsequently pursued postdoctoral research in
bio-nano interface at University College Dublin, Ireland. His research interests
include green synthesis of different metal nanoparticles and moderate their physico-
chemical parameters for antimicrobial and cytotoxic properties. For antimicrobial,
he is mainly interested in nanoformulation effective against biofilm forming and
antimicrobial peptide-resistant bacteria.

Arun Kumar Pradhan is an Assistant Professor in Centre for Biotechnology,
School of Pharmaceutical Sciences, Siksha ‘O’ Anusandhan (deemed to be univer-
sity), Bhubaneswar, Odisha, India. He received his PhD degree in 2016 from the
Department of Environment and Sustainability, CSIR-Institute of Minerals and
Materials Technology, Bhubaneswar, India. His area of interest includes microbial
biosurfactants and their various biotechnological applications like effect of
biosurfactant on cancer cells, study of biofilm inhibitory capacity of biosurfactants,
nanoparticle approach (liposome) of heavy metal detection, etc.

Currently, he is working on green synthesis of various nanoparticles and clinical
applications of biosurfactants to cure different disorders.

Suman Jha is an Associate Professor in the Department of Life Science, National
Institute of Technology, Rourkela, Odisha, India. He received his PhD from the
Department of Physical Chemistry-I, Technical University of Dortmund, Germany
in 2009. He completed his post-doctoral research in protein biophysics from the
Department of Molecular and Cell Biology, University of Connecticut, USA
(2010–2011). Currently, he is investigating different nanoformulations for biological
applications like in TIIDM, Parkinson’s, and cancer. His research interests involve
studying nanoparticle–biomolecular interfacial interactions, protein–metal ions, and
protein–protein interactions.

ixix



Impact of Isotropic and Anisotropic
Plasmonic Metal Nanoparticles
on Healthcare and Food Safety
Management

1

Nabojit Das and Rayavarapu Raja Gopal

Abstract

Nanoscale materials in the size range of 1–100 nm have advanced tremendously
impacting a variety of consumer applications. Of the various nanomaterials,
colloidal metal nanoparticles are widely used in biomedicine and biotechnology
owing to their interesting optical and chemical properties. Metal (gold/silver/
platinum) nanoparticle’s size, shape, and surface chemistry govern the fate of
nanoparticles for end-user applications. The precise control on the growth of
metal nanoparticles governs their morphology (isotropic/anisotropic) that
determines their plasmonic properties. The potential of metal nanoparticles has
enabled futuristic technical capabilities that will enable them as chemical sensors,
nano-carriers, and specific-targeting molecular probes. In this chapter, we have
described detailed synthetic strategies for developing tunable isotropic and aniso-
tropic metal nanoparticles. The absorption bands of metal nanoparticles are
governed by their shape and size which determine their role in health care and
food safety management technologies. The chapter illustrates the importance of
metal nanoparticles that have tremendously improved as functional nanoprobes to
detect adulterants and contaminants in food safety management. The chapter
elaborately discusses the toxicity responses of metal nanoparticles where safety
of nanomaterials is warranted for versatile health care applications. In summary,
the safe-by-design approach of nanomaterials is paramount for enabling transla-
tional applications related to health care and food safety management.
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1.1 Introduction

Plasmonic metal nanoparticles have fascinated researchers across the world over few
decades due to its unique physico-chemical properties and their direct implication in
biological applications. The unique properties are attributed to higher surface area to
volume ratio of the nanoparticles wherein the size range is less than 100 nm at least
in one dimension. Plasmonic metal nanoparticles of gold, silver, platinum, and
palladium exhibit surface plasmon resonance (SPR) due to oscillation of electrons
over the nanoparticle surface upon incidence of electromagnetic spectrum (Fong and
Yung 2013). Local surface plasmons get excited when irradiated with incident light
to plasmonic metal nanostructures having size smaller than the wavelength of the
incident light. Platinum and palladium nanoparticles exhibit absorption spectrum in
ultraviolet (UV) region, whereas silver and gold nanoparticles exhibit absorption
spectrum in visible as well as near infra-red (NIR) region. SPR is highly influenced
by the shape and size of plasmonic nanoparticles determining absorption spectrum
exhibited by the nanoparticles (Mustafa et al. 2010). According to Mie’s theory,
isotropic (spherical) plasmonic nanoparticles exhibit a single plasmon peak and the
absorption spectrum is dependent on factors such as diameter of the nanoparticle,
composition, and dielectric environment (Paramasivam et al. 2017). Whereas anisot-
ropy refers to the shapes other than spherical such as rod-shaped, branched, triangle
shaped, etc. Anisotropic plasmonic nanoparticles exhibit plasmon bands in both
transverse and longitudinal directions which is attributed to difference in surface
energies and strains on the crystal facets (Reguera et al. 2017). Hence, anisotropy
results in multiple plasmon bands as a function of number of symmetric planes
present in the nanoparticle. The resultant shape achieved by nanoparticles is deter-
mined by growth kinetics of nuclei during synthesis that can either be thermody-
namically controlled or kinetically controlled. Thermodynamically controlled
synthesis regime yields isotropic/spherical nanoparticles, whereas kinetically con-
trolled regime leads to anisotropic growth of nanocrystals giving different shapes to
the synthesized nanoparticles (Wang et al. 2015). During the controlled kinetic
growth in an anisotropic nanoparticle, a subtle change in the reaction parameters
can bring substantial difference in the surface free energy at different crystal facets
leading to formation of anisotropic nanoparticles. Therefore, surface chemistry of
nanoparticles which is highly influenced by the capping agents used during synthesis
has a predominant role in determining shape and size of the nanoparticles. Aniso-
tropic plasmonic nanoparticles are known for their enhanced optical absorption in
near infra-red (NIR) region, enhanced photothermal capacity, greater extinction
cross sections, and biocompatibility (Kim et al. 2019a; Kumar et al. 2020).

With the emergence of interdisciplinary sciences, the research on nanomaterials
and biomedicine has ever grown from last few decades. Noble metal nanoparticles
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offer numerous advantages in biomedical research due to their unique property, that
is, localized surface plasmon resonance (LSPR). Noble metal nanoparticles, particu-
larly, are being utilized in bioimaging, nanovehicles, and as contrast agents that are
desirable for targeted ligands/drugs delivery. In recent times, surface-enhanced
Raman scattering (SERS) technique has gained interest due to its high sensitivity.
It is a label-free and specific technique which is highly sensitive due to
non-interference of water molecules with the Raman scattering signal wherein
biomolecules are Raman-active. Noble metal nanoparticles although being a
promising candidate in nanomedicine have limitations such as controlled nanoparti-
cle growth, stability, and cytotoxicity which is highly governed by several
parameters during synthesis such as temperature, stoichiometric volumes of the
reagents, and capping/stabilizing agents. Among all the parameters, capping agents
highly determine the surface chemistry of the synthesized nanoparticles which
concurrently determine the safety of the nanoparticles when exposed to cells
(Kumar et al. 2020). They also act as template, hence providing desired anisotropy
to the nanoparticles in the presence of weak reducing agent.

Apart from biomedical applications, the unique properties of noble metal
nanoparticles are also being utilized in agriculture and food safety. Food safety has
been a continuous concern for the consumers, manufacturers, and producers in the
society. Food contamination is caused by pathogenic bacteria and other microbes or
sometimes due to use of excessive fertilizers and pesticides resulting in ill health of
the human population. Sometimes for the greed of more profit, people are often
indulged in unethical use of compounds and this is known as food adulteration. Food
intoxication refers to the ingestion of toxins present in food due to bacterial or
microbial growth. The toxins are the byproducts of the microbes which remain even
after the elimination of the microbes and is the primary reason for causing food
infection. Food borne infectious diseases commonly caused by pathogenic bacteria
is the world’s primary cause of premature death and overall third after cardiovascular
diseases (Ali et al. 2014). Conventional methods for identification of bacteria or the
toxic compounds take 3–4 days for results and 7–10 days for confirmation. There-
fore, rapid, selective, and specific tests are a necessity for ensuring food safety to the
blooming world population. Nanotechnology is one of the tools that has an immense
potential to mitigate the uprising concerns regarding food safety due to its low cost,
rapid, and specificity towards detection of food contaminants.

1.2 Synthetic Strategies for Metal Nanoparticles

Two broadly classified approaches are mainly adopted for nanoparticle synthesis:
top down and bottom up. Top-down approach involves progressive conversion of
the bulk dimension of material into nano-domain through physical or chemical
means. The latter involves synthesis of nano-sized materials through reacting con-
stituent atoms or molecules in a pertinent synthetic condition. Bottom-up approach is
considered to be the most favorable method for nanoparticle synthesis since the
synthetic environment provides control over nanoparticle growth giving it desired
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size and shape. Conversely, one has no control over size and shape of the
nanoparticles yielded through top-down approach.

Plasmonic metal nanoparticles of both isotropic and anisotropic shapes are
synthesized via methods such as electrochemical, photo-chemical, sonochemical,
and wet-chemical methods (Herrera et al. 2013). Among all, wet chemical method is
widely adopted because of the ability to generate monodisperse nanoparticles with
high yield. Wet chemical synthesis includes different methods such as hot colloidal
chemistry, seed-mediated synthesis, polyol synthesis, template assisted synthesis,
green synthesis, etc. that has been adopted for synthesizing plasmonic metal
nanoparticles. Hot colloidal approach allows manipulation of optical and electrical
properties of the nanoparticles in a defined way with greater precision. This method
generally employs three components: (1) precursor-correspondingmetal salt, (2) cap-
ping agent preferably a surfactant containing a hydrophobic end and hydrophilic
head containing a functional group such as oleic acid or oleylamine, and (3) a boiling
solvent. A high temperature required for decomposition and solubilization of the
reactants, as well as for nanoparticles crystallization is provided by the boiling
solvent. Seed-mediated synthesis is a popular and powerful tool for synthesizing
nanoparticles of anisotropic shapes. The vast popularity lies in the fact that it
separates nucleation and growth process during synthesis allowing a great extent
over nanoparticle growth which influences the properties of nanoparticles determin-
ing their performance when employed for an application (Liyu Chen et al. 2016). It is
a two-step process where a metal salt is reduced by using a strong reducing agent
resulting in formation of extremely small nanoparticles of size 2–3 nm that are
known as seed. The seeds are then allowed to grow slowly in a growth solution
containing a surfactant acting as a template/capping agent, ions as directing agent,
and a weak reducing agent. The binding of capping agent would block specific
crystal facets or reduce its surface energies significantly, thus resulting in confined
growth in a particular direction. For example: halides, such as
cetyltrimethylammonium bromide (CTAB), cetyltrimethylammonium chloride
(CTAC), cetyltrimethylammonium iodide are considered as critical components
determining the morphology of various nanoparticles. Beside halides, a variety of
reagents (used during synthesis) such as the concentration of gold salt, ascorbic acid,
and silver nitrate can be tailored to obtain nanospheres, pentagonal twinned
nanorods, and trisoctahedral gold nanoparticles (Lohse et al. 2014). The amount of
seed used into the growth solution also determines the desired shape and size of the
nanoparticles. For instance, small amount of seed results into longer gold nanorods
and vice versa (Burrows et al. 2017). Polyols are organic compound containing
multiple –OH groups. Due to their polar nature and good solubility property, they are
being used as a solvent for the precursor metal salts. Polyols at elevated temperature
also act as reducing agent making them suitable for one-pot synthesis of
nanoparticles. Most of the chemical methods discussed involve chemicals that are
toxic when it comes to biomedical, food, and agriculture applications. Therefore,
researchers are moving towards the use of plant material extracts to synthesize
nanoparticles. The secondary metabolites present in plants act as both reducing
and capping agents during synthesis. However, the qualities of nanoparticles
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synthesized are inferior in terms to monodispersity and it is not possible to control
the growth of the nanoparticle, thus unable to provide desired size and shape. The
only benefit of such nanoparticles is its non-toxic nature. Therefore, an amalgam-
ation of green synthesis as well as other synthetic approaches is required for
synthesizing non-toxic nanoparticles with controllable growth over size and
morphology.

1.3 Physico-Chemical Properties of Nanoparticles and their
Impact on Biological Milieu

The most widely used plasmonic nanoparticles for biological applications are gold
and silver nanoparticles because of their ability to exhibit LSPR phenomenon due to
unique plasmonic and electronic properties. However, the shape, size, surface
chemistry, and functionalization of these nanoparticles have a great impact on
biological effect in vitro and in vivo (Albanese et al. 2012; Kim et al.
2019b) (Fig. 1.1). Therefore, systematic understanding of shape-dependent effects
of nanoparticles is essential for elucidating their biological implications. The cellular
uptake of nanoparticles have attracted a greater deal of attention, one of the main
reasons for being used as nanovehicles for drug delivery, bioimaging, theranostics,
and nanotherapeutics (Kumar et al. 2016) as shown in Fig. 1.1. Smaller sized
nanoparticles are found to be more cytotoxic as compared to nanoparticles of greater
size. This is due to easy internalization of smaller nanoparticles into cells and other
cellular compartments. The nanoparticle mediated cytotoxicity is dependent on
several factors such as colloidal stability, particle uptake, cell surface, and other
physiochemical factors (Nel et al. 2009). Shape can highly determine the ingestion
of nanoparticles by the cells. High uptake rate and ratio of nanoparticles by cells can
cause disruption of normal cellular processes leading to adverse cytotoxic effects.

Fig. 1.1 (a) Effects of plasmonic nanoparticles on biological system: particle–cell interface,
biocompatibility, and controllability. (b) Controlled morphology, surface modification of
plasmonic nanoparticles determining various biological applications. Adapted with permission
from reference Kumar et al. (2016) and Kim et al. (2019b), respectively. Copyright (2016 and
2019) American Chemical Society (ACS)
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This induces excessive endocytosis ultimately leading to oxidative stress mediated
mitochondrial damage (Manshian et al. 2017). In a study, cytotoxicity of silver
nanoparticles with high aspect ratio was observed in A549 cells; silver nanowires
exhibited shape-dependent toxicity when compared to nanoparticles of spherical
shape (Stoehr et al. 2011). In case of anisotropic nanoparticles, the order from high to
low cellular uptake efficiency is stars, rods, and triangles (Xie et al. 2017). It is also
reported that the degree of accumulation and clearance of nanoparticles in target
organs is highly influenced by size and surface charge (Schleh et al. 2012). Apart
from exhibiting multiple plasmon bands by the anisotropic nanoparticles, they also
show other superior characteristics over conventional isotropic (spherical)
nanoparticles. The characteristics are high cellular internalization rate, high catalytic
activity, longer blood-circulation time, and prominent tumor penetration. For
instance, Huang et al. reported that anisotropic nanoparticles of larger aspect ratios
are uptaken in greater amount and internalized rapidly by A375 human melanoma
cells (Zhao et al. 2017). Uptake of nanoparticles in HeLa and mesenchymal stem
cells (MSC) showed negative correlation between uptake rate and aspect ratio,
i.e. non-spherical/anisotropic nanoparticles were found to possess less cellular
uptake when compared to isotropic/spherical nanoparticles. This phenomenon
observed is due to greater average radius of curvature in case of anisotropic
nanoparticles. A similar study reported for the cellular uptake of anisotropic
nanoparticles depends on shape and orientation of the nanoparticles, elucidating
systematic understanding of the process of membrane wrapping (Dasgupta et al.
2014). Shape of the nanoparticles highly modulates their cellular uptake and
undergoes various endocytosis pathways. A submarine mode of endocytosis is
favored for nanorods with high aspect ratios and round tips, whereas rocket mode
of endocytosis is preferred for nanorods with small aspect ratios and flat tips (Yang
et al. 2019). Therefore, tuning the morphology along with cytotoxicity assessment,
biocompatibility, and cellular interaction, it is important for plasmonic nanoparticles
being specifically used in healthcare and food safety management applications.

1.4 Applications of AuNPs in Healthcare

AuNPs are considered as the most prominent emerging potential candidate for
cancer biology in terms of diagnosis as well as therapeutic agent. AuNPs act as a
cargo for targeted drug delivery, thus enhancing the potency of drug and sometimes
also used in heat mediated destruction of cancerous cells. Gold nanoparticles
depending upon their morphology (both isotropic and anisotropic) are being widely
used as therapeutic, imaging, and diagnostic tool in biomedical applications (Yang
et al. 2015; Mieszawska et al. 2013) as shown in Fig. 1.2. Anisotropic gold
nanostructures which exhibit SPR at NIR region are extensively used as contrast
agents in bio-imaging for locating tumors in the body tissue. However, spherical
AuNPs which absorb light in the visible region are less likely to be used as contrast
agent as compared to anisotropic AuNPs. This is because the biological tissue and
water hardly absorb any radiation at NIR region, resulting in enhanced scattering
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signal by the anisotropic AuNPs. Such anisotropic nanoparticles are further conju-
gated with tumor specific antibody for diagnosis and drug delivery with high
accuracy (Paramasivam et al. 2017). In addition to diagnosis of tumor, AuNPs are
also being widely used for the treatment of cancer. The most commonly used
treatment using anisotropic AuNPs is carried out via photothermal therapy where
the nanoparticles exhibiting SPR at NIR region are administered following the
exposure of radiation. This results in heat mediated destruction of cancerous cells.
Apart from the targeted localization, the AuNPs are more specific towards cancerous
cells as compared to the normal cells (Huang and El-Sayed 2011). Anisotropic
AuNPs have shown to possess greater half-life in circulatory system resulting in
better adsorption onto tumor cells. This phenomenon is called the non-directional
enhanced permeability and retention effect (EPR) (Kalyane et al. 2019). Gold
nanoparticles due to their unique optical properties exhibiting different colors have
laid the working principle to various biological sensors for detection of numerous
biological molecules, entities and compounds. The designing of detectors using
AuNPs mostly depends on colorimetric sensing, electrochemical sensing,
fluorescence-based sensing, surface-enhanced Raman scattering (SERS) based sens-
ing, enzymatic biosensors SPR-based sensors, etc. Canadian scientists Zagorovsky
and Chan designed a test kit based on DNAzymes and AuNPs that can be used to
detect infectious disease causing bacteria, viruses, and parasites (Zagorovsky and
Chan 2013). It involved colorimetric detection where 13 nm sized AuNPs
aggregated and the color turned from ruby red to blue-violet upon detection of the
pathogen.

Gold nanoparticles are not only limited to diagnosis and treatment of a disease but
they also have significant applications in critical conditions such as blood clotting
and wound healing. The gold nanoparticles are conjugated with DNA thrombin
inhibitor by suspending the gold nanorods in human serum protein and DNA rich
medium leading to the attachment of greater amount of DNA molecules onto the

Plasmonic metal nanoparticles of different shape and size
Therapeutics

Diagnostics

Imaging

Food Safety

Cages

Rods

Conjugated
ParticlesCubes/ Polygons

Spheres

Photothermal therapy
Drug delivery
Radiotherapy
Vaccines

Nucleic acid detection
Protein detection

X-Ray Imaging
Fluorescence
Optical Imaging
Photoacoustics

Colorimetric detection
SERs based detection
Aptasensors

Fig. 1.2 Applications of isotropic and anisotropic plasmonic metal nanoparticles in healthcare and
food safety. Adapted with permission from reference Mieszawska et al. (2013). Copyright (2013)
American Chemical Society (ACS)
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surface of gold nanorods. This led to sufficient release of thrombin inhibitors from
gold nanorods upon administration on the affected area. The aura of medical/
healthcare applications of gold nanoparticles (both isotropic and anisotropic) is
multivariate. They are also being used in brain implants, designing of artificial
skin, heart diseases, etc. (Shah et al. 2014). With such high potential and extensive
research input, there is no doubt that in the advancing years gold nanoparticles would
become a crucial tool for combating human healthcare issues.

1.5 Gold Nanoparticles as a Probe for Detecting
Contaminants/Adulterants in Food

Apart from healthcare applications, AuNPs are also being used as sensitive probes
for rapid detection of food contaminants. The visible color change of the AuNPs
when interacted with certain compound present in food contaminants indicates
successful detection. Currently available validation techniques for detecting food
contamination uses complex machinery or cumbersome procedures such as high-
performance liquid chromatography (HPLC), enzyme linked immunosorbent assay
(ELISA), liquid chromatography/mass spectrometry (LC/MS), surface plasmon
resonance (SPR), and electrochemical detection (Duncan 2011). Conversely the
ease of nanoparticle synthesis and simple colorimetric method involves no complex
procedure making them a suitable candidate for the detection of food contaminants.
Among the most common and hazardous toxin that contaminates food grains is
aflatoxin B1 (AFB1), produced by Aspergillus flavus and Aspergillus parasiticus
which are most potent carcinogenic and genotoxic among the aflatoxins. Rapid and
reproducible trace analysis of AFB1 have been achieved successfully using mag-
netic bead (as probe) and silica-encapsulated gold nanoparticles through SERS-
based immuno-analytical detection (Ko et al. 2015). Gold nanoparticle coated starch
magnetic beads upon functionalization with antibody were found to be more effec-
tive. 4 X-gold binding peptide-tagged Streptococcal proteins G (4GS) is a bifunc-
tional linker protein used for antibody immobilization. The gold nanoparticle was
responsible for the colloidal stability of the system which later was used for SERS-
based detection system for E. coli in food (You et al. 2020) as shown in Fig. 1.3.
Microbial contamination is not the only concern regarding food safety, the residual
pesticides or fertilizers on crops/fruits/vegetables also possess serious threat to
human health. Phosmet and thiabendazole are fungicides and insecticides, respec-
tively, that are applied extensively in apple cultivation. These adversely affect
human health and environment. Gold nanoparticles were used to detect trace
amounts of phosmet and thiabendazole using a simple technique, UV-Vis spectro-
photometry which was further validated through Raman spectrometry. The shift in
absorption spectra indicated aggregation of the gold nanoparticles in the presence of
the compounds (fungicide/insecticide) which was evident from the color change.
Further the Raman spectra of the individual compounds were matched with the
spectra of test samples containing gold nanoparticles validating the results obtained
through UV-Vis spectrophotometry. To meet the demand of current population,
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farmers are indulged in illegal use of veterinary drug to increase feed conversion
efficiency. These drug residues finally get accumulated in milk, meat, fish, and eggs
posing not only threat to human exposure, but also aids increased human exposure to
antibiotics (Landers et al. 2012). In the recent years, gold nanoparticles based assays
are being used with the benefit of target-selectivity and on-site analysis. For exam-
ple, clenbuterol, a kind of adrenal neuronal stimulant which accelerates the rate of
transformation and decomposition of fat resulting in acute poisoning. The plasmonic
absorption of the gold nanoparticles is used to detect clenbuterol with limit of
detection (LOD) of 50 nM (Kang et al. 2016). Melamine is one of the hazardous
organic compounds that is being used unethically to increase protein content in milk
due to its high content of nitrogen (66% by mass). A series of gold nanoparticles
based assay have been established since the outbreak of renal failure in dogs and cats
in 2007 and crisis of tainted milk in 2008 (Puschner and Reimschuessel 2011;
Delman and Yang 2012). Among the entire gold nanoparticle based assay, citrate
capped gold nanoparticles used in detection of melamine are the simplest one
because of easy synthesis and on-site rapid colorimetric detection. The mechanism
behind the detection is that melamine interacts with gold nanoparticles via ligand
exchange with the negatively charged citrate ions present as capping (Chi et al.
2010).

1.6 Application of Silver Nanoparticles in Healthcare

Although silver nanoparticles are well known for their extensive use in industrial
applications such as surface coatings, batteries, conductors, etc. but healthcare
applications have attracted the use of silver nanoparticles due to its excellent
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Fig. 1.3 (a) Preparation of antibody tagged AuNP-coated magnetic bead and SERS tag. (b) Gold
nanoparticles coated magnetic beads using SERS-based detection system for detection of bacterial
contamination (E.coli). Adapted with permission from reference You et al. (2020). Copyright
(2020) American Chemical Society (ACS)
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plasmonic properties. Even if the economic status of utilization of silver
nanoparticles is not realized, however the versatility over wide range of bacterial
infections as an antimicrobial agent is well appreciated. The antibacterial effect of
silver nanoparticles is due to the release of silver ions from the particles upon
dissolution. The silver ions being positively charged interact electrostatically with
the negatively charged cell membrane of the bacteria resulting in disruption, hence
killing the bacteria (Li et al. 2010). Silver nanoparticles likely disrupt the growth
signaling pathway in bacterial cells by modulating the tyrosine phosphorylation of
certain proteins that are essential for cell viability (Mubarak Ali et al. 2011).
Moreover, silver nanoparticles are well-known for enhancing the efficacy of
antibiotics synergistically (Deng et al. 2016) as shown in Fig. 1.4a. Several studies
have employed silver nanoparticles subjecting to various biomedical properties such
as anti-biofilm, anti-cancer, anti-larval, and insecticidal properties (Martinez-
Gutierrez et al. 2013; Lin et al. 2014; Rajakumar and Rahuman 2011; Moorthi
et al. 2015).

Biofilm is considered as the prime mode of life for microorganisms with densely
packed communities of microbial cells forming polymeric matrices over biotic or
abiotic surfaces (Taheri et al. 2015) as shown in Fig. 1.4b. Biofilms formed by
pathogenic microbes cause severe clinical infections adding complexities to a
disease. The use of silver nanoparticles against biofilm formation is well
documented. Silver nanoparticles have attracted substantial attention as a potent
replacement for antibiotics. Biologically inspired synthesis approach of silver
nanoparticles and their capability to immobilize plasma polymer interlayer
functionalization for generating antibacterial coatings was also reported (Abbasi
et al. 2016). The anti-biofilm formation property of biosynthesized silver
nanoparticles was studied on clinically prominent bacteria Klebsiella pneumoniae
(Shahwany et al. 2016). The electrostatic interaction between silver ions and bacte-
rial cell membrane resulted in cellular disruption, thus inhibiting biofilm formation.
The nanoparticles due to their high surface area to volume ratio can penetrate deeply
into the mature biofilms making it suitable candidate for destructing biofilms. Silver
nanoparticles are also being projected as a potential candidate in the arena of cancer
biology. In the present time, several anti-cancer drugs are available for therapeutic
options and for managing mortality due to cancer, although use of these drugs shows
significant side effects and systemic toxicity. Interestingly, plasmonic nanoparticles
created a platform which is attracting towards deciphering the avenues regarding
cancer therapy and diagnosis due to their unique properties and target specificity.
The anti-inflammatory properties of biosynthesized AgNPs with potential anti-
cancer activity are tabulated below.
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Fig. 1.4 (a) Synergistic effect of silver nanoparticles complexed with antibiotics on bacteria. (b)
Anti-biofilm activity of silver nanoparticles encapsulated with a lipid 1-palmitoyl-2-oleoyl-sn-
glycero-3-phospho-L-serine (POP) and coated with plasma polymer allylamine (ppAA). Adapted
with permission from reference Deng et al. (2016) and Taheri et al. (2015). Copyright (2016 and
2015) American Chemical Society (ACS)
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1.7 Silver Nanoparticles as a Probe for Detecting
Contaminants/Adulterants in Food

Using silver for food and beverage storage applications is old as any civilization.
Several ancient societies stored water and wine in vessels made of silver. Silver’s
broad spectrum of antimicrobial property and low cost rendered its extensive use as a
disinfectant of water in developing countries (Gangadharan et al. 2010). Silver
nanoparticles being excellent antimicrobial agent are also being widely used in
food packaging industry. The technology involves use of silver nanoparticles as
ingredient in making packaging material that renders food preservation for longer
time duration. Silver nanoparticles are also being incorporated in refrigerators to
avoid bacterial or other microbial growth (Chaloupka et al. 2010). One of the major
advantages of using inorganic nanoparticles is that they can be incorporated with
polymers to form functional antimicrobial material. AgNPs based nanocomposites
offer greater stability with slower rate of silver ion release that is important for
sustained antimicrobial activity. Silver nanoparticles are not only limited to food
packaging and preservation, they are also being used as probes for detection of food
contamination. Several methods of detecting melamine have been published; how-
ever, only few are able to detect it below 50 nM level that too by applying
cumbersome procedure and using sophisticated instruments. Sulfanilic acid capped
silver nanoparticles were used to detect melamine in milk samples with limit of
detection (LOD) of 10.6 nM which indicates its high sensitivity (Song et al. 2015).
Apart from spherical nanoparticles, anisotropic silver nanoparticles are also being
used as a potent candidate for detecting food contamination. Due to anisotropy, these
nanoparticles possess numerous hotspots generating maximum signals with mini-
mum background signals. The recent development of silver nanorods array as
substrates for Raman scattering to detect toxins, food borne pathogens, pesticides,
and adulterants has been a boon towards food safety management. Silver nanorods
synthesized using oblique angle deposition technique determines the nanorod length,
density, and tilting angle which determines the surface-enhanced Raman scattering
(SERS) performance (Das et al. 2019) as shown in Fig. 1.5. The spectral data
obtained for the silver nanorods substrates containing pathogenic bacteria are studied
for identification of the strain causing food poisoning/contamination. In a recent
study, silver nanoparticles based filter paper was employed as SERS substrate which
was able to bring down the detection limit for rhodamine 6G and rhodamine B to
picomolar and nanomolar concentrations. To validate its utility in practical field, the
substrate was subjected to detect illicit dyes used on vegetables and contaminants in
pond, rain, and tap water with high reproducibility (Pan et al. 2015).

1.8 Application of Platinum Nanoparticles in Healthcare

Platinum nanoparticles are not as much popular candidates for therapeutics when
compared to gold and silver nanoparticles or the derivate of its bulk metal cisplatin.
Cisplatin is readily and extensively used during chemotherapy with several other
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drugs administered in cycles. However, platinum nanoparticles show high catalytic
activity and are being widely used in synthesizing multifunctional nanoparticles for
healthcare applications (Pedone et al. 2017; Zhao et al. 2019). In vitro diagnostics
(IVD) has been employing gold nanoparticles for decades because of their superior
physico-chemical properties, better colloidal stability, and colorimetric results which
are visible through naked eyes. However, the issue regarding sensitivity often
obscures the precision of results. Therefore, researchers have circumvented the
limitation by engineering gold nanoparticles possessing dual functionality by coat-
ing them with ultrafine platinum layer (i.e. Au@PtNPs). The Au@PtNPs retain the
properties of both the elements in nano-regime. The dual functionalities, plasmonics
(from Au) and catalysis (from Pt), offer two distinct alternatives for detection: one
due to color produced by plasmonic (less sensitive) and second is the high sensitive
color due to catalysis of chromogenic substrates (highly sensitive), resulting in “on
demand” tunable detection performance (Gao et al. 2017). Multifunctional
nanoparticles are considered to be superior nanomaterials enabling therapy and
diagnosis simultaneously for biomedical applications. Platinum, cobalt, and gold
were used to synthesize multifunctional magnetic nanoparticles of superior quality
which exhibits high magnetic resonance and plasmonic property (Katagiri et al.
2019). The gold core of the Co-Pt@AuNPs retained its plasmonic property along
with the ability to generate local heat during photothermal therapy in vivo. In a

Fig. 1.5 Silver nanoparticles based cellulose paper for detection of illicit dyes used on vegetables
using SERS technique. Adapted with permission from reference Das et al. (2019). Copyright (2019)
American Chemical Society (ACS)
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recent work it was reported that the mesoporous platinum nanoparticles were used as
a drug cargo for combined chemo-photothermal treatment of cancer (Zhao et al.
2019) (Fig. 1.6).

1.9 Platinum Nanoparticles as a Probe for Detecting
Contaminants/Adulterants in Food

Platinum nanoparticles are one of the noble metal nanoparticles known for their high
catalytic activity. Likewise its counterpart noble metals, platinum nanoparticles
exhibit plasmon bands in the UV-region. The development of biosensors for detec-
tion of food contaminants and adulterants also employed platinum nanoparticles as
one of the component. A sensitive optical biosensor for the detection of Salmonella
typhimurium was based on gold@platinum nanoparticles (Au@PtNPs) aided with a
passive 3D micromixer for rapid detection (Zheng et al. 2019) as shown in Fig. 1.7.
The function of the micromixer is to separate 99% of the targeted bacteria magneti-
cally within 10 min from the sample. The detection limit of the optical biosensor was
17 CFU/mL. The biosensor could also be modified by using different antibodies
conjugated to Au@PtNPs for the specific epitope in bacteria. Platinum nanoparticles
are not only limited to detection of microbial contamination but also being used in
intelligent packaging of food items. Intelligent packaging refers to a new class of

Fig. 1.6 Doxorubicin (DOX) and β-cyclodextrin (β-CD)-capped mesoporous platinum
nanoparticles (MPNPs) (DOX/MPNPs-AD-CD) for combinatorial phototherapy and chemother-
apy. Adapted with permission from reference Zhao et al. (2019). Copyright (2019) American
Chemical Society (ACS)
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package that allows the condition of food contents to be monitored from production
line to consumers. The quality of packaged food is also determined by pH as it is one
of the indirect measures of food spoilage. The volatile compounds such as ammonia,
trimethylamine, and dimethylamine are the byproducts of bacterial contamination
which subsequently alter the pH (towards basic) of packaged foods. Thioglycolic
acid (TGA) stabilized platinum nanoparticles were synthesized and the absorption
spectra were studied under different pH. The change in spectra indicated the pH
change of the food items, hence helps in monitoring the food quality. Although very
few works have been published regarding application of platinum nanoparticles for
food safety management but with such high catalytic activity, it will come up with
pronounced wide range of applications.

1.10 Conclusion

The unique optical and chemical property of engineered plasmonic metal
nanoparticles makes them the ideal candidates for enabling them as molecular
nanoprobes in healthcare and food safety management application. The excellent
optical enhancement and ligand binding capability due to surface chemistry of metal
nanoparticle surfaces provide robust sensing and detection capability. The
applications related to health care and food safety management are increasing
tremendously in global market. This requires precise detection methods for either
qualitative or quantitative analysis. Isotropic and anisotropic metal nanoparticles
(gold/silver/platinum) can be tailored for specific end-user applications by changing

Fig. 1.7 Detection of Salmonella typhimurium in food by using gold–platinum as nanocatalysts in
a fluidic chip. Adapted with permission from reference Zheng et al. (2019). Copyright (2019)
American Chemical Society (ACS)
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their size, shape, and surface chemistry. Any subtle changes in the size and mor-
phology will change the SPR of metal nanoparticles that may have impact on cellular
uptake, biodistribution, and clearance in vivo. In this chapter, we have focused on
the impact of the metal nanoparticles on food safety and health care. Anisotropic and
isotropic metal nanoparticles behave differently and specifically which are depen-
dent on the size, shape, and surface chemistry. The initial section of the chapter
described various synthetic strategies/approaches of synthesizing anisotropic metal
nanoparticles. Wet chemical approach is flexible and widely used method for
synthesizing anisotropic nanoparticles in terms of yield and monodispersity. The
chapter also emphasized on various healthcare applications of gold, silver, and
platinum nanoparticles. Gold and silver nanoparticles of anisotropic shapes are
used as diagnostic probes and anti-biofilm agents, respectively. Silver nanoparticles
being known for its outstanding antibacterial activity are being used extensively in
food industry for packaging and storage. SERs-based detection probes for food
contaminants are being developed recently using gold and silver nanoparticles.
Gold and silver nanoparticles are the most widely used nanoprobes as compared to
platinum nanoparticles in food and biological applications. However, the antioxidant
and catalytic property of platinum nanoparticles enables them as potential candidate
for sensing and drug delivery. This chapter provided an overview of the current
state-of-the-art techniques based on metal nanoprobes and their use as sensing
probes for health care and food safety management. The chapter emphasizes on
the need for such plasmonic metal nanoprobes that could benefit human health and
may translate laboratory research to end-consumer applications.
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An Introduction to Different Methods
of Nanoparticles Synthesis 2
Rohit Pritam Das and Arun Kumar Pradhan

Abstract

On-going research in nanotechnology has confirmed a diversity of methods to
synthesize nanoparticles (NPs) from a various range of materials. Nanotechnol-
ogy is considered as a growing sector which brings together a multidisciplinary
fields including biology, chemistry, physics, medicine, etc. with certain benefits.
It includes ceramics, metals, semiconductors, polymers, metal oxides, etc. NPs
have distinctive structural physicochemical and morphological characteristics
based on their origin and synthesis methods. These are important in a wide
variety of applications concomitant to electronic, optoelectronic, optical, electro-
chemical, environment. and biomedical fields. With the help of nanotechnology
the major beneficial effects have been seen in agriculture, industrial sector and
much more. This current review comes up with key applications of nanoparticles
and extensive overview on various physical, chemical and bio-assisted methods.
With all its emerging aspects nanoparticle has shown a huge upcoming opportu-
nity in near future.
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2.1 Introduction

Nanotechnology is the combination of two words that is ‘nano’ and ‘technology’.
This deals with very small particles of less than 100 nm size. NPs with a wide range
of utility in various emerging fields such as medicine, energy, environment, textile,
etc. play an important role in this modern era. It is clear from the recent studies that in
nano-level various substances behave significantly different. Various
nanotechniques helped researchers to overcome the limitation of traditional
methods. For example, quantum mechanics, a branch of physics which deals with
the study of subatomic particles such as neutron, proton and electron in a nanoscale
level. In the context of chemical properties, a high surface area exposure makes NPs
as a suitable catalyst for the chemical reaction. A free movement of the atoms within
or around the other atoms creates a chemical zone where chemical properties of the
atoms can be altered. NPs with many potential health benefits such as disease
treatment such as cancer, better imaging and diagnostic equipment draw the attention
of medical researchers. Scientists are trying to develop methods through which NPs
are delivered directly to specific cells, which seems to be beneficial for the cancer
treatment where radio therapy as well as chemotherapy can also cause damage to
healthy cells. Properties like physical, chemical, biological, electrical and optical
helped to improve the technology. NP shows diverse applications only due to its
surface properties and small dimension. The process of synthesis nanoparticles has
been based upon 2 approaches that are ‘bottom-up’ and ‘top-down’. Bottom-up
approach is basically used for the preparation of nanoparticles (Fig. 2.1). In bottom-
up certain physical as well as chemical effort has been used to mobilize the basic
units of nanoparticles in to complex structure. An implementation of this bottom-up
approach is carried out from biological surrounding where nature utilized chemical
force to build up all essential structure needed by life. A wide variety of bottom-up
approaches such as condensation of atomic vapours as well as coalescence of liquid
atom has been developed for producing nanoparticles. The basic goal of this

Fig. 2.1 Schematic representation of top-down and bottom-up procedure (https://
nanotechnologyjd.weebly.com/manufacturing-processed.html)
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approach is to synthesize nanoparticle in specific nanosizes for all particles by
maintaining the uniqueness in functionality.

The diverse applications of NPs include:

• Drug discovery (Coto-García et al. 2011).
• Biosensor (Salata 2004).
• Bioimaging (Das et al. 2009).
• Molecular tagging (Becheri et al. 2008).
• Food technology (Taheri et al. 2014).
• Textile manufactureing (Gadomskii and Kharitonov 2004).
• Quantum computers (Nagavarma et al. 2012).
• Quantum laser (Abhilash 2010).

Now the second approach as per the name suggests top-down, i.e. from larger to
smaller. Either chemical or fabrication technique is used here. Chemical procedure
has been implemented by etching the metal by acids to obtain the required particles.
The synthesis procedure is based on three types that are

(a) Physical method for synthesis of nanoparticles.
(b) Chemical method for synthesis of nanoparticles.
(c) Biological method for synthesis of nanoparticles.

2.2 Physical Method for Synthesis of Nanoparticle

In this section we shall discuss upon some physical methods which deal with high
energy radiation, condensation, as well as thermal energy for the synthesis of
nanoparticles. Some of the highly considerable methodologies for the physical
synthesis of nanoparticles are:

high energy ball milling, laser ablation, electrospraying, inert gas condensation,
physical vapour deposition, laser pyrolysis, flash spray pyrolysis and melt mixing.

2.2.1 High Energy Ball Milling

In high energy ball milling (HEBM) process the moving balls are used to break the
chemical bonds by utilizing their kinetic energy on the milling substances which
leads to structural changes and chemical reaction at normal room temperature (Chen
et al. 1999 and Gleize et al. 1994). Tan Xing et al. have reported that ball milling
technology is utilized as a green synthesis method to synthesize nitrogen doped
carbon particle which may lead as an electrochemical catalysis (Xing et al. 2013).
HEBM is a mechano-chemical synthesis process as it utilizes local temperature more
than 1000 times as well as pressure (Dhand et al. 2015). With hydrophobic as well as
hydrophilic properties biosurfactants play a critical role in nanoparticle synthesis.
Recently surfactants mediated ball milling considered as efficient methods for NPs
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synthesis. The electrostatics forces generated by surfactants prohibit the particles
from being agglomeration which dramatically enhances the particle size. Various
types of ball milling methods such as vibrator mills, planetary ball mills, attritor
mills, tumbler ball mills were adapted for a high throughput synthesis (He et al.
1996). Out of which tumbler ball milling methods are more economical than HEBM
method (Koch 1998). Vibrator and planetary mills have known for their ability to
produce small amount of NPs less than 100 g within a minimum time span (Ullah
et al. 2014).

2.2.2 Inert Gas Condensation

Inert gas condensation method deals with the inert gases such as (helium or argon)
and also with liquid nitrogen acting as a substrate holder for preparation of NPs. By
utilizing this protocol Ward et al. used to synthesize Mn NPs (Chen et al. 2007). For
silver as well as platinum NPs synthesis the inert gas condensation is considered to
be highly efficient method (Ward et al. 2006). With the help of combination of
plasma-gas-condensation-type cluster deposition apparatus, inert gas condensation
(IGC) is acheived (Maicu et al. 2014). Benelmekki et al. have mentioned in his report
that the metallic dielectric multicore-shell synthesis of NPs was carried with the help
of IGC method (Gracia-Pinilla et al. 2010). The NPs were deposited in Si shell,
which plays an important role in preventing the oxidation of nanoparticles and
maintaining their aggregation.

2.2.3 Physical Vapour Deposition (PVD)

Physical vapour deposition is a collective synthesis process of NPs which deals with
the vacuum deposition technique having three basic fundamental steps. First one is
vaporization of metal particle from solid. Then in second step transportation of the
vaporized particle. Final step belongs to nucleation and formation of thin layer films
of NPs (Benelmekki et al. 2015).

2.2.3.1 Sputtering
Sputtering is working on the vacuum-based technology which deals with momentum
transfer principle, which usually used to deposit films and NPs. The basic mecha-
nism of this technique relies upon several processes. With the help of collision
methods the inert gas plasma is produced within the electrodes. Then the ions present
in the plasma pushed up towards the target with the help of energy present between
electrodes. This energy strikes the target that leads to ejection of material from the
target followed by the transportation and deposition of the NPs to the substrate.
Another upgraded version of this method is magnetron sputtering which overcomes
the former one by archiving the two advantages, i.e. higher deposition rate and
prevention of target overheating and damage. Higher deposition rate is just because
of the magnetic field generated by magnetron sputtering. The path of electron
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became curved due to which more ionization of gases occurs and causing more ions
heat to the target, thus enhancing the ion deposition.

Veith et al. (2007) were able to generate Au NPs (less than 3 nm) deposition with
basic support materials such as WO3 and carbon surface. Bouchat et al. reported that
synthesis of both metallic and non-metallic NPs such as titanium oxide (TiO2), silver
(Ag), gold (Au), yttrium (Y), carbon (C), cobalt, (Co) and iron (Fe) has been carried
out with the help of magnetron sputtering (Bouchat et al. 2013).

2.2.3.2 Electron Beam Evaporation (EBE)
This vacuum-based PVD process is usually considered for the production of thin
layers as well as NPs. EBE system is composed of electron filament which required
continuous current supply for keep it as working condition resulting generation of
electron beams. These electron beams then used to target materials through magnets.
EBE method has been implemented as development of 2D and 3D metal patterning
(Rumi et al. 2008). This methods were also implemented for synthesis of Au NPs
and platinum (Pt) NPs on multiwall carbon nanotubes to produce composite
electrodes for sensors and energy storage applications (Hsieh et al. 2010). By the
help of facile EBE process, fabrication of antibacterial Ag NPs was done on
diameter-controlled TiO2 nanotubes (Uhm et al. 2013). It is reported that fabricated
Ag NPs decorated three dimensional graphene (GR) scaffolds for electrochemical
application (Bello et al. 2014).

2.2.3.3 Laser Ablation (LA) and Pulse Laser Deposition (PLD)
Through this laser ablation technique particles are evaporated from a solid source by
utilizing high power laser beam (Chen and Yeh 2002). On the basis of utilization LA
is divided into two categories, i.e. continuous laser or pulsed laser. LA produces
workable approach to help in production of polymeric materials. In his report Kris
et al. have reported a micro lens assembly that utilizes LA technique with the help of
scanning the polymer surface to achieve a lens shape with the optimal focal distance
and diameter (Naessens et al. 2001). In the context of NPs production, Lee et al.
reported the synthesis of FeCo NPs in an inert gas atmosphere by PLD (Happy et al.
2004). Also Ong et al. (2008) have emphasized on the properties of FeCo NPs such
as pulses number, temperature and gas pressure which are based on morphology and
size of NPs synthesized by PLD. Again it is seen that in the presence of higher argon
gas pressure, the average particle size has increased. At the same time some
morphological changes have been observed with the increasing number of pulses.
The interconnected chains were converted to fibrous. Similarly, in context to pres-
sure, a significant changes has also been reported. In low pressure, NPs are shown
as a floccules-like Nano-networks while in high pressure, as chain-like network.
Andrea et al. also mentioned about the deposition of nanostructured silver thin films
which consist of arrays of nanoparticles with the help of PLD in an argon atmosphere
(Andrea et al. 2009). The size and morphology of Ag NPs are controlled by
optimizing the Ar pressure and number of pulses.
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2.2.3.4 Vacuum Arc (VA)
Vacuum arc is a vacuum-based PVD process in which the arc is used to vaporize the
material for the synthesis of metallic, ceramic and composite NPs and films. With the
help of plasma arc process, Mg-Al alloy was synthesized (Akbari et al. 2015). In
another work, Lei et al. (2007) have reported his work for the synthesis of inter-
metallic Fe-Sn NPs done with the help of using vacuum arc. Amaratunga et al.
(1996) have examined some excellent properties of thin film carbon NPs with the
help of high pressure arc discharge process.

2.2.4 Laser Pyrolysis

The CO2 laser pyrolysis technique is based on vapour phage synthesis (Amato et al.
2013). A large category of oxide NPs like TiO2, SiO2, Al2 and O3 are synthesized by
this process. Further using laser pyrolysis technique some non-oxide compounds
like Si, Si3N3, MoS2 and ternary composites like Si, C, N are also synthesized.

2.2.5 Flame Spray Pyrolysis (FSP)

Among all the flame aerosol technologies flame spray pyrolysis is the latest one
(Teoh et al. 2010). It is a high combustion method where the precursor was found in
liquid form. Usually in an organic solvent, high combustion enthalpy, i.e. higher
than 50% of total energy of combustion also observed. The liquid precursor can
follow the droplet-to-particle route or gas-to-particle route; however, latter results in
more homogenous morphologies and size. Sokolowski et al. first utilized this
strategy to synthesize Al2O3 NPs by combusting an ultrasonically dispersed spray
of aluminium acetylacetonate in benzene–ethanol solvent mixture (Sokolowski et al.
1977).

2.2.6 Electrospraying Technique

Electrospraying technique is quite similar with the electrospinning, only differentiate
with the product produced by it. An electrochemical device that mix a solution
containing selected polymer and the solvent is taken up by the syringe. Then a high
voltage is applied to the capillary tip that results in the production of charged
droplets. The solvent is evaporated on its way to the counter electrode and particles
are then collected as the end product. This approach was well known for providing
flexibility and control on surface parameters (Sridhar et al. 2015). Deppert et al. have
studied the deposition of distinct NPs and the formation of gold NPs with the help of
electrospraying technique (Böttger et al. 2007). A lipid based delivery system was
reported by Sridhar et al. in his comprehensive review over electrospraying tech-
nique (Sridhar and Ramakrishna 2013).
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2.2.7 Melt Mixing Technique

This technique utilizes mechanical mixing of polymers with modified version of
nanofilters by extrusion or kneading and less commonly by injection moulding
technique (Karak 2009). This method is an oldest technique to archive the desired
materials. This is the most commonly used mechanical process because it is envi-
ronment friendly and it is also well suited for current industrial practices (Krause
et al. 2009). Melt mixing techniques are utilized to prepare nanocomposite NPs of
conducting polymer polypyrrole with polypropylene (Sevil and Zuhal 2010).

2.3 Chemical Method for Synthesis of Nanoparticle

As per physical methods NPs are also synthesized by chemical methodology. Some
of the commonly used chemical methods are Sol–gel method, micro-emulsion
technique, hydrothermal synthesis, polyol synthesis, chemical vapour synthesis
and plasma enhanced chemical vapour deposition.

2.3.1 Sol-Gel Methods

Sol-gel method is the combination of two components that are ‘sol’ a colloidal
suspension of solid particle with liquid and ‘gel’ liquid containing polymers. Thus,
this process includes the creation of ‘sols’ in the liquid that lead to the formation of a
network of discrete particles or network polymers by the connection of sol particles
(Jianing et al. 1990). The first step in formation of gel phage is hydrolysis and
condensations. In hydrolysis water is used to disintegrate the bonds of precursor
followed by condensations that lead to formation of nanoparticles. ZnO NPs were
synthesized by this method using zinc acetate dehydrate and triethanolamine (TEA)
as the precursors. Goncalves et al. demonstrated the one pot synthesis of CdSe NPs
using sol–gel method and realized quantum size effect in fabricated NPs, which is
important for developing advanced optoelectronic devices (Goncalves et al. 2014).

2.3.2 Micro-emulsion Technique

This technique is made up of three components, i.e. water body called as polar
phage, second non-polar phase that deals with the hydrocarbon liquid or oil and
finally surfactant. An interfacial layer is created by surfactants which separate
aqueous and organic phage. This layer acts as a steric barrier that prevent the
coalescence of the droplets (Solanki and Murthy 2011). Micro-emulsion technique
was not progressed much in terms of designing organic NPs due to phase separation
constraint and thus only few reports are available (Malik et al. 2012). Mostly through
micro-emulsion technique synthesis of inorganic nanomaterials such as metal NPs
(Au, Pt, Pd), semiconducting metal sulphite NPs (CdS, PbS, CuS, Cu2S and CdSe),
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metal salt NPs (BaCO3, CaCO3 and SrCO3), metal oxide NPs (ZrO2, TiO2, SiO2,
GeO2 and Fe2O3), magnetic NPs ((Mn, Zn)Fe2O4, (Ni, Zn)Fe2O4, ZnFe2O4 and
BaFe12O19) and composite NPs (CdS–TiO2, CdS–ZnS, CdS–SnO2) is carried out.
Reduction strategy was used for the synthesis of metal nanomaterials. Water-to-
surfactant molar ratio (u), type of continuous phase, metal ion concentration, type
and concentration of the reducing agent, structure and amount of the surfactant used
are some of the key parameters that control the metal NPs synthesis effectively.

A reverse micelle micro-emulsion strategy was reported by Boutonnet et al.
(1982) The synthesis of Pt., Pd, Rh and Ir NPs employing H2PtCl6, Pd (NH2)4Cl2,
RhCl2 and IrCl3, respectively, as the precursors with hydrazine (N2H4) and active
hydrogen as the reducing agent.

2.3.3 Hydrothermal Synthesis

This technique is well known for the fabrication of NPs of metal oxide, iron oxide
and lithium iron. This technique is based on two types of working processes such as
batch hydrothermal and continuous hydrothermal process. In continuous hydrother-
mal process high rate of reaction was conducted within a very short time period.
This is better than batch hydrothermal process (Hayashi and Hakuta 2010). This
technique provides advantage on synthesis of NPs by optimizing size, morphology,
composition and surface chemistry (Abedini et al. 2013).

2.3.4 Polyol Synthesis

In this technique, metal containing compounds are used as reaction medium which
plays as a reducing agent and complex agent as well as dissolved stabilizing agents
(Rahman and Green 2009). A wide range of metal based NPs such as Ag, Pt, Pd, Pt,
Cu, ZnO is synthesized by this technique. Xia et al. reported the synthesis of Pt NPs
using polyol process at varying molar ratios of NaNO3 and H2PtCl6 (Herricks et al.
2004).

2.3.5 Chemical Vapour Deposition (CPD)

This process is carried out for the deposition of solid films from vapour phase under
very high temperature condition. The films produced by this procedure consist of
some ultrafine particle. This technique is also termed as chemical vapour reaction
(CVR) also termed as chemical vapour condensation (CVC) and chemical vapour
preparation (CVP). The precursor required for this synthesis is present in three
different conditions (solid phase, liquid phase and gas phase) are converted to
vapour form in the reactor under nucleation process. Jin et al. reported the synthesis
of Cr doped ZnO (CZO) NPs using CVS process (Jin et al. 2007). Suffner et al.
demonstrated the synthesis of fluorine doped SnO2 (FTO) NPs using CVS method
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(Suffner et al. 2010). Further Lee et al. (2009) reported the fabrication of fullerene-
likeWS2 NPs using CVS process.

2.3.6 Plasma Enhanced Chemical Vapour Deposition (PECVD)

This technique is also addressed as plasma assisted chemical vapour deposition
(PACVD) and is generally considered for the deposition of thin films. A variety of
NPS are also been synthesized with the help of this technique. This mechanism also
includes vacuum processing system, gaseous precursor, power supply and heater. As
mentioned before in CVD process the synthesis of thin film requires a high temper-
ature but in PECVD process the requirement of temperature is comparatively less.
Carbon NPs and hydrogenated SiNPs synthesis were also reported by MPECVED
(Vach et al. 2006).

2.4 Biological Method for Synthesis of Nanoparticle

Biological synthesis of nanoparticle is also termed as green synthesis due to its
environment friendly, cost effective and low toxic effect in the process of fabrication
and synthesis of NPs. In these methods biological active agents such as bacteria,
fungi, viruses, yeast are taking part in the synthesis process of metal oxide NPs.
Biological assisted method is broadly divided into three categories such as (1) bio-
genic synthesis using microorganisms, (2) biogenic synthesis using biomolecules as
the templates, (3) biogenic synthesis using plant extracts.

2.4.1 Biogenic Synthesis Using Microorganisms

Bio-reactors are primarily used for the synthesis of NPs. Prokaryotic agents such as
bacteria, actinomycetes, fungi, algae and yeast are extensively used for this
bio-reactor. Microorganisms grab target ions from their environment and then turn
the metal ions into the element metal through enzymes generated by cellular
activities. On the basis of location of NPs this process also can be classified into
two categories as intracellular and extracellular. In the intracellular process the metal
ions are transported into microbial cells to form NPs with the help of enzymes. In
extracellular process, the synthesis of NPs involved in trapping of metal ions on the
surface of the cells and reducing ions in the presence of enzyme (Zhang et al. 2011).
Bacteria use proteins, enzymes, reducing agents to reduce metal ions. Bacterium
S. aureus was used for the extracellular synthesis of bioactive Ag NPs with antimi-
crobial activities (Nanda and Saravanan 2009). Babu and Gunasekaran (2009)
have reported about a new hyper metal resistance Bacillus cereus that form intracel-
lular cereus crystalline Ag NPs. This system is also reported for its ability to
synthesize semiconducting CdS nanocrystals (Nanda and Saravanan 2009). Sharma
et al. explained the hidden potential of marine bacteria for the synthesis of AuNPs
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(Sharma et al. 2012). In the context of eukaryotic microorganism Kowshik et al.
reported the extracellular production of silver NPs with the help of silver tolerant
yeast strain (MKY3) (Kowshik et al. 2003).

2.4.2 Biomolecules as Templates to Design Nanoparticles

Various biomolecules such as nucleic acid, membranes, viruses were used as
templates for the NPs synthesis. DNA has well known for its huge attraction with
transition metal ions. The process involves a reduction Au leading with the forma-
tion of Au atoms and the metal cluster develops into Au NPs (Zinchenko et al. 2014).
Kundu et al. reported the synthesis of wide variety of NPs and nanoparticles
assemblies using DNA as the templates or organic scaffolds (Kundu 2013;
Majumdar et al. 2013; Kundu and Nithiyanantham 2014). Attempts were also
made to design organosols of Os NPs and b-MnO2 NPs using DNA as scaffolds
via homogenous reduction route with their promising applications in catalytic
hydrogenation and oxidative polymerization of pyrrole, respectively (Anantharaj
et al. 2014; Ede et al. 2015a). DNA has also been used as scaffolds to grow self-
assembled NiWO4, ZnWO4 and MnWO4 nanoparticles with different
morphologies (Nithiyanantham et al. 2014; Ede et al. 2015b; Nithiyanantham et al.
2015).

2.4.3 Biogenic Synthesis Using Plant Extracts

Nanoparticle synthesis in context to plant product such as plant extract, plant
biomass is a very effective as well as eco-friendly process. These methods were
frequently used to synthesize NPs of metal, bimetallic alloys and metal oxide
(Iravani 2011). Akhtar et al. (2013) have adequately demarcated various plant
biometabolites that could help in the preparation of NPs based on their valuable
role as reducing agents and capping agents. Qu et al. (2011) synthesized wurtzite
ZnO NPs from Zn-hyperaccumulator plant Sedum alfredii with mean size of
53.7 nm.

2.5 Conclusion

Scientists are continuously trying to investigate the novel and advanced approach for
synthesis of nanoparticles. The optimal size as well as morphology of NPs play
important roles on selection of NPs for various applications. To develop an ideal
quality of NPs certain parameters such as ideal size and morphology are maintained.
In this review we demonstrate distinct overview regarding different strategies for the
synthesis of NPs. This review article may able to provide comprehensive informa-
tion about different synthesis process of NPs, which could be beneficial for the
researchers. Being a leading nanomaterial in targeted drug delivery and

30 R. P. Das and A. K. Pradhan



nanomedicines, precise size with specified surface characteristics are the key
desirables during nanoparticle synthesis. Recently nanotechnology has become a
key concept for its enormous technological ability, low toxic effect, cost effective
characteristics. In this review electrospraying technique is introduced as a dry
technique to design a polymeric nanoparticles except using a toxic chemical. It
provides prospects to develop nanoformulations incorporating drugs/growth
factors/biomolecules with versatile structural designs like core–shell NPs, hybrid
NPs, composite NPs, etc., that will be useful in drug delivery, tissue engineering,
biosensors.
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Classification, Synthesis and Application
of Nanoparticles Against Infectious
Diseases

3

Bhabani Shankar Das, Ankita Das, Abhisek Mishra, and
Manoranjan Arakha

Abstract

Nowadays, resistant bacterial strains have become major threats to medical
science, causing various infectious disease conditions against different traditional
antibiotics. Medical world is also looking for potential antimicrobial agents
against different resistant bacterial strains to replace conventional antibiotics.
Due to advance physico-chemical properties, nanoparticles have pulled tremen-
dous recognition from different groups of research for their advance uses in
various streams of medical science. Unfortunately, currently engineered
nanoparticles became a major challenge towards researcher for using
nanoparticles against drug-resistant bacterial species. Although, there are sev-
eral physical and chemical synthesis approaches to engineer nanomaterials,
nevertheless most of them are not eco-friendly. Hence, different research groups
have adopted green synthesis approaches for synthesis of nanoparticles. In this
context, we highlights about different synthesis ways such as physical as well as
chemical synthesis approaches to engineered nanoparticles along with green
synthesis method, an eco-friendly approach in comparison to other conventional
methods. Nanoantibiotics also deliver a new way of escaping present antimicro-
bial discovery model and also holds potential to become a new bioweapon toward
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bacterial resistant strains. Therefore, in this chapter we have discussed application
of nanoparticle as a novel antibiotics with their antibacterial mechanism, could be
potential solutions against different infectious diseases caused by various
microorganisms.

Keywords

Nanoparticles · Green synthesis · Bacteria · Antibacterial activity · Infectious
diseases · Nanoantibiotics

3.1 Introduction

Human vision and thoughts often give rise to newer scientific and technological
tools. From such visions, nanotechnology came in twenty-first century, which
created a latest milestone in the history of science and technology. Nanotechnology
signifies a new revolutionary pathway for creation of new technological tools by
using materials at nanometer scale (10�9 m), which is one billion times smaller than
a meter. However, the term “nano” comes from a Greek word “nano,” signifies “very
small in size,” which has been widely used for manipulation of materials at atomic
scale (Rai et al. 2009). One of the great Nobel physicists Richard P Feynman
introduced the concept of nanotechnology in 1959 by delivering a speech on
“There’s plenty of room at the bottom” on December, 1959 at the conference of
(Feynman 1960) American Physical Society. (Feynman 1960). Nanotechnology has
numerous advantages in various fields of science and technology, which includes the
chemical, physical and also biological systems at nanoscales varying from single
molecules or atoms to submicron in dimensions (Prince et al. 2016; Arakha et al.
2017; Arakha et al. 2016). Additionally, it has also the capability to change our
views and perceptions and to provide us with the ability to solve global problems
using different nanomaterials. Nowadays, there are numerous nanotechnological
products available in the market and also research work is going on formulating
novel nanoparticles, which could be used for human welfare. Recently, nanotech-
nology has become a multidisciplinary research area gaining fundamental under-
standing of the optical, magnetic and mechanical effects of nanostructures for wide
range of applications (Nasrollahzadeh et al. 2019). Nowadays, researchers are trying
to engineer nanomaterials with advanced physico-chemical properties for different
applications in the field of pharmaceutical and biological sciences (Arakha et al.
2015a; Arakha et al. 2015b; Tiwari et al. 2018; Yadav et al. 2018).

Nanoparticles, being the building blocks of nanotechnology, can be found in
nature as two types: natural nanoparticles and fabricated (man-made) nanoparticles.
Natural nanoparticles are mainly found in dust, soil, fine sand, viruses, and volcanic
ash, whereas fabricated (man-made) nanoparticles basically found in cosmetics
items, sports items, plastics, textiles, gold and silver metals (Madeła et al. 2016).
Further fabricated nanoparticles are divided into two sub-categories: that is inciden-
tal nanoparticles as well as engineering nanoparticles. Incidental nanoparticles arise
from gasoline, fumes, smoke, fire and diesel engines, etc., whereas engineering
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nanoparticles contain different types of nanotubes, nanowires, quantum dots, etc.
(Rai et al. 2009; Sau and Rogach 2010).

3.2 Classification of Nanoparticles

3.2.1 Dimensionality

Based on their dimensions, the nanomaterials are categorized as zero, one, two, and
three dimensions. Such dimensionality represents the sum of degree of freedom in
momentum of materials (Madeła et al. 2016).

Zero-dimensional nanomaterials are fixed in length, height and breadth at a
particular point such as composite, particles array and core shell nanoparticles.
Some useful applications of these types of nanomaterials are semiconductor, quan-
tum dots, supercapacitor used in daily life. However, one-dimensional nanomaterials
possess only single parameter. Different forms of nanomaterials are nano tubes, nano
rods, nano wires, etc. These nanomaterials are used in various fields such as
computer chips, eyeglass antireflection and rough coating, etc. Additionally,
two-dimensional nanomaterials possess only length and breadth. For example,
carbon coated nanobelts, fiber-layer films, and carbon coated nanoplates, which
are widely used in solar photovoltaic, mobile phone, electronic structures, and
semiconductor membranes, etc. Three-dimensional nanomaterials possess all the
specifications such as length, height, and breadth. For example, fullerenes, colloidal
particles, heterolayers, which are used in photonic crystals and pharmaceuticals.

3.2.2 Morphology

Nanoparticles are based upon different shape, structure and size. According to the
morphology, nanoparticles are of various shape, structure, size and categorized
having high and the low aspect ratio. High-aspect-ratio nanoparticles involve
nanotubes and nanowires of different shapes, such as helices, zigzags, chains. Low
aspect ratio includes circular, cubic, oval, helical, prism, or pole (Buzea et al. 2007).

3.2.3 Composition

A single substance or a mixture of many materials can be used for nanoparticles.
Natural nanoparticles are mostly clusters of materials with various compositions that
can easily be synthesized by different methods by single composite materials (Buzea
et al. 2007).
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3.2.4 Agglomeration and Uniformity

Nanomaterials can exist, depending on their chemistry and electromagnetic
characteristics, like dispersed aerosols, colloids, suspensions, or agglomerates.
Nanoparticles can act as larger particles in an agglomerate state, based on the size
of agglomerate (Buzea et al. 2007). Therefore, all the shape, size, dimension, surface
reactivity, and agglomeration of nanoparticles must be taken into considered for
formulating new nanoparticles (Buzea et al. 2007).

3.3 Classification Based on Different Types of Nanomaterials

3.3.1 Inorganic Nanoparticles

Inorganic nanoparticles have raised the interest of many groups conducting research
because of their advanced physico-chemical properties, small size and the surface
plasmon resonance property. The size of inorganic nanoparticles mainly depends on
concentration of metal salts, temperature, and rate of chemical reactions in medium.

3.3.2 Metal Oxide and Metal Nanoparticles

Metal oxide and metal nanoparticles are usually categorized under inorganic
nanoparticles. Metal nanoparticles are the nanomaterials which consist of only one
element. Such nanoparticles are synthesized by destructive or constructive methods
from the metals to the nanometric sizes of metal nanoparticles (Salavati-Niasari et al.
2008). These nanoparticles are important for bio-labeling applications because of
their excellent luminescent properties, producing luminescent patterns and fluores-
cent resonances (Salavati-Niasari et al. 2008). Metal nanoparticles are developed by
simple techniques including bio-assisted synthesis, hydrothermal synthesis, and a
microwave-assisted synthesis in the form of colloidal solutions. The characteristics
of these nanoparticles include size from 1 to 100 nm, high surface area, high pore
size, surface charge density and surface charge, crystallinity, etc. (Salavati-Niasari
et al. 2008). Aluminum (Al), cadmium (Cd), cobalt (Co), copper (Cu), gold (Au),
iron (Fe), lead (Pb), silver (Ag), and zinc (Zn) are widely used for metal
nanoparticles synthesis. The bimetallic nanoparticle groups (e.g., Ni-Cu, Pd-Pt)
mostly used as core-shells as well as in alloy structures, which are also used in
metal nanoparticles (Zaleska-Medynska et al. 2016). Additionally, because of
advanced mechanical, catalytic, antimicrobial, optical, anti-cancer and anti-viral
properties, metal nanoparticles are extremely useful for various biomedical
applications.

One of the most stable natural compounds is metal oxides. They are made up of
by combining electrode charges of metal cation and oxide anioin with in a metal
reaction processes (Yin and Tang 2016). The polar surfaces have anionic oxygen and
are insoluble in most organic solvents due to tight bonds between metal and oxygen.
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(Yin and Tang 2016). Metal oxide nanoparticles have attracted the attention of
scientific groups for various approaches because of their advanced physico-chemical
properties like supercapacitors, fuel cells, sensors, catalysis, flame retardants, good
band gap/tunable band gap, chemical stability, outstanding thermal properties, etc.
(Ray and Kuruma 2020). Metal oxide nanoparticles have been synthesized to
enhance their properties, such as iron nanoparticles (Fe) that immediately oxidize
iron oxide (Fe2O3) at room temperature when oxygen is present which increases
their reactivity with regard to Fe nanoparticles (Tai et al. 2007). Some important
metal oxide nanoparticles are Cerium oxide (CeO2), Iron oxide (Fe2O3), Aluminum
oxide (Al2O3), Magnetite (Fe3O4), Silicon dioxide (SiO2), Titanium oxide (TiO2),
Zinc oxide (ZnO) (Tai et al. 2007). Metal oxide nanoparticles are widely used in
different areas like in water purification, nutrition, pharmaceutical, electricity and
environmental remediation, etc. (Kumar and Ray 2018).

3.3.3 Organic Nanoparticles

Organic nanoparticles are usually biodegradable and non-toxic in nature. Organic
nanoparticles are usually known for dendrimers, micelles, liposomes, synthetic
molecules, lightweight polymers and ferritin, etc. (Ealias and Saravanakumar
2017). Particles like micelles and liposomes have a hollow core, which are often
called nanocapsules. They are also prone to thermal as well as electromagnets like
heat and light (Tiwari et al. 2008). Liposomes are vesicles of phospholipids and are
made up of only lipid compounds. Most liposomes are between 50 and 100 nm in
size, while other liposomes are between 100 and 800 nm. Generally, liposomes are
made up of amphiphilic compounds and they are spherical in shape. Additionally,
liposomes are biocompatible, biodegradable, flexible, non-toxic, non-immunogenic,
and effective at trapping (Akbarzadeh et al. 2013). Micelles are made up of amphi-
philic molecules (polymers or lipids) and are between 10 and 100 nm in size.
Depending on the environment, they only provide hydrophilic and hydrophobic
surfaces. For example, in aqueous mediums, only hydrophilic groups are exposed as
well as hide their hydrophobic parts inside the structure. Additionally, micelles have
high drug strength, long circulation, and high biological stability (Orive et al. 2009).
Dendrimers are highly branched and one or more nuclei have been developed. The
scale of such nanoparticles can be regulated by the number of generations developed
in the cores and its size is about less than 10 nm. Dendrimers are one-disperse
polymer system synthesized with three structural parts such as surface, core, and
branch which are regulated by polymerization (Adair et al. 2010). Specific
methodologies were used to made polymeric nanoparticles such as rapid expansion
into the supercritical solution (RESS), rapid expansion into a solvent (RESOLV)
(Rapid Expansion of a Supercritical solution into a liquid solvent), and polymeriza-
tion of emulsion free surfactants (Rao and Geckeler 2011).
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3.3.4 Carbon Nanoparticles

Carbon has a unique property that forms covalent bonds with rest carbon atoms in
various hybridization states such as SP, SP2, and SP3 to form different structures of
long chains and small molecules. Carbon is a flexible material with different
chemical, optical, mechanical, and electrical properties that can be modified by the
structure and its surface chemistry (Georgakilas et al. 2015). Nanoparticles are made
of entirely carbon materials which are called as carbon nanoparticles. It may be
categorized into fullerenes, graphenes, carbon nanotubes, carbon nanofibers, black
carbon as well as activated carbon in nano size form.

3.4 Synthesis of Nanoparticles

Numerous methods for synthesis of nanostructures have been used over the last two
decades. They are designed to manufacture nanostructures for particular
applications. Various techniques such as top-down and bottom-up methods are
available for synthesizing nanoparticles.

3.4.1 Top-Down Method

Top-down method involves breaking down of larger molecules into single atomic
form according to the need. This approach is suitable for the creation of structures at
nanometer scale. This technique is mostly suitable for the synthesis of organized and
integrated nano structures, most of which are used in electronic circuit (Mohan et al.
2018). The benefit of this approach is the ability to integrate the appropriate entity or
a function at an exact location as the process is regulated externally.

3.4.2 Bottom-Up Method

In the bottom-up method, single molecules and atoms are integrated to produce
nanostructures. During this process, nano structures are synthesized by connecting
atoms together that form new substrates. They are further stacked on each other, and
formed new nano structures. This technique involves creating buildings of molecular
structure using atom by atom method (Lee and Jun 2019). These are best suited for
assembly and establishment of short-range structures at the nanometer (nm) scale.
Bottom-up approach synthesis is cost effective in comparison to top-down approach.
This is indeed a very powerful way to create identical atomic structures, though the
man-made materials that have been created so far are far simpler than the complex
structure (Lee and Jun 2019).

40 B. S. Das et al.

https://www.greenfacts.org/glossary/abc/bottom-up-top-down.htm


3.5 Physical Methods for Synthesis of Nanoparticles

3.5.1 Mechanical Milling/Ball Milling of Nanoparticles

Nanomaterials are formed in a mechanical device, generically referred as ball
milling. High energy ball milling (HEBM) is the most popular method used for
nanomaterials synthesis (El-Eskandarany 2013). In this process the mechanical
forces involved in high energy ball milling helps in breaking the bulk materials
into nano form. For HEBM, the samples of the starting material are prone to extreme
deformation, cold work hardening, and eventual fragmentation (Mukasyan et al.
2015). It is the way nanocrystals from metal oxides like cerium (CeO2) and zinc
oxide (ZnO) are prepared. It can also be used to manufacture carbon and boron
nitride nanotubes. In the ball milling process, other nanoparticles such as SiO2,
Al2O3, TiO2, and nanosilica are also used (Cao 2007). The purpose of using this
technique is to bring the particle size into nanoform. Mechanical methods have been
used to manufacture amorphous and nanocrystalline materials as well as metal and
non-metal nanocomposite materials by milling process. It is a more economical
method for large-scale production of nanosized particles.

3.5.2 Laser Ablation

The process of laser ablation depends on the physical characteristics of the metals
and the medium of the atmosphere. It works by synthesizing nanoparticles by the use
of laser ablating techniques in a solid target particularly in a gaseous as well as the
liquid environment which was further collected in nanopowder or a colloidal
solution as nanoparticles. The principle of the laser ablation process is to remove
surface atoms by the evaporation process. It is a rapid and easy method for the
synthesis of nanoparticles. A wide variety of nanoparticles such as semiconductor
quantum dots, metal and metal oxides, carbon nanoparticles, nanowires as well as
core–shell nanoparticles are synthesized using this process (Kim et al. 2017). This
method uses laser technology as a primary source to ablaze solid materials. At the
time of synthesis, enormous energy is used to evaporate the light-absorbing material
at a certain point on a solid surface. Laser ablation can generate high purity
nanoparticles as the purity of the particles depend upon the purity of targeted as
well as non-contaminated gas and liquid media from the reactor. The production of
high purity nanoparticles in quantum size is achieved by rapid vapor technique (Kim
et al. 2017). Characteristics of nanoparticles specifically size, shape, composition
and structure, the size distribution of each target material depend on the laser
parameters used for ablation such as wavelength, pulse replicate rate, pulse width,
pulse power, and affluence along with on the environment in which the generation
occurs like in vacuum, gas, or liquid. In this process, there is no need for long
reactions, high temperatures, or synthetic multi-step chemicals. Hence, it is an
eco-friendly and laboratory safe method for nanomaterial synthesis because it does
not use any hazardous and highly flammable chemicals (Semaltianos 2010).
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3.5.3 Sputtering

Sputtering is generally a Physical Vapor Deposition (PVD) vacuum process which is
mostly used for depositing films and nanoparticle formation from materials.
Sputtering is typically performed under high vacuum pressure and dry conditions.
The basic principle behind sputtering is bombardment of energetic ions (usually
argon ions) from the plasma of a gaseous discharge on a target (cathode of the
discharge) which creates vapor. Radiofrequency (RF) controller, DC, pulsed DC are
used to make these materials using the sputtering method (Lugscheider et al. 1998).
Sputtering is a suitable method to make nanoparticles with materials having high
melting points. There are three types of sputtering, i.e. RF sputtering, magnetron
sputtering and ion beam sputtering. Recently, two new methods are used for the
deposition of thin films which are used in the superconducting and magnetic film.
The advantages of the sputtering method are controlled film thickness, high purity,
low temperature, high speed and desirable adhesion, easy to operate, and environ-
mentally friendly. The main benefit of the method is that highly pure and even thin
films are created and are designed to sputter both metal (DC sputtering) and
semiconductor (RF sputtering). In the last few years, nanostructures and
nanoparticles were also used in this technique (Siegel et al. 2011). Using this
process, nanoparticles like Au, Ag, and Cu as well as metal nanoparticles such as
Palladium (Pd), Platinum (Pt), Rhodium (Rh), Iridium (Ir), Ruthenium (Ru), Tung-
sten (W), Molybdenum (Mo), Niobium (Nb), Titanium (Ti), Indium (In), Tin (Sn),
as well as Zirconium (Zr) and oxide nanoparticles like titanium oxide (TiO2), copper
oxide (CuO), and tantalum oxide (Ta2O5) are synthesized. The sputtering method is
a highly efficient method for the synthesis of high purity and high-performance
materials. It also provides new research opportunities, especially through the syn-
thesis of liquid colloidal nanoparticles and nanoclusters (Ishida et al. 2017).

3.6 Chemical Methods for Synthesis of Nanoparticles

3.6.1 Sol–Gel Technique

Sol–gel technique is one of the well developed synthetic technique which is used to
prepare new nanoparticles like metal and metal oxide. In this technique, sol is
considered as colloidal solution of solids suspended in a liquid phase, whereas gel
is considered as solid macromolecule submerged in a solvent (Gonçalves and
Marques 2019). The initial stage of this method is the starting material into a sol,
which is a colloidal solution for the production of a gel (Fig. 3.1). This gel consists of
individual particles and commonly used precursors in this sol–gel process are metal
oxides and chlorides (Ramesh 2013). Such precursors are hydrolyzed and condensed
to colloid formation by shaking, stirring and sonication methods. This method is
often favored because of its economic viability and low temperature method that
gives us control over the nanoparticles product composition. By the sol–gel method
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silver, titanium oxide, gold, zinc and silica nanoparticles are synthesized like SiO2,
TiO2, and ZrO2 (Epifani et al. 2000)

3.6.2 Micro-Emulsion Technique

Micro-emulsion is one of the most recent and ideal techniques for synthesis of
inorganic nanoparticles. For the nanoparticles synthesis, this technique is used
along with three different unmixable fluids such as oil in water, water in oil, and
water in supercritical CO2 (Fig. 3.2) (Simonazzi et al. 2018). This micro-emulsion
has three components in a single phase such as water, oil, and surfactant. Generally,
water and oil are usually immiscible but they are miscible if the surfactant is used
and also capable to overcome the interfacial tension between those fluids. Micro-
emulsion is made up of surfactant aggregates in the ranges 1 Nm to 100 Nm. It
constitutes mainly in three phases such as water, oil, and surfactant that influences
the aggregate geometry.

When water is the bulk fluid, the micro-emulsion is considered to be oil along
with water (O/W), and oil contains less in quantity, with minimal quantities of
surfactant. Similarly, if oil is the bulk fluid, it is considered to be water along with
oil (W/O), and water contains less quantity. From this combination in this process
micelles are formed which are made up of combination of oil in water and surfactant

Fig. 3.1 Nanoparticles formed by sol–gel process. Adapted with permission from Ref
(Thiagarajan et al. 2017)
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Fig. 3.2 Nanoparticles formed by micro-emulsion process. Adapted with permission from Ref
(Yahaya Khan et al. 2014; Aswathanarayan and Vittal 2019; Gupta et al. 2016; Chandra Hembram
et al. 2016)
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which gives an aggregate shape to minimize free energy (Ghorbani 2014). For the
synthesis of metal, metal oxide, magnetic and composite nanoparticles, this tech-
nique is applied.

3.6.3 Electrochemical Technique

Here, electricity is used as controlling power in this electrochemical synthesis
process for the creation of nanoparticles. In this technique, nanoparticles are
synthesized when electric current is passed between electrodes and electrolyte
interface. Advantages of the electrochemical techniques include avoiding vacuum
systems which are used in physical techniques, reasonable cost, quick operation,
high durability, easy availability of equipment and instruments, less pollution (pure
product,) and environmentally safe process (environment-friendly). Scientists have
been carried out research work on this electrochemical technique to advance the
basic understanding and industrial applications, but many aspects of this technique
are still under review (Murty et al. 2013).

3.7 Green Synthesis Approaches for Synthesis
of Nanoparticles

Some physical and chemical approaches have been well established for synthesis of
different nanomaterials. These approaches have limitations with the use of toxic
chemical agents, hazardous material processing, costly chemicals, and high energy
use. Various chemical methods have been established for nanoparticle synthesis;
however, these processes have some limitations like product stability, aggregation of
particles, and control of crystal growth for better exposure for long term. Addition-
ally, physical processes require the use of expensive machines, high temperature and
pressure, large space required for system setup (Chandra Hebram et al. 2016).
Nanoparticles applications are limited, because of the use of toxic chemicals and
organic solvents during the process of synthesis. Compared with traditional
approaches, environmental friendly techniques for nanoparticle synthesis must be
needed. Therefore, nowadays the green synthesis methods are considered as alter-
nate source for the nanoparticle synthesis (Musarrat et al. 2011).

The green synthesis approaches are non-toxic, environmentally friendly and
limited the use of reducing and stabilizing agents, hence they have drawn the
attention of scientist (Jegadeeswaran et al. 2012; Nayak et al. 2016; Panda et al.
2016; Sharma et al. 2018). In addition, the biological methods are used for
nanoparticles synthesis using biological agents such as plants, fungi, algae,
actinomycetes, yeast, bacteria, and viruses (Arakha and Jha 2018; Gaidhani et al.
2013; Mohanpuria et al. 2008; Mukherjee et al. 2001; Nagajyothi and Lee 2011;
Nayak et al. 2018; Thakkar et al. 2010). It is reported that metal ions reduction rate
by different biological agents such as plant extracts, bacteria, fungi is rapid at normal
pressure and ambient temperature in comparison to other conventional methods
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(Singh et al. 2018). However, among different microorganisms, bacteria have
attracted various researchers for synthesis of different nanoparticles since they are
resistant to different concentrations of heavy metals (Panda et al. 2016). Also,
bacteria possess higher catalytic activity, larger surface area, easy to control and
also help to improve the enzymatic and metal salt reaction for nanoparticles synthe-
sis (Seo et al. 2006). Some bacterial species also developed specific defense mecha-
nism to decrease toxicity of heavy metals ions (Durán et al. 2011). Figure 3.3
demonstrates the synthesis of nanoparticles using bacteria adopting green synthesis
methods.

3.8 Nanoparticles Synthesis Using Bacteria

Bacteria have significant ability to resist metal ions, as well as adapt to utmost
environmental conditions, hence considered to be potential candidate for nanoparti-
cle synthesis. Hence, bacteria are considered as biofactory for the various
nanoparticles synthesis (Choi et al. 2018). Bacteria are also used as modern realistic
agents for green synthesis techniques and nanoparticles are synthesized using the
microbial enzymes, vitamins, polysaccharides, proteins present in the bacteria
(Iravani 2014). It is reported that bacteria can synthesize nanoparticles using both
intracellular and extracellular mechanism (Das et al. 2017; Nayak et al. 2016). But
mechanism behind intracellular and extracellular production of nanoparticles varies
from microbes to microbes. Since the cell wall of bacteria is negatively charged so it
attracts the positive metal ions and hence forms an electrostatic interaction. This
prompts the enzymes of bacterial cell wall to reduce the metal ions into

Fig. 3.3 Bacterial synthesis of nanoparticle. Adapted with permission from Ref (Gour and Jain
2019)
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nanoparticles. This process is known as intracellular mechanism. The so formed
nanoparticles can be diffused across the cell membrane to the solution. However, in
the extracellular process, nitrate reductase enzyme helps to reduce the metal ions into
nanoparticles (Das et al. 2017) (Fig. 3.4).

From extensive study, Nayak et al. also have proposed an intracellular synthesis
of silver nanoparticles utilizing bacteria Bacillus thuringiensis. They have reported
that the whole synthesis process has two important events such as the Ag
(I) reduction into elemental silver Ag(0) as well as the formation of the nanocrystals
by capping the silver elements by proteins available in bacterial cells. However, in
the process of exocytosis/cellular efflux system, the synthesized nanoparticles will
be secreted out of the bacterial cell membrane (Nayak et al. 2016). Hence, different
scientific groups have synthesized different nanoparticles like gold, silver, sulfide,
cadmium, copper, etc. using different bacteria (Table 3.1).

3.9 Application of Nanoparticles

3.9.1 Nanoparticles as Novel Antibiotics

Nowadays, treatment of bacterial infection using different conventional antibiotics is
becoming a major challenge due to expression of resistant factors of bacteria.
Bacterial genes are expressed based on environmental factors which lead to utiliza-
tion of various biochemical pathways to escape the lethal action of antibiotics. Some
bacteria like vancomycin-resistant Enterococcus—VRE, carbapenem-resistant
Enterobacteriaceae—CRE, methicillin-resistant Staphylococcus aureus—MRSA,
and multi-drug resistant Mycobacterium tuberculosis—MDR-TB are becoming
resistant to conventional antibiotics and hence becoming a serious threat to human
mankind throughout the globe. Bacteria exhibit resistance to many antibiotics by
different mechanisms such as modifying the cell components and certain enzymes
which degrade or modify the antibiotics, such as aminoglycosides and β-lactamases,
drug influx through porin channel becomes poor, genetic alteration, etc. The major-
ity of bacteria living in biofilm form also relate to specific species that help to interact
with each other and the environment. Biofilms are microbial aggregates, primarily
based on a solid surface and on extracellular material, i.e. extracellular polymeric
substances (EPS) (Romero et al. 2010). But the expression of EPSs makes the
connection irreversible that bacteria travel reversibly on the surface. The synthesis
of the bacterial flagellum is blocked when the bacteria are settled down, and then
bacteria reproduce rapidly, thereby leading to a biofilm. In the above process,
bacteria are trapped and form a barrier that can resist antibiotics and lead to chronic
systemic infections.

The rampant use of antibiotics has brought numerous health hazards, like superbugs
which do not react with medicinal products as well as epidemics with no defense
mechanism for killing bacterial infections. The inefficient conventional approach of
drug delivery often contributes to weak therapeutic indexes and low bioavailability of
drugs. Keeping all of things, antimicrobial nanoparticles as well as drug carriers of
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nanosized have developed as potential effective agents those fight against the infec-
tious diseases. Due to the ultra-smaller form and advanced physico-chemical
properties, nanoparticles have the potential to kill the bacteria (Niemeyer 2001).
Metal and metal oxide nanoparticles act as antimicrobial agents. These nanoparticles
work on different antimicrobial mechanisms against different pathogens.

The increased utilization of nanomaterials especially in biomedical science
increased the demand to investigate the antibacterial mechanisms of nanoparticles
(Bayda et al. 2018). Different forms of nanoparticles reveal various mechanisms to
overcome resistance against bacteria. The metabolic behavior of the bacteria also
changes with nanoparticles by electrostatic interaction, van der Waals interaction,
hydrophobic interactions, and receptor–ligand interaction (Choi et al. 2017). Such
nanoparticles can also cross the barrier of bacterial membrane and assemble with
metabolic pathways that affect the shape and function of the cell membrane of
nanoparticles. Eventually, these nanoparticles interact with the basic components
of bacterial cells that cause oxidative stress, modifications in gene expression,
permeability, protein deactivation, various alterations of proteins, and enzyme
inhibition (Yang et al. 2009). The following mechanisms are widely suggested in
the current research which include oxidative stress, non-oxidative processes, and
release of metal ions which is shown in Fig. 3.5.

Nanoparticles are considered to be the best possible therapeutic drug carriers by
passive targeting or active targeting for effective therapy against drug resistant
bacteria (Zaidi et al. 2017). Alternatively, nanoparticles are also recognized to cause
genotoxicity, cytotoxicity, immunotoxicity based on the synthetic technique, size
dependent, nanoparticles concentration, and mechanism of action against bacteria
(Bertrand and Leroux 2012; Schrand et al. 2010). Therefore, as antibiotics carriers,
nanoparticles can be good choice for delivery of antibiotic to clear toxicity issue.
Although, the applications of nanoparticles as antibiotics are not explored completely,
however, there is limited study on the biosynthesis of combinations of nanoparticles,
which is important in the resistance era to accept toxic free antimicrobials (Smekalova
et al. 2016; Hwang et al. 2012). The following table (Table 3.2) shows the

Table 3.1 Bacteria synthesizing different types of nanoparticles

Bacteria Nanoparticles Size (nm) References

Escherichia coli VM1 Silver 10–15 Maharani et al. (2016)

Weissella oryzae Silver 10–30 Singh et al. (2016)

Bacillus methylotrophicus Silver 10–30 Wang et al. (2016)

Bacillus cereus NCIM 2458 Copper 26–27 Tiwari et al. (2016)

Deinococcus radiodurans Gold 43 Li et al. (2016a)

Bacillus cereus Gold 20–50 Pourali et al. (2017)

Kinneretia THG-SQI4 Silver 15–25 Singh et al. (2017)

Pseudomonas putida Silver 6–10 Gopinath et al. (2017)

Nostoc sp. HKAR-2 Silver 51–100 Sonker et al. (2017)

Shewanella oneidensis Cadmium sulfide 15 Wang et al. (2018)

Streptomyces xinghaiensis Silver 64 Wypij et al. (2018)

Botryococcus braunii Silver 40–90 Arya et al. (2019)
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Table 3.2 Enhanced antimicrobial activity of different nanoparticles upon conjugation with
different antibiotics against different target microorganisms

Nanoparticle
Targeted
microorganism Conjugation/coating

Mode
of
study References

Gold nanoparticle Pseudomonas
aeruginosa

Antimicrobial
peptide esculentin –

1a (1–21) NH2

In vitro Casciaro
et al. (2017)

Gold nanoparticle Klebsiella
pneumonia

Chlorhexidine
(au CHX)

In vitro Ahmed et al.
(2016)

Gold nanoparticle Methicillin-resistant
Staphylococcus
aureus

Amoxicillin
conjugation

In vitro
and
in vivo

Kalita et al.
(2016)

Gold nanoparticle Pseudomonas
aeruginosa,
Salmonella
typhimurium,
Listeria
monocytogenes,
Streptococcus
aureus, Escherichia
coli

Chitosan-
streptomycin
conjugation

In vitro Mu et al.
(2016)

Gold nanoparticle Methicillin-resistant
Staphylococcus
aureus

IgG conjugation In vitro Panáček et al.
(2016)

Silver
nanoparticles

Acinetobacter
baumannii

Citrate capping In vitro
and
in vivo

Wan et al.
(2016)

Silica-gentamycin
(SG) nanoparticles

Staphylococcus
aureus

Incorporation within
a gelatin matrix and
cross-linking on
microarc oxidized
titanium

In vitro Wang et al.
(2017)

Mesoporous silica
nanoparticle
(MSN)

Francisella
tularensis

Functionalized with
disulfide snap-tops.

In vivo Lee et al.
(2016)

Nanoporous silica
nanoparticles
(NPSNPs)

Streptococcus
mutans and
Staphylococcus
aureus

Modified with poly
(4-vinylpyridine)

In vitro Sambhy et al.
(2008)

Porous silicon
nanoparticles
(pSiNPs)

Pseudomonas
aeruginosa and
Staphylococcus
aureus

Metallic silver
deposition, TAT
peptide conjugation

In vitro
and
in vivo

Kim et al.
(2016)

Quantum dots and
magnetic beads

Brucella spp. Polyclonal antibody
(IgG and IgY)
conjugation

In vitro Song et al.
(2017)

Quantum dots Escherichia coli,
Streptococcus
aureus, Bacillus

Spermidine-capping In vitro
and
in vivo

Li et al.
(2016b)

(continued)
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antimicrobial activity of different nanoparticles upon conjugation with different
antibiotics against different target microorganism.

3.9.2 Nanoparticles as Therapeutic Agents Against Infectious
Diseases

Metals and metal oxides nanoparticles could be used as effective antimicrobials
primarily because of their small size and advanced chemical as well as the physical
properties such as high reactivity and improved surface to volume ratio (Weir et al.
2008). Different researchers have investigated and demonstrated their ability as
nanoantibiotics to control infectious diseases. Nanoantibiotics are nanomaterials
having capacity to boost the effectiveness of existing antibiotics and improve their
antimicrobial activity against resistant bacteria. These nanoantibiotics also have an
effective cargo transport system, which can directly target drug-resistant bacteria, for

Table 3.2 (continued)

Nanoparticle
Targeted
microorganism Conjugation/coating

Mode
of
study References

subtilis,
Pseudomonas
aeruginosa, and
methicillin-resistant
Streptococcus
aureus (MRSA)

Silver quantum
dots

Mycobacterium
smegmatis and
Mycobacterium
bovis

Transferrin
conjugation

In vitro
and
ex vivo

Mahajan
et al. (2012)

Multi-walled
carbon nanotubes

Methicillin-resistant
Staphylococcus
aureus

IgG conjugation In vivo Mocan et al.
(2016)

Single walled
carbon nanotubes
with antimicrobial
peptide

Staphylococcus
aureus,
Streptococcus
pyogenes,
Salmonella enterica,
and Escherichia coli

Silver coating In vitro Chaudhari
et al. (2016)

Core–shell
magnetic
nanoparticle
(MNPs)

Methicillin-resistant
Staphylococcus
aureus (MRSA) and
multi-drug resistant
Pseudomonas
aeruginosa (MDR)

Conjugated
antibacterial peptides
cathelicidin LL-37,
synthetic ceragenins
CSA-13 and
CSA-131,
vancomycin and
colistin

In vitro Niemirowicz
et al. (2016)
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the transportation of cargo into bacteria, with gene editing of the cargo causing RNA
(CRISPRCas9 RNA Guide) or gene silencing (SiRNA).

A chitosan generally found in the shellfish outer skeleton provides a wide variety
of antimicrobial mechanisms which is used as a delivery vehicle. Gene manipulation
and RNA (RNAi) interference enable bacteria, through silencing their resistance
genes, to be tuned to antimicrobial substances. The combination of gene editing or
RNAi with nanoantibiotics reveals a novel approach by Professor Kwon. Using this
synergistic approach, he is able to destroy multitasking bacteria. The benefit of these
nanoantibiotics is that natural microbes have no resistance to them so far. They do
not affect human cells. Nanoantibiotics provides a new approach circumventing the
existing antimicrobial discovery paradigm and a new mechanism for outbreaks in
microbes which have not yet been detected in microbes, which could result in a
longer term solution for the development of drug resistance formation.

3.10 Conclusion

Nanotechnology is a multidisciplinary field, where nanoparticles are considered as
building blocks. Here we reviewed different mechanisms for nanoparticles synthe-
sis. Although there are enormous physical and chemical synthesis approaches for
nanoparticles, most of the methods are not eco-friendly. Hence, the later part of the
chapter discussed about an environmental friendly method for synthesis of
nanoparticles, i.e. green synthesis method. In this context, the chapter discussed
about green synthesis of nanoparticles by bacteria as well as possible mechanism
behind it. Additionally, the paper highlights about potential of some bacteria for
nanoparticles synthesis. Antibacterial activity of nanoparticles is also discussed
briefly with possible mechanisms, which could be used as potential therapeutic
agents against many infectious diseases.
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Abstract

The approach of nanotechnology has made rapid changes in different fields of
science. In food science, this advanced technology improves the system of
processing, packaging, storage, transport and further operation of investment
and market value. Nanotechnology in food science results in an advantage over
conventional and other methods of food processing. The nano based particles and
materials increase mechanical strength, barrier properties, help in the detection of
pathogens in food and alert the status of food. Its contribution to the food industry
is extending globally. Its main role in the food industry also includes the
extension of shelf life; reduce deterioration, maintaining quality, and improve-
ment in food value addition. With this novel technology, we expect to supply and
fulfil the food requirements of hunger mouths occurring due to the increase in
population. It will reduce the wastage of post-harvest loss of agriculture and
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horticulture produces. Soon in the future, we believe that the rapid development
of this technology will handle the safeguarding of food and plays a pivotal role in
the development of food science and its related fields.

Keywords

Nanotechnology · Food industry · Food processing · Food safety

4.1 Introduction

Nanotechnology is a technology of science which deals with nanoparticles like
atoms, molecules and macromolecules within the size of approximately 1–100 nm
to manipulate the system and generate objects of new attributes. Since these
nanoparticles are very small, they have unique properties due to high surface to
volume ratio and novel physiochemical properties like colour, solubility, strength,
magnetic and thermodynamics. They have more tendencies to react differently in
environment when compared to larger particles. Their colour change because of
different sizes of particle reflects and absorbs light differently as they have different
optical properties. Nanotechnology can revolutionize the industrial sector both in
developing and developed countries to accept the new challenges for development of
future material science and its allied branches. The potential impacts of nanotech-
nology can be applied in different fields such as manufacturing industries,
pharmaceuticals, transportation, electronics, environment, agriculture, etc.

In sector of agricultural sciences and related industries, this new modern technol-
ogy has the ability to change and increase the production and quality of food and
fulfil the growing world food needs. Its application in agriculture and food industry
was first directed by the United States Department of Agriculture (USDA) roadmap
published in 2003. This novel technology plays a very important role as a new tool in
cellular and molecular biology, and it can also be used as a new material to identify
different plant pathogens. Other applications of nanotechnology in agriculture and
food industry include detection of disease, targeted treatment, improve absorption of
nutrients in plant, fight diseases and withstand environmental stress. Use of this
technology in other sector of agriculture like food science brings opportunity to
overcome the problems of post-harvest products. It has much application in
processing, storing, packaging and transport of agricultural products. It provides
new approaches for the selection of raw materials and enhances the quality of
processed products. In food industry, the demand of nanoparticles is increasing as
it is reported that many of them contain essential elements and found to be non-toxic
(Roselli et al. 2003). It is also observed that in high temperature and pressure they
remain stable (Sawai 2003). The use of nanoparticles in food science not only
significantly changes the quality of food but also brings safety and benefits to our
health. With this new modern technology, many researchers, organizations and
industries are trying to develop novel methods which can be directly applied in
food science (Dasgupta et al. 2015).
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Before the emergence of nanotechnology in food science, we depend on the
processing practices on traditional methods and a modified form of conventional
methods. The spoliation in food is due to the invasion of microorganisms. Different
conventional methods are used for the detection and control of bacteria and fungus.
Some of the methods are culture-dependent microbiological methods, culture-
independent detection techniques, nucleic acid sequence-based detection techniques,
detection of pathogens by biochemical characterization, immunological detection
techniques, application of biosensors and instrumental techniques for detection of
bacteria, spectroscopic techniques, and terahertz radiation methods. In olden times to
control the microbial growth and preservation in food, we used traditional methods
such as freezing, chilling, nutrient restriction, water activity reduction, acidification,
pasteurization, and fermentation. Some other modern methods were developed due
to the change in civilization. They are food processing techniques by microwave and
radio frequency, direct steam injection, ohmic heating, irradiation, etc. The utiliza-
tion of conventional techniques sometimes adversely affected the organoleptic
properties of food and decreases the acceptability by a consumer. Some methods
of conventional are time-consuming, difficult in culturing; required more labour, low
sensitivity and sometimes they give negative results. To cope with all these
limitations, we incorporate nanotechnology in food science and show some positive
results. Application of nanotechnology in food science can be of mainly two
methods that encompass the nanostructured ingredients and nano sensing. The
application of nanoparticles in food processing can be achieved in form of encapsu-
lation, emulsions, biopolymer matrices, simple solutions, and in association with
colloidal substances to make efficient delivery system. The nanostructured food
ingredients are usually applied for food processing and food packaging. In food
processing they are being used to improve the taste, texture, flavour, food additives,
anti-caking agents, antimicrobial agents, and as fillers for improving mechanical
strength. In food packaging they are used to modify the packaging material to
enhance its durability and prevent degradation or increase the shelf life of food.
Nanosensors in food are often related to its quality control and safety often used in
(Ezhilarasi et al. 2013). The nanosensors are being used to check the contamination,
mycotoxins and microorganisms in food. It is also noticed that nanobiosensors have
been used for detection of pathogen in processing plants which makes attentive to
consumers, procedures and distributors on safety status of food (Baeumner 2004;
Cheng et al. 2006). In processing of food, the nanocarriers act as delivery system and
carry the food additives in food products. The nanocarriers are nanomaterials which
are being used as a transport module for other substances and can be classified as
organic based, inorganic based or combination of both. The organic nanocarriers
include polymeric nanoparticles, lipid-based nanoparticles, dendrimers and carbon-
based nanoparticles, whereas inorganic nanocarriers are usually derived from metal-
lic compounds such as quantum dots (Salehi et al. 2020). The size of nanocarriers
directly affects the delivery of bioactive compounds to different sites in body, as it
was observed that only submicron nanoparticles get absorbed efficiently compare to
the larger size micro-particles (Ezhilarasi et al. 2013). The delivery compounds
should have properties to assist the active compound exactly at targeted location,
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time and specific rate. The active compound should ensure to remain and maintain
efficiently at appropriate levels for longer period of time. In food packaging use of
nano-based particles has shown several advantages than the followed conventional
methods. This novel technology improved physical performance of food,
nanoparticles act as antimicrobial agent and use of inorganic nanoparticles in low
concentration acts as anti-bacterial agent which are more stable in extreme
conditions. Packaging of food using biosensor technology screens pathogens as
the sensors are highly sensitive and they can also be used as indicator to check the
changes in environmental conditions such as humidity and temperature in storage
rooms. The biosensors have possible application in various nanostructures like thin
films, nanorods, nanoparticles and nanofibres (Jianrong et al. 2004). Thin nano
sensor chips immobilized with specific antibodies, antigens or protein molecules
give signals on detecting target molecules (Subramanian 2006). Nowadays, many
scientists, researchers and authorities are working to standardize this advance tech-
nology, as the importance and popularity in food science and food industry are rising
up over the past few decades (reference). In near future, nanotechnology will become
one of the promising powerful tools to revolutionize conventional food science and
its industry (Fig. 4.1).

Fig. 4.1 Nanotechnology application in food science and technology
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4.2 Nanotechnology

According to scientific survey, nanoscience and nanotechnology are rising materials
having extensive activities. American physicist Richard. P. Feynman presented his
historical talk on “There’s Plenty of Room at the Bottom”. The thought of the talk
encouraged others to bring new exposure in nanotechnology. The method which
enables the utilization of each single atoms and molecules through suitable tools and
techniques has been explained by Faynman (Anjum et al. 2016; Feynman 1995).
Until 1980s the term nanotechnology was unknown, when Eric Drexler published
his first paper on the term nanotechnology (Eric Drexler 1986). The word “Nano” is
derived from the Greek word “Nanos” which means dwarf or extremely small and
the term “Nanotechnology” was first described by the late Norio Taniguchi in 1974
(Guhan Nath et al. 2014).

4.2.1 Types of Nanotechnology

Nanotechnology accurately means any technology on a nanoscale that has been used
in the real life. Nanotechnology is defined as the production and application of
physical, chemical and also biological systems at scales ranging from each single
atoms or molecules to submicron dimensions, in addition to the assimilation of the
resulting nanostructures into larger systems (Singh et al. 2021). In this era of
nanotechnology, they are categorized as wet, dry and computational approaches.

4.2.1.1 Wet Nanotechnology
Wet technology is related with component of living organisms such as enzymes,
membranes, tissues and other cellular compounds (Chung et al. 2016). Wet technol-
ogy is most often known as “bottom-up”method of synthesis in which nanoparticles
are accumulated atom-by-atom through a procedure of nucleation (Lateef et al.
2019). For example, nanoliposomes are used in encapsulation and release of food
materials. They improve the bioavailability, stability and shelf life of ingredients.
The use of liposomes and nanoliposomes in food science also includes delivery of
flavours, nutrients and prevention from microbes against contamination (Reza et al.
2008).

4.2.1.2 Dry Nanotechnology
The dry technology included physical chemistry approach on the production of
inorganic products like carbon, silicon, etc. (Chung et al. 2016). At the same time
dry process of synthesis of nanoparticles is also frequently termed as “top-down”
technology approach, where nanoscale materials are produced by breaking down
bulk components into nanoparticles (Rai et al. 2016). The inorganic nanoparticles
are usually used for packaging, food additives and food analysis. The metal-based
nanoparticles have shown a positive impact when applied in food science. Ag, Cu,
ZnO, CuO and TiO2 prevent from growth of bacteria on packaging, storage and
transportation of food (Le Guével 2017).
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4.2.1.3 Computational Nanotechnology
And the last one which is known as computational technology deals with
replications of nanometer-sized structures (Sinha et al. 2009). It is concerned with
the development and use of computer for analysing, predicting and properties of
system relevant to nanomaterials and nanotechnology. Abundant process for the
synthesis of nanoparticles such as sono-chemical, laser irradiation, laser ablation,
sputter deposition, solvothermal and also biological techniques is developed. But yet
biological process of synthesis is most useful and broadly acceptable technology
(Ojo et al. 2016). So, the utilization of green engineering, green chemistry and
sustainability codes to eliminate or decrease the purpose and production of lethal
substances in the area of nanotechnology are termed as “green nanotechnology”
(Elegbede and Lateef 2019). The nanosensors are devices developed by integrating
various nanostructured materials and biological receptors. They can detect quickly,
have high sensitivity and specificity (Gálvez et al. 2007). They monitored
adulterants, toxins, food borne pathogens, chemicals and pesticides (Rai et al. 2012).

The benefits of nanotechnology in food industry have been reported with better
characteristics and new functionalities (Panda et al. 2020b). Different results of
nanotechnology like nanoencapsulation, nanosensors, nanotube, nanofibre, etc. are
applied in various dimensions of food industry. Nanoencapsulation helps in steady
release of fertilizers, pesticides and herbicides more efficiently (Panda et al. 2020a).
It releases slowly at the targeted area at precise dose. This method makes less
wastage of agrochemical products which leads to decrease the pollution of our
environment. Nanotechnology can be applied from the production phase of a crop.
With help of nanotechnology in agriculture, great advantages in growth and produc-
tion, detection of pest and disease and allelopathy have observed. The nanosensor
reduces the damage in crops by their rapid and early detection of plant diseases. The
use of this novel technology is also a very great demand in techniques of post-harvest
management and processing. Since the crops of agriculture and horticulture are
perishable in nature proper management after harvesting is ideal. The implementa-
tion of nanotechnology in agriculture and horticulture crops during processing and
preservation helps in protection by making a barrier against food borne
microorganisms. It is revealed that aroma of food can be maintained and haves the
properties to use as food additives (McClements et al. 2016). Various post-harvest
management operations of crops like processing, packaging, storage, transportation,
etc. have been revolutionized after the incorporation of nanotechnology. Its func-
tionality and development have discussed more in details in the following write ups.

4.3 Nanotechnology in Food Packaging

Packaging is an operational process, followed after the crops are harvested. It is
practiced for the purpose of transporting the food to distant places, easy handling,
maintaining quality of food, extending shelf life, protection from external injuries
and preventing contamination by microorganisms. In conventional method of pack-
aging, materials like corrugated boxes, boxboard or paperboard cartons, paper bags
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and sacks are commonly used. Another method of packaging is modified atmosphere
packaging (MAP). In this method, fresh produces are stored, packed with plastic
films which restrict the transmission of respiratory gases. This results in accumula-
tion of carbon dioxide and reduction of oxygen around the produce to increase their
storage or shelf life. As new technology is approaching in recent years, application of
nanotechnology in food packaging is also a method which is being followed rapidly.
It is a method like modified atmosphere packaging but here, nanoparticles are being
used to develop new plastic or foil or modified packaging materials for food
packaging. They act as a barrier to prevent the penetration of oxygen into the
food. Nanomaterials in packaging and coating of food products can enhance the
quality produce (Pinto et al. 2013). Use of nanoparticles as coating material for fruits
has shown to prevent the loss of weight and shrinkage issues (Predicala 2009).
Nanotechnology in packing material increases the resistance properties like mechan-
ical, thermal, chemical and microbial by affecting its permeability to gas or water
vapour. Contamination in food can be detected by developing active antimicrobial
and anti-fungal sensing and signalling nanosensors for microbiological and bio-
chemical changes (Joseph and Morrison 2006). In active anti-microbe packaging, it
is in contact with the food product or headspace inside to retard the growth of
microbes on surface of food (Soares et al. 2009). According to Bradley et al. (2011)
and Tan et al. (2013) silver, copper, chitosan and metal oxide like titanium oxide or
zinc oxide are some nanoparticles which possess anti-bacterial properties. Other
forms of nanomaterials like nanocomposites and nanolaminates for food packaging
have also been used to provide resistance against heat and mechanical shock. Use of
these materials also helps in preserving quality and extension of shelf life of food.
Nanocomposites are materials that incorporate polymers with inorganic solids at
nanometric scale and are being used for packaging and coating or as ingredients.
Polymers like low density polyethylene, gelatine, isotactic polypropylene and
polylactic acid are generally used as nanocomposites. Additional to this, chitosan,
polystyrene and polyvinylprolidone are also recorded as nanocomposite films in
combination with copper or zinc oxide to deactivate food pathogen (Jin et al. 2009;
Li et al. 2009; Oehlke et al. 2014). Metal-based nanocomposite like silver is utilized
widely as an antimicrobial agent in the food industry and its application is also
suggested to be safe in food packaging (Addo et al. 2015). Nanocomposite was first
produced by incorporating organic substances with inorganic substances to bring
improvement in mechanical strength, toughness, electrical and thermal conductivity.
Nanocomposites are also used for coating plastic films like polyethylene terephthal-
ate (PET) which has shown better performance than others in terms of transparency
and drawn more attention towards silica and alumina coated food packaging films
(Moore 1999). In horticultural food industry and value-added food items such as
chocolates, bakery products and candies, nanolaminates are utilized in form of edible
coatings and foaming. Nanolaminates are thin films of two or more layers made up
of ultrafine-grained solids that exhibit a high concentration of interface defects;
proteins, polysaccharides and lipids are used for preparing the coating films. The
coating layers provide a barrier between food particle and external factors like
moisture, environment, light, heat, etc. to retain the nutritional value of the food
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(Cha and Chinnan 2004; Ponce et al. 2008; Rhim 2004). Nanolaminate as coating
material in food packaging is one of the novel technologies of nanoscience which is
widely used because of their very fine fragile nature. To extend or prolong the shelf
life of food, use of nanoparticles in ethylene absorbent is also being employed.
Increase in amount of ethylene gives an undesirable effect in some horticultural
crops. So, use of this absorbent aid in absorption of ethylene gas and other volatile
compounds produces by fruits or vegetables while transporting or storing. It signifi-
cantly decreases the spoilage of economic crops. Thereby, it reduces loss in supply-
ing chain and in return gives economic benefits to suppliers and retailers.

4.4 Nanotechnology Against Food Deterioration

Food deterioration is the spoilage of food where it becomes unfit for market and
human consumption. It results in change of texture, flavour, decrease in nutrients and
quality. It is caused by different factors such as growth of microorganisms in the
food, denaturation of enzymes, damage in food cause by insects and rodents, due to
environmental factors (temperature, humidity, heat and cold), and time. To control
this problem, we need to follow some mandatory methods like inactivation of
enzymes, removal of microorganisms and strictly regulating the methods of pre-
and post-harvest management. Traditional or home methods to avoid the food from
spoilage have also been practice from olden times. Some of the old methods that are
widely followed to preserve food are drying, curing, fermenting, pickling, use of dry
salt or sugar and smoking. Advance methods like irradiation, canning, pasteurization
or sterilization, freezing and preservation by chemicals are also some useful
techniques to stop degradation of food. Recently, many researchers are working
on modern technology to fight against deterioration of food and it includes applica-
tion of nano based technology. Use of nanosensors helps to assist the changes
occurring in the food which may leads to spoilage. They respond to the change in
gaseous composition like hydrogen, hydrogen sulphide, nitrogen oxide, sulphur
oxide and ammonia. They also have the ability to detect surrounding environmental
factors of the food. In agriculture and food industry, nanosensors help in detecting
many undesirable factors. The nanosensors are installed in the packaging material
and screen out the microorganisms that try to infest the food. It also helps in pointing
out the changes in quality of food, indicating it by different colours. There are
several types of nano based sensors. They are array biosensors, nanoparticle-based
sensors, nanoparticles in solution, electronic noses, nano test strips and
nanocantilevers (Tang et al. 2009). Array biosensors are used for detection of high
or low molecular weight toxins (Frances et al. 2003). It can be successfully applied
to detect content of toxin, bacteria and virus in food products. Electronic noses act
similarly like human nose. Several chemical sensors are used in electronic sensors
and are connected with processing data system (Sozer and Kokini 2009). Electronic
tongues which have similar functions to electronic sensors have been also reported
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by Yuan et al. (2008). This electronic tongue sensor gives signal by changing the
colour when it is in contact with any spoiled food and makes us aware that food is
not suitable for consumption. Nano test strips are strips that help in determining
contamination of food and it is easy and quick method for commercialization.
Electrochemical biosensors can be also used as tool to monitor undesirable
substances and pathogens in food. This analytical tool is also used for checking
adulterants in food and beverages (Garcia et al. 2010). It is reported from University
of Manitoba in Winnipeg that incorporation of nanotechnology with microelectrons
can generate a tiny sensor which help to monitor the early grain spoilage.
Nanobarcodes in food product are also used to screen the quality (Sonkaria et al.
2012). Nanobarcodes are of nano size barcode encoded with different element and it
includes different sizes, shapes and colour. Nanobarcodes can be used like conven-
tional barcode which helps in monitoring and controlling of food quality of agricul-
ture produce (Prasanna 2007). Another nano based technology called
nanoencapsulation also slows down deterioration of food. It is the enclosing of
food products with nanoparticles to prevent degradation until it reaches the targeted
site. After it is capsulated in food materials, it acts as a barrier for exchange of
moisture and gas which in return helps in extension of shelf life of food. It also
maintains the colour, flavour, texture, enzymes and responds as anti-browning
agents. The encapsulation can be done by covering with thin films, adding an
outer layer and by micro dispersion. The coating of food with nanoparticles prevents
it from entry of microorganism and microbial spoilage. The utilization of this
advance technology helps in protection of bio-active compounds like vitamins,
minerals carbohydrates, proteins and anti-oxidants (Sekhon 2010). The production
technique of nanocapsulation includes emulsification, solvent extraction, high pres-
sure, homogenization, coacervation, nanoprecipitation, inclusion complexation and
supercritical anti-solvent precipitation (Reis et al. 2006; Solans et al. 2005; Zuidam
and Shimoni 2010). Coating of fresh foods with mixture of gelatin and nano crystals
of cellulose, chitosan, nano silica or incorporating together has been found signifi-
cantly effective in preventing deterioration of fresh foods (Medeiros et al. 2014).
During manufacturing and storing, spoilage of food is generally observed. It is
believed that utilization of nanocochleates can control the degradation of
micronutrients and anti-oxidants in food. Nanocochleates respond as delivery sys-
tem and have ability to trap the desire molecule. In advent of nanoscience, it has
shown many advantages over conventional methods to control food deterioration
and brings assurance about food safety.

4.5 Nanotechnology for Food Storage

Food is essential for the growth and to prolong life; with providing nutrients like
carbohydrate, fats, proteins, vitamins and minerals (Pal 2017). In this phase of time
nanotechnology is applied for the storage, packaging, processing, transportation, and
for some other securities; also, for food industry—nanostructured materials, nano-
organic materials and metal oxide with bioactive elements are used (Pradhan et al.
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2015). Contamination of food through chemical, physical and biological means put
direct impact on the food chain (Pal 2017). So, it becomes very important to protect
food from any type of contamination. Nanotechnology provides effective packaging,
advanced packaging and creative packaging methods. In food industries, food
packaging involves primal utilization of nanotechnology which aids in food safety
and maximizes food shortage. In case of distribution system and encapsulation,
nanotechnology is extensively used to provide facilities like edible coating and high
barrier packaging as a result of which food can be stored for longer period of time
against moisture, gas and lipid (Kumar et al. 2016). Different types of
nanotechniques like nano-smart dust, metal-based nanosensors, nanobarcodes,
nanobiosensors, abuse indicators, full-temperature history indicator, reflective-
interferometry, array biosensors, nano test strips, carbon black and polyaniline,
single walled carbon nanotubes, and DNA are applied for food packaging (Pradhan
et al. 2015). Nanosensors like electronic noses, nanocantilevers, array biosensors,
nanoparticle in solution, nanoparticles-based sensors and nano test strips are used in
food packaging as it has a good role in finding out internal and external condition of
food products.

4.6 Nanotechnology in Food Pathogen Detection

Food borne infections are caused by germs like various bacteria, parasites, viruses
that contaminate the food products. Chemicals and harmful toxins are also responsi-
ble for food borne diseases. So, to control and avoid the food borne diseases
excellent detection method is required as a result of which food will remain safe
and occurrence of food borne diseases can be reduced (Law et al. 2015). Nanotech-
nology is widely used in food microbiology, as nanosensors for microbial detection,
antimicrobial activity of nanoparticles and nanomaterials used for food packaging
(Nasr 2015). Micro fluidic assays, biosensors, fluorescent nanoparticles, magnetic
nanoparticles, nanosensors, silica nanoparticles, nanoparticle-established assays,
nano diagnostic approaches are some of the important pathogen detection techniques
(Bulbul et al. 2015). This technology has better reasons from conventional methods
in terms of cost efficiency. The low cost nanosensors help in screening of different
pathogens present in food during packaging operation (Ranjan et al. 2014). The
alternative form of nanobiosensor known as nano bioluminescent spray can detect
the strains of pathogen in food products by producing a visual glow. The visual glow
in spray is due to the presence of different magnetic nanoparticles. For example, iron
oxide is used for isolation of DNA for milk pathogen like Listeria monocytogenes.
Gold nanoparticles are used for detection of E. coli, Staphylococcus aureus, Vibrio
parahaemolyticus, Salmonella enteric and Salmonella typhi in foods. The magnetic
nanoparticles are also used for detection of toxic substances found in food. Gold,
iron oxide and super paramagnetic nanoparticles are used for detection of aflatoxins
B1 and aflatoxins M1. Zinc oxide nanoparticles are used in analyte detection of
Ochratoxin-A. The incorporation of silicon nanosensors and proteins also has the
property to detect pathogen in liquid products by vibrating at different frequencies
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(Wang et al. 2011). Additionally, the success research report of array based immu-
nosorbent assay when coupled with liposomal nanovesicles on identification of
E. coli, L. monocytogenes and Salmonella spp. was revealed (Chen et al. 2011).

4.6.1 Gold NPs

For microbial detection and identification, gold NPs have significant role in organic
or aqueous solvent. Due to the small size of NPs (20–60 nm diameter), NPs are used
in drug delivery, DNA detection, environmental detection, biomarkers and as
chemical sensor (Primec 2016).

4.6.2 Magnetic NPs

Magnetic nanoparticles are used for immunomagnetic separation and to control
sensing platforms (Hayat et al. 2013). Due to the large surface area, it controls and
improves the immobilization. For food pathogen detection, magnetic microsphere
immunoassay is first proposed by Kim et al. (Kim et al. 2010).

4.6.3 Biosensors

To study and detect biological organisms and events, biosensor is used (Syed et al.
2014). This device can isolate tissues, enzymes, immunosystems, organelles or
whole cell. Biosensors are mainly divided into two types: direct detection sensors
and indirect detection sensors. Amperometric immunosensor, potentiometric, piezo-
electric, colorimetric immunosensor, electrochemical immunosensor, surface
plasmon resonance are some biosensors used for pathogen detection (Senturk
et al. 2018).

4.7 Implication and Perspective

According to the study of researchers and scholars it is revealed that application of
nanotechnology in food science is successful in many ways. As an emerging
technology it is valued in food industry and related field has improved. Food
nanotechnology is being applied directly or indirectly in packaging, processing,
storage, food security, against deterioration, and detection of pathogen in food. In
agriculture sector its potentiality is utilized in development of precision farming.
Nanotechnology shows various benefits in development of functional foods,
nutraceuticals and other food products. Through this new technology smart and
active packaging of food, tracking devices and targeted delivery of essential
compounds in food have successfully employed. Their role in food industry proved
great potential over conventional techniques. It protects the sensitive food
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ingredients by applying nanoencapsulation techniques and improves the stability of
bioactive compounds. This new tool can increase the production of agriculture and
horticulture crops, have ability to check fertility status of soil, and protect plant from
insects, pests and diseases. Monitoring of undesirable bacteria like Escherichia coli
and Staphylococcus aureus in foods is done successfully by this novel technology.
According to the observation of many scientists, nano-based particles of metal and
metal oxide are considered as safe materials in food industry. Therefore, it is used as
food preservatives. However, some negative impacts and limitations of nanoscience
in food industry have also been reported. It is believed that the incorporation of
nanoparticles in food can sometime cause health threat and prove toxic to the
environment. When nanomaterial present in food additive comes in direct contact
with human organs, it brings health hazards and nanoemulsions in high amount
cause biological changes in our body (Cushen et al. 2012). Nanoparticles sometime
show effects in the cellular components of the biological system. It is also revealed
that they get attached in the cells of immune system (Jordan et al. 2005).
Nanocarriers containing high amount of organic solvents and emulsifiers can have
toxic effects on human body (McClements and Rao 2011). According to World
Health Organization (WHO), Food and Drug Administration (FDA) and European
Food Safety Authority (EFSA) solvents and emulsifiers are toxic but using it below a
certain dose is considered to be safe. Therefore, several researches and regulatory
observations to protect from adverse effect of nanoscience and to reduce the risk in
human health and environment are required. Moreover, to exploit it in food science a
scientific and practicable protocol is necessary.

4.8 Conclusion

In food science, nanotechnology plays a great role right from pre-harvest of crops to
post-harvest operational methods. Nanotechnology is a revolutionary science with
providing scope in different fields like in bio-engineering, nano-fabrics, optical
engineering, nano-devices, nanobiotechnology, defence, medicine and drug. Nano-
technology helps in food packaging, processing and preservation directly or indi-
rectly in many ways. It protects our foodstuffs from moisture, gases and lipids which
results in extension of shelf life. It helps in a proper way to get good result food
material and reached in safe and hygienic condition by delivering the bioactive
compounds. We can conclude that the advance method of this technology in food
science has great potential to change the system of food industry in positive effects.
After observing its wide scope in food science and other related fields, it is very
necessary for more exploration and scientific research.
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Abstract

In recent times, accelerated advancement of nanotechnology plays a great impact
on food science and food industry with booming investment and market share.
This review is an attempt to present and analyze the applications of nanotechnol-
ogy towards current and emerge use in food industries as food formulations,
processing, and storage. In order to produce real, affordable and delicious fresh
food items, the food industry appeals for new technologies that are essential for
maintaining market leadership. Nanotechnology is a technology that has the
hidden potential to revolutionize the food industry. The uses of nanoparticles
are not only in the field of food science but also in diagnosis of diseases and as
drug and gene therapy, tumor control, detection of pathogens and proteins, tissues
and cell engineering, DNA probing and pest control in agricultural fields. The
technologies also introduced novel integration technologies, micro-and
nanoencapsulation and enzyme encapsulation. Regulatory structures that are
able to handle any risks associated with nanofoods and the use of
nanotechnologies in the food industry are urgently needed.
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5.1 Introduction

The Greek word “Nano” means extremely small and the word was coined by Prof.
Norio Taniguchi of Tokyo Science University. At present nanotechnology is focused
on the production, manipulation and use of materials at the nanometre scale for
advanced biotechnology (Vadlapudi and Bullaya 2014). In current scenario, it is
needed to develop reliable, nontoxic, clean and eco-friendly experimental protocols
for the synthesis of nanoparticles of controlled size and shape. Further it is necessary
to elaborate the technology in a consolidated way with an approach that provides the
current trends of research on the biosynthesis of nanoparticles. Biosynthesis involves
using eco-friendly microorganisms, such as actinomycetes, fungus, plants, viruses
and yeast (Shah et al. 2011) (Fig. 5.1).

In food nanotechnology, the first step of revolution in food processing and
improvement in quality has emerged from Pasteurization process which was first
introduced by Pasteur to kill the spoilage bacteria (1000 nanometers) of foods
(Chellarama et al. 2014). Recent times, there is a great demand of functional foods
because growing realization links between pivotal diet and human health (Alexandra
& Alexandru 2017). This has led to the development of new category of foods, the
so-called functional foods which have bioactive compounds without affecting the
sensory perception of the consumer thereby improving the uptake of certain
components (Harjinder 2016). Nowadays, consumers are demanding functional
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foods which contain pro- and prebiotics but the territory of availability is limited to
certain food products, mostly fermented milk products, because of the actual tech-
nological barriers concerning the processing of those bioactive substances (Kang
Qixin 2016). For example, in the case of the yoghurt preparations, there are large
fluctuations and poor viability of probiotic bacteria and especially of bifidobacteria
during product storage, or in their passage through the digestive tract after consump-
tion (He et al. 2015). Nanotechnology plays an important role in food technology,
demand in food industry is the latest properties of nanomaterials. Thus, industries are
demanding new techniques such as micro- and nanoencapsulation that would pro-
vide promising prospects for improved active research area in bioactive
substances (Helmut 2004). Different types of functional nanostructures are used as
building blocks to create novel structures. These include: nanoliposomes,
nanoemulsions, nanoparticles and nanofibers. In the past two decades food nano-
technology has been rapidly growing because nanoscale structures have shown
unique functionalities that improve sensorial, physical, chemical, biological, antimi-
crobial, nutritional and healthfulness properties of food products (Pan and Zhong
2016). The use of nanotechnology in food sectors includes nanosensors, tracking
devices, targeted delivery of required components, food safety, new product devel-
opment, precision processing, smart packaging, etc (Mahendra 2017). Nanotechnol-
ogy has the potential to combat food security, disease treatment methods, new tools
for molecular and cellular biology, new material for pathogen detection and protec-
tion of the environment (Dasgupta et al. 2015). Nanostructuring also adds value to
traditional materials by enhancing their mechanical strength, superconductivity and
ability to incorporate and efficiently deliver active substances into biological
systems, at low costs and with limited environmental impact (Alam et al. 2016)
The current work’s exposure is to draw on modern techniques for innovative
practical packaging that give answer to current barrier in the various fields of food
science and food microbiology. It is confront by Lagaron et al. that the development
of these ingenious concepts can be lugged by (1) integration of micro- and
nanoencapsulation and controlled release of bioactive components or
nanocomponents from biodegradable and/or sustainable packaging systems of
these active substances either in the packaging and/or within foods and (2) packaging
provided with enzymatic activity exerting a health-promoting benefit through
transformation of specific food-borne components (Ishrat et al. 2016) (Tables 5.1
and 5.2).

The current review focuses on the development of such novel functional hybrid
food/packaging systems including prebiotics, probiotics, phytochemicals, marine
oils, lactose free foods, encapsulated vitamins, bioavailable flavonoids, etc. This
will provide alternative, more efficient and in some cases, unique industrial means to
provide foods with improved impact on human health upon consumption in the field
of food microbiology (Bellah et al. 2012). Nanomaterials are customarily classified
as various types such as (1) Nanoparticles (NPs), (2) Nanoclays (NCs) and
(3) Nanoemulsions (NEs).
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5.2 Nanoparticles

Nanoparticles are very small in size, i.e. below 100 nm in at least one dimension. The
term nanoparticles was coined by Walstra in the year 2003. In the past two decades
food nanotechnology has been rapidly growing because structures of the nanoscale
showed unique features which improve the nutritional and health properties of foods
(Pan and Zhong 2016). Nanoparticles can be grouped into different types based on
their ability to carry different reactions with different ingredients and environmental
conditions. NP can be used as a UV protection barrier in food packaging. Depending
on the chemical characteristics, Nanoparticles can be divided into two broad
categories: (a) organic and (b) inorganic.

5.2.1 Organic Nanoparticles

Organic nanoparticles (ONPs) are produced from organic compounds that have
potential for use in foods to provide novel functionalities (Duncan 2011; Yada
et al. 2014). ONPs also known as nanocapsules used as vehicles for delivery of
essential nutrients or pharmaceuticals. There are six classical methods for the
preparation of nanocapsules: nanoprecipitation, emulsion–diffusion, double

Table 5.1 List of microorganisms synthesizing metal nanoparticle

Microorganism Nanoparticle Size in (nm) References

Pseudomonas stutzeri AG259 Silver 200 Venkataraman et al. (2011)

Lactobacillus strains Silver 500

Bacillus megaterium Silver 46.9

Klebsiella pneumoniae Silver 50

Bacillus licheniformis Silver 50

Corynebacterium sp. Silver 10–15

Bacillus subtilis Silver 5–60

Geobacter sulfurreducens Silver 200

Morganella sp. Silver 20 � 5

Escherichia coli Silver 1–100

Proteus mirabilis Silver 10–20

Bacillus sp. Silver 5–15

Bacillus cereus Silver 4–5

Staphylococcus aureus Silver 1–100

Lactic acid bacteria Silver 11.2

Brevibacterium casei Silver 50

Enterobacter cloacae Silver 50–100 Sukumaran and Eldho (2012)

Proteus mirabilis Silver 10–20 Sukumaran and Eldho (2012)

Pseudomonas aeruginosa Copper 50–150 Ratnika et al. (2012)

Bacillus subtilis Gold 5–25 Abhilash et al. (2011)
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emulsification, emulsion–coacervation, polymer coating and layer-by-layer (Mora-
Huertas et al. 2010). Generally, organic nanoparticles can be fabricated through two
main methods, i.e., “top-down” and ‘‘bottom-up” approaches (Forough and Farhadi
2010). In the traditional solid-state processing of the products, top-down routes are
used. The first phase is based on the bluck content and making it smaller, splitting
large particles with the use of physical processes such as crushing, grinding and
grinding. In bottom-up methods, physical, chemical, and biological principles are
used to build ONPs from particles or molecules. Both these methods differ in the
magnitude of mechanical energy used to produce ONPs; top-down and bottom-up
approaches are also called high-energy and low-energy methods, respectively
(Abeyasinghe et al. 2016). These two methods can be used in combination by
forming structures using a low-energy method and then reducing size using a
high-energy method. A wide range of materials are available in NOs, for example,
food additives (benzoic acid, citric acid, ascorbic acid) and supplements (vitamins A
and E, isoflavones, beta-carotene, lutein, omega-3 fatty acids and coenzyme-Q).

Table 5.2 Different nano techniques and nano systems used in food industries

Delivery
system Characteristics Applications

Liposomes Biocompatible and biodegradable;
suitable for DNA and RNA delivery
into mammalian cells

Medical and pharmaceutical
applications; easy to synthesize and
easy to storage

Carbon
nanotubes

Gene and drug delivery; nontoxic in
mammalian cells and tissues

Gene delivery for disease therapy

Gold, silver
magnetic

Biodiagnostics, imaging, gene and
drug delivery for disease

Gold nanoparticles are nontoxic;
non-opsogenic; magnetic
hyperthermia therapy used for
treatment of cancer cells

Fullerenes Carbon nanoclusters: used in different
ways such as making it water soluble

Protective barrier bound to DNA
expanding chances of incorporation
into chromosomes

Adenovirus Gene therapy, low pathogenicity for
human

Induces strong immune response

Adeno
associated
virus

Non-pathogenic and toxicity; long-
term transgene expression

No specific integration

Lentivirus Carry large gene inserts, infect
non-dividing cells

Biosafety problems

Oncoviruses Specific gene therapy; infect only
dividing cells

Possible recombination with
endogenous human retroviruses

Dendrimers Encapsulation of genes, highly
payload delivery

Act as multifunctional delivery
system

Nanoemulsions Stable dispersion, 100 nm size, uses in
different lipids and emulsifiers

Delivery and stabilization of
lipophilic compounds

Microemulsion Mixture of water, oil and surfactants,
size ranges 5–100 nm

Solubilization and delivery of
hydrophobic and hydrophilic
compounds
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They are used to enhance the nutrient value of food systems through improvement or
alteration of food functionality (Arruebo et al. 2009).

5.2.2 Inorganic Nanoparticles (INP)

INP are also undergo several methods for production, such as gas phase INP
synthesis method and liquid phase INP synthesis method which are further classified
into different methods. Gas phase INP synthesis methods have mainly three types for
INP synthesis which are named as flamed spray synthesis (Stark and Pratsinis 2002),
laser-induced gas evaporation synthesis (Ullmannet al. 2002) and plasma-based
synthesis (Kinemuchi et al. 2002). Liquid phase INP synthesis methods may further
categorized into co-precipitation method (Cushing et al. 2004) and sol–gel approach
(Hench and West 1990). Inorganic ingredients used in food, e.g. titanium dioxide, a
food colourant. For long time preservation of prepared foods, storage containers/
utensils (food contact materials) will be embedded on INP. Food packaging and
storage include engineered nanomaterials (ENMs) of transition metals, such as silver
and iron; alkaline earth metals, such as selenium and silicates.

5.3 Nanoclays (NCS)

These particles are occurring naturally by means of aluminium silicate, composed of
fine-grained minerals and having sheet-like geometry (Joseph and Morrison 2006).
The sheet-structured silicates are referred as phyllosilicates (Aftab et al. 2016). They
are low cost and eco-friendly materials. There are several NCs products in the
market, e.g. Imperm, Aegis, Durethan, etc. Imperm (from Nanocor Inc.) is used in
multi-layer polyethylene bottles and sheets for food and beverage packaging to
minimize the loss of CO2 from the drink and the ingress of O2 into the bottle, thus
keeping beverages fresher and extending shelf life. They provide an attractive
alternative (Jayanta and Kwang-Hyun, 2017).

5.4 Nanoemulsions (NES)

The lipid phase consists of two phases, i.e. an aqueous phase and lower phase. In an
aqueous phase, oil droplet being surrounded by a thin interfacial layer consisting of
emulsifier molecules, called nanoemulsion (NE) (Tadros et al. 2004). High-energy
or low-energy methods are used for production of NEs. NEs are highly stable to
gravitational separation because the small particle size effects dominate gravitational
forces. Encapsulation and delivery of functional compounds is one of the major
fields of nanotechnology applied to food industry. Center for Biological Nanotech-
nology, 2001 reported antimicrobial NEs can be used in for decontamination of food
equipment, packaging or food.
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5.5 Preparation and Factor Affecting Biosynthesis
of Nanoparticles

Generally, nanomaterials can be fabricated through two main methods, i.e., “top-
down” and ‘‘bottom-up” approaches (Forough and Farhadi 2010). Chemical reduc-
tion method is the most common synthetic pathway for metal nanoparticles synthesis
(Pal et al. 2007 ). In the case of nanoparticles (NPs) synthesis, bottom-up (or self-
assembly) procedures involve a homogeneous system wherein catalysts
(e.g. reducing agents, enzymes) are producing nanostructures affected by catalyst
properties, reaction media and conditions (e.g. solvents, stabilizers, temperature)
(Deepali et al. 2015). The physicochemical properties, surface and morphological
characteristics of nanoparticles will influence their fate activity, transport and toxic-
ity (Contescu and Putyera 2009). Synthesis of nanoparticles by high-energy physical
processes for researchers to scan for biologically arbitrating methods using toxic
chemical compounds (Gopinath and Velusamy 2013). Biologically synthesized
nanoparticles are cost-effective, easily sealed up and eco-friendly and finally it is
economically demanded (Mahasneh 2013). There are some methods used in nano-
particle preparation which are governed with good advantages and highly positive
scale up such as (1) Nanoprecipitation of polymers, (2) Polymerization of
alkylcyanoacrylates, (3) Interfacial polycondensations, (4) Formation of polyelec-
trolyte complexes, (5) Nano from neutral nanogels, (6) Ionic gelation, (7) Gelation of
emulsion droplets, (8) Emulsification reverse salting-out, (9) Colloidal mill, (10) Nat-
ural organisms (Fungi) and (11) Natural organisms (Bacteria) (Nagavarma et al.
2015).

The biosynthesis of nanoparticles will be affected by some factors such as
temperature, reaction time, reactant concentration, scalability, pH, etc. Size, shape,
stability and physiological properties also affect in the biosynthesis, some
nanoparticles have also been found to be toxic due to their factors such as composi-
tion, size, shape and surface chemistry (Kulkarni and Muddapur 2014). Presence of
these toxic formation agents on the synthesized nanoparticles has prevented their
clinical and biomedical application (Shah et al. 2011).

5.6 Characterization of Nanoparticles

In chemical and biological synthesis of nanoparticles, the aqueous state of metal ion
precursors from metal salts will reduce and as a result a colour change will occur, this
identification of colour change is the first qualitative detection of nanoparticles
(Poinern et al. 2013). After the reaction, nanoparticles can be separated from the
colloidal solution by centrifugation and then examined using advanced characteriza-
tion techniques. The analytical approaches have been dived into three groups;
separation techniques, imaging techniques and characterization techniques. These
techniques include UV-visible spectroscopy, dynamic light scattering (DLS), atomic
force microscopy (AFM), transmission electron microscopy (TEM), scanning elec-
tron microscopy (SEM), energy dispersive spectroscopy (EDS), powder X-ray
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diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR) and Raman
spectroscopy. AFM, SEM and TEM are considered as the direct methods for
obtaining data from images of the nanoparticles. UV-Vis, DLS, XRD, EDS, FT-IR
and Raman spectroscopies are considered for determining the composition, struc-
ture, crystal phase and properties of nanoparticles (Feldheim and Foss 2002; Jayanta
and Kwang 2014). Characterization of nano delivery system is an essential part of
understanding the benefits, as well as detection of toxicity in food.

5.7 Nanotechnology in Food Microbiology

Nanotechnology has prospective revolution in food industry. It has been used in
innovative development of biosensors for detection of pathogens and chemical
contaminants. This new technology also raises a serious concern about toxicological
aspects of nanoparticles in food, with emphasis on the risk assessment and safety
issues. Current research demand in food industries is encapsulation of probiotics and
prebiotics to improve shelf life of the product. Probiotics are comprised of living
microorganisms, when consumed in adequate amounts confer a health benefit on the
host (FAO/WHO 2002). The live probiotics of different species subsume in foods in
the form of fermentated milk, cheese, puddings fortified juices and curd (Nurit et al.
2015). Main aim of the nanoencapsulation is to develop probiotic bacterial
preparations that could be delivered to certain parts of gastro intestinal tract where
the probiotic bacteria interact with specific receptors and also to maintain good
population (Jun et al. 2016). After encapsulation of probiotic bacteria into the
products, the encapsulated forms of ingredients maintain longer shelf life of the
product. The preparatory designer probiotics may act as de novo vaccines, which
have the potentiality to modulate immune response (Timothy et al. 2016). Different
varieties of probiotic nano foods are found in market, as capsules, liquids and
powders. Dr. Kim’s probiotic nanofood and calcium combination reduces the risk
of osteoporosis (Kim et al. 2007). Fermented beverages like kefir, tempeh and
kimchi have good populations of probiotics that can be used in diet.

5.8 Nanoencapsulation and Microencapsulation

Nanoencapsulation is walled material with Nano sizes. Nanoencapsulation provides
several benefits such as protection against oxidation, pH triggered controlled release,
change in flavour character, ease of handling and bioavailability and efficacy.
Nanoencapsulation is a technology to pack substances in miniature making use of
techniques such as nanocomposite, nano emulsification and nano structuration
(Barrangou et al. 2011). These are providing the final product of functionality that
includes controlled release of the core. By using this technique the protection of
bioactive compounds, such as vitamins, antioxidants, proteins, and lipids as well as
carbohydrates may be achieved for the production of functional foods with enhanced
functionality and stability. Nanoencapsulation can make significant saving for
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formulations and can reduce the amount for active ingredients needed (Augustin and
Hemar 2009).

Nano capsules are involved in the delivery of the desired components and
entrapment of the odour and unwanted components in the food and thereby resulting
in the preservation of the food. Nano capsules carry the food supplements via the
gastrointestinal tract and which leads to increased bioavailability of the substance.
There are six basic ways for the preparation of nano capsules. These are namely as
nanoprecipitation, emulsions diffusion, double emulsification, emulsion-
concentration, polymer coating and layer-by-layer. Nano-coating used as carrier
functional ingredient during nanoencapsulation process and the nanoparticle is
growing interest for the use of encapsulated nanomaterials in agriculture for produc-
tion of nano formulated agrochemicals (Dingman 2008). In animal feeds,
nanocapsules can be used to incorporate nano additives, antimicrobials and
detoxifying compounds. Now nanocapsules and nanoemulsions have been used in
production of nanopesticide. In the food industry, the nanocapsules techniques have
increased because the materials can be protected from mixture, heat or other extreme
conditions thus enhancing their stability. Nano encapsulation technologies have the
potential to meet food industry challenges concerning the effective delivery of health
functional ingredients and controlled release of flavour compounds. Lipid based
nanoencapsulation system can enhance the performance of antioxidants by improv-
ing their solubility, bioavailability and preventing their unwanted interactions with
other food components. The main lipid based nanoencapsulation systems that can be
used for the protection and delivery of foods. Nanoliposome technology presents
exciting opportunities for the area food technologists such as encapsulation and
controlled release of food materials. The delivery vehicle for lipid soluble
ingredients, protection from degradation during processing, controlled site specifics
release, compatible with other food constituents, greater residence time and greater
absorption nanomaterials are the several advantages for nanoencapsulation
ingredients materials. Nanoencapsulation incorporated in fermented milk, yoghurts,
cheese, puddings and fruit based drinks used to develop designer probiotics bacterial
preparation. These probiotics bacterial preparation may act as vaccines which are
responses immune modulating.

Microencapsulation is defined as a technology for packaging liquids, solids or
gaseous substance in miniature. The sealed capsules that can release their contents at
controlled rates under specific conditions. Encapsulation involves the incorporation
of food ingredients and other materials in small capsules (Etheridge et al. 2013). For
this technique, the applications increased in the food industry because the encapsu-
lation materials can be protected from moisture, heat and other conditions to
enhancing their stability and maintaining viability. Protein, fats, starches, alginates
and lipid materials can be employed as encapsulating materials.
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5.9 Nanoemulsions and Microemulsions

In pharmaceuticals, cosmetic and as models for biological membranes areas, the
microemulsions have numerous applications. However in food, the microemulsions
are limited by the type of surfactants that are used to facilitate their formation
(Campos et al. 2011). Microemulsions are thermodynamically stable because of
the mixture of water, oil and amphiphilic molecules which assemble spontaneously
into nanometre-scale droplets. Microemulsion systems cannot be diluted, so the
microemulsion system breaks down at increased water concentration. This restricts
the application of some microemulsions in food systems (Monaliben et al. 2015).
The microemulsions system potentially is used for the encapsulation of oil-soluble
bioactive in food system. Nanoemulsions are only metastable, i.e. non-equilibrium
systems with a tendency to separate into the constituent phases over a period of time.
Nanoemulsions are optically transparent or translucent and are thermodynamically
unstable systems (Chuesiang et al. 2018). In compared with microemulsions,
nanoemulsions may possess a higher kinetic stability against creaming, flocculation
and coalescence due to mainly the characteristic narrow droplet size distribution, low
viscosity and Brownian motion between the droplets dominating over their low
gravitational separation force. The main limitations for developing food
nanoemulsions are the high cost of production and finding suitable food grade
surfactants (Monaliben et al. 2015).

5.10 Nanofood Market

The worldwide sales of nanotechnology products in the food and beverage packag-
ing sector increased from US$ 150 million in 2002 to US$ 860 million in 2004, reach
to US$ 20.4 billion by 2010 (Helmut 2004). The consulting firm Cientifica has
estimated the food applications of nanotechnologies around $410 million, food
processing US$100 million, food ingredients US$100 million.

A comprehensive analysis of the worldwide state of investigational and approved
nanomedicine products as of January 2012 (Volkmar et al. 2014) has identified
67 commercialized nanodevices and 33 marketed nanotherapeutics. A total of
25 devices and 122 therapeutics currently in development accounted for 789 ongoing
clinical trials. Global market for nanocomposite, nanoparticles, and nano clays and
nanotubes is about $1.6 billion in 2016 and it will reach $5.3 billion by 2021. The
global nanotechnology market should reach $90.5 billion by 2021 from $39.2 billion
in 2016 at a compound annual growth rate (CAGR) of 18.2%, from 2016 to 2021.
The global market for nanofiber product reached $203.2 million and $276.8 million
in 2013 and 2014, respectively. This market is projected to grow from $383.7
million in 2015 to nearly $2.0 billion in 2020, representing a compound annual
growth rate (CAGR) of 38.6% between 2015 and 2020.
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5.11 Food Processing Using Nanotechnology

The food processing system includes control of chemical contaminants,
microbiological hazards and pathogens in order to promote food safety. For improv-
ing food safety, scientists are continuing their research process of investigating the
use of nanoparticles as antibacterial agents. Recently, bulk amounts of SiO2 and
TiO2 oxides have been permitted as food additives (marketed as E551 and E171,
respectively). Salmonella spp. is recognized as one of the main causes of foodborne
illnesses in humans worldwide. Silver nanoparticles (AgNPs) are known to be highly
toxic to Gram-negative and Gram-positive microorganisms, including multidrug
resistant bacteria. Silver has properties to kill pathogens biofilm in mammalian
cells and tissues which is low toxic (Beyth et al. 2015). Therefore, silver
nanoparticles are being considered as an important means of overcoming the grow-
ing problem of antibacterial resistance. Nutraceuticals value of nanoparticles
containing nanosized ingredients and additives such as vitamins, antimicrobials,
antioxidants and preservatives are currently available for enhanced taste, absorption
and bioavailability (Momin et al. 2013). Some nutraceuticals incorporated in the
carriers include lycopene, beta-carotenes and phytosterols are used in healthy foods
to prevent the accumulation of cholesterol. The US based Oilfresh Corporation has
introduced a nanofrying technique where a nanoceramic product has been marketed
which reduces oil use in restaurants and fast food shops (Momin et al. 2015).

5.12 Packaging Techniques Using Nanotechnology

The innovative packaging solution is the reduction of spoilage. Packaging is the
technology of producing, processing and shipment of food products for distribution,
storage, sale and use. The food products are more secure through the use of nano
sensors for pathogen and contaminant detection. The antimicrobial agents are being
infused in to storage containers to retard bacterial growth and follow for longer
storage of foods. Silver is a good and well known antimicrobial agent for food
packaging (Carmen 2014). The 24-h growth of bacteria was reduced by over
98 percent because of the silver nanomaterials was developed with the help of
mechanical and thermal properties (Woodrow Wilson International Centre for
Sholars 2006). Nanocomposites are bonded nanoparticles in polymers to enhance
properties like lightweight, better recyclability, spoilage and flavour issues
(Pehanich 2006). Nowadays the nanocomposite materials are widely used in beer
bottles (A to Z of Nanotechnology 2006).

In this era, the nanotechnology techniques are rapidly used in the food industry.
Food packaging with nanotechnology techniques is the earliest commercial applica-
tion in food sector. In commercial, about 400–500 nano-packaging products are
estimated to be used and also the nano-packaging manufacture of 25% of all food
packaging is predicted for next decade (Reynolds 2007). The release of
antimicrobials, antioxidants, enzymes, nutraceuticals and flavours to extend shelf
life can also be designed with the help of nano-packaging (Cha and Chinnan, 2004).
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The pipeline and some antimicrobial films of food packaging are the new exciting
nanotechnology products which are now in market to improve the shelf life of food
and dairy products (El Amin 2007). Nanotechnology has been considered to have
high potential for food packaging applications very early on. The companies are
producing nanotechnology packaging materials for improving food safety and
extend the life of food and dairy products. The important parts of food industry
are food packaging and monitoring which are related with development and nano-
technology research (Broody 2003). Nanocomposites improved the food packaging
by maintaing the mechanical strength, heat resistance, reduce weight and improve
barrier against carbon dioxide, oxygen, ultraviolet radiation, moisture of food
packaging (Gomez et al. 2014). Various food packaging techniques using
nanoparticles have been discussed below.

5.12.1 Nano-Coatings

The nano-coatings are very efficient for keeping out oxygen and retaining carbon
dioxide in packaging technology such as oxygen scavengers. A nano-coating is an
aqueous based barrier coating. The use of aqueous based barrier coating food
packaging provides an oxygen barrier and gas barrier. The widely used of waxy
coating is now available in market for some foods such as apples and cheeses. Edible
coating and films are developed with the help of Nano technology application, which
is used on wide variety of foods and that edible coatings serve as moisture, lipid and
gas barriers (Dammak et al. 2017). These edible coatings are invisible for the human
eye. An edible antibacterial Nano-coating can be applied directly in bakery goods,
which is developed in early 2007 by the U.S company Sono-Tec Corporation
(El Amin 2007). In food packaging, the nano-coating techniques are improved day
by day.

5.12.2 Nanolaminates

Nanolaminate films are suitable for use in the food industry. Nanolaminate exhibits a
high concentration of interface defects and also its properties depend on their
thickness and composition. For the preparation of edible coatings and films over
conventional technology, the Nanolaminates have a number of important
applications within the food industry. Nanolaminates also have some good advan-
tage for the preparations. Nanolaminate coating could be created from proteins,
polysaccharides, lipids by using the simple processing operation like as washing and
dipping. A nanolaminate consists of two or more layer and bonded to each other with
chemically and physically. For the creation of different layers, variety of different
adsorbing substances could be used. The different layers are including natural
polyelectrolytes, charged lipids and colloidal particles. These layers are possible to
incorporate active functional agents in to the field. These functional agents would
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increase the shelf life and quality of coated foods. The nanolaminates are used as
coatings which are attached to food surface because of thin nature (Kotov 2003).

5.12.3 Nano Crystal

The dairy and food packaging materials are incorporating as well as embedding with
nano clays and nanocrystals. The advantages of nanocrystal and clay nanocomposite
in the packaging material improved light in weight, shutter proof, heat resistance and
shelf life (Ravichandran 2010). The nanocrystal is composed of atoms either a single
or poly crystalline arrangement and having at least one dimension smaller than
100 nm.

5.12.4 Nanomaterials

Carbon nanotubes are ideal carriers for delivery of biomolecules by means of their
low toxicity and easy penetration to cell membranes in which induced cell death by
increasing membrane permeability (Khodakovskaya 2009). The polymer nonclay
nanocomposite technology has been proven to improve the mechanical, barrier and
thermal properties of polymers for packaging application. The nanomaterial will be
analysed by the latest innovation in food packaging. The development of the new
polymer nanomaterials is completely monitoring of safety and quality based food
packaging in the food packaging industry.

5.12.5 Biobased Packaging

Biodegradable plastics are polymeric materials. It is at least one step in the degrada-
tion process. The biodegradation leads to fragmentation or disintegration of the
plastics with no toxic or environmentally harmful residue in a perfect condition of
moisture, temperature and oxygen availability (Chandra and Rustagi 1998). Biode-
gradable polymers are specific type of polymer which breaks down after its intended
purpose to result in natural byproducts such as gases (CO2, N2), water, biomass, and
inorganic salts. Biodegradable polymers have a long history and many are natural
products. Biodegradable polymers are classified into natural polymers, synthetic
polymers and modified natural polymers. The composition, structure, properties and
applicability are the main factors that are described for the biodegradable polymers.
The industries are facing environmental problems in the present era, and the polymer
does not degrade under standard environmental conditions. So polymers play a vital
role in biological environment degradation. Using polymers can solve the environ-
mental problems. Recently, the preparation and characterization of various kinds of
biodegradable polymers, i.e., nanocomposites are suitable for a wide range of
applications (SinhaRay and Bousmina 2005). Starch and derivatives, polylactic
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acid (PLA), poly (butylene succinate) (PBS), polyhydroxybutyrate (PHB) and
aliphatic polyester as PCl are the important ingredients for packaging.

5.12.6 Smart Packaging

In this smart packaging system, a technique known as bio-metrix has been devel-
oped, which evolves a multi detective test, i.e., food expert ID. This test was
therefore met with various food scares for nanosurveillance (Mahmoud 2015). A
nanotech company known as pSi Nutria develops various nanobased tracking
technologies, which involve detection of pathogens and monitoring foods through
ingestible Biosilicon. Nowadays smart packaging are used in Nestel, British air
ways, Monoprix supermarket, to detect colour change in various foods, where
food has been contaminated by food-borne pathogens. Here, packaging includes
electronic noses and tongues, engineered nanosensors. The above nanosensors are
developed by Kraft along with Rutgers University (U.S.) (Momin et al. 2013).

5.13 Role of Nanosensor in Food Safety

A nanosensor is a device consisting of an electronic data processing part and a
sensing layer or part, which can translate a signal such as light, or the presence of an
organic substance or gas into an electronic signal structured at the nanometre scale
(Arfat et al. 2016). Nanosensors are small, portable, rapid response and processing.
Nanosensors provide increased security in food industries in manufacturing,
processing and shipping of food products. A number of biosensors, sensors based
on nanoparticles, nanocantilevers, nano-test strips, solution nanoparticles, electronic
noses, etc., have been used as nanosensors for the detection of pathogens, pollutants,
chemicals and food analysis (Valdes et al. 2009). EU-funded Biofinger project has
developed portable biosensor Bio-Nano and Micro Electro Mechanical systems
(BioMEMS) using nanocantilevers for detection of biological entities, chemicals
and toxins (Joseph and Morrison 2006). The European Union regulations for food
safety have recommended that, for the introduction of new nanotechnology, specific
safety standards and testing procedures are required. In India food safety regulations
are introduced but not adequate to monitoring safety of nanoparticles. Biotechnology
has designed sensors which give increased sensitivity to environmental changes.
Nanosensors are also used by the store keepers to detect expiry dates of food
items (Kim et al. 2007). Carbon nano tubes used as nanosensor device are small
enough to trap and measure individual proteins or small molecules. Nanosensors
work by initiating enzymatic reactions or by using nano-engineered branching
molecules called dendrimers as probes to bind to target chemicals and proteins.
Pathogen and contaminate detection is possible with increased sensitivity and
decreased response time due to nanosensors. The nanotechnology has developed a
test for detection of S. aureus based on the use of magnetic beads, which can detect
most of S. aureus strains at a very low viable count. This will result in improving
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food safety. Similar results were also obtained for Listeria monocytogenes.
Aflatoxins are carcinogenic, mutagenic, teratogenic and immunosuppressive
substances, which are produced as secondary metabolites by the fungi Aspergillus
flavus and A. Parasiticus growing on a variety of food products.

5.14 Future Trends and Perspectives of Nanotechnology

Nanotechnology has been reported to have a wide range of applications in the field
of food industry from food analysis, packaging to storage. Technology helps in
identifying bacterial population with possible carcinogenicity and other harmful
activities. Research and development in response to consumer preferences gave
rise to active, intelligent and bio active food packaging techniques that are purely
innovative. These innovative packaging technologies contributed toward the
enhancement of food quality, safety, feasibility and bioactivity of functional
components. Nano-biosensors play an important role, in detection of food contami-
nation levels and safety increasing its shelf life. Food products and ingredients like
milk proteins, cereals, breads and polysaccharide have developed maillard
conjugates with very good emulsifying properties are been used in
nanoencapsulating heat sensitive bioactives including probiotics (Kolsoom et al.
2014). Beverages, meat, sausages, cheese and other foods based on enzymatic
hydrolysis in milk globular protein, α-lactoalbumin development of carbon
nanotubes showing antimicrobial properties are being used in food packaging.
Hydrophobic healthy foods in the form of nanocomplexes incorporated into soft
drinks, ice creams and chocolates. Nanotechnology develops new technique,
i.e. nanocharcoal absorbant, which decolourizes the food products. Besides this,
nanotechnology also uses nanomaterials found in nanofood products and includes
various metal oxides and metals like silver and iron complexes as antimicrobial and
antioxidant supplements, calcium and magnesium salt complexes used in health
supplements, selenium used as an additive in green tea products, etc. Cola-tasting
nano milk and fat reduced nano mayonnaise are the two examples of nanofood
products developed. Nano-packaging materials are bound with the polymer matrix to
increases its mechanical strength and makes it impermeable to gases, volatile
components such as flavours or moisture. Organic nanomaterial has been developed,
is used in food/feed industry to increase its consumption and improve bioavailability
of various minerals, vitamins and antioxidants of our body. For example, a naturally
occurring nanomaterial is lycopene a type of carotenoid in tomato. Nanotechnology
developed nano bio-fertilizers and other new agricultural techniques for good quality
of crops. Nanolaminate films used as edible coating over a variety of foods like
vegetables, fruits, meat, chocolates, candies, etc. Biopolymeric nanoparticles like
polylactic acid (PLA) helps in encapsulation. Use of nano composites materials for
coating plastic, a future alternative to silica and alumina coating as it is biodegrad-
able and helps to reduce packaging wastes. Nanotechnology helps in reducing agro
wastes and converts it into a high quality bio-fuels.
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There is a lot of research going on in recent times to produce nanocapsules
containing vitamins that will be discharged when nano sensors detect a lack of
vitamin in your body. After this research it could bring about a super vitamin storage
framework in human body system that conveys the supplements require by the body,
when needed. Nanocapsule contains flavour or colour enhancers which when
inserted in the food. The technique has not been distributed, so it will be interesting
to perceive how this specific trick is accomplished.
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Abstract

Due to ever-increasing human population, there is a huge need of enough supply
of food in the near future to overcome food crisis. Now, only increasing sufficient
amount of food is not enough to stand alone to resolve the problems, otherwise
the postharvest loss which accounts up to 33% of total agricultural produce will
be a hampered in the process. Hence, many combinatorial efforts using novel
scientific technologies such as biotechnology, nano biotechnology, nanoparticles
and other relevant technologies are being fostered to tackle the problems. Nano-
technology as its unique properties can be explored to minimize the postharvest
losses. Nanoparticles such as gold, silver, zinc and other metallic nanoparticles
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are often showing potential results in controlling the micro-organism deteriora-
tion and increasing the shelf life period of highly perishable crops. Nanotechnol-
ogy is a useful technology that can be applied to all branches of the science and
technology. This chapter focuses on packaging of crops using nanotechnology to
increase its shelf life. It also discussed about different nanomaterials playing
together in the food to safeguard from micro-organism and other pathogens
especially while storage. It is concluded that there is need to explore on using
of nanoparticles in postharvest management of crops to enhance their shelf life
period. It also concludes that there is need of substantial research on novel
technologies in the food and agricultural sectors.

Keywords

Nanomaterials · Postharvest loss · Shelf life · Food · Perishable crops

6.1 Introduction

In current days, nanotechnology application in different sectors is progressively
improving by mitigating side effects. It plays major role in fundamental science,
material science, engineering and agricultural science. To solve recent problems
facing in agriculture, nanotechnology can be used which occupies the confluence of
biotechnology, bioengineering and nano biology (Yadollahi et al. 2009). The pro-
spective of this technology is well achieved by many industries in preparing and
developing commercial products which are widely available in the market. Besides
its multifaceted applications, some of the basic fields where it can play major role
include electronics, photonics, pharmaceuticals and cosmetics, food and textiles
(Abbas et al. 2009). It is being seen that nanotechnology is vastly used in our day
to day life and this will bring change in the society. Firstly, in 2003, the USA,
Department of Agriculture had utilized the nanoparticles in agriculture and food
industry as their roadmap agenda (He et al. 2018; US DOA 2003). Then, thereafter,
gradually the momentum of nanoparticle application has increased. Analysis on the
topic has taken off over the last decade. It mainly disguises the all aspect of food and
agriculture industry, irrigation/water filtration, food processing and packaging, ani-
mal feed and aquaculture (Dasgupta and Ranjan 2018; Peter et al. 2016; Finglas et al.
2014; Bryksa and Yadav 2012; Sozer and Kokini 2009). In the midst of high
demands of food and its products and by looking to the ever-increasing human
population, horticulture science which mainly focuses on art and cultivation of and
handling of fruits, vegetables, flowers, orchids, ornamental plants will provide in
supplying sufficient and healthy food in the near future. However, a problem of
postharvest lost in horticultural and agricultural produce dissociates the food supply
and quality food materials reached to the customer. This can be minimized by
applying the biotechnology and nanotechnology in postharvest lost. Nanotechnol-
ogy can play major role in extension of shelf life of horticultural crops, control from
growth of micro-organism, food packaging and quality management, nanochips in
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labelling of the packaged food products and so on (Yadollahi et al. 2009). This
chapter emphasizes on some current outcomes on the utilization of nanotechnology
for horticultural crops postharvest shelf life improvement.

6.2 Nanomaterials

The word nano comes from a Greek work meaning dwarf which signifies the one
billionth of a metre, i.e. 1 nm ¼ 10�9 m (Taniguchi 1974). Nanotechnology is a
branch of science which deals with the nanoparticles of range between 1 nm and
100 nm (Salehi et al. 2020). In twenty-first century, nanomaterials have gained
significant momentum worldwide due to their peculiar properties and patterns in
contrast to conventional products (Camargo and Smith 2009; Panigrahi 2013; Panda
et al. 2020a). The nanomaterials show variation in their physical, chemical and
biological properties from atoms, molecules and bulk materials within the
dimensions of 100 nm (Panigrahi 2013). Nanomaterials act like a small crossover
in the middle of atomic structures and bulk materials. These bulk commodities
possess persistent physical properties in behalf of atomic structures with random
atoms that are situated in the space one by one and tries to associate with each other
across the atomic boundaries but the nanomaterials are aligned in a crystalline lattice
that are in conjunction with a single atom (Sharma et al. 2009). Nanomaterials are
having some exceptional characteristics that differentiate them from bulk materials
including larger aspect of energy, larger fragment of surface atoms, dimensional
captivity and lower deformity (Cao and Wang 2004).

Nanomaterials are generally classified into two groups corresponding to organic
nanomaterial and inorganic nanomaterial. The organic nanomaterials encompass
carbon nanoparticle while inorganic nanomaterials comprised of magnetic, noble
(gold, silver) and semiconductor nanomaterials, namely zinc oxide, titanium oxide
(Pradhan 2013). In comparison to organic nanomaterials, inorganic nanomaterials
are observed to be more useful for its better quality, products and multipurpose
function (Panigrahi 2013). Nanomaterials can exist with other materials of various
chemical natures serving as metal oxides, polymers, silicates, non-oxide ceramics,
organic carbon and biomolecules with dissimilar designs like spherical, oval, cubi-
cal, helical, prism, cylindrical and tubes (Akinsiku 2017). Due to exclusive
properties, structure, shapes and sizes of nanomaterials, it is now widely been used
in many scientific fields including physics, chemistry, biology, biotechnology,
microbiology, etc. (Lin and Xing 2007).

6.3 Properties of Nanomaterial

Nanoparticles are wide class of material that include particular size of one dimension
less than 100 nm at least (Singh et al. 2021). Nanoparticles can exhibit different
physical and chemical properties based on the type of particles and source of its
synthesis (Khan et al. 2017).
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6.3.1 Physicochemical Properties of Nanoparticle

The physicochemical properties of nanoparticles include large surface area, mechan-
ical strong, optically active and chemically reactive. This unique property makes
nanoparticles suitable applicant for various applications in the field of agriculture,
food, environment, health care and other diagnosis purposes.

6.4 Applications of Nanotechnology

Nanotechnology is used by biologist, chemist, physicists, engineers and doctors.
Generally, in agricultural field nanotechnology is used to identify and eliminate
pathogens and viruses (Singh et al. 2015). In agricultural field, nanotechnology is
used for the development of genetically modified crops, precision farming technique
and chemical pesticides. The nanotechnology has significant effect in food industry
for the development of design methods, functional materials, instrumentation and
product development for food safety and packaging (Hosseini and Rezaei 2011).

6.4.1 For the Control of Disease and Pest in Plants

Nanoparticles like nano alumino-silicate, nano silver, carbon nanomaterials, mag-
netic nanoparticles, titanium dioxide (TiO2), magnetic nanoparticles with particular
concentration used for the control of several plant diseases caused by different
pathogens (Yadollahi et al. 2009).

6.4.2 For Detecting Plant Diseases

Nanotechnology is used to detect the plant disease at its early stage. This technology
is rapid, accurate and can give results within few hours. For the detection of phyto-
bacteria nanotechnology is used as a biomarker (Khan and Rizvi 2014).

6.4.3 For the Control of Plant Diseases

Crop management can be improved and modified by following new ways of
nanotechnology. By following broadcasting or spraying technique, plant protecting
chemicals and plant nutrients are applied to crops. Low concentration of chemical
applied to the target site to avoid problems like degradation by photolysis, leaching
of chemicals, microbial degradation and hydrolysis (Singh et al. 2015).
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6.5 Use of Nanoparticles to Control the Plant Diseases

Different forms of nanoparticles can be used in controlling plant disease.
Nanoparticles such as silver, silica, alumina silicates and carbon are often used in
controlling plant diseases (Khan and Rizvi 2014).

6.5.1 Nano-Agriculture

The use of some nanoparticles in agriculture field, which have some profitable effect
to crops, is known as nanoagriculture (Srilatha 2011). Nanoparticles decrease the
release of chemical level and the damage to other plant tissues. Fertilizers, pesticides
and nutrients are applying to plants by drenching or spraying process. Nanotechnol-
ogy increases the safety, effectiveness, patient obedience by developing new
products against pests (Caraglia et al. 2011). There are some nanoparticles such as
silver nanoparticles, mesoporous silica nanoparticles, carbon nanotubes,
nanoemulsion, nano sensors which provide effects against pests and improve crops
quality.

6.5.2 Silver Nanoparticles

Root diseases can be reduced by using silver nanoparticles and improve health and
growth of several plants (Srilatha 2011).

6.5.3 Nano Sensors

Nano sensors play a role as a promising tool for the food production and in the
agriculture field (Srilatha 2011). For the detection of contaminants like toxins
bio-hazardous substances, viruses, bacteria, etc. nano sensors are used in food
systems and agriculture.

6.5.4 Mesoporous Silica Nanoparticles

Mesoporous silica nanoparticles (MSNs) have high pore volume, high specific area
and physicochemical stability so it has an excellent drug delivery system (Srilatha
2011). DNA and chemicals are delivered into isolated plant cells by MSN. This
facilitated to greatly studied on functional genomic of the plants. Gene expression
system of the plants can be easily tapped using with MSN. They act as carrier to
foreign gene delivering at site of interest.
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6.5.5 Nanoemulsion

Nanoemulsion is dispersion of two immiscible liquids stabilized by surfactant. The
dispersed phase comprises size range of 5–200 nm (Zhao et al. 2014). Nanoemulsion
is used in the field of agriculture, biomedical, cleaning products and cosmetic. Most
of the emulsions used in agriculture are based on biological sources which may be
included lipid nanocarriers, plant oils, emulsifiers, biosurfactants, cosurfactants,
surface nanoemulsion, encapsulated active ingredients, etc.

6.5.6 Precision Farming

Precision farming is an integral part of crop management system to improve the
production of a particular crop by using advanced technology such as remote sensing
(RS), GPS and geographical information system (GIS). This technology gives the
data of disparities in the field such as soil, crops incidence with disease, etc. timely to
act upon it for remedies. It also give the farmers to take right decision in the right
place and at right time (Shibusawa 2002). This process identifies specific difference
in site of fields and adjusts management. Precision farming or precision agriculture is
a process that managing crop production inputs such a fertilizer, water, seed and cut
down waste (Shibusawa 2002). The collection and analysis of information become
easier by following precision farming (Hakkim et al. 2016). There are some tools and
equipment needed for the precision farming.

6.6 Global Positioning System (GPS)

GPS is a network of satellite system helping in recording exact positional informa-
tion such as longitude, latitude and elevation of the crop field (Batte 2000). It
provides the exact position of field information such as weed invasion, soil type,
pest occurrence, water holes and obstructions also provide field location to farmers
so that input process becomes easy (Hakkim et al. 2016).

6.6.1 Sensor Technologies

Sensor technologies generally used to measure humidity, vegetation, temperature,
structure, physical character, texture, humidity, vapour, air, nutrient level, etc.
(Hakkim et al. 2016).
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6.6.2 Geographic Information System

GIS is a computerized map, provides information on field topography, surface
drainage, soil testing, soil types, irrigation, chemical application rates and crop
yield (Hakkim et al. 2016).

6.6.3 Grid Soil Sampling and Variable-Rate Fertilizer (VRT)

Grid soil sampling is one of the methods for sampling the soil at equal distance
across a given land. The method is now incorporated with many advanced tools to
ensure accurate variable rate. This technology can provide farmers to map his farms
based on the soil colour by using aerial photography methods, topography and the
past experience of the farmers to manage the farms in an effective way.

6.6.4 Rate Controllers

These are the devices used to design to control the delivery rate of chemicals,
fertilizers, pesticides or other liquids in the crop fields. It is a kind of automatic
tools which monitor and control the speed of the tractor/sprayers flow across the
field.

6.6.5 Yield Monitor

These are the monitor used in studies and analysing of yield parameters of a
particular crop. It contains several components which may include sensors, data
storage device, user interface (display and key pad), main computer and other
necessary components. The information generated is stored in the computer and is
used for site specific evaluation and monitoring by planting variable rates of seed and
applying variable rates of herbicides and pesticides.

6.6.6 Nano-Biofarming

Nanoparticle can be yielded by the following particle farming process; following
harvest procedure the nanoparticles can be separated mechanically from plant tissue
(Misra et al. 2013a). Nano biotechnology has the ability to increase the quality and
efficiency of production and food safety. Nano biotechnology provides the new
ways to study DNA, molecules, nutraceutical and pharmaceutical use (Subramanian
and Tarafdar 2011). Crops yield and values of nutritional capacity increase by
nanotechnology. Recycling of wastes like food, cosmetics, medicines can be
recycled by following nano-biofarming technique (Agrawal and Rathore 2014).
Gold particles and silver particles are found out from Cyamopsis tetragonolobus,
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Medicago sativa, Brassica juncea, Allium sativum and Memecylon edule extracts
(Agrawal and Rathore 2014). Nanoparticles are stored depending on the nature,
shapes, sizes and species of plant tissue (Agrawal and Rathore 2014).

6.7 Nano Formulation in Packing and Quality of Food

Packaging of food product in food science is a major problem in determining and
developing an effective packaging material to protect from microbial contaminants.
Packaging of edible food items using films coating with cinnamon or oregano oil, or
nanoparticle of zinc, calcium and other materials that can kill bacteria is highly
important. Nano-fibres using by green packaging method made from lobster shells or
organic corn (both antimicrobial and biodegradable) is also an effort in food safety.
Bayer polymers have produced a nano-composite “hybrid system” film durethan,
enriched with silicate nanoparticles, which reduces the entry of oxygen and other
gasses. It prevents the food from spoiling. When this plastic is processed into a thin
film and wrapped over food, it gives more benefit than normal plastics. This thin film
wrapping can extend shelf life of the foodmaterials by preventing easy contaminations
of the pathogens which causes food spoiled (Misra et al. 2013b).

6.7.1 Nanotechnology for Food Packaging

It is very important to prevent food from loss by developing a proper packaging
method. Nanoparticles are one of the most used advanced technologies that offer to
extend shelf life of packaging foods. Packaging of food materials using
nanoparticles not only enhance its shelf life but also secure the quality of the food
by preventing from spoilage. It can sustain the flavour of the food for longer period.
Nanomaterials are encapsulated with other composite to form nano-composite and
these composites provide a barrier in between the food and outer environment
thereby proofing from leakages, gases, pathogen infestation and other physiological
changes. Nanotechnology incorporation in food packaging is eco-friendly and can
be more safe and secure than using of chemical preservers. The nanoparticles like
silver, titanium oxide, zinc oxide can be utilized to prevent from pathogens infesta-
tion (Sharma and Dhanjal 2016).

6.7.2 Nanoencapsulation

Nanoencapsulation or nanoformulation is designing of a nanocomposite consisting
of nanoparticles and other materials for effective and accurate delivery of the system
that involves controlled release. Nanoformulation has got many advantages over
other materials due to their stability, holding capacity of volatile components,
controlled moisture release, bioavailability, efficacy and targeted delivery.
Nanoencapsulation can be used in postharvest disease prevention by extending the
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shelf life. It has been tasted safe and controlled discharges to food preservation
(Sharma and Dhanjal 2016).

6.8 Safety of Nano-Packaging Material

By the experiment of research, it is projected that the intellectual packaging will
allow an improved monitoring of the flow in the next generation for protection of
food material. By addition of suitable nanoparticle it is easy to synthesize packaging
material of intense tensile strength. The nanotechnology field ability and its benefits
are needed to be explored in the concern of industry and human health. Mainly two
concern of importance involves issue related to food safety and quality that may
affect the consumer and second issue is related to environment safety.
Bio-nanotechnology will help as a significant approach to conquer present defies
that are linked with active food packaging solutions (Sharma and Dhanjal 2016).

6.9 Biosynthesis of Nanomaterials

Nanomaterials synthesized by two approaches including bottom to top and top to
bottom approach. In bottom to top approach, the smaller atoms aggregate together to
form a bigger nucleus and later on gives rise to nanoparticles by both chemical and
biological process while in top to bottom approach, a bigger mass of particle broken
down into smaller fragments by physical process (Ahmed et al. 2016). In comparison
of physical and chemical methods, biological method is widely accepted for the
biosynthesis of nanomaterials due to its non-toxic and environment friendly nature
(Ahmed et al. 2016). The physical and chemical method involves toxic chemicals,
high temperature and pressure which is hazardous for environment although
biological method includes microbes like bacteria, fungi and plant extracts (Rafique
et al. 2017) which is non-pathogenic, worthwhile, energy saving, safe, fast, simplis-
tic, high yielding and bio-compatible (Mohapatra et al. 2015).

Green synthesis approach of synthesis of nanoparticles is environmentally
friendly, non-toxic in nature. The source of the synthesis includes living organisms
like plants, fungi, yeast, actinomycetes and bacteria (Konishi et al. 2007; Panda et al.
2020). The biosynthesis of nanomaterials using bacteria was done both intra and
extra cellular (Kowshik et al. 2003). When the bacteria are subjected to higher
concentration of any heavy metal, the metal ions get accumulated to the surface of
gram-positive and gram-negative bacteria and then the bacteria uptakes the heavy
metal through their cytoplasmic membrane (Beveridge and Fyfe 1985). Various
bacterial species have been recognized for the biosynthesis of nanomaterials includ-
ing Bacillus subtilis (Beveridge and Murray 1976), Bacillus licheniformis
(Kalimuthu et al. 2008), Escherichia coli (Shahverdi et al. 2007) and so on.

A flask containing nutrient broth is prepared and bacterial strain is inoculated with
it followed by continuous shaking for 12 h. Centrifugation is done after incubation
period and the obtained supernatant is used for the synthesis of nanomaterial which
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interacts with interested salts of nanomaterials. Again, after the incubation period
about 120 h, the change in biomass colour indicates the synthesis of nanomaterials
(Singh et al. 2014).

Similarly, nanomaterials synthesized using fungi show interesting properties
including prolonged storage and improved longevity. Many fungal species have
been reported for the synthesis of nanomaterials like Aspergillus (Bhainsa and
D'souza 2006), Penicillium (Mukherjee et al. 2001), Fusarium, etc. Fungal strains
are cultured in broth media on continuous shaking in rotary shaker for 120 h. After
the incubation period, the culture is centrifuged and the obtained mycelia is allowed
to interact with salts of nanomaterials and kept in dark for 70–75 h for the synthesis
of nanomaterials (Singh et al. 2014).

Biosynthesis of nanomaterials using plant extracts has a little different mecha-
nism. Plant extracts contain various secondary metabolites including flavonoids and
phenolic compounds which have the ability to act as reducing and capping agent for
the synthesis of nanomaterials. Several studies have been reported for the synthesis
of nanomaterial using plant extracts like Taraxacum officinale (Saratale et al. 2018),
Coriandrum sativum (Khan et al. 2018), Tribulus terrestris (Gopinath et al. 2012)
and showing various application as antibacterial and antifungal agents (Nelson et al.
2005).

The plant parts are collected, dried and crushed into fine powder. With the help of
deionized water, plant extract is prepared followed by filtration. Then the plant
extract is mixed with salt solution of interested nanomaterial. After few minutes,
the change in colour of the solution indicates the synthesis of nanomaterial (Singh
et al. 2014).

6.10 Postharvest Food Processing

Nanomaterials synthesized by biological approaches show better stability, solubility,
eco-friendly biodegradable nanomaterials and also exhibit its potential application in
postharvest technology. Postharvest technology is a process for preserving and long
lasting mean life of biodegradable and decomposable food products (Pedreschi et al.
2013). Postharvest is a period of crop production instantly following harvest along
with cooling, cleaning, sorting and packing (Bachmann and Earles 2000). The main
aim of postharvest is to keep the products moisture free, delay in spoilage, protection
from physical damages, decrease in chemical changes of the products and low
temperature storage also plays a critical role in maintaining food quality and
turgidity during postharvest (Beaudry 1999). The fruits and vegetables feel necessity
for proper postharvest processing technologies to lessen the quantitative and quali-
tative damages behind harvesting (Singh et al. 2014). Due to un-implementation of
postharvest processing can lead to reduction in per capita availability of crops. So,
this technology is highly required for maintaining global food security by enhancing
the wealth of agricultural products (Singh et al. 2014).

A numerous study has been reported which explains the application of
nanomaterials in postharvest physiology (Fig. 6.1). Nanomaterials are now used in
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food packaging which has the capacity to withstand heat and cold. To develop the
quality of food packaging, various nano tubes, nano wires and nano fibres were
being implemented (Sharon et al. 2010). Durethan film made up of silicate
nanoparticles blocks the entry of oxygen and other gases, thus protecting the food
from spoilage by preserving moisture (Sharon et al., 2010). Cellulose nanomaterials
were succeeded in increasing the storability of bananas with better moisture barri-
cade, wettability and surface adherence (Deng et al. 2017). The combination of
chitosan, silica and copper nanomaterials shows antifungal effect on Botrytis cinerea
that causes gray mold on table grapes and hence maintains the postharvest quality of
grapes (Hashim et al. 2019). A nano polymer polythene made up of silver, titanium
oxide and silicon oxide nanomaterials exhibits greater appearance quality, reduced
weight loss of Flammulina velutipes, winter mushroom after packaging of 15 days
on postharvest senescence (Shi et al. 2018). Some studies also reveal that silver
nanomaterials help to increase the postharvest life of cut lilies (Nemati et al. 2014).
Silver nanomaterials that are used in food packaging, storage containers, chopping
boards and refrigerators show tremendous effect of antimicrobial activity (Kour et al.
2014). On treatment of zinc oxide nanomaterials, the strawberries prolong their shelf
life during expanded storage without changing the fruit sweetness and also decrease
the microbial population (Sogvar and Saba 2016).

6.11 Conclusion

Nanotechnology has the prospective to upgrade the foods into healthier, nourishing
and nutritive, new food packets and storage. Nanomaterials intensified the flavour
and texture of food and do not allow to deteriorate during service life. It also
preserves the goods fresh for longer period of time due to its antimicrobial activity.
Effective storage of agricultural products is most important to manage the huge
demand, so in this context preservation, packaging is required. Considering the
matter here we have highlighted the useful application of nanotechnology in post-
harvest technology throughout the chapter.

6.12 Future Prospective

In future carbon nanotubes can be incorporated with packaging materials for detec-
tion of toxic proteins, microorganisms, food spoilage and to activate an intelligent
packaging system. Research on the carbon nanotube nanomaterials for its potential
health risk due to capability of some of the nanomaterials has the ability to cross
blood–brain barrier.

Rapid increase in world population emerges a doubt of availability of food for all,
so as to avoid the scarcity of food, postharvest technique should be introduced with
new scientific approaches for better quality, elongation of shelf life and to diminish
the food losses which can lead to rise in availability of agricultural products among
peoples.
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Nanotechnology Mediated Detection
and Control of Phytopathogens 7
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Abstract

In current environmental scenario, about 20–40% of crops are destroyed by pests
and pathogens annually. Hence to control the plant pathogens, toxic pesticides are
generally used which are harmful to both environment and human beings. In this
context, nanotechnology provides harmless effect to pesticides as it reduces
toxicity, increases solubility of less water-soluble pesticides and increases shelf-
life. It also provides good impact on environment and soil. Nanoparticles are
small particles which have size in between 1 and 100 nm. This chapter intends to
discuss how nanoparticles can be used for the control of plant diseases either
nanoparticle alone or acting as protestants or nanocarriers for insecticides,
pesticides and fungicides. Nanoparticles which are synthesized by different
methods can be used for agricultural applications. Nowadays although nanotech-
nology is progressing quickly, however its application in agricultural fields is
insignificant to control pests and pathogens practically. Hence, agricultural
applications can be developed by understanding the fundamental things of
research and production of commercial nanoproducts to control plant disease.
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7.1 Introduction

Nowadays nanotechnology has become the new attraction point of research for most
of the scientists. On the evening of ninth December 1959, an article entitled “There’s
plenty of room at the bottom” was delivered to American Physical Society by Prof.
Richard Feynman (Feynman 1960). According to him, single atoms or molecules
could be controlled, so that different possibilities of formulating new material could
be generated, which lead the scientific community to discover the new word of
“Nanotechnology”. Later the term “Nanotechnology” was coined by Norio
Taniguchi, Professor of Tokyo University of Science, Japan in 1974 to describe
the superfine, refined particles (Bhattacharyya et al. 2009). Hence, the research or
study related to the materials in the nanoscale is known as nanotechnology. The
basic and fundamental unit of nanotechnology is nanoparticles. The particles whose
size lies between 1 and 100 nm are called nanoparticles and mainly composed of
carbon, metal, metal oxides and organic matter (Ealias and Saravanakumar 2017).
Currently, nanotechnology is an exciting field for researchers as nanoparticles act as
bridge between the physico-chemical gap between the atoms/molecules and bulk
(macroscopic) material (Thakkar et al. 2010). This dissimilarity is due to the small
size and high surface area to volume ratio of nanoparticles (Thakkar et al. 2010). So
nanoparticles are used in various fields of science and technology due to these
unique features. Hence researchers now have a keen interest in the synthesis of the
nanoparticles using various techniques.

7.2 Synthesis of Nanoparticles

In the last decade, extensive research has resulted in enormous progress in the field
of nanotechnology and also in synthesis of nanoparticles. Various methods were
established to synthesize nanoparticles based on their physical, chemical, optical and
mechanical properties (Cho et al. 2013). One of the most popular synthesis methods,
widely known as the “top-down approach”, was developed and established by
Taniguchi et al. (Tarafdar and Adhikari 2015). The overall concept of this method
is relatively simple and relies on the fact that most nanoparticles can be synthesized
from larger molecules and later through a series of reactions can be converted into
nano form (Abou El-Nour et al. 2010). Interestingly, almost 10 years after the
introduction of the “top-down approach” to synthesize nanoparticles, a new concept
was put forward by K. Eric Drexler termed as “bottom- up approach” (Drexled
1986). This concept envisages that nanoparticles can be synthesized from
macromolecules based on the atomic and molecular composition. Most
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nanoparticles are synthesized by either physical and/or chemical methods. However,
biological methods for synthesis of nanoparticles have gained more attention of the
research community, due to its eco-friendly nature. In general eco-friendly strategy
employs plant extract, bacteria, algae, fungi, etc. to synthesize different
nanomaterials (Mittal et al. 2013). Furthermore, the synthesis of nanoparticles by
these processes have some benefits over the chemical synthesis method, as the
nanoparticles generated in such process are nontoxic by nature (Charitidis et al.
2014).

The ecological cycle is tightly regulated, with plants being placed as the primary
producers to sustain the balance in the food chain. However, in the course of
evolution, infections caused by plant pathogens have emerged as new players,
threatening the genetic diversity and survival of plants. Plant pathogens and pests
have created new issues and challenges in agriculture, resulting in decreased crop
production. It is estimated that these pests and pathogens contribute to an overall
22–40% less production in crops per year globally (Worrall et al. 2018). Hence, pest
management is utmost important. In layman’s term pest management means use of
pesticides such as insecticides, fungicides, herbicides, etc. to kill and destroy pest
and increase crop yield. The use of pesticides although results in an overall increase
in crop production, but comes with a price. For example, the advantages of the use of
pesticides are (1) quick action for killing (2) lower in cost. On the contrary, the
harmful effects of pesticides are (1) effect on the non-target organism, (2) increase in
the evolution of resistant pest population, (3) adverse effect on health, (4) reduction
in soil bio-diversity, (5) decrease in nitrogen fixation, etc. (Hayles et al. 2017). It is
reported that 90% of pesticides are blown to the air during or after application, which
causes adverse health issues (Stephenson 2003; Ghormade et al. 2011). Hence,
various research groups are working to find out an alternative for the use of
pesticides that could potentially be less harmful to the environment and precisely
affect only the target pests in interest and enrich soil productivity.

In such a scenario, advancements in nanotechnology have emerged as a possible
new strategy to overcome the traditional problems encountered in the agricultural
field (Bramlett et al. 2019). Recently, nanotechnology has been implemented in plant
hormone delivery, water management, seed germination, transfer of target genes and
nano-sensors (Hayles et al. 2017). For the development of the new generation of
pesticide, scientists are employing nanoparticles with desired size, shape and surface
properties to provide better pest management (Khandelwal et al. 2016) (Fig. 7.1).

7.3 Early Detection of Phytopathogens Using Nanoparticles

Using conventional agricultural practices, it was daunting for phytopathologists to
identify unknown phytopathogens causing different plant diseases. However, with
the recent advancements in nanotechnology, phytopathologists can employ new
strategies to detect the plant disease to increase better crop management (Rai and
Ingle 2012). In this context, molecular and immunodiagnostic techniques in
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conjunction with nanotechnology are used to characterize the pathogens for identifi-
cation and detection of microorganisms. Polymerase Chain Reaction (PCR) is used
for the detection of causative agent Xanthomonas axonopodis pv. Punicae in pome-
granate (Mondal et al. 2012). ELISA test is used to detect Xylella fastidiosa (Sherald
and Lei 1991). Advanced molecular techniques such as q-PCR is used to detect
blight bacterial disease in pomegranate. These techniques have high sensitivity,
reliability and specificity. Early detection of pathogens is the best method to prevent
disease in plants. Phytosanitary analysis and plant quarantine etc routine surveys are
performed to control the disease as these are reliable, fast and affordable process.
Additionally, the lab-on-a-chip system is used for the detection of toxicity of water,
nutrients in the water and control the quality of production of food (Gardeniers and
Van den Berg 2004).

7.3.1 Action of Nanoparticles against Phytopathogens

7.3.1.1 Plant Disease Cycle
The process through which the development of disease occurs in plants is called the
disease cycle. The events that are involved in disease development are inoculation,
penetration, infection, incubation, reproduction and survival (De Wolf and Isard
2007). Pathogens are introduced into different plants by different methods. For
example, some fungal pathogens release their spores into the air and these spores
are spread by the air current and penetrate through the injury or wound and natural
opening site of plants such as stomata and hydathodes during different

Fig. 7.1 Schematic diagram representing nanomaterial as either protectant or carrier for fungicide,
insecticide or herbicide. Adapted with permission from Ref (Worrall et al. 2018)
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environmental conditions such as moisture and temperature. When these pathogens
enter into the plant tissue, they establish a parasitic relationship between pathogens
and plants. Then pathogens undergo incubation or dormant period till the disease
initiates (Agrahari et al. 2020). Plant pathogens reproduce sexually or asexually and
survive a prolonged period till the favourable weather comes.

7.3.1.2 Host Pathogen Interaction
When the host enters into the plant tissue, immune elicitors stimulate plant defence
mechanisms and hypersensitivity response occurs as reported by Stakman (Stakman
1915). Some scientists reported that host pathogen interaction is responsible for the
process of apoptosis or programmed cell death in plants (Morel and Dangl 1997).
Avirulence (Avr) genes are secreted by pathogens binde indirectly to the plant
resistance gene (R). When both the R gene and corresponding Avr genes are present,
then recognition takes place which leads to active resistance of the plant. If either
Avr gene in the pathogen or R gene in the host is absent or mutated, then no
recognition occurs, and the plant becomes diseased (De Wit 1995). As a result,
putative reactions occur between two partners and transduction signal cascade is
activated.

7.3.1.3 Generation of Reactive Oxygen Species (ROS)
Doke et al. reported that during plant–pathogen interaction, ROS is released and
accumulated (Doke 1983). ROS production, otherwise known as ‟Oxidative burst”,
involves two phases. Phase I is rapid and nonspecific, while phase II is slower but yet
yields a higher concentration of ROS (Wojtaszek 1997). ROS is a toxic intermediate
that is generated by the reduction of molecular oxygen. Various enzymes are
involved in the reaction. NADPH oxidase enzyme helps in the reduction of H2O2

under physiological conditions. At first, the reduction of O2 forms superoxide anion
(O2�) and hydroperoxyl radical (H2O•), and second reduction produces hydrogen
peroxide (H2O2), and then it reduces to form hydroxyl radical (OH•) that is unstable,
but H2O2 is more stable. H2O2 and OH• react with polyunsaturated lipids in the
membrane and form lipid peroxide that results in the destruction of the biological
membrane (Grant and Loake 2000).

7.3.1.4 Mode of Action
1. When nanoparticle is taken into the cells through the process of translocation and

internalization, it helps in the degradation of intercellular ATP and DNA dupli-
cation (Lok et al. 2006).

2. Metal nanoparticles generate ROS and damage the cellular structure (Richards
1981).

3. Metal ion accumulates inside the cell and dissolves the bacterial membrane
(McQuillan 2010) (Fig. 7.2).

Under stress conditions, the oxidation reactions occur in the cell, which leads to
adverse effects on cell survival, signalling, death and generation of ROS (Mueller
et al. 2005). Copper oxide, zinc oxide, silver nanoparticles also show antimicrobial
activity against Escherichia coli, Bacillus subtilis, Pseudomonas aeruginosa and
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Staphylococcus aureus (Viswanathan et al. 2006). Bacterial plasmolysis is a process
in which subsequential degradation of components of cytoplasm and contraction of
the plasma membrane take place. Upon treatment of nanoparticles with bacterial
cells, nanoparticles form pores in the cell membrane, which lead to the release of
intercellular glucose and trehalose into the suspension. Nanoparticles bind to the
thiol groups of bacterial proteins and interfere with their activities. After binding to
the cell membrane, they alter the cell electrical potential and disturbs the respiration
process (Radzig et al. 2013). As a result, ROS is developed, which inhibits the
respiratory enzymes (Park et al. 2009) (Fig. 7.2).

Fig. 7.2 Represents different sources of generation of ROS. Adapted with permission from Ref
(Abdal Dayem et al. 2017)
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7.4 Nanoparticles in Controlling Phytopathogens

Different nanoparticles can be used to control plant pathogens. From different
studies, it is reported that metalloids, metal oxides and non-metals are used as either
bactericides, fungicide or nano fertilizers by suppressing foliar, stem, fruit or root rot
pathogens (Kah and Hofmann 2014). To protect plants from pathogens nanoparticles
can be used by two different ways: (1) Nanoparticle itself protects the production of
crops (2) Nanoparticles act as a carrier for pesticides, e.g. double-stranded RNA
(dsRNA) can be used by spray application, soaking into seeds, foliar tissue or roots.
The advantages of nanoparticles as carrier are increased solubility of less water-
soluble pesticides, decreased toxicity level, increased lifetime maintenance (Worrall
et al. 2018).

Hence, this chapter focuses on nanoparticles mediated plant disease management,
which can be used as protectant or carriers for insecticides, fungicides and
herbicides. Although, few reports are available on prevention of plant pathogens
using nanoparticles, however, the application of nanoparticles in crop pest manage-
ment is not being explored well.

7.4.1 Nanoparticles Acting as Protectant

Nanoparticles are tiny materials having size in between 1 to 100 nm, and they have
unique physical, chemical and biological properties in comparison to bulky material.
Nanoparticles have the ability to protect the pathogen such as bacteria, virus, insect
and fungus by suppressing the stem, fruit and root rot pathogen. Hence, researchers
use different metals and metal oxide nanoparticles such as silver, Cu, ZnO, TiO2, Au
nanoparticles which have antifungal, antiviral and antibacterial properties (Kah and
Hofmann 2014).

7.4.1.1 Ag Nanoparticle
Nowadays, the main focus is on green synthesis of Ag nanoparticles from plants,
fungi, algae, etc. (Rafique et al. 2017). Initially, Ag nanoparticles were used for the
control of pathogens in plants due to antimicrobial activity of Ag nanoparticles
(Richards 1981). Kim et al. have investigated that double encapsulation of Ag with
Ag+ ions can be spread on the powdery mildew of roses, which can kill the fungus
Sphaerotheca pannosa for at least 7 days (Kim et al. 2008). Lamsal et al. found that
if 100 mg/mL of AgNP is applied on peppers, it suppress the Anthracnose (Lamsal
et al. 2011). It was found that AgNP synthesized from the plant extract can be used
for the treatment of banana at different concentrations for the post-harvest control of
Colletotrichum musae (Jung et al. 2010). It was also found that AgNP has the
antimicrobial activity against foliar fungal pathogens. When various concentrations
of silver nanoparticles such as 10, 30, 50 and 100μg/mL were sprayed on the
cucumber and pumpkin leaves, the suppression of powdery mildew was observed.
AgNP can be used for the treatment of fungus, insects and virus (Lamsa et al. 2011).
In this context, it is reported that 24μg/mL of silver nanoparticles can be used to treat
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total germination of Bipolaris Sorokiniana in greenhouse trials, which is the causa-
tive agent of spot blotch of wheat. From histochemical staining, new facts come out
that due to green synthesis of nano-Ag, lignin deposits in the vascular bundles that is
a unique and novel approach for disease management (Moussa et al. 2013). Soil-
borne diseases which are caused by Phytophthora parasitica, Fusarium spp. and
Meloidogyne spp. are suppressed by silver nanoparticle it is reported that, applica-
tion of nano-silver inhibits the growth of Sclerotium cepivorum and Colletotrichum
Gloeasporioides (Jung et al. 2010). Generally, nano-Ag can be used as anti-parasitic
agent. Silver nanoparticle used for the inhibition of Juvelline stage of Meloidogyne
graminis and its implementation reduces the root gall formation (Cromwell et al.
2014). Ocsoy et al. first developed a new product such as DNA-directed sil-
ver AgNP grown on graphene oxide, which has the capacity to suppress bacterial
disease caused by Xanthomonas perforans on tomatoes. Application of 100 ppm of
Ag@dsDNA@GO reduces the severity of bacterial spot disease in comparison to the
conventional bactericide treatment (Ocsoy et al. 2013).

The most interesting point about AgNP is that it acts as biocontrol agent. Mallaiah
et al. observed that if silver at nanoscale is combined with the biocontrol agents such
as Bacillus subtilis, Pseudomonas fluorescens, Trichoderma viride, etc., it
suppresses Fusarium wilt and increases flower yield from 5% to 12%, 14% and
15%, respectively (Mallaiah 2015). It is also helpful for the reduction of the quality
of chemical and increases resistance of pathogens. From the studies, it is also
reported that fluconazole has increased fungicide activity, i.e. Alternaria alternata,
Cladosporium herbarum and Fusarium oxysporum (Bholay et al. 2013). But
according to Gajbhiye et al., when silver nanoparticle biosynthesized from
A. Alternata is combined with fluconazole, the antifungal activity is enhanced
against plant pathogen Phoma glomerata (Gajbhiye et al. 2009). However, till
now there is limited evidence about the defence mechanism of silver nanoparticle.
Mainly silver nanoparticles provide obstacle for the production of toxicity and soil
infertility.

7.4.1.2 Cu Nanoparticle
Mainly cu nanoparticles were found to have best antimicrobial activity to control
plant diseases. Cu-based fungicides such as kocide 2000 35WG, kocide opti 30WG
are used to treat Phytophthora infestans in tomato plant. Giannousi et al. monitored
the symptoms of leaf lesions in every 10 days of tomato plants and found that when
CuO nanoparticles at 150-340μg/ml were applied, they suppress the disease
(Giannousi et al. 2013). According to Strager-Scherer et al. Cu nanoparticles,
i.e. core shell cu, multivalent cu and fixed quaternary ammonium copper are used
to inhibit the bacterial spot by X. Perforans. From the studies it was found that nano-
CuO molecule can easily penetrate the bacterial membrane and leads to the busting
of the cell (Strayer-Scherer et al. 2018). Copper nanoparticle acts as a potent
fungicide. Some fungus such as Fusarium solani, Fusarium oxysporum and
Neofusicoccum sp., etc. invade vascular tissue of plants and block the water transport
system in xylem that forms foliage wilt (Yadeta and Thomma 2013). From the
studies, it was found that copper nanoparticles of different concentrations show
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antifungal activities against Fusarium solani, Neofusicoccum sp. and Fusarium
Oxysporum. Elmer et al. (Elmer et al. 2018; Elmer and White 2016) reported that
copper nanoparticles can be used as nanofertilizer. From the studies it is reported that
if CuO nanoparticle is treated with tomato and eggplant, then the harvest yield
increases 24% than control (Evans et al. 2007). It is reported that when 10μg/L
copper nanomaterial is used in maize plant, its growth increases to 51% than the
control (Adisa et al. 2019).

7.4.1.3 Zn Nanoparticle
Similar to silver and copper nanoparticle, zinc nanoparticle has antibacterial,
antiviral and antifungal activity. According to Paret et al., when photocatalyst
technology is combined with nanotechnology, it increases antimicrobial activity
and this technique is applied for Zn nanoparticle to treat bacterial spot on leaves of
rose plant which is caused by Xanthomonas spp. (Paret et al. 2013). It was observed
that when Zn nanoparticle was sprayed on leaves of lentil plant, it helps in improving
plant growth, chlorophyll, carotene content and protects the cell membrane (Siddiqui
et al. 2018). Treatment of Zn nanoparticle at 1000 ppm concentration enhances seed
germination, plant growth and early flowering in peanut plant compared to the
2000 ppm concentration as it shows negative and toxic effect to plant (Prasad
et al. 2012). It is reported that zinc nanoparticle or Zinkicide, i.e. SG6 when sprayed
on leaves of sweet orange and grape fruit, subdue cracker lesion, citrus scab (Elsinoe
fawcettii) and melanose (Diaporthe citri) respectively (Graham et al. 2016). Zinc
nanoparticles are also used to treat fungal pathogen (Khan et al. 2016). It is reported
that ZnO nanoparticles were used to treat fungus. From the observation, it was noted
that different concentrations of ZnO nanoparticle, which is synthesized from zinc
acetate at 9 mM/L impede growth and morphology changes of fungus like thinning
of the fibres of hyphae takes place. Antifungal activity of zinc oxide nanoparticle
was noticed at 12 mM/L against Botrytis cinerea and Penicillium expansum by
distorting hyphae of fungus and inhibiting Conidiophore and Conidia (He et al.
2011).

Similarly, ZnO nanoparticles can act as biocontrol agent which enhances crop
health. Zn nanoparticles at 500μg/ml combined with convention fungicide
tetraconazole inhibit Cercospora leaf blight of sugar beet and enhance root yield
and sugar content (Dimkpa et al. 2013). However, ZnO nanoparticle upon interac-
tion with bio-controlling agent such as Pseudomonas chlororaphisO6 and Fusarium
Graminearum in vitro enhances the efficiency of bio-controlling agent (Duffy 2007).
Hence it is used in plant disease management and increases the production of
the crop.

7.4.2 Nanoparticles Acting as Carrier

Different nanoparticles are commonly used for drug delivery and upon conjugation
with active molecules can be implemented in agriculture to treat plant pathogen.
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These nanoparticles can be used as carrier in fungicide, herbicide, insecticide and
RNAi inducing molecule as described below:

7.4.2.1 Chitosan Nanoparticle
Chitosan is the deacetylated form of chitin which is found in the walls of fungus and
the shells of crustaceans. One of the important properties of chitosan is: it is less
soluble due to its hydrophobicity in the aqueous medium; hence it is used in the drug
delivery (Kashyap et al. 2015). As a result, it is mixed with organic and inor-
ganic compounds to improve solubility (Li et al. 2011). Chitosan has functional
groups such as amine and hydroxyl which are modified and interacted with chitosan
molecule. It is attached to the epidermis of leave and stem for long time and
facilitates the uptake of the active molecule (Malerba and Cerana 2016).

7.4.2.2 Silica Nanoparticle
Silica nanoparticle has different physical and chemical properties, synthesized using
different methods (Mody et al. 2014). They have particular size, shape, crystallinity
and porosity which can be used for the drug delivery purpose. Different silica NP can
be produced by chemical methods such as mesoporous particle, core shell particle
porous hollow silica nanoparticles (PHSN) etc. In PHSN, the pesticide is loaded into
inner core to protect the active molecule and delivery to the target area. Hence silica
nanoparticles are used to treat plant tolerance against biotic and abiotic stress (Barik
et al. 2008).

7.4.2.3 Titanium Nanoparticle
Titanium nanoparticle is also synthesized from different methods in huge amount
which can be used in various applications. TiO2 is polymorphic in nature, is widely
used to control pests, nematodes in plants.

7.5 Nanopesticides

Pesticides are used to kill pests or pathogens to protect crop and to increase the yield.
It is effective to control disease in plants, but its application has adverse effect to the
environment and toxicity due to bioaccumulation. Hence nanopesticides serve as a
better alternate to control the pest as well as keep the environment pollution free.

7.6 Insecticides

The coating of insecticides around nanoparticles was first started in the early 2000s.
Earlier studies showed that insecticides are classified into contact insecticides and
systemic insecticides. Furthermore, based on different physically affected organs
such as nerve, muscle, growth, respiration, midgut, it is classified into 55 chemical
functional groups (Sparks and Nauen 2015). Agrochemists are now focused to
increase the activity of active ingredients of insecticides by reducing the particle
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size or encapsulating active ingredients into the nanocapsule under normal tempera-
ture, alkaline and acidic moisture, etc. (Khan and Rizvi 2017). Hence mostly
common nanoparticle carriers were chosen to target the pests or pathogens.

Generally, insecticides are less soluble in water. Hence the requirement of organic
solvents is needed, but these results in increased toxicity. Nanoparticles are used to
increase the solubility (Worrall et al. 2018). Besides, nanoparticles conjugated with
conventional insecticides are used to inhibit the pathogens. Lu et al. reported that
when the conventional thiamethoxam is loaded into dendrimer nanoparticles, it
results in increased toxicity and mortality of Hipposideros armiger (Lu et al.
2013). Similarly, anacardic acid combined with ADH nanoparticle results in
increased mortality of S.litura than that of anacardic acid-treated alone (Nguyen
et al. 2014). Mainly nanoparticles are smaller than conventional/traditional
chemicals. Hence it is important for release to the target side.

Evaporation is commonly used for the treatment of insecticides. Essential oil is
used to treat but it is quickly evaporate in presence of sunlight, temperature and air
(Lai et al. 2006). Hence the best method is encapsulation. If garlic essential oil is
encapsulated into PEG (polyethylene glycol) and spread in harvested rice, it inhibits
red flour beetles (Tribolium castaneum) as shown in Fig. 7.3. Imidacloprid
synthesized from PEG and other aliphatic di-acids are used for encapsulation method
to treat pest in different crops. Pepperman et al. reported that biodegradable micro-
bial polymers are used to control the pests (Pepperman et al. 1991). Cameron et al.
reported that there is a temperature-sensitive polymer such as intelimer, which
releases pesticide according to the favourable temperature to protect the active
ingredient (Cameron et al. 2018). A microcapsule is a reservoir system in which
the target ingredient of pesticide is surrounded by a membrane. (Sotthivirat et al.

Fig. 7.3 Schematic diagram of nanoencapsulation in pesticide applications. Adapted with permis-
sion from Ref. (Nuruzzaman et al. 2016)
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2007). Pest can be controlled using chitosan or alginate in this technique. SDS
modified Ag/TiO2 imidacloprid is prepared and applied on soya bean plants that
are grown on soil having pH 6.2 and degraded faster within 8 days of treatment (Yan
et al. 2005).

7.7 Fungicides

Fungicides are special group of pesticides that kill fungus and spores to provide
improved plant protection. The word fungicide came into existence from France as
early as 1938. Pierre-Marie-Alexis Millardet was the first to use fungicides to protect
the vineyards from the pathogen phyllorexia. There are different types of fungus
which cause disease in plants. With the advent of nanotechnology, conjugation of
nanoparticles with fungicides has gained much attention. One of the recent
techniques developed with the use of nanotechnology is “nano ghosts”. According
to Hatefalude et al. nano-sized bacterial ghost are taken from Gram-negative bacte-
ria, attached to leave surface and improve the solubility in water of tebuconazole
(Hatfaludi et al. 2004). Pyraclostrobin is another widely used fungicide that is
conjugated with chitosan lactic co-polymer at different concentrations. After treat-
ment, it inhibits C. gossypii, resulting in pest control within 7 days (Xu et al. 2014).
Another low-soluble fungicide, Kaempferol, when loaded into chitosan or lecithin,
shows 67% inhibition efficiency against Fusarium oxysporum. Another well-known
method is encapsulation, which is mostly used as it is quick and commercial in
nature. Similarly, Janatova et al. found that mesoporous silica nanoparticles (MSN)
conjugated with essential oils show higher antifungal against Aspergillus niger, over
a period of treatment of 14 days (Janatova et al. 2015).

Leaching is the most common method in which water and chemical move through
the soil. It was observed that fungicide metalaxyn loaded with MNS showed an
increase released rate of water. Similarly, nanoparticle encapsulated in Validamycin
shows lesser efficiency than Validamycin alone (Qian et al. 2011). Kumar et.al
reported that carbendazim loaded polymeric nanoparticle results in an increased
rate of antifungal activity against Fusarium oxysporum and Aspergillus parasiticus
than carbendazim (Kumar et al. 2017).

7.8 Herbicide

Herbicides are chemicals used to kill the herbs. Imazapic and Imazapyr are two
widely used conventional herbicides (Maruyama et al. 2016). Interestingly, when
these herbicides are conjugated with chitosan nanoparticle, it resulted in reduced
toxicity and increased efficacy in inhibiting the Bidens pilosa weed. Similarly, when
the conventional herbicides, i.e. Simazine and Atrazine were loaded into SLN
nanoparticles it resulted in decreased toxicity and enhanced inhibition against
Raphanus raphanistrum. (de Oliveira et al. 2015). According to Chidambaram et.
al, rice husk can also be used as nanoparticle. 2,4-D is inserted into rice husk and it
acts as the best herbicide agent against Brassica species than 2,4-D (Chidambaram
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2016). Grillo et al. show that different concentrations of chitosan coated with
polymeric nanoparticles help in attachment to the target plant and kill the pathogens
more efficiently. These studies also show that paraquat-loaded chitosan helped to
decrease toxicity against alga Pseudokirchneriella subcapitata in the presence of
aquatic humic substances (Grillo et al. 2014).

7.9 Conclusion

Nanotechnology has emerged as a key tool in the field of agriculture and plant
disease management. Conjugation of nanoparticles with pesticides or synthesis of
new nanoparticles serving as biopesticides has gained much attention due to various
advantages including increasing solubility of low-soluble water pesticides, precise
target delivery, reduced toxicity and less pollution to the environment. The applica-
tion of nanotechnology for plant disease management is yet to be explored in detail.
Future works must be focussed to explore the use of nano-based pesticides to
increase crop yield and productivity.
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Nanosystems for Cancer Therapy 8
Sailendra Kumar Mahanta and Manoranjan Arakha

Abstract

The chapter focuses on the various nanosystems and their applications in cancer
therapy. The nanosystems comprise nanoscaled biomaterials that carry the drug
molecules, proteins and genes into the tumor environment to achieve therapeutic
efficacy. The current know-how of the cancer physiology and the cancer milieu
facilitates designing nanosystems for cancer therapy. In terms of size,
nanosystems are a thousandth part of an average human cell. Nanosystems having
a size of less than 300 nm have enhanced permeability and retention in cancer
cells than healthy cells.

In comparison, nanosystems less than 50 nm in size easily enter most of the
healthy cells. Hence, the size of nanosystems is extremely critical for their
enhanced efficacy. By exploiting their small size, nanosystems can interact with
physiological molecules both outside and inside the cancer cells. Upon
functionalization of nanoparticles with antibodies, drug molecules, and genes,
we can have access to all the cells of the body. The system behaves like inject and
forget nanodevice which can selectively target cancer cells without affecting
normal cells. The nanosystems are building the roadmap for future technologies
where these can be potentially used to detect cancer cells and deliver treatment at
the targeted site.
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8.1 Introduction

Cancer is one of the top three prevalent health issues challenging humanity. The
heterogeneity of the disease and its features coupled with treatment induced drugs
toxicity makes it difficult to contain and treat. The number of cancer patients is
increasing rapidly, and as per the estimates projected by International Agency for
Research on Cancer (IARC), we could see an increase in the number of cancer
patients from 127 million new patients in 2008 to 222 million by 2030 (Bray et al.
2012). Cancer involves an abnormality in the physiological growth of cells and has
the propensity to move to other parts of the body. It is a disease of heterogeneous
characteristics where the cells undergo modifications in their DNA, causing aggres-
sive growth and invasion to nearby tissues resulting in tumor formation. Current
therapeutic options involve radiation therapy, immunotherapy, bone marrow trans-
plant, cryoablation therapy along with chemotherapy. Chemotherapy can sometimes
act as a double-edged sword where the Chemotherapeutic drugs can target and kill
rapidly dividing healthy cells in the human body such as hair follicular cells and
gastrointestinal cells resulting in loss of healthy cells in the human body.

Moreover, the tumor microenvironment is highly variable and adaptive than
normal cells and prevents chemotherapeutic retention of drugs within the tumors.
Due to the above reasons, gradually drug resistance creeps in the treatment process
and delays recovery. The above challenges make it an uphill task for drugging the
target site.

Nanosystems have emerged as vehicles for targeting tumors with a calibrated
amount of therapeutic agent. Nanoparticles are defined as particles having a size of
1–100 nanometers (nm), but the broader range includes particle sizes up to 1000 nm.
Particles in these ranges have improved physicochemical, electrical, surface, inter-
action properties, which facilitate them as nano-carriers (Albanese et al. 2012).

Nanosystems having a size of less than 300 nm can easily enter the tumor cells
compared to normal cells and can cause enhanced permeation and retention in cancer
cells while nanosystems less than 50 nm in size easily enter most of the cells, cross
blood vessels, and can circulate throughout the body. Nanodelivery systems for
therapeutic agents are being pursued worldwide due to their target specific release of
the drug, improved efficacy, and minimal side effects.
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8.2 Physiological Hindrances to Tumor-Specific Delivery

Intravenously administered drugs come across the first hindrance in the form of the
vascular endothelial lining. Other components in the blood, such as serum and
plasma proteins, protein splitting enzymes, RNA degrading enzymes, etc., also
hinder the movement of the drug towards the target sites (Alonso 2004). Epithelial
cells lining the gut wall act as a barrier for drugs taken orally. The drug molecules
will move through the epithelial cells with the help of transcellular transport proteins.
The physical and chemical characteristics of the drug molecules are detrimental in
their membrane transport. Thus, we can facilitate the movement of the drug
molecules across the cells lining the gut by altering the drug form, by providing a
protective layer that will prevent the drug molecule from coming in contact with the
gut lining or by use of molecules that would increase the porosity of the gut lining for
smooth transport of drug molecules (Ganta et al. 2010).

Moreover, enzymes such as cytochrome P450 and Efflux proteins such as P
glycoprotein are present in the intestinal lining, which prevent the absorption of
drugs (Ganta et al. 2010; Zhang et al. 2007). In contrast to the healthy tissue, tumor
microenvironment is entirely different with the presence of increased vascular
networks under hypoxic and acidic conditions. The tissue matrix in tumor cells is
also heterogeneous and contains inflammatory cells and fibroblasts that increase
the interstitial pressure within the cells. This increase in positive pressure within the
tumor environment also prevents the penetration of drug molecules deep within the
tissue (Tredan et al. 2007).

Tumor-targeted delivery of chemotherapeutic drugs using nanosystems is mainly
facilitated by the leaky tumor microvasculature, as shown in Fig. 8.1.

The mechanism is known as “enhanced permeability and retention” (EPR) effect
(Matsumura and Maeda 1986). The pore size of leaky channels in tumor milieu
varies across tumor types in the range between 300–800 nm; hence, the choice of
nanosystem size is detrimental for its successful delivery (Goncalves et al. 2012).
Nanosystems within a size range of 20–200 nm are known to cross the tumor milieu
and remain trapped (Danhier et al. 2010; Wilhelm et al. 2016). In a rather unconven-
tional study, Chan and Co-workers have suggested the median delivery efficiency of
the nanoparticle-based systems at the tumor site is a mere 0.7% of the injected dose.
Nanosystems prepared from inorganic materials have a higher chance of penetrating
the tumor milieu compared to organic materials. Nanosystems having a size of less
than 100 nm have higher median delivery efficiency at the tumor site compared to
nanosystems of increased size. It clearly shows now that even though the pore
channels in tumor vasculature are around 300–800 nm, we find nanosystems having
a size less than 100 nm (0.7% median delivery) to have increased access to tumor
vasculature than the nanosystems having a size greater (0.6% median deliver) than
it. The charge on the nanosystem significantly affects their ability to infiltrate the
tumor environment. Negatively charged nanosystems demonstrate a reduced rate of
endocytosis without the clathrin-mediated endocytosis pathway. However, posi-
tively charged nanosystems internalize swiftly through the clathrin-mediated endo-
cytosis (Harush-Frenkel et al. 2007). Moreover, nanosystems having a neutral zeta
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potential range (-10 mV to +10 mV) tend to have a delivery efficiency of 0.7%
compared to lower (0.6%) and higher zeta potential (0.5%) over neutral zeta
potential range (see Fig. 8.2). The study, however, does not take into account

Fig. 8.1 Schematic representation of nanosystems having enhanced permeability with retention in
tumor tissue
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pharmacokinetics, toxicity, efficacy, and the overall impact on patient outcomes
(Wilhelm et al. 2016).

However, the EPR phenomenon can be improved if the nanosystems can trick the
reticulo-endothelial system (RES) and demonstrate circulation in the bloodstream
for extended periods. The problem is solved by incorporating Poly(ethylene glycol)
(PEG) in the nanosystem (Harush-Frenkel et al. 2007). Nanosystems without PEG
functionalization can deliver drugs to organ systems where RES has a major role to
play, viz. the respiratory and the hepatic system (Ayer and Klok 2017).

The specificity of the nanosystems for the tumor environment can be significantly
improved by functionalization with tumor-specific ligands that bind to receptors
overexpressed in tumor cells.

Functionalizing the nanosystems for active targeting to tumors, using aptamers,
folic acid, nucleic acids (see Fig. 8.3), arginine-glycine-aspartic acid (RGD)
tripeptides, and epidermal growth factor mAb, etc., improves target delivery.

Hence, nanosystems can score more than the other systems in using their size and
physiological properties to their advantage and increase their concentration at the
tumor site.

Fig. 8.3 Functionalized nanosystems for nucleic acid delivery into tumor cells

8 Nanosystems for Cancer Therapy 131



8.3 Targeting Cancer Cells with Nanosystems

Nanosystems are basically categorized in to two systems, namely active targeting
nanosystems (see Fig. 8.4) and passive targeting nanosystems.

8.3.1 Active Nanosystems

Active targeting nanosystems include antibody-mediated targeting, aptamer
mediated targeting, and ligand-mediated targeting. Antibodies are one of the most
preferred functionalization tools in nanosystems to achieve specific tumor cell
selectivity.

Antibody functionalized nanosystems exploit the specificity of monoclonal
antibodies for targeting tumor cells directly along with highly potent drugloads,
resulting in enhanced efficacy with reduced toxicity (Parakh et al. 2015). Antibodies
possess specific specificity against surface antigen presented on the tumor cell
surface. The interaction leads to increased selectivity for the nano systems.
Muromonab CD3 was the first murine monoclonal antibody identified that targets
CD3 receptor present on the surface of T cells. The mAb’s for epidermal growth

H
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Fig. 8.4 Schematic representation of active targeting nanosystems (a) antibody based nanosystems
(b) aptamer nanosystems, and (c) ligand based nanosystems
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factor receptor (EGFR), transferrin receptor (TR), and prostate-specific membrane
antigen (PSMA) are frequently used for delivery of nanosystems.

EGFR is found to be over expressed in most of the tumor tissues than normal
tissues. Humanized mAb Trastuzumab which targets EGFR 2 (Her2) is one of
preferred treatment options available for Her2 overexpressed breast cancer.
Trastuzumab functionalization on nanosystems has been observed in a lot of
experiments involving Her2 positive cancer cells (Bloise et al. 2020; Truffi et al.
2018; Di Wu et al. 2017).

Antibody fragments such as antigen-binding fragments (Fab, ~50 kDa), single-
chain variable fragments (scFv ~30 kDa), and single-domain antibodies (sdAb
12–15 kDa) can be used as an alternative approach for functionalization of
nanosystems. Fab and scFv are the most widely incorporated antibody fragments
for functionalizing nanosystems (Byrne et al. 2008; Yu et al. 2010). Due to increased
surface area of the nanosystems tagging of multiple targeting peptides on to a single
nanosystem improves the loading efficiency, targeting efficiency and specificity. The
Fab consists of one constant (heavy) domain and one variable (light) domain
(Fig. 8.4). The scFvs are composed of a merged variable regions of constant and
variable chains (Fig. 8.4, (Wang et al. 2008)). The variable section provides them
with the required binding specificity (Byrne et al. 2008), whereas the absence of the
fixed domains makes them non-immunogenic. Overall, in comparison with whole
mAbs, antibody fragments functionalization on nanosystems reduces the challenge
presented by the RES and significantly increases the residence time in the blood
stream (Wang et al. 2008).

Aptamers are small single-strands of DNA or RNA molecules arranged into three
dimensional (3D) structures. Their small size and low cross-sectional profile
facilitates their binding to key proteins within the biological system efficiently.
Aptamers are equally efficient compared to antibodies due to their high sensitivity
and specificity (Ni et al. 2011). The A10 RNA aptamer binds with the extracellular
binding element of PsMa and facilitates the internalization of the nanosystems as
shown in Fig. 8.4 (Farokhzad et al. 2004). Cisplatin is internalized in prostate cancer
cells using PsMa aptamer-tagged nanosystems (Dhar et al. 2008). Quantum
dot-doxorubicin nanosystems are also functionalized with A10 RNA aptamer for
tumor-specific targeted delivery (Bagalkot et al. 2007).

Transferrin (Tr) is a glycoprotein present in blood that facilitates transport of iron
across the cell membrane. It binds to transferrin binding sites on the cell membrane,
and causes internalization through receptor-mediated endocytosis (Fig. 8.4). The
transferrin receptors on tumor cells have a 100 fold expression compared to normal
cells (Danhier et al. 2010; Byrne et al. 2008). Several liposome based nanosystems
using transferrin have been developed for intra-tumor delivery of doxorubicin
(Li et al. 2010; Kobayashi et al. 2007; Anabousi et al. 2006). Transferrin receptor
(TFr) is over expressed in tumor cells than normal cells; moreover, transferrin
receptor is also overexpressed in endothelial cells of brain capillary which makes
it an effective target for drugs targeting the brain. Drugs which are not able to cross
the blood–brain barrier can be moved across the blood–brain barrier with the help of
transferrin receptor loaded human serum albumin nanosystems (Daniels et al. 2012).
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Prostate-specific membrane antigen (PSMA) is present on the outer surface of the
membrane lining of prostate cancer cells and other solid tumors and is specific to
tumors (Hrkach et al. 2012). PsMa-targeted dendrimer-based nanoconjugate system
(see Fig. 8.4) has been used for carrying out payload delivery to tumors having
PSMA on the membrane surface (Patri et al. 2004).

Folic acid is a vitamin essential for synthesizing purines and pyrimidines. Cellular
uptake of folates is carried out through folate receptor (FR) (see Fig. 8.4). The FR is
found to be significantly upregulated in many human tumors compared to most
normal tissues (Byrne et al. 2008). FR directly transports folic acid, as well as folic
acid functionalized nanosystems (Talekar et al. 2011; Hilgenbrink and Low 2005).
Hence, FR is pursued as a viable target for delivering anticancer agents using
nanosystems (Yu et al. 2010). Folate receptors (FR-α and β) present on the cell
surface are capable enough for transferring folate into the cells. The alpha isoform is
highly expressed in more than 40% of different types of human cancers, whereas
FR-β is found specifically on triggered macrophages and hematopoietic cells (Xia
and Low 2010). These differences in receptor distribution can be harnessed for
designing folate functionalized nanosystems (Elnakat and Ratnam 2004; Pan et al.
2002).

8.3.2 Passive Targeting Systems

Passive targeting systems include dendrimers, metallic nanoparticles, metal oxide
nanoparticles, magnetic nanoparticles, quantum dots, liposomes, and polymeric
nanoparticles, as nanosystems for anticancer therapy.

Dendrimers are nanosized, radially symmetrical, well defined, homogeneous,
monodisperse, and regularly branched macromolecules. Dendrimers usually
increase in diameter linearly and develop a globular shape while generating
dendrimers (Baker 2009).

They are generally synthesized from synthetic sources or amino acids, sugars, and
nucleotides. Such nanosystems can be easily functionalized and conjugated to
therapeutic payloads for targeted delivery. Dendrimers can carry drug molecules in
their core cavities through hydrophobic contacts and various bond formations within
the cavities. Dendrimer–drug conjugates are highly popular in pre-clinical develop-
ment. Biocompatible dendrimers are under use for cancer treatment, as nanodelivery
systems for cisplatin and doxorubicin (Szymanski et al. 2011; Kolhe et al. 2006;
Gillies and Frechet 2005).

Among metal nanoparticles gold nanoparticles (GNPs) are widely preferred for
drug and gene delivery as it is inert, has highly modifiable synthesis methods,
increased functionalization properties, absorption coefficient is high, biocompatible,
can be easily detected, and acts as a carrier for targeted delivery (Papasani et al.
2012; Shan et al. 2012; Shukla et al. 2005; Connor et al. 2005). The functionalization
of GNPs with oligonucleotide results in increased uptake in cells compared to GNPs
alone (Giljohann et al. 2007). GNPs are also utilized for delivery of antisense DNA
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into the nucleus by functionalizing antisense DNA with peptides (Liu and Franzen
2008).

PEG coating of TNF alpha functionalized GNPs enhances uptake in tumor cells
and reduces the growth of tumor cells as observed in mice (Visaria et al. 2006). Thiol
functionalization of PEG enhances uptake of GNPs in MC-38 colon carcinoma
tumors with insignificant accumulation in healthy cells (Paciotti et al. 2004). Initia-
tion of angiogenesis within cells is regulated by heparin-binding growth factors such
as VEGF165 and bFGF; however, GNPs can bind with these growth factors, thereby
preventing intracellular cytokine activity and angiogenesis (Mukherjee et al. 2005).

Magnetic nanoparticles (MNPs) in size range of 5–20 nm are prepared from
magnetite or maghemite (McBain et al. 2008). Synthesis of MNPs is carried out by
co-precipitation of Fe(III) and Fe(II) (Sun and Zeng 2002). Magnetic and thermal
properties are unique features of MNPs apart from being biodegradable and biocom-
patible (El-Sherbiny et al. 2017; Laurent et al. 2011). MNPs are generally pursued as
a drug or gene delivery carrier for intracellular delivery. MNPs carrying the thera-
peutic gene or payload of interest are injected intravenously and exposed to strong
magnetic fields focussed at the site of interest in the body. Under the influence of
these strong magnetic fields, the MNPs are taken up by the cells in local tissue
(Dobson 2006; Wu et al. 2019). MNP-drug formulations involving doxorubicin,
paclitaxel, and methotrexate are undergoing pre-clinical evaluations (Li et al. 2013;
Corem-Salkmon et al. 2011; Thomsen et al. 2013). Increased targeting of tumor cells
is achieved by functionalization of MNPs with folic acid since folic acid receptors
are highly expressed in tumor cells (Li et al. 2013). MNPs have shown promising
results in experiments involving the functionalization of MNPs with drugs such as
doxorubicin and verapamil and peptides specific for tumor tissues such as cyclo
(Arg-Gly-Asp-D-Phe-Lys) (Shen et al. 2013).

Zinc oxide nanoparticles (ZnONP) ZnO are considered to be a “GRAS” (gener-
ally recognized as safe) and approved by the Food and Drug Administration (FDA)
with potential anticancer effect. The ZnoNP are versatile nanoparticles and can form
a core, as a shell and protect drug or genes or nucleic acids within itself (Martinez-
Carmona et al. 2018). ZnONP develop selective cytotoxicity towards cancer cells
mediated through the development of an imbalance in zinc-dependent protein’s
functional activity and selective generation of reactive oxygen species in cancer
cells. Zinc also plays a vital role in the maintenance of the tumor suppressor gene
p53 and the caspase-6 enzyme responsible for regulating apoptosis activity (Elshama
et al. 2018). Bovine alpha-lactalbumin (BLA) functionalized ZnONP have
demonstrated increased toxicity against MDAMB-231 cells in a reactive oxygen
species-dependent mechanism (Mahanta et al. 2017). Doxorubicin functionalized
Zinc oxide quantum dots have demonstrated increased toxicity in MCF-7 cells
compared to doxorubicin alone (Sharma et al. 2016). The above studies show that
ZnONP can act both as a drug and gene delivery system along with its own specific
toxicity against tumor cells.

Mesoporous silica nanoparticle (SiNP) is a promising carrier for gene, peptides,
and drugs. It enjoys numerous advantages such as porosity for drug encapsulation,
increased surface area, long-term storage, highly biocompatible (till a concentration
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below 2.5 nM), and low cost of scalability. SiNPs have shown promising results in
drug and gene delivery in addition to their ability to silence specific protein expres-
sion (Malvindi et al. 2012). Multicomponent nanosystems comprising of PEI25k-
PEG5k copolymer grafted SiNPs showed increased cellular uptake and siRNA
delivery in tumor cells (Lee et al. 2011). SiNPs functionalized with PEI, and Folic
acid is frequently used for targeting cancer cells (Rosenholm et al. 2009). Animal
studies have confirmed that SiNPs are preferentially accumulated in tumors, and
effectively deliver drugs such as camptothecin for suppressing tumor growth
(Lu et al. 2010). Exploiting the high porosity properties of SiNPs, Curcumin a
water-insoluble anticancer drug has been successfully delivered and found to
enhance the pharmacological effect in Glioblastoma cells (Ahmadi Nasab et al.
2016).

A wide range of natural and synthetic polymers are utilized for preparing biode-
gradable nanoparticles such as polylactide–polyglycolide copolymers,
polyacrylates, polycaprolactones, or natural polymers such as gelatin, alginate,
collagen, and chitosan (Moghimi et al. 2001). These polymers in a physiological
environment undergo hydrolysis to form lactic acid and glycolic acid and finally get
eliminated from the body with the help of Krebs cycle. The degradation products are
formed very slowly in the body without affecting the normal cellular functions of the
body. PLGA nanoparticles are synthesized using the emulsion solvent evaporation
technique (Jain 2000). DNA, antisense oligonucleotides, and drug molecules can be
encapsulated in nanoparticles using the same technique.

PLGA nanoparticles loaded with human wild type p53 plasmid DNA
demonstrated enhanced anti-proliferative activity in cancer cell lines (Prabha and
Labhasetwar 2004). In a separate study, the different size of synthesized PLGA
nanoparticle was administered to cancer cells, and their transfection efficiency was
evaluated. The results showed that the smaller PLGA nanoparticles had a 27-fold
higher transfection efficiency in COS-7 cells and a four-fold higher transfection
efficiency in HEK293 in comparison to larger size of PLGA nanoparticles greater
than 200 nm. The higher transfection efficiency of the small size of PLGA
nanoparticles was independent of DNA functionalization. The results highlight
that the smaller particle size and the uniform particle size distribution both enhance
the PLGA nanoparticle-mediated gene expression (Prabha et al. 2002). PLGA
nanoparticles functionalized with AS1411 (Ap), a DNA aptamer specific to
nucleolin receptor (highly expressed in cancer cells and endothelial cells), were
used to deliver paclitaxel in glioblastoma cell lines (Guo et al. 2011).

Chitosan is a biodegradable linear amino-polysaccharide obtained by
deacetylation of chitin. It is composed mainly of 1–4 linked N-acetyl D-glucosamine
and D-glucosamine subunits, (Romoren et al. 2002; Hejazi and Amiji 2003). It
readily forms complex with pDNA and forms nanoparticles in the size range of
20–500 nm particles. The molecular weight of chitin and deacetylation
characteristics determine the size of Chitin nanoparticles (CNP) (Illum et al.
2001). Chitosan exploits its cationic nature and forms strong electrostatic bonds
with other drug molecules, DNA, and antisense oligonucleotides (Bordelon et al.
2010). Due to the above interactions CNP protect the DNA from degradation and
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increases its bioavailability inside the cells (Koping-Hoggard et al. 2001). In order to
exploit this property of CNP, several researchers have prepared various forms of
functionalized CNP such as galactosylated chitosan nanoparticles (Erbacher et al.
1998), galactosylated chitosan-graft-poly(vinylpyrrolidone) nanoparticles (PVP)
(Park et al. 2004), trimethylated chitosan nanoparticles (Thanou et al. 2002),
N-dodecylated chitosan nanoparticles (Li et al. 2002), deoxycholic acid altered
chitosan nanoparticles (Kim et al. 2001). Doxorubicin loaded CNP have
demonstrated increased toxicity against MCF-7 cells compared to Doxorubicin
alone (Saeed et al. 2020). Higher transfection efficiencies were obtained with CNP
functionalized with cell-penetrating peptides for the delivery of antisense
oligonucleotides inside the cells (Dowaidar et al. 2018).

Protein nanosystems involving lysozyme (Mahanta et al. 2015), bovine alpha-
lactalbumin (BLA) (Mahanta et al. 2017; Mahanta and Paul 2015), human serum
albumin (HSA) (Li et al. 2011) are under investigation for their use as drug and gene
delivery systems in cancerous cells. The albumin nanoparticle system utilizes HSA
as a drug carrier for hydrophobic molecules. Albumin is physiologically known to
carry hydrophobic bio-macromolecules through reversible noncovalent interactions
(Hawkins et al. 2008). Albumin also binds to glycoprotein (gp60) receptor and
mediates the transport of albumin-interacting molecules (Desai et al. 2006). These
advantages of the albumin nanosystem facilitated the “nab” technology, a nanopar-
ticle system comprising of albumin and Paclitaxel. The first nanosystem based
product was the development of 130-nm nab-paclitaxel (Abraxane®), approved by
the FDA for the treatment of breast cancer.

8.4 Future Directions

The unique properties of nanosystems make them well prepared for oncology
applications. Although the use of nanosystems in medicine is relatively new, its
translation into the development of formulation is promising. Nanosystem based
chemotherapy is poised to influence the therapeutic outcomes in cancers in a more
positive way compared to traditional chemotherapy. However, there are still areas
for improvement, viz. limited clinical data and a less number of nano therapeutics
receiving approval for clinical use. Still, increased clinical data are required to
appreciate the nano system based therapy. The field of nanomedicine has caught
up rapid pace, and the new and improved nanosystems are being developed for the
treatment of cancer.
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Phytoplankton Mediated Nanoparticles
for Cancer Therapy 9
Priyadarshini Padhi, Manasa Kumar Panda, Yengkhom Disco Singh,
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Abstract

Cancer is one of the most dreaded diseases which causes major stumbling in life
expectancy around the globe. Although the primary treatment at early stages can
reduce the mortality rate of cancer, the survival rate is still low and this causes
a nuisance in the scientific research to explore new tools and technologies.
Phytochemical based compounds mainly obtained from phytoplankton and
their formulation with nanoparticles paves a new way of drug discovery to target
the delivery at specific site. This can modulate the molecular pathways and
cellular mechanisms involved in apoptosis, cell proliferation, migration, and
invasion. However, the phytochemical alone could not be so positive to treat
against cancer due to their low water solubility, low stability, poor absorption,
and less site specificity. The development of nanotechnology and formulation
with other drugs including phytoplankton mediated drugs, can maximize the
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potential of anticancer activities. Nanocarriers can enhance the stumbling block
due to phytochemicals and other drugs to deliver at the site-specific.

Keywords

Cancer therapy · Phytoplankton · Bioactive molecules · Nanoformulation

9.1 Introduction

Phytoplankton is autotrophic, prokaryotic, or eukaryotic microscopic organisms
under the plankton class. These organisms live in marine and fresh water
ecosystems, capable of performing photosynthesis by using sunlight and water.
Moreover, phytoplankton, also called microalgae, create organic carbon dioxide
compounds which are dissolved into water during a cycle called carbon fastening
that sustains the aquatic food web and allows aquatic life style. It is one of the
world’s most cosmopolitan, mostly undiscovered and diverse forms of life on the
planet (Appeltans et al. 2012). Some common types of phytoplankton are diatoms,
cyanobacteria, dinoflagellates, green algae, and coccolithophores.

Cyanobacteria, a comparatively more researched microalgae, originated approxi-
mately 3.5 billion years ago, having a population of 150 genera and nearly 2000
species with substantial diversity, causing a massive change in the environment by
releasing oxygen from water to the atmosphere through a photochemical reaction.
These prokaryotic autotrophs can exist as single-celled species or in colonies being
primary first-level species in food chains in aquatic ecosystems. In fact, these
prokaryotes play a major role in the marine nitrogen cycle and balance nitrogen
(N) and carbon dioxide (CO2) cycles in the biosphere (Awramik 1992; Blank and
Sanchez-Baracaldo 2010; Zehr et al. 2001). Apart from their life-sustaining role,
they are also a major concern for terrestrial ecosystem for the eutrophication of
certain cyanobacterial species which release harmful toxins into the water bodies
where they bloom (Gupta et al. 2003; Falconer and Humpage 2005; Vareli et al.
2009).

Acute liver damage, neurotoxicity, gastrointestinal disorders, and hepatic cancer
are reported in humans due to cyanotoxins (Gaudin et al. 2008; Van Apeldoorn et al.
2007). Cyanotoxins identify some potential molecules having anticancer properties
and can be used in cancer therapy. Among the molecules, cyanobacterial
cyclopeptides is one of them, which possess significant pharmacophoric composi-
tion, which could lead to the development of a new class of anticancer therapy
specifically targeting organic anion transporters (OATs) in metastatic chemotherapy-
refractory cancers (Monks et al. 2007; Herfindal et al. 2009).

As a source of novel drug molecules, marine species have the immense capacity,
so recently gained commercial interest. Microalgae are, in reality, a possible source
of valuable pharmaceutical goods containing a variety of polyunsaturated fatty acids,
fats, lipids, proteins, and other bioactive compounds. Also, microalgae molecules
isolated from whole extracts and fractional extracts have been reported to have
noteworthy biological activity including anticancer, anti-inflammatory, anti-oxidant,
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microbicidal, anti-leprosy, and anti-leishmanial function (Torres et al. 2014). These
have been demonstrated in many published papers and several issued patents for
chemicals obtained from marine algae. As per new advance studies in cancer
science, cancer malignancy, and drug resistance remain the leading cause of death
worldwide. According to the 2011–2015 National Cancer Institute studies (NCI
2020), roughly 172 of every 100,000 persons are killed each year. Cancer is one of
the most common and dangerous diseases, mainly because of its treatment
difficulties and ultimately leading to death. The principal source of this problem is
that cancer is the result of uncontrolled replication of healthy human cells that are
significantly disturbed.

In 2012, there were about 975,396 new cancer cases and 358,392 deaths from
cancer among young adults around the world, equal to an aging uniform rate of 43.3
new cancer cases and 15.9 deaths from cancer per in 100,000 individuals annually
(Fidler et al. 2017). Modalities of cancer care include emergency, radiation, and
chemotherapy (Huang et al. 2017). The third medication type includes active thera-
peutic molecules with antitumor properties. Chemotherapy treatment mainly targets
alkylating agents and antimetabolites that inhibit DNA synthesis (Huang et al.
2017). At present, a wide variety of anticancer drugs is required in the pharmaceuti-
cal industry. There is a substantial lack of compatibility in the effectiveness and
availability of the ten highest-earning cancer drugs between the USA and Norway
(Prasad et al. 2017).

Several microalgae-based substances have been extensively tested with medicinal
and cancer therapeutic qualities (Campos et al. 2012; Farooqi et al. 2012). Natural
materials derived from microalgae provide a large foundation for diagnosis, and
experimental research has been carried out on algae related anticancer materials
(Talero et al. 2015). While marine samples are difficult to obtain, a large number of
marine samples have been approved as useful pharmaceutical health products
(Pangestuti and Kim 2011). Numerous pharmaceutical and scientific collaborations
have made significant efforts in recent years to extract and identify novel bioactive
molecules from marine flora, in particular, microalgae (Pyne et al. 2017). Despite
this initiative, the marine flora has remained undiscovered to some degree, and these
present data are reviewed as baseline evidence to encourage further study in this
area. Several natural compound-based cancer drugs have been found, but have low
water solubility, making it difficult or even impossible to formulate them (Sun et al.
2014). For example, camptothecin is generally accepted as an effective in vitro
anticancer agent, but its clinical use is limited because of its poor solubility (Venditto
and Simanek 2010). To overcome these challenges, nanotechnology will provide an
innovative approach for addressing the low solubility of hydrophobic natural marine
products in aqueous medium. Nanotechnology is a branch of division to investigate
the application of tiny particles like 1–100 nm (Panda et al. 2020a, b, c).

Nanomedicine has made colossal progress in formulating nanocarriers to provide
tumor/cancer areas with pharmaceuticals and imaging agents. Nanomedicines
deliver special benefits in terms of improved agent safety, biological activities inside
a serum-rich environment, an extended period of circulation in the bloodstream,
decreased allergic reactions, enhanced efficacy in permeability, retention and tumor
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targeting, improved release profiles, and possible application of therapeutic stimuli
on demand among others (Sun et al. 2014; Zhang et al. 2017; Xia 2008; Farokhzad
and Langer 2009). Hydrophobic nanoparticles encapsulation (<200 nm) allows the
intravenous injection of natural algae-based drugs, as the drugs are fully soluble in
water. The drug may be extracted from nanoparticles after administration of drug-
loaded nanoparticles and may play a role as a disease inhibitor (Zhang et al. 2017).
Nanoparticles may be made from specific inorganic (e.g., iron, silica, and carbon
oxides) and organic (e.g., polymers and lipids) materials which are of differing
origin. In addition, its sizes can be varied in conjunction with a variety of
dimensions, ranging from a few nanometers to not more than 1 mm, its structures
can be formed to smooth or rough, its plasticity can be adjusted to rigid or flexible
and its surfaces can work with specific properties and interesting fields.

Their willingness to lead nanoformulations utilizing natural compounds in order
to resolve sequential biological obstacles (e.g., Mononuclear Phagocytic System
Sequestration, MDRs) which are important for restricting the efficacy of
nanoparticles (Blanco et al. 2015; Xu et al. 2016). Furthermore, it has been shown
that first nanoparticles become passively aggregate into tumors by increasing the
effects of permeability and retention (EPR) ((Prabhakar et al. 2013; Millard et al.
2017; Marcazzan et al. 2018). The key benefit of nanoparticles with suitable
anticancer drugs are (a) enhanced solubility for faster treatment, (b) enhanced half-
life distribution throughout; (c) increased retention of treatment in target-based
cancer tissues; (d) continuous and safe medication releases, and (e) decreased
resistance of drugs to pump-mediated efflux.

9.2 Different Phytoplankton Mediated Nanoparticles

The potential of phytoplankton in nanomedicine development has driven a remark-
able attraction for pharmaceutical research in recent years. This section presents an
updated summary of current advances and opportunities in the green synthesis of
nanomedicine for cancer therapy using phytoplankton. Marine organisms, especially
phytoplankton are rich source of ecofriendly, non-toxic bioactive compounds with
different medicinal values and production is cost-effective (Singh et al. 2015).

Different functional groups (hydroxyl, carboxyl, and amino) present in the
phytoplankton act as a metal reducing agents as well as capping agents and play a
major role in the green synthesis of metal nanoparticles in a single step.

For more research on the green approach of nanomaterial and nanomedicine
production, we need to know about the availability, classification, and diversity of
phytoplankton in the aquatic ecosystem. Approximately 70% of the earth’s surface
consists of marine ecosystems (Pomponi 1999) in which phytoplankton are consid-
ered as grassland of the ocean. Phytoplankton, found in both fresh water and marine
ecosystems, mainly comprises of diatoms, dinoflagellates, cocolithoides,
cryptophyceae, cyanophytes, and green algae. Diversity of these groups varies
according to environmental conditions, though diatoms dominate in most of the
cases. Figure 9.1 exhibits the diversity of phytoplankton in the marine ecosystem.
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Nature has been a relevant resource for anticancer bioactive molecules to date.
According to a report by Newman and Cragg 2020, over the time frame from
01/1981 to 09/2019, about 41%, i.e., of 75 out of 185 small molecules with
anticancer properties are derived directly or indirectly from naturally inspired
sources. To date, many anticancer molecules have been discovered. But, due to
limitations like poor water solubility and strong interaction with serum proteins
leading to rapid clearance of the anticancer molecules from the target site, they are
not eligible for entering clinical trials and drug formulation (Sun et al. 2014).
Phytoplankton like diatoms, cyanobacteria, and coccolithophores have been used
for green synthesis of nanomaterials, which are non-toxic in drug delivery than
chemically synthesized nanomaterials.

9.2.1 Diatoms

It has been demonstrated that the polyethylene glycolyzed diatomite nanoparticles
(DNPs) in conjugation with cell penetrating peptides (CPP)
3-aminopropyltriethoxysilane (APT), i.e., DNPs-APT-PEG-CPP have an effective
cytotoxic effect on MCF-7 and MDA-MB-231 breast cancer (Terracciano et al.
2015). Recently, it has been reported that modified diatomite particles (irregular
shape, approximately 350 nm in size) with a peptide-siRNA complex are efficiently
uptaken by human lung epidermoid carcinoma cell line (H1355) (Schaer et al. 2007).
So, this can be used as an efficient drug carrier.

9.2.2 Coccolithophores

Coccolithophores play a major role in the biomineralization of calcium carbonate
and calcite nanoparticle formation. They can make complex scales of calcites
(CaCO3) called coccoliths. The high pore density of coccoliths from Pontosphaera
japonica, Michaelsarsia elegans, or Calyptrolithophora papilifera can be used for
efficient drug encapsulation by suitably controlling the pore chemistry (Skeffington

Fig. 9.1 Percentage of each type of phytoplankton in a water sample, (a) identified through
traditional microscopy, and (b) analyzed with HPLC technology (Source: http://oceandatacenter.
ucsc.edu/home/outreach/PhytoID_fullset.pdf)
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and Scheffel 2018). Coccoliths show high stability at very low concentration in
solution. This phenomenon can be exploited for effective drug carrier (Hassenkam
et al. 2011).

9.2.3 Cyanobacteria

In one report, C-Phycocyanin (C-PC), a major photosynthetic pigment of
cyanobacteria, has been used to formulate nanodrug by combining C-Phycocyanin
(C-PC), Carboxymethyl chitosan (CMC), and CD59-specific ligand peptide
(CD59sp). This C-PC/CMC-CD59sp nanoparticle exhibits an apoptotic effect on
HeLa cells (Yang et al. 2017). Organic nanomaterials like sulfated polysaccharides
derived from spirulina have an anti-proliferative effect on tumor cells in vitro (Jia
et al. 2008) and in vivo (Akao et al. 2009).

Another phytoplankton namedDunaliella salina can produce around 80 nm sized
nanoparticle upon 45 min of microwave irradiation with the phytoplankton extract.
This NP carries β-carotene, which is a potential anticancer agent (Lomora et al.
2019).

Though phytoplankton are rich sources of marine biomolecules, their potential in
nanoformulation of anticancer drugs is largely unexplored with scarce data in our
hands. It shows the need of research in-depth for more discoveries of phytoplankton
mediated nanoformulation of anticancer drugs.

9.3 Strategies for Development of Phytoplankton Mediated
Nanodrug Formulation for Cancer Therapy

Though phytoplankton are biologically diverse and can perform as biofactories for
the production of nanoparticles and play various important roles in the formulation
of nanodrugs for human life improvement, it still remains unexplored. The
phytoplankton’s mediated biosynthesis of nanoparticles is an emerging field for
research in cancer therapeutics. The strategy for the efficient development of
nanodrugs has consistently been a pillar of drug development research in cancer to
improve the therapeutic performance (Bajpai et al. 2018). At present, a scanty of
literature has reported the use of phytoplankton for the biosynthesis of nanoparticles
in cancer therapy. Here, phytoplankton like Blue-green algae or Cyanobacteria
(Cyanophyceae), Green algae (Chlorophyceae), and Diatoms, mediated different
nanodrugs formulations strategies for cancer drug development are discussed. Fig-
ure 9.2 illustrates the sequential steps of phytoplanktonic nanoformulation.

9.3.1 Green Synthesis of Metallic Nanoparticles

Cyanobacteria have been harnessed for the biosynthesis of metallic nanoparticles by
using metals like gold (Au), silver (Ag), gold-silver nanoalloy, and various other
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metals (Roychoudhury et al. 2016b; Sharma et al. 2016). Nanoparticles are classified
into organic and inorganic. Organic nanoparticles are carbon-based, whereas metal
nanoparticles of (gold (Au), silver (Ag), Copper (Cu), etc.), metal oxide
nanoparticles (Zinc oxide (ZnO), titanium oxide (TiO2), SiO2, Fe2O3, etc.,),
metal sulfide nanoparticles (CdS, PbS), magnetite nanoparticles, quantum dots
(CdS, CdTe) are grouped as inorganic nanoparticles. In general, there are two
strategies for the synthesis of metal nanoparticles, the top-down and bottom-up
approaches. The top-down approach involves degrading of bulk materials into
reduced nanoscale size objects, while the bottom-up approach involves assembling

Fig. 9.2 Concept of phytoplanktonic nanoformulation: from extraction to drug delivery (Bajpai
et al. 2018)
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of atom by atom, molecule by molecule to build conformations of nanoscale. Green
synthesis of metallic nanoparticles mainly implements bottom-up approaches that
are ecofriendly, less toxic, cost-effective, simple, and energy-efficient (Mittal et al.
2013; Kharissova et al. 2013). The metal nanoparticles are formulated by reducing
the metal-ion precursors using phytoplankton mainly in aqueous solution at room
temperature without using any toxic reducing agent. It involves three steps mecha-
nism of nucleation, growth, and stabilization. A lot of extensive research has been
done in green synthesis of metallic nanoparticles, which shows antimicrobial activ-
ity, but only a few are reported showing activity against cancer cell lines. Here we
have mentioned some of the reported phytoplankton mediated metallic nanoparticles
against different cancer cell lines in Table 9.1. In Fig. 9.3, the simple one-step
method for green synthesis of metal nanoparticles is shown.

9.3.2 Diatom Nanocarriers for Systemic Drug Delivery

Diatom silica frustules are characterized by having micro or nanoscale range poros-
ity, high surface area, thermal stability, mechanical resistance, optical properties,
non-toxicity, great biocompatibility and can be easily altered by genetic manipula-
tion or chemical modifications (Terracciano et al. 2018; Kuppusamy et al. 2017).
Thus, it seems to be a potential and low-cost biomaterial for efficient anticancer drug
delivery and detection of cancer cells. The frustules of Chaetoceros sp. from marine
diatoms with intrinsic fluorescence capacity were synthetically altered by iron oxide
nanoparticles, which gives rise to a strong super-paramagnetic particle-like property.
Then the surface was functionalized with Trastuzumab antibody to conjugate with
HER2 receptor protein, which is overexpressed in breast cancer cells. The antibody
functionalized super-paramagnetic nanoparticles of Chaetoceros sp. having fluores-
cence can separate the HER2 positive breast cancer cells (SKBR3 cell) from normal
cells by fluorescence microscope (Esfandyari et al. 2020). The genetically
engineered diatom Thalassiosira pseudomonas loading with chemotherapeutic
drugs are surface-functionalized with the IgG-binding portion of protein G can
selectively target and killed neuroblastoma and B-lymphoma tumor cells (Delalat
et al. 2015). A novel mesoporous biodegradable silicon nanoparticle synthesized
from natural diatom was found to be a potential drug carrier with a high carrying
capacity of anticancer drug (doxorubicin). These nanoparticles show a sustained
drug release and enhanced cytotoxicity selectively against cancer cells (Maher et al.
2016).

9.3.3 Green Carbon Nanotags for Anticancer Drug Delivery

From harmful cyanobacteria, high-quality fluorescent, photostable carbon materials
called G-tags or T-tags (G-tags when conjugated with doxorubicin) are prepared.
The G-tags, when conjugated with anticancer drug doxorubicin (T-tags), induce
apoptosis in cancer cell lines of human hepatocellular carcinoma (HepG2) and
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human breast cancer (MCF-7) at a higher rate. Therefore it indicates that the loaded
drug doxorubicin holds its pharmaceutical activity and releases from the T-tags after
endocytic uptake in the intracellular environment. Investigation on imaging of
cancer cells by G-tags is still going on (Lee et al. 2014).

9.4 Possible Future Strategies of Nanoformulation
of Anticancer Drugs Isolated from Phytoplankton
in Cancer Drug Development

Anticancer nanodrugs in clinical development are basically liposomes, polymeric
conjugates, and polymeric nanoparticles. Liposomes having lipid bilayer membrane
structure can encapsulate both hydrophilic and hydrophobic drugs. Thus it protects
the encapsulating drugs during circulation in the body. Their surfaces can also be
modified by functionalizing with specific ligands to target-specific cells and tissues
(Torchilin 2005). Various potential anticancer compounds isolated from the
cyanobacterial species are significantly active against different cancer cell lines
like liver cancer (HepG-2), lung cancer (A549), colon cancer (HCT116), and breast
cancer (MCF-7), however, anticancer drug of cyanobacterial origin is quite dynamic
and significantly entering into clinical trials.

Anticancer drugs like Glembatumumab vedotin, Cryptophycin 1, Brentuximab
vedotin 63, etc., isolated from different Cyanobacteria sp. are currently in a clinical
trial or already in the market (Bajpai et al. 2018). These anticancer drugs can
encapsulate into liposomes or with biodegradable polymers like polycaprolactone
(PCL), polylactic acid (PLA), polylactic-co-glycolic acid (PLGA), etc., and further
functionalized with specific cell surface antibody for target-specific drug delivery in
specific cancer cells without damaging the healthy cells. Sulfated polysaccharides
isolated from Spirulina showed inhibition of proliferation of human hepatoma cell
line (BEL 7404) (Jia et al. 2008). Therefore, strategies can be designed to synthesize
polysaccharide-based nanomaterials against various cancer cells synergist with other
potential anticancer drug isolated from phytoplankton.

The nanodrug formulation strategy for cancer therapy still demands extensive
research for developing an innovative approach to tackle the problems associated

Fig. 9.3 Phytoplankton mediated single step green synthesis of metallic nanoparticles and its
anticancer applications
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with the increased solubility of drug, increased time span in circulation, efficient
drug delivery with enhanced drug accumulation in target cancer tissues or cells,
sustained drug release, reduction in efflux pump-mediated drug resistance, alleviate
toxicity to improve their clinical efficacy and optimize their therapy.

9.5 Scope of Commercialization for Nanodrug Formulation
for Cancer Therapy

The scope of nanotechnology in the field of medical biology is increasing rapidly.
Even though nanotechnology is 100 years old, the applications in biology are vast.
Few biological applications of nanotechnology in cancer therapy include drug
delivery, diagnosis, biosensor development and these are increasing day by day.
Cancer is defined as the uncontrolled growth of the cell and is the leading cause of
death in the world. Despite decades of knowledge shared by scientists, doctors, and
pharmacists, we are still not able to eradicate cancer. This may be because of the
diversity, environmental factors, and complex molecular mechanisms involved in
cancer progression. Using modern technology, we have reached a stage where we
can generate thousands of synthetic nano-molecules, with high purity, which can be
used for cancer treatment. For practical use, these nanodrugs need proper characteri-
zation and targeting. The use of nanoformulation started in 1986. Over the past
years, scientists have discovered drugs which target different pathways of the cell,
like inhibitors for transcription, inhibitors of angiogenesis, and inducer of apoptosis
to kill cancer cells. Due to the limitations in the standard anticancer therapy and
development of multidrug resistant cancer cells, there is an urgent call to device a
new way for cancer treatment. The growing number of evidences hints towards
nanotechnology based treatment because of its physiochemical ability like stability,
size, solubility, low toxicity, and cancer-specific internalization. The
nanoformulation is based on the principle of targeting the nanomaterial to the
specific organ or affected organ so that the effect of the drug will be more maximized
and effective. There are varieties of synthetic and natural nanoparticle-based drugs
that has been used for cancer studies. Some of the drugs that show promising results
are introduced for 270 clinical trials ongoing worldwide. Although nearly 20% of the
trials show clinical significance, the rest 80% trials were stopped due to lake of
funding, drug sensitivity, and drug dose adjustment. However, a few numbers of
nanoformulations introduce into phase-3 and 4 trial, showing promising results for
cancer therapy. Recent studies are also pointing towards combinatorial therapy.
Even though the results of combinatorial therapy are not so effective because of
the variability of the results, but there is hope for future therapeutics. The ongoing
study on nab-paclitaxel with the combination of other compounds used for meta-
static breast cancer and Her2 negative breast cancer reduces metastatic malignancy.
Similarly, liposomal doxorubicin is tested for ovarian and fallopian tube cancer
along with carboplatin, bevacizumab, and veliparib. The detailed summary of the
phase trials is summarized in the literature.
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From the different studies, it is appreciable that nanoformulation has potential
therapeutic importance in treating diseases. However, the importance of
nanoformulation is undermined, because of the technological and biological
limitations. It is palpable that nanomaterial can influence the biological material
which may cause toxicity in the normal cells. Therefore, it is important to reorganize
the studying protocols and an in-depth study of nanomaterials will expand its
applications. In recent studies, the combination therapy for recurrent epithelial
ovarian cancer treatment demonstrates that the highly active combinations are well
tolerated by patients. Markedly, the use of pegylated liposomal doxorubicin along
with cyclophosphamide followed by paclitaxel treatment is even safe for
cardiotoxicity reported in phase-2 studies. Similarly, the treatment of paclitaxel in
peritoneal malignancy does not show toxic effect with low clearance from the
peritoneum. In recent years, these kind of promising results draw the attention of
researchers towards the commercialization of FDA approved nanodrugs in cancer
treatment. Overall, research data shows that the use of nanoformulation is not only
restricted to use as a drug but also has the potential to be used for different biological
developments.

9.6 Limitations of Phytoplankton Mediated Nanoparticles

The ultimate goal of green synthesis of nanoparticles is to successfully deliver the
required drug to the specific target site while avoiding the accumulation of the drug
at any non-specific target site with the least side effects (Terracciano et al. 2015). It is
quite obvious for the immune system of the body to inactivate any nanoparticle
affecting their function and elimination by macrophages, which will lead to hemo-
lysis (Terracciano et al. 2015). Arrangement of surface cationic charges of
nanoparticles also determines its accessibility to the target cell surface (Terracciano
et al. 2015). Nanoparticles are also capable of forming intracellular reactive oxygen
species (ROS) and apoptosis (Mu and Yan 2019). Apart from this, the required
solubility for drug depends on the phase I clinical dose and the estimated human
maximal tolerated dose (MTD). The human starting dose is assumed by calculating
from the toxicological dose in mice or rats using a conversion formula (EORTC, N.
D.D.C 1985). There are still particular challenges in enabling proper surface
functionalization of the phytoplankton mediated nanoparticles to achieve the
required drug loading and release within the range of specific therapeutic
applications (Lomora et al. 2019). The cost-effectiveness for sustainable production
of green synthesis of nanoparticles should also be investigated (Das et al. 2017).

These are the limitations in the functionality of phytoplankton-based
nanomaterials, which could be addressed to successfully overcome and administrate
nanomedicine.
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9.7 Conclusion and Future Perspectives

Nanotechnology is showing great interest in various aspects of science including
marine biology. The nanomaterials formulations with other biologically active
compounds extracted from phytoplankton actually give a new line or works and
seem to possess challenging therapeutic applications. Biologically active
compounds from diverse group of phytoplankton such as algae and cyanobacteria
have been widely considered to possess multiple functions in therapeutic
applications of diseases and this field is growing industrially and biomedically.
Cyanobacteria and algae are good bioresources of marine diversity with enormous
biomolecules present in the form of polysaccharides, essential lipids, polyketides,
vitamins, pigments, lectins, steroids, antioxidants, fibers, proteins, and halogenated
compounds. These compounds are extensively used in the field of medical science,
pharmaceutical science, therapeutic uses, nutraceuticals aspects, and biomedical
fields. Analysis on algal metabolites has proven that this field showed significant
improvement with escalating new technologies, however many challenges are need
to overcome in the areas like medicine and pharmaceutical drugs when
nanoformulations and commercialization are concerned. It needs to uncover the
mechanism of action of phytoplankton enhanced anticancerous nanomedicine and
hence a way for treating such disease.

The future perspective will be on better development of the marine drugs and
commercialization using more bioactive molecules isolated from marine biodiversity
encapsulated with nanoparticles to enhance targeted and site-specific delivery.
Additionally, new technologies are needed to explore cancer therapy using
nanoformulations and marine phytoplankton. Nano-fusion and green technologies
should exploit together to work on anticancer drugs. Future works should explore on
secondary metabolites of marine phytoplankton and drug discovery.
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Abstract

Prediction of an optimal diagnostic therapy for cancer patients remains a major
challenge in the last few decades of research. Currently, ovary cancer has become
an excruciating factor with major cause of morbidity and mortality. Owing to the
complexities in the clinical presentation, origin of tumour and gene expression
profiles have rendered it more difficult for accurate prognosis and diagnosis.
Although last decades of research shed light on the chemotherapeutic approach,
still early stage diagnosis with potential biomarker still remains question mark so
far as the pathogenesis and clinical severity are concerned. Owing to the
drawbacks of conventional chemotherapy, early diagnosis, discrepancy in clinical
trials in context to the ovary cancer, onset of nanotechnology with novel tools can
provide a potential alternative approach from biomarker detection to diagnosis in
ovary cancer. In the recent past, nanotechnology has become a milestone in
context to drug carriers such as polymer-drug conjugates, dendrimer, polymer
micelles, carbon nanotubes, lipid/solid nanoparticles, and polymer nanoparticles
have abundant benefits over conventional methods. Keeping the insight in mind
the present chapter discerns potential implications of nanotechnology and its
application in several dimensions of ovary cancer.
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10.1 Introduction

Ovarian cancer considered to be the most debilitating cause of morbidity and
mortality in women. The disease is ranked as seventh in worldwide and third in
India as cancer causing death. The rate of incidence of the disease is highest in the
populations of Central America and Northern Europe and lowest in some parts of
Africa and Asia (Jemal et al. 2010). India exhibits third highest number of cases after
China and USA. Due to lack of visible symptoms it remains a crucial challenge for
proper diagnosis and implication of suitable drug therapy.

Ovarian cancer is observed to be the fifth most prevalent cancer among women
with a lifetime risk of 1.4–1.8%. Identification of particular mutation, type of tissue
affected and stage of the patients is a major challenge which determines the survival
rate of the patients. Early stage detection of the disease (<III) facilitates encouraging
survival rates, where as a patient diagnosed with metastatic phenotype exhibits
pathophysiologic challenge and shows a five year overall survival dropping a dismal
of 20% (Siegel et al. 2018). Epidemiological evidence elucidates that the overall
survival rates of the ovarian cancer patients have not been improved in the last few
decades, which indicates there is immense need of significant improvement in the
field of ideal biomarker representing the crucial phenotype and therapeutic
implications in ovarian cancer. Although there is promising approach in terms of
chemotherapy for the treatment of the disease, however during the course the
treatment eventually became a failure due to the onset of chemoresistance (Reid
et al. 2017).

Generally there are three types of ovary cancers: Epithelial carcinoma, germ cell
tumour and stromal tumour, where 90% of the ovarian cancers belong to epithelial
origin, mostly outer surface layers of the ovary or fallopian tube epithelial cells. The
5-year survival rate for early stage ovarian cancer is approximately 92%; however,
most patients are diagnosed with advanced stage of severity where the 5-year
survival rate is only 30%. Most ovarian cancers are developed from three categories
of cells: epithelial cells, sex cord-stromal cells and germ cells. Among them,
epithelial ovarian cancer (EOC) accounts for 90% cases. EOCs are divided into
five subtypes: (1) serous: ~50%; (2) mucinous: 5–10%; (3) endometrioid: 10–25%;
(4) clear cell: 4–5% and (5) transitional cells: rare (Chen et al. 2017). Ovary cancer is
the third leading cause of cancer related deaths among women in India (National
Cancer Registry Report, ICMR).The phenotype is also regarded as “silent killers”
and constitutes many sub-types, i.e. high-grade serous ovarian cancer (HGSOC),
endometrioids, mucinous and clear cell tumours. HGSOC is the most prominent and
major cause of morbidity and mortality which accounts for 90% of death of patients.
Late-stage diagnosis and incidence of drug resistance cancer are two contributing
factors which are highly crucial for the survival rate of patients with HGSOC.
Variation in the incidence of ovary cancer by race and ethnicity is solely dependent
on women age. It was observed that the overall survival rate is less than 30 percent
(Lisio et al. 2019).
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10.2 Possible Risk Factors Associated with Ovary Cancer

The incidence of ovarian cancer in India is between 0.9 and 8.4/100,000. It has been
evident that the risk usually starts from age 35 and reaches a peak between the ages
of 55 and 64. Although the exact cause of ovary cancer is yet to be known, several
risk factors are shown to modulate the clinical severity of the disease. The potential
risk factors aggravating the pathological complexity include genetic, epigenetic,
reproductive history, family history, age, weight, hormonal replacement therapy
(HRT), ethnicity, endometriosis, chronic inflammation, non-steroidal anti-inflamma-
tory drugs (NSAIDS) (McLemore et al. 2009).

10.2.1 Age

Ovarian cancer is a characteristic feature of older women. Women with old age are
likely to be more prone to ovary cancer than the younger. The Age Specific
Incidence Rate (ASIR) for ovarian cancer shows a drift of rising disease from the
age of 35 years with a highest rate of incidence between the age of 55 and 64 years
(Rodriguez et al. 1995). Although onset of menarche with respect to age shows no
clear association, however natural menopause found with late stage poses higher risk
(Andéol et al. 1990).

10.2.2 Genetics

Inherited genetic mutations play a crucial role in ovary cancer. It has been evidence
that about 20–25% of women diagnosed with ovary cancer have a hereditary
tendency to develop the disease. Mutation in genes like breast cancer gene
1 (BRCA1) and breast cancer gene 2 (BRCA2) contributes 10–15% of the cases
with ovary cancer (Greiser et al. 2007; Lalwani et al. 2011). About 25% of the breast
cancer death in stage 1 is due to the occurrence of ovarian cancer. It was observed
that the cumulative risk of ovarian cancer is 49% for the BRCA1 mutation carriers at
the age of 80, whereas for BRCA2 mutation carriers it is 21%. Previously it was
observed that 1–3% of the colorectal cancers are due to the occurrence of Lynch
syndrome, an autosomal dominant disorder. Lynch syndrome contributes 10–15% of
the total inherited ovarian cancer patients, where most of the cases are non-mucinous
and present in stage I or II. It was also evident that women with Peutz-Jeghers
syndrome (PJS), Nevoid basal cell carcinoma syndrome (NBCCS), Li-Fraumeni
syndrome and ataxia-telangiectasia have also increased risk to develop ovary cancer
(Thull and Vogel 2004).
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10.2.3 Family History

Women with first degree of relatives diagnosed with ovary cancers are likely chance
to develop the disease. Evidence from case control study revealed that women with a
family history of ovary, breast or uterine cancer in their mother or sisters are likely
chance to develop the ovary cancer (Walker et al. 2002). Reports from national
cancer institute (NCI) elucidate that woman lacking a family history have a 1 in
55 chance to develop the ovary cancer, whereas the risk increases to 10 fold with
known family or hereditary history (Stratton et al. 1998).

10.2.4 Ethnicity

Ethnicity does not play a significant role in modulating the onset and severity of
ovary cancer. However, results from few case control study indicate that rate of
epithelial ovary cancer seems to be high in white women, compared to black women
(Walker et al. 2002). Women of Ashkenazi Jewish descent are characterized by
BRCA1/2 mutations and thus are at a higher risk to develop ovary cancer. Recur-
rence of high mortality in all racial groups indicates that ethnicity does not play a
crucial role in the overall survival (Liakakos 2008).

10.2.5 Reproductive History

Age of menarche and menopause, menstrual related factors, parity, pregnancy
characteristics, age at child birth are some of the crucial factors affecting the
occurrence and progression of the ovarian cancer. Numerous studies have put their
opinion on the association of menstruation and ovulation cycle with ovary cancer
(Mori et al. 1988; Kim et al. 2017). Some study shows inverse relationship between
ovulation cycle and ovary cancer, whereas other strongly argues that lack of
ovulation due to pregnancy or taking of oral contraceptive could pose risk to
ovary cancer (Baik et al. 2007).

Menstruation at an early age (12 years) and menopause at 50 could contribute
higher risk to vary cancer although fewer studies claimed no significant association.
Multiple line of evidence strongly suggests that increase in the number of pregnancy
is significantly associated with decrease risk of ovary cancer. However, on the
contrary to the number of pregnancy, older age in pregnancy is also associated
with decreased risk of the ovary cancer (Hummeida et al. 2015).

10.2.6 Gynaecological Factors

Several gynaecological factors including pelvic inflammatory disease, endometri-
osis, ovarian cyst and tubal ligations play an important role in the occurrence of
ovary cancer. Multiple line of evidence suggests that inflammatory events in the
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ovary associated with repeated ovulation process release cancer cells to the
surrounding tissues and contribute an increase risk in ovary cancer (Ness et al.
2000; Purdie et al. 2003; Ness et al. 2003; Lo-Ciganic et al. 2012). In addition
these infectious agents like Chlamydia trachomatis also contribute to the progression
of ovary cancer (Ness et al. 2003). Nulliparous women or women with
hyperoestrogenism are most likely chance of development of ovary cancer. Ovarian
cysts are observed to be frequent in women and it was elucidated that ovarian cyst in
postmenopausal women increases the risk of progression of ovary cancer. Removal
of uterus leaving the ovary or fallopian tube tied, use of oral contraceptives and
breast feeding may reduce the risk of ovary cancer (Jemal et al. 2006; Sanguinete
et al. 2017).

10.2.7 Hormone Replacement Therapy

Women lacking previous history of hysterectomy taking hormone therapy orally
have shown to be associated with increased risk of ovary cancer. Previous study has
also shown that taking oestrogen for 10 years or more may poses risk for ovary
cancer; however it has no significant association with survival rate of the patients
(Glud et al. 2004).

10.2.8 Lifestyle Factors

Lifestyle factors including nutrition, diet, obesity, physical activity, consumption of
alcohol, caffeine, smoking play a prominent role in modulating the development of
ovarian cancer. Although epidemiological evidence indicates that obesity plays a
significant role in incidence of ovary cancer, however consideration of menopausal
condition, hormonal stage, body mass index, waist-hip ratio is highly significant in
development of the ovarian cancer. Physical activity has shown inconclusive results
indicative of both positive and negative association with ovarian cancer
(Momenimovahed et al. 2019).

10.3 Current Therapeutic Approach to Ovary Cancer

Despite the considerable advancement in the field medicine still ovary cancer poses a
significant challenge so far as the therapeutic intervention is considered. Significant
challenges have been put forwarded in the management of pathogenesis and mortal-
ity of ovary cancer. Owing to the complexities in the clinical presentation, origin of
tumour and gene expression profiles have rendered it more difficult for accurate
prognosis and diagnosis. Although previously some of the biomarkers used as an
only clinical indicator of severity, however they are limited due to their variable
degree of expression from mild to severe phenotype in ovary cancer (Jatoi et al.
2016). Ninety percent of ovarian cancers are derived from coelomic epithelium.
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Germ cell tumours account for 5% of ovarian cancers and sex cord-stromal tumours
approximately 7%. The common epithelial ovarian cancers (EOCs) include high-
grade serous (70%), endometrioid (10%), clear cell (10%), mucinous (3%) and
low-grade serous carcinomas (<5%). Difference in epidemiology, molecular
profiles, clinical presentations, patterns of spread, response to chemotherapy has
contributed different degree of prognosis. About 70% of patients with EOC present
with advanced disease, as a result of the lack of any satisfactory screening test and
specific symptoms (Chen et al. 2003).

Cytoreductive surgery encompasses the first line of treatment for ovary cancer.
Although post-tumour debulking followed by intravenous cisplatin or carboplatin
based chemotherapy shows good response (more than 70%), however a large
fraction of the patients develops chemoresistance. Currently, doxorubicin, cisplatin,
oxaliplatin, transplatin, carboplatin, paclitaxel (Taxol, TAX) have shown to be
beneficial for ovary cancer. Paclitaxel has been used as a most efficient chemothera-
peutic agent for relapsed ovarian cancer (Spears et al. 2019). Efforts are being made
to develop new treatment options by combination of different drug approach to boost
better therapeutic response. The rate of survival and clinical response towards a
combination of doxorubicin, cyclophosphamide and cisplatin shows efficient
response in comparison to the treatment with only cyclophosphamide or cisplatin
(Chandra et al. 2019). It was also evident that patients with resistance to cisplatin
show positive response when undergone combinational treatment with gemcitabine
and cisplatin. Furthermore, results of randomized clinical study revealed that treat-
ment with combination chemotherapy approach like with HEXA-CAF (hexamethyl
melamine (HMMA), cyclophosphamide (CPP), methotrexate (MTX) and fluoroura-
cil (FU) shows high survival rate in comparison to the use of single therapeutics
(Corradetti et al. 2019).

Another approach elucidates that development of potential agents targeting
PARP (poly ADP ribose polymerase), mTOR pathway, MAP kinase pathway has
become increasingly significant in survival outcome. For example, use of olaparib, a
PARP inhibitor with two or more course of platinum based chemotherapy has shown
to be beneficial in high-grade serous ovary cancer and increases progression free
survival. Furthermore, clinical trials with temsirolimus (mTOR inhibitor), sorafenib
(kinase inhibitor) have paved the way for their implication in targeting the specific
signalling pathway in ovary cancer. It was also observed that understanding the
aberrant genetic mechanism and involvement of specific signalling pathway of
different histological subtypes will likely to contribute the better therapeutic inter-
vention. For example, high frequency of Ras mutation in MAP kinase signalling
pathway makes them an attractive target in low-grade serous ovary cancer (Vetter
and Hays 2018).

Although chemotherapy approach has shown a great promise, however associa-
tion of several confounding factors like side effects, poor drug accumulation, rapid
blood clearance, degradation, poor penetration capacity, drug resistance, lack of
suitable ideal biomarker which could indicate the associated clinical severity of the
phenotype is needed to be addressed and monitored for an efficient prognosis and
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diagnosis approach. Nevertheless, it is evident that the chemotherapeutic approach is
limited owing to its toxicity, less efficacy and development of drug resistance.

10.4 Nanotechnology and Its Implications in Ovary Cancer

Owing to the drawbacks of conventional chemotherapy, requirement for early
diagnosis, discrepancy in clinical trials in context to the ovary cancer, onset of
nanotechnology with novel tools can provide a potential alternative approach from
biomarker detection to diagnosis in ovary cancer. In the recent past nanotechnology
has become a milestone in context to drug carriers such as polymer-drug conjugates,
dendrimer, polymer micelles, carbon nanotubes, lipid/solid nanoparticles and poly-
mer nanoparticles have abundant benefits over conventional methods (Gupta et al.
2009, 2019) (Fig. 10.1). Starting from the measurement of biomolecules in nano
level by electrochemoluminiscence to biomarker detection and the cellular imaging
approach has opened a new avenue in the field of disease diagnosis and preventive
medicine. Currently nanoparticle platform has immensely useful in targeting several
infectious, non-infectious disease including cancer (Engelberth et al. 2014).

10.4.1 Nanoformulations in Drug Delivery for Chemotherapy

Control drug release, extended circulation, less toxicity and enhanced drug protec-
tion are central to successful drug efficacy. The unique physical and chemical nature
of the nano particles makes them ideal to be used in the drug delivery. Previous
evidence has suggested that conjugates of nanoparticles and chemotherapeutics
induce dose delivery to the tumour microenvironment (Chang et al. 2009). Previous
investigation indicates doxorubicin conjugated PEGylated liposome

Fig. 10.1 Nanotechnology and its possible implications in ovary cancer
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nanoformulations known as Doxil used in platinum resistance cancer (Gabizon et al.
1994; Ferrandina et al. 2008). Previous study in SKOV-3 cells indicates cisplatin-
loaded nanoparticles having pH-sensitive poly [2-(N, N-diethylamino) ethyl meth-
acrylate] (PDEA) dissolved at a pH < 6 characterized by rapid release of cisplatin to
the cytoplasm upon integration to the acidic lysosome and thus able to overcome the
chemoresistance activity (Xu et al. 2009b). Similar findings are reported in case of
poly-(c-L-glutamylglutamine)–paclitaxel (PGG–PTX), nanoparticulate formulation
of paclitaxel (PTX) shows better therapeutic efficacy and tumour inhibition property
(Feng et al. 2004). In addition to this, paclitaxel formulations of solid lipid nano
particles (SLN) have also been tested in OVCAR-3 cell lines, however the results
show some cytotoxicity (Lee et al. 2012). Results of the recent study elucidated that
the potential ability of PEGylated liposomal formulations of paclitaxel and cisplatin
significantly reduces the growth and aggressiveness of ovary cancer (Krieger et al.
2010). Both in vivo and in vitro study revealed that the compound induces TNF
mediated ERK/AKT signalling pathway and causes enhanced expression of
caspase3,9, ERK and AKT thus inducing apoptosis in ovarian cancer cells
(Qi et al. 2018). Nano vesicular system like lapatinib/PTX nano capsules showed
an improved tumour inhibition activity in comparison to the single PTX treatment
only in multidrug resistance OVCAR-3 cell lines (Vergara et al. 2012). Further
advancement in nano formulation system leads to the development of three-
dimensional regularly branched tree-like macromolecules called as dendrimers
which have the potential anticancer activity. Previous finding revealed dendritic
copolymer system with paclitaxel and cisplatin displayed significant cytotoxic
activity in SKOV3 cells (Kirkpatrick et al. 2011). Furthermore, for efficient drug
delivery with high local concentration in the intraperitoneal region (ip) shows
significant progress due to the development of hyaluronic acid (HA)-based in-situ
crosslinkable hydrogel specialized for delivery of paclitaxel (PTX) to the IP tumours
(Bajaj et al. 2012). Further evidence shows that an in-situ crosslinkable hydrogel
depot containing paclitaxel (PTX) nanocrystals (PNC) possess significant inhibitory
effect on SKOV3 cells proliferation facilitating IP chemotherapy in ovary cancer
(Sun et al. 2016). Although intraperitoneal administration of chemotherapeutic
agents have shown a promising approach but the process is limited by certain
drawbacks like rapid clearance of the drug in the treatment area, complications
associated with i.p administration and discomfort feelings related to the catheter
implantation could necessitate residence time and frequent dosing of the drug
(Spears et al. 2019). Current advancement in the intra-abdominal chemotherapeutic
approach, known as Pressurized Intraperitoneal Aerosol Chemotherapy (PIPAC),
was introduced to the intraperitoneal (IP) therapy regimens and indicates to be a
compatible and effective drug delivery method for the treatment of inoperable
tumours and for the prevention of local tumour recurrence (Shariati et al. 2019).
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10.4.2 Nanotechnology in Biomarker Discovery in Ovarian Cancer

It is an undoubted fact that still there is lacking of a potential specific ideal biomarker
determining clinical severity of the patients in ovary caner. Past decades of research
has only developed two prominent biomarker like cancer antigen-125 (CA-125) and
human epididymis protein 4 (HE4) used for diagnosis of ovary cancer (Bast et al.
2009). However currently due to the advent of gold standard high-throughput
technology like Systematic Evolution of Ligand by Exponential Enrichment
(SELEX) or Cell-SELEX, mass spectrometry, micro array and other fields like
epigenetic, cytomics provide a ray of hope and enabled the development of panel
biomarker approach for early detection of ovary cancer (Yang et al. 2017).

The derisory performance of current diagnostic approaches has led to numerous
investigations to identify new biomarkers and use of multiplex assays of serum
protein levels (ROMA/OVA1). Recent reports indicate that in addition to CA-125,
HE4 and mesothelin have some promise for use in multiplex assays to improve
reliability and performance (Moore et al. 2009; Nolen and Lokshin 2013; Kimmel
et al. 2012).

Recently development of screen printed gold nanoparticle electrodes for label-
free impedimetric sensing and electroluminescent sensing platform with iron oxide
nanoparticles labelled with a primary antibody and a dendrimer/luminol modified
secondary antibody have attracted the significant attention. Both platforms have
shown capable of detecting CA-125 at a very lower concentration (Ravalli et al.
2013; Li et al. 2013). Development of sandwich electrochemical aptasensor for the
detection of HER2 and HER2-overexpressing breast cancer cells has been described
previously. In such approach the quantitative measurement of target molecules and
cells can be done using mono-antibody of HER2 (anti-HER2) and a bioconjugate of
hydrazine-AuNP (Gold Nanoparticle)-Aptamer (Hyd-AuNP-Apt), by stripping
voltammetry (Zhu et al. 2013). However this strategy can be implemented for
detection of other biomarkers in ovary cancer. It is expected that MEMS systems,
lab-on-chip, nanoparticles and different alternative sensing platforms can be further
developed for screening and early detection of ovary cancer and therapeutic efficacy.
Recently a novel liposome mediated nanoparticle approach was developed for blood
biomarker detection in ovarian cancer patients (Hadjidemetriou et al. 2020).

10.4.3 Nanotechnology in Imaging Approach in Ovarian Cancer

The current treatment for advanced OC relies on the synergistic effect of combining
surgical cytoreduction and chemotherapy. However, beside the fact that chemother-
apy resistance is a major dispute in OC management, new imaging strategies are
needed to target microscopic lesions and improve both cytoreductive surgery and
patient outcomes (Pavlik et al. 2000).

Medical resonance imaging (MRI) is a powerful, non-invasive in vivo imaging
technique with high resolution (10–100 mm) and unlimited imaging depth. The MRI
signal is based on the relaxation of hydrogen nuclei (in water) after being exposed to
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a pulsed radiofrequency signal. Contrast in MRI can be T1 weighted (differences in
the spin-lattice relaxation of tissues), or T2 weighted (difference in spin–spin
relaxation). Contrast agents are administered to influence the T1or T2 relaxation
parameters and enhance the imaging quality. Numerous nanoparticle constructs have
been developed to provide contrast enhancement where several have been applied to
cancer imaging. Iron oxide (IO) nanoparticles are frequently used for T2 imaging,
whereas liposomes, micelles, dendrimers and polymeric nanoparticles incorporating
paramagnetic species, such as Gd3+, are common for T1 imaging (Wang et al.
2011).

Pelvic transvaginal sonography (TVS) together with abdominal and pelvic
transabdominal sonography is the most important procedure for the morphological
evaluation of OC with the use of the Doppler and colour Doppler to study mass
vascularization. Ovarian sonography can be an effective strategy to detect the
changes regarding the size and adnexal architecture preceding both the development
of symptoms and alterations detectable by pelvic examination (Clarke-Pearson
2009). Photoacoustic imaging (PAI), a comparatively new imaging method based
on the detection of light excited ultrasound waves, may complement existing US
screening techniques for improving discovery and characterization of OC. In partic-
ular, PAI might permit early detection of angiogenesis at an initial stage by allowing
identification of the neovascularisation (Lao et al. 2008; Aguirre et al. 2009).
Furthermore ultrasound responsive doxorubicin/curcumin co-deliver alginate
nanodroplets were also evaluated for their therapeutic efficacy against multidrug
resistance ovary cancer and show promising treatment efficacy (Baghbani and
Moztarzadeh 2017). Evidence from clinical trials in animal model indicates dual-
modality computed tomography, near-infrared fluorescence nano liposomal agent
(CF800) and activable theranostic nanoplatform based on silicon naphthalocyanine
polymeric NPs shows potential results in image guided surgery in ovary cancer
(Zheng et al. 2015; Duffy et al. 2018). Results from the xenograft A2780 ovarian
cancer model indicate potential of quantum dots (having emission about 500 nm) in
targeting aptamer (MUC1) and doxorubicin for dual imaging approach (Savla et al.
2011).

10.4.4 Nanotechnology in Receptor Targeting in Ovary Cancer

Over expression of cellular proteins EGF receptor (EGFR, HER2), luteinizing
hormone receptor, claudins, mucins, TAG-72, and integrins displayed by ovary
cancer cells makes them ideal for drug therapeutic approach. Taking the principle
of ligand–receptor interaction cancerous cells expressing any specific receptor which
is absent in normal cells could be a potential therapeutic target (Liang et al. 2019).
Previous reports suggest that several nano carriers with specific ligands are targeted
to the tumour cells expressing the receptors. For example, gold nanoparticles, bovine
serum albumin nanoparticles (BSANPs), nano gel systems are implicated in
targeting the folate receptor in several ovary cancer cell lines (Zhang et al. 2004;
Bhattacharya et al. 2007; Ledermann et al. 2015). Furthermore, face centred cubic
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(fcc)- iron-platinum (FePt) NPs have shown to preferentially bind luteinizing hor-
mone releasing hormone receptor (LHRH) expressed by A2780 cells (Xu et al.
2009a). Assessment of Paclitaxel loaded NPs coated with anti-HER2 monoclonal
antibody was evaluated in xenograft model of SKOV-3 cells (Cirstoiu-Hapca et al.
2010). Besides this OVCCAR-3 cells expressing follicle stimulating hormone
receptor were targeted by poly (amidoamine) (PAMAM) dendrimers conjugated
with the binding peptide domain of FSH (FSH33) (Zhang et al. 2009). Similar
findings were obtained from the receptor targeting to integrin receptor, transferring
receptor and other cell surface receptors indicate targeting with nanoconjugated
ligands could be a novel approach for better therapeutic efficacy in ovary cancer.
In addition to this markers specific to the tumour tissue could be a potential target.
Previous study indicates targeting the serum marker CA-125 which is predominantly
expressed by ovarian surface epithelial cells in ovary cancer is targeted with a
bifunctional fusion protein construct consisting of a single-chain antibody variable
domain and core streptavidin domain with biotinylated antigen and liposome shows
maximum binding specificity to OVCAR-3 cells in comparison to the control (Wang
et al. 2007).

10.5 Conclusion

According to of NCRP report, 2019, ovary cancer is the third most predominant
form of cancer after breast and cervix cancer, among women in India. Epidemiologi-
cal study revealed that by 2020 there will be around 36, 200 new ovarian cancer
cases in India. Ovarian cancer is the fourth most common cancer in Indian women
with an incidence of 4.9 cases per 100,000. This happens largely due to late-stage
diagnosis, poor prognosis related to advanced-stage disease and high recurrence rate
associated with development of chemo resistance. A suitable ideal biomarker,
chemotherapeutic approach with maximum specificity and efficacy context to the
different clinical representation, symptoms and degree of severity is of an immense
requirement so far as the disease pathogenesis of ovary cancer is concerned. Survival
statistics have not improved significantly over the last three decades and underlining
the fact that improved therapeutic strategies as well as early detection require
substantial improvements. Owing to the remarkable advancement in nanotechnology
has paved a new avenue in context to the prognosis, diagnosis and design as well as
delivery of drug candidate for better therapeutic efficacy. However more works yet
to be explored in biomarker approach, non-invasive methods of prognosis,
antitumour agents and early diagnosis of ovary cancer.
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Nanotechnology: An Emerging Field
in Protein Aggregation and Cancer
Therapeutics

11
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Suman Jha

Abstract

Nanoparticles (NPs) prominence in technological advancements in different
fields of biology and medicine are for their tuneable physicochemical properties,
like size and surface functionality. For the fact that NP composition can be
engineered to exhibit unique functions, it has paved the path for development
of novel tools and techniques with better precision and efficacy in different
research fields including biomedical research. For instance, single-walled carbon
nanotubes have shown an impressive potential as an efficient delivery agent for
transportation of biomolecules to cells. Additionally, NPs with size-tuneable light
emission property, which made it accessible to relatively non-accessible area,
have been implemented to precisely deliver drug and get images of tumour sites.
Thus, the primary driving forces behind the progress of nanotechnology in
different fields are their surface area to volume ratio and tuneable physicochemi-
cal properties. Besides the tuneable accessible surface, NPs also has two other
layers, i.e. the shell layer and the core, which have relatively less role in most of
the nanotechnology-mediated biological applications. Since accessible surface
area credits for most of the application, it is mostly discussed layer than other two
layers. Despite knowing the physicochemical properties of NPs, understanding its
behaviour to biological surfaces for its multifaceted functions becomes priority
for its biological applications. Upon introduction of metallic nanoparticles into
biological milieu, its surface interacts with different biological surfaces, including
biomolecular surfaces of varying curvatures, to attain a stable local free energy
minima state. In doing so, it forms a corona of biomolecular surfaces around it,
which in turn further decides the fate of the complex like the agglomeration,
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molecular stability, core/surface dissolution rate, toxicity. Thus, the chapter
evaluated different nanoparticle-based theranostic applications in protein
amyloidogenesis and cancer; both are from the group of incurable human
diseases.

Keywords

Nanoparticles · Protein–nanoparticle interaction · Protein aggregation · Cancer ·
Theragnostic

Abbreviations

APP Amyloid precursor protein
CTC Circulating tumour cell
CTL Cytotoxic T lymphocytes
DMPC Dimyristoylphosphatidylcholine
DMPG Dimyristoylphosphatidylglycerol
DMSO Dimethyl sulfoxide
FDA Food and Drug Administration
hIAPP Human islet amyloid polypeptide
MNP Magnetic nanoparticle
MRI Magnetic resonance imaging
NAC Non-amyloid β-peptide component
NFT Neurofibrillary tangles
NLS Nuclear localization signal
NP Nanoparticle
OI Optical imaging
PD Parkinson’s disease
PEI Polyethylenimine
PLGA Poly(n-butyl cyanoacrylate)
QD Quantum dot
RNAi RNA interference
ROS Reactive oxygen species
siRNA Small interfering RNA
SPIONS Supramagnetic iron oxide nanoparticle
TIIDM Type 2 diabetes mellitus

11.1 Introduction

NPs can be categorized on the basis of their shape, size, compositions and
functionalities. The metal nanoparticles, like iron, copper, gold, silver NPs, have
promising applications in the field of biological science and medicine for the ease of
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tuning its physicochemical properties, including the surface plasmon resonance
(SPR), which falls in visible region for the certain NPs (Sun and Xia 2003; Wang
and Wang 2014). Metal nanoparticles, when introduced to biological milieu, interact
with biological moieties with varying affinity to form a corona around nanoparticle
core. The biomolecular composition of the corona remains dynamic, mostly because
of varying affinity biomolecular surfaces from the local milieu for nanoparticle, as it
moves through the organism system (Saptarshi et al. 2013). Thus, the interaction
with corona brings changes to the physicochemical properties of nanoparticle and
biomolecules’ physiological function, like optical properties of gold colloid that
ultimately aids in photometric-mediated applications (Raoufi et al. 2018). Similarly,
fibronectin protein underwent significant conformational changes upon interaction
with the gold nanoparticle (Raoufi et al. 2018). Conversely, α-synuclein interaction
with ZnONP further stabilizes the protein conformation against its amyloidogenic
propensity (Asthana et al. 2020). In the same line of exploring physicochemical
property of NP applications, magnetic NPs, like iron oxide nanoparticle, stimulated
with appropriate biomolecules such as antibodies, oligonucleotides, lectins, etc. can
be adequately used to segregate biomolecules and cells of interest from complex
biological systems for better diagnosis, detection and therapeutics (Bruce and Sen
2005; Lin et al. 2007a; Molday and Mackenzie 1982).

When NPs, acting as platform with multifunctional surface, recognize diversified
surface of bio-macromolecules, it becomes a potential tool for regulating cellular and
extracellular processes for several biological applications, like enzymatic inhibition,
transcription regulation, antigen presentation, drug delivery and as sensor.
Depending on the core material, the size of NPs can be adjusted from 1.5 nm to
more than 10 nm which offers a suitable platform for interaction of NPs with proteins
and other biomolecules (Hostetler et al. 1998). Interestingly, the particle with smaller
size, i.e. higher curvature, of similar affinity to biomolecule has insignificant effect
on biomolecular conformation and functions (Rabbani et al. 2014). However,
surface potential difference at the interacting interface has different effect on the
biomolecular dynamics and function; the higher potential difference results in
stronger interaction at the interface, consequentially result in drastic conformational
perturbation (Cukalevski et al. 2011). For the multifaceted consequences of NP on
biomolecule surfaces, the NP–biomolecule interfacial interaction has become an
interesting area of research in nanobiosciences. The details of NP–protein interaction
in relation to its role in conformational changes towards amyloidogenesis have been
discussed in detail, in the follow-up section of the chapter.

In addition to NP–protein interaction, multivalent surface functionality of NP has
also been utilized to boost low-affinity interactions such as carbohydrate–protein
interactions (Lee 1992). For instance, mannose-functionalized gold nanoparticles
have been prepared and their interaction was investigated with lectin, concanavalin
A (Lin et al. 2003). The bio-functionalization of NPs through non-covalent
interactions offers a highly transposable NPs-mediated approaches. Coming to
NP–DNA interactions, it is driven predominantly through electrostatic interactions,
intercalation, groove binding and complementary single-strand DNA binding
(Armitage 2005). NP interaction with DNA is strikingly analogous to protein–
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DNA interactions, for example, the complementary electrostatic interaction is one
such approach for the DNA assembly around histone protein, which also endorses
for the high affinity NP–DNA interaction. In a study, where nano gold cluster
(MMPC1) was used to recognize a 37-mer DNA duplex, cationic ligands
functionalized NP surfaces offered a complementary surface for binding of the
DNA backbone (Lakowicz et al. 2000; Mahtab et al. 2000; McIntosh et al. 2001).
In such interaction between complementary surfaces, a particular group of
nanoparticles, i.e. the NPs with photocatalytic/SPR property, has shown to produce
ROS upon interaction, consequently bringing changes directly and/or indirectly in
biomolecules, these changes often cause cell degeneration, as shown in Fig. 11.1
(Arakha et al. 2017).

Hence, the biomolecules interaction with different nanoparticle surfaces results in
either loss of the physiological function or enhances the function/conformation of
biomolecule. In earlier case, the nanoparticle surfaces need to be moderated to lower
the deteriorative effect on biomolecules. Whereas the latter case offers multiple
nanoparticle-mediated strategies and advantages in biomedical research like molec-
ular and cell imaging, bioassays, biosensing, etc.

11.2 Nanoparticle-Mediated Applications in Biology
and Medicine

11.2.1 Nanoparticles in Biosensor

The basic principle of biomedical diagnosis, forensic analysis and environmental
monitoring is to sense biological agents, disease causing agent and toxic materials
present in minute quantity in biological milieu (Otsuka et al. 2001). Since an ideal
sensor typically consists of two elements, a recognition element to bind specific
target and a transduction element to signal the binding event, efforts have been made
to explore dual properties of photocatalytic nanoparticle, i.e. enhanced surface
functionalities and photocatalytic-based cascade of signal for the binding event
(De et al. 2008). For example, photocatalytic NPs such as gold NP have been
adopted by Mirkin’s group as bio-barcode platform for its unique surface chemistry
of signal transduction amplification (Hill and Mirkin 2006; Nam et al. 2003).
Nowadays with emerging sensing techniques, different NP surfaces have been
fabricated to work on different sensing principles, like fluorescence sensing, colori-
metric sensing and electrochemical sensing, to detect the target in real-time at a very
low physiological concentration (De et al. 2008, 2009).

The Mirkin’s group found that the gold nanoparticle-based bio-barcode probe can
detect femtogram per millilitre of prostate-specific antigen (PSA), a common cancer
biomarker that aids to indicate the existence of prostate cancer when expressed at
elated levels (Lilja et al. 2008; Nam et al. 2003). Rotello’s group has developed
another approach using the optical properties of NP surface to detect multiple target
analytes (You et al. 2007). He observed that anionic fluorescent protein that remains
reversibly bound with cationic gold NP through electrostatic interactions can be
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replaced by different anionic biomolecules (analytes) from biological milieu
according to their relative affinity for the cationic nanoparticle surface, and a
significant difference in fluorescence signal is observed. Hence, he coined the term
of “chemical nose/tongue” for the nanoparticle-based array to detect multiple target
analytes. This process is now employed for detection of specific proteins, bacteria,
physicochemical differences between healthy/cancerous/metastatic human breast
cells, etc. (Bajaj et al. 2009; De et al. 2009; Phillips et al. 2008). In addition to
optical property of gold NP, the surface-enhanced Raman scattering (SERS) prop-
erty of the particle has also been adopted for ultrasensitive detection of biomolecules
such as haemoglobin, glucose, bacteria and viruses (Shafer-Peltier et al. 2003;
Shanmukh et al. 2006; Xu et al. 1999; Yan et al. 2009). There has also been a
rapid development to exploit the magnetic properties of certain magnetic
nanoparticles (MNPs), such as SPIONs (supramagnetic iron oxide nanoparticles),
for the sensors (Haun et al. 2010).

The magnetic biosensors though are one of the routinely used methods for
detection of bacteria that entails the direct immunological reactions between
antibodies coated magnetic NPs and surface antigens (Varshney and Li 2007; Xia
et al. 2006). The Weissleder group has also applied the approach to detect
M. tuberculosis and identified the drug-resistant strains in a period of 30 min only
(Lee et al. 2009). In another study, a specific nucleic acid functionalized NP platform
was used to recognize the bacteria with its 16S rRNA with a very high sensitivity,
i.e. 1–2 E. coli in 10 ml of blood, and precision in determining bacterial load (Chung
et al. 2013). Many other groups have also utilized functionalized MNPs to efficiently
label bacteria. Metallic NPs and QDs have also been recently used for optical-based
tracking of specific bacteria. Like bacteria detection, specific molecule
functionalized MNPs have also been adopted to track the circulating tumour cells
(CTCs) for detection and separation of the cell at early stages of cancer progress
(Xu et al. 2011). The different nanoparticle-based approaches for proper detection
and separation of cancer cells have been discussed in later sections of the chapter.

11.2.2 Nanoparticles in Bioimaging

In the field of molecular imaging, NPs have been widely investigated as novel labels
and contrast agents. The advancement in bioimaging technology is credited to the
current evolution of luminescent and magnetic NPs (Sharma et al. 2006; Tan et al.
2004), among these two luminescent nanoprobes are used for optical imaging
(OI) and magnetic nanoparticles are used for magnetic resonance imaging (MRI).
There also exist a two-fold NPs for concurrent imaging by OI and MRI (Kircher
et al. 2003; Schellenberger et al. 2004). NPs possess many promising features for
targeted imaging. Firstly, NPs due to their larger surface area are capable of
delivering a large number of imaging agents at a time, leading to sensitivity
improvement (Wang and Wang 2014; Welch et al. 2009). Secondly, NPs for its
enhanced permeability and retention (EPR) effect can passively target tissues in vivo
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or increase the local concentration of contrast agents by targeted accumulation at
specific sites (Wang and Wang 2014).

Mono-functionalized QDs have a wide applicability, like tracking of specific
protein in cells or receptors involved in cell movement during development and
metastasis (Clarke et al. 2010). Lately, QDs have also come into picture for multi-
plex molecular imaging of embryonic stem cells, lymph nodes, as well as tumour
cells and vasculature (Ballou et al. 2007; Gao et al. 2004; Kang et al. 2009; Lin et al.
2007b). Whereas gold NPs provide a non-invasive approach for in vivo cancer
imaging by means of small organic molecules as near-infrared (NIR) SERS reporters
(Wang and Wang 2014). Magnetic NPs form another category of well-studied NP
for molecular targeted imaging. Magnetic NP imaging systems has aided in real-time
visualization of biological events, from cell migration/trafficking, enzyme activities
(Bulte et al. 2001; Chien et al. 2011; Mahmoudi et al. 2013; Tung et al. 2000) and
other biological interactions at molecular and cellular levels. Metal-doped ferrite
NPs (MnFe2O4) have also came into picture with its advanced magnetics properties
constantly being pursued for envisioning biological events (Lee et al. 2007). It can
be used to make better MRI probes due to its non-toxic nature in vitro and higher
magnetic susceptibility. Conjugated NPs with antibodies have shown to enhance
MRI sensitivity for the detection of cancer markers (Wang and Wang 2014; Wang
et al. 2015).

11.2.3 Nanoparticles in Drug Delivery

In improving some vital properties of “free” drugs, drug delivery systems (DDSs)
play its part well from increasing solubility, in vivo stability, pharmacokinetics and
bio-distribution to enhance the efficacy of drug (Allen and Cullis 2004). For
instance, Derfus, A. M. et al. in 2007 have successfully designed multifunctional
superparamagnetic NPs for far-off release of bound drugs (Derfus et al. 2007).
Delivering various agents to specific organelle(s) are the present focus of many
investigators. There are many molecular processes taking place in organelles that are
far from the sight of understanding and demands, proper investigation has resulted in
the development of potentially active delivering agents. The scope of NPs in this
field is worthwhile. For proper and effective targeting, the NPs carrying
oligonucleotides have to escape the endosome first. Various tools for active subcel-
lular targeting are emerging for targeted delivery to the cytosol, nucleus,
mitochondria, lysosomes and endosomes (Bareford and Swaan 2007; Lloyd 2000;
Pouton et al. 2007; Vasir and Labhasetwar 2007; Yamada and Harashima 2008).
Generally, there are two approaches being utilized for designing NPs for subcellular
targeting: (1) Passive targeting by NPs due to its varied characteristics such as size,
shape and composition (Xu et al. 2008), (2) Active targeting by functionalizing NP
surfaces with the specific ligands directed on the road to the specific organelle. In one
study, it was shown that the nuclear localization signal (NLS) conjugated gold NPs
targets at the cancer cell nucleus to damage DNA (Kang et al. 2010). So far, for
delivery to the mitochondria metal oxide or liposomal NPs have been primarily
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investigated. The electrostatic interactions between the NP and the organelle have
also been used for the delivery to mitochondria and have been utilized for cancer
research (Boddapati et al. 2008; Breunig et al. 2008). By in vitro screening of a
library of NPs with varied charge and size, it has been concluded that an optimized
targeted NP improves the efficiency and reduces the toxicity for cancer, Alzheimer’s
disease and obesity compared to non-targeted NPs or other small molecule thera-
peutics (Marrache and Dhar 2012).

Small interfering RNA (siRNA) is a non-coding small double stranded RNA
molecule which interferes with the expression of a certain protein by RNA interfer-
ence (RNAi) of respective mRNA. Hence, siRNA has been used as a biological tool
to control the transcriptome of a cell that is yet to optimize for its efficient and
biocompatible delivery systems. NPs, here, offer a possible solution to the obstacles
in siRNA delivery. In order to transport anionic nucleic acids into cells, cationic lipid
or polymeric NPs with their ability to form a condensed complex with nucleic acids
have been in use (Behlke 2006). Lately, in order to deliver siRNA to silence genes of
immune cells (playing pivotal roles in homeostasis and disease), NPs have been used
(Peer et al. 2008). To study the cellular pathways at the single cell level in plant cells,
NPs have also been used as a vehicle for delivering siRNA (Silva et al. 2010).

Hydrophobic compounds, instead of being biologically active, are not frequently
utilized in biological research due to its poor solubility in aqueous medium. The
widely used approaches involve the use of solvents like dimethyl sulfoxide (DMSO)
or an excipient like cremophor. But their limited solubilization and frequent
toxicities can complicate the biological experiments. One of the strategies to over-
come the challenge of delivering these hydrophobic agents is to utilize NPs. Many
NPs, especially polymeric NPs, have hydrophobic cores and are well suited for the
delivery of hydrophobic agents. The use of NP delivery vehicles not only overcomes
the problem of solubility of the active agent, but also protects the agent from the
environment until the agent is released from NP (Wang and Wang 2014). Karve,
S. et al. have shown that NP wortmannin works as an active and potent therapeutic
agent in vivo in a cancer mouse model (Karve et al. 2012).

11.3 Nanoparticle–Protein Interaction and Protein Aggregation

Nanoparticles (NPs), as previously discussed in the chapter, due to their nano-size
and large surface to mass ratio have relatively larger surface to interact with
biomolecules in biological milieu. In a living system, the interaction of NPs with
proteins serve as the basis of bio-reactivity and leads to the formation of potent
nanoparticle–protein corona (NP-PC). The adsorption of protein at nano–bio inter-
face is driven by several factors, namely NP curvature, different interactions at
interface, solvation forces, etc. The formation of NP-PC is a multifarious process
that depends on different factors such as characteristics of nanoparticle, amount of
the interacting protein and its medium, affinity of the protein and its ability to occupy
the surface of nanoparticle (Saptarshi et al. 2013). The binding of protein onto
nanoparticle surface is likely to induce conformational rearrangements onto the
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adsorbed protein, thereby anticipated to impede them in folding pathways
(Cabaleiro-Lago et al. 2010b; Fei and Perrett 2009; Kopp et al. 2017) and affect
the overall bio-reactivity of nanoparticle (Saptarshi et al. 2013). Moreover, the
higher curvature in nanoparticle provides additional flexibility to adsorbing protein
perturbing relatively less intramolecular interactions, in comparison to the planar
surfaces (Verma and Stellacci 2010). However, some proteins’multilayer adsorption
and conformational rearrangement on interaction with certain nanoparticle interface
lead to irreversible amyloid-like fibril formation (Colvin and Kulinowski 2007;
Wagner et al. 2010; Worrall et al. 2006). These amyloid-like fibrils, directly or
indirectly, are associated with degenerative diseases such as type II diabetes mellitus,
Parkinson’s and Alzheimer’s disease (Saptarshi et al. 2013). Naturally found differ-
ent polyphenols of curcumin, epigallocatechin-3-gallate and resveratrol as well as
different ranges of nanoparticles (ceria, carbon nanotubes, copolymers, quantum
dots, graphene sheets, iron oxide, gold, silver and polymeric NPs) have shown to
moderate the fibrillation propensity of different proteins (human β2-microglobulin,
α-synuclein, hIAPP, prion, amyloid-β) via conformational rearrangement upon
interaction into either anti-amyloidogenic or amyloidogenic conformation
(Ehrnhoefer et al. 2008; Fischer et al. 2010; Gurzov et al. 2016; Jana and Sengupta
2012; Linse et al. 2007; Mahmoudi et al. 2012; Pithadia et al. 2016). Hence, different
nanoparticle–polyphenol formulations have been evaluated for more efficient anti-
amyloidogenic properties, as discussed in following section.

11.3.1 Nanoparticles in Type II Diabetes Mellitus

Insulin and human islet amyloid polypeptide (amylin/hIAPP) are endocrine
hormones known to regulate glucose level in blood. These two hormones are
co-expressed, co-processed and co-secreted in response to same secretagogue by
pancreatic β-cells. In the proteome of the pancreas, these two proteins have highest
amyloidogenic propensity despite the different measures that cells have adopted to
keep them in physiologically active form with the evolutionary development (Baker
et al. 1988; Brange 2012; Brange et al. 1997; Michael et al. 1987). These two
proteins have been predominantly observed in amyloid plaques taken from type II
diabetes mellitus (TIIDM) patients. Since these amyloid plaques are known to be
cytotoxic, their formation results in degradation of β-cells in pancreas and
anticipated as causative agent for TIIDM occurrence in 95% of the patients (Gupta
and Leahy 2014). Fibrillation of insulin is not only present in physiological condi-
tion but also can happen in the site of insulin infusions in patients, during long time
storage, delivery or manufacturing of insulin. Therefore, fibrillation of insulin is one
of the major concerns in the field of diabetology (Hua and Weiss 2004;
Meesaragandla et al. 2020). There is no therapeutics to reverse the fibrillation of
the proteins, though there are approaches to control further progress of the disease.
Therefore, prevention of insulin/hIAPP fibrillation has been considered as one of the
remedial perspectives for diabetes treatment (Zhang et al. 2016). The association
between NPs and aggregation prone proteins has been a remarkable approach in the
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field of research and technology owing to its small dimension that allows easy access
to cellular barriers and biological membranes (Chithrani et al. 2006; Goodman et al.
2004; Gulati et al. 2013; Verma et al. 2008). Intervention of NPs in different stages
of fibrillation pathway may lead towards amyloid cytotoxicity in biological systems
(Peretz et al. 2018). Some NPs such as inorganic quantum dots (Yoo et al. 2011),
silver nanoparticles (AgNPs) (Anand et al. 2016), fullerenes (Kim and Lee 2003),
etc. show inhibitory effect on formation of amyloid aggregates. Additionally, differ-
ent NP-mediated approaches has been adopted to further enhance the anti-
amyloidogenic property of phenolic compounds like resveratrol functionalized
gold nanoparticles (Zhang et al. 2016). However, there are reports of different
NPs, like polymeric NPs consisting of polystyrene or N-isopropylacrylamide, tita-
nium oxide (TiO2 NPs) (Wu et al. 2008), enhancing the fibrillation by decreasing
aggregation lag time (Cabaleiro-Lago et al. 2010a). Recent studies have shown that
membrane-associated fibrillation of the peptide has been restructured by almost all
NPs and the lipid bilayer interaction has been strengthened (Peretz et al. 2018).

AuNPs (Gold nanoparticles) are one of the most common NPs used in the field of
theranostics due to its inert, biocompatible and tunable physicochemical properties.
In a study conducted by Meesaragandla et al., several biopolymers, like dextrans,
chitosan, functionalized AuNPs inhibited the insulin fibrillation (Bhumkar et al.
2007; Meesaragandla et al. 2020; Wagner et al. 2010). The insulin interaction with
the functionalized AuNPs restricted the conformational transition from α-helix to
amyloid-like cross β-sheet structure (Meesaragandla et al. 2020). Whereas the
graphene oxide nanosheet (GONP) interaction with hIAPP, stabilized the protein
into coil-like conformation instead of its self-assembly into amyloid-like fibrils
(Nedumpully-Govindan et al. 2016). Likewise, resveratrol (trans-3,4,5-trihydroxy-
stilbene, a phenolic compound found in red wine) functionalized AuNP remodelled
the membrane-associated hIAPP fibrillation, when done in presence of DMPC
(dimyristoylphosphatidylcholine) and DMPG (dimyristoylphosphatidylglycerol)
vesicles in vitro. It was shown that the NPs stabilized the transient helical confor-
mation of hIAPP in presence of DMPC: DMPG vesicles, thereby inhibited the
hIAPP fibrillation. Additionally, amine-functionalized polystyrene and titanium
oxide nanoparticles enhanced the DMPC: DMPG vesicle-mediated hIAPP fibrilla-
tion (Peretz et al. 2018).

The bare ZnONPs (Zinc oxide nanoparticles) and AgNPs with negative surface
potentials have shown to enhance the proteins fibrillation, Fig. 11.2 (Alvarez et al.
2013; Wang et al. 2017). The surface enhanced the fibrillation by inducing confor-
mational rearrangement towards the amyloidogenic conformation upon interaction
with the particle surface (Asthana et al. 2020). However, functionalizing the surface
with citrate or branched polyethyleneimine significantly inhibited the protein fibril-
lation, largely by sequestering the protein monomers against the self-assembly into
amyloid fibrils (Wang et al. 2017).
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11.3.2 Nanoparticles in Parkinson’s Disease

Alpha-synuclein (α-syn), a small, soluble and intrinsically disordered protein exten-
sively found in brain tissues, plays an important role in the onset and progression of
Parkinson’s disease (PD) (Uversky and Eliezer 2009). α-Syn consists of three main
regions: an amphiphilic N-terminal part responsible for interacting with membranes
(Maltsev et al. 2013; van Rooijen et al. 2009), a non-amyloid β-peptide component
(NAC) region as hydrophobic region that makes up the core component of amyloid
fibrils, an acidic C-terminus that remains unstructured in all forms of fibrils and
monomers (van Rooijen et al. 2009). The accumulation of amyloid aggregates of the
protein in lewy bodies, found in dopaminergic neurons of the midbrain, is a
characteristic feature of PD (Xie and Wu 2016). Numerous NPs have been designed
to transport small hydrophilic molecules across the blood–brain barrier (BBB) that
offers homeostatic defence system in brain (Kanazawa et al. 2013; Patel et al. 2013).
In this case, evaluation of the nanoparticle interfaces for its interaction with proteins
from brain cells, i.e. α-syn, amyloid-β and tau proteins, becomes important. Several
studies have shown NPs of varying sizes and structures interacting with different
proteins affect the protein fibrillation propensity; however, there seems to be limited
data available on interaction of α-syn with NPs and its aggregating mechanisms, as
shown in schematic Fig. 11.2 (Cabaleiro-Lago et al. 2012; Huang et al. 2013;
Marshall et al. 2011; Mirsadeghi et al. 2015; O’Brien et al. 2011).

Metal nanoparticles with negative surface potentials, like AuNP and ZnONP, have
shown to inhibit the α-syn fibrillation propensity by either sequestering the mono-
meric protein (Yang et al. 2013) or by trapping it in non-amyloidogenic confirmation
(Asthana et al. 2020). The predominantly positively charged N-terminus of α-syn
interacts with such NP interface and intensifies the conformational entropy that
kinetically confines α-syn in stable non-amyloidogenic conformation, i.e. flocs.
These off-pathway aggregates significantly showed reduced cytotoxicity towards
IMR32 cells (human neuroblastoma cell line) and THP-1 cells (human monocytic
cell line) in vitro, which indicated the potential therapeutic approach of ZnONP in
α-syn amyloidogenesis, Fig. 11.2a (Asthana et al. 2020). On the contrary, albumin-
based nanoparticle with negative surface potential showed insignificant interaction
with monomeric α-syn. Hence, the protein-based nanoparticle had no effect on α-syn
fibrillation. Interestingly, when the surface potential was reversed by coating with
positively charged polyethylenimine (PEI), it enhanced the primary nucleation and
fibrillation. However, it reduced the cytotoxic nature of the resulting fibrils, Fig. 11.2b
(Mohammad-Beigi et al. 2015). Thus, this protein-based non-immunogenic

Fig. 11.2 (continued) oxidative stress (Wu et al. 2011; Xie and Wu 2016). SiO2-NPs also hinder
20S proteasome activity and reduce Parkin, ubiquitin, ubiquitin carboxy-terminal hydrolase L1
(UCH-L1) protein levels in ubiquitin-proteasome system (UPS) as a result of aggregation of α-syn
(Xie and Wu 2016). (d) Interaction of negatively charged citrate coated AuNP with α-syn leads to
ROS generation and oxidative stress which in turn leads to mitochondrial dysfunction (Alvarez
et al. 2013). Red: ZnONP, Green: PEI-HSANP, Blue: SiO2NP, Orange: Citrate-AuNP
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nanoparticle should also be evaluated for their use as drug carrier due to their ability to
cross the blood–brain barrier, BBB (Langer et al. 2003; Mishra et al. 2006; Patel et al.
2013).

Like protein-based nanoparticle, SiO2-NP (Silica nanoparticles) has been widely
used in diagnostics, imaging and drug delivery system for many central nervous sys-
tem diseases (Wang et al. 2015). Moreover, SiO2-NP has also shown deteriorative
effects on brain cells indirectly, i.e. via oxidative stress that leads to aggregation of
α-syn, resulting in damage of dopaminergic neurons in the striatum, Fig. 11.2c
(Wu et al. 2011; Xie and Wu 2016). Aggregation of α-syn activated the autophagy
via PI3-Akt-mTOR signalling pathway in PC12 cells (dopaminergic neuron-like cell
line) that can lead to neurotoxicity and development of PD. As these NPs render
α-syn mediated toxicity in vitro, it develops a sense of caution over its use in
biomedical field and cancer treatment in brain (Xie and Wu 2016).

11.3.3 Nanoparticles in Alzheimer’s Disease

Alzheimer’s disease (AD) is an age-related progressive neurodegenerative disorder
that is mainly associated with aggregation of amyloid-β (Aβ) and phosphorylated tau
proteins resulting in formation of amyloid plaques and intracellular neurofibrillary
tangles (NFTs) (Amiri et al. 2013; Mahmoudi et al. 2013). Aβ is an amphipathic
polypeptide of 36–43 amino acids and with a molecular weight of 4 kDa (Mahmoudi
et al. 2013). This Aβ is generated by a cascade that consists of sequential cleavage of
a precursor protein called amyloid precursor protein (APP) (Amiri et al. 2013). The
Aβ self-assembly into amyloid fibril is causative agent for Alzheimer’s disease. The
unstructured Aβ monomer mainly consists of three regions: one highly charged
stretch in the region 1–16 amino acid residues and two hydrophobic stretches in the
regions of 16–20 and 30–40 residues. The hydrophobic residues are said to play a
crucial part in the oligomerization, hence any perturbance in this region moderates
the fibril formation (Bett et al. 2010; Liu et al. 2004). Several studies have been
carried out to inhibit the aggregation by using different biological molecules such as
phenols, inositols, indoles and several others (Cohen et al. 2006; Hashimoto et al.
2009; Kim and Lee 2003; Necula et al. 2007). This is where nanoparticles come into
play, they can provide platform for enhanced Aβ fibrillation to decrease the cytotoxic
population accumulation or/and NP surface can be moderated to influence the
interactions of Aβ self-assembly in fibrils. For example, SPION with positive surface
potential at lower concentrations slowed Aβ fibrillation, while at higher
concentrations it enhances the fibrillation by decreasing the nucleation lag time
(Cabaleiro-Lago et al. 2010b; Ikeda et al. 2006). SPION with negative surface
potential or amine-functionalized tends to inhibit the fibrillation process in varying
concentrations and sizes (Mahmoudi et al. 2013; Olmedo et al. 2008). Another metal
oxide, TiO2NP, surface in Wu Wei-hui et al. study also enhanced the fibrillation by
decreasing the nucleation lag time. In fact, the surface enriched the pre-fibrillar
protein population upon interaction with the monomeric Aβ protein (Wu et al. 2008).
On contrary to NP surfaces that enhanced the fibrillation, there are also NP-based
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studies showing the potential inhibitory effect (Barbara et al. 2017; Cabaleiro-Lago
et al. 2008; Yoo et al. 2011).

Curcuminoids, besides its anti-oxidant, anti-inflammatory properties, also have
anti-amyloidogenic property. It has shown to disaggregate the Aβ fibrils and inhibit
the formation of newer ones. But its solubility and bioavailability was a problem
until Rouzi Barbara et al. adopted glycoprotein conjugated PLGA (poly(n-butyl
cyanoacrylate)) nanoparticle to overcome the Curcumin bioavailability problem.
Thus, this work proved the compound’s potential to disintegrate Aβ fibrils and to
reduce oxidative stress in the neuronal cells (Barbara et al. 2017). Another
copolymers NP (N-isopropylacrylamide:N-tert-butylacrylamide, NIPAM:BAM)
based approach has also been explored to inhibit the Aβ pathology. The polymeric
NP inhibited the fibrillation by significantly decreasing the availability of Aβ
monomer and oligomers (Cabaleiro-Lago et al. 2008). Likewise, nanogels, micelles,
fullerenes and surface-modified nanogels upon interaction with Aβ peptide also
stabilized the anti-amyloidogenic conformation, thereby inhibited their fibrillation
and fibril-mediated toxicity (Cabaleiro-Lago et al. 2008; Ikeda et al. 2006; Kim and
Lee 2003; Pai et al. 2006). N-acetyl-1-cysteine-capped quantum dots having a
diameter of 3–5 nm were shown to inhibit the fibrillation of Aβ by the formation
of hydrogen bonds between the NPs and Aβ protein (Xiao et al. 2010).

11.3.4 Nanoparticles in Tauopathy Disease

Tau, like α-syn protein, is an intracellular protein which plays a major role in
stabilizing the microtubules in the cells (Sonawane et al. 2019; Wang and
Mandelkow 2016). Tau is predominantly found in cells of CNS (Central Nervous
System) and is expressed in 6 isoforms in human. It is a protein which is highly
prone to phosphorylation as it consists of 85 potential threonine, serine and tyrosine
phosphorylation sites. Various tauopathies are caused by aggregation of
hyperphosphorylated tau proteins (Hanger et al. 2007; Tuna et al. 2009). In adult
human brain, the purified tau protein shows about 10 phosphorylated residues,
whereas tau isolated from tauopathic brain shows about 16 phosphorylated residues
(Arai et al. 2004; Sergeant et al. 1999; Wray et al. 2008). The phosphorylation of Tau
is developmentally regulated by different kinases and phosphatases. Any kind of
abnormal activity in these kinases and phosphatases caused by either genetic
mutations or by faulty post-translational modifications results in the
hyperphosphorylation of tau, a landmark in various tauopathies including AD
(Coppola et al. 2012; Gong et al. 2005; Iqbal et al. 2016). In AD, the
hyperphosphorylated tau aggregates and forms paired helical filaments (PHFs) in
neurons which is followed by formation of neurofibrillary tangles (Gorantla et al.
2017a, b). Tau isolated from healthy human brain is hydrophilic, unstructured and
dynamic protein in solution (Mandelkow and Mandelkow 2012; Noble et al. 2013).
The in vitro studies suggest that hyperphosphorylation of tau in mouse and human
causes their aggregation, and dephosphorylation inhibits the aggregation and
restores the normal function of tau in brain (Iqbal et al. 1998). Tau protein, although,
lacks definite structure in soluble form, but attains partial β-sheet structure in its
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pathological state. The tau protein is composed of two main domains, namely
projection and microtubule binding domain. The projection domain consists of a
polyproline stretch and two inserts, while the microtubule binding domain consists
of four 29 amino acid repeats. There are two hexapeptide motifs present in these
repeat regions which mainly enable the transition of random coil to β-sheet,
thereby causing tau protein to aggregate (von Bergen et al. 2000, 2005).

Recent studies have shown that nanoparticles have the potential to inhibit the
conformational transition, thus ameliorate the tauopathy related to it. Sonwane S. K.
et al. reported that metal nanoparticle coated with fungi derived protein inhibited the
tauopathy to different extent by stabilizing the tau oligomers against its fibrillation.
In a separate study, another metal oxide nanoparticle-mediated approach was
adopted by Yoshiyama et al. to relieve the tauopathy. The group treated the
tau-mutant mice with γ377-39 peptide conjugated iron oxide nanoparticle to inhibit
the microglial activity; microglial activation is seen in tauopathy, and γ377-39
peptide is a known inhibitor of microglial activity. The treatment reduced the
tauopathy-mediated neurodegeneration in tau-mutant mice (Adams et al. 2007;
Glat et al. 2013; Luo et al. 2020; Yoshiyama et al. 2007). On the contrary, some
metal nanoparticles, like Manganese oxide NPs, Nickel oxide NPs, Iron NPs, with
intact surface have shown to interact with tau protein with significant or insignificant
change in protein conformation. Hence, the interactions have insignificant effect on
tau aggregation (Hajimohammadjafartehrani et al. 2019; Hajsalimi et al. 2018;
Mehdizadeh et al. 2019).

Thus, the literature altogether, beside raising the concern over the use of uneval-
uated NPs for biological applications, indicated that the anti-amyloidogenic phenol/
biopolymer(s) functionalized nanoparticles has tremendous therapeutic potentials in
amyloid-mediated pathologies.

11.4 Nanoparticle in Cancer

According to World Health Organization (WHO), cancer is a prime reason of death
worldwide in both developing and devolved countries, approximately 9.6 million
deaths in 2018, making it second most leading cause of death globally (https://www.
who.int/news-room/fact-sheets/detail/cancer). About 70% deaths from cancer occur
in middle- and low-income countries. Late stage presentation and failure in early
stage diagnosis are the common reasons for higher death risk. Neoplasms and
malignant tumours are some common name used for cancer. One of the defining
characteristics of cancer is the rapid proliferation of cell that flourishes beyond their
regular borderline. At later stage they can invade neighbouring parts and then
transmit it to other organs, which is known as metastasis (NIH 2017; Society
2016). Lung, colorectal, pancreatic, liver and breast cancers are the common causes
of cancer deaths. To turn off the occurrence of various cancers, several techniques
have been demonstrated such as cancer cell screening, surgery, chemotherapy,
electrosurgical excision procedure, radiation, cryotherapy and combinational
therapies (Yuan et al. 2018). Traditional therapies often produce side effects and
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these are insufficient due to various reasons like drug resistance, chaotic and
complex tumour microenvironment, bioavailability of drug, etc. In last few decades
with advancement of nanotechnology, its applications for clinical analysis, imaging
and therapeutics have been on fore front (Jaishree and Gupta 2012). The detection
and capture of circulating tumour cells (CTCs) via NPs have drawn much attention
of researchers. Additionally, nanoparticle-mediated targeted delivery of drugs in
cancer therapeutics has significantly reduced the drugs dosage with more specificity,
low toxicities and better bioavailability (Ferrari 2005; Nie et al. 2007; Srinivas et al.
2002; Wang et al. 2007).

11.4.1 Nanoparticles in Cancer Diagnosis

In the combat against cancer, half of the fight is won based on its early screening.
Nanotechnology implements some contrast molecular agents to enable the prior and
accurate diagnosis of cancerous cells as well as help in continuous monitoring of
cancer patients, which has brought revolutionary changes in the field of cancer
diagnosis. Although this method is not yet used clinically for early detection or
diagnosis, but it is already used in various clinical practices (NIH 2017) (https://
www.cancer.gov/nano/cancer-nanotechnology/detection-diagnosis). Certain
nanodevices are being explored for the trap of vascular biomarkers, overexpressed
proteins in malignant cells and circulating oncogenes. The biosensor designed by
using nanotechnology has high sensitivity and accuracy rate. In vivo, it can detect
even a single malignant cell and also has the ability of site-specific delivery of toxic
drugs. For cancerous cell detection some of the nanomaterials are used, like
fullerenes, quantum dots, superparamagnetic nanoparticles, dendrimers,
nanodiamonds, etc. (Jaishree and Gupta 2012). These nanomaterials used specific
cross-linking agents, such as particular antibodies against malignant cells for easy
detection of cancer cell (Alexis et al. 2008). Individual cancer cells have some
biomarkers on their surface, which provide specificity to the cancer cell. Nowadays,
a novel approach for detection of biomarker quantitatively, by using lipid coated
nanomaterials, i.e. quantum dots (QDs) helps/improves the histopathological diag-
nosis of cancer. Bruchez et al. in 1998 first used ligand conjugated CdSe QDs of
semiconductor nature to image the fibroblast cells (Bruchez et al. 1998). Thereafter,
it has been optimized for targeting, bioimaging, vasculature imaging and tracking of
the cancerous cells (Cai and Chen 2008; Maysinger 2007; Schroeder et al. 2007;
Tada et al. 2007). Like QDs, nanodiamonds have also been explored for cancer cell
diagnostic for its highly biocompatible and stable photoluminescence properties
(Enoki et al. 2009; Holt 2007). Cancer specific biomarker conjugated nanodiamonds
show unprecedented specificity for the target cells for bioimaging. They are potential
labelling and tracing agents, as they do not interrupt cell cycle and can easily
conjugated with certain proteins and biomarkers. Hence, these NPs, for their optical
property, can be used in bioimaging of proliferating cells in vivo, which provides
important information such as tumour growth rate, angiogenesis rate, efficacy of
treatment vigour of normal cells (Fu et al. 2007).
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To detect and capture circulating tumour cells (CTCs) magnetic NPs have also
been used, where the nanoparticle is conjugated with ligand to target and isolate the
CTCs. In a preclinical study, PEGylated magnetic NPs were used for in vivo CTC
detection (Galanzha et al. 2009). These magnetic nanomaterials have already been in
use for magnetic resonance imaging (Wust et al. 2002). Many researchers reported
that superparamagnetic nanoparticle can be associated with other nanoparticle for
specific tumour targeting. This method is known as magnetic drug targeting which
uses magnetic field for localization. The PEG-conjugated superparamagnetic
nanoparticles have improved biocompatibility and enhanced circulation time in
biological system (Harris et al. 2001). Moreover, the cancer cell-specific antibody-
linked PEGylated nanoshells have also been evaluated by Hirsch et al., where the
sensing is enhanced by 10 billion times and also made the approach 10,000 times
more accurate than the conventional methods; for detection and targeting tumor
cells. For example, the breast adenocarcinoma cells overexpressing a potent bio-
marker i.e., human epidermal growth factor receptor-2 are immunotargeted using
nanoshells (Loo et al. 2005).

Other approaches for detection and separation of cells take into account the use of
biomimetic nanotechnology. The Hong’s group has developed microfluidic devices
applying biomimetic approaches for the detection and separation of cells (Karnik
et al. 2008).

11.4.2 Nanoparticles in Cancer Therapeutics

To turn off the occurrence of various cancers, several techniques have been
demonstrated such as cancer cell screening, surgery, chemotherapy, electrosurgical
excision procedure, radiation, cryotherapy and combinational therapies. Traditional
therapy does not discriminate between malignant cells and healthy cells and
non-selectively target malignant cells. Some factors like drug resistance, chaotic
and complex tumour microenvironment, bioavailability of drugs, etc. are also
responsible for the failure of traditional therapies (Jain 2001). Chemotherapy appears
to be a potent therapy by using certain anticancer agents such as nitrogen mustards,
Pt-based drugs and therapeutic agents like temozolomide, based upon alkylation of
DNA, which have relentless side effects on cancer cells (Rasoulian et al. 2017). In
radiation therapy, death of tumour cells is induced by accumulating higher amount
of energy in the target site, resulting in damage of tumour cells or their vasculature
(Hainfeld et al. 2006). In chemotherapy, the death of tumour cell is induced by
administrating cytotoxic chemotherapeutic agents. Based upon the type of therapeu-
tic agents used, there are different modes of action to cause cancer cell death
(Crawford 2013). These two different approaches are also used combinedly for
cancer treatment. Despite their outstanding clinical application, certain major
drawbacks of this combined therapy are also reported (Herscher et al. 1999; Ma
et al. 2003). These limitations are cytotoxic effect on normal cells, non-specific drug
delivery and targeting, bioavailability of therapeutic agents, etc. Generally, the most
widely used therapy which is chemotherapy showed undesired secondary responses
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and risks and can also able to affect bone marrow cells to reduce the immunity and
increasing host susceptibility (Lebaron et al. 1988; Peppercorn et al. 2005).

To overcome these problems there is a requisite of combinational therapy, which
is a combination of biocompatible nanoparticles and certain anticancer drugs.
Combinational therapy is well known for its synergistic effects. In this technique,
two or more therapeutic agents are used combinedly to hike the efficacy of certain
chemotherapeutic agents which are used in low concentration. This technique is also
trying to reduce the drug resistance by chemosensitization. Although this therapy
appears to be toxic, but it can be conquered by using different therapeutic agents in
lower concentration. Furthermore, this therapy may be able to check the side effects
on nonmalignant cells while simultaneously having cytotoxic effects on malignant
cells. This therapy is also able to diminish the possibility for drug resistance
(Da Silva et al. 2016). These limitations can further be reduced through targeted
delivery and increasing the local concentration of the drugs. Nanotechnology aims to
mitigate the complication, coupled to diseases, at nanoscale dimensions where all
biological entities coexist and cooperate. The application of nanotechnology to
medicine, known as nanomedicine focuses on proposing major breakthroughs in
cancer diagnosis and treatment and has the enormous potential to mitigate the
problems associated with conventional therapies. Nanoparticles are capable to
cross the biological barriers (bio-barriers), pile up in tumour cells and specifically
target singlet cancer cells for their early detection and treatment (Wang and Thanou
2010). This interdisciplinary field combines several branches such as engineering,
biology, medicine and chemistry, focusing towards major progress in early cancer
detection, diagnosis and treatment.

In recent years, metal nanoparticles have been widely explored for drug delivery,
targeting of diagnostic and therapeutic agents in cancer therapy (as referred in
Table 11.1). Metallic NPs, being multifunctional, are supposed to have superior
effects on tumour cells. The site-specific targeting feature of NPs plays a key role in
cancer nanobiotechnology as they avoid hampering of normal cells and unnecessary
side effects (Gindy and Prud’homme 2009). Therefore, current disease management
modalities in cancer nanotechnology promise better therapy due to their tiny size and
unique physicochemical properties. There are different nanomaterials, as described
above for bioimaging and diagnostics, of different shapes, like nanoshells,
nanotubes, nanosponges, that have been evaluated to deliver the drug to cancer site.

Nanosponges are three-dimensional mesh or scaffold like structure made up of
long chain of polyester. Along with certain small molecules known as cross linkers,
they acquire some further rearrangement to form spherically shaped structures with
cavities. These cavities store therapeutic agents for cancer treatment and then deliver
it to the target site. This microscopic sponge circulates in the neoplasm until they
come across the surface to sustain delivering their cargo (Cavalli et al. 2006; Guo
et al. 2008). Whereas fullerenes nanotubes, also known as carbon nanotubes (CNT),
are designed by using unique atomic level arrangement of carbon in the molecular
form. Ji et al. stated that a CNT device is capable of screening of single cancerous
cell efficiently (Ji et al. 2010). The distinct physicochemical properties, optical
properties and electrical properties of the fullerenes and some of their derivatives
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make them popular tools in cancer diagnosis and therapy. Nowadays these are the
most promising nanomaterials with the ability of both screening of tumour cells and
site-specific delivery of therapeutic agents.

Liposomes are the first FDA approved nanoparticles used as a carrier to deliver
the therapeutic agents. They are sized at the nanoscale dimensions and consist of a
lipid bilayer enclosing the drug inside a core hydrophilic environment. In breast and
ovarian cancer, liposomal doxorubicin is proved to be efficient and safe clinically
(Papahadjopoulos et al. 1991; Straubinger et al. 1988). PEG coated nanoparticles
show higher efficacy due to steric stabilization. This also reduces the uptake of
liposome by macrophages (Papahadjopoulos et al. 1991; Woodle and Lasic 1992).
Albumin taxol conjugates are the second nanoparticles to be approved by FDA. This
was designed to mitigate the insolubility issues of taxol through binding of the drugs
to the nanosized albumin (Damascelli et al. 2001; Desai et al. 2006; Miele et al.
2009). Currently more than 50 clinical trials of nanoparticles are ongoing for cancer.
Following are the list of different metal nanoparticles which have been evaluated for
its potential therapeutic approaches.

11.5 Conclusion

In conclusion, nanoparticles, like zinc oxide, iron oxide, when enter biological
milieu produce reactive oxygen species (ROS) upon interaction with biomolecules
leading to oxidative stress, damaging cellular organelles including lipid peroxidation
and production of 4-hydroxylnonenal, malondialdehyde and other toxic aldehyde
compounds (Sripetchwandee et al. 2016). These toxic elements further lead to
protein damage by specific reactions and easily bypass the ubiquitin/proteasome
degradation system. These misfolded and modified proteins accumulate with time
and adopt a cytotoxic aggregate structure in cytoplasm, as observed in the cases of
neurodegenerative disorders (Crichton et al. 2011). The level of cytotoxic-based
degeneration depends on the concentration, size, shape, surface charge, functional
groups and type of coating of the NP (Yarjanli et al. 2017). Another way of indirect
contribution of nanoparticle in cancer and degenerative diseases is anticipated via
generated ROS-mediated DNA modifications including breakdown of bases,
mutations, DNA degradation, alteration in purine or pyrimidine and protein cross-
linking (Birben et al. 2012). Thus, with the advancement of nanotechnology in
biological sciences, it becomes pertinent to evaluate the NP surface properties and
its consequence in biological milieu before its applications.
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Bio-nano Interface and Its Potential
Application in Alzheimer’s Disease 12
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Abstract

Bio-nano interface is the boundary where nano scale entities meet biological
systems to exert precise biological function. It unlocks new outlooks for more
effective diagnostics, tissue renewal, and therapeutic interventions. In organisms,
nanoparticles obtain a covering of biomolecules such as lipids, proteins, and
polysaccharides from their surroundings, which reduce their surface energy and
confer biological uniqueness to particles. Proper maintenance of a healthy life
requires efficient and timely monitoring health to detect early onset of diseases.
Nano-technological methods are spur development of more sophisticated tools
for detecting early stages of diseases such as atherosclerosis, cancer, diabetes,
pulmonary diseases, cardiovascular diseases, nephropathy, retinopathy, and
Alzheimer’s disease (AD). The common neurodegenerative disease is AD that
causes memory loss and deterioration of cognitive function. Furthermore, it
displays additional neurological symptoms such as delusion, deficiency language,
and learning. These symptoms of AD progression gradually ultimately leading to
the prostration of individual functions. Therefore, strategies are made to over-
come early detection and diagnostics for better management of AD. Developing
proper prognosis for AD is one of the most challenging features in the era of
modern medicine. In such scenario, nanoparticles (NPs) are emerged as the new
tools to overcome the limitation of prognosis for detecting AD. Aggregation of
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amyloid-β peptide in the brain is supposed to be the prime incident in AD
pathophysiology. This paper deliberated the role of nanotechnology in premature
detection of AD and explored targeting outgrowth in diagnosis and treatment.

Keywords

Alzheimer’s disease · Nanoparticle · Nanotechnology · Diagnosis · Amyloid-β
peptide

12.1 Introduction

Alzheimer’s disease (AD) has attained additional care in last couple of periods due to
the rise in dementia cases but has no success in findings of effective treatments.
Currently, AD-related death ranks 6th in the world, but still, no positive prevention
approach or therapy has been established (Gu et al. 2016). AD is a different kind of
dementia that causes memory problems, behavior, and thinking. The AD symptoms
generally grow gently but with time the severity of the disease leads to hindrance
with everyday responsibilities. AD collects to 60–80% of all types of dementia
cases. It is not a usual part of the aging process (Amiri et al. 2013). The highest
known risk factor is old age, and the majority of people suffering from AD are above
65 and older.

AD is a heterogeneous, multifaceted disorder categorized by multiple damages of
cellular and physiological function caused by epigenetic, genetic, and also ecologi-
cal factors. In 1906 Alois Alzheimer defined first time the distinctive plaques and
neurofibrillary tangles in the brain of 50 years aged older woman with severe
cognitive dysfunction (Alzheimer 1907). The cognitive dysfunction or brain fog
means loss of intellectual functions such as remembering, thinking, and reasoning
leading to interference with daily functions. The incidence and prevalence of AD are
increasing day by day. The elderly population was rising worldwide, and now AD
becomes one of the foremost worldwide health care problems (Sloane et al. 2002). In
the current age, neither accurate diagnostic strategies nor potential therapeutic
mediators are existing for the treatment of AD (Nestor et al. 2004; Mortimer et al.
2005). Furthermore, the available therapeutic agents for AD diseases are only to
lessen the symptoms (Murman and Colenda 2005).

In recent scenario, nanotechnology has been opening foundation and innovative
fields in several aspects of human life, especially the diagnosis and the treatment of
diseases, which includes AD. Nanotechnology is progressing in the field of drug
discovery, dispersal, molecular detection, and monitoring numerous challenging
human diseases, which include neurodegenerative disorders (Jain 2005; Mansoori
2005; Mansoori et al. 2007, 2010; Modi et al. 2010).

The application of nanotechnology towards health is called as Nanomedicine. It
exploits the chemical, biological, and physical property of constituents in nanometric
scales. Nanomedicine has a possible effect on early prevention and consistent
diagnosis and disease treatment. The eventual goal of nano-diagnostics is to aid
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better detection of disease at a preliminary stage. Nanotechnology offers diagnostic
accessories for better specificity, sensitivity, and consistency. The main aim of drug
delivery systems is targeting particular cells inside the body. Nanomedicines as a
recent technique have been developed to effectually target delivery of drugs to the
diseased site, to increase the efficacy of therapeutic intervention.

Additionally, it also provides a better strategy to deliver a new generation of
pharmaceutical medicine that could not be effectively delivered by conventional
means (Mirkin and Niemeyer 2004; Singh et al. 2008).

12.2 Pathogenesis

AD is a neurological disorder, and worldwide, about 46.8 million of people were
suffering from dementia in 2015 and will gradually increase to 131.5 million by
2050 (Cañabate et al. 2017; dos Santos et al. 2018). There are several issues
associated with AD, including environmental and genetic factors. There are three
genes that are responsible for causing AD. The three single gene mutations
associated with the initial onset of AD are the Amyloid precursor protein (APP)
on chromosome number 21, Presenilin 1 (PSEN 1) on chromosome number
14, Presenilin 2 (PSEN2) on chromosome number 1. Mutation on the genes resulted
in the assembly of abnormal proteins which are linked with AD. Each mutation has a
key role in breakdown of APP. The exact function of breakdown protein is not yet
fully understood. This breakdown produces hazardous forms of amyloid plaques and
creates a hallmark of AD. Development of AD is carried out by two procedures such
as extracellular aggregation of beta amyloid (Aβ) and aggregation of intracellular tau
protein. The Aβ is the foremost constituent of senile plaques and tau is the constitu-
ent of neurofibrillary tangles. The Aβ deposition is primary and particular for AD
(Sahni et al. 2011). The pathophysiology of AD is represented in Fig. 12.1.

12.2.1 Amyloid Plaques

The Aβ protein involved in is formed after breakdown of a larger protein called
amyloid precursor protein. Aβ 42 is characterized by two extra amino acids and
produced over a successive cleavage of amyloid precursor protein (APP) by γ and β
secretase (Jarrett and Lansbury Jr 1993). In the brain of Alzheimer’s patient,
anomalous stages of naturally arising protein clump composed to form plaques
which collect among the neurons and disturb functions of the cell. The AD disease
progression is based on the idea that alteration in amyloid precursor protein (APP)
encourages the Aβ peptides accumulation, whose deposition into senile plaques is
followed by the development of neurofibrillary tangles and death of neuronal cells
(Grasso and Danani 2020).

In patients suffering from AD, aggregation of the Aβ protein is observed at early
stages (Wisniewski and Wegiel 1995). All of the Aβ proteins usually free from
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plaques are approximately made up of Aβ 40 and account for 90% of the total, while
Aβ 42 accounts for 10–20% of the cell (Tamaoka et al. 1997). Numerous studies
report a decline in Aβ 42 concentrations in CSF of AD patients. Moreover, the levels
were also found to be lower in AD patients based on the genetic background. For
example, patients with ApoE ε4 allele have reduced Aβ 42 concentrations in CSF
than individuals without ε4 allele genetic makeup (Tapiola et al. 2000).

12.2.2 Neurofibrillary Tangles

During onset of AD, abnormal accumulation of tau protein is observed in the
neurons. In the brain, healthy neurons are sustained by an internal structure called
microtubules, which guides the nutrients or the molecules of the cell to the axons and
dendrites. However, in AD, abnormal chemical reactions cause tau to separate from
microtubules and stick to other tau molecules, forming a thread-like structure that
ultimately joins to form tangles inside the neurons. These tangles block the transpor-
tation in neurons, eventually affecting the synaptic message between the neurons.
Among them, Aβ has become the main focus of neurodegenerative research and
many current treatments are targeted to constrain the onset of fibrosis and increase
the clearance of Aβ.

AD is commonly divided into premature onset dementia (Presenile) and late onset
dementia (Senile). Based on genetic makeup of an individual it is further divided into
hereditary and periodic disease (Singh et al. 2008). The pathogenesis of AD is
multifactorial. It is not so easy to notice the behavioral change and memory loss

Fig. 12.1 Pathophysiology of Alzheimer’s disease
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caused by AD at an initial stage. Therefore, it is vital to explore early markers to
predict the disease onset at an early stage.

12.2.3 Amyloid Precursor Protein (APP)

The characteristic histopathological feature of the AD is accumulation of extracellu-
lar amyloid plaques, formed by the deposition of amyloid-β peptides (Aβ) (Chung
et al. 1999; Haass and Selkoe 2007; Murphy and LeVine III 2010; Jawhar et al.
2011). Though these plaques contain multiple proteins, their cores are composed of
primarily of β amyloid, a 39–42 amino acid proteolytic fragments resulting from the
amyloid precursor protein. The APP is a single transmembrane protein with 590–680
amino acids with a long extracellular amino acid terminal domain and approximately
55 amino acid cytoplasmic tail which contains intracellular signals trafficking.
Alternatively, splicing of APP mRNA yields eight promising isoforms and out of
these three are (695, 751, and 770) predominate in the brain.

12.3 Nanotechnology Used in AD Detection

The following nanoparticles have emerged as the new therapeutic tools for better
diagnosis and treatment of AD in patients at an early stage.

12.3.1 Iron Oxide NPs

Due to enormous surface area, magnetic properties, low toxicity, degradability, and
biocompatibility, magnetic iron oxide NPs have gained a wide consideration in this
field. For the first time Cheng et al. (2015) used super magnetic iron oxide nanopar-
ticle (SPIONs) associated with curcumin covered with poly lactic acid (PLA) and
polyethylene glycol (PEG) for detection of amyloid plaques in AD.

12.3.2 Gold NPs

Gold conjugated DNA-NPs have emerged as a new tool for the detection of ADDL
(Amyloid beta Derived Diffusible Ligands) at a minute molar concentration
(Georganopoulou et al. 2005).

12.3.3 Scanning Tunnelling Microscopy System

The scanning tunnelling microscopy system (STM) is a new current development,
which utilizes molecular recognition system for AD detection. This practice is
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comprised the immobilization of specific antibody fragments on gold (Au) substrate
and Au nanoparticles (AuNP). In this technique, addition of the sample solution to
the substrate, the nanoparticle-antibody conjugates were developed. These variations
among the sample surface and scanning tip current affected (Signal transformation)
in the tunnelling. Then the tunnelling current profile was measured based on the
pulse frequency peaks and the scanning tip passed over the AuNPs. This technique is
very useful for an ultrasensitive detection of Aβ and became more promising even at
little concentration (Kang et al. 2009; Lee et al. 2009).

12.3.4 Two Photon Rayleigh Spectroscopy

Recently, AuNPs Rayleigh scattering signals were studied as a converted signal of
an immune sensor for tau protein, which acts as the AD biomarkers. In this regard,
the synergetic effect of AuNP and anti-tau antibody were used for the detection of
tau proteins in sample solution. In the basis of the biomarker transformation indica-
tor was the resultant of deposit of AuNP antibody after adding the tau protein. This
technique might be able to detect tau protein at low concentrations (1 pg ml�1)
within 35 min. By the use of this technique, researcher claimed to present for first
time ultrasensitive and specific nano sensor for detection of tau protein (Neely et al.
2009).

12.4 Nanotechnology in the Treatment of AD

12.4.1 Blood–Brain Barrier (BBB)

Blood–brain barrier (BBB) is the principal blockade to therapeutic drug delivery into
the brain. Some of the treatments have affected them to open by generating structural
damage to BBB, at which point the BBB has lost the selectivity of drug channels.
The carrier system combined with nanotechnology is the utmost proficient treatment
strategy for the delivery of drugs into the brain via BBB (Dai et al. 2018).

12.4.2 Nanogels and Fullerene

Nanogels are the most promising drug delivery device because they offer healthier
drug stability, encapsulation, and also target based on several factors such as ionic
strength, temperature, and pH (Ikeda et al. 2006). The development of colloidal NPs
inhibited aggregation of Aβ, thus decreasing its toxicity (Boridy et al. 2009).
Additionally, other significant NPs come from carbon family fullerene (C60) and
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considered as free radical scavenger and antioxidant for AD treatment because of its
neuroprotective effect (Dugan et al. 2001).

12.4.3 Diamandoid and Its Derivative

These are the numerous antiviral and antibacterial drugs that are being
commercialized and promoted at different progressive stages. Memantine is a
diamondoid derivative and has the efficiency to moderate AD. It is a neuroprotective
agent possessing the activity against excitotoxicity, excitatory, neurotransmitter
glutamate or over initiation of its membrane receptor which causes death of neuronal
cell (Lipton 2006; Mansoori et al. 2007).

12.4.4 Curcumin Loaded Nanoparticle

Recently, curcumin has been widely examined in several biological activities,
including providing neuroprotective effects (Zaki Ahmad et al. 2014). Many reports
suggest that curcumin causes a substantial reduction in Aβ aggregation ratio to
neuron toxicity (Ringman et al. 2005). On the other hand, it displays poor aqueous
stability and solubility. In addition, it also disposed to photodegradation and oxida-
tion. Nano-capsules are prepared by poly n-butyl cyanoacrylate (PBCA) that have
been used for the passage of curcumin across BBB (Anand et al. 2007).

12.4.5 Acetylcholine Loaded (ACh) Nano Carrier

ACh concentration has a straight correlation with loss of memory and has been
established as the key symptom for AD. In fact, currently available main AD drug
therapy is established on the method to withstand the ACh level by preventing its
hydrolysis via enzymes. Drugs employed as an enzyme inhibitor are known to have
several side effects. Therefore, the use of neurotransmitter ACh directly as a drug has
been suggested as a good approach for controlling AD. On the other hand, its
delivery to brain via BBB is interesting. Therefore, nano-technological approach
has been projected for delivery of Ach by the use of single-wall carbon nanotubes
(SWCNTs) into brain (Yang et al. 2010). Defective cholinergic neuro-transmission
is supposed to be the foremost reasons for learning and memory damage in patients
of AD (Zaki Ahmad et al. 2014). In the year 2000, FDA approved drug rivastigmine
(RT) that is applicable for treatment of AD. However, clinical trials of rivastigmine
are still restricted due to poor brain translocation that leads to unsolicited cholinergic
properties on peripheral organs and requires regular administration (Gauthier et al.
2010; Wilson et al. 2012). Use of nanotechnology towards the delivery of
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rivastigmine into brain is a favorable approach to overcome the overhead limitations
(Gauthier et al. 2010; Wilson et al. 2012). Rivastigmine (RT) loaded polysorbate
80 coated Poly n-butyl cyanoacrylate nanoparticles (PnBCA-NPs) to enhance the
transportation of RT and reduce major side effects (Gauthier et al. 2010; Wilson et al.
2012).

12.4.6 Hormone Loaded Nano carrier

It has been discovered during current inquiries of sex hormones that mainly estrogen
and androgens have neuroprotective action against AD such as cytotoxicity, neuro-
toxicity, and Aβ aggregation. From the reported results, it has been observed that
estradiol elevates the progress of cholinergic neurons and extensively decreases the
deposition of cerebral Aβ peptide (Amtul et al. 2010).

12.4.7 Polyphenol Drugs Loaded NPs

Newly, epigallocatechin-3-gallate (EGCG) is a polyphenol compound from green
tea and possesses the potential therapeutic ability against AD (Rezai-Zadeh et al.
2008). EGCG also abridged Aβ-peptide production separately from the effect of
antioxidant. Aβ-peptides are formed after APP proteolysis through a sequence and
series of enzymatic activities of β- and γ-secretase. On the other hand, the molecular
non-amyloidogenic pathway comprises consecutive APP cleavages via α-secretase
(preventing Aβ formation) and γ-secretase, foremost to the growth of
non-amyloidogenic fragments. Interruption in the synthesis of these two enzymatic
pathways leads to enhanced aggregation of Aβ-peptides to trigger AD (Querfurth
and LaFerla 2010).

12.4.8 Zinc Chelators

Clioquinol (Iodochlorohydroxyquin) is a USP drug that possesses chelation property
and has the capability to enter BBB. It has shown the possible therapeutic benefit in
AD (Ritchie et al. 2003). It is a quinoline derivative and an antibiotic drug possessing
a robust chelating affinity for zinc and copper that melts Aβ plaques in vitro and
hinders Aβ deposition in AD rats (Ritchie et al. 2003).

12.4.9 Dendrimers

Generally, it is prepared by an iterative sequence of reaction steps. In the last couple
of years, such type of NPs has increased attention of biochemical and pharmaceutical
investigators. Particularly, the chance to functionalize the peripheral functional
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groups with desirable ligands is a clever approach to target Aβ peptide for AD
(Stiriba et al. 2002).

12.4.10 Antioxidant Nano Carrier

Recently, antioxidant nano carriers in nanotechnology are building blocks, and
moreover solid lipid nanoparticles (SLN) have been emphasized to increase the
efficacy of antioxidant delivery agents (Bondi et al. 2009; Picone et al. 2009). SLN
played the key role of a nano carrier for ferulic acid, a phenolic compound
possessing strong antioxidant activity (Bondi et al. 2009). The resultant nano
complex holds a lesser colloidal surface and has a highly negative surface charge
when dispersed into water. In this regard, the effect of ferulic acid (FA) reduces the
production of ROS, decreases cytochrome C release, and controls mitochondrial
membrane potential. Collectively, it is the result of increased cell feasibility in the
experiments of exposure of neuroblastoma cells to Aβ 42 oligomers. Further,
enhanced the drug constancy within biological fluids and making intracellular
pointing viable, the SLN nano transporter enhanced the efficiency of this method
by reducing the enzymatic degradation of the genetic materials (Nazem and
Mansoori 2014).

12.4.11 Gene Nano Carrier

The leading part of gene therapy is the delivery of gene, through which the genetic
material is present inside a cell. To protect the cell membrane from biological barrier
like cell membrane ionic charge, enzymatic degradation, a carrier should escort the
genetic material in the cell (Nikakhtar et al. 2005, 2007; Roy et al. 2008). In AD,
mostly viral vectors are used for gene therapy but possess several health issues
associated with viral vectors. On the other hand, the use of nanoparticle mediated
non-viral gene has significantly developed the efficiency of the method to minimize
the enzymatic degradation of genetic materials (Nikakhtar et al. 2005, 2007; Roy
et al. 2008). In particular, ceramic polymeric and amino-terminated organically
modified silica (ORMOSIL) nanoparticles have displayed some potential in gene
transfer to central nervous system (CNS) (Roy et al. 2008). The details of nanotech-
nology based agents are used in targeting and detection of AD is depicted in
(Tables 12.1, 12.2 and Fig. 12.2).
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12.5 Limitation of Nanotechnology in the Treatment of AD

It is well known that NPs will be directly enclosed by proteins to make protein
crowns after reaching the biological environment (Dai et al. 2018). The influence of
protein on Aβ fibrosis has to be assessed. Different diseases may similarly modify
the destiny of NPs in the body, so NPs have diverse therapeutic potentials or toxic

Table 12.1 Nanoparticle used for targeting Alzheimer’s disease

Name of
bioactive/
drugs Nano carriers Remarks References

Curcumin Poly (n-butyl)
cyanoacrylate
(PBCA)
nanoparticles

The photostability of curcumin was
increased significantly in nanoparticles
compared to plain curcumin. ApoE3-
PBCA NPs exhibited synergetic
activity amyloid induced cytotoxicity
along with curcumin

Mulik
et al.
(2010)

Rivastigmine PBCA nanoparticle Intravenous administration of
rivastigmine encapsulated polysorbate
80-coated polymeric (T-80) PBCA NPs
exhibited 3.8 fold increase in
rivastigmine uptake within the brain
compartment compared to free
rivastigmine

Wilson
et al.
(2012)

Galanthamine-
hydrobromide

Liposome The efficacy of AChE inhibition of GH
was greatly enhanced by intranasal
administration compared with its oral
administration of galactosamine
hydrobromide (Gh sol), bio availability
was 3.36 folds higher than those of
orally administered GH

Li et al.
(2012)

Acetylcholine Single-wall carbon
nanotubes
(SWCNTs)

At low dose SWCNTs effectively
carried ACh into the lysosome of the
neurons and achieve excellent
therapeutic effects in AD

Yang et al.
(2010)

Estradiol PLGA nanoparticles NPs exhibited significantly high brain
estradiol levels after 24 h. However the
expression of Aβ 42 immuno-reactivity
in the hippocampus region of brain

Mittal
et al.
(2011)

Resveratrol Polymeric micelles Protect PC12 cells from Aβ induced
damage in a dose-dependent manner by
attenuating intracellular oxidative stress
and caspase-3 activity without long-
term cytotoxicity

Lu et al.
(2009)

Lipid core nano-
capsules

Nano-capsules efficiently rescuing the
deleterious effect of Aβ1-42

Frozza
et al.
(2013)
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effects after entering into different patients (Zaki Ahmad et al. 2014; Rahman et al.
2015a, b). These studies propose that in the future research of nanotechnology, a
variability of unseen factors in bio-nano interface must be considered. The potential
toxicity of Nps is an ongoing issue. In order to resolve these problems, it has been
essential to develop multifunctional biocompatible NPs with multiple therapeutics
proficiency, for example, a comprehensive switch of Tau protein, inflammatory
response, phosphorylation, redox reaction, and improvement of mitochondrial mem-
brane (Zaki Ahmad et al. 2014; Rahman et al. 2015a, b). Advancement of nanotech-
nology establishes an efficient drug delivery system, and optimistic suggestions have
also raised the concern associated with toxicity. The surface morphology and the
particle size of nanoparticulate systems are reported to modify the pharmacokinetics
and tissue distribution profiling of loaded bioactive/drugs compounds (Zaki Ahmad
et al. 2014; Rahman et al. 2015a, b).

Table 12.2 Nanotechnology and neuroprotective agent for treatment of Alzheimer’s disease

Nanosytems
Neuroprotective
function

Targeted AD for
pathology

Study
mode References

Nanogels Aβ Anti-assembly
(incorporate Aβ
monomers)

Oligomerization
of Aβ

In vitro Ikeda et al. (2006)

Fullerene
(C60)

Antioxidant, Aβ
anti-assembly/
maintenance of
Ca2+ homeostasis

Oxidative stress
oligomerization
of Aβ Ca++

influx

In vitro
and In
vivo
(Rats)

Dugan et al. (1996,
1997, 2001), Huang
et al. (2000) and
Podolski et al. (2007)

Dendrimers Aβ Anti-assembly Oligomerization
of Aβ cell
membrane
toxicity

In vitro Mansoori et al. (2007)
and Nikakhtar et al.
(2007)

Nanoceria Antioxidant Oxidative stress In vitro D’Angelo et al. (2009)
and Suh et al. (2009)

Gold
nanoparticle
(AuNP)

Aβ Anti-assembly Oligomerization
of Aβ

In vitro Kogan et al. (2006)

Diamondoid
derivatives

NMDA receptor Glutamate
excitotoxicity

In vivo
(FDA
approved)

Reisberg et al. (2003)
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12.6 Conclusion and Future Prospective

Nanotechnology offers an extensive potential for its application in medicine in near
future. Since the discovery of degenerative diseases of central nervous system, its
diagnosis and treatment have been a colossal medical challenge. In addition,
research in the biological field and other fields, particularly the overview of nano-
technology has been promising for researchers. Current research indicates that the
external surface of NPs can be adapted its stability towards the drug affinity. In
future, we hope to see that the nanotechnology based drug delivery systems can
successfully treat more aggressive neurological diseases and overcome drug resis-
tance to diseases.

Fig. 12.2 Nanotechnology used in the treatment of Alzheimer’s disease
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Abstract

Tuberculosis (TB), the deadliest infectious-disease caused by Mycobacterium
tuberculosis (M.tb) created a global-threat to the entire human race since the
past few-millennia. The initiation of the antibiotic-era limited the TB infection;
however, generation of antibiotic-resistance bacteria causes re-emergence of this
infection and makes an alarm to TB-pandemic. Moreover, BCG is the only used
vaccine still its inception and its efficacy varies from 0 to 80%. Therefore, the
creation of new drugs has become the focus of scientists to combat this deadly-
disease. Ethnomedicine was the only therapy at pre-antibiotic-era which in
modern-days re-attracted scientists as phytochemical based drug development
as it has a huge opportunity. Curcumin is one of the most highlighted
phytochemicals found in turmeric of Curcuma plant. From ancient literature,
turmeric was found very effective in varieties of infectious and metabolic diseases
and in light of modern science, its compound curcumin shows that efficacy.
However, due to its less bioavailability initially, scientists were hesitant to use
it as a drug molecule but after the emergence of nanotechnology and development
of nano-forms of curcumin resolve the bioavailability issue of curcumin and it
emerges as a novel drug molecule. Nano-formulation improves its aqueous
solubility as well as the guided tissue delivery which will increase the bioavail-
ability of a molecule for a better-transport of drugs and will help in the improve-
ment of TB treatment. In this chapter, we will concentrate on the formulation of
different nanocurcumin-particle and its implication in tuberculosis treatment. In
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brief, we will seek about comprehensive-mechanisms of action of nanocurcumin
on therapy and vaccine-development of tuberculosis.

Keywords

Tuberculosis · Curcumin · Limitation · Curcumin nanoparticles · Mechanism of
action · Applications

13.1 A Brief Introduction of Tuberculosis

Tuberculosis (TB) ruins the major cause of mortality and socioeconomic crisis for
millions of people around the world, even though medical science and therapeutics
have made significant progress. This has been plagued by the human race throughout
the history of human civilization and prehistory (Bhattacharya et al. 2013). The
earliest known molecular evidence for TB was found in an ancient bison fossil
(Pleistocene bison) and human remains discovered in an Eastern Mediterranean
Neolithic village in 9000 years of age (Rothschild et al. 2001; Hershkovitz et al.
2008). Although, as early as 1689, Dr. Richard Morton identified that a pulmonary
type was linked with “tubercles bacillus” although it was not diagnosed as a single
disease until the 1820s because of its variety of symptoms. And then it was finally
named by J.L. Schonlein in 1839 as a “tuberculosis” (Lakhtakia 2013). Finally,
Robert Koch discovered the Mycobacterium tuberculosis (M.tb) the causative agent
of tuberculosis in 1882 and for this remarkable discovery, he got Nobel prize in 1905
(Gradmann 2001). Tuberculosis which was commonly known as TB and causes
serious infectious respiratory disease (Kumar and Robbins 2007). Even, M.tb is a
strong acid-fast bacillus and having intracellular pathogens to mainly macrophages
that have evolved many strategies to escape from the killing of macrophages and it is
known as the most effective and continuing disease which is able to live in the host
for decades without triggering the infection (Cooper 2009; Rohde et al. 2007;
Stewart et al. 2003). After all, TB continues to be a significant issue of global health
problems that affects by infecting nearly 10.7 million people’s every year and
causing the death of 1.3 million peoples annually (WHO 2018). Over 90% of people
exposed to TB disease still remains life-long asymptomatically and only ~10% of
those people living with Mycobacterium tuberculosis are suffering from active TB
diseases particularly when they are at immune-compromised condition due to
infection with HIV, immune-suppressive therapy, or diabetes-related diseases that
create immune deficiency which further leads to reactivation of TB infection
(Robertson 1933; Flynn and Chan 2001a, b).

However, success came after antibiotics were discovered in the mid-twentieth
century and these antibiotics were incorporated into TB therapy. While antibiotics
are worked in many ways, which has been revolutionized in the medical industry and
also saved many lives in this revolutionary world. While from this discovery it
became a turning point in the evolution of mankind. Even if till this date, we are fully
reliant on this use of antibiotics for the treatment of infectious diseases and it also
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ensures that it is an advanced operation including organ as well as prosthetic
transplants which are successful nowadays (Davies and Davies 2010). But regretta-
bly, the use of such wonderful drugs has emerged in the following resistant strains.
As a result, multidrug-resistant pathogens and also some “old” pathogens such as
Mycobacterium tuberculosis also developed resistance towards the new antibiotic of
front line anti-tubercular drugs. Moreover, treating with a group of new antibiotics
also remains one of the biggest issues among all infectious diseases (Smith 2003).
While the region behind all of this thing is that due to long-term treatment with a set
of antibiotics which slows down the progression of infectiousness and also for
complex immunological responses. In recent years, drug resistance TB like multi-
drug resistance (MDR) or comprehensive drug resistance (XDR) TB has become the
world’s largest threat, along with coinfected conditions like TB-HIV or TB-diabetes
(Barberis et al. 2017).

However, drug resistance is a tremendous challenge that may require several
processes to solve these antibiotic-resistance issues. While the most significant
obstacle is that the development of new and effective antimicrobials has been
established previously and remaining very few new antibiotic groups have been
identified in the last 40 years. So, for that region, a new strategy is required to control
bacterial infections as well as also required new drugs for tuberculosis management.

The presence of medicinal plants is a natural gift that has been used since the
beginning of human prehistory for the treatments of numerous human diseases. As
per the estimates of WHO in developing countries, 80 percent of the population
depends on traditional primary health medicinal products. The use of medicinal
plants and their phytochemicals gives greater importance to the treatment of many
diseases (Ekor 2014).

Turmeric is one of the oldest known medicinal plants which has been used from
prehistoric times to cure various disease and disorders in humans. For that being,
turmeric is used in various biological sciences and it is scientifically known as
curcumin which is a key natural bioactive ingredient of the turmeric root bulbs
and it has been also used in Indian continents as the main food ingredient in all
kitchens as well as traditional medicines. Moreover, it was reported that curcumin
has enormous potential biological assets such as immunomodulatory activity, anti-
microbial, antioxidant, anticancer, anti-inflammatory effects as well as cardiovascu-
lar effects which indicates that it has excellent anti-inflammatory
immunomodulation against infectious diseases and also holds a powerful therapeutic
ability to cure the several disease conditions (Gera et al. 2017). However, despite its
different activities in varieties of critical diseases, it could not come to the focus as a
drug molecule because of its some important disadvantages like that it has low water
solubility and low bioavailability in physiological conditions.

Therefore, some modern technology is required to increase the bioavailability of
curcumin, then only this miraculous molecule could be used as a drug molecule. The
advancement of nanotechnology showed light in this respect. By using nanotech-
nology development of curcumin nanoparticle has shown the improvement of
bioavailability of this molecule, even mono-carbonyl analogs of curcumin inhibit
the growth of M.tb. In fact, a nanotechnology-based drug delivery system can
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significantly increase a drug therapeutic index, improve the tolerability of toxic
chemotherapeutics, and reduce systemic side effects. It also enables higher stability
and had capacity along with immense improvement of drug bioavailability which
further leads to a reduction in dose frequency. This review mainly highlights the
nano formation of curcumin and its implication in tuberculosis therapy or improve-
ment of BCG vaccine efficacy.

13.2 Epidemiology of Tuberculosis

Several years ago, TB was still considered as one of the chronic infectious diseases
in this developing nation. Due to these chronic infections, it remains one of the major
respiratory infectious diseases and it has been identified as a global epidemic.
Furthermore, these diseases contribute to drug-resistant species which leads to an
increase in mortality rates and prolonging the period of hospitalization and creating
an immense financial burden to affected individuals, health care facilities, as well as
also delaying the objectives of TB managements sustainable growth (Friedman et al.
2016).

Moreover, it was estimated that approximately one-third of the global population
is latently infected with TB. That is approximately 1.7 billion people are estimated to
be latently infected with TB infection, and about 10% of peoples of them are
suffering from active tuberculosis. Globally almost 10 million active TB cases are
there and around 1.3 million people have died as a result of this infection each year.
WHO also estimated that nearly 484,000 cases of MDR-TB cases occurred in 2018,
which included approximately 378,000 cases are infected with MDR-TB
and 214,000 deaths cases people died annually. The average ratio of XDR-TB and
MDR-TB cases was 6.2%. In addition, India is containing 27%, China 14%, and the
Russian Federation 9%, reflecting 50% of the global burden of drug resistance TB
(WHO 2018). Looking into its public health importance the Govt. has released a
target through the “END TB” strategy. The objective is to reduce the TB mortality
rate by 95% and the incidence rate by 90% in 2035 (WHO 2019).

13.3 Nature of Mycobacterium tuberculosis

Globally, TB continues to be a massive public health issue. It is established previ-
ously that the infection is caused by Mycobacterium tuberculosis. The Mycobacte-
rium comes under the Actinomycetales class, which consists of many well-known
organisms, several of which are related to human-animal diseases (Horsburgh Jr
1991). M.tb is an obligatory aerobic and non-motile rod-shaped bacteria that has a
dimension of 2–4 μm in length and 0.2–0.5 μm in width and it is highly resistant to
alcohol and acid. M.tb has a doubling time of 12–24 h under optimal conditions and
in clinical cultures, it can take approximately 6–8 weeks. As an obligatory aerobe by
nature, it mostly found in the well-aerated and highly vascular region like proximity
to apical lobes of the lung. Due to the presence of high mycolic acid present in the
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cell wall of Mycobacteria, it is less permeable to staining reagents as well as the
drugs. The acid-fast nature of bacilli is due to its resistance to up to 25% of
conventional acids like sulfuric acid and hydrochloric acid. Hence it is different
from other organisms, called Acid-Fast Bacilli (AFB) (Levinson 2020).

13.4 Mode of Transmission and Its Risk Factors

Tuberculosis is an airborne disease that transmits through aerosols from one person
to another. During this transmission, people are suffering from active TB which
shows some activities such as coughing, sneezing, speaking, and spitting. These
infected patient releases small bacilli droplets (0.5–5.0 μm in diameter) which
contain the etiological agent of TB, i.e. M.tb. An aerosol droplet usually contains
up to 40,000 droplets which it can remain suspended in the atmosphere from minutes
to hours depending on environmental condition (Cole and Cook 1998).

Patients with extrapulmonary tuberculosis have less chance for transmission of
infection as these are paucibacillary by nature. In contrast, pulmonary TB is
multibacillary by nature, hence more infectious. People in close contact with active
TB infected patients have 22% chances of acquiring the disease and are at high risk
(Ahmed and Hasnain 2011).

The most common primary route of entry for tubercle bacilli is via the respiratory
route. The bacteria could spread from its prime initial location in the lungs alveoli to
other parts of the human organelles like lymph nodes in the case of extrapulmonary
TB. Age, gender, nutrition, and low immunity can be affected by tuberculosis. The
diseases like HIV-AIDS, Diabetes, malnutrition, prolonged therapy of steroids
immunodeficiency disorders are common predisposing factors of Tuberculosis.

The likelihood of transmission of bacterium depends on four factors:

(1) The number of organisms expelled by the TB infected person.
(2) The bacterial load, i.e. concentration of organisms present in the air.
(3) An exposure time of the contaminated air by the healthy person.
(4) Immune condition of the exposed individual.

However, along with this, there has also some other risk factors that affect people
from TB susceptibility such as

1. Human immunodeficiency virus (HIV) which causes most of the TB cases.
2. Chronic lung disease that causes silicosis.
3. Tobacco and cigarette smoking.
4. Immuno negotiated patients such as Diabetes mellitus, Cancer, and Leukemia.
5. Close contacts with infected TB individuals including household contacts and

health care workers.
6. Social mixing together with overcrowding and malnutrition.
7. Immunosuppressive drugs.
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So, these are the factors along with the health system which delay in diagnosis of
TB during transmission of the bacilli (Narasimhan et al. 2013).

13.5 Pathogenesis of Tuberculosis

Persons with active pulmonary tuberculosis (TB) serve as the main source of
transmission. Though it was generally transmitted through small droplets of TB
bacilli, which are particles in size of 1–5 μm in diameter that containing M. tubercu-
losis. Due to its smaller size of TB bacilli, it can remain suspended for several
minutes in the air (Frieden et al. 2003; Hill et al. 2004). Whereas, this can happen
when somebody was untreated during diagnosis which further leads to an active
form of tuberculosis. This microorganism spreads easily through pulmonary infec-
tion. After infection bacteria travels through the lungs. Which further bacilli are
ingested by alveolar macrophages and then multiply intracellularly by inhibiting the
formation of phagolysosomes (Frieden et al. 2003). After that mycobacterium
interacts with T lymphocytes cells which further contributes to the creation in the
histiocytes cell as well as in epithelioid cells of different macrophages (Chaudhary
and Garg 2015). Then T cell triggers stimulations and releases different cytokine as
well as interferon-gamma cytokines. Further, γ-interferon cytokines stimulate the
infected macrophage cells and release TNF-α, IL-8, IL-12, cytokines as well as also
release other proinflammatory cytokines with the macrophage cells. After that
different small groups of both epithelioid histiocytes and lymphocytes cells form
into granulomas cell which indicates a hallmark of tuberculosis (Jeong and Lee
2008).

Moreover, it has been identified that CD4 + (helper) and CD8 + (cytotoxic) T
cells are involved in cell-mediated immune response, both of which work as major
importance in the TB defense system. CD4 + T helper cells help to enhance the
antibacterial macrophage activity through releases of different cytokines such as
interferon-gamma and TNF-α, while CD8 + cells destroy the infected macrophages
and also release different types of cytotoxic mediators, such as perforins, granulysin
as well as granzymes (Cooper 2009).

If the immune response is strong enough, then the bacteria kills within granu-
loma, this type of granuloma is called a solid granuloma, ultimately the patient
becomes asymptomatic. But if the immune response is weak, then the bacteria
replicate within the macrophages and granuloma becomes necrotic and ultimately
caseous granuloma formed from where bacteria spill and come out to the airway as
an aerosol. It can infect other individuals (Guirado and Schlesinger 2013).

In spite of our improved knowledge still, there is a lack of comprehension of the
immune response inM.tb. Even if, a different type of immune response is necessarily
required for successive vaccine-induced immunity which is till now not fully
understood (Horvath et al. 2012).
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13.6 Symptoms of Tuberculosis

The TB disease is generally characterized by coughing continuously, cough with
blood, consistent fever, chest pain, night sweating, weight loss, and loss of appetite
are the symptoms of TB which usually occur when it spread from an infected person
through cough, sneeze, spits, or talk (Colledge et al. 2010).

13.7 Susceptibility and Resistance Form of TB and Their Drugs

Tuberculosis is divided into the following two categories, i.e. Latent tuberculosis
(LTB) and Active tuberculosis (ATB).

13.7.1 Latent TB

In latent TB, bacteria persist in an inactive state in the body and cause no symptoms.
It is also known as inactive TB and it does not affect any other organs of the body
and this process may remain many in dormant form many years if bacteria do not
have the suitable condition to grow it remains in the lungs. It is usually treated for
9 months with only one prescribed drug (Siddiqui 2020).

13.7.2 Active TB

It is a disease that is initiated by primary infection or else reactivation of latent
TB. A TB could be in the form of primary tuberculosis or reactivation of tuberculo-
sis, it totally depends upon the defense mechanism of our immunity system. If the
immune system is poor it occurs primary infection. It is mainly found in the lung and
also affects the other parts of our body system which include gastrointestinal system,
lymphoreticular system, liver, musculoskeletal system, skin, as well as the repro-
ductive system (Siddiqui 2020).

13.7.3 Multidrug-Resistant Tuberculosis (MDR-TB)

It is the active form of tuberculosis which is characterized by resistance to both
isoniazid and rifampicin first-line drugs (Prasad et al. 2018). Drug-resistant TB
therapy takes nearly about two years to treat but it is so complicated, costly, and
harmful to health. While MDR-TB therapy consists of second-line drugs that are
fluoroquinolones and an injectable antibiotic that is used for TB treatment. More-
over, several second-line drugs have lethal side effects as well as have debilitating
side effects (MINHAS et al. 2020).

13 Potential of Curcumin Nanoparticles in Tuberculosis Management 231



13.7.4 Extensively Drug-Resistant Tuberculosis (XDR-TB)

While XDR-TB also emerges a major health risk problem in this present world. It is
a brutal form of MDR-TB and this form of MDR-TB is more aggressive and has the
strength to resist any fluoroquinolone drugs and one-second line injectable drugs like
capreomycin drug, kanamycin, or amikacin that are being used in MDR-TB. There-
fore, it poses serious problems for tuberculosis treatment and also significantly raises
TB cases annually (Control and Prevention 2006).

13.7.5 Different Antibiotics Regimen Are Used to Treat Antibiotic
Sensitive and Drug Resistance Tuberculosis (Table 13.1)

The above scenario indicates the complications of drug resistance TB treatment and
its management. Since, conventional drugs have known toxicity and different
pharmaceutical challenges, even the recovery rate of different drug-resistant tuber-
culosis is not up to the mark. Therefore, to address these challenges new anti-
tubercular drugs are needed to resolve these cycling processes as well as to improve
the compliance of drug resistance issues. So, in the present scenario screening of
different natural bioactive molecules is going on to find out some anti-tubercular
compound and plants are a potential source of the bioactive compound. After getting
these bioactive molecules their efficacy was increased either by modifying the active
groups of the molecule or by nano-formulation with advanced nanotechnology
which helps to cure this tuberculosis disease.

13.8 Plants Are the Possible Sources
to Anti-mycobacterial Agent

Since the beginning of creation, human communities have been in close contact with
their environments and used environmental components to acquire food and medi-
cine. The knowledge and use of plants for food and medicine were achieved by trial
and error, and human beings were slowly able to fulfill their requirements from their
environment. Knowledge regarding medicinal plants has long been passed on slowly
and with the development of cultures and the availability of more resources human
understanding has steadily been completed from generation to generation. In almost
every community, medicinal plants are used as a medical aid. Herbal medicines will
help to establish a new age in the medical care system to cope with human diseases in
the future by standardizing and improving the health system using active plant-based
compounds. Sensitizing the conventional knowledge that medicinal plants play a
vital role as a natural plant resource that has been utilized and explored for the
treatment in many diseases (Jamshidi-Kia et al. 2018). The WHO estimates that 80%
of the global population today depends mostly on conventional medicines, mainly
plants, which serve as the main source of health care system (Farnsworth et al. 1985).
Nowadays, medicinal plants set to be an important base for the treatment of many
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diseases as well as good sources of development of antimicrobials drugs in the
future. It also plays a key role in providing important ecosystem services to mankind.
While it has a broad variety of biological resources, bioactive compounds, resins or
pigments showed antimicrobial, anti-histamine, and antioxidant properties (Kavitha
et al. 2013). It has also reported that phytochemicals of some plant also show a
greater efficiency towards tuberculosis such as steroids, alkaloids, phenols, phenolic
acids, flavonoids, glycosides, terpenoids, and resins which are used in plant defense
mechanisms in response to microbial infections and are often found to be effective as
antimicrobial agents (Adebiyi et al. 2015). Plant metabolites are serving as valuable
sources of medicines, a targeted drug delivery system, and are considered to be using
in treatment for tuberculosis (Singh et al. 2015).

13.9 Curcumin Plays a Key Role in Tuberculosis Disease

Since, time immemorial, people are using herbs and plants as a source to fight
against various ailments of infectious diseases. There is a variety of flora and fauna
which enrich the Indian subcontinent. From ancient times, it is known that turmeric
is one of the earliest known medicinal plants which has been used to treat different
diseases in human beings. It is a natural herb that has been used worldwide as a food
as well as folk medicine. Moreover, curcumin has been identified and isolated as
bioactive compound of turmeric which is an essential curcuminoid of the rhizome of
the ethnomedicinal plant Curcuma longa (L.) which is known as “Wonder drug of
life.” The turmeric which is commonly used in India for thousands of years as a key
ingredient spice and also as the medicinal herb. It belongs to family Zingiberaceae,
which is well known for its wide range of pharmacological properties and it is
non-toxic (Duvoix et al. 2005; Li et al. 2008).

The structure of curcumin was first identified by Lampe and Milobedeska in 1910
and it is an asymmetric molecule, also known as diferuloylmethane (Milobedeska
et al. 1910). The IUPAC nomenclature for curcumin is (1E-6E)-1,7-bis (4-hydroxy-
3-methoxy-phenyl)-1,6-heptadiene-3,5-dione, with the chemical formula
(C21H20O6) consisting of two aromatic ring compounds that include ortho-methoxy-
phenolic OH, groups which are symmetrically connected with the ß-diketone moiety
(Fig. 13.1). The molecular weight of curcumin is 368.38 g/mole and its melting
temperature was 183 �C (Jovanovic et al. 1999). Curcumin contains 3 main func-
tional groups such as phenolic groups, di keto groups, and ortho-methoxy groups
(Sreejayan and Rao 1996).

It was insoluble in water at acidic and neutral pH condition but it was soluble in
ethanol, methanol, acetone, and dimethylsulfoxide (Priyadarsini 2009). Curcumin

Fig. 13.1 Chemical structure
of curcumin (Nelson et al.
2017)

13 Potential of Curcumin Nanoparticles in Tuberculosis Management 235



has widespread applications such as antioxidant, anticancer, anti-arthritic, antimi-
crobial, anti-diabetic, and anti-inflammatory activities (Pizzo et al. 2010; Sugiyama
et al. 1996; Lee et al. 2009; Srimal and Dhawan 1973; Aggarwal and Harikumar
2009).

Different authors have found that curcumin can induce apoptosis in M.tb infected
macrophage which plays an important role in the destruction of tubercle bacilli cells
(Li et al. 2014a; Ahmad et al. 2019). In addition, it provides the animals with sterile
immunity by restricting the antibiotic-induced AICD (activation-induced cell death)
(Tousif et al. 2017). In contrast, curcumin has also inhibitory effects on NF-κB and
JAK/STAT pathway which deregulated the inflammatory response and activation of
T helper cells (Surh et al. 2001). Regardless of the curcumin’s pharmacological
activities, it has an excellent immune-modulatory and therapeutic potential in a
variety of diseases. However, due to its low solubility in the body fluids, less
bioavailability and very short half-life restrict this wonder molecule in the use of
the clinical application (Maiti and Dunbar 2018; Anand et al. 2007). Therefore,
different techniques were used to increase the aqueous solubility and bioavailability
of this molecule. Even varieties of drug delivery methods were used to sustain the
release of this molecule so that a continuous presence of the molecule is there in
physiological condition.

13.10 Nanoparticle Used as Anti-tubercular Agents

Nanotechnology is the product of its interdisciplinary existence which is considered
to be a “central technology of the modern world.” Though it is believed as a
groundbreaking path with its greater technological evolution which deals with
nanometer-scale material management (i.e., one billion times less than a meter)
(Rai et al. 2009) which it makes the material lighter, stronger, quicker, smaller in
size as well as more durable. Moreover, these materials are also often used in various
applications which are implemented as in the form of physical, chemical, and
biological structures at the level of nanoscales varying from individual molecules
or atoms of a nanomaterial substance (Arakha et al. 2016, 2017; Prince et al. 2016).
Even these nanomaterials also have different shapes and sizes such as a spherical,
triangular, rod, cylindrical, conical, tubular, hollow core, flat, and spiral which make
them distinctive because of their smaller size, i.e. 1 nm to 100 nm. However, this
advancement of nanotechnology has brought together technological developments
in civilization with a wide range of applications and application of nano-scale
structures with new properties for a health remedial intervention. Apart from this
nanotechnology has proved that it is efficient in facilitating the detection and
distribution of novel conjugated drugs to a particular cell (Singh et al. 2015).
Nanoparticles are also having an immense utility in the area of biomedical research
because of their appearance, form, and chemical and biologic properties. These
nanoparticle structures can be further updated or adjusted according to the goal for
improved functionality (Singh et al. 2015). The high surface-to-volume ratios of
these nanoparticles show an excellent antibacterial profile which is further improved
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by the good ligand conjugations that improve the pharmacological and therapeutic
efficient penetration, internalization, and effective antimicrobial action of nanosized
medicinal products (Banu and Rathod 2013; Yah and Simate 2015). For examples of
some nanoparticles, such as gold (Au), silver (Ag), as well as copper (Cu), were
synthesized by both chemical and biological pathways, were also effectively used in
various Mycobacterium species (Rawashdeh and Haik 2009; Li et al. 2014b; Yah
and Simate 2015).

The sizes of nanoparticles known as colloidal sub microns (<1 μm) shall be used
as drug carriers. For the purposes of therapeutic medicines, it can be integrated
covalently into the surface of the particles or in the particle-matrix (Kreuter 2004).
Nanoparticles are biocompatible compounds that can be biodegradable, such as
polymers which can include as natural materials (for example, gelatin and albumin),
synthetic materials (for example, polylactides and polyalkylcyanoacrylates), and
stable lipids (SLNR and NLCR) (Müller et al. 1995).

Nanoparticle have some advantage in drug delivery system such as it increases
the bioavailability of hydrophobic drugs, increases the drug half-life period, it has
fewer side effects, and helps in drug-controlled releases in a systemic distribution,
and also helps in to reduce administration dose frequency and dose rate (Santos-
Magalhães and Mosqueira 2010; Zhang et al. 2008). In addition, it has benefits in
achieving a specific and synergistic effect by controlling the co-delivery of multi-
drug combinations with nanoparticle transport systems for further evading the
process of drug resistance within microbial populations. Therefore, nano-carriers
are highly useful for improving different therapeutics’ and save adequate time and
energy for creating new drugs.

There are also some advantages in TB systems based on nanoparticles carrier
system, for example, site-specific ligands, they are acting as smart particles for site-
specific or cell-specific drug delivery as sub-micron (Chellat et al. 2005). This
nanoparticle transport system also increases the bioavailability of drug molecules
as well as also helps to resolve the resistance problem such as efflux pumps, drug
toxicity, drug solubility, and drug retention period (Zazo et al. 2016; Tiuman et al.
2011). In addition, this nano-drug delivery system is a perfect way to provide
medicines against mycobacterial intracellular pathogens, since macrophages quickly
engulf them by recognizing cell-specific surface ligands (Chellat et al. 2005).

Moreover, these nanoparticles-based drug delivery approach shows that it has a
possible solution to resolve the curcumin solubility issues as well as also helps to
improve the bioavailability of curcumin molecules (Sun et al. 2012; Jiang et al.
2008; Shutava et al. 2009; Depan 2015). While, in some research studies it has been
shown that it is a promising carrier of curcumin delivery using various nanomaterials
such as proteins, nanoemulsion, liposomes, solid-lipid nanoparticles, micelles, and
polymeric nanoparticles (Deljoo et al. 2019). However, under all nanoparticles-
based delivery approaches, polymeric nanoparticles show important nanoparticles
which have been used for the delivery of curcumin molecules against different
disease (Chirio et al. 2011; Basnet et al. 2012; Dhule et al. 2012). Furthermore,
nanoparticles have their own significance in the modern drug delivery system with
the continuing growth of nanotechnology. The use of nanoparticles also provides
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new approaches for improving solubility, stability, and bioavailability as well as
pharmacological activity, and holds the capacity to prevent physical or chemical
degradation. Therefore, the implementation of nanotechnology with curcumin
provides a solution for improved bioavailability as well as therapeutic effectiveness
for tuberculosis. Moreover, it could be improved the therapeutics of drug-resistant
tuberculosis.

13.11 Synthesis of Curcumin Nanoparticles That Are Used in TB

Various types of nano-carriers were implemented for the synthesis of
curcumin nanoparticles such as polymeric, polymeric micelles, solid-lipid, curcumin
nanocrystals, nano-liposome-encapsulated, nano-emulsions, curcumin
nanosuspension, dendrimers, and cyclodextrin nanoparticles in drug delivery system
(Gregory et al. 2017). Whereas, among all of the above-synthesized nanoparticles,
polymeric nanoparticles have gained a greater interest among nanomaterials in the
preparation of curcumin nanoparticles and it also shows a promising way to synthe-
size curcumin nanoparticles in a novel way for the tuberculosis drug delivery
method. The polymeric nanoparticles can be synthesized with nanoprecipitation
approaches (~200 nm in size) developed by Sultan et al. 2017 (Tousif et al. 2017).
During this process, the required polymeric solvent (i.e., ethanol) with organic
solvent (curcumin herbal medicinal product) was directly dissolved in the polymer
solution and then the drug solution was constantly mixed as well as filtered into a
fresh test tube. After that, the solution of drug-polymer was subsequently added
during the stirring process and then 0.1% citric acid Milli Q water was subsequently
added in a dropwise manner under high-pressure homogenizer equipment for a
duration of 30 min. Then nanoparticles will start precipitating in the solution during
these processes. After that, the polymeric solution was homogenized with 30,000
PSI over ice for 20 cycles in high-pressure homogenizer equipment. Then 0.1%
polysorbate 80 solvent was added to the aqueous solution and again it was taken into
homogenizer equipment for 1 h. After completing this homogenizer step solution
was filtered using nano filter paper and then it was evaporated by using hot air flow
technique. Afterward the fine curcumin nanoparticle powder will be produced that
can be used in further phases (Tousif et al. 2017). Similarly, in another experiment
Priyanka S et al., 2020 showed that rifampicin with curcumin-loaded polyethylene
sebacate (PES) was synthesized with a technique of nanoprecipitation using 20 mg
of rifampicin drug, 60 mg of curcumin molecules, and 100 mg of PES solvent.
Which was further dissolved in a 12.5 mL of tetrahydrofuran (THF) mixture using
the bath sonication method. After that, the obtained organic mixture with 1 percent
of Tween 80 was added in a 25 mL of distilled water during the stirring condition.
Then the following solvent was then mixed at room temperature in a magnetic stirrer
plate for 4 h which further helps the solvent to evaporate. Then the solvent
nanoparticles were centrifuged for 20 min at 16,350 rcf at 20 �C and then the pellet
was washed with distilled water for three times in a periodic centrifugation processes
to remove the THF and Tween 80 residues from the mixtures. After completing this
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step, then the pellet was again dissolved with 10 mL of distilled water and then
cryoprotectant was added in a bath sonication process for 10 min. After that solvent
again proceeded for 10 min using probe sonication processes. Then the final
prescribed lyophilization fined nanoparticle powder will be produced which can be
used in further processes (Jahagirdar et al. 2020). Therefore, the above
nanoprecipitation technique shows that the polymeric nanoparticles have a strong
and durable nanomaterial, which also retains a polymeric micelle in its hydrophobic
center that contributes to the main supply of hydrophobic substances to curcumin
molecules which further helps to stabilize this curcumin molecule within this
polymeric material. After that, it also helps to enhance the curcumin molecules for
the drug delivery system. Moreover, the solubility of curcumin has been assessed as
the main matrix system which allows the uniform distribution of these polymeric
matrixes by integrating curcumin into the micelle and the nanophase (Rai et al.
2017). Well after inserted curcumin with this polymeric nanomaterial, it has shown
some advantages that the use of this polymeric nanomaterial is very effective in
nature itself and it can also be managed by choosing a polymer length, stabilizing
agents, protecting drugs from degradation, reduces the side effects, increases the
bioavailability effects, increases the drug concentration at infected sites, and uni-
formly distributed drug doses for target-specific drug delivery (Fig. 13.2).

Furthermore, these polymer nanoparticles have indicated that it can be a good
carrier for curcumin molecules, to enhance the efficacy of targeted cells or tissues.
Therefore, these polymeric nanomaterial-based approaches are one of the efficient
methods for water-soluble drug encapsulation, solubility, stabilization, and drug-
controlled releases of curcumin molecules in tuberculosis therapy.

13.12 Importance and Advantages of Curcumin Nanoparticle
in TB

Curcumin being the principal bioactive compound of Curcuma species inhibits
human Kv1.3 potassium channels, which leads to a definite inhibition of
T-effector memory cell proliferation mainly causing inflammation in Multiple scle-
rosis and rheumatoid arthritis (Lian et al. 2013). Reports show that curcumin analogs
demonstrate in vitro anti-mycobacterial activity against drug-resistant strains ofM.tb
(Changtam et al. 2010; Baldwin et al. 2015). Recently, it was found that curcumin
molecules induce apoptosis in macrophages that helps in killing of the mycobacte-
rium (Xiyuan et al. 2016; Ahmad et al. 2019). In addition, curcumin potently inhibits
hepatotoxicity generated by antibiotic therapies including conventional antibiotic of
TB (Tousif et al. 2017; Naik et al. 2011). Considering all these data curcumin can be
reflected as an anti-inflammatory immunomodulator molecule having therapeutic
potential in many infectious diseases. However, due to its poor intestinal absorption,
faster metabolism, and rapid systemic elimination make this molecule very short
bioavailability creating a limiting factor for clinical use. To come out from this
limitation, nano-formulation of curcumin has been set up. Therefore, in next section
focus has been given to the utility of curcumin nanoparticles against tuberculosis
treatment.
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13.13 Application of Curcumin Nanoparticle

Curcumin is an important natural Phyto-molecule that has a diversified role in the
protection of different diseases including cancers, inflammatory diseases, and infec-
tious diseases. The way of action of curcumin is by immune-modulatory, anti-
inflammatory, or pharmaceutical blocking of receptor ligands. Moreover, few
reports have come out showing the in vitro anti-mycobacterial activity of curcumin
(Gupta et al. 2013). Even it has shown the intracellular killing of M.tb in
macrophages through immune modulation of innate immunity and induction of
anti-mycobacterial peptide cathelicidin (Bai et al. 2016; Guo et al. 2013). However,
because of its poor bioavailability, it could not be upgraded into a drug molecule.
Therefore, to overcome the poor bioavailability and fast metabolism of curcumin in
physiological condition varieties of nano-formulation were tried with this molecule
for different disease models (Yallapu et al. 2015). Tousif et al. (2017) have
formulated the polymeric nanoparticle of curcumin and evaluate the role of this
molecule in TB. This nano-formulation of curcumin exhibits a uniform size of
~200 nm as measured by electron microscopy with an extended bioavailability in
physiological condition (Tousif et al. 2017). In mouse experiment curcumin
nanoparticles, at 100 mg/kg, body weight when injected intraperitoneally to mice,
reflected about five times better bioavailability of curcumin at 2 h post-injection with
peak plasma concentration (CMAX) of 106 ng/mL and a half-life (T 1/2) of 13.1 h in
comparison to natural curcumin which peaked at 1 h with CMAX of 26 ng/mL and
T 1/2 of 2.65 h.

To decipher the effect of this nano-formulation of curcumin in TB these
molecules were co-treated with one of the conventional antibiotic isoniazid in the
preclinical experiment and observed that nanocurcumin alone could reduce one log
of M.tb. However, the animals that receive both nanoparticle and INH together
exhibited a drastic clearance of the bacilli in both lung and spleen. Moreover, the
nanocurcumin treatment also restored the activation-induced cell death of antigen-
specific protective T helper cells that occurred by INH (Tousif et al. 2014). There-
fore, the use of non-formulated curcumin-induced sterile immunity to INH treated
animals thereby protects the animals from reinfection or further relapse of M.tb
infection in the murine model of tuberculosis (Tousif et al. 2014). Above all most
importantly curcumin nanoparticle reduces the hepatotoxicity and over inflammation
of lungs occurred by conventional TB antibiotic INH (Tousif et al. 2014). It is well
known that the induction of initial innate immune response is important for the
generation of the particular adaptive immune response. To achieve sufficient induc-
tion of adaptive response upregulation of costimulatory molecules and increase of
MHC expression are very important. Nano-formulated curcumin is found to induce
CD80 or CD86 molecules and MHC expression in isolated peritoneal macrophages
infected with M.tb H37Rv at ex vivo experiment (Ahmad et al. 2019). Even
nanocurcumin induces the macrophages to its M1 state and initiates the apoptosis
in infected macrophages. It is well known that curcumin blocked the potassium
channel Kv1.3 in effector memory T cells (TEM) in rheumatic arthritis that causes
reduction of inflammation (Lian et al. 2013). Even in tuberculosis TEM cells that
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provide short-term memory response also create inflammation (Ahmad et al. 2020).
Therefore, nanocurcumin was used with BCG to determine its effect on long-term
memory response. It treated intraperitoneally along with BCG to determine its effect
on BCG vaccination. Surprisingly it was found that nanocurcumin increases the
efficacy of BCG vaccine by clearing the M.tb faster and reduces the TEM cells and
increases the T central memory (TCM) cells and makes them a critical balance that
provides long-term memory responses in both lung and spleen at a murine model of
tuberculosis. It is well known that Th1 and Th17 cells are host protective and Th2
and Treg subsets are pathogenic in nature in the tuberculosis model (Ahmad et al.
2020; Bhattacharya et al. 2014a, b; Singh et al. 2016a). In the mouse model of
tuberculosis co-treatment of nanocurcumin induces the host protective Th1 and
Th17 subsets and reduces Treg in BCG vaccinated animals which protect the
animals more potently (Ahmad et al. 2019). Therefore, it was confirmed that nano-
formulation of curcumin increases the availability of curcumin in host cells or host
physiology, and by that, it showed a diverse effect on a different strategy of
tuberculosis treatment.

Very recently another work has come out with polymeric nano-formulation of
dual molecule curcumin and most important conventional TB antibiotic rifampicin
in intracellular M.tb infection (Jahagirdar et al. 2020). This dual drug-containing
nanoparticle efficiently enters within the macrophages and releases both the drug
molecules 1.5 folds higher than the free drug molecules. Most importantly this nano-
formulated curcumin and rifampicin molecule did not exhibit any toxicity in
Raw267.4 macrophages. Moreover, it kills the intracellular M.tb bacteria almost
100% at minimum dose than any of the free drug molecules or separately nano-
formulated drug molecules. Therefore, this strategy showed some light to combat
with different drug-resistant TB as in different drug-resistant TB efflux pumps of
bacteria throw out the drugs from the bacterial cells so a very high dose of the drugs
is recommended. This nano-formulation of curcumin with antibiotic could help in
precise drug delivery. Even antibiotic and nanocurcumin have a different mode of
action to eradicate the bugs and by using such combined drug could efficiently kill
the intracellularM.tb as well as induce such host immune response that also restricts
the bacteria potently. Even these strategies will be helpful for the shortening of TB
antibiotic regimen by efficient drug delivery and induction of host anti TB sterile
immunity.

13.14 Conclusion

It is well known that TB is one of the devastating infectious diseases in this present
world irrespective of socioeconomic conditions. Perhaps most of the developing
countries are now being affected by drug-resistant TB. In order to overcome this
situation, a new drug regimen is needed to prevent these drug resistance cases as well
as to cure TB disease. Natural products are proposed as a therapeutic alternative to
conventional antimicrobial treatment. Among them, curcumin has been a well-
known natural product for its effective therapeutic application in the treatment of

242 B. S. Das et al.



various diseases since ancient times. Even if curcumin is also referred to as one of the
best natural antibiotics because of its host immune-modulatory and novel antimicro-
bial effects in various infectious diseases, which is now attracting scientists and
researchers in this biological field. Well, it is also a good anti-inflammatory agent as
well as an excellent immune-modulatory agent that enhances the immunity of anti-
mycobacterial along with this it also showed some direct killing effect for tubercu-
losis. With this remarkable property, it can decrease the period of TB treatment and
this thing may bring to a new possibility to reduce the risk for drug-resistant TB
variants. In addition, curcumin also induces apoptosis in M.tb infected cells thereby
minimizing the risk of this disease reactivation. While curcumin has huge healing
potential to mitigate this TB disease, but due to low bioavailability and low solubility
makes them restrict to use in this medical field. Thus, modern drug delivery methods
focused on nanotechnology aim to solve these challenges. The nanoparticle-based
techniques can be used to improve curcumin bioavailability as well as solubility,
which helped to treat TB. Although curcumin-loaded nanoparticles have several
advantages because it can reduce the harmful effects of antibiotic drugs and reduce
the risk for disease reactivation as well as TB reinfection in tuberculosis disease.
Moreover, the use of curcumin nanoparticles along with antibiotic treatment could
reduce the time period of TB therapy as well as produced low side effects with site-
specific drug release which could be an alternative therapy to treat tuberculosis
disease. Therefore, curcumin nanoparticles signify a novel drug molecule that
helps to eradicate this TB and has a huge potentiality to be entered within the TB
drug or adjunct therapy of tuberculosis in the near future that can also induce the
sterile immunity to host against TB which is important to develop a self-propelled
vaccine.
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Application of Nanobiosensor in Health
Care Sector 14
Subham Preetam, Lipsa Dash, Suman Sudha Sarangi,
Mitali Madhusmita Sahoo, and Arun Kumar Pradhan

Abstract

Nanotechnology is expected to have a revolutionary effect on biology and
medicine. It has been able to provide special perspectives to the probe and control
a variety of biological along with medical processes that take place at nanometer
scales. Nanoparticles offer some advantages like sensing, image enhancement,
and delivery agents. These are the approaches for exploiting nanotechnology in
medicine as well as in the health care sector. Nanobiosensors are nano-scaled
quantifiable devices, those involve nano-conjugated biological particulars as a
transducing system to detect the minute quanta of any physical, chemical, or
biological analytes. The appearance of nanobiosensors has actually developed the
detection of many disorders like cancer, allergic responses, diabetes, and many
other diseases and malfunctions related to these diseases. The present review
comprehensively scrutinizes various types of cancer detection biosensors
fabricated so far along with their technical evaluation regarding the potency and
efficiency of selected bioreceptors biotransducers. For the diagnosis as well as
monitoring of prostate cancer, the prostate-specific antigen (PSA) has been
identified and considered as the most valid clinical tool. By using amperometric
immunosensor, prostate cancer can be monitored. For lung cancer detection a
new rapid, as well as sensitive technique for screening, is required. With this
approach, for the identification of many major disease biomarkers through sensi-
tive, easy as well as rapid applications, biosensors have provided a promising
technology as diagnostics tools. In this paper we discuss about lung cancer,
prostate cancer, brain cancer, breast cancer, and pancreatic cancer. Also, current
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disease diagnostics techniques, protein and genetic biomarkers of diseases, as
well as emerging biosensor technology for quick identification, are discussed.
Moreover, the use of different nanomaterials in various forms as components of
biosensors for the detection of various human pathogens has been further
explored.

Keywords

Nanobiosensor · Cancer · Biomarkers · Quantum dots · Nanoparticles

14.1 Introduction

In the twenty-first-century humanity has approaches better life habitat by dominating
some diseases. The Healthcare sector has been upgraded due to the evolution of
many modern approaches (Chamorro-Garcia and Merkoçi 2016). Over the last few
years, nanotechnology has altered dramatically healthcare tactics and visualized to
have an enormous effect to supply stronger amenities in the healthcare sector (Prasad
et al. 2018). The valid and precise information on the required biochemical
frameworks is a crucial prerequisite for functional healthcare. Based on this,
nanobiosensors are considered to layout possible solutions to the complications
caused by the current medical industry. The reason is that these biosensing gadgets
give significant advantages, like specificity, small size quick response, and cost
(Malhotra and Chaubey 2003). Nanotechnology has increased the scope to modify
the area of diagnostics in health, in the field of medicine and many other sectors by
altering theoretical outlooks into the practical output. Furthermore, it has a vital role
in the progression and innovation which increases the sensitivity and ascribes the
applications based on nanosensors and nanobiosensors (Srivastava et al. 2018).

For our better idea, let us take a glance at the development of nanobiosensors in
which nanotechnology plays a crucial role. Especially mankind is gifted with
nanomaterials by nanotechnology. These nanomaterials are very small in size having
one of their dimensions between 1 and 100 nm (Pandit et al. 2016). Due to this
unique property of nanomaterials they can readily enter into the human body and by
crossing the biological membranes, it can be introduced with the cells, tissues, and
organs which cannot be possible by larger-sized particles (Pathak et al. 2007).
Nanomaterials have very essential roles in the sensing mechanism associated with
the biosensing technology (Pandit et al. 2016). Biosensors are devices that can
analyze the conversion or transduction of a biological response into an observable
signal. These devices are directly involved in the bioanalytical assay, so these are
considered as very essential components of care devices (Shandilya et al. 2019).
Through the latest signal transduction mechanics, by the utilization of nanomaterials,
the performance and sensitivity of biosensors are upgraded (Sagadevan and
Periasamy 2014). As the name suggests, nanobiosensors are the combination of
nanotechnology and biosensors. Generally, nanobiosensors are the sensors devel-
oped by nanomaterials (Pandit et al. 2016). Biosensors based on nanoparticles are
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extremely attractive. The reason is that they can be simply synthesized in large
quantities by applying standard chemical methods, and do not need improved
fabrication techniques. As they have a very tiny size, they can provide extremely
high surface areas (Sagadevan and Periasamy 2014). Moreover, these
nanobiosensors are nano-scaled quantifiable devices that involve nano-conjugated
biological particulars as a transducing system to detect the minute quanta of any
physical, chemical, or biological analytes. For conveying the appropriate data in the
form of signals, the fabricates use electrochemical, optical, thermometric, magnetic,
piezoelectric, and micro mechanical techniques (Shandilya et al. 2019). Due to many
advantages, the nanobiosensors are more attractive than the traditional biosensors.
Some nanoparticles have an enzymatic property which plays an important role in the
achievement of a very good level of sensitivity in a well-developed biosensor
(Prasad et al. 2018).

The definition and representation of the idea of the effectiveness of
nanobiosensors leave no space for their applications as they are extremely versatile
and multifunctional, so many and possibly unlimited. The appearance of biosensors
has actually developed the detection of many disorders like cancer, allergic
responses, diabetes, and many other diseases and malfunctions related to these
diseases (Chamorro-Garcia and Merkoçi 2016). From a clinical perspective, there
are countless clinical approaches that are mainly being enabled applying biosensors
on a daily basis. Detection of glucose in diabetic patients, detection of HIV-AIDS,
the detection of bacterial infections in the urinary tract along with the cancer
diagnosis are the major clinical applications of nanobiosensor (Chamorro-Garcia
and Merkoçi 2016). In the environment, the presence of pathogens can be detected
by using nanotechnology (Pandit et al. 2016). The nanobiosensors have reached
LOD in the picomolar as well as femtomolar range that is giving new approaches in
the initial stage diagnosis of autoimmune diseases in vitro and in vivo (Ghorbani
et al. 2019). DNA modified by Gold nanoparticle has been utilized in improving a
microcantilever-based DNA biosensor which is used to identify DNA even at a very
lower concentration by a hybridization reaction process. Nanotechnology has
increased the customization of oncology for modified diagnostics and therapeutics
of each according to the demand. Several genomic tests have been methodically
reviewed that could be utilized in screening, identification, and treatment of target
cancer affected part in an individual’s body (Prasad et al. 2018). When the cells are
treated with a drug or attacked by a biological pathogen, the reactions of the cells can
be analyzed by several other applications of nanobiosensors. This has major involve-
ment ranging from drug treatment improvement to national safety, protection of the
environment, and a greater understanding of molecular biology at a systems level
(Pathak et al. 2007). Research on Nanobiosensor concentrates on improving new
technologies that have the capacity to create remarkable contributions in the areas of
detection of human and animal disease markers, encouraging diagnostic compound
detection and examination, nano-and biomaterials characterization, and biocatalyst
development.
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14.2 Use of NanoBiosensor for Detection of Cancer

In the rise of the Modern science in Nanotechnology, Biosensor has played a crucial
role in disease diagnosis. In that field nanobiosensor has a major impact on the
detection of cancer in the primary stages.

14.2.1 Prostate Cancer

Cancer in the prostate is always a significant reason for mortality in the male
populace. As the widely recognized tumor in men reproductive system, the
subsequent driving reason for malignant growth passings among guys in the
US. The prostate carcinoma (CAP) is a lethal threat and a significant reason for
death in men populace matured somewhere in the range of 55 and 80 years. Prostate
explicit antigen PSA might be a composition of glycoprotein with 93% peptide and
seven sugar molecules and an isoelectric pH of 6.9, which might present inside the
human serum in the form of f-PSA with modern (PSA-ACT) structures. Ordinarily
total PSA (t-PSA) level is over 10 ng/ml (Sarkar et al. 2002). A significant utilization
of PSA testing to screen the patients determined to have CAP which was
demonstrated to be very valuable serologic test in arranging and checking CAP
particularly in the early discovery of repetitive illness (Blijenberg et al. 1996). PCa
happens when a harmful tumor is incited by the transformation of DNA. As we
probably are aware the most normally lethal sort of disease in matured males 50–80
years old (Fritz 2009). Early detection of prostate cancer (PCa) is basic for the
anticipation of metastasis and early treatment; another technique for manufacture for
GOssDNA (graphene oxide/ssDNA) based biosensors by at the same time utilizing
dual-antibody which was modified PLLA NPs (poly-L-lactide nanoparticles) for
signal intensification, VEGF (vascular endothelial development factor), and PSA
(prostate-specific antigen) identification. On the other hand, VEGF is a basic bio-
marker for disease development and is regularly overexpressed in tumors. The
convergences of PSA higher than 4.0 ng/ml are viewed as strange. Hence, the mix
of PSA and VEGF location should be useful in the exact early analysis of PCa (Pan
et al. 2017). Another touchy, barely surface plasmon resonance (SPR) and few-mode
fiber (FMF) biosensor with the sandwich measure for the location of PSA (Jang et al.
2009). The proposed FMF SPR biosensor was an incredible capacity for the constant
examination of resistance among biomolecules and consequently upsides of high
affectability and label-free recognition. The benefits of SPR biosensors incorporate
include high sensitivity, real-time detection, and label-free detection. Upsides of the
side-polished FMF SPR biosensors with sandwich test incorporate superfluity
(Maksim and Andrey 2006), high affectability, basic creation, and name free
identification.

For now, the nanoparticle (NP) mark/immunochromatographic electrochemical
biosensor (IEB) is used for quick with the touchy discovery of prostate-specific
antigen in the human serum (Lin et al. 2008). The high affectability is because of the
NP-produced signal intensification and natural high affectability of the
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electrochemical techniques. The most solid tumor marker was the serum prostate-
specific antigen for distinguishing PCa in the principal stage (Stephan et al. 2006). We
have built up a straightforward and financially savvy method for recognizable proof
and checking of prostatic adenocarcinoma utilizing amperometric immunosensor
(Sarkar et al. 2002). The strategy for immunoassay which is an amperometric
screen-printed cathode for the location of malignancy initiator be utilized for another
age of assays for clinical labs and might adjusted for screening gadgets for doctors.
The technique for distinguishing proof and observing of prostate malignancy is
amperometric immunosensor.

14.2.2 Lungs Cancer

Nowadays, the lungs cancer shows the best death rate around the world (1.3 million
in a year) with significance with other regular malignancies as prostate, colon, and
breast cancer (Altintas and Tothill 2013). Cancer in the lungs is that the uncontrolled
development of irregular cells in one or both lungs. Anomalous cells degrade their
typical usefulness and quit forming and separating into normal tissue. There is an
earnest need to create quick screening techniques for checking the measure of
immunogenic tumor-related antigen (TAAs) in samples used for clinical treatment
and malignancy immunological research. r-Enolase (ENO1), a p48 particle, is
cosmopolitan in an extreme type of tissues, though γ-enolase (ENO2) and -enolase
(ENO3) are covered in neuron and muscle tissues, respectively. We have found out
the practicality of utilizing nanogold marks on a dispensable SPCE in an immuno-
assay that might be delicately identified utilizing after the oxidative arrival of Au
(III) particles. We presume that this single-use, dispensable SPCE-base (screen-
printed carbon cathodes) electrochemical immunosensors in additional improvement
into useful clinical cancer in the lungs determination frameworks (Ho et al. 2010).
Epidermal protein receptor (EGFR) exon 19 transformation status could be a
significant forecast list for tyrosine kinase inhibitors (TKIs) treatment (Xu et al.
2016). A better specific sandwich-type electrochemical biosensor that distinguishes
in-frame deletions of exon 19 of EGFR in genuine examples of people with non-little
cell lung cancer in the lungs. Roughly 80% of all cellular breakdown in the lungs
cases are non-small cell lungs cancer (NSCLC), that incorporates helpless visualiza-
tion in middle endurance of one year when treated with ordinary chemotherapy
(Schiller et al. 2002). These days, tyrosine kinase inhibitors (TKIs) as first-line
treatment for particular metastatic during this work, as DNA electrochemical bio-
sensor has intended to discover EGFR exon 19 statuses of cancer in lungs cancer
patients. The system that adjusts the erasure area in target deliberately per diverse
hybridization stage is prepared to support a sandwich-type DNA biosensor.
Discoveries may have suggestions for the arranging of biosensors in better execu-
tion. Carcinoembryonic antigen (CEA) is one in everything about preeminent
examined protein markers for cancer in the lungs (Homola 2003). There are numer-
ous clinical and examination put together an application with respect to CEA (Sakao
et al. 2004). Carcinoembryonic antigen is created during a lethal turn of events and

14 Application of Nanobiosensor in Health Care Sector 255



furthermore, its creation ends before human birth. The protein mostly inside the
blood of normal individuals aside from cigarette-smoker; nonetheless, its amount
shows a major increment in certain conditions including in the lung cancer. Its level
is explained to a cellular breakdown in the lungs inside which CEA focus is raised
fundamentally in malignant growth cases than in healthy people. At the time the
concentration of CEA is an increase of over 3 ng/ml, cancer in the lungs may start
(Sakao et al. 2004).

So neuron-specific enolase (NSE) has another nanobiosensor in which neuron-
specific enolase could be a catalyst of glycolytic which present in grown-up neurons
on grounds that the most bountiful assortment of the glycolytic compounds. NSE
shows calcium level to play out its capacities-dependent manner and wants magne-
sium cofactor for catalysis. When the amount of NSE is over the 9 ng/ml lung cancer
occurs (Barlési et al. 2004). It is a valuable marker to dissect lungs cancer disease.
The optical biosensors include evanescent wave fiber optic biosensors, optrode-
based fiber optic biosensors, surface plasmon resonance biosensors (SPR), interfer-
ometric biosensors, the resonant mirror optical biosensor, and the resonant mirror
optical biosensor (Homola 2003). Numerous commercially accessible stages are
supported by fluorescence detection systems for better recognition.

14.2.3 Breast Cancer

These days, breast cancer is the commonest ladies' disease around the world.
Improvement of early recognition procedures for breast malignancy is essentially
significant for improving endurance rates. For the early location of cancer diseases,
coursing miRNAs are developing as new dependable biomarkers (Mostafa et al.
2016). At that point, a nanobiosensor indicated high specificity as well as was
prepared for the forceful segregation among reciprocal target miRNA, single-,
three-base mismatch and non-complementary miRNA. Close by the exceptional
affectability and selectivity, this nanobiosensor had an incredible capacity, repro-
ducibility, and indicated a decent reaction brighten the genuine example investiga-
tion with plasma cloud, clinically be utilized in the primary discovery of the breast
cancer growth, by direct location of the plasma miR-155 which is a genuine clinical
example. This way the quick, precise, and sensitive determination of hydrogen
peroxide (H2O2) is of incredible hugeness inside the physiological, obsessive as
well as natural fields that have proposed a delicate and particular amperometric
biosensor for the recognition of extracellular H2O2 delivered from human breast
cancer cells with the help of a sequence-specific peptide, the proposed biosensor can
distinguish H2O2 in an extremely wide direct range from 1.0 107 M to 1.0 104 M
with a few location cutoffs of 3.0 108 M (Zhao et al. 2013). This work is expected to
style for the essential time a catalyst based biosensor that is equipped for identifying
miR21, a sort of microRNA that is known to be upregulated in breast malignancy
tissues, from cell lysate of absolute RNA (Mihi et al. 2009).

A delicate and recyclable crystal stone microbalance (QCM) biosensor was
created utilizing chitosan (CS) and folic acid (FA), producing forms that are mostly
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perceived by MCF-7 cancer cells over-communicated folic acid receptors (Hao et al.
2009). Surface plasmon resonance (SPR) bio transducers give an opportunity of
constant detection of bimolecular communication in an exceptionally sensitive,
quick as well as label-free way. It has been utilized in the discovery of point changes
in genes related to breast cancer and it has significant application in breast cancer
biosensing. Biosensors have changed the dread of breast cancer growth determina-
tion offering fast, basic, and worth powerful courses. For low recognition limits,
glycoproteins are the first focuses for breast cancer finding among CTC (circulatory
tumor cell) due to the low wealth of last ones (Mittal et al. 2017).

In that way, protein biomarkers have been vigorously explored with their parts in
the identification, evaluation, and checking of forceful kinds of breast cancer. During
this work, we portray a total unique, mark-free methodology for identifying the
HER2 extra-cell space breast cancer malignancy biomarker in human serum tests
utilizing the opto-fluidic ring resonator (OFRR). The OFRR consolidates
microfluidics and optical ring resonator detecting innovation to accomplish rapid
label-free detection in a little and minimal effort stage (Capobianco et al. 2008).
HER2 proteins were spiked in serum at different fixations, during this examination.
Results show that the OFRR identifies HER2 at restoratively significant focuses in
serum beginning from 13 to 100 ng/ml in 30 min. The whole identification method-
ology can be fundamentally improved since it performs label-free detection (Suter
et al. 2008).

14.2.4 Brain Cancer

The central nervous system (CNS) tumors have a significant purpose behind horri-
bleness and mortality around the world. Most of them, gliomas are preeminent
normal and deadly essential brain tumors in humans (Agarwal et al. 2011). Accord-
ingly, precisely imaging glioma cells pressing for primary conclusion along with
powerful treatment in brain glioma. Ongoing examination shows that fluorescence
imaging methods are wont to recognize the tumors for its various benefits, for
affectability, a high difference (Kobayashi et al. 2009). A shiny new assortment of
carbon dabs (CD-Asp) with focusing on work toward brain malignancy glioma was
combined by means of a straightforward pyrolysis route. As-arranged CD-Asp
displays focusing on C6 glioma cells without assistance extra focusing on particles.
After 15 min of tail vein infusion in vivo fluorescence pictures indicated high
contrast biodistribution of CD-Asp, more heavy fluorescent sign was identified
inside the glioma location than in typical cerebrum, however, L-glutamic corrosive
(CD-Glu) do not have any or less selectivity in glioma. Thusly, CD-Asp used as a
fluorescence imaging and focusing on a specialist for non-intrusive glioma determi-
nation (Zheng et al. 2015).

The improvement of sensitive and specific biological sensors for the checking of
disease biomarkers is a significant inspiration for nanoscience research. The
restricted surface plasmon resonance (LSPR) nanosensor has been shown to be a
decent stage for the quantitative recognition of biological and chemical species
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(Haes et al. 2004). Human brain extracts and humor (CSF) tests from control and
ailing patients display definitely various reactions, which demonstrate the presence
of raised ADDL (amyloid-â inferred diffusible ligands). That is the reason it
identifies little changes to brain cancerous cells. The LSPR nanosensor was a solid
device for considering the oligomerization of low concentrations of amyloid
antecedents. Given this achievement, the use of LSPR innovation additionally
holds guarantee joined of the least difficult identification procedures for the screen-
ing of oligomerization blocking drugs (Amanda et al. 2005). They show that the
LSPR nanobiosensor will have the option to consider human samples and should
help inside the comprehension of the instrument and conclusion of Alzheimer’s
illness. Electrochemical biosensor is viewed as a better technique than formaldehyde
detection method due to its constant estimations, high affectability, and selectivity
(Herschkovitz et al. 2000).

The development of an electrochemical biosensor for the detection of formalde-
hyde in solution, supported the coupling of the enzyme formaldehyde dehydroge-
nase and a carbon nanotubes (CNT)-modified screen-printed electrode (SPE) (Lilach
et al. 2010). We introduced a biosensor in the location of formaldehyde upheld
coupling the selectivity of the compound FDH (formaldehyde dehydrogenase) in a
profoundly proficient NADH identification framework utilizing a (carbon
nanotubes) CNT-adjusted SPE (Vianello et al. 2007). Biosensor distinguished form-
aldehyde delivered from human brain cancer cells U251 accordingly formaldehyde-
releasing prodrug therapy for anticancer. The detection limit of direct formaldehyde
addition within the presence of cells (10 μM) was over in clear solution, probably
because of the cells physically blocking formaldehyde access to the electrode
surface, we report for the primary time that our in-house developed Localized
Surface Plasmon Resonance biosensor with self-assembly gold nanoislands
(SAM-AuNIs). Abhimanyu et al. (2017) would be able to detect and distinguish
exosomes from MVs isolated from A-549 cells, SH-SY5Y cells, bodily fluid, and
urine from a carcinoma mouse model. Tamada et al. (2007) delivered a discernable
reaction to the exposed bare LSPR (Local surface plasmon resonance) biosensor
without the function, proposing a particular biophysical communication among
exosomes and MVs along with SAM AuNIs. That type of sensor achieves the
restriction of the location to 0.194μg/ml, hence the direct powerful range covers
0.194–100μg/ml (Ng et al. 2017). This disclosure not just uncovers extraordinary
knowledge into the particular layer of tumor-derived exosomes and MVs, yet in
addition encourages the occasion of novel LSPR biosensors indirect recognition
with the segregation of heterogeneous EVs.

14.2.5 Pancreatic Cancer

Pancreatic cancer forms in the cell of the pancreas. This sickness is more common in
male than in female and mostly occurs after the age of 65 while before age 40 are
uncommon. Basically, by the method of surgery pancreatic cancer can be completely
cured if it is detected in an early stage. And if the cancer has spread to the whole
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body, it will not be a cure. Chemotherapy may help to control but it will not cure the
cancer. So, it is more important to detect cancer at an early stage.

As the research study proceeds in the nanotechnology sphere, in the present
decades, we can detect the pancreatic cancer using nanobiosensor. So,
nanobiosensors have the ability to observe minor biomarkers in a little sample and
also upgrade picture quality and successfully pancreatic cancer is detected at an early
stage. To spot cancers at the primary stage in its clinical trial has the power to
decrease the rate of morbidity and mortality. Currently, for the spotting and diagno-
sis of pancreatic cancer, some nanobiosensors have been utilized; these are
nanoparticles, nanowires, nanotubes, and nanocantilevers. As research progressed
in the nanotechnology field, Nanoparticles play an important role in detecting
cancer. Successfully some distinct leveling ligands have been used in surface
functionalization for pointing of nanoparticles with (Kumagai et al. 2009) uroki-
nase-plasminogen-activator-receptor (uPAR) that acts as a surface receptor, which
further enlarged the expression on pancreatic tumor cells and stromal cells that cover
the cancer lump and folate (Yang et al. 2009). To detect CA19-9 cancer biomarkers,
ZnO QDs (Quantum dots) utilized as a signaling agent in sandwich immunoassays
with the help of both square-wave-stripping-voltammetry and photoluminescence
detection procedures (Gu et al. 2011). According to Zaman et al. for pancreatic
cancer detection, CEACAM6 which could be utilized as a biomarker that may be
targeted by a dominant functionalization of Quantum dots with a single domain
antibody, it could be used as a biomarker. He also said that it is far better to use
single-domain-antibodies for targeting cancer because these antibodies are more
stable in nature and economically very cost-effective than the conventional method
of antibody attachment (Zaman et al. 2011). But QDs is very harmful, i.e. highly
toxic for human. The utilization of some other nanoparticles like gold and silver
nanoparticles has also been done for the identification and diagnosis of pancreatic
cancer. Covalently attached F19 human monoclonal antibodies used to gold
nanoparticles are much more effective at labeling pancreatic carcinoma tissue and
it is possible to detect cancerous parts under darkfield microscopy (Gdowski et al.
2014).

A narrow film sensing unit on interdigitated gold-electrodes joining
polyethylenimine and carbon nanotubes in a layer-by-layer method (Ariga et al.
2014; Rydzek et al. 2015) onto which antibodies anti-CA19-9 are adsorbed with a
secondary layer of N-hydroxysuccinimide and 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide solution. The pancreatic cancer biomarker CA19-9 is detected in a
buffer with an edge of detection of 0.35 U/Ml by the use of obstacular spectroscopy.
This high sensitivity permitted for the distinction between samples of blood serum
from patients with distinct probabilities to develop pancreatic cancer.

Till now, the medical blood trials have focused on CA19-9 (carbohydrate antigen
19-9) (Morris Stiff and Taylor 2012), CEA (carcinoembryonic antigen) (Ozkan et al.
2003), and recently K-ras gene mutations for the recognition of pancreatic cancer in
the preliminary stage (Kinugasa et al. 2015). The furthermost advanced pancreatic
cancer test until the age is CancerSEEK13 (Cohen et al. 2018). Here protease and
arginase are used as pancreatic biomarkers. Because in genomic and proteomic tests:
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a genetic test shows the capability of disease growth, but does not accurately when a
tumor really arises. That transition can be detected by protease/arginase assays
exactly. Matrix metalloproteinases (MMPs), serine-proteases and cysteine-proteases
and also arginase have an important job in malignant progression and immune
(dis)regulation in cancer. But using this it can be possible to recognize premature
tumors with the help of liquid biopsies. And the major point is that tumor-promoting-
proteases perform as a part of an extensive multidirectional network of proteolytic
interactions. Gene Expression Analysis (Choi and Kendziorski 2009) is a clear
outlook to determine the proteases that are overexpressed in solid tumors,
i.e. pancreatic cancer. Here, for the detection of arginase and protease, fluorescence
nanobiosensors are used as ultrasensitive (sub-femtomolar), which consisting of
water-dispersible Fe/Fe3O4 core/shell nanoparticles and two tethered-fluorescent
dyes, i.e. TCPP (Tetrakis(4-carboxyphenyl)porphyrin) and cyanine 5.5. By gene
expression analysis it is possible to recognize an enzymatic snap for the finding of
pancreatic adenocarcinomas in serum, consisting of arginase, matrix
metalloproteinases -1, -3, and -9, cathepsins -B and -E, urokinase plasminogen
activator, and neutrophil elastase (Madumali et al. 2018).

MicroRNAs have also been successfully verified to be the reliable biomarker for
the initial identification of pancreatic cancer in the blood samples. In the serum of
pancreatic carcinoma, the high expression level of microRNA-21, microRNA-155,
microRNA-196a, and microRNA-210 can also be found (Zeng et al. 2017). A DSN
(duplex-specific nuclease)-assisted dual-SERS (Surface-enhanced Raman spectros-
copy) biosensor is developed for microRNA-10b in exosome and residual plasma of
blood samples detection depending on the DTNB which can be used as a
bio-weapon for pancreatic detection in presence of target microRNA.

14.3 Use of Nanobiosensor for Detection of Pathogenic Bacteria

14.3.1 Detection of Escherichia coli

Escherichia coli (E. coli) is a microorganism which is usually found in the small
intestinal region of humans as a part of the human microbiome. Most of the strains of
E. coli are non-pathogenic, except for a few that are able to cause diseases such as
bloody diarrhea, septicemia, and other gut and urinary tract ailments (Kaper et al.
2004). The successful detection of the bacteria through nanosensors has been
achieved by the detection of E. coli specific protein or genes in several strains of
E. coli such as E. coli μX, E. coli B, and E. coli 0157:H7. Cheng et al. have been able
to detect the presence of viable but non-culturable (VNBC) cells of E. coli by
monitoring the fluctuation in the faradaic current caused by the obstruction in the
orifices of the platinum electrode altered with nanoporous aluminum oxide (Cheng
et al. 2011). Likewise, gold nanoparticles (AuNPs) have been utilized in various
forms such as electrodes (Minnaei et al. 2016) and Au-Ag nanorods (Sun et al. 2015)
in order to aid in the sensitive acquisition of the bacteria-specific probe. Similarly,
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nanofibers composed of nitrocellulose by electrospinning have been employed by
Luo et al. as capture pads to detect the pathogen through lateral flow immunoassay
(LFA) (Luo et al. 2010). Titanium dioxide nanoparticles too have been exploited in
several studies as thin films for their biocompatible nature and stability under
extreme environments for the sensing of E. coli 0157:H7 (Mura et al. 2012; Nadzirah
et al. 2020). Likewise, the strains of E. coli, namely E. coli B and E. coli μX have
been discerned through their binding to specific T4 phages in conjugation with thin
films of silver nanoparticles (AgNPs). This method of detection has been able to
sense about a single bacterium in an analyte sample of 10μl (Srivastava et al. 2015).
Furthermore, AgNPs in conjugation with the piezoelectric quartz crystal sensors
have been able to quantify as low as 1 CFU/ml of E. coli in 800 ml of water (Sun
et al. 2009). Magnetic nanoparticles (MNPs) have found use in the colorimetric
detection of the bacteria in which the presence of E. coli specific proteases results in
the change in color of the sensory platform. This is a result of degradation of the
MNP conjugated peptides mounted on the platform by the proteases, which reveals
the gold-layered sensor surface underneath (Suaifan et al. 2017). MNPs-probes are
also well capable of directing the selective separation and concentration of the
probes after successful binding to the specific E. coli antigen. The antigen is then
be detected by measuring the impedance charge between electrodes of the biosensor
(Varshney and Li 2007). This property of MNPs has also been exploited coupled
with other detection methods for increasing the overall sensitivity and effectiveness
of the nanobiosensor (Luo et al. 2010; Hossain et al. 2012; Banerjee et al. 2016).

14.3.2 Detection of Salmonella

Salmonella is a genus of bacteria which are known as the causative organism of
salmonellosis (Woodward et al. 1997). Most of the studies carried out for the
detection of salmonella have utilized S. typhimurium, though S. choleraesuis and
S. enteritidis have been studied for the purpose as well. The nanobiosensors devised
to detect salmonella have mostly employed recognition molecules such as anti-
salmonella antibodies (Moongkarndi et al. 2011; Salam et al. 2013; Kim et al.
2015; Xia et al. 2016; Viter et al. 2017), salmonella specific aptamers (Labib et al.
2012; Yuan et al. 2014), or probe nucleic acids (Song et al. 2014; Gokce et al. 2011)
to achieve specificity and selectivity for the bacteria. Some of the studies have
utilized the conjugation of nanoparticles either directly to the pathogen or its probe
to ultimately label the bacteria for its enhanced detection (Yuan et al. 2014; Kim
et al. 2015). Yet in some other studies, the nanoparticles have been used as the base
surfaces in form of nanotubes, nanopores, or nanofibers (Song et al. 2014; Viter et al.
2017; Gokce et al. 2011) that provide increased surface area, thus improving the
overall detection efficiency of salmonella. Nanoparticles have further been used in
conjunct with magnetic properties for increased sensitivity of detection of salmo-
nella present in solutions in low concentrations (Xia et al. 2016). Furthermore, in
another study by Salam et al. the nanoparticles have aided as amplifiers in mass
detection of salmonella (Salam et al. 2013). The final detection of bacteria can be
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carried out by quantifying the change in fluorescence (Song et al. 2014; Kim et al.
2015; Viter et al. 2017), difference in surface charge transfer (Gokce et al. 2011),
deposition of nanoparticles at the site of the pathogen by virtue of redox reactions
(Yuan et al. 2014), LFA (Moongkarndi et al. 2011; Xia et al. 2016), or quartz crystal
microbalance assay (Salam et al. 2013). Simultaneous detection of two strains of
salmonella, S. typhimurium and S. enteritidis has been achieved through LFA, with
lower detection limits of 104 CFU/ml and 106 CFU/ml, respectively (Moongkarndi
et al. 2011). Furthermore, in the recent studies independently carried out by Yuan
et al. (2014) and Ranjbar et al. (2018) to detect S. typhimurium, the detection limits
of the nanosensors were as low as 7 CFU/ml and 1 CFU/ml, respectively.

14.3.3 Detection of Mycobacterium tuberculosis

Mycobacterium tuberculosis (M. tb) is a rod-shaped bacteria responsible for being
the causative agent of tuberculosis (Dannenberg 1982). Various proteins, genes, and
the genomic DNA of M. tb have been targeted for its acquisition through nanotech-
nology, among which the IS6110 gene has been employed the most due to its
abundant repetitions in the M. tb genome that enhances the sensitivity of detection
of the pathogen (Barreda-García et al. 2015; Karaballi et al. 2015; Prabowo et al.
2016; Bai et al. 2019; Rabti et al. 2020). AuNPs have been extensively employed for
the detection of the M. tb where the signal transduction has been mostly performed
using colorimetry (Bernacka-Wojcik et al. 2013; Kaewphinit et al. 2013; Tsai et al.
2017), electrochemical detection (Thiruppathiraja et al. 2011; Torres-Chavolla and
Alocilja 2011), or detection of surface plasmon resonance of the AuNPs (Xiang et al.
2015; Prabowo et al. 2016; Matsishin et al. 2017). Similarly nanoparticles of
different forms of carbon have been utilized in sensors for the electrochemical
detection of M. tb (Miodek et al. 2015; Mukherjee et al. 2015; Chen et al. 2017).
Furthermore, in several studies the nanohybrids of graphene and gold have been able
to detect M. tb DNA sequence among which the study carried out by Mogha et al.
(2018) has reported to have obtained an LOD of as low as 0.1 fM of DNA (Liu et al.
2014; Mogha et al. 2018; Perumal et al. 2018). Besides, graphene nanoparticle in
conjugation with nanofibers of polyaniline has been able to determine well around
7.853 � 10�7 M of M. tb DNA through FTIR spectroscopy (Mohamad et al. 2017).
Yet in another study by Mulpur et al. (2015) usage of a nanocomposite thin film of
silver and C60 coupled to surface plasmon coupled emission technique has allowed
an LOD of 20 Mtb/mm2.

14.3.4 Detection of Staphylococcus aureus

S. aureus is a gram-positive bacterium that belongs to the family Micrococcaceae.
Although it has been reported to colonize a small percent of human population
(Wertheim et al. 2005), S. aureus is known to be responsible for nosocomial
infections, toxic shock syndrome, bacteremia, and endocarditis like ailments
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(Lowy 1998). A good amount of studies have reported the utilization of AuNPs for
the colorimetric detection of S. aureus. The aggregation of the modified AuNPs
triggered by specific binding to the pathogen-specific antigen has been colorimetri-
cally determined to confirm the presence of S. aureus (Shahbazi et al. 2018). Liu
et al. have used cysteamine enhanced AuNPs conjugated to pVIII fusion protein of
S. aureus as a probe to obtain an LOD of 19 CFU/ml of bacteria (Liu et al. 2016).
Furthermore in one of the studies performed by Li et al. (2011), the change in color
intensity has been converted to quantifiable electrical signals with the aid of a
devised portable transducer. Yet in another study by Wang et al., the use of
AuNPs has been replaced with that of silver-layered MNPs. These modified
nanoparticles upon conjugation with 5,5-dithiobis-(2-nitrobenzoic acid) (DTNB)
form DTNB-labeled inside-and-outside plasmonic NPs (DioPNPs), which in turn
are able to detect up to 10 CFU/ml of S. aureus (Wang et al. 2015). Aptamer
conjugated silica nanoparticles are also in frequent use for the detection of
S. aureus in form of nanokeepers or fluorescence labeled nanoparticles (Shangguan
et al. 2015; Borsa et al. 2016). Furthermore, a study by He et al. has focused on flow
cytometric detection of S. aureus cells by using Fluorescent silica nanoparticles
(FSiNPs), where they have used Syber green dye to achieve dual color detection for
minimizing the false positive chances (He et al. 2014). There have also been several
studies on carbon nanoparticles as biosensor for S. aureus detection, such as one
study by Zelada-Guillén et al. where the potentiometric detection of unlabeled
S. aureus cells was feasible by relying on the pathogen-specific binding of the
single-walled carbon nanotubes-aptamer conjugates (Zelada-Guillén et al. 2012).
Similarly, Zuo et al. (2013) have been able to utilize graphene oxide nanoparticles to
detect S. aureus cells within a short response duration of 10 min.

14.3.5 Detection of Pseudomonas aeruginosa

Pseudomonas aeruginosa (P. aeruginosa) is an opportunistic pathogen of human
which is known to cause numerous infections including cystic fibrosis and chronic
obstructive pulmonary disease (Ohman and Chakrabarty 1981; Murphy et al. 2008;
De Bentzmann and Plésiat 2011). Multiple studies have exploited MNPs for the
detection of P. aeruginosa owing to their ability to effectively separate and concen-
trate the target molecule via using external magnetic field. In one study by Tang et al.
(2013), MNPs have been utilized both as the adsorbing surface for the analyte
nucleic acid and labeled probes for the final detection of P. aeruginosa specific
gyrB gene in the sample through the application of chemiluminescence. Similarly, in
a more recent study carried out by. Zhong et al. (2018) the MNPs have been recruited
for the fluorescent detection of P. aeruginosa, where partially fluorescence conju-
gated complementary DNA fragments are bound to P. aeruginosa aptamers
modified with MNPs. The presence of P. aeruginosa in the analyte replaces the
fluorescent complementary DNA with the P. aeruginosa specific DNA. The resul-
tant decrease in the fluorescence acts as the indicator of the presence of
P. aeruginosa in the sample. Likewise, chitosan nanoparticles (NC) have been
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employed for the detection of P. aeruginosa by virtue of their ability to improve
electrochemical conduction. As per the study carried out by Sarabaegi and Roushani
(2019) layering of NC on glassy carbon electrode has aided in the improving the
functionality of P. aeruginosa specific aptamers which has led to the sensitive
detection of P. aeruginosa specific DNA sequences via measuring the charge
impedance. This approach was able to achieve an LOD of as low as 3 CFU/ml.
Similarly, fluorescent organic nanoparticles synthesized from a pyrimidine deriva-
tive have been used by Kaur et al. (2015) in their study to detect P. aeruginosa,
where the presence of the bacteria has been correlated with an increase in the
fluorescence activity. AuNPs have also contributed to the effective sensing of
P. aeruginosa through colorimetric detection of the aggregate state of the
nanoparticles. The selective binding of AuNP-aptamer probes to the ecfX gene of
P. aeruginosa avoided the aggregation of AuNPs, which was evident from the color
of the reaction solution as bluish-gray to colorless. In contrast, the red color of the
solution indicated the accumulation of the AuNPs in the absence of P. aeruginosa
(Manajit et al. 2018). Likewise, the presence or absence of nanozyme property of
AuNPs to act as a peroxidase has been able to indicate the presence or absence of
P. aeruginosa in the samples, respectively (Das et al. 2019). Furthermore, the use of
electrochemical active molecule as a self-assembled monolayer on redox-active
AuNP electrodes has been able to detect up to 10 CFU/ml of P. aeruginosa in
spiked plasma (Lee et al. 2019).

14.4 Conclusion and Future Aspects

Clinically, the cancers can be detected at an early stage with the aid of
nanobiosensors through which the chances of recovery of patients can be improved.
Presently, numerous cancers are detected when they have already metastasized
throughout the body. In the present decade, nanobiotechnology provides an alterna-
tive platform to detect an exact and particular biological analyte by basically
translating a biological entity into an electrical signal which can be sensed and
examined. In cancer identification and monitoring, the application of nanobiosensors
holds huge potential. The detection and diagnosis of several types of cancer such as
prostate, breast, pancreatic, lung, and brain cancer have utilized the nanobiosensor
systems like nanoparticles, nanowires, nanotubes, and nanocantilevers. To deter-
mine the effectiveness of anti-cancerous chemotherapy agents at several target sites
and for the detection of emerging cancer biomarkers, the biosensors can be designed.
Nanobiosensor technology has the ability to give quick and exact detection, clear
creditable pictures of cancer progression. Numerous nanobiosensors have also been
studied to detect pathogenic microorganisms in various biological and
non-biological samples. Strains of E. coli such as E. coli B and E. coli μX have
been identified through their binding to specific T4 phages in conjugation with thin
films of silver nanoparticles (AgNPs) and platinum electrode altered with
nanoporous aluminum oxide, while gold nanoparticles (AuNPs) have been utilized
in detection of bacteria such as E. coli 0157:H7, M. tb, and S. aureus. Magnetic
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nanoparticles (MNPs) have contributed to the colorimetric detection of the E. coli
bacteria and detection of Pseudomonas aeruginosa upon being subjected to external
magnetic field. Proper quantification of the signals so obtained has facilitated
accurate determination of the pathogenic concentration present in the sample
analyte.

Nanosized ingredients combined into existing clinical diagnostic, detection
systems and biosensors have confirmed upgraded and improved specificity as well
as sensitivity as compared to the traditional methods of screening for invasive
pathogenic species and tumor cells. Through further study on nanobiosensors, it is
possible to discover novel methodologies with higher effectiveness that might pave
way in the future to a more efficient cure for pathogenic infections and a deadly
disease like cancer.
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Bioactive Nanoparticles: A Next Generation
Smart Nanomaterials for Pollution
Abatement and Ecological Sustainability

15

Showkat Mir, Nirius Jenan Ekka, Binata Nayak, and Iswar Baitharu

Abstract

The level of environmental pollution is increasing rapidly with increased urbani-
zation and rapid industrialization across the globe. To abate pollution, there is
utmost necessity to develop technology that can monitor, detect and clean
contaminants from the air, water and soil with higher efficiency. Recently nano-
technology has emerged as a highly effective and reliable technique that offers a
wide range of capabilities to improve the quality of existing environment. Due to
its large surface area, the nanoparticles adsorb large amount of pollutants at a
much faster rate. Nanomaterials can reach to inaccessible areas making in-situ
remediation of pollutants effective. Coating of nanomaterials with various ligands
provides opportunities to develop sensor with high selectivity and specificity
toward pollutants. However, nanomaterials used for pollution abatement can
itself cause environmental pollution. There are limited studies exploring the fate
of nanomaterials after their end use. Nanotoxicological studies conducted so far
indicate damaging impact of nanomaterials in ecological functioning and mainte-
nance of ecosystem integrity. Bioactive nanoparticles on the other hand are
biodegradable, have shorter life span and minimal negative impact on environ-
ment. Although application of bioactive nanomaterials in environmental pollu-
tion abatement is in its infancy, it is gradually gaining wider acceptance in
pollution management because of its promising potential.
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15.1 Introduction

Ever increasing industrialization and urbanization has filled the world with number
of toxic chemicals such as carbon monoxide (CO), chlorofluorocarbons (CFCs),
heavy metals, hydrocarbons, nitrogen oxides, organic compounds, sulfur dioxide
and particulates. Water bodies are polluted with fertilizers, herbicides, pesticides and
by-products of number of industries across the globe. Contaminants are mostly
found mixed in the air, water and soil (Ang et al. 2005). Environmental pollution
is one of the most challenging problem, the modern world is confronting now. As
reported by The World Health Organization, every year 270,000 children loss their
life due to lack of clean water and acute air pollution. In low income countries having
poor technology and resources to deal with emission of VOCs such as polycyclic
Aromatic Hydrocarbons (PAHs), people are getting exposed to number of carcino-
genic/mutagenic contaminants in air above their acceptable level causing increased
mortality from cancer in the community (Montero-Montoya et al. 2018).

Conventional methods such as adsorption, biological remediation, chemical
oxidation, ion exchange, chemical precipitation, electrochemical treatment, mem-
brane filtration, reverse osmosis, coagulation, extraction and irradiation are used
primarily for remediating environmental pollutions (Ouyang et al. 2019). However,
these methods have their own disadvantages such as the use of large amounts of
reagents for precipitation methods, high operational costs for ion exchange methods,
low adsorption capacity and selectivity for adsorption methods. In this context,
nanotechnology offers a wide range of capabilities and technologies to improve
the quality of existing environment by enhancing the performance of pollution
control technologies and reducing their cost of operation. Though the implication
of nanomaterials in pollution remediation is still in its infancy, people across the
globe have begun to recognise the promising potential of nanotechnology. Because
of the nano scale size of the nanomaterials and high surface area to volume ratio, it
can be used for detection of sensitive environmental pollutants (Willner and
Vikesland 2018).

As an alternative to conventional materials, nanomaterials can provide new
opportunities to cope with these challenges. Nanomaterials can be used for the
preparation of excellent adsorbents, catalysts, and sensors due to their unique
properties, including large surface area to volume ratio, high reactivity, reduced
size, strong sorption, active surface sites, specific interaction with contaminants, etc.
With the use of nanomaterials, polymer nanocomposites can be obtained with
improved sorption, removal and filtration properties when they are used in environ-
mental applications. In environmental remediation applications, iron oxides, tita-
nium dioxide, cadmium sulphide, etc. are used as nanomaterials and PVP, PMMA,
CMC, PANI, PHB, alginate, etc. are used as polymers to prepare nanocomposites
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(Guerra et al. 2018). These materials can be blended using mainly two methods as
direct compounding and in situ synthesis. The existing technologies used for pollu-
tion remediation though are effective but the cost of their implementation in different
sectors is prohibitively high. It is realized now that there is a dare necessity for
development of technology capable of monitoring, detecting and cleaning the
contaminants from the air, water and soil in ecofriendly, cost effective and sustain-
able manner.

The number of new nanomaterials with specific desired characteristics is now
designed, synthesized and produced in large-scale industrially. Currently, it has been
observed that the conventional engineering environmental nanomaterials (EENM)
lose their functionalities when subjected to changing environmental condition
making them non-functional (Chang et al. 2018). To overcome such problems,
smart environmental bio-nanomaterials (SEBN) having capacity to self adjust
under changing environmental conditions are now been designed and synthesized.
When the concentration of pollutants is above the MPL, state-of-the-art
nanomaterials could be used, such as bio-inspired self-healing nanomaterials without
external stimuli, not energy input, among others. However, there is also growing
awareness of the need to understand and characterize the properties of ENMs as they
change from the time of synthesis to their final state during application and possible
release in the environment (Karakoti et al. 2012). Nanomaterials generally do not
retain the same properties from their point of synthesis to their state of application
and both the particle processing and storage histories often are poorly documented.

15.2 Nanomaterials as Environmental Pollutants

In the last one decade, the application of nanomaterials in the field of medicines,
cosmetics, electronic devices and number of consumer products has seen a spectac-
ular rise resulting in the generation of emerging class of environmental pollutants.
As it is not known with certainty how nanomaterials after their end use behave in the
environmental compartments like air, water and soil, appropriateness of the existing
regulations for chemical environmental pollutants is debatable (Gupta and Xie
2018). Significant progress in understanding the roles of various factors influencing
the fate and transport of nanomaterials in environmental compartments have been
made in the last few years. Researches demonstrate that the nanomaterials behave
differently in aquatic environment as a dissolved chemicals compared to their solid
or colloidal counterpart. However, there are not enough investigations made to
understand the structure and activity relation of different classes of nanomaterials
in different condition. How one nanomaterial interacts with other nanomaterial
present in the same environmental compartment with respect to their toxicity on
organism living within is still an unanswered question requiring further
investigations. There is necessity of establishing predictive models for nanomaterials
in environment to suitably access and manage the risk associated with exposure to
various nanomaterials singly or in combination.
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Nanomaterials are known to undergo significant settling under normal gravita-
tional condition in various environmental media. Analytical techniques show that
they also exhibit reduced diffusivity compared to other dissolved species. In the
absence of gravitational and inertial impaction, air/water, air/soil and water/soil inter
medium transport of nanomaterials is known to be governed by diffusive processes.
Eco-toxicity by nanoparticles is a major concern in present scenario and gains the
interest of scientists and researchers. These nano-materials may drift-off from the
manufactured site to alternate places like water bodies and agricultural fields through
physical and natural processes. Pollution by nanomaterial’s in air, water and soil
cause adverse effects on terrestrial and aquatic eco-system. It also cause severe
damage to micro and macro habitat through dermal contact, inhalation or by pore
penetrations (Hoet et al. 2004). The industrial waste approximately of nano range is
common nano-sized material which causes a major exploitation of physcio-chemical
properties of living creature and existence of nature. The nature of nanoparticles
depends upon techniques used during synthesis procedure, chemical and physical
synthesized nano material is highly toxic as compared to biologically synthesized
material (Das et al. 2017). It has been observed that atmospheric nanomaterials can
have residence time of about twenty days and their aggregate may not cause any
effect on human respiratory system. Similarly exposure assessment to nanomaterials
in water may not always bring identical result as nanomaterials particle stabilize in
aquatic system (Ray et al. 2009). Nevertheless there is very few research to establish
the environmental pollution by nanomaterials barring a handful of modeling studies
that have investigated ENM release to the environment. The major source of release
of nanomaterials to environmental compartments is mostly sewage sludge, waste-
water, and waste incineration of products containing ENM. However, there is lack of
proper evidence on release of ENM during their production and application in
various fields. No quantitative information is available till now linking occupational
exposure and emission flow of ENM into environment.

15.2.1 Monitoring of Nanowastes in Environment

The traditional methodologies used for quantification of nanomaterials during their
manufacturing cannot be applied adequately while analysing nanomaterials in envi-
ronmental sample. There are no available standard methods for analysis of
nanomaterials in environmental sample especially their fate, transport and toxico-
logical effect on living being. The existing methods for detection and quantification
of nanomaterials cannot differentiate the fraction of the nanomaterials which are
generated and released to environment through natural processes from the
manufactured nanomaterials that are released to the environmental compartment
because of their application in different sectors by human being (Laux et al. 2018).
The traditional analytical techniques proved inadequate for analysing the physico-
chemical forms of ENMs. The effects of the surrounding medium on most of the
nanomaterials in environmental compartment that influence their properties make
analysis inaccurate and difficult to understand because of the artefact effect (Lin et al.
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2014). Now it is high time to develop appropriate technique for extraction, cleanup,
separation, and sample storage inducing minimal artefacts, increase sensitivity and
add specificity of analytical techniques.

15.3 Bio-nanomaterials as a Degradable Smart Option
in Pollution Abatement

Last few years has seen rapid growth in the use of nanomaterials in different fields.
Today, because of widespread applications of nanomaterials, several thousand tons
of nanomaterials are manufactured daily which enters to environmental
compartments after their end use (Buzea et al. 2007). However, most of these
nanomaterials are non-biodegradable, toxic and are conservative in nature and
hence tend to accumulate in environment (Sharifi et al. 2012) Unlike metallic and
carbon based nanomaterials, bio-nanomaterials have shorter life, biodegradable in
nature and easy to prepare (Mishra et al. 2018). Therefore bio-nanomaterials can be
used as a safer alternative to the existing nanomaterials based technologies without
compromising with their performance.

15.3.1 Bioactive Nanoparticles for Water Pollution

There are several techniques popularly used at present to remediate water pollution
in different sectors. Technology like Electro coagulation, though effective in remov-
ing fluoride and other contaminants from water, sometime leaching of the coagulants
into the treated water during treatment process make the water toxic (Kabdaşlı et al.
2012; Tetteh and Rathilal 2020). Moreover, it leads to the generation of toxic sludge
which are very difficult to manage. Ion exchange techniques used for water treatment
is highly expensive and its sensitivity to pH make it difficult to operate. The most
effective water treatment technique at present is membrane based processes which
are highly efficient in removing contaminants. But its drawback is that it is
prohibitively costly and energy intensive and sometime causes ionic imbalance in
drinking water. In addition, it releases huge volume of water with higher concentra-
tion of initial contaminants. On the other hand, adsorption based processes are less
efficient in removal of contaminants, lack reusability and require high energy
input (Guillossou et al. 2020). The effort to overcome the disadvantages of existing
water treatment techniques is underway across the globe. Scientists believe that
nnanotechnology has the potential to address all of these drawbacks and can be a
magical instrument to deal with the current and upcoming water crisis. Focussed
researches are being undertaken all over the world to develop novel nanomaterials
with high affinity, capacity, and selectivity toward contaminants (Table 15.1).

Current research intends to enhance the removal efficiency of bio-based materials
used in water treatments processes by impregnating them with various
nanomaterials. Activated bio char impregnated with metal oxide nanomaterials
like Fe2O4, Al2O3, and ZrO2 have been reported to be highly effective as an
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adsorbent in removing contaminants from water compared to bio char alone (Pathak
et al. 2003). Several studies reported enhanced removal efficiency of cellulose by
trapping MnO2 nanoparticles in the cellulose matrix (Maliyekkal et al. 2010).
Impregnation of aluminium ions with activated carbon fibers and carbon nanofibers

Table 15.1 List of the selected nanomaterials used popularly for pollution abatement

Nanomaterial Type of pollutant removed

Origin of
removed
pollutant
material References

Graphene oxide(GO) Removes cationic, anionic, and/or
amphiphilic and detection of
chlorophenol

Water Scalese et al.
(2016) and Yi
et al. (2019)

Chitosan and alginate
coated with silver
nanoparticles

Highly efficient in removal of
fluoride and chromium

Water Kumar et al.
(2017)

Bioactive carbon
nanotubes CNT

Helps in removal of chlorophenol
and excessive fluoride, NOX, SO2

and CO2

Water and air Khin et al.
(2012)

Nanocellulose Removes heavy metals and
commercial dyes

Water Suman et al.
(2015)

Bioactive silver
nanoparticles

The Ag nanoparticles removes
hazardous dyes like Safranine O,
Methyl red, Methyl orange and
Methylene blue

Industrial
waste
management

Jyoti and
Singh (2016)

Bioactive graphene,
fullerene, and
nanotubes

Acts as an adsorbent for
polyaromatic hydrocarbons PAHs

Soil and
water

Wang et al.
(2014)

Bioactive TiO2 Integrated with air pollution
devices also have a potential to
remove benzene, toluene,
ethylbenzene and xylene (BTEX)

Air and
water

Patel et al.
(2020)

Bioactive ZnO Acts as a photocatalyst and
remediate chlorocatechol

Air El Golli et al.
(2021)

Single walled
(SWNTs) and multi
walled nano-tubes
MWNTs

Acts as a sensor for NO2 and NH3 Air Pandhi et al.
(2020)

Zero-valent (nZVI) This may highly remove Cu2+,
chlorinated hydrocarbons, CrO2�2

and NO3�

Water and
soil

Zhao et al.
(2016)

Manganese oxide
conjugated with gold
nanoparticles

Japanese technology which are
used to efficiently remove VOCs,
nitrogen and sulfur oxides at room
temperature

Air Sinha and
Suzuki (2007)

SeNps It helps in removal of bacteria
(A. faecalis SeO3) also acts as an
friendly candidate for
bioremediation

Soil and
water

Sakr et al.
(2018)
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have been reported to elevate their fluoride removal efficiency manifold (Gupta et al.
2009). Doping of ferric oxide nanoparticles to carbon nanotubes improved the
pollutant removal from water with higher efficiency. Magnetic alginate beads had
very high defluoridation capacities (Gao et al. 2014). This material is not leachable
and due to high magnetic sensitivity, the materials can be separated easily from the
aqueous solution. The major advantages of these adsorbents are that their effective-
ness remains intact over a wide range of pHs. However, the major drawback of such
adsorbents is that there is possibility of release of nanomaterials to treated water and
their synthesis is energy intensive in nature.

Recently multipurpose bionanomaterials-based scaffold are designed to deal with
water pollution effectively. Alginate and chitosan are mixed to prepare the scaffold
and aluminium ion is added to it. The surface of the scaffold is coated with silver
nanoparticles. The scaffold effectively removed fluoride, chromium and several
reactive dyes mixed with water with remarkable efficiency. Regeneration of the
scaffold after use depends upon whether the pollutants in water form covalent
linkage with scaffold or not. Pollutants forming covalent bonds with scaffold
make it difficult to regenerate and hence limit its reusability. For Cr (VI) and dye,
the scaffold can be regenerated easily but fluoride form covalent bond with scaffold
making it difficult to regenerate (Kumar et al. 2017).

Cleansing of polluted ground water can be achieved easily using nanotechnology
because application of nanoparticles into the underground source of water is cheaper
compared to pumping water for treatment. Nanosized fibre can be used as elctrode
for efficient deionisation of water with very little investment and energy input (NRC
2006). In a recent study, starch-based nanocomposites (starch/SnO2) were used for
removal of Hg2+ from an aqueous medium, and the removal percentage reached up
to 97% (Thines et al. 2017). Nanofibre filter which has ability to filter out virus from
drinking water has already been developed (Gupta et al. 2007). Ion exchange resins
made up of bionanomaterials with nanosized pore on the surface to trap and
exchange ions have already developed and in use for separation, purification and
decontamination of water (Zhang and Liu 2020). These resins are widely used for
softening of hard water. They also remove toxic heavy metals from water and replace
them with sodium and potassium.

15.3.2 Bio-nanomaterials as a Degradable Smart Option in Air
Pollution

Around 4.2 million people lost their life and 103.1 million people became disable
because of exposure to particulate matter PM2.5 world wide in 2015 as per WHO
report (Oberdorster et al. 2007). Pollutants like volatile organic compounds are the
most common contaminant in both indoor and outdoor air. VOCs like Polycyclic
aromatic hydrocarbons (PAHs) which are released to air from combustion processes
are highly toxic, mutagenic and carcinogenic in nature. Therefore, appropriate
technical advancement must be achieved rapidly and efficiently to reduce these
contaminants in air to a safer level and in a cost-effective manner (Gómez et al.
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2012). Applications of nanocatalyst that can speed up the chemical reactions
transforming harmful pollutants into harmless gases are gaining popularity in pollu-
tion control. Currently nanofiber catalyst made of manganese oxide is used popularly
to remove VOCs from industrial smokestacks (Kuleyin 2007). Nanostructured
membranes having pore size small enough to separate methane or carbon dioxides
are used near the automobile exhaust. Researchers are now developing carbon
nanotubes (CNT) to trap GHGs emitted from mining and thermal power industries.
These nanotubes can trap GHGs much faster than any other conventional methods.
Therefore, CNTs can purify large volume of air effictively within small time. Studies
conducted in Japan in 2006 demonstrated a technique to convert soot filtered out of
diesel fuel emissions into single walled CNT filter through laser vaporisation process
(Uchida et al. 2006). This technique resulted in no waste because essentially the
waste generated out of filtration process became the filter.

Wide range of toxic chemical pollutants are removed from air and water using
polyamide nanofilter fabricated with MgO, TiO2 and other oxides (Ibrahim et al.
2016). The decontamination of toxic nerve gases such as paragon from air has been
achieved with higher efficiency using electrospun nanofibres. Environmental reme-
diation using polymer-supported metal and metal oxides mostly silver, iron, alumi-
num, titanium and magnesium are more widely used because of their high reactivity
and ability catalyze degradation of air pollutants (Yang et al. 2019). Semiconductor
metal oxides such as titanium dioxide (TiO2), zinc oxide (ZnO), tin dioxide (SnO2),
and copper oxide (CuO), are promising materials for photocatalytic degradation of
pollutants (Uddin et al. 2020).

15.4 Challenges in Synthesis of Bioactive Nanomaterials

Recent research has shown that green method for synthesis of nanomaterials is
highly effective and low cost in nature. It has been observed that severe stress on
environment is exerted when nanomaterials are synthesized using physical and
chemical methods due to release of toxic metabolite in larger quantities. However,
Bio based synthesis of nanomaterials are easy and less troublesome where metal salts
is synthesized with desired plant extract and the process get completed within
minutes to hours at room temperature. Bio nanomaterials of silver and gold metals
synthesized using green synthesis process has been reported to be more stable and
secure compared to their metallic counterpart. Large scale production of
bio-nanomaterials using green synthesis protocol can be easily achieved and are
cost effective (Singh et al. 2018). Nanomaterials synthesized using conventional
methods where large number of toxic and harmful chemicals is used which make the
composition of nanomaterials synthesized uncertian and could pose greater risk on
human health and environment. Green methods of synthesis are significantly attrac-
tive because of their potential to reduce the toxicity of NPs. Accordingly, the use of
vitamins, amino acids, plants extracts is being greatly popularized nowadays (Gour
and Jain 2019).
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In the recent decades, several research activities are being undertaken to prepare
bio-composites by blending/reinforcing bio-nanomaterials in a wide variety of
polymer matrices (Rossi et al. 2014; Uddin et al. 2012). The applications of nano-
composites based on entirely renewable polymerase versatile (Yang et al. 2015).
Unlike other nanomaterials, bionanomaterials can be synthesized easily using plant
and animal resources (Mir et al. 2017). The synthesis of nano crystallites involves
mechanical stirring and acid hydrolysis process Acid hydrolysis removes lower
order regions. The resulting water insoluble high crystalline regime further gets
converted to stable suspension via mechanical shearing (Rossi et al. 2014). There are
significant challenges which need to be addressed are as follows:

(i) It is difficult to develop effective separation route suitable for extraction of
nano-reinforcements from renewable resources,

(ii) It is hard to Find proper compatibility between nano-reinforcement and the
polymer matrix and

(iii) It is essential to process the bio-nanocompsites using suitable techniques

Further commercialisation of bionanomaterials require the entire process to be
cost effective and less dependent on high energy supplementation. Though at present
nano-reinforcement in the polymer matrix is the widely used method for improving
the properties bioolymers, the techniques itself is in the developmental phase and is
not full proof. Bionanofiller have several advantages over number of commercially
available nanofillers such as nanoclay, inorganicfillers, activated carbon, graphene
and carbon nanotubes. Bionanofiller are renewable and biodegradable while
nanofillers are not. Preparation of PVA composite films is done using solution
casting method. The thermal stability and crystallisation propoerties of chitosan
matrix remain unaffected when chitin is incorporated in the chitosan matrix
(Grząbka-Zasadzińska et al. 2017). The tensile strength of the nanocomposite has
been observed to increase with increase in chitin whiskers.

15.4.1 Green Synthesis from Enzymes and Vitamins

Enzymes because of their well defined structure and purity are best option for
utilization in green synthesis of nanomaterials. Silver bionanomaterials are
synthesized by combining them with enzymes involved in growth process of
organisms. For synthesis of bimetallic nanomaterials Fe/Pd particles, enzymes
were inserted into the lipid bilayer through electrostatic interactions (Gao et al.
2008). Extracellular amylase is utilized to generate Au NPs. It has been reported
that large size silver nanomaterials were obtained when reduced with decreasing
amount of beet juice. To get bimetallic nanomaterials, Green tea extracts is suitably
used which produces nanomaterials Fe/Pd due to the fact that the extracts of green
tea can act as both reductive as well as capping agent (Krishna et al. 2012). Use of
natural agents in the field of nanosynthesis is big advancement toward green
nanotechnology Vitamin B2 has been used as reducing and capping agent in
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synthesis of Ag and palladium nanosphere and nanowires. Chitosan is popularly
used as stabilizing agent because of its ability to bind strongly with metal ions along
with Ascorbic acid as capping and reducing agent (Lu et al. 2010).

15.4.2 Green Synthesis Using Bacteria, Yeasts, Algae, Fungi
and Actinomycetes

Psychrophilic bacteria Pseudomonas antarctica, , Pseudomonas meridiana,
Arthrobacter kerguelensis, Arthrobacter gangotriensis, Pseudomonas proteolytica,
Bacillus indicus and Bacillus cecembensis have been demonstrated to synthesize
AgNPs which are highly stable and smaller in size (Shivaji et al. 2011). Silver nano-
crystals of different compositions were successfully synthesized by Pseudomonas
stutzeri AG259 (Klaus et al. 1999). Number of different species of yeast and fungi
are used for synthesis of bionanomatterials. F. oxysporum metabolically transform
Silver nitrate into well dispersed Ag oxide nanoparticles (Salem et al. 2015).
Alternaria alternata are popularly used for synthesis of nano-platinum with partcile
size varying from 2 to 30 nm (Sarkar et al. 2012). The fungus Trichoderma viride
synthesize silver nanoparticles from silver nitrate through extracellular biosynthesis
process (Elamawi et al. 2018). Very stable silver nanoparticles with size range of
5–15 nm have been reported to be synthesized using Fusarium oxysporum (Ahmad
et al. 2003). Cyanobacterial Species like L. majuscule, S. subsalsa, R. hieroglyphics,
C. vulgaris, C. prolifera, P. pavonica, S. Platensis and S. fluitans can be used as cost
effective materials for bio recovery of metal and green synthesis of metal gold NPs
(Bakir et al. 2018; Uma Suganya et al. 2015).

15.4.3 Green Synthesis Using Plants and Phytochemicals

The pomegranate was found to have the ability to produce more uniform size and
shape NPs of Au and Ag in the range of 20–500 nm. F. herba isolate was used to
reduce the platinum compound, the closeness of hydrogen and carbonyl in polyphe-
nolic compound mainly goes about as fixing expert for metal particles (Dobrucka
2016). Formation of NPs could be completed in salt solution within short duration of
time depending on the nature of plant extracts; the main reason being the concentra-
tion of the extracts, metal salt, pH and contact. It has been discovered that decrease of
AgNO3 to AgNPs by dihydroquercetin, quercetin and rutin prompted the develop-
ment of an intensive surface plasmon resonance (SPR) band, which suggests reduc-
tion of this constituent (Veisi et al. 2018). Kou and Varma reported a simple, green
and fast (complete within 5 min) approach for the construction of Ag NPs by MW
irradiation using beet juice as a reducing reagent.
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15.5 Future Prospective of Bioactive Nanomaterials in Pollution
Abatement

The pollution of environments today has reached to its peak causing serious harm to
the living beings on the earth. Toxic gases emitted from manufacturing industries
and several sectors are now reaching to levels that directly deteriorate the quality of
air. Relentless and unsustainable uses of numerous hazardous chemicals in agricul-
tural sector are making the water bodies unsuitable for human use and are damaging
the soil microbes that maintain the soil health. Increased cases of oil spillage from
industries, warships, and leakage during transportation are major concerns that
pollute the environment (Mohamed 2017). Under such condition, nanotechnology
can prove itself a boon in pollution remediation. Nanomaterials can be used to
develop an excellent environmental pollution cleaning system because of its unique
structural characteristics. However the main concern in synthesis of nanomaterials
requires the use of reagents, volatile organic and inorganic chemicals that are toxic in
nature (Palit 2017). Although nanotechnology water treatment is far better and more
efficient than conventional water treatment systems, the environmental fate of used
nanomaterials, their transport in environmental compartments and their interaction
with living beings are not well understood.

In the last few years, efforts to replace the toxic chemicals used in preparation of
nanomaterials by safer and biologically conducive materials are underway. Regu-
latory bodies have already put stern regulations that ensure reduction of use of toxic
chemicals during synthesis of nanomaterials so that their levels remain within safe
limits in the environmental compartments. The greener route of synthesis of
nanomaterials could be one of the options to get rid of these hazardous chemicals
used in synthesis of nanomaterials. The biogenic method involves natural substances
contain in plants, bacteria, algae, fungi, yeast, actinomycetes that act as reducing,
capping and stabilizing agents for nanomaterials. Hence the biogenic method is both
ecologically sustainable and economically viable. The manufacture of metallic
nanomaterials using natural vitamins, polyphenols, proteins, amino acids and natural
surfactants is slowly becoming more appropriate (Dhillon et al. 2012). As
bionanomaterials have potential to clean and prevent environmental pollution and
greener route of their production do not involve any toxic chemicals, nanotechnol-
ogy involving bionanomaterials could be the next generation technology dealing
with pollution abatement in near future.

15.6 Conclusion

Demand for clean and safe environment is growing worldwide with increased
incidences of pollution related health issues in the community and development of
awareness in public. Recent reports shows that there is a strong association between
environmental chemicals and heavy metals pollutants in air, water and soil and rapid
increase in the cases of cancer, lungs and kidney related diseases across the globe.
Rapid progress in the nanotechnology-based pollution abatement techniques has
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generated a ray of hope for creating a world free of pollutants. Advancement of
research and innovations in the field of nanotechnology could lead to the develop-
ment of highly effective environmental pollution treatment techniques in the near
future. Treatment of environmental pollution using bioactive nanomaterials not only
ensure clean environment but also has the potential to overcome the hurdles of high
cost and technical capacity for present and future generations. Large scale produc-
tion of nanomaterials should only be done using greener route. Biogenic production
of nanomaterials should be scaled up, commercialized and proper evaluation of their
toxicity to environment and health should be performed in natural environmental
condition in order to develop a clean and pollution free environment.
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Smart Nanomaterials for Bioimaging
Applications: An Overview 16
Kunal Biswas, Avik Sett, Debashis De, Jaya Bandyopadhyay, and
Yugal Kishore Mohanta

Abstract

Nanomaterials are the classes of nanomaterials which basically fall in the range of
1–100 nm dimensions and have achieved its ubiquitous role in the domain of
bioelectronics to biomedical area. The applications in the biomedical domain
comprise bioimaging, targeted drug delivery, anti-cancerous activity, etc., which
have attracted much attention in the recent times. Due to the specific unique
activity of nano-scaled materials such as its higher surface to volume ratio, higher
surface energy, more surface reactivity, etc., such materials find applications in
the field of biological domain to electronical area. The electron confinement
activity to differentially capped nano-scaled materials have been used extensively
now-a-days in the bioimaging and applications. Due to the higher quantum yield
and more stability in the biological systems, nanomaterials have been a material
of choice for an augmented biological activity as compared to their bulk
counterparts. Such nanomaterials due to their biocompatible dimensions having
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resemblance to biological systems, enable for an effective drug delivery carrier
molecule as compared to other drug carrier systems. Moreover, such materials
bear unique photo-physical and luminescence properties which are harnessed for
different bioimaging applications, showing robust imaging behaviour as com-
pared to the bulk systems. Finally, targeted drug delivery (TDD) means has been
achieved in a better and refined manner using such nano-scaled materials owing
to their unique specificity and sensitivity attributes in the biological interface.
Understanding the comprehensive role of nano-scaled materials in diverse bio-
medical area specifically in myriad imaging techniques makes nanomaterials of
different types a preferred choice in bioimaging applications making a revolu-
tionary measure in the biomedical field of research and applications.

Keywords

Nanomaterials · Biomedical · Bioimaging · Surface area · Luminescence

16.1 Introduction

With the introduction of nano-scaled targeted drug delivery systems, the efficiency
of many conventional pharmaceutical therapies can be significantly improved. It
helps to avoid unnecessary drug loss because nanocarriers show higher loading
efficiency, thereby providing protection from the harsh surrounding. It helps to
minimise unwanted side effects because it possesses higher specificity, biocompati-
bility and biodegradability behaviour (Naeem et al. 2020).

Nanotechnology is used for multiple purposes like titanium dioxide (Tio2) or zinc
oxide (ZnO) which absorbs UV radiation and is thus used in sunscreen (Petrick and
Ibadurrohman 2020), silver (AgNPs) which is used in antimicrobial activity and is
used in soap formulations, surgical implants, etc. (Gunputh et al. 2020). It is also
reported that Gold (AuNPs) nanoparticles were also used in different bioimaging
applications and diagnosis (Mousavi et al. 2020). Nanoparticle formation and
distribution has diverse bioimaging varieties thereby finding advantages in early
diagnosis and treatment of diseases (Viana et al. 2020). Upon using such nano-scaled
bioimaging materials cellular localisation, interaction dynamic changes of a variety
of bioactive substances can be observed (Placido et al. 2019). It can be observed that
environmental nanoparticle from atmospheric, terrestrial, aquatic regions is obtained
and synthesised biogenically (Órdenes-Aenishanslins et al. 2020) for different
bioimaging applications. Nanomaterials of different types are basically synthesised
using bottom-up method and top-down technology. Bottom-up technology refers to
the process where the smaller subunits are added to form larger complex materials
whereas in case of top-down technique, the larger chunk of precursor material is
broken down into smaller subunits or monomers for different applications. Usually
bottom-up technique is mostly preferred as compared to the top-down principles
because of the sensitivity approach involved in the formation of the polymeric
molecules upon gradual addition of smaller contributing monomeric forms resulting
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into sensitive applications in diverse fields mostly in bioimaging, tagging agents, etc.
(Li et al. 2019).

In the recent times, nanomaterials both chemically synthesised and biogenically
synthesised are used in diverse applications ranging from toxic contaminant chela-
tion and removal mechanism to dreaded disease treatment. In case of environmental
detection and removal of heavy metals from the polluted sources like contaminated
water bodies, industrial belts, etc., several tailor made nano-scaled materials were
employed by several groups for the successful detection and removal of the
pollutants like iron oxide nanoparticles (FeONPs) for heavy metal removal from
water bodies, etc. (Samrot et al. 2019). Similarly, several groups have also fabricated
pristine as well as decorated/functionalised nanomaterials for the effective detection
mechanism of the heavy metal ions like Cadmium, Arsenic, etc. (Shi et al. 2019).
Also, in the biomedical field of research, different classes of nanomaterials like Gold
nanoparticles, etc., are used extensively these days for effective cancer diagnosis and
treatment (Sayyadi et al. 2019) for bearing the sensitivity and selectivity properties
of such nano-scaled materials thereby achieving a targeted drug delivery response in
the cancer treatment process. In this chapter, specifically the bioimaging nature and
mechanism of different classes of nanomaterials has been studied besides different
bio-activity of nanomaterials in the current scenario to uncover and present the
imaging potentialities of such nanomaterials in the biomedical field of research
which can aid in understanding and formulating nano-based future imaging agents
which can outcompete the conventional manner of imaging of the bio systems.

16.2 Inorganic Nanocarriers in Bioimaging and Drug Delivery

Inorganic nanomaterials find widespread applications in the field of biochemistry,
biotechnology and biomedical domains (Yang et al. 2019). Such applications
include Gold nanoparticles, 2D-graphene, carbon nanotubes, quantum dots,
mesoporous silica nanoparticles, quantum dots, magnetic nanoparticles, multifunc-
tional composite nanoparticles, etc., which have become a promising choice in
diverse biomedical research fields (Yogesh et al. 2020). In bioimaging, inorganic
nanoparticles have shown great potential and diverse applications and are beneficial
for targeted drug delivery and cancer therapies (Caires et al. 2020).

16.2.1 Carbon Nanotube as Imaging Agents

For a plethora of biomedical applications, carbon nanotubes (CNTs) have been used
extensively in the current scenario (Yadav et al. 2020). Carbon nanotubes are also
useful for delivery vehicles for carrying drugs, proteins, DNA, imaging agents and
other materials (Prajapati et al. 2020). New CNT based contrast agent (CA) synthesis
can be used for X-ray computed tomography (CT) imaging (Deshmukh et al. 2020).
The CA is a hybrid material derived by using ultrashort single-walled carbon
nanotubes (20–80 nm long, US-tubes) & Bi (iii) oxo-salicylate clusters with four
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Bi (iii) ions per clusters (Bi4C). Over iodine, bismuth element was chosen that is
conventional element used for CT Cas in the clinic because of its high X-ray
attenuation capability and its low toxicity, due to this bismuth is a more promising
element for new CT CA design.

16.2.2 Colloidal Gold Nanoparticles as Imaging Agents

Colloidal gold nanoparticles can be used for the biomedicine and drug delivery
purposes (Masse et al. 2019). By preparation of the monodispersed GNPs (Gold
Nanoparticles) by using the citrate reduction method, it helps to find out the
importance of colloidal gold (Biterge-Süt and Canpolat 2019). For a variety of
purposes like contrast agents, drugs, in vivo delivery of genes, colloidal gold
nanoparticle is of choice by several researchers. It is because of its easy synthesis,
large surface area, it has become proposed DDSs (Drug Delivery Systems) in
different biomedical fields (Daraee et al. 2016). It can create DDSs with the help
of smart polymers that help to release their payload to respond to external stimuli. It
can also be used as photothermal agents in photothermal therapy because of bearing
the property of higher molar absorption coefficient (Takeuchi et al. 2017). GNPs lie
in the visible to near infra-red region. Also, biological applications of GNPs range
from biomolecular sensing to therapeutic interventions due to its intrinsic surface
plasmon resonance behaviour (Weissman et al. 2016). The Schiffrin–Brust biphasic
method has been the most acceptable choice owing to the requirement of lesser
reagents and solutions for the synthesis of GNPs, which was developed in the year
1994. Owing to the lack of different types of surface capping ligands and the
presence of available chemical modifications over the surface of the GNPs structure,
the same has been in use in diverse applications from nanotechnology to
biomedicinal domains (Shimoni and Valenzuela 2017). Different steps are been
employed for the production of water-dispersive GNPs with functionalised moieties
for applications in different fields. Several groups have introduced various ligand
exchange reactions on alkane thiol protected GNPs via careful surface modification
(Lopez-Chaves et al. 2018). It is also possible to create gold nanostructures with
active targeting capabilities and would be really useful for the detection of
overexpressed cancerous cells using the mechanism of target-receptor modalities.

Making the recognition specific in nature (Wolfe et al. 2016) and their cellular
toxicity has indeed been examined by several research groups as for the cytotoxicity
of GNPs (Jia et al. 2017). The requirement of distinction between the toxicity of the
GNP core and the exterior ligands is of paramount importance. It is found that upon
carboxylate terminal capping using alkylthiolate-GNPs, the toxicity of the GNPs
seems to be reduced, whereas the cationic GNPs are seem to be non-toxic in nature
(Bhawawet et al. 2018). It has been reported that Human leukaemia cells (K562),
upon treatment with functionalised GNPs with glucose, citrate, cysteine, biotin
exhibit no significant toxicity in the cell lines as comparted to the salt solutions of
Gold chloride (HuCL4), which has a tremendous toxicity of 90% inhibition when
treated to same cell lines (Martínez-Torres et al. 2019). For the cancer treatment,
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most of the work on drug delivery of GNPs has been studied thereby limiting the
exposure towards the healthy tissue through both passive and active targeting, where
the concentration of drug can be increased at the tumour site resulting in return a
robust targeted anti-cancerous activity as compared to the conventional way of
cancerous treatment (Penon et al. 2017).

16.2.3 Mesoporous Silica Nanoparticles

Another important group of inorganic delivery system is colloidal mesoporous silica
nanoparticles (MSNPs). Owing to their unique controlled morphologies, significant
mesostructures with tremendous biocompatibility with a flexibility of effective
functionalisation approach, such mesoporous silica nanoparticles find effective
applications in the biological domains (Manzano and Vallet-Regí 2020). It can be
also made hydrophilic by decorating them with the abundant silanol groups on the
surface of MSNPs. Using various means, the controlled holding/release of cargo
molecules has also been achieved by several groups. The mesoporous materials pore
capacity and large internal surface area enable the effective entrapment of the
therapeutic cargo molecules inside the porous structure of the material leading to
the efficient therapeutic efficiency towards the desired target moieties (Siminzar
et al. 2020). To improve the efficacy of the delivery of various hydrophobic
anticancer drugs within the bloodstream the MSNPs, it takes advantages of the
larger intrinsic pore capacity which make the payload drug solubilised. It is because
of the effectiveness of such drugs encapsulation, the efficacy of the drug release and
the kinetics is achieved more robustly than other delivery means. On both the
exterior and the interior surfaces, the modification of MSNPs can be achieved. In
order to improve the nanocarrier drug delivery mechanism and provide a range of
functionalities, modification of SNPs is more acceptable. MSNPs in their
mesoporous structure with a high surface area to volume ratio contribute to the
extensive functionalization via covalent or electrostatic interactions, where there the
augmented rate of organic molecules is placed in the silanol groups of the outside
surface of the material structures. The side effects of the drug delivery approach
could be reduced and the increasing in the specificity of the drug delivery modalities
could be harnessed using such versatile MSNPs surface properties as potential drug
delivery vector platform.

Functionalisation of the internal structures of the MSNPs intrinsic structure could
also augment the rate of drug delivery approach using such nano-scaled mesoporous
structure for potentially viable molecules like proteins, nucleic acids for myriad
therapeutic areas along with the underlying exploration of effective cytotoxicity
regime of the material towards the biological systems (Downing and Jain 2020).
With both healthy cells and cancer cell lines cellular uptake phenomenon of MSNPs
and their good biocompatibility properties were confirmed. Surface charge, effective
shape and overall dimension of the nanomaterials determine the effective cellular
uptake behaviour and their associated cytotoxicity when introduced into the
biological. It has been reported that non-modified MSNPs in the concentration up
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to 100 mg/ml, dimensions ~100 nm exhibits no significant cytotoxicity has been
observed which is not significant for the effective therapeutic efficacy. The effective
therapeutic activity of the drug delivery mechanism is only been achieved by the
utilisation of the lowest drug molecule when confronted in the healthy tissues with
the compromised side effects in the healthy cells, which is especially important in the
cancer therapy regime. Depend on chemically modifying MSNPs with targeted
moieties most strategies used for cell targeting (Choi et al. 2020). Some of the
moieties includes the proteins, FA, antibodies, peptides molecules, etc. For cancer
cell targeting based on PEI-functionalised and FA- conjugated MSNPs developed a
selective nanoparticulate system. Using FA as the targeting ligand the PEI-MSNP
hybrid nanoparticles are non-toxic and can be specifically endocytosed. In order to
gain a tremendous cancer treatment effectivity, Folate receptors play a significant
role in the treatment of the disease and the higher rate of material internalisation is
achieved when diagnosis of the tumour cells in the cancer therapy management is
concerned (Song et al. 2020).

16.2.4 Quantum Dots in Imaging

The engineering of multifunctional nanodevices Quantum dots (QDs), semiconduc-
tor nanoparticles with unique photo-physical properties have become one of the
dominant classes of imaging probes as well as universal platforms (Shukla et al.
2020). The exceptional photostability along with the one photon-multiphoton
absorption behaviour with the size dependent tunable absorption and emission
attributes is achieved using the QDs (Quantum Dots). The bleeding nature during
the multiplexed bioimaging process could be achieved using such QDs due to the
narrower photoluminescence band phenomenon of such material of zero electronical
dimensions. At the single molecular level, such QDs play a crucial role in achieving
the durability and the sensitivity along with the brightest and stable
photoluminescence properties associated with them, making the bioimaging
approach using QDs a significant choice in the current imaging research (Wang
et al. 2020b). The narrow photoluminescence bands of QDs are beneficial in
advancing device technology and in the area of biotechnology (Arshad et al.
2019). The effective biological applications of the QDs are bestowed in their
structure due to the intrinsic optical properties in their structure which make the
mediation of the organometallic routes along with the ligand exchange phenomenon
associated with the QDs treatment modalities making them an ideal choice in the
bioimaging regime (He et al. 2020). Generally, highly fluorescent QDs can be
prepared for both exchanging hydrophobic QDs from organic to aqueous phase
and introducing functional groups for bioconjugation. The effective stability against
the hydrolysis and the biochemical reactions for the QDs could be achieved by
capping the QD surface using the thiol groups, which enables the QDs a best choice
in achieving the enhanced biocompatibility phenomenon when introduced into the
biological systems (Shi et al. 2020). Coating or conjugation of polymers onto QD
surface is another method with a tri-block amphiphilic copolymer successfully
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over-coated CdSe/ZnS QDs which protect QDs against hydrolysis and enzymatic
degradation. Previous study have shown that entrapping the QDs inside the silica
shells significantly improves the coating of a silica layer from sodium silicate
initially by conjugating a layer of 3-mercaptopropyl trimethoxysilane (MPS) on
the surface of citrate-stabilised CdS QDs for sensing gene and drug delivery, and
cellular and biomolecular imaging (Rathee et al. 2020). Recently, bioconjugated
QDs have become regular parts of biology by using bioconjugated QDs, which can
be classified into nonspecific and targeted formulation (Díaz-González et al. 2020).
QDs are also conjugated with bio-entities like proteins, peptides, nucleic acids,
liposomes, etc., making such QDs used in the direct and indirect labelling of the
extracellular proteins and subcellular organelles for an effective bioimaging process.
CdSe/ZnS QDs coated bind to human epithelial kidney (HEK) cells to a greater
extent than to mouse fibroblast cells (NIH3T3) with the cytoplasmic location of
rhodamine dextran. The nuclear localisation signal (NLS) conjugated QDs have
been shown by several groups by co-localisation of QDs and MitoTracker Red
(Paesano et al. 2020). Similarly, mitochondrial localisation signal (MLS)-conjugated
QDs were observed around mitochondria, thereby making the application of
mitochondria in diverse biomedicine and diagnosis (Jiang et al. 2019). The specific
labelling of cellular tissue for in vivo applications would result in higher resolution
and sensitivity cell, where the main applications of QDs lie in the multimodal
imaging probes, biological applications, which is used by using a mixture of
magnetic nanoparticles, quantum dots and an amphiphilic polymer, followed by
functionalization of the bead surface with folic acid (Feng et al. 2020).

It is further noted that multicolour Quantum Dots (QDs) capped magnetic
nanorings are 4 times larger than the superparamagnetic iron oxides, which find
applications in diverse fields of applications in imaging, etc. (Yue et al. 2019). The
major obstacle which comes in the pathway of QDs for bioimaging lies in the fact
that several QDs release heavy metal ions such as Cd+ while treating the cells with
CdSe quantum dots in bioimaging (Yadav et al. 2019). Such research challenges are
the major impediments while dealing with the quantum dot based in vivo bioimaging
applications. The understanding of the basic degradation phenomenon and the
accumulation attributes of the inorganic QDs along with the association of the
intrinsic toxicity of the material remains a serious concern while researching
bioimaging using QDs (Garmanchuk et al. 2019).

16.3 Multifunctional Composite Nanoparticles

16.3.1 Graphene

Graphene is a 2-dimensional carbonaceous sheet, which is having several unique
physico-chemical properties like higher mechanical strength, robust conductivity,
larger surface area (2630 m2 per gram), etc. (Thamer et al. 2020). Owing to such
higher level of enhanced physico-chemical attributes, Graphene has been used in
diverse applications like Quantum communications, nanoelectronic applications,
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energy research, etc. (Stanford et al. 2020). Besides electronic and energy
applications, the Graphene Oxide sheets and its different allied forms are extensively
been used in biological applications like anti-bacterial activities, anti-cancerous
activities, bioimaging, etc. (Biswas et al. 2018; Yogesh et al. 2020).

The higher surface to volume ratio of Single layered Graphene Oxide sheets
enables it to be used in myriad applications like drug delivery and other physico-
chemical applications in biomedical fields (Liang et al. 2020). Using Graphene, anti-
cancerous activities using NIR based photothermal ablation mechanism have been
achieved by several researchers (Wang et al. 2020a). It has been also reported that
decoration of several inorganic nanoparticles like Silver nanoparticles, Gold
nanoparticles over the Graphene surface, resulted into the synthesis of Graphene
based composite systems, which bears augmented optical and superb magnetic
properties, finding applications in diverse imaging applications (Griep et al. 2020).
The toxicity of Graphene based materials has been studied by several researchers in
different biological systems both in vitro and in vivo. The mechanism of
bio-distribution and the associated toxicity in the biological systems is mainly
regulated by the particulate size of the sheets and the surface chemistry properties.
The effect of functionalisation of the Graphene sheets plays a significant role in
reducing the toxicity of the nano-scaled Graphene sheets when treated in the
biological models like mice at a particular dosage concentration (Chen et al. 2020).

Several techniques are available for the synthesis of Graphene Oxide sheets using
chemical vapour deposition (CVD), chemical route of synthesis, etc. Using chemical
route of synthesis, Hummers method and its different modification protocol has been
used like Improved Hummers method, Modified Hummers method, etc. (Kudus
et al. 2020). The interplay of reducing agents and oxidising agents plays a critical
role in the synthesis of Graphene from Graphite powder using such methods. The
purity of Graphene production has been achieved in large scale at the industrial level
using scale-up technologies yielding ultrapure graphene powder of 99.99% purity.
Based upon such advantageous properties of Graphene, zero dimensional Graphene
Quantum dots (GQDs) (Kang et al. 2020) were also been employed in the different
biomedical applications bearing enhanced shelf life and net quantum yield as
compared to the conventional tagging agents like rhodamine, etc., which has a
compromised shelf life and quantum yield phenomenon.

16.3.2 Magnetic Nanoparticles

Due to their superparamagnetic properties, tunable size and other biological
functionalities magnetic nanoparticles (MNPs) such as Fe3O4 magnetite and
y-Fe203 maghemite are particularly appealing (Krans et al. 2020). MNPs exhibit
superparamagnetism at room temperature, when the particle size is smaller than the
single domain limit. Owing to the unique magnetic properties of the nanoparticles,
such low scaled nanomaterials having intrinsic magnetism have been employed for
the applications in the fields of cancer therapy, biomedical treatment, gene delivery,
etc. (Alphandéry 2020).
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It is because of the presence of higher proportions of iron as an element, MNPs
are used safely with huge prospects of lower rate of immuno rejection and a higher
rate of clearance from the body system (Fopase and Pandey 2020). It has been
reported previously that Fe per kg determines the overall toxicity in the biological
system. A study reported that at a higher concentration of 60 mg Fe per kg, it exhibits
a Fe toxicity in the biological systems. In comparison to the bulk Fe content, the
proportion of Fe in coatings as microemulsions, nanoparticulate encapsulations
exhibits a lesser value or negligible toxicity in the biological systems (Sosa-Acosta
et al. 2020). Also, the average particulate size of the nanoparticles and its hydrody-
namic size determines the net toxicity in the systems. The study enables to under-
stand that the positive attributes of the magnetism and the nano-scaled materials
properties make the magnetic nanoparticles (MNPs) an ideal candidate in the
applications of different biological imaging applications (El-Sherbiny et al. 2020).
Co-precipitation of iron salts and thermal decomposition of organometallic
compounds determine 90% of the available reports, which find applications in
diverse biomedical applications.

Modification of an organic shell surrounding the magnetic core is the first step for
the preparation of targeted/therapeutic MNPs. With chemically reactive groups
available this reaction would yield a water-soluble biocompatible product. The
best methodology of stripping off the organic molecular capping of nanoparticles
is the ligand exchange technique (Reaz et al. 2020). Different technique for the
modification of the nanoparticles is the functionalisation of the nanoparticles using
terminal carboxylic groups. Several reports have been highlighted that decoration of
the nanoparticles with the specific targeted molecules or specific drugs for achieving
targeted drug delivery (Ahmad et al. 2020). In that regard, various synthetic
materials like FA (Folate receptors), RGD peptides (directed against avb 3 integrin),
etc., have been employed for the purpose of model targeting moieties (Aisida et al.
2020). MRI stands for the magnetic resonance imaging which is based upon the
resonance between the radio frequency emanated from the bodily system and the
external source (Le Page et al. 2020). The major drawbacks of the instrumentation
lies in the drawbacks associated like it has minimised sensitivity as well as insuffi-
cient spatial or temporal resolution, although MRI currently can be used for combin-
ing two or more imaging modalities. The disadvantages of MRI have been made by
MRI/PET, MRI/CT and triple-modality imaging. In order to realise the high resolu-
tion, higher sensitivity and excellent soft-tissue contrast, the combination of MRI
and CT imaging is highly desirable for MRI/optical properties from CT and MRI
(Lally et al. 2019). Few research groups have explained that Fe3O4–TaOx core–
shell NPs can provide complementary information by CT (computed tomography),
and the internal tumour microenvironment with newly formed blood vessels in the
tumours can be clearly imaged using MRI (Khmara et al. 2019). Such imaging
technique shows the hypoxic and oxygenated regions, which can be evaluated for
both optical and MR imaging and is highly desirable to understand and develop NIR
dyes and specific contrast agents to determine quantitatively the long-term
bio-distribution and tumour localisation both in the presence and absence of the
external magnetic fields when injected in the xenograft breast tumour cases in mice
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(Mohd Tamsir et al. 2019). The optical means of the MNPs make them an ideal
candidate for the soft-tissue and superior spatial applications (Chaves et al. 2019)
with the mediation in the clinical oncology applications (Basini et al. 2019). More-
over, MRI/PET bimodal imaging has great potential impact of voxel-based
MRI-guided PVE correction in functional FDG-PET brain imaging. Different imag-
ing modalities have been designed and discovered which find applications in
diagnosis, soft-tissue contrast and different clinical studies involving cells and
tissues of the biological systems. Also, the interstitial hyperthermia and
thermoablation based method based upon magnetic field-induced excitation of
biocompatible superparamagnetic nanoparticles has been designed (Shakil et al.
2019). Previous reports have shown that a new technique based upon thermotherapy
means using the magnetic nanoparticles, in which there is an involvement of the
external alternating magnetic field exposed to the targeted cells or tissues like
cancerous tumours, where upon subjection of the combination of magnetic
nanoparticles and magnetic field, the targeted area of interest gets ablated upon
increase in the temperature at around 42–43 �C (Kandasamy et al. 2019). Different
functionalised MNPs have been used in varied rat tumour model studies. Using the
histopathological examinations of the brain and tumour, it is noticed that
aminosilane and dextran-coated superparamagnetic iron oxide nanoparticles
(SPIONS) have exhibited potential good rate of thermotherapy (Alphandéry
2019). As compared with the dextran-coated particles, thermotherapy with the
aminosilane coated nanoparticles exhibits a 4.5 fold prolongation in the survival
process. The effectiveness of treatment was determined using the properties of
average size distribution profile, magnetic anisotropic nature as well as heat effi-
ciency properties (Yalcin 2019). Further, few research groups have demonstrated
that SPIONS have a good properties to exhibit a higher rate of magnetic hyperther-
mia in various media and is acting a good platform for attaching other target
molecules. Togetherly, in combination with the other magnetic based chemotherapy
and radiation therapy, such nano-based magnetic therapeutic modalities can act as a
suitable and a prospectus means for the treatment of cancer and allied therapy
(El-Sherbiny et al. 2020).

16.3.3 Layered Double Hydroxides

The class of nanosystems could be denoted by the formula [M2 + 1�M3 + x(OH)2]
(An)x/n � mH2O, in which M2+ and M3+ cations are located in the brucite-like
layers and Anis the charge-balancing interlayer anion (Barik 2019). Layered double
hydroxides (LDHs) are the class of molecular therapeutic modalities where 2D
layered structure and allied are used in the different gene and drug delivery
mechanisms in various biological domains (Sanjay et al. 2019). By virtue of the
versatility in chemical composition as well as the stability and biocompatibility of
LDH materials in drug/gene delivery and biomedicine, LDH materials show the
following advantages which make LDHs an ideal drug nanocarrier system because
of its superior biocompatibility and low cytotoxicity behaviour (Yan et al. 2019).
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Due to the intrinsic layered structure of the LDHs, the payload of interest like
proteins, peptides, drug molecules, antibodies can be safely loaded into the layered
structure of the LDHs, resulting into an effective treatment regime outcompeting the
conventional drug delivery systems which is further associated with the
disadvantages like ligand exchange reaction, surface modification requirement,
etc., which makes the LDHs based drug/gene delivery mechanism a suitably con-
trolled approach (Yazdani et al. 2019).

16.4 Graphene Based Bioimaging

16.4.1 Role in Fluorescence Imaging in Biological Tissues

It is a probe imaging technique which is a non-invasive approach (Wang et al.
2019b) used for the specific binding to Raji B cells, which is sensed using InGaAs
detector upon subjection to laser excitation of 658 nm wavelength. The first report
was performed for the B-cell specific antibody rituxan (anti –CD 20) which is further
conjugated to pegylated nGO(nGO-PEG-Rituxan). Owing to the extraordinary
intrinsic photoluminescence properties of the nano Graphene Oxide (nGO) sheets,
such behaviour of the material is exploited in diverse in vivo applications (Lu et al.
2020).

Fluorescence imaging of nGO exhibits a lower quantum yield both in vitro and
in vivo imaging. In order to image the tumour xenografted mice, some research
group first demonstrated the NIR fluorescent dye (Cy 7 conjugated nGO-PEG-Cy7).
Also, the tagged graphene oxide sheets with the Cystein molecules enabled a good
rate of cell permeation and tumour accumulation after the post injection at 24 h time
period, indicating a promising tagging agent in bioimaging applications (Zaboli et al.
2020).

16.4.2 Implication in the Two-Photon Fluorescence Imaging

In the basic biomedical diagnostics and research, laser imaging depth analyses have
been done owing to the lower Rayleigh scattering and lower tissue absorption of the
NIR light. Such result caused into reduced photobleaching and phototoxicity as
compared to single-photon Fluorescence imaging (Hu et al. 2020). Because of the
minor autofluorescence background, more detailed analysis of various cellular/
subcellular activities in the deep location of biological samples is achieved. It can
obtain a high reflux of excitation photons as compared to one-photon excitation
wavelength using simple continuous-wave lasers, two-photon nonlinear excitation
usually uses a nonlinear femtosecond laser (Li et al. 2020a).

The appropriate wavelength range used for the deep-sited organ imaging and
tissues, two-photon excitation is employed which lies in 700–1350 nm. The field of
two-photon fluorescence imaging (TPFI) in context to Graphene sheet has been used
rigorously by many researchers. Also, few research groups have also reported the
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first instance of transferrin functionalised GO-PEG employing the two-photon
luminescence behaviour as a non-bleaching optical probe for the three dimensional
TPFI and cancer microsurgery therapeutic mechanism (Gong et al. 2019).

For the cellular and deep-tissue imaging purpose, several nanoprobes were
designed by several research groups. Among the probes, nitrogen-doped GQDs
(N-GQDs) bearing an average size of ~3 nm have been employed as efficient
two-photon fluorescent probes (Kuo et al. 2020). N-GQDs were synthesised by
wet-chemical approach by several research groups. Some research groups have
shown that by a facile one-pot solvothermal method for the synthesis of N-GQDs
(Fu et al. 2019b). The method employed by taking dimethylformamide as solvent
and nitrogen sources, the nitrogen was successfully doped to GQDs enabling the
extraction of smaller sp2 domains from the large GO sheet, which shows chemical
structure of N-GQDs with dimethylamine binding to GOs under 800 nm femtosec-
ond pulse laser excitation, at 400 μm. The fluorescence imaging is significantly
differed as compared with the Two-photon microscopy of the GQDs at 1800 μm. In
the one-photon fluorescence imaging (OPFI) (Liu et al. 2019a) technique, for in vivo
investigation of biostructures in the 800–1500 μm region, TPFI using N-GQDs as
fluorescent probe is particularly suitably accepted (Singh et al. 2019).

16.4.3 Effect in the Radionuclide Based Bioimaging

Radionuclide bioimaging comprises the photo bleaching or the fluorescence
quenching phenomenon along with the light absorption nature scattering of tissues
with an auto fluorescence background (Day et al. 2020). Optical imaging cannot
provide quantitative results and sometimes may be interfered at the in vivo
applications in a quantitative manner with excellent sensitivity ~10–12 mol/l and
nearly no penetration depth limit (Wu et al. 2019). Radiolabelling method would be
able to accurately track the labelled substances (Knight et al. 2019). PET and
SPECTe radionuclide-based imaging mainly comprises over a nominally low back-
ground signal PET and SPECT images, which are acquired and required little signal
amplification in PET/SPECT imaging (Edem et al. 2019). Graphene based
nanomaterials are promising nano-platforms which play an important role in such
imaging modalities. It is reported that upon decorating iodine atoms onto the
available defects and the surface edges of the GO sheets, few groups have
demonstrated a method to label nGO–PEG with 125I (Farzin et al. 2019). Using
64Cu labelled nGO–PEG, a research group has explored the in vivo active tumour
targeting behaviour by conjugating nGO–PEG with an antibody, also the in vivo
PET imaging results confirmed the active tumour targeting cases (Ge et al. 2020).

16.4.4 Significance in Magnetic Resonance Imaging

It is observed that employing MRI, the anatomy and the different functions of the
tissues are best monitored quantitatively as compared to other examining techniques
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(Sprooten et al. 2019). It is a non-invasiveness mechanism without ionising radia-
tion, which has been extensively employed. Compared with the optical and radionu-
clide imaging for improving, the T1 or T2 contrast in the observable water pool, it is
observed that the brighter images of the T1 agents usually employed Gadolinium
based composites (Clough et al. 2019), whereas for the T2 agents it employed for the
composites which comprise iron oxide nanoparticles (Heckman et al. 2019). Gado-
linium (Gd) and manganese (Mn) are generally toxic that are ions of paramagnetic in
nature (García-Hevia et al. 2019). The intercalation of such toxic ions within the
layers of Graphene layers minimises the toxicity response of the ions by
coordinating with the available functional groups and moieties of the graphene
architecture (Si et al. 2020). Such molecular coordinated architectured system
enables to understand and enable to apply in the enhanced MRI relaxivity
(r1 ¼ 70 � 6 mM�1 s�1 and r2 ¼ 108 � 9 mM�1 s�1) phenomenon, which forms
the 16 and 21 times greater than the current clinically available Gd 3+ based T1
agents which are chelated using Gd3+ ions with the carboxyphenylated graphene
nanoribbons (GNRs) (Li et al. 2020b).

16.4.5 Effect in the Photoacoustic Imaging

Imaging technique which comprises the conversion of short pulsed electromagnetic
energy (non-ionising laser pulses) into heat production is categorised into the class
of imaging technique known as Photoacoustic Imaging, which is based upon the
photoacoustic effect (PA effect) (Liu et al. 2019b). Such observations resulted into
the acoustic emission attributes because of the transient thermoeleastic expansion
phenomenon (Fu et al. 2019a). In other words, the lower range electromagnetic
waves have a potentiality to penetrate deeper into the tissues and cells as compared
to the shorter wavelength. The radio frequency waves have the property of lower
scattering nature in the biological specimens which seems to be more favourable in
the measurement in the biological systems (Hariri et al. 2019). The mechanism of
lower scattering phenomenon could be associated with the localised thermoelastic
expansion, which in return produces wide-band acoustic waves. The sound waves
from the biological specimens produce a deep-tissue imaging which is recorded with
an interplay of ultra sound transducers (Moore et al. 2019). The significance of Photo
Acoustic Imaging lies with the fact that PAI gives an optical absorption contrast
agent along with the resolution at the ultrasound magnitude level. Such response of
the optical contrasting nature of the Graphene sheet is because of the fact that
Graphene bears sp2 domain architecture. In the larger view, among the graphene
family nanomaterials, RGO sheets are potential PA contrast agents, which can
absorb NIR light more efficiently than the native Gos (Jun et al. 2019). Such
differing nature of GO based platform for the contrast agent lies in the fact that
GO are hydrophilic whereas RGO sheets upon further reduction from GO sheets
with an interplay of reducing agents, resulted into poor water solubility and more
hydrophobicity nature. In one of the previous study, in order to obtain lesser
oxygenated Graphene, one research group hase produced microwave assisted
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lower oxygen content Graphene layer which has the potentiality to generate
photoacoustic signals with the NIR excitation (Li et al. 2020c).

16.4.6 Multimodal Imaging Applications

Biomedical applications has gained popularity, the idea of using multiple imaging
modalities in conjunction for bringing the significance of multiple imaging
modalities at one place thereby harnessing the valuable properties of different
imaging techniques in a comprehensive manner (Rouffiac et al. 2020). The mecha-
nism of the multimodal imaging applications comprises the comprehensive integra-
tion of different detectability parameters at one place for detection process of the
different dosages in the body system (Wang et al. 2019a). Graphene owing to its
unique physico-chemical properties and enhanced multifunctional chemistry, the
material has been find application in diverse multimodal imaging contrast agents
(Chawda et al. 2019). The structural configuration of such multimodal contrast
agents was exploited based on its RGO-IONP for triple modal Fluorescence,
Photoacoustic (PA) and MR (Magnetic Resonance) imaging, respectively (Qian
et al. 2019).

16.5 Conclusion

The revolution of the nanomaterials breakthrough has resulted into the widespread
application in different domains of scientific arenas. Owing to the associated
demerits of the available tagging agents and imaging applications in engineering
and biomedical fields, the need of a more robust imaging agents with higher
efficiency has become the need of the hour. The present study predominantly
highlights the myriad types of the available nano-scaled materials and their different
unique mechanism methodology in varieties of biological systems, which are
employed in different bioimaging applications. The study focusses the significance
of inorganic and organic based nanomaterials which are used in biomedical fields,
which due to their unique physico-chemical properties and un-conventional electro-
chemical properties replace the already available conventional tagging agents in
biomedical domain. The study in the nut shell opens up the new horizon in
un-covering the different varieties of nanomaterials currently utilised in different
types of imaging aspects from biomedical to bioengineering domain. The signifi-
cance of the underlying electronical and other electromechanical, electrical
properties of selected nano-scaled materials and their derivatives are the next choice
in the intricate bioimaging applications, which this study will showcase for
employing in different spheres of science and technological applications.

Acknowledgement Author KB thanks TEQIP III, MAKAUT, WB for providing research fellow-
ship during the work.

300 K. Biswas et al.



References

Ahmad W, Khan AU, Shams S, Qin L, Yuan Q, Ahmad A et al (2020) Eco-benign approach to
synthesize spherical iron oxide nanoparticles: a new insight in photocatalytic and biomedical
applications. J Photochem Photobiol B Biol 205:111821

Aisida SO, Akpa PA, Ahmad I, Zhao TK, Maaza M, Ezema FI (2020) Bio-inspired encapsulation
and functionalization of iron oxide nanoparticles for biomedical applications. Eur Polym J
122:109371

Alphandéry E (2019) Biodistribution and targeting properties of iron oxide nanoparticles for
treatments of cancer and iron anemia disease. Nanotoxicology 13:573–596

Alphandéry E (2020) Iron oxide nanoparticles for therapeutic applications. Drug Discov Today
25:141–149

Arshad A, Akram R, Iqbal S, Batool F, Iqbal B, Khalid B et al (2019) Aqueous synthesis of tunable
fluorescent, semiconductor CuInS2 quantum dots for bioimaging. Arab J Chem 12:4840–4847

Barik S (2019) Layered double hydroxide-decorated hydrogel for biomedical applications. In:
Nanostructured polymer composites for biomedical applications. Elsevier, pp 367–383

Basini M, Guerrini A, Cobianchi M, Orsini F, Bettega D, Avolio M et al (2019) Tailoring the
magnetic core of organic-coated iron oxides nanoparticles to influence their contrast efficiency
for magnetic resonance imaging. J Alloys Compd 770:58–66

Bhawawet N, Essner JB, Atwood JL, Baker GA (2018) On the non-innocence of the imidazolium
cation in a rapid microwave synthesis of oleylamine-capped gold nanoparticles in an ionic
liquid. Chem Commun 54:7523–7526

Biswas K, De D, Bandyopadhyay J, Sen P (2018) Differential antibacterial response exhibited by
graphene nanosheets toward gram-positive bacterium Staphylococcus aureus. IET
Nanobiotechnol 12:733–740

Biterge-Süt B, Canpolat E (2019) Evaluation of gold nanoparticles in terms of their use in
biomedical applications. Turkish J Agric Sci Technol 7:1694–1698

Caires AJ, Mansur AA, Carvalho IC, Carvalho SM, Mansur HS (2020) Green synthesis of ZnS
quantum dot/biopolymer photoluminescent nanoprobes for bioimaging brain cancer cells. Mater
Chem Phys 244:122716

Chaves NL, Amorim DA, Lopes CAP, Estrela-Lopis I, Böttner J, de Souza AR et al (2019)
Comparison of the effect of rhodium citrate-associated iron oxide nanoparticles on metastatic
and non-metastatic breast cancer cells. Cancer Nanotechnol 10:7

Chawda N, Basu M, Majumdar D, Poddar R, Mahapatra SK, Banerjee I (2019) Engineering of
gadolinium-decorated graphene oxide nanosheets for multimodal bioimaging and drug delivery.
ACS Omega 4:12470–12479

Chen L, Li J, Chen Z, Gu Z, Yan L, Zhao F et al (2020) Toxicological evaluation of graphene-
family nanomaterials. J Nanosci Nanotechnol 20:1993–2006

Choi E, Lim DK, Kim S (2020) Hydrolytic surface erosion of mesoporous silica nanoparticles for
efficient intracellular delivery of cytochrome c. J Colloid Interface Sci 560:416–425

Clough TJ, Jiang L, Wong KL, Long NJ (2019) Ligand design strategies to increase stability of
gadolinium-based magnetic resonance imaging contrast agents. Nat Commun 10:1–14

Daraee H, Eatemadi A, Abbasi E, Fekri Aval S, Kouhi M, Akbarzadeh A (2016) Application of
gold nanoparticles in biomedical and drug delivery. Artif Cells Nanomed Biotechnol
44:410–422

Day AH, Domarkas J, Nigam S, Renard I, Cawthorne C, Burke BP et al (2020) Towards dual
SPECT/optical bioimaging with a mitochondrial targeting, 99m Tc (i) radiolabelled
1, 8-naphthalimide conjugate. Dalt Trans 49:511–523

Deshmukh MA, Jeon JY, Ha TJ (2020) Carbon nanotubes: an effective platform for biomedical
electronics. Biosens Bioelectron 150:111919

Díaz-González M, de la Escosura-Muñiz A, Fernandez-Argüelles MT, Alonso FJG, Costa-
Fernandez JM (2020) Quantum dot bioconjugates for diagnostic applications. Top Curr Chem
378:1–44

16 Smart Nanomaterials for Bioimaging Applications: An Overview 301



Downing MA, Jain PK (2020) Mesoporous silica nanoparticles: synthesis, properties, and biomed-
ical applications. In: Nanoparticles for biomedical applications. Elsevier, pp 267–281

Edem PE, Sinnes JP, Pektor S, Bausbacher N, Rossin R, Yazdani A et al (2019) Evaluation of the
inverse electron demand Diels-Alder reaction in rats using a scandium-44-labelled tetrazine for
pretargeted PET imaging. EJNMMI Res 9:1–8

El-Sherbiny IM, El-Sayed M, Reda A (2020) Superparamagnetic iron oxide nanoparticles
(SPIONs) as multifunctional cancer theranostics. In: Magnetic nanoheterostructures. Springer,
Cham, pp 223–241

Farzin L, Sheibani S, Moassesi ME, Shamsipur M (2019) An overview of nanoscale radionuclides
and radiolabeled nanomaterials commonly used for nuclear molecular imaging and therapeutic
functions. J Biomed Mater Res Part A 107:251–285

Feng S, Pan J, Li C, Zheng Y (2020) Folic acid-conjugated nitrogen-doped graphene quantum dots
as a fluorescent diagnostic material for MCF-7 cells. Nanotechnology 31:135701

Fopase R, Pandey LM (2020) Iron oxide based magnetic nanomaterials for biomedical applications.
Magnetochem Mater Appl 66:276

Fu Q, Zhu R, Song J, Yang H, Chen X (2019a) Photoacoustic imaging: contrast agents and their
biomedical applications. Adv Mater 31:1805875

Fu Y, Gao G, Zhi J (2019b) Electrochemical synthesis of multicolor fluorescent N-doped graphene
quantum dots as a ferric ion sensor and their application in bioimaging. J Mater Chem B
7:1494–1502

García-Hevia L, Bañobre-López M, Gallo J (2019) Recent progress on manganese-based
nanostructures as responsive MRI contrast agents. Chem Eur J 25:431–441

Garmanchuk LV, Borovaya MN, Nehelia AO, Inomistova M, Khranovska NM, Tolstanova GM
et al (2019) CdS quantum dots obtained by “green” synthesis: comparative analysis of toxicity
and effects on the proliferative and adhesive activity of human cells. Cytol Genet 53:132–142

Ge J, Zhang Q, Zeng J, Gu Z, Gao M (2020) Radiolabeling nanomaterials for multimodality
imaging: new insights into nuclear medicine and cancer diagnosis. Biomaterials 228:119553

Gong P, Sun L, Wang F, Liu X, Yan Z, Wang M et al (2019) Highly fluorescent N-doped carbon
dots with two-photon emission for ultrasensitive detection of tumor marker and visual monitor
anticancer drug loading and delivery. Chem Eng J 356:994–1002

Griep MH, Demaree JD, Cole DP, Henry TC, Karna SP (2020) Protein-mediated synthesis of Au
nanocluster decorated reduced graphene oxide: a multifunctional hybrid nano-bio platform.
Plasmonics:1–7

Gunputh UF, Le H, Lawton K, Besinis A, Tredwin C, Handy RD (2020) Antibacterial properties of
silver nanoparticles grown in situ and anchored to titanium dioxide nanotubes on titanium
implant against Staphylococcus aureus. Nanotoxicology 14:97–110

Hariri A, Zhao E, Jeevarathinam AS, Lemaster J, Zhang J, Jokerst JV (2019) Molecular imaging of
oxidative stress using an LED-based photoacoustic imaging system. Sci Rep 9:1–10

He C, Ruan F, Jiang S, Zeng J, Yin H, Liu R et al (2020) Black phosphorus quantum dots cause
nephrotoxicity in organoids, mice, and human cells. Small 2001371

Heckman AJ, Agarwal A, Sacco KA, Hiroto BT, Guru PK (2019) An ounce of caution:
superparamagnetic iron oxide nanoparticle based magnetic resonance imaging contrast–
associated anaphylaxis. Ann Allergy Asthma Immunol 122:210–211

Hu L, Zhang G, Liu Y, Guo T, Shao L, Ying L (2020) Efficient dendrimers based on naphthalene
indenofluorene for two-photon fluorescent imaging in living cells and tissues. J Mater Chem C
8:2160–2170

Jia YP, Ma BY, Wei XW, Qian ZY (2017) The in vitro and in vivo toxicity of gold nanoparticles.
Chin Chem Lett 28:691–702

Jiang XL, Liu JH, Que YT, Que YM, Hu PP, Huang CZ et al (2019) Multifunctional single-layered
graphene quantum dots used for diagnosis of mitochondrial malfunction-related diseases. ACS
Biomater Sci Eng 6:1727–1734

302 K. Biswas et al.



Jun SW, Manivasagan P, Kwon J, Mondal S, Ly CD, Lee J et al (2019) Folic acid–conjugated
chitosan-functionalized graphene oxide for highly efficient photoacoustic imaging-guided
tumor-targeted photothermal therapy. Int J Biol Macromol

Kandasamy G, Sudame A, Maity D, Soni S, Sushmita K, Veerapu NS et al (2019) Multifunctional
magnetic-polymeric nanoparticles based ferrofluids for multi-modal in vitro cancer treatment
using thermotherapy and chemotherapy. J Mol Liq 293:111549

Kang S, Kim KM, Son Y, Mhin S, Ryu JH, Shim KB et al (2020) Publisher correction: graphene
oxide quantum dots derived from coal for bioimaging: facile and green approach. Sci Rep 10

Khmara I, Strbak O, Zavisova V, Koneracka M, Kubovcikova M, Antal I, Kavecansky V et al
(2019) Chitosan-stabilized iron oxide nanoparticles for magnetic resonance imaging. J Magn
Magn Mater 474:319–325

Knight JC, Mosley MJ, Kersemans V, Dias GM, Allen PD, Smart S et al (2019) Dual-isotope
imaging allows in vivo immunohistochemistry using radiolabelled antibodies in tumours. Nucl
Med Biol 70:14–22

Krans NA, Weber JL, Van den Bosch W, Zečević J, de Jongh PE, de Jong KP (2020) Influence of
promotion on the growth of anchored colloidal iron oxide nanoparticles during synthesis gas
conversion. ACS Catal 10:1913–1922

Kudus MHA, Zakaria MR, Akil HM, Ullah F, Javed F (2020) Oxidation of graphene via a
simplified Hummers’ method for graphene-diamine colloid production. J King Saud Univ
32:910–913

Kuo WS, Chang CY, Huang KS, Liu JC, Shao YT, Yang CH et al (2020) Amino-functionalized
nitrogen-doped graphene-quantum-dot-based nanomaterials with nitrogen and amino-
functionalized group content dependence for highly efficient two-photon bioimaging. Int J
Mol Sci 21:2939

Lally PJ, Montaldo P, Oliveira V, Soe A, Swamy R, Bassett P et al (2019) Magnetic resonance
spectroscopy assessment of brain injury after moderate hypothermia in neonatal encephalopa-
thy: a prospective multicentre cohort study. Lancet Neurol 18:35–45

Le Page LM, Guglielmetti C, Taglang C, Chaumeil MM (2020) Imaging brain metabolism using
hyperpolarized 13C magnetic resonance spectroscopy. Trends Neurosci

Li L, Guo Z, Wang S, Li D, Hou X, Wang F et al (2019) Facile synthesis of MoS 2 quantum dots as
fluorescent probes for sensing of hydroquinone and bioimaging. Anal Methods 11:3307–3313

Li W, Liu Z, Fang B, Jin M, Tian Y (2020a) Two-photon fluorescent Zn2+ probe for ratiometric
imaging and biosensing of Zn2+ in living cells and larval zebrafish. Biosens Bioelectron
148:111666

Li Y, Dong H, Tao Q, Ye C, Yu M, Li J et al (2020b) Enhancing the magnetic relaxivity of MRI
contrast agents via the localized superacid microenvironment of graphene quantum dots.
Biomaterials:120056

Li Z, Zhu X, Wu T, Han X, Xing F, Wang G (2020c) Broadband and ultrasensitive graphene-based
mechanical wave detector with nanosecond response used for biological photoacoustic imaging.
ACS Appl Mater Interfaces 12:17268–17275

Liang S, Wang B, Li X, Chu R, Yu H, Zhou S et al (2020) In vivo pharmacokinetics, transfer and
clearance study of graphene oxide by La/Ce dual elemental labelling method. NanoImpact
17:100213

Liu L, Zhang Y, Zhou J, Yang J, Zhong C, Zhang Y et al (2019a) Design of a quinazolinone-based
environment-sensitive fluorescent dye: solvatochromic fluorescence and application for
one-photon and two-photon bioimaging. Dye Pigment 165:58–64

Liu Y, Bhattarai P, Dai Z, Chen X (2019b) Photothermal therapy and photoacoustic imaging via
nanotheranostics in fighting cancer. Chem Soc Rev 48:2053–2108

Lopez-Chaves C, Soto-Alvaredo J, Montes-Bayon M, Bettmer J, Llopis J, Sanchez-Gonzalez C
(2018) Gold nanoparticles: distribution, bioaccumulation and toxicity. In vitro and in vivo
studies. Nanomed Nanotechnol Biol Med 14:1–12

16 Smart Nanomaterials for Bioimaging Applications: An Overview 303



Lu Z, Zhai X, Yi R, Li Z, Zhang R, Wei Q et al (2020) Photoluminescence emission during
photoreduction of graphene oxide sheets as investigated with single-molecule microscopy. J
Phys Chem C 124:7914–7921

Manzano M, Vallet-Regí M (2020) Mesoporous silica nanoparticles for drug delivery. 30:1902634
Martínez-Torres AC, Lorenzo-Anota HY, García-Juárez MG, Zarate-Triviño DG, Rodríguez-

Padilla C (2019) Chitosan gold nanoparticles induce different ROS-dependent cell death
modalities in leukemic cells. Int J Nanomed 14:7173

Masse F, Desjardins P, Ouellette M, Couture C, Omar MM, Pernet V et al (2019) Synthesis of
ultrastable gold nanoparticles as a new drug delivery system. Molecules 24:2929

Mohd Tamsir N, Mohd Esa N, Shafie NH, Hussein MZ, Hamzah H, Abdullah MA (2019) The acute
effects of oral administration of phytic acid-chitosan-magnetic iron oxide nanoparticles in mice.
Int J Mol Sci 20:4114

Moore MJ, Hysi E, Fadhel MN, El-Rass S, Xiao Y, Wen XY et al (2019) Photoacoustic F-mode
imaging for scale specific contrast in biological systems. Commun Phys 2:1–10

Mousavi SM, Zarei M, Hashemi SA, Ramakrishna S, Chiang WH, Lai CW et al (2020) Gold
nanostars-diagnosis, bioimaging and biomedical applications. Drug Metab Rev:1–20

Naeem M, Awan UA, Subhan F, Cao J, Hlaing SP, Lee J et al (2020) Advances in colon-targeted
nano-drug delivery systems: challenges and solutions. Arch Pharm Res:1–17

Órdenes-Aenishanslins N, Anziani-Ostuni G, Monrás JP, Tello A, Bravo D, Toro-Ascuy D et al
(2020) Bacterial synthesis of ternary CdSAg quantum dots through cation exchange: tuning the
composition and properties of biological nanoparticles for bioimaging and photovoltaic
applications. Microorganisms 8:631

Paesano L, Marmiroli M, Bianchi MG,White JC, Bussolati O, Zappettini A et al (2020) Differences
in toxicity, mitochondrial function and miRNome in human cells exposed in vitro to Cd as CdS
quantum dots or ionic Cd. J Hazard Mater 122430

Penon O, Marín MJ, Russell DA, Pérez-García L (2017) Water soluble, multifunctional antibody-
porphyrin gold nanoparticles for targeted photodynamic therapy. J Colloid Interface Sci
496:100–110

Petrick J, Ibadurrohman M (2020) Development of chitosan/TiO2 nanocomposite for multifunc-
tional sunscreen application. In: IOP conference series: materials science and engineering. IOP
Publishing, p 012030

Placido J, Bustamante-Lopez S, Meissner KE, Kelly DE, Kelly SL (2019) Comparative study of the
characteristics and fluorescent properties of three different biochar derived carbonaceous
nanomaterials for bioimaging and heavy metal ions sensing. Fuel Process Technol 196:106163

Prajapati SK, Malaiya A, Kesharwani P, Soni D, Jain A (2020) Biomedical applications and
toxicities of carbon nanotubes. Drug Chem Toxicol:1–16

Qian R, Maiti D, Zhong J, Xiong S, Zhou H, Zhu R et al (2019) Multifunctional nano-graphene
based nanocomposites for multimodal imaging guided combined radioisotope therapy and
chemotherapy. Carbon N Y 149:55–62

Rathee N, Khurana K, Jaggi N (2020) Toxicology studies of CdSe QDs and Ag composites with
CdSe for in-vitro bio imaging applications. In: AIP conference proceedings. AIP Publishing
LLC, p 020064

Reaz M, Haque A, Cornelison DM,Wanekaya A, Delong R, Ghosh K (2020) Magneto-luminescent
Zinc/Iron oxide core-shell nanoparticles with tunable magnetic properties. Phys E
Low-dimensional Syst Nanostruct 114090

Rouffiac V, Roux KSL, Salomé-Desnoulez S, Leguerney I, Ginefri JC, Sébrié C et al (2020)
Multimodal imaging for tumour characterization from micro-to macroscopic level using a newly
developed dorsal chamber designed for long-term follow-up. J Biophotonics 13:e201900217

Samrot AV, Sahithya CS, Selvarani J, Pachiyappan S (2019) Surface-engineered super-paramag-
netic iron oxide nanoparticles for chromium removal. Int J Nanomed 14:8105

Sanjay MR, Siengchin S, Pruncu CI, Jawaid M, Kumar TSM, Rajini N (2019) Biomedical
applications of polymer/layered double hydroxide bionanocomposites. In: Nanostructured
polymer composites for biomedical applications. Elsevier, pp 315–322

304 K. Biswas et al.



Sayyadi K, Rahdar A, Esmaili N, Sayyadi J (2019) Application of gold nanoparticles in cancer
diagnosis and therapy: a mini-review. Adv Nanochem 1:47–51

Shakil MS, Hasan M, Sarker SR (2019) Iron oxide nanoparticles for breast cancer theranostics. Curr
Drug Metab 20:446–456

Shi H, Zhu F, Zhou X, Li H, Yang F, Zhang X et al (2019) Large scale fabrication of disposable
carbon cloth electrochemical sensors for simultaneous determination of heavy metal ion. J
Electroanal Chem 840:328–337

Shi K, Xu X, Li H, Xie H, Chen X, Zhan Y (2020) Biosynthesized quantum dots as improved
biocompatible tools for biomedical applications. Curr Med Chem

Shimoni O, Valenzuela SM (2017) Gold nanoparticles with organic linkers for applications in
biomedicine. In: Nanotechnology in biology and medicine: methods, devices, and applications.
CRC Press/Taylor & Francis Group, LLC

Shukla D, Das M, Kasade D, Pandey M, Dubey AK, Yadav SK et al (2020) Sandalwood-derived
carbon quantum dots as bioimaging tools to investigate the toxicological effects of malachite
green in model organisms. Chemosphere 248:125998

Si X, Wu K, Si Y, Yousaf B (2020) Mechanistic insights into the reactive radicals-assisted
degradation of sulfamethoxazole via calcium peroxide activation by manganese-incorporated
iron oxide–graphene nanocomposite: formation of radicals and degradation pathway. Chem Eng
J 384:123360

Siminzar P, Omidi Y, Golchin A, Aghanejad A, Barar J (2020) Targeted delivery of doxorubicin by
magnetic mesoporous silica nanoparticles armed with mucin-1 aptamer. J Drug Target
28:92–101

Singh H, Sreedharan S, Tiwari K, Green NH, Smythe C, Pramanik SK et al (2019) Two photon
excitable graphene quantum dots for structured illumination microscopy and imaging
applications: lysosome specificity and tissue-dependent imaging. Chem Commun 55:521–524

Song Y, Zhou B, Du X, Wang Y, Zhang J, Ai Y et al (2020) Folic acid (FA)-conjugated
mesoporous silica nanoparticles combined with MRP-1 siRNA improves the suppressive effects
of myricetin on non-small cell lung cancer (NSCLC). Biomed Pharmacother 125:109561

Sosa-Acosta JR, Iriarte-Mesa C, Ortega GA, Díaz-García AM (2020) DNA–iron oxide
nanoparticles conjugates: functional magnetic nanoplatforms in biomedical applications. Top
Curr Chem 378:1–29

Sprooten E, O’Halloran R, Dinse J, Lee WH, Moser DA, Doucet GE et al (2019) Depth-dependent
intracortical myelin organization in the living human brain determined by in vivo ultra-high field
magnetic resonance imaging. Neuroimage 185:27–34

Stanford MG, Zhang C, Fowlkes JD, Hoffman A, Ivanov IN, Rack PD et al (2020) High-resolution
laser-induced graphene. Flexible electronics beyond the visible limit. ACS Appl Mater
Interfaces 12:10902–10907

Takeuchi I, Nobata S, Oiri N, Tomoda K, Makino K (2017) Biodistribution and excretion of
colloidal gold nanoparticles after intravenous injection: effects of particle size. Biomed Mater
Eng 28:315–323

Thamer S, Al-Tamimi BH, Farid SB (2020) Preparation of graphene nano-sheets from graphite
flakes via milling-ultrasonication promoted process. Mater Today Proc 20:579–582

Viana B, Richard C, Castaing V, Glais E, Pellerin M, Liu J et al (2020) NIR-persistent luminescence
nanoparticles for bioimaging, principle and perspectives. In: Benayas A, Hemmer E, Hong G,
Jaque D (eds) Near infrared-emitting nanoparticles for biomedical applications. Springer Inter-
national Publishing, pp 163–197

Wang C, Fan W, Zhang Z, Wen Y, Xiong L, Chen X (2019a) Advanced nanotechnology leading
the way to multimodal imaging-guided precision surgical therapy. Adv Mater 31:1904329

Wang F, Chen B, Yan B, Yin Y, Hu L, Liang Y et al (2019b) Scattered light imaging enables real-
time monitoring of label-free nanoparticles and fluorescent biomolecules in live cells. J Am
Chem Soc 141:14043–14047

16 Smart Nanomaterials for Bioimaging Applications: An Overview 305



Wang C, Wang X, Chen Y, Fang Z (2020a) In-vitro photothermal therapy using plant extract
polyphenols functionalized graphene sheets for treatment of lung cancer. J Photochem
Photobiol B Biol 204:111587

Wang Z, Liu Z, Gu B, Gao B, Wang T, Zheng X et al (2020b) Ultraviolet light-driven controllable
doping of graphene quantum dots with tunable emission wavelength for fluorescence
bio-imaging. Mater Lett 266:127468

Weissman MR, Winger KT, Ghiassian S, Gobbo P, Workentin MS (2016) Insights on the applica-
tion of the retro Michael-type addition on maleimide-functionalized gold nanoparticles in
biology and nanomedicine. Bioconjug Chem 27:586–593

Wolfe T, Chatterjee D, Lee J, Grant JD, Bhattarai S, Tailor RC et al (2016) Corrigendum to:
“Targeted gold nanoparticles enhance sensitization of prostate tumors to megavoltage radiation
therapy in vivo” [Nanomedicine: Nanotechnology, Biology, and Medicine 11 (2015)
1277–1283]. Nanomed Nanotechnol Biol Med 12:851–852

Wu Y, Ali MR, Chen K, Fang N, El-Sayed MA (2019) Gold nanoparticles in biological optical
imaging. Nano Today 24:120–140

Yadav AN, Kumar R, Jaiswal RK, Singh AK, Kumar P, Singh K (2019) Surface modification of
CdS quantum dots: an effective approach for improving biocompatibility. Mater Res Express
6:055002

Yadav N, Tyagi M, Wadhwa S, Mathur A, Narang J (2020) Few biomedical applications of carbon
nanotubes. In: Nanoarchitectures built with carbon nanotub. magn. nanoparticles, vol 630, p 347

Yalcin S (2019) Dextran-coated iron oxide nanoparticle for delivery of miR-29a to breast cancer
cell line. Pharm Dev Technol 24:1032–1037

Yan L, Gonca S, Zhu G, Zhang W, Chen X (2019) Layered double hydroxide nanostructures and
nanocomposites for biomedical applications. J Mater Chem B 7:5583–5601

Yang Y, Wang L, Wan B, Gu Y (2019) Optical active nanomaterials for bioimaging and targeted
therapy. Front Bioeng Biotechnol 7:320

Yazdani P, Mansouri E, Eyvazi S, Yousefi V, Kahroba H, Hejazi MS et al (2019) Layered double
hydroxide nanoparticles as an appealing nanoparticle in gene/plasmid and drug delivery system
in C2C12 myoblast cells. Artif Cells Nanomed Biotechnol 47:436–442

Yogesh GK, Shuaib EP, Roopmani P, Gumpu MB, Krishnan UM, Sastikumar D (2020) Synthesis,
characterization and bioimaging application of laser-ablated graphene-oxide nanoparticles
(nGOs). Diam Relat Mater 104:107733

Yue L, Li H, Liu Q, Guo D, Chen J, Sun Q et al (2019) Manganese-doped carbon quantum dots for
fluorometric and magnetic resonance (dual mode) bioimaging and biosensing. Microchim Acta
186:315

Zaboli M, Raissi H, Moghaddam NR, Farzad F (2020) Probing the adsorption and release
mechanisms of cytarabine anticancer drug on/from dopamine functionalized graphene oxide
as a highly efficient drug delivery system. J Mol Liq 112458

306 K. Biswas et al.



Biology of Earthworm in the World
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17
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Abstract

The environmental basin is continuously getting exposed to the nanomaterials
(NMs) with the advancement of the nanotechnological world. Though the eco-
toxicological effect of nanoparticles (NPs) is currently widely investigated, we
have only a handful of knowledge regarding their effects on the biology of
naturally available scavenger like an earthworm. Moreover, our current under-
standing in the context of the possible influence of nanomaterial on earthworm
and their effectiveness in performing the remediation process and nullification of
toxic forms is scarce. Again, as the earthworms represent soil invertebrates, they
are always focussed on and occupy a crucial trophic level. Many
nanotoxicologists and ecotoxicologists have focussed their study on earthworms
to find out how and why nanoparticles exert their toxic effects and how to
remediate nanotoxicity. Studies showed that nanomaterials exert a minor effect
on the survival and growth pattern of adult earthworms, but NPs exposure reduces
the reproductive activity of earthworms. However, it is interesting to mention that
earthworm has the unique ability to biodegrade or bioaccumulate or biotransform
NPs and released them as a component of soil.
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17.1 Introduction

Nanotechnology has emerged as a widely beneficial field through the production of
various nanomaterials (NMs) or devices that have specific characteristics for specific
functions (McKee and Filser 2016). Nanoparticles (NPs) are of tiny size that is in
nanometre range, which makes them suitable for extensive use in commercial
products. For example, zinc oxide and titanium dioxide NPs are used in certain
food products and cosmetics. Moreover, silver NPs are used in disinfectants, food
packaging, household appliances, and clothing materials. Till date, various
application-oriented works have been explored; however, only a few investigations
have been carried out on aspects of general and occupational health hazards and
safety measures (McNeil 2005). In this connection, a new field of study called
nanotoxicology emerged that deals with the effect of nanomaterials or nanoparticles
on the environment and human health. Studies have already shown the toxic effects
of nanoparticles as cytotoxic, pro-apoptotic, carcinogenic, and cell growth suppres-
sor (Donaldson et al. 2004). Recently, there has been an increased global concern
over the role of the toxic effects of NPs and leading to the framing of management
strategies to control NP uses and release. OECD (Organisation for Economic
Co-operation and Development) founded the Working Party on Manufactured
Nanomaterials (WPMN) and Working Party on Nanotechnology (WPN). The use
of NMs has been restricted by the U.S. Environmental Protection Agency (USEPA)
by following the Toxic Substances Control Act. Again, the regulation program,
REACH (Registration, Evaluation, Authorisation and Restriction of Chemicals), is
followed by the European Union, which gives directions to handle the manufacture
and import of NPs. Furthermore, the use of silver NPs and carbon nanotubes (CNTs)
in electronic goods is restricted in the European Union by abiding the guidelines on
the use of Ag-NPs and carbon nanotubes in electronic goods by following the
restriction of the use of certain hazardous substances (RoHS) in electrical and
electronic equipment, 2002/95/EC (Kwak and An 2015). Various ecotoxicologists
have studied the adverse effect of NPs on a range of aquatic and terrestrial organisms
(Dahms et al. 2011; Kokalj et al. 2018; Kwak and An 2015). The primary cause of
NP contamination in soil environment is through the usage to land during wastewa-
ter treatment or via accidental spillage (Batley et al. 2013). Such contamination by
NMs/NPs is a matter of great worry to terrestrial ecosystems. In particular, the effects
of NMs on the terrestrial earthworm species are presently gaining a lot of attention
(Hu et al. 2010; Kwak et al. 2014). Moreover, the remediation ability of earthworm
about the NM is not extensively investigated. As recommended by OECD and
USEPA, the soil-dwelling invertebrates like earthworms are generally used for soil
toxicity assessments (ISO 2012; Kwak and An 2015; OECD 1984). Substantial
studies regarding the ecotoxicity of various nanoparticles have been reported in
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terms of bioaccumulation, growth, mortality, and reproduction rate of earthworms.
Again, recent reports suggest the role of earthworm as nanoscavengers, which can be
potentially employed for remediation of NMs in the contaminated soil.

17.2 Biology of Earthworms

The earthworms are simple, segmented, and cylindrical organisms with a pointed
head and slightly flattened posterior. They vary significantly in size. Some species
may reach up to 1 m in length (e.g.Drawida nilamburensis andD. grandis), whereas
some species are even less than 20 mm long (e.g. Microscolex phosphoreus,
Dichogester saliens, and Bimastos parvus) (Bano et al. 1987). The world’s most
giant known earthworm is about 7 m long Microchaetus microchaetus which is
found in South Africa. Earthworm occurs in very hydrophilic environments. How-
ever, there are species that can thrive under the snow. Many earthworms are reported
to be arboreal that can survive in the accumulated detritus in the axils of trees like
bamboo, palm, and banana. They lack skeletal structures like bones or cartilage. The
bristles like setae on the soft body help in movement and locomotion as they lack
true legs. Moreover, they do not have any appendages, but hooks like chaetae help
them to attach with substratum. Earthworms are coelomate, and coelomic fluid fills
the cavity between the dermal layer and internal organs. The pressure exerted by the
coelomic fluid against the dermal layer contributes to form its shape (Edwards and
Bohlen 1996; Laverack 2013; Ravindran et al. 2008). The coelomic fluid plays a
vital role in various physiological processes like transport of respiratory gases,
transportation of nutrients and metabolites, and shipping of signalling molecules.
Coelomic fluid exhibits a specific composition with characteristic cell types that help
in the physiological processes like immune response, wound healing, and coagula-
tion. Moreover, the coelomic fluid possesses free coelomocytes. Through the dorsal
pore every body cavity segment of earthworm face the environment. These dorsal
pores enable the microorganisms to enter the coelomic cavity (Yadav 2017b).
Coelomocytes maintain the homeostatic regulation, immune reactions, and body
regeneration. Coelomocytes play a critical role in the process of phagocytosis,
coagulation of coelomic fluid, inflammatory processes, innate immunity, and graft
rejection. These cells are the key contributors of the humoral immune response
which release mediators like lysozyme, agglutinin, phenoloxidases, and peroxidase.
It also secretes antimicrobial factors such as lysenin, eiseniapore, fetidin, and
coelomic cytolytic factor. Moreover, chloragocytes are important regulators of
various physiological processes through these signalling molecules (Hanley et al.
2009). Coelomocytes have features like macrophages (phagocytosis) and natural
killer cells (lytic reactions) (Cooper 2002; Cooper and Kleinschmidt 1995; Porchet-
Hennere et al. 1992). Coelomocytes are classified into three types: (1) acidophils,
(2) basophils, and (3) chloragocytes (chloragogen cells or eleocytes) (Valembois
et al. 1992). Coelomocytes possess a type of granules called chloragosomes that
protects against foreign substances (Adamowicz 2005).
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Though earthworms are hermaphrodites, they require another earthworm for the
mating process. The clitellum is a distinctive epidermal ring-shaped area present in
sexually mature worms. The clitellum is glandular in nature and is responsible for the
formation of cocoons. Generally, from one end of the cocoon, two or more baby
worms hatch. At the age of 6 weeks, the cocoon production starts till the end of six
months. In temperate worms, the incubation period of a cocoon ranges between
3 and 30 weeks, whereas 1 and 8 weeks in tropical worms. The new born worms are
whitish to almost transparent in colour. They are roughly 1.27–2.54 cm long. It takes
4–6 weeks by the worms to become sexually mature. The process of cocoon
production and reproduction can occur throughout the year. Earthworms are highly
nutritious as their body contains high quality lysine-rich protein (65%), fats (14%),
carbohydrates (14%), and ash (3%) (Graff 1981; Zhenjun et al. 1997). A wide
variety of microbial decomposers inhabits the gut of earthworm, which includes
the algae, bacteria, fungi, actinomycetes, and protozoa. Sometimes nematodes are
also seen throughout the length of the gut of earthworm. Moreover, according to
report, more than 50 species of bacteria could be seen in the gut of earthworm
(Doube 1998) that are similar to the bacteria those reside in surrounding soil or
organic matter they feed (Edwards et al. 1985). Earthworms intake soil for which
they have ‘chemoreceptor’ that help in searching for food. The digestive system of
earthworm contains pharynx, oesophagus gizzard, and intestine. Basically, the
intestine has two parts, i.e. anterior intestine that secretes digestive enzymes and
posterior intestine that absorbs nutrients. Earthworms are best in the ingestion and
mixing of different soil components and surface or subsurface castings production.
However, the pattern of surface or subsurface cast released cast might vary among
species. For example, Pontoscolex corethrurus and Polypheretima elongata deposit
thick and sticky mounds, whereas Lampito mauritii releases granular casts on the
soil surface (Edwards and Bohlen 1996; Laverack 2013).

17.2.1 Earthworm: The Golden Decomposer

Vermicomposting is a widely used biotechnological process of composting where
particular earthworm species are exploited to augment the process of bioconversion
of waste into better compost. It is mesophilic in nature where microorganisms and
earthworms used are active at 10–32 �C of temperature. This process is generally
quicker than the regular composting process. The subsequent earthworm castings are
also called as worm manure. Worm manure is abundant in plant growth regulators,
microbial activity, and pest repellent characteristics. In other words, earthworms are
biotransformers that are proficient in converting garbage into ‘gold’, out of a sort of
biological alchemy (Adhikary 2012; Dominguez et al. 1997). Earthworm forms a
sphere of influence within the soil, which is called the drilosphere system. It
encompasses the casts of surface and below ground earthworm, burrow systems,
gut of earthworm, and physical, chemical, microbiological, and biological
interactions when the earthworm comes in contact with soil environment (Brown
et al. 2000; Edwards 2004). Recently, composting and vermicomposting are being
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combinedly used to stabilize soil substrates for improving soil fertility (Saranraj and
Stella 2012; Tognetti et al. 2007). Composting is a better way for the removal of
toxic materials and waste sanitization. Furthermore, the subsequent
vermicomposting process decreases the particle size of the compost that increases
nutrient availability in soil. The vermiconversion of wastes from industries, urban
areas, and agro-industries into biofertilizers is now-a-days practised (Das et al. 2016;
Elvira et al. 1996; Sangwan et al. 2008; Suthar 2006) as varieties of organic wastes
ingested by earthworms are egested as vermicast which is much porous, fine, and
microbially active product of humification and decomposition (Dominguez et al.
1997; Ndegwa and Thompson 2001). During vermicomposting, bio-oxidation and
stabilization of organic materials occur by the collective activities of microorganisms
and earthworms. Initially, the microorganisms play a crucial role in the degradation
of the organic matter biochemically. However, earthworms also play a pivotal role in
the bio-composting process as they condition, aerate and fragment the substrates for
further microbial activity (Garg et al. 2006; Lazcano et al. 2008). Earthworms are
natural mechanical blenders. They alter the physico-chemical status of soil by
commuting the organic matter and by reducing the C:N ratio that gradually facilitate
the generation of increased surface area for microorganisms to act upon for
subsequent decomposition process (Dominguez et al. 1997; Gajalakshmi and Abbasi
2004). Vermicompost is a mixture of organic material, worm castings, humus,
cocoons, living earthworms, and other organisms. Various organic wastes, including
agricultural waste, food wastes, city waste, animal dung, forestry wastes, and leaf
litter, are regular substrates of the vermicomposting process (Domínguez et al. 2010;
Gajalakshmi and Abbasi 2004; Hand 1988; Logsdon 1994). However, various
wastes of industrial origin, including paper pulp, distillery wastes, and guar gum,
are also subjected to vermicomposting these days (Sundaravadivel and Ismail 1995;
Suthar 2006, 2007). However, to date, the process of vermicomposting has not been
carried out in full-fledged industrial scale (Dominguez et al. 1997) as it is a
mesophilic process where it is not possible to remove the pathogens (Monroy
et al. 2008). Various epigeic forms of earthworms are reported to accelerate the
decomposition of waste (Suthar 2009) and produce better quality manure than
traditional earthworm species. Before going into the process of vermicomposting,
one must have a proper understanding of feeding habits, biomass production poten-
tial, and reproduction of particular earthworm species (Domfnguez 2004; Sharma
et al. 2005). Since different agro-climatic conditions and soil types drastically alter
earthworm diversity, it must be ensured that the selected species of earthworm for
the vermicomposting suit the particular climatic condition of the region where the
process is being operated (Najar and Khan 2014; Sharma and Poonam 2014).

17.3 Exposure and Bioaccumulation of Nanoparticles
in Earthworm

The release of NPs to the soil microenvironment further opens the arena to study the
interactions of NPs with biochar and soil. It is also a need of the hour to study the
influence of NP availability and toxicity to soil biota. Moreover, the quantification of
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the uptake and elimination of NMs by various biotas is critical in evaluating its
potential in environmental risk. Several studies are reported to explain the
bioaccumulation, depuration, and excretion of NPs in body of earthworms. Various
techniques are being utilized to study the bioaccumulation of various NPs including
inductively coupled plasma (Coleman et al. 2010; Hu et al. 2010; Schlich et al. 2013;
Shoults-Wilson et al. 2011a, b, c; Stewart et al. 2013; Unrine et al. 2010a, b), gamma
spectrometry (Coutris et al. 2012; Oughton et al. 2008), X-ray micro-spectroscopy
(Unrine et al. 2010a), micro X-ray fluorescence spectrometry (Lapied et al.
2011), liquid scintillation counting (Lapied et al. 2010; Petersen et al. 2008, 2009,
2011), flame atomic absorption spectrophotometry (Heggelund et al. 2014; Li et al.
2011), and microwave (Li et al. 2013). It observed that dermal uptake of metal ions
of NMs occurs in soft-bodied invertebrate species like earthworms. The process of
bioaccumulation and biomagnification of metal-based NPs has been poorly
addressed to date. Bioaccumulation of Cu-NPs (Unrine et al. 2010b), Au-NPs
(Coutris et al. 2012; Oughton et al. 2008) ZnO-NPs (Hu et al. 2010), Al-NPs
(Coleman et al. 2010), carbon-based NPs (Li et al. 2010, 2013; Petersen et al.
2011), Co-NPs (Coutris et al. 2012; Oughton et al. 2008), Ti-NPs (Hu et al. 2010;
Lapied et al. 2011) has been studied. Usually, some of the metal-based NPs partly
dissolve to form aggregates and agglomerates and accumulate in the environment.
As per the study, the bioaccumulation Ti-NPs may occur as aggregates are formed in
water and soil solution that can be readily internalized. Moreover, the interaction of
NPs with organic molecules (e.g. lipids and carbohydrates) may lead to
bioaccumulation and biomagnifications (Baun et al. 2008; Hu et al. 2010; Unrine
et al. 2008). NPs can be introduced to earthworms by various routes of exposure
(Fig. 17.1). One of them is the direct dermal uptake via the skin. However, the

Fig. 17.1 Schematic diagram
of routes of exposure of
nanoparticle
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ingestion of contaminated food is the major route of exposure (French et al. 2009).
According to reports, earthworms can store molecules such as phosphate, calcium,
and sulphur in its chloragogenous tissue (Makama et al. 2015; Van Den Brink et al.
2019). A toxicokinetics investigation with earthworm Lumbricus rubellus indicated
that Ag-NMs might have an exclusive pathway for the uptake, detoxification, and
excretion through the gut wall, chloragogenous tissue, and nephridia (Diez-Ortiz
et al. 2015). In Sandy loam with characteristics like low organic content and lower
pH, there occurs a greater Ag availability. For instance, E. fetida accumulated
considerable higher Ag content upon Ag-NPs exposure (Shoults-Wilson et al.
2011c). Moreover, earthworms showed increased avoidance of Ag-NPs in natural
sandy loam as compared to artificial soil (Shoults-Wilson et al. 2011a). The extended
X-ray absorption fine structure spectroscopy analysis demonstrated that accumula-
tion of Ag-NPs in earthworms upon exposure in soil indicates that both dissolved
and non-dissolved particles from NMs contribute to Ag accumulation (Heckmann
et al. 2011; Shoults-Wilson et al. 2011a, c). Furthermore, accumulation of alumin-
ium is more in the earthworms upon exposure to NPs as compared to micro-sized
particles (Wang et al. 2009).The accumulation of NPs is governed by the particle
size and exposure concentration. Again, 20 nm and 55 nm particle size have no effect
on accumulation of Au-NP in earthworms. However, most of the Au was
internalized from the 20-nm exposure at lower exposure concentration. Likewise,
at the highest exposure concentrations like the 55-nm particles exposure, causes
higher body burdens (Unrine et al. 2010a). Interestingly, it was found that 65 mg/kg
dry soil concentration of Cu-NPs exposure in artificial soil had no effects on the gene
expression, growth, survival, and reproduction of earthworms (Unrine et al. 2010b).
It is intriguing to note that the Ti-NP bioaccumulation did not occur in Lumbricus
terrestris when exposed via water, soil, and food. The NPs were prevented from
passing the tissue barrier, which resulted in lesser bioaccumulation (Lapied et al.
2011). Moreover, Zn-NPs exposure causes its internalization in body wall tissues of
earthworms in the less active form, as evidenced by the backscattered electron
imaging with associated EDX element maps (Hooper et al. 2011). It was found
that Co-NPs have higher bioaccumulation ability than Ag-NPs in earthworms.
Moreover, Zn-NPs have greater retention capacity and toxicity to earthworms than
Ti-NPs. Zn and Ti-NPs both are reported to be accumulated in earthworm tissues.
However, Zn-NPs shows greater accumulation than Ti-NPs in earthworm tissues
(Hu et al. 2010). As soon as the NP enters the biological system, it comes in contact
with biomolecules that instantaneously coat the surface of NP and form the protein
corona, i.e. the biological identity of NPs. In this form, they can be selectively
transported via exocytosis and endocytosis into and out of cells. To be internalized,
the NPs bind with the receptor protein of vesicles through the specific chemical
groups on NPs and ultimately get metabolized. This may lead to the generation of
oxidative stress and trigger the stress-dependent cellular signalling pathways, direct
impairment of subcellular organelles, and chromatin condensation, DNA condensa-
tion and fragmentation, changes in the pattern of gene expression, inflammatory
response, and apoptosis. However, the size of NPs determines the uptake efficiency,
internalization pathway selection, intracellular localization, and related cytotoxicity

17 Biology of Earthworm in the World of Nanomaterials: New Room, Challenges,. . . 313



(Yadav 2017b). The process of entry of NPs into the cell occurs via two endocytosis
processes. The first is a phagocytic mechanism that is associated with 0.1–10μm NP
size. Phagocytosis is triggered when the ingested NPs comes in with particular
receptors present on the cells. Moreover, it is hypothesized that NP can use receptors
that are used for the large proteins uptake (Simon-Deckers et al. 2008). The second
mechanism of endocytosis involves the receptor-mediated endocytosis. The size of
the NP determines which pathway will be followed for the endocytosis. Accord-
ingly, it can be of three types: clathrin-mediated endocytosis (NP < 200 nm),
caveolae-mediated endocytosis (NP ¼ 200 nm–1μm), and macropinocytosis
(NP > 1μm) (Rejman et al. 2004).

17.4 Toxicity of Nanoparticles to Earthworm

The nanotoxicity in earthworms can be studied in various organizational levels like
molecular, cellular, tissue, individual organism, and population level (Fig. 17.2).

Fig. 17.2 Schematic
illustration of nanotoxicity
study at various
organizational levels
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17.4.1 Toxicity at Gene Level/Molecular Level (Genotoxicity)

The expression profile of gene, proteins, and metabolites delivers a quick and
sensitive strategy to explore the effect of NPs exposure in earthworms (Hayashi
et al. 2013; Hu et al. 2010, 2013; Tsyusko et al. 2012; Unrine et al. 2010a, b; Van der
Ploeg et al. 2011; Whitfield Åslund et al. 2012). For any kind of environmental
stress, DNA is the principal target (Frenzilli et al. 2001; Nigro et al. 2002). Cells
accumulate NPs and then damage the DNA after coming in contact through various
modes which further triggers the reactive oxygen species (ROS) mediated cellular
signalling processes, activates inflammation, and finally aggravates cell cycle arrest
or cell death (Asha Rani et al. 2009; Correia et al. 2017). Ag-NPs were reported to
instigate genotoxic effects, as there is increased micronuclei (MN) content in
coelomycetes of A. caliginosa earthworms (Khalil 2016). Moreover, Si-NPs were
reported to aggregate on the cell membrane of eleocytes that damage DNA through
the generation of ROS by facilitating the entry of silica (Di Marzio et al. 2018;
Hayashi and Engelmann 2013). Moreover, in E. Hortensis, earthworms, Co-NPs
exposure led to aggravated DNA damage, chromosomal aberrations, and cytokinesis
failure (Ciğerci et al. 2016). A statistically significant increase in DNA and chromo-
somal damage was observed after Fe-NPs exposure along with the elevation of
micronuclei and binucleate cells (Ciğerci et al. 2018). Again, a number of studies
have been conducted to investigate the effect of NPs on the gene level by studying
the expression profile of different antioxidant enzymes owing to the fact that NPs
exert their toxic effect by inducing the ROS level. Ag-NPs exposure affected the
catalase (CAT) and heat shock protein 70 (HSP70) gene expression in earthworm
(Tsyusko et al. 2012). Similarly, in Eisenia fetida, the transcriptional levels of CAT,
HSP70 GST, and superoxide dismutase (SOD) were slightly induced after Ag-NPs
exposure in a dose-dependent manner. However, the enzyme glutathione-S-transfer-
ase (GST) transcript level increased significantly with no upregulation in the
metallothionein (MT) transcript level (Choi and Park 2015). In another study,
however, it led to upregulation of MT expression in coelomocytes of Eisenia fetida
earthworms (Patricia et al. 2017). Unlikely, it observed that Au-NPs exposure did
not enhance metallothionein expression in earthworms even after its application of
60 mg/kg soil for 56 days (Unrine et al. 2010a). But, metallothionein expression was
significantly altered against Cu-NPs (20–40 nm) exposure at concentrations of
20 and 65 mg/kg soil for 28 days (Unrine et al. 2010a). The Cu-NPs could not
alter the gene expression profile of CAT, HSP60, HSP70, superoxide dismutase
(SOD), ubiquitin (UBQ) (Unrine et al. 2010b). Again, C60 was reported not to affect
glutathione-S-transferase (GST) and CAT activity. But, C60 could potentially
reduce the cytokine-like protein coelomic cytolytic factor-1 (CCF-1) and HSP70
gene expression (Van der Ploeg et al. 2011). In another in vitro study, exposure of
C60 to coelomocytes from Lumbricus rubellus showed no reduction in cellular
viability but a decline in the CCF-1 gene expression, indicating immune suppression
or nano-immunotoxicity (van der Ploeg et al. 2014b). Interestingly, the multi-walled
carbon nanotubes (MWCNTs) exposure triggered the augmentation of glutathione
content and subsequent DNA damage but not the glutathione reductase activity (Van
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Der Ploeg et al. 2013). Furthermore, the application of MWCNTs absorbed in
nonylphenol caused severe DNA damage as compared to either MWCNT or
nonylphenol alone (Hu et al. 2013). Both CNTs triggered the oxidative damage by
producing ROS, which subsequently stimulated the lipid peroxidation with
malondialdehyde (MDA) generation, but at high NPs stress inhibition SOD, and
CAT activity occurred (Yang et al. 2017). According to Hu et al., as reported in 2013
there is also inhibition of cellulase enzyme in response to Zn-NPs and Ti-NPs
exposure at 5000 mg/kg concentrations for seven days in the soil. However, the
SOD activity did not get altered with the same exposure condition (Hu et al. 2010).
Moreover, exposure of Ag-NPs decreased the cellulase activity in the A. caliginosa
earthworms gut (Khalil 2016). Ti- NPs treatment brought about an escalation of
MDA and CAT activities. The exposure to Zn-NPs led to increased CAT and MDA
activities. In an intriguing time-course profiling report on Eisenia fetida, it was men-
tioned that at day 1, Ag-NPs treatment caused the upregulation of oxidative stress
related genes and enzymes, whereas at day 2, there was suppression of marker genes
of energy metabolism. However, on day 14, Ag-NPs exposure resulted in a temporal
pattern shift to immune genes followed by metabolic upregulation on day 7 (Hayashi
et al. 2013). Moreover, Cu-NPs treatment in Enchytraeus albidus led to differences
in transcripts level of energy metabolism genes, including monosaccharide
transporting NADH dehydrogenase subunit 1, ATPase, and cytochrome c (Gomes
et al. 2012). Again, certain amino acids like leucine, isoleucine, valine, and phenyl-
alanine, the sugars glucose, and maltose, and the nucleoside inosine level increased
after C60 NPs treatment in Eisenia fetida (Lankadurai et al. 2015).

17.4.2 Toxicity at the Cellular Level (Cytotoxicity)

Lapied et al., in a study with Lumbricus terrestris found that when the earthworms
were exposed to Ag-NPs, it induced a remarkable rise in apoptosis in earthworm
(Lapied et al. 2010). Again Hu et al. found severe damage to mitochondria in the gut
cells of earthworm upon Zn-NPs and Ti-NPs exposure for seven days in the soil at
5000 mg/kg concentration (Hu et al. 2010). Moreover, the treatment of 50 mg/L
MWCNTs in earthworm led to a decrease in the mitochondrial membrane potential
(MMP) due to the lipid peroxidation of the membrane (Yang et al. 2017). In specific
tissues like cuticle, intestinal epithelium, and chloragogenous tissue of earthworms,
TiO2 nanocomposites exposure was shown to promote apoptosis. However, the treat-
ment of nanocomposite for 2–8 weeks of concentration within 0 to 100 mg/kg did
not cause any apoptosis (Lapied et al. 2011). Nanoparticles are also reported to
damage the cytological membranes. In nanotoxicology studies, the lactate dehydro-
genase (LDH) is a sensitive index of the loss of cell membrane integrity. MWCNTs
were shown to trigger more severe damage of cytomembrane as extrapolated from
the LDH activity (Yang et al. 2017). In another report, the Ag-NP mediated trophic
indexes and cytotoxicity were evaluated in coelomocytes of earthworm. The
amoebocytes of earthworms eliminate foreign material through the process of
phagocytosis and encapsulation, whereas chloragocytes or eleocytes synthesize
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and secret cytolytic components that stimulate degradation of non-self-material
(Bilej et al. 2000). Similarly, in vivo exposure of Ag-NPs demonstrated the
decreased viability of coelomocytes in both dose- and time-dependent manner.
Ag-NPs entered through the dorsal pores of the earthworm’s integument and
impacted the cellular membrane permeability of coelomocytes stimulating the cyto-
toxic effects (Garcia-Velasco et al. 2016, 2017; Irizar et al. 2015; McShane et al.
2012). Again, the citrate coated Ag-NPs induced lysosomal cytotoxicity in Eisenia
andrei coelomocytes (Kwak et al. 2014). Moreover, Ag-NPs are reported to augment
the relative number of eleocytes and increase the mortality of amoebocytes (Bilej
et al. 2000). Moreover, exposure of Ag-NP led to an increase in the frequency of MN
and binucleate (BN) cells in coelomocytes. It is found that Ag-NPs can cause
chromosomal aberrations and failure of cytokinesis in Aporrectodea caliginosa
earthworm (Zhan 2012). Ag-NP treatment was discovered to enhance the
granulocytes proliferation on day 2 in earthworm Aporrectodea caliginosa (Bate
2015).

17.4.3 Toxicity at the Tissue Level

Reports indicate that nanoparticles-exposed earthworms show erosion of the epithe-
lium. Ce-NPs treatment led to erosion of the epithelium of Eisenia fetida. Further-
more, the earthworms displayed loss of circular muscle architecture, mucocyte
proliferation, and fibrosis upon Ce-NPs treatment (Lahive et al. 2014; Spurgeon
and Svendsen 2014). Lumbricus rubellus earthworms, when exposed to Ag-NPs
demonstrated similar results (van der Ploeg et al. 2014a). Magnetite NPs could also
induce gut disintegration in earthworms. Again, the exposure to NPs could pro-
mote the deposition of lipofuscin in the circular muscle of earthworms (Samrot et al.
2017). Another study on Eisenia fetida earthworm upon Ag-NPs exposure
induced the histopathological alteration like cuticle disruption. Moreover, it was
found that mucocytes were very conspicuous, and their secretion caused complete
covering of earthworm’s body (Garcia-Velasco et al. 2016). NP treatment is
also reported to drive mild hypoplasia of mucous cells in the epidermis of
earthworms (Tatsi et al. 2018). Moreover, Ce-NPs exposure encouraged the forma-
tion of diffuse architecture of the fatty parenchyma in clitellum (Lahive et al. 2014).
Again, exposure of 50 mg/kg of earthworm biomass of fullerenes ended up in the
loss of 16% of the epidermal cuticle fibres of the worms (Pakarinen et al. 2011).

17.4.4 Toxicity at the Individual Level

In many cases, NPs in natural soils are shown not to induce significant mortality of
earthworms. However, the absence of lethality does not indicate that there will be no
damage in earthworms. Interestingly, there was a change in colour of earthworm
body from light brown to dark brown/black when exposed to magnetic nanoparticles
though a process of melanization involved basically in the defence mechanism. TLR
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(toll-like receptors) and pattern-recognition receptors (PRRs) present on the surface
of the coelomic cell help in the internalization of nanoparticle, leading to the
activation of coelomic cytolytic factor (CCF) which further activates the
prophenoloxidase (ProPO) cascade to produce melanin (Yadav 2017b). Moreover,
the Zn- and Cu-NP treatment causes a reduction in the weight of earthworm and
cocoon production (Alahdadi and Behboudi 2015). Moreover, there were substantial
decline in the earthworms biomass in response to Ag-NPs exposure (Khalil 2016).
Ag-NPs were also reported to exert a negative influence in the reproduction rate of
earthworms (Schlich et al. 2013). In another study, Ag-NPs exposure did not alter
the fertility of adults but the developmental stage of earthworm, i.e. cocoons and the
survival rate of juveniles were affected (Makama et al. 2016; Schlich et al. 2013).
Similarly, the reproduction rate of E. andrei decreased significantly by Zn-NPs. A
substantial decrease in reproductive potential of E. fetida (i.e. by 72%) was also
reported post-Zn-NPs exposure based on the number of juveniles produced per
cocoon (Alves et al. 2019). Moreover, Zn-NPs were reported to decrease the cocoon
production, hatching as well as reproduction rate in a concentration, temperature and
exposure period dependent manner (Alves et al. 2019; Chouhan and Tripathi 2020).
Nano-sized zero-valent iron (nZVI) in Eisenia fetida and Lumbricus rubellus caused
avoidance, weight changes, and mortality (El-Temsah and Joner 2012; Yirsaw et al.
2016). Cu-NP too indicated a lower reproductive output and higher avoidance
(Amorim and Scott-Fordsmand 2012). Earthworms could sense exposure to envi-
ronmental nanoparticles and alter their behaviour. According to a study Eisenia
fetida consistently avoids soils with Ag-NPs silver (Shoults-Wilson et al. 2011a).
Similarly, earthworms were also reported to avoid Ti-NPs at a concentration
between 1000 and 5000 mg per kilogram of soil (McShane et al. 2012).

17.4.5 Toxicity at the Population Level

The consequence of exposure of nanoparticle at the population level might be a more
appropriate approach to investigate than the individual level making it better
predictors of nano-toxicological hazards to earthworms under field conditions.
Moreover, the assessment of exposure of NP on the individual level could be
subsequently incorporated into effects on the rate of growth of earthworm population
and their stage distribution, i.e. population development as composition and number
of individuals. In a study, C60 exposure in Lumbricus rubellus triggered its effect at
the population level. In this study, data collected at individual level showed a decline
in production of cocoon, and growth rate of juvenile along with a higher rate of the
mortality of juveniles. Upon extrapolation at population level, it indicated a lower
growth rate in association with a stage distribution shift towards juvenile population.
This suggests that juvenile stage represents a more sensitive target for long-term
effects of NPs on earthworms populations (Van der Ploeg et al. 2011). Again
population modelling study demonstrated a reduction in population growth rates
after Ag-NP treatments. Further, no population growth was observed at high Ag-NP
concentration as a result of increased juvenile mortality (van der Ploeg et al. 2014a).
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Similarly, Zn-NPs exposure is involved with the depletion of the earthworm popu-
lation over the time (García-Gómez et al. 2014).

17.5 Earthworm as Nanoscavenger

By virtue of their biological and physico-chemical actions, earthworms are potential
candidate for bioremediation approaches to stimulate biodegradation of organic
contaminants. Earthworms posess an exclusive quality of biotransforming the chem-
ical contaminants into a lesser toxic form that remain bio-accumulated in their
tissues through a process call bioremediation (Hickman and Reid 2008; Yadav
2017a). Earlier earthworms were demonstrated to accelerate and disperse
microorganisms that degrade organic contaminant and to slow down the binding
of organic contaminants with soil and release soil-bound contaminants for further
degradation (Ceccanti et al. 2006; Hickman and Reid 2008). Similarly, when
exposed to contaminants like NPs, they absorb it through their moist body wall as
well as through the process of ingestion by mouth and movement of food through the
gut. In the present advancing era of nanotechnology, there is continuous release of
NMs, engineered NMs, as well as their derivatives to the environment. However,
there is limited understanding regarding the remediation of toxic NMs through
natural scavengers, otherwise called as nanoscavengers (Gupta and Yadav 2014;
Prabha 2015). The coelomocytes of earthworm have the ability to uptake and
accumulate NPs. Therefore, they are being highly investigated in the context of
nanoscavenging activity.

17.5.1 Coelomocytes in Nanoscavenging Activity

Uptake of NPs by the coelomocytes occurs through the clathrin-mediated endocyto-
sis, caveolae-mediated phagocytosis, and micro-pinocytosis. Moreover, scavenger
receptor class A, a pattern-recognition receptor present on the surface of amebocytes
is reported to be crucial for phagocytosis. Again, NPs are recognized by the
macrophage receptor (MACRO) of amebocytes for phagocytic clearance. The secre-
tion of cytokine is significantly affected by nanoparticles. This suggests that during
exocytosis of NPs, there occurs an indirect communication of coelomocytes in
coelomic fluid (Gupta et al. 2014). The phagocytic coelomocytes do possess the
ability to uptake and release out NPs in the scavenging aggregates from/into the soil
systemand they could be a suitable candidate for the process of nanoremediation
(Fig. 17.3). A recent study in Eisenia fetida reported the aggregation of Zn-NPs in
the coelomic fluid and tissues. According to the report, the cellular uptake of Zn-NPs
occurred in the chloragocytes of Eisenia fetida when they are exposed to ZnO-NPs
of 100 and 50 nm sizes. It is demonstrated that coelomocytes when treated with a
dose lower than 3 mg/L do not show substantial DNA damage suggesting its ability
in up taking the Zn-NPs and transforming them into microparticles in soil system
(Gupta et al. 2014). Again, in a similar kind of study in E. fetida, Au-NPs
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aggregation was found in gut tissues Unrine et al. (2010a, b). As many NPs have a
mild effect on the survival ability, mortality, or the reproductive potential of earth-
worm, it could be exploited in nanoremediation (van der Ploeg et al. 2014b).
Moreover, uptake and accumulation of C60 were reported in the in vitro study of
coelomocytes extracted from Lumbricus rubellus which showed no decrease in their
cellular viability (van der Ploeg et al. 2014b). Furthermore, in Eisenia andrei
earthworm, microscopic and dissolution studies displayed the aggregation of citrate
coated Ag-NPs in coelomic fluid (Kwak et al. 2014). In a study with Ti-NPs, its
uptake was found to be performed mainly through the endocytosis process. More-
over, the transmission electron microscopy (TEM) showed that intracellular accu-
mulation of Ti-NP aggregates occurs in the amoebocytes mostly which
is irrespective of duration of exposure. Moreover, study found the presence of
large and small NP aggregates in the granulations (lysosomes) or entrapped in
large vesicles (phagosomes) after 12 and 24 h of NPs exposure (Bigorgne et al.
2012). Recently, a study with Ag-NPs showed the biotransformation of Ag
indicating the promising nanoscavenging activities of earthworm. X-ray micro-
computed tomography generated 3D images of intact E. fetida earthworm
demonstrated the preferential accumulation of Ag in the coelomocytes, nephridial
epithelium, and chloragogen tissue. This bioaccumulation of Ag by E. fetida in the

Fig. 17.3 Schematic of representation of role of coelomic cell in NP bioconversion
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internal tissue indicates a relationship between silver and the thiol-rich proteins like
metallothioneins that mostly occur in these tissues and are involved in the seques-
tration and detoxification of metals (Courtois et al. 2020). The NP aggregation
in coelomic fluid is associated with the glycoproteins and glycans (high-mannose-
type, N-linked glycans, mucin-type O-linked glycans), and elevated amounts of
pentose-containing oligomers because of the interactions of electric charges
allowing the NPs to bond together culminating in a zero point of charge. Hence,
size and density of aggregates of NP in the coelomic fluid of earthworm is the
outcome of interactions between glycoproteins/glycans and NP surfaces (Yadav
2017b).

17.6 Conclusion and Future Perspective

As there is an increasing trend in the release of NPs into the environment, studying
the ecotoxicological effects of nanoparticles is the need of the hour. The effect of
NPs at various levels of biological endpoints is actively studied, viz. molecular level
(differential gene expression, enzyme activity, etc.), cellular level (cytotoxicity),
tissue level (histo-toxicity), individual organism level (i.e. bioaccumulation, growth,
survival, reproduction, and behaviour), and population level. In various reports, the
mortality rate of earthworms does not seem to be adversely influenced by NPs
exposure. Rather, it causes a reduction in the reproductive potential of earthworms.
As they exert the toxic effect on genes, the earthworms of next generation may get
affected. Therefore, genotoxicity and reproductive toxicity of NPs to earthworms
must be taken care of. Again, there is a very minimal study on the exploitation
of earthworms in the field of nanoparticle remediation. The phagocyte population of
coelomocytes present in the coelomic fluid of earthworm is a susceptible target of
NMs. Coelomocytes, especially chloragocytes are involved in NP recognition for
cellular uptake as well as their accumulation due to sub- and inter-cellular making
the earthworm a potential nanoscavenger.
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Bioethanol Production from Agricultural
Wastes with the Aid of Nanotechnology 18
Manisha Mahapatra and Arun Kumar Pradhan

Abstract

World’s energy source is dependent on fossil fuels, which are produced from a
natural slow geographical process. But these fossil fuels are non-renewable
energy sources. Due to rapid pace of urbanization and industrialization the
demand of energy has highly increased. Therefore renewable energy source is
needed. Biofuels are renewable energy sources, which are eco-friendly and are
produced from biomass. Bioethanol, biodiesel, and HVO (hydrotreated vegetable
oil) are types of biofuels. Most biofuels which are produced from sugar, corn or
any other agricultural crops are called conventional bio fuels or 1st generation
biofuels. To meet the global demand of biofuels, agricultural waste were taken
into account as raw materials for bioethanol production, hence called as 2nd
generation biofuels. The use of lignocellulosic substances is cost effective,
present abundantly, easy to access, renewable. Bioethanol gives economic strate-
gic benefit and are known to be clean and safe fuel. Methods such as pretreatment,
enzymatic treatment, fermentation, and distillation are followed. In this treatment
method nanotechnology proofs itself a promising technology, by reducing prod-
uct costs and lowering the harmful environmental impact. Different nanocatalyst,
nanomaterials, nanoparticles, nanocomposites are used for production according
to the requirement. This bioethanol can be said as fuels for future and globally
competitive nature can be felt. As these fuels reduces the carbon dioxide emis-
sion, reduces cancer causing gasoline compounds, reduces small particulate
matter, less greenhouse gas emission and are compatible with current vehicles,
so it can be used in the place of or replacement of other conventional fuels.
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Bioethanol has immense potential in reducing air pollution. Therefore its gives
better future without harming the environment.

Keywords

Bioethanol · Agricultural wastes · Nanotechnology · Biofuel · Renewable energy

18.1 Introduction

In today’s world everyone’s lives are dependent on various fossil energy sources,
such as natural gases, oils, coal, petroleum, etc. These energy sources are very much
helpful in generation of electricity, production of fuels, and other goods. Everyday
world’s energy demand is increasing which is continuously fulfilled by continuous
and excessive consumption of fossil fuels, coal, etc. This continuous consumption
has led to not only depletion of oil/fuels/energy but also elevated the level of
environmental pollution. The problem of global warming which everyone is facing
is due to emission of gases like carbon dioxide, carbon monoxide, etc. from burning
of fossil fuels.

To overcome these problems, now scientists have been working to develop
eco-friendly energy sources, which will not affect our precious environment.
Biofuels are organic, renewable, energy source which plays crucial role in reducing
emission of carbon dioxide.

Bioethanol, biobutanol are alcoholic fuels which are produced by the process of
fermentation of sugars, whereas biodiesels are produced from algae, animal fat,
vegetable oils, etc. These biofuels are believed to be promising replacement for
non-renewable fossil fuels, such as coal, petroleum, etc., which are mainly derived
from living organisms. Biofules can be liquid like bioethanol or biobutanol, solid
like woods, charcoal, agricultural wastes, dried manure, etc. and gases like hydrogen
and methane. Bioethanol is considered as clean and organic. Bioethanol is mainly
produced from biomass like sugarcane, rice, wheat, sorghum, corn, potato skin, and
agricultural wastes. All these rice, corn, sorghum, etc. are considered as conventional
crops due to their valuable as food, hence agricultural wastes are more convenient
and better choice to use.

Agricultural wastes are lignocellulosic substances which are abundant in amount,
easily available, cost effective, and renewable. Therefore this feedstock has been
given very much attention towards the production of bioethanol. Agricultural wastes
are pretreated, physical, chemical, and enzymatic methods are used to produce
bioethanol. But apart from this, nanotechnology can also be used to produce
bioethanol, which also helps in improving the quality of product.

Nanotechnology is a broad field of science which deals with matter at their atomic
and molecular level which is called as nanoparticles/nanomaterials. Richard
Feynman, in 1965 won the Nobel Prize for the discovery of nanoparticles. This
discovery is boon to scientific society by enabling us to do a wide range of research
and applications. Nanoparticles or nanomaterials have a wide range of applications
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in clinical research, disease diagnosis, molecular nanotechnology, research purpose,
discovery of chemicals, and many more. Nanoparticles/nanomaterials can be of
metals, non-metals, etc., according to need.

Nanomaterials also play an important role in making bioethanol and are very
effective. This chapter gives a brief insight about bioethanol, its production by use of
nanomaterials and the need of bioethanol production from agro-based waste
products.

18.2 Types of Agricultural Wastes Used for Bioethanol

Biofuels like bioethanol, biobutanol, or biodiesels are mainly produced from
biomasses. The agriwastes/agricultural wastes are unwanted materials which are
produced from agricultural activities during the production of fruits, vegetables,
crops, poultry, meat, dairy products. These agricultural wastes are the biomass or
raw materials used for the production of bioethanol. These agricultural wastes are
classified into crop residues, food wastes, livestock wastes, and fruit and vegetables
wastes, agro industries waste (Pattanaik et al. 2009).

The agro industries like food industries, sugar manufacturing industries, slaugh-
terhouse industries include fruit peels, vegetable peels, fruit pomace, starch residue,
molasses, sugarcane baggases, edible oils, egg skin, chicken skin, animal fats, etc.
The livestock wastes include wastewater solid or liquid manure, etc. Whereas the
crop wastes include dry leafs, straws, seed pods, strovers dry bark, dry roots, wood,
etc. The three major crop wastes are rice straws, wheat straws, and corn stover. The
four major agro-based wastes used for bioethanol production are sugarcane
bagasses, rice straw, corn straw, and wheat straw (Fig. 18.1) (Sarkar et al. 2012).

These are cheap, easily available, easily accessible, renewable, organic, and cost
effective, therefore most suitable for bioethanol production. These agricultural
wastes are mainly utilized as domestic fuel, animal feeder, etc., but wheat and
corn straws are the least to be utilized as animal feeder (Kim and Dale 2004).

Looking carefully into the chemical composition of crop agricultural wastes, it is
found that they mainly consist of cellulose, hemicelluloses, and lignin. Therefore
they are called as lignocellulosic material. Lignocelluloses are complex
carbohydrates and hence the 3 major components plays important role in
maintaining the structure of cell wall. Cellulose is crystalline and hemicelluloses
is branched in structure whereas lignin is hydrophobic which binds or link them
together (Peiji et al. 1997). Asia and America are the largest or major producers of
agro-based wastes, because rice, wheat, and corn are considered as staple food.

18.3 Nanotechnology in the Field of Bioethanol

The interest in bioethanol as energy fuel has increased because it helps to reduce the
emission of various harmful gases into environment and ultimately helps in reducing
the pollution. The major impact of burning of fossil fuel is pollution, increase in
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greenhouse gases and global warming. Raw materials like rice straw, sorghum, corns
are used as food products, feedstuff as well as for bioethanol production. These are
food items therefore their cost rises time to time which can increase the cost during
bioethanol production (Endo 2009). Therefore non-food products are used, as
discussed previously that is agricultural waste. For economically, large production
some modern technologies are required, which are more efficient than the conven-
tional materials and methods (Farrell et al. 2006). It is experimentally demonstrated
that the lignocelluloses and cellulose are much more effective reducing the carbon
gases emission hence good source of biofuels. The general process for bioethanol
production involves fermentation of sugars obtained from the raw materials. It
includes physical treatment, chemical treatment, biological treatment, enzymatic or
acidic hydrolysis, and fermentation and distillation process (Sarkar et al. 2012).
Whereas the new technology, that is nanotechnology deals with nanoparticles and it
is very efficient in production of bioethanol. Nanoparticles or nanomaterials are
suitable, renewable and enhances the production process. The most crucial part is to
link the nanoparticle with the different processes of bioethanol production to get the
better quality, quantity products. There are various kinds of nanoparticles used such
as iron oxides, zinc oxides, nickel cobaltite, and many more (Kushwaha et al. 2018).

Nanotechnology has spread in almost all branches of science from physics,
chemistry to most importantly life sciences. Major applications of nanotechnology

Agricultural Wastes

Wheat Straw Rice Straw Maize Straw Baggases

Lignocellulosic Biomass.
(cellulose, hemicelluloses, 
lignin)

Sugar estimatation.        
(by hydrolysis method)

Used for Bioethanol/ biofuel Production ( Fermentation process is followed)

Fig. 18.1 Flow chart of common agricultural wastes used for bioethanol production
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includes cosmetic industries, treatment of disease, disease diagnosis, fabric
industries, for research purpose, coating industries, drug discovery, industrial dyes,
nanotoxicology and also in biofuel production (Shah et al. 2010). Use of
nanomaterials in the bioenergy field helps in long-term large production, environ-
mental care, and eco-friendly product. Use of these nanoparticles in pretreatment
process as well as the fermentation process not only increases the production but also
increases the rate of reaction (Chaturvedi et al. 2012). The choosing of type of
nanoparticle is also important to get the good end results.

The two major ways involved in bioethanol production are –

• Nanomaterials in the processing of raw materials.
• Nanomaterials in the bioethanol fermentation.

18.3.1 Nanomaterials in the Processing of Raw Materials

Raw material processing is an important part before the fermentation process. This
nanomaterials/nanoparticles used for this processes are helpful in bioethanol as well
as biobutanol production. This nanaomaterial linked preprocessing of biomasses
reduces labor, cost and improves the quality and quantity (Kushwaha et al. 2018).
Different kinds of nanoparticles can be used like nanofibres, nanorods, nanowires,
nanosheets, nonaclusters like metal and metal oxides (Surendhiran and Sirajunnisa
2014). These tiny materials are used as catalyst to improve the biochemical reaction
process and after the reaction these materials are reusable (Kim and Lee 2016). The
nanoparticles/nanomaterials are linked with enzymes along with a crosslinker which
is called as Nanobiocatalyst/nanobiomaterials. Pretreatment is costly and unavoid-
able process and challenging affair. These raw materials of agriculture waste consist
of lignin, cellulose, and hemicelluloses and are tightly linked together because of
lignin hydrophobicity. The preprocessing or pretreatment of raw materials deals with
the separation of solubility of different biomass, so the resulted product can undergo
for further chemical or biological process to produce bioethanol/biofue (Demirbaş
2005; Sarkar et al. 2012). During this process the crystalline structure of cellulose is
broken so amorphous cellulose increases which are suitable for acid hydrolysis and
enzymatic attack (Sánchez and Cardona 2008). Following the enzymatic method or
acid hydrolysis method monomeric sugars are increased, which can be further
processes to yield bioethanol (Mosier et al. 2005). The nanomaterials used in this
processes generally penetrate through the cell wall of biomass to release
carbohydrates in the form of sugars. Mostly the metal nanoparticles are used and
regarded as more effective. Silver nanoparticles were used (AgNP) for the biomass
of chlorella vulgaris for about 40 min in 100 rpm which resulted in release of
carbohydrates and lipids by Abdul Razack et al. (2016). Srivstava N. used NiCo2O4
particles in Aspergillus fumigates to produce cellulase enzyme and observed the
thermal stability (Srivastava 2014). Wang et al. (2012) used acid functionalized
magnetic nanoparticles for the preprocessing of wheat straws. Srivastav et al. used
FeSo4 nanoparticles and showed they increase the enzyme immobilization
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(Srivastava et al. 2015, 2016). Graphene oxide nanobed was used in rhizopus oryzae
(Hermanová et al. 2015). Grapheme based nanoparticles also were used in enzyme
immobilization and ethanol oxidation (Zhang et al. 2010, Gokhale et al. 2020,
Kakaei et al. 2016).The whole purpose of experimenting with these different kind
of nanoparticles enables them to be more effective and efficient.

18.3.2 Nanotechnology in the Bioethanol Fermentation

During the production of biofuel, fermentation process is followed and nanoparticles
act as the catalyst to influence the biochemical reactions. The metal nanoparticles
like nickel, cobalt, iron, manganese, silica, etc. are widely used. From the year 2000
to 2017 mostly used nanoparticles are CoFe2O4.SiO2CH3 nanoparticles, CoFe2O4.
SiO2 nanoparticles, Mg-Al hydrotalcite, Fe3O4 nanoparticles, SrO/SiO2, magnetic
nanoparticles, carbon nanotubes, nanoparticle sheets, and many more. Carbon
nanotubes and magnetic nanoparticles are more advanced and more efficient. They
are light weight, have thermal stability, more tensile strength, and mechanical
stability (Chaturvedi et al. 2012; Rai et al. 2018). Pan et al. in 2007 showed the
hydrogen and carbon monoxide reaction which resulted in ethanol production (Pan
et al. 2007). Santos et al. in 2016 used carbon electrode containing the graphite oxide
along with copper nanoparticles (Santosh et al. 2016). Lin et al. (2016) synthesized
2D zinc oxide nanosheets which are used along with Ag nanoparticles for the
detection of bioethanol detection.

Once the raw material pretreatment is done those pretreatment products are
further processed to convert them into bioethanol. The pretreatment product mainly
consists of simpler carbohydrates. These are either subjected to acid hydrolysis or
enzymatic activity to convert into simpler carbohydrates (sugars) and acids. The
sugar part is only used for fermentation hence acid sugar separation is required. They
are generally separated by chromatographic separation technique but this is not
much effective method. To get pure sugar molecules nanofilters are used. In the
nanofilter membrane the acid passes through the membrane but the sugar molecules
are rejected by the nanofilter membrane (Fig. 18.2). Most available
nanofilter mambranes are GEsepa, NF-90, NF-200, NF-45, SU-600, SU-210, etc.
(Niwa et al. 2014). It can be enzyme linked nanofilter or two stage NF assembly.
Ultrafiltration and osmosis are unique properties of nanofilter membrane. Lyu (2015)
used hydrothermal liquefacation process to recover huge amount of chemicals and
sugars.

Now the nanofiltered separated sugar molecules can be utilized for the fermenta-
tion process to produce bioethanol. Depending on the need batch, feed batch or
continuous fermentation are preferred for large scale production (Chandel et al.
2013). In some cases the final outcome of fermentation process also undergoes
distillation or separation process to get the desired product.
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18.4 Conclusion and Future Aspects

Bioethanol is green fuel and lignocelluloses biomass (agricultural wastes) is one of
the major attractive resources for bioethanol production. Worldwide conventional
sources are used, which are not sufficiently present. Hence these agricultural wastes
are much more better option for production because they are easily available, cost
effective, easily accessible, less labor, and less energy required. These materials does

Raw Agricultural   
Wastes/ Feedstocks.

Lignocellulosic Biomass

Pretreatment of Biomass

Pretreated Biomass/     
Pretreated Product.

Treatment with  
Nanobioenzymes/
Nanobiocatalysts.

Nanobioenzymes/ 
Nanobiocatalyst  meadiated 
Hydrolysis of Pretreated 
Biomass.

Sugar obtained as Product.

Fermentation Of obtained Sugar

Purification/ Distillation of   
Product obtained after 
fermentation.

Bioethal/ Biofuel

Physical Treatment

Biological Treatment

Chemical Treatment

Nanoparticles/ 
Nanomaterials   
+  Cross linkers       
+  Enzymes.

Nanobioenzymes/ 
Nanobiocatalysts

Separation of 
Nanobiocatalyst 
by Magnetic 
separation 
method.

Reuse of 
Nanobiocatalysts

Nanofiltermembrane 
used to separate sugar 
molecules and acids.

Fig. 18.2 Brief diagrammatic representation of use of nanomaterials in bioethanol production
process
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not have food value, hence utilizing them for biofuel or bioethanol production gives
a good opportunity for large quantity production due to abundance of material is
present. Using nanotechnology for this purpose is a good discovery and boon to
society. Most impressive property of the nanomaterials is that it can be renewed
again and again utilized for next processes. This chapter explains about the impor-
tance of nanoparticles/nanomaterials in eco-friendly bioethanol production. Wide
varieties of nanoparticles are used and they are concluded as renewable and reusable
which makes it more potent. Nanomaterials are capable of acting upon our desired
target and help to convert biomass into liquid bioethanol. In future advancement of
this process is possible with respect to advancement of fermentation process. The
type and synthesis of nanopartmaterial also determine the product quality after
production. For large scale production of these nanoparticles/nanomaterial, enzyme
immobilization technique is needed. This immobilization technique also increases
their stability, availability and reusability.

The use of nanomaterials yet to be discovered in the other intermediate processes
during bioethanol production, to give rise convenient and economically better
product. Future challenges involve lots of questions as well as new thoughts,
which requires discussion for the possibilities. The future aspects and challenges
which require attention are—to make nanoparticles commercial, development of
nanoparticles which are more versatile, working on different combinations of
nanoparticles to use as catalyst, for detection nanomaterial sensors can be developed
so the intermediate processes can be tracked, bionanoparticles synthesis which can
be easily utilized during production process ay many more.

There is a huge application of nanotechnology and a lot to discover yet, there
problems to overcome and discovery something better and new. Every day the use of
nanoparticle and its abilities are discovered and hence this discovery contribute
toward eco-friendly bioethanol production.
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Abstract

Fossil fuel is going to be exhausted in the near future and the emission products of
these fuels have been causing serious environmental pollution; therefore, the
world is looking for alternate fuel that can be a replacement fuel for fossil fuel.
In this context, nanotechnology as multidisciplinary approach can play a major
role in improving biofuel production. Nanoparticles like silver, gold and other
metallic nanoparticles have been reported to have potential effect in biofuel
production. This fuel is more eco-friendly and renewable energy sources and
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hence getting more attention in energy research. The unique properties of
nanoparticles can be harnessed as carrier to immobilize enzymes in biodiesel
and bioethanol production. In this chapter, use of nanoparticles in biofuel pro-
duction has been discussed elaborately by highlighting the current literature.

Keywords

Nanotechnology · Biofuel · Bioenergy · Sustainable development · Greenhouse
gases

19.1 Introduction

Nanotechnology is a technology of science that refers to study and application of
small things less than 100 nm in size which have the ability to invent new materials.
This novel technology can be employed in fields of physics, chemistry, biology,
biotechnology, engineering and many other related subjects of science. Since the
particle size is nano, they have physio-chemical properties and can be applied widely
in many products (Panda et al. 2020a, b; Gogoi et al. 2015; Babu et al. 2013a). They
have higher surface volume ratio and unique quality of solubility, toxicity, strength,
magnetism, diffusivity, optics, colour and thermodynamics. The utilization of this
technology has extended in different sectors including agriculture, health diagnosis,
sports industry, clothing, cosmetics, space elevators, food industry and for faster
processing in mobile phone and computers. It also has potential effects in bringing a
cleaner energy, better energy storage and treatment of water. The anti-microbial
properties of nanomaterial help in preserving, processing, packaging and storage of
agriculture and horticulture crops (Baranwal et al. 2018). Silver based nanoparticles
are harmful for microorganisms. They are used for coating in medicine, steel
coatings, textile fabrics, water treatments, dental work, wound and burns treatment,
surgery applications and sunscreen lotions (Durán et al. 2007). Essential nutrient
supplements like lycopene, beta carotene, vitamins, anti-oxidant and phytosterols are
incorporated in the functional food with help of nanotechnology (Momin et al.
2013). Recently, it is observed that it has potential impacts upon sustainable
bioenergy production and its demand has been increasing rapidly. Bioenergy can
be defined as renewable form of energy which is derived from natural and biological
sources. Renewable energy includes by-products of plants and animals, solar, wind,
geothermal, residue of forest and agricultural waste. Bioenergy can be divided into
three types based on their derivation. They are solid bioenergy (wood, straw, husks),
liquid bioenergy (plant oils, animal fats) and gas bioenergy (methane, carbon
dioxide). The advent of nanotechnology for sustainable bioenergy production
makes wasteland zone into a useful and potential bioenergy resource. The contami-
nation of our environment is increasing quickly due to burning of fossil fuels and
emission of greenhouse gases where it resulted in change of climate (Cherubini
2010; Huber et al. 2006). The exploration of this technology helps in balancing the
ecological balance and makes a clean environment. Rai et al. (2016a) reported that
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nano-based materials like carbon nanotubes, magnetic and metal oxide nanoparticles
can be used in the production of sustainable bioenergy. The applications of nano-
technology have the ability to increase the efficiency of water, solar and biogas
energies (Hussein 2015). Bioenergy can be in different forms such as biomass,
biogas, algae biofuels, solid biofuels, biodiesel and bioethanol. Biomasses are
generated from waste of plants and animals for energy production like electricity,
heat or may be in any other useful products. They are commonly extracted from crop
waste of wheat, straw, sugarcane, vegetables, corn cobs, woods, switchgrass, animal
waste (manures) and human waste. The conversion of biomass to bioenergy can be
done by process of thermal, chemical, biochemical and electrochemical (Singh et al.
2017; Singh and Satapathy 2018). The presence of molecular size particles and
inorganic impurities may cause great effect in the process of conversion. Biogas,
biofuel and biodiesel are derived naturally from decomposition of organic waste
under anaerobic condition. Organic matters like food scraps, sewage and animal
waste break down and undergo fermentation in the absence of oxygen which leads to
produced methane and carbon dioxide. Due to the presence of methane, by
undergoing several processes it can be used as flame. The conversion of organic
waste into other form of energy makes pollution free surrounding and prevents the
formation of toxic gases. The application of nanotechnology improves biofuel
production and utilized both in scientific and engineering solutions to make an
eco-friendly energy resource (Serrano et al. 2009; Ramsurn and Gupta 2013).
Biofuel can also be produced from vegetable oils and algae by using various
methods. Bioethanol, another form of bioenergy is produced from juice of sugarcane
and waste of grains by fermentation process. But it can also be produced by chemical
process of reacting ethylene with steam and bioethanol is considered as alternative
way to substitute petrol. The production of alcohol can be done from materials after
fermentation which is mainly composed of cellulose and hemicellulose, polymeric
structure of carbohydrates and lignin (Antunes et al. 2014). The replacement of other
fuel by bioethanol has many advantages as it is biodegradable and causes less
pollution to the environment. Use of bioethanol reduces the production of carbon
monoxide from vehicles and makes a clear and clean air quality. It can also be
blended with petroleum to produce a much more efficient fuel. The production of
bioethanol is enhanced with cooperation of nano-based catalysts or by immobilizing
the enzymes. The approach of this new technology in production of sustainable
bioenergy plays a very important role with huge benefit over conventional methods.
Different nano-based materials or particles use in production of biofuel, bioethanol
and biodiesel directly or indirectly have also been reported. The utilization of this
promising tool will bring a change in global energy matrix. Hence, it is believed that
the scope of producing renewable form of energy will expand in near future and
create solutions for world’s energy problems.

Nanoparticle is used for water purification as it has anti-bacterial properties
(Stoimenov et al. 2002). They are used for monitoring and removal of metals,
cyanide, organics, algae, virus, bacteria and parasites. Nanomaterial is also used in
the treatment of water by applying processes like adsorption, sensing, detection,
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photocatalyst, membrane process and control of bacterial growth (Qu et al. 2013). It
has distinct characteristics of high surface area ratio.

19.2 Nanomaterials and Its Properties

The word nanotechnology makes reference to construction, fabrication and produc-
tion of layout or design by managing the figure and dimensions at nanoscale level
(Sarsar et al. 2013). Nanotechnology has a wide area in the current research field for
the synthesis of nanoparticles as well as material sciences (Jahn 1999). It also
exhibits various applications in many scientific fields including life science, optics,
electronics, engineering, environmental science, physics, biotechnology, microbiol-
ogy and medical sciences (Slawson et al. 1992).

The particles of size range in between 1 and 100 nm produced through nanotech-
nology process by controlling the shape and size at its nanometre level are known as
nanoparticles or nanomaterials (Nalwa 1999). Nanoparticles in recent studies have
been reported as “particles of twenty-first century” due to its rare patterns and special
properties in comparison to standard or ordinary materials (Camargo et al. 2009).
These are also composed of various shapes including oval, round, spherical, rod,
cubic, cylindrical, platelets, prism and tubes.

Nanoparticle demonstrates very unique properties that rely upon their
dimensions, pattern and arrangement which permits them to collaborate with plants,
animals and microorganisms (Husen and Siddiqi 2014). Generally, nanoparticles are
manufactured by two processes, i.e. bottom-up and top-bottom process. In bottom-
up, the materials are constructed from the ground, i.e. the small atoms constitute
together to form molecules and then those molecules aggregate together to form
cluster of nanoparticles, whereas in top-bottom, the heavy materials are shredded to
obtain nanoparticle (Husen and Siddiqi 2014). The bottom to top approach is
considered to be more preferable for the formation of nanoparticles by homogenous
system (reducing and capping agents), whereas in top to bottom approach, the
reduction of nanoparticle is carried out by special ablation, cutting, sputtering and
mechanical grinding (Zhang et al. 2011). Various methods are accessible for the
biosynthesis of nanoparticle especially chemical method, physical and biological
method (Siddiqi and Husen 2016a). The synthesis of nanomaterials from chemical
method is done by chemical reduction, chemical irradiation, electrochemical and
pyrolysis (Zhang et al. 2007) since the physical method is implemented for speed
transformation life and also does not require any harmful pathogenic chemicals.
These methods are known for high consumption of energy constituting
arc-discharge, energy ball milling, vapour condensation and sputtering (Asanithi
et al. 2012). Therefore, biological method is regarded as much better one rather than
physical and chemical method. The nanoparticles synthesized by this method carried
out with the usage of herbal extracts and microorganisms. These methods are very
eco-friendly in nature, biodegradable, simple, cost-effective, do not require high
energy (Babu et al. 2010, 2013b; Singh et al. 2021), free from toxic chemicals as
well as scaled up for high production (Siddiqi and Husen 2016b).
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In the field of nanotechnology, the synthesis of metal nanoparticles and metal
oxide nanoparticles by using green synthesis methods including plant extract,
bacteria, fungi, algal extract and yeast has earned high reputation (Siddiqi and
Husen 2016a). The plant extracts containing carbohydrates, proteins, nucleic acids,
pigments and secondary metabolites mainly act as reducing agent for the nanoparti-
cle synthesis while in microorganism, enzymes, proteins, biomolecules and
biosurfactants present in them performed as reducing or capping agents which
produces nanoparticles without any toxic or harmful effects (Siddiqi et al. 2018).

Nanomaterials are divided into two classes: inorganic and organic nanoparticles.
Inorganic nanoparticles integrate semiconductor nanomaterials (ZnO, ZnS, CdS),
metallic nanomaterials (Au, Ag, Cu, Al) and magnetic nanoparticles (Co, Ni, Fe)
although organic nanoparticles integrate only carbon nanomaterials such as fuller-
ene, nanotubes, nanowires and quantum dots (Vadlapudi et al. 2014). Inorganic
nanoparticles represent its specialty in chemical imaging, cellular and drug delivery
for its proper unity and productive utility.

Nowadays, nanotechnology tends to show its interest in sustainable bioenergy
production whose main aim is to obtain bioethanol through enzyme immobilization
and nanocatalysts and also to provide eco-friendly bioenergy at low cost as well as
toxic free.

19.3 Nanotechnology in Bioethanol Production

The requirement of bioenergy has been greatly expanded in view of the past century
due to confine availability of fossil fuels (Rai et al. 2016b). Considering the increase
in climatic change and its impact on global warming and also declining of fossil fuels
production, there is always a need of alternative fuel such as biofuel in order to meet
the present global demand (Rai et al. 2016b). Commercially, bioethanol was made
by fermentation and transesterification process from vegetable waste, oils, fats and
carbohydrates which undergo from huge cost of products and so many industrial or
mechanical obstacles (Patumsawad 2011). So, seeing the natural and financial
problem, nanotechnology is the best solution for the production of bioethanol from
nanoparticles as it has various fascinating properties which can be recovered and
reused to meet the needs (Verma et al. 2013).

Bioethanol obtained from feedstock like vegetables, oils, fats, sugarcanes and
corns is considered to be first generation of bioethanol (Da Silva and Chandel 2014).
The use of non-feedstock such as waste products from woods and agriculture for the
bioethanol production is known as second generation of bioethanol (Eggert and
Greaker 2014), whereas bioethanol manufactured with the help of microbial biomass
is referred to as third generation of bioethanol (Ho et al. 2014).

Magnetic nanomaterials show wide application in the bioenergy field for the
manufacture of bioethanol from immobilized enzymes such as cellulases and
hemicellulases which can be magnetically retrieved and reclaimed for salvage.
Many scientists have observed that carbon nanoparticles are used for the production
of biofuels for their contrasting features like conductivity, porosity, 3D electro-active
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area, a rise in enzyme concentration (Holzinger et al. 2012). Metal or metal oxide
nanoparticles follow different methods for the formation of bioethanol such as
gas-phase deposition, oxidation reaction, hydrothermal reaction, sono-chemical
method, biological method and nanoreactor synthesis (Rishton et al. 1997; Liu
et al. 2007, and Moon et al. 2010).

Enzyme immobilization in nanoparticles enhances the reiterate ability, free sur-
face region and eliminates the miserable constancy of enzymes as well as expensive
large-scale industrial operations (Akia et al. 2014). The enzyme hemicellulase
hydrolyses hemicellulose and converts it into pentose which further gets fermented
by some microorganisms for the production of ethanol, namely Candida tropicalis,
Pachysolen tannophilus, Spathaspora passalidarum and Scheffersomyces stipitis
(Antunes et al. 2014). Recent studies also reveal that the enzyme lipases are also
used for evolution of biodiesel through triglyceride transesterification of ethanol in
the existence of biological catalyst (Da Rós et al. 2010) which exhibits better
stability, reaction control and decrease in production cost (Xie and Wang 2012).

19.4 Interaction of Nanomaterials with Biomass

The conventional techniques of energy consumption cause many problems in our
environment. Exhaustive utilization of fossil fuels and emission of greenhouse gases
disturb our surrounding which resulted in change and fluctuation of climate. Many
researchers studied to overcome the problem by replacing with alternative energy
sources. The energy generated mostly from plants, animals and their by-products are
called bioenergy. It accounts 80% of energy produced globally and exploited for
heating, fuels and electricity (Strzalka et al. 2017). The energy from biomass can be
released after the process of thermal conversion and pyrolysis. But, still there is wide
gap in technical issues in production of energy. So, development of new technology
to incorporate with biomass production and achieve high quality energy is required.
The introduction of new technology “Nanotechnology” has become an important
useful application in generation of energy from biomass. The advantage of
nanomaterials and nanoparticles in other field has also been widely reported in the
past research discipline. The conversion of biomass from plant is a hindrance due to
the chemical composition like cellulose, hemicelluloses and lignin present in the
plant (Singh 2019a). But with proper handling and treatment of lignocellulosic
residues, it can be transformed into biofuels, bioethanol and biodiesel. Microalgae
can also be used as another source for production of biofuels. It has same chemical
properties when compared to fuel extract from fossil fuels. In digestion of lignocel-
lulose biomass magnetic nanoparticles can be used as catalyst by hydrolysing the
cellobiose. The use of acid functionalized magnetic nanoparticles with 6% of
sulphur gave success result of 96.0% in conversion of cellobiose (Peña et al.
2014). The nano biocatalyst increases the hydrolysis process because of their high
surface to volume ratio. Combine technology of microwave assisted with carbona-
ceous acid magnetic nanoparticles in pretreatment and hydrolysis of sugarcane
bagasse, Jatropha hulls and Plukenetia hulls has shown potential yields of 58.3%,
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35.6% and 35.8%, respectively (Su et al. 2015). There is some limitation of magnetic
nanoparticles in silica-based nanoparticles, nickel-based nanoparticles and carbon
nanotubes. Silver based nanoparticles are used to immobilize lignocellulolytic
enzyme such as cellulose by coating on surface of nanoparticles. Nickel-based
nanoparticles are used to convert glucose into sorbitol molecule in the process of
hydrogenation (Kobayashi et al. 2014) and carbon nanotubes are of single walled
and multi-walled. They have different properties of electricity, thermal and mechan-
ical strength (Ahmad and Khare 2018). Magnetic nanoparticles can also be used for
release of lipid through hydrolysis process of microalgae cell. Although
nanoparticles and nanomaterials are implied in production of biomass there is
some unwanted factors which affect the release of energy. Nanoparticles have
anti-bacterial properties of both gram positive and gram negative (Theivasanthi
and Alagar 2011). The electrolysis method of copper nanoparticles synthesized
has more anti-bacterial properties when compared with copper nanoparticles
synthesized using chemical reduction method. Because of this anti-bacterial factor,
the biochemical conversion of biomass is sometimes reduced and inhibits its activ-
ity. For example, use of nanomaterials like ZnO, CuO, MnO2 and Al2O3 reduces the
energy yield of biogas. Thus, proper analysis to find out the possible application of
nanomaterials in biomass production is very important and required (Fig. 19.1).

19.4.1 Biofuel

Every organic substance that we derive directly or indirectly as a result from process
of photosynthesis is considered to be known as biomass (Jacobsson and Johnson
2000). Due to its state being so diverse, the definition varies according to its origin
and usage. More generally biomass is used for making fuel to meet the increasing
demand for transportation and allied energy industries. The fuel derived from
biomass to address these current trends is known as biofuel (McKendry 2002).
Biofuels have been considered as viable alternatives for conventional petro-fuels.
Being renewable sources of energy in addition to being nontoxic and biodegradable,
biofuels offer a lot of advantages than fossil fuels (Singh 2019b). Furthermore, tests

Fig. 19.1 Nanotechnology in bioenergy production
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conducted around the world show no increase in carbon dioxide emission levels with
the use of biofuels in their powertrains. They have low sulphur content and a good
lubricating property. The products like biodiesel, biohydrogen and various industri-
ally relevant alcohols, e.g. ethanol, butanediol, etc. that are derived from biomass
come under the broad umbrella of biofuels. Biofuels are generally categorized into
different generations based on the kind of feedstock source used for its production.
First-generation biofuels include products derived from food-based feedstocks or
food crops. Biofuels derived from these biomass sources directly compete with food,
area of production and cost of the food crop. As a countermeasure, second-
generation feedstock for the production of biofuels was looked after, mostly sources
arising out of non-food crops. The agricultural and industrial residues, e.g. sugarcane
molasses, cornflour, plant oils are regarded as first-generation feedstock sources
(Cardona et al. 2010). The non-food part of the food crops like stem, husk was taken
as a second-generation source which is termed as lignocellulosic biomass for the
production of biofuel. Use of inedible oil from non-food sources such as Jatropha
curcas and mahua for production of biodiesel has been used in industrial level (Qiul
et al. 2011). Genetic engineering tools have also been employed to alleviate produc-
tion of free fatty acids (FFA) and saturated fats from Jatropha plants. Brown grease is
also used for production of biodiesel. It is composed of triglycerides, diglycerides,
monoglycerides and free fatty acids. It was subsequently discontinued as the pro-
duction costs went up due to the use of a large amount of base. Used cooking oil
(UCO) has been transesterified using base catalyst to convert it to useful biofuel to be
used as transportation fuel. It is a cheaper alternative for biodiesel as it also does not
conflict with food crop land, avoid cost of waste disposal and treatment (Kawentar
and Budiman 2013). Recent studies have shown the potential of microalgae to be an
alternative source of biooils. Many classes of microalgae like Bacillariophyceae,
Chlorophyceae, and Chrysophyceae that contain high percentage of lipids whose
extraction is mainly based on alkaline pretreatment of the feedstock are emerging as
new sources of biofuel (Khan et al. 2009). Impressed with initial experimental results
workers are genetically engineering and modifying algal strains for enhanced pro-
duction of lipids with wastewater as nutrient source for lipid synthesis for biofuel
production. These photosynthetic microorganisms are the most primitive and are the
biggest primary producers of the planet encompassing huge aquatic areas. The
discovery of high lipid percentage in relation of their cellular compound fraction
compounded with less operational costs pose it to be the next big thing as raw
material for biofuel in future (Miao and Wu 2006).

19.5 Applications of Nanotechnology in Bioenergy

Nanotechnology defines the area where nanomaterials are employed to achieve
desired objectives. The applicability of nanomaterials in various fields of research
has grown explosively over the past years also covering interdisciplinary areas. The
dimensional ambit of nanomaterials lies in the range of approximately up to 100 nm
(Sekoai et al. 2019). This tiny size gives it an advantage of high active surface area
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required for efficient reaction outcome. Nanomaterials or nanoparticles also possess
multiple morphological variations that give them a wider application in various
fields. The existence of unique optical scale properties of nanomaterials finds its
usefulness in the field of bioenergy, mechatronics, medicine, pharmaceutical field,
ionic liquids and much more (Nizami and Rehan 2018).

Nanomaterial application in the field of bioenergy has been reported as both in
direct and indirect ways. Nanoparticles possess high catalytic activity, crystallinity,
durability, efficient storage, stability as well as adsorption capacity. They influence
those metabolic reactions involved in biological processes responsible for biofuel
production upgrading their output capability using nanofibers, metallic nanoparticles
and nanotubes. Nanoparticles exert negative effect on inhibitory compounds and
additive impact on electron transfer capacity by behaving as catalysts. Nanocrystals,
nanomagnets, etc. are used as nano-additives to enhance blending capacity of biofuel
with petro-fuels (Palaniappan 2017).

19.5.1 Magnetic Nanoparticles to Pretreat Lignocellulosic Biomass

The conversion of lignocellulosic biomass (LCB) to biofuel requires depolymeriza-
tion of cellulose to its monomers along with delignification as the initial step (Singh
2017, 2019b). Acid functionalized magnetic nanoparticles (MNPs) are used to
hydrolyse cellobiose (β-glucose) from LCB (Peña et al. 2014). The acid
functionalized MNPs can adhere different enzymes and act as a nano biocatalyst.
Its high active surface area to volume ratio enables higher hydrolysing rate compared
to chemical pretreatments. Consequently, after hydrolysis the nanoparticles can be
recovered with the help of an external magnetic field and reused again which is a
cost-effective approach.

19.5.2 Magnetic Nanoparticles to Pretreat Microalgae Biomass

Immobilized enzymes in nanoparticles can improve biofuel recovery from
feedstocks like microalgae. It has also been shown that nanoparticles can be used
as nutritional additive in enhancing growth in photosynthetic microorganisms.
Nanomaterials possessing optical properties can increase the rate of photosynthesis
in photosynthetic microbes by transferring solar energy to the reaction centres of
photosystems with minimal loss. However, there is a disadvantage associated with
nanomaterials used as nutrient source as they induce oxidation stress endangering
the cell viability for repeatable generation (Valko et al. 2005). Workers are trying to
address the issue and exploring optimized ways to handle this using various life
cycle analysis (LCA) methodologies. Hydrophobic MNPs with immobilized lipase
enzyme were employed to extract lipids from microalgae (Lee et al. 2015) and in
Spirulina cell lysis was carried out through a chitosan modified nanofiber membrane
via negative surface charge coupling leading to extraction of fatty acids. The
purification factor of 3.3-fold and a resource recovery of 66% indicated a beneficial
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potential for use of nanoparticle mediated lipid extraction and bioenergy generation
(Ng et al. 2019).

19.5.3 Biodiesel Blended in Nano-additives

Nano-additives have been investigated to be used in internal combustion (IC) engine
with biodiesel as it improves cetane number, flash point, viscosity of the fuel and
many more. Metal oxide nanoparticles and carbon nanotubes have experimented on
a trial basis whose initial results of fuel physicochemical properties have indicated it
to be an oxygen buffer (Sajith et al. 2010). As an oxygen buffer it reduces emissions
of nitrogen oxides resulting in a simultaneous oxidation process of hydrocarbons in
IC engine with high efficiency. It also showed that nanoparticle additives in biodiesel
are thermally stable, increases fluid layer resistance and viscosity thereby lubricating
the fuel injection pump for higher calorific value. Despite its benefits, its high
production costs have made it unfit for commercial application till date (Mehta
et al. 2014).

19.5.4 Bio-Electrochemical Systems

Bio-electrochemical systems (BES) are defined as platforms where electrochemi-
cally active bacteria degrade organic matter from various sources such as wastewa-
ter, biomass and resulting in production of bioelectricity, hydrogen and other
valuable products, e.g. ethanol, hydrogen peroxide and formic acid (Gul and
Ahmad 2019). Microbial fuel cell (MFC), plant MFC, photosynthetic MFC, micro-
bial electrosynthesis cell (MEC) and bio-photovoltaics are different forms of BES.
BES setup typically consists of two reaction chambers separated by a cation or anion
exchange membrane. Fuel reactions may be carried out in both chambers depending
on the need of end products. The chamber where the fuel is burnt or electron is
generated is normally termed as anode chamber and the section where this electron is
recaptured completing the fuel cycle is termed as cathode chamber (Santoro et al.
2017). The scope of using nanomaterials lies in modifying the fuel rods used in both
anodic and cathodic chambers, better known as anodes and cathodes. Use of
nanomaterials like quantum dot, metal nanoparticles, carbon nanotubes, etc. on
anode and cathode would reduce the shortcomings of BES and improve end product
generation. Higher input costs related to nanomaterials, low growth of microbes,
nanoparticle toxicity are some issues related with BES when used for biofuel
generation (Kalathil and Pant 2016). However, workers are trying to mitigate these
costs by employing cheaper, effective alternatives in generating power as well as
biofuel. BES systems allow us to use non useful organic feed and turn them into
electricity in optimal room temperature and pH neutral conditions. The process is not
harsh as it does not require any chemical intervention. Pilot scale research is
necessary to validate the use of nanomaterials in large scale proportion for biofuel
production.
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19.5.5 Nanotechnology in Biogas Production

Worldwide industrialization and population growth have led to a significant increase
in energy demand over the past few decades. Currently 80% of total global energy
derives from fossil fuels and mostly produced by Brazil and the USA (Hussein
2015). Fossil fuels resources are depleting at a rapid rate due to intensive consump-
tion of fuel. Thus, researchers are more focused on exploring the renewable energy
source to cater the world’s demand of the fuel (Bazmi and Zahedi 2011). One such
renewable energy source is biogas production by anaerobic digestion (AD). Con-
ventional biogas production utilizes various wastes such as animal manure (Bidart
et al. 2014), agricultural waste (Karellas et al. 2010) and organic wastes (Zhang et al.
2014) and can convert only 30 to 40% of the organic matter which is not very
effective in comparison with energy sources (Lund 2007). Thus, there is a desperate
need of modern approaches for the improvement of biogas production. One such
modern approach is nanotechnology which has been widely used in various fields.
The special physical and chemical properties attributed to the nanoparticles espe-
cially high surface area make them to use in diverse field. However, the use of
nanoparticles has mixed effect in biogas production. For example, iron oxide
nanoparticles (Fe3O4) (NPs) additive in biogas production can enhance the yield.
Masi et al. described that methane production was significantly increased within
2 days when they added 5 mM Fe2+ (Ram et al. 1999). Fe3O4 NPs having 7 nm in
size were used in anaerobic waste digester at a concentration of 100 ppm and results
showed that there is an increment of 180% biogas production compared to the
control (Casals et al. 2014). Another study showed that 11% increase in the biogas
production upon addition of 10 mg/L cerium oxide (CeO2), however, there is 30%
decrease upon use of 640 mg/L of CeO2 (Duc 2013). The use of nano-zero-valance
iron (NZVI) has positive effect on aerobic digestion and showed the increase of 30.4
of biogas and 40% of methane after 17 days (Su et al. 2013). Xiu et al. also studied
the effect of the addition of 1 mg/l NZVI which stimulates the methanogenesis
process in which methane production was increased from 58 mmol to 275 mmol
upon using NZVI (1 g/l) (Xiu et al. 2010). Al-Ahmad et al. achieved positive effects
on biogas production using metal nanoparticles (Fe, Pd, Pt, Ni, Co, Ag and Cu)
encapsulated porous silicon dioxide (SiO2) at the concentration of 5 mg/L showed
increase in methane production in case of Ni (70%), Co (48%), Fe (7%) and Pt (6%).
Lo et al. studied the effect of micro/nano-fly ash (MNFA) and micro/nano-bottom
ash (MNBA) at the concentrations of 0.12, 3, 6, 18 and 30 g/g and 0.6, 12, 36, 60 and
120 g/g, respectively. The results showed significant increase in the biogas produc-
tion upon addition of 36 g/g MNBA in comparison with other samples as well as
control sample.

In contrast to the various nanoparticles, metal oxide nanoparticles showed nega-
tive impact on the production of the biogas and biofuel. Otero-González et al.
investigated the long-term effect of the copper oxide (CuO) nanoparticles having
37 nm size at the concentration of 1.4 mg/l of 37 nm. This study revealed the
significant decrease in methane production in the anaerobic digestive reactor having
the (CuO) nanoparticles nanoparticle after 126 days (Otero-González et al. 2014).
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Luna-delRisco et al. studied the nano- and micro-particles of copper oxide (CuO;
5 mm–30 nm) and zinc oxide (ZnO: 15 mm, 50–70 nm). The results showed that the
nano-sized CuO particles show more negative impact on production of biogas
compared to the nano-sized ZnO particles at the same concentration of 15 mg/l
(Luna-delRisco et al. 2011). In the same line, Mu and Chen studied the long-term
effect of the ZnO nanoparticles at the concentration of 1, 35 and150 mg/g for
105 days of anaerobic digestion. The addition of 35 and 150 mg/g resulted in the
decreased production of methane gas up to 81.7% and 24.9% compared to control
sample value, respectively (Mu and Chen 2011). The effect of various nanoparticles,
namely TiO2, SiO2, Al2O3 and ZnO NPs on the biogas production was studied by
Mu et al. at the concentrations of 6, 30 and 150 mg/g. It was observed that the
production of biogas was not affected by the addition of TiO2, SiO2 and Al2O3 at all
given concentrations including the ZnO nanoparticle at 6 mg/g concentrations.
However, this study also reveals that the ZnO nanoparticle at the higher
concentrations 30 and 150 mg/g decreases the biogas production at the rate of
77.2% and 18.9%, respectively. Estrella et al. studied the effect of different metal
oxide NPs such as Al2O3, CeO2, CuO, Fe2O3, Mn2O3, TiO2, SiO2 and ZnO at the
concentrations of 1500 mg/l each, revealed that Mn2O3, ZnO, CeO2, CuO decreased
the methanogenesis activities to 52, 53, 80 and 87%, respectively, whereas Al2O3,
Fe2O3, TiO2 and SiO2 had no significant effect on methanogenesis activities
(Gonzalez-Estrella et al. 2013). In contrast to these studies, Garcia et al. studied
the effect of TiO2 NPs at two different concentrations (1120 mg/l,7.5 nm) on the
waste sludge for 50 days showed the biogas production in 10% with respect to the
control (García et al. 2012).

In conclusion, different nanomaterials have reported to be additive and negative
during anaerobic digestion for the biogas production. The metal oxide nanoparticles
showed ZnO, CuO, Mn2O3 and Al2O3 showed negative effect, whereas nano-zero-
valance iron (NZVI), porous SiO2 nanoparticles encapsulated with Ni, Co, Fe and Pt
showed increased methanogenesis. Among all nanoparticles, Fe3O4 enhanced the
methane production by 234% in aerobic digestion and 180% in biogas. The negative
impact of these nanoparticles is due to the metal toxicity associated with respective
metal ions. However, some metal nanoparticles such as TiO2 and CeO2 showed
mixed effects depending on their concentration and the digestion time in the
bioreactor. These investigations suggest that the various metal oxide nanoparticles
show different activity on the production biogas and biofuel at different
concentrations and sizes.

19.6 Safety Issues

The incorporation of nanoparticles and nanomaterials in bioenergy production has
brought some positive effects but, when is released to the environment, directly or
indirectly it may cause health hazards to some extent in living beings. Since
nanoparticles are ultra-fine particle, they can be absorbed immediately in living
systems and enter our body. The inhalation of nanoparticles and nanomaterials
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causes toxicity in our health and prolonged exposure can have adverse effect in
environment (Jamuna and Ravishankar 2014). This tiny particle can enter our body
by process of inhalation, injection and penetration through fraction dermis layer
(Gupta et al. 2012). The intake of this nanoparticles may deposit in our respiratory
system and may cause lung inflammation and heart problems. Upadhyay et al.
(2015) reported that the effects of inhaled nanoparticles can cause asthma, bronchitis
and other abnormalities in lungs tissue. After nanoparticles are deposited in lungs,
they have the ability to move into other organs like brain, liver and foetus in pregnant
women. They also have the potential to enter from mucous membrane of nose and go
directly to our brain through olfactory nerve. The nanoparticles can bring damage to
mitochondria and break the normal metabolism of cell (Chen et al. 2008). Sighting
the negative effects of nanoparticles in our biological system, deep evaluation and
extensive studies to reduce or remove toxicity for our safety are utmost essential.

19.7 Conclusion

The global warming due causes by accumulation of toxic gases in our atmosphere
has posed the human health. The problems arise out of petrol and coal gases released
in the atmosphere have necessitated to search for sustainable alternate renewable
energy. Increase in demand for alternate fuels such as biofuel and bioenergy is also
due to rapid decline and ever-increasing crude oil price in the market. The use of
nanotechnology in biofuel production to escalate the productivity seems to be a
reality. Encouragingly, various types of nanomaterials such as carbon nanotubes,
nanofibers, magnetic nanoparticles and other metal oxides are found to show
positive effects in biofuel production. Magnetic nanoparticles have been extensively
tested in biofuel production due to their easy recovery system from the bioreactor.
Although the use of nanotechnology in biofuel production has been beneficial and
recommended in large-scale production, there are certain safety issues that need to be
addressed meticulously for long-term studies.
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