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Dedication — Professor Viness Pillay (1970-2020)
This book is dedicated to a leading pharmaceutical sciences researcher and academic, Professor Viness Pillay, who passed
away peacefully on the morning of 24 July 2020 after a lengthy illness. He was just four days away from his 50th birthday.

A Personal Professor of Pharmaceutics, Prof. Pillay held the Department of Science and Innovation (DSI) - National
Research Foundation (NRF) of South Africa Research Chair in “Pharmaceutical Biomaterials and Polymer-Engineered Drug
Delivery Technologies” and also served as the founding director of the Wits Advanced Drug Delivery Platform (WADDP)
Research Unit for more than two decades.

Prof. Pillay spent his career making a substantial contribution to pharmaceutical sciences research. His work transcended
in producing several inventions in the design of advanced drug delivery systems, biomaterials, nanomedicines, and de novo
tissue engineering and bio-inks for 3D printing.

He had an outstanding insight and ability to identify important therapeutic challenges and present research results that
questioned conventional wisdom. This led him to developing several inventions including the world’s fastest dissolving matrix
for the onset of rapid drug action in the human body, a neural device for therapeutic intervention in spinal cord injury and
novel wound-healing technologies. He has also pioneered numerous molecular modeling paradigms as a first-in-the-field of
pharmaceutics including his very own PEiGOR Theory - Pillay’s Electro-influenced Geometrical Organization—
Reorganization Theory published in the International Journal of Pharmaceutics.

His research was always at the forefront and led him to publish more than 300 research articles in ISI-accredited
international journals, 45 book chapters, editor of 2 books, and 21 granted patents. He was also the recipient of numerous
prestigious national and international accolades.

Capacity development and transformation played a central role in the work of Prof. Pillay, so much so that he has
developed the largest cohort of talent in the pharmaceutical sciences in South Africa. This was a fitting testament to his
servant heart that always spoke to doing what was right and what was good for people — a living motto of, “the world can
always use one more kind and compassionate person.” He had a brilliant poise of producing not only great science but
scientists too.

Throughout his career Prof. Pillay was greatly loved as an influential researcher, teacher, prodigy, friend, mentov, life coach,
supervisor, and confidant of more than 120 postgraduate students and postdoctoral fellows from nine different countries as
well as colleagues and friends from around the world. In 2019, he received the prestigious NRF Award as the Champion of
Research Capacity Development and Transformation at Public Science and Higher Education Institutions in South Africa.
He loved to love people, and this was strongly felt by his students who have gone on to successful careers making a difference
as leaders in some of the world’s best-run pharmaceutical companies, academic institutions, and research organizations.

His work brought together outstanding individuals from many different academic disciplines and is an inspiration to his
students and colleagues. In addition to using his powerful intellect, creativity, and communication skills to make research
contributions, he has used these gifts to also bring about new thinking and models of cohort mentorship and team-based
research. He created science, synthesized ideas, provided and challenged viewpoints, developed careers, redefined
pharmaceutical innovation, garnered accolades, and above all, made researchers — all with an unshakeable attitude and
indomitable humility.

A visionary, a giant of science, and a truly wonderful person, gone too soon. His colossal knowledge, inspirational
leadership, and legacy has made a positive impact on all those who knew him and will always be carried forward to ease such
a great loss and pain.
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Preface

Nanotechnology, if applied strategically and carefully, can
provide sustainable solutions to many global challenges
and lead us toward sustainable development. Sustainable
innovations derived from nanotechnology applications can
help us achieve several of the 17 sustainable development
goals (UN-SDGs), a set of forward-looking goals for the
world to adopt in order to achieve economic, social, and
environmental sustainability. The SDGs were formally
adopted by the United Nations in 2015, which garnered
universal support from all UN member states. The agenda
of actions to make the SDGs achievable by 2030 exhorts all
nations adopt appropriate policy changes to their respec-
tive national development goals and plans (Source: United
Nations Development Programme: https://www.undp.org/
content/undp/en/home/sustainable-development-goals/
background/). The major challenges the world is facing
now, such as extreme weather, droughts, wildfires, devas-
tating floods, sea-level rise, loss of biological diversity,
recurrence of global pandemics, and increasing poverty
and income/wealth inequality within and between nations,
if not addressed immediately, will lead to an uncertain
future for the present and future generations.

The world is facing challenges on all three dimensions of
sustainable development — economic, social, and environ-
mental. More than one billion people are still living in
extreme poverty, income, and wealth inequality. The covid-
led shut down of the global economy is felt most acutely in
developing nations, and hundreds of millions of people
who had escaped poverty over the past two decades are
now being pushed back into poverty. At the same time,
unsustainable consumption and production patterns over
many decades have resulted in huge economic and envi-
ronmental costs as the externalities associated with these
unsustainable practices have been left unresolved. These
externalities in the form of carbon dioxide pollution from
fossil fuels and billions of tons of plastics and other con-
sumption wastes have ended up in our oceans, landfills,
and natural landscapes, to name a few major problems.
Life on our planet is under threat from these and other
sources of environmental degradation.

Achieving sustainable development will require con-
certed global actions to deliver on the legitimate aspira-
tions for further economic and social progress, requiring
economic growth and employment while strengthening
environmental protection. Sustainable development must
be inclusive and should take special care of the needs of the
poorest and most vulnerable. Strategies need to be ambi-
tious, action oriented, collaborative, and capable of adapt-
ing to different levels of development.

That means we need to systemically change consump-
tion and production patterns, which, inter alia, will entail
significant price corrections; encourage preservation of
natural capital; reduce inequality; and strengthen eco-
nomic governance.

(Taken from World Economic and Social Survey
2013: Sustainable Development Challenges https://
sustainabledevelopment.un.org/content/documents/
2843WESS2013.pdf)

Continuation of the current development strategies will
not be sufficient to achieve sustainable development.
Moreover, relying on “business as usual” scenarios pre-
sents clear risks, because evidence is mounting against the
status quo such that:

a) The impact of climate change threatens to escalate in
the absence of adequate safeguards, and there is a need
to promote integrated and sustainable management of
natural resources and ecosystems and take mitigation
and adaptation action in keeping with the principle of
common but differentiated responsibilities;

b) Hunger and malnourishment, while decreasing in
many developing countries, remain persistent in other
countries, and food and nutrition security continues to
be an elusive goal for too many;

¢) Income inequality within and among many countries
has been rising and has reached an extremely high
level, invoking the specter of heightened tension and
social conflict;

d) Rapid urbanization, especially in developing countries,
calls for major changes in the way in which urban

XV
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development is designed and managed as well as sub-
stantial increases in public and private investments in
urban infrastructure and services;

e) Energy needs are likely to remain unmet for hundreds
of millions of households, unless significant progress
in ensuring access to modern energy services is
achieved;

f) Recurrence of financial crises needs appropriate meas-
ure of prevention, and the financial system has to be
redirected toward promoting access to long-term
financing for investments required to achieve sustaina-
ble development.

One of the solutions for addressing these challenges
is the “Need for inclusive strategies and technology
innovation.” In recent years, nanotechnology applications
in major industries and occupations have grown
significantly.

Nanotechnology has shown significant potential for
resolving global challenges for sustainable development in
many areas, such as water and sanitation, environmental
pollution, soil degradation, health care challenges, food
and agriculture, animal welfare, and deterioration of bio-
logical diversity, among others.

In this volume, we focus nanotechnology applications in
three areas:

1) Nanotechnology and eco-friendly biobased products;

2) Nanotechnology and eco-friendly manufactured
products;

3) Models and ways to understand the life cycle and risk
assessment of manufactured nanomaterials and nanoen-
gineering with special reference to global sustainability.

Given the enormous scientific and technological
advances in this area, it will be impossible to cover all

aspects of nanotechnology applications in one volume.
Nevertheless, nanotechnology, which is expanding fast,
will definitely have impact on environment and sustaina-
bility. We focus, specifically, on how the researches and
innovations in nanotechnology will affect the environ-
ment. The book consists of several chapters authored by
experts who are working in this area of research and devel-
opment. We strived to cover as many areas as possible
where nanotechnology made lasting impact, with particu-
lar focus on these impacts positively affecting global
sustainability.

We would like to extend our sincere thanks and express
our gratitude to all the authors who have contributed the
chapters to this book; without their support, we would not
have completed this book within the timeframe that we
had set out at the outset. We would also like to extend our
sincere appreciation to John Wiley & Sons, their editorial,
production, and marketing teams who spared no efforts to
make this book project a success.

We would like to thank our families who supported our
efforts in bringing out this book. Our thanks also go to our
respective home institutions that allowed us the time and
freedom to complete this task.

We believe this book will be an excellent reference vol-
ume for people who are working in the area of nanotech-
nology and sustainability.

We believe we did our best to make sure the book is free
of errors and faults; however, if you the reader find any
mistakes or factual errors, we request you to bring them to
our notice, so that we can correct and update the content in
the next edition.

With best wishes to our readers

Yashwant V. Pathak, Govindan Parayil,
and Jayvadan K. Patel



Foreword

There have been enormous developments in the area of
nanotechnology with its application to deliver antimicro-
bial properties in hand washes, bandages, and socks, and
zinc or titanium nanoparticles are the active UV-protective
elements in modern sunscreens. With several innovations
a significant interest has developed among governments,
industries, and academicians.

Sustainability is now one of the greatest challenges in nano-
technology research. In addition to natural resources, there is
a need for social and economic resources. The principle of
sustainability has three major pillars: economy, society, and
the environment, being translated to profit, people, and planet.

Nanotechnology provides a promise of positively
contributing to global sustainability challenges, by pro-
viding interesting solutions such as water purification,
energy efficiency, cheaper versions for solar energy, and
solar panel development. In addition, nanotechnology
plays an important role in health care through nano-
medicine, nanorobots, nano health care challenges,
nano-pharmacogenomics solutions to chronic diseases,
nanoscaffolds, noninvasive surgeries, and so on.

Some challenges posed by nanotechnology are develop-
ing sustainable nanotechnology, to deal with potential
ecological and health effects of nanotechnology on human

health and to design nanotechnology-based products with
minimal environment adverse impact.

This book by Dr(s) Yashwant Pathak, Govindan Parayil,
and Jayvadan Patel addresses many of these issues and pro-
vides nanotechnology-based research priorities for global
sustainability to improving sustainability and methods for
development of various biobased products using sustaina-
ble nano biocomposites. Some chapters have also glimpses
of novel approaches to design eco-friendly material based
on natural nanomaterials.

I congratulate the editors to bring out this compilation
addressing sustainable nanotechnology their strategies,
products, and applications.

I am sure that the readers will find this book very useful
for improving their understanding about sustainable nano-
technology and to plan further research in the field of
nanotechnology.

With best wishes to the editors and all the chapter
authors.

Prof. (Dr.) Ramesh K. Goyal

Vice Chancellor

Delhi Pharmaceutical Sciences and Research
University, India

xvii
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Nanotechnology-Based Research Priorities for Global Sustainability

Twishi Puri*, Yashwant Pathak®*, and Govindan Parayitl*

! Department of Biology, Worcester State University, Worcester, MA, USA

2 Taneja College of Pharmacy, University of South Florida, Tampa, FL, USA

3 Faculty of Pharmacy, Airlangga University, Surabaya, Indonesia

4 patel College of Global Sustainability, University of South Florida, Tampa, FL, USA

1.1 Introduction

Sustainable development is not a newly constructed idea.
Since the 1970s, conversations about this particular field
have been fueled by the fear that the world cannot sustain
an immense growth in human population and economic
activities without damaging the environment and our
social fabric. Concerns that at some point in the not too
distant future, we will reach a “limit to growth” prompted
policy-makers to urgently seek solutions for global sustain-
ability, a concept that is so vast that it is subject to various
interpretations. The vastness of the topic, however, still
generates three aspects that global sustainability can affect.
There is a global consensus that is agreed upon by the gen-
eral public and the business community at large that envi-
ronmental responsibility, economic efficiency, and social
equity are necessary conditions for attaining global sus-
tainability. Environmental responsibility, as the name sug-
gests, is concerned with the conservation of resources - i.e.
food, water, energy, etc. and safe methods of disposal of
waste products of all forms. Likewise, economic efficiency
focuses on resource production and meeting the demands
of the market place. It is concerned with open trade and no
inhibition in terms of the allocation of resources for pro-
duction. Social equity, on the other hand, is concerned
with the distribution of resources based on the productivity
of an individual or an organization. In other words, social
equity allows people to make decisions and ensures that
the rewards that they get are based upon their efforts [1].
So, why address sustainability? Today, concerns for main-
taining sustainability have increased, especially among the
younger generation. Concerns about the availability of
natural resources and the safe and efficient disposal of the

by-products of our production and consumption practices
have added urgency to transitioning to a sustainable future.
Consequently, finding solutions to these concerns have
focused on using innovative science and technology appli-
cations. Therefore, applying nanotechnological research to
maintain global sustainability has become a priority [2].

Nanotechnology refers to understanding and control of
the material at the nanoscale. For reference, a nanometer is
one billionth of a meter. The field was introduced almost
half a century ago and, over time, it has established itself as
an active research area [3]. It incorporates nanoscale sci-
ence, engineering, and technology - three very useful fields
with various applications. At the nanoscale, materials
show unusual biological, physical, and chemical proper-
ties. In fact, according to quantum theory, nanomaterials,
with size being within the range of 1 and 250nm, lie
between the quantum effects of atoms, molecules, and the
bulk properties of materials. This nanoscale is known as
the “no-man’s-land” where their properties are controlled
by the phenomenon that has its own critical dimensions.
The structure of nanoparticles can be manipulated to pro-
duce materials with desired properties. Using nanomateri-
als with these unusual properties gives us an opportunity
to enhance existing technology with profound features that
have technical, economic, and societal implications [4].
Advocates of nanotechnology claim that the combinations
of nanotechnology with various fields such as information
technology, biotechnology, and cognitive sciences produce
far-reaching advances. In terms of global sustainability,
nanotechnology’s influence in various areas can change
the future of our efforts for sustainability [5].

There are many fields in which incorporating nanotech-
nology can lead us to global sustainability. The three focus
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areas are the environment, the economy, and society. There
are various fields in which nanotechnological research has
already affected the growth. This chapter focuses on the
fields of medicine, food, environment, health, and indus-
try. These fields fall perfectly under the three focus areas of
global sustainability. The nanotechnology-based research
done under these fields has not only enhanced them but
also made them safe and sustainable.

1.2 Medicine

Medicine and nanotechnology, for the most part, go hand
in hand. Whether it is the field of surgery or drug delivery,
nanotechnological research has been very much involved
in revolutionizing medicine. The growing interest in medi-
cal applications of nanotechnology has resulted in the
emergence of the field popularly known as nanomedicine.
Nanomedicine refers to applying nanoscale biotechnology
to medicine. It allows us to use nanotechnology to improve
the human biological system as well as create powerful
tools for treating human diseases. In terms of sustainabil-
ity, nanomedicine’s aim is to improve the overall quality of
life by working at a molecular level to target diseases and
formulate treatments [6].

1.2.1 Nano Oncology

Cancer is the result of uncontrolled cell division and has
the tendency to spread to other regions of the body. Healthy
cells can be converted to tumor cells with the right combi-
nation, or in this case, the wrong combination of genes and
environmental factors. According to the statistics pub-
lished by the Global Cancer Observatory (GLOBOCAN), in
2018, there were 18.1 million new cancer cases and 9.6 mil-
lion cancer deaths, the leading cause being lung, bowel,
prostate, and female breast cancer [7].

Over the past several decades, nanotechnology has made
magnificent contributions to oncology, not just in terms of
diagnosis but also regarding drug delivery for treatment.
Specifically, in cancer therapy, the use of nanomaterials
has allowed the development of targeted drug delivery,
enhanced the properties of therapeutic molecules, and
developed a sustainable or stimulus-triggered drug deliv-
ery [8]. There are a lot of factors involved in the effective
management of cancer treatment, one of which is early
detection. In order to detect uncontrolled growth, patholo-
gists use cancer biomarkers. According to the US Food and
Drug Administration (FDA), biomarkers are “any measur-
able diagnostic indicator that is used to assess the risk or
presence of disease” [9]. Every cell type in the body has
unique molecular features and characteristics.

Cancer cells, or other cells in response to the presence of
abnormal growth in the body, release biomolecules that are
different from the biomolecules released from healthy
cells. These biomolecules are defined as biomarkers and can
be used to define the molecular definition of cancer [10].
Examples of biomarkers include genes; gene products;
specific cells; enzymes; hormones present in blood, urine,
tissues, and other bodily fluids; proteins or protein
fragments; and DNA- or RNA-based fragments [11, 12].

There are several existing methods of detection available
including:

a) the Papanicolaou test to detect cervical cancer and
mammography for breast cancer detection for women,

b) prostate-specific antigen (PSA) test for a blood sample
of men to detect prostate cancer,

¢) occult blood test for colon cancer detection, and

d) endoscopy, X-rays, ultrasound imaging, CT scans, and
MRI are used for various detection purposes.

However, there are many limitations to the current
methods. Furthermost, these methods are not always suc-
cessful at detecting cancer at early stages. In addition, they
are neither affordable nor available to many people who
require them. The priority should be to discover new meth-
ods of detections that are accessible when needed. For
detection, nanomaterials’ physical, optical, and electrical
properties are quite useful. Over the years, the develop-
ment of nanomaterials such as quantum dots, gold nano-
particles (GNPs), carbon nanotubes (CNTs), magnetic
nanoparticles, gold nanowires, and many others works to
lessen the limits of the standard methods of detection and
increase the precision of detection [12].

1.2.1.1 Gold Nanoparticles

In comparison with other nanomaterials, the nanostruc-
ture of metallic nanoparticles is most flexible due to the
synthetic control of their shape, size, structure, composi-
tion, assembly, and encapsulation, along with the tenabil-
ity of their optical properties. Within these metals, GNPs
are extremely useful in biomedical applications because
their preparation time is shorter and the process is simpler
than the others. Gold nanospheres can be prepared by
reducing auric acid with different concentrations of sodium
citrate for size variation. In addition, the citrate capping on
the gold particles can be replaced with biomolecules such
as DNA, peptides, and antibodies; they form covalent and
noncovalent bonds with GNPs [13].

There are many applications of GNPs in cancer imaging
and cancer therapy. The combination of GNPs and dynamic
light scattering, a technique usually used for nanoparticle
size analysis, enabled the analysis and detection of chemi-
cal and biological target analytes such as proteins, DNA,



viruses, carbohydrates, and chemical and environmental
toxins [14, 15].

With regard to treatment, photothermal therapy (PTT)
using GNPs can initiate a hyperthermic physiological
response in the tumor [16, 17]. The GNPs are able to con-
vert light into heat, which can “melt” the targeted tumor.
Gold, in particular, is useful in PTT because of its specific-
ity. They can be administered to a local tumor area, which
decreases the chances of its distribution to healthy cells, a
problem with the conventional cancer treatment meth-
ods [18]. They can also be used to prevent migration of
tumors to other areas of the body. In 2017, a study showed
that GNPs targeting the nuclear membrane of cancer cells
can increase nuclear stiffness and prevent cell migration
and invasion. The nanoparticles trapped at the nuclear
membranes can lead to overexpression of lamin A/C pro-
tein that leads to cell stiffness [19].

1.2.1.2 Quantum Dots

Histological assessment of solid tumors includes imaging
and biopsy, and in most cases, surgery is performed to
remove the primary tumor and evaluate the surrounding
lymph nodes. Visible, fluorescent, and radiolabeled small
molecules have been used as contrast agents to improve
detection during real-time intraoperative imaging, but
unfortunately, the current dyes lack the tissue specificity,
stability, and signal penetration needed for optimal perfor-
mance. Graphene quantum dots are used in cancer-
targeted drug delivery. It was recorded that the mean
survival time of tumor-bearing mice can be extended by 2.5
times when treated with Qdots [20]. Semiconductor quan-
tum dots having superior optical properties are well-
established fluorescent imaging probes.

Compared to conventional small molecule dyes, their
size, high stability, non-photobleaching, and water solubil-
ity made them a unique fluorophore. At the same time,
there have been major concerns regarding their potential
nanotoxicity because high-quality Qdots often contain
heavy metal elements [21, 22]. Newly emerged theranostic
drug delivery system using quantum dots helped in a better
understanding of the drug delivery mechanism inside the
cells. Nanoscale quantum dots, with unique optical proper-
ties, have been used for the development of theranostics.
Surface-modified quantum dots and their applications
became widespread in bioimaging, immune histochemis-
try, tracking intracellular drug, and intracellular molecules
target [23]. Chemotherapy or PTT is always inefficient due
to their inherent limitations, but their combination for the
treatment of cancers has attracted great interest during the
past few years. A promising theranostic agent, black phos-
phorus quantum dots (BPQDs), due to its excellent photo-
thermal property, extinction -coefficient, and good
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biocompatibility and biodegradability, hold great potential
for cancer treatment. However, the rapid degradation of BP
with oxygen and moisture causes the innate instability that
is the Achilles’ heel of BP, hindering its further applica-
tions in cancer theranostics. The BPQDs-based drug deliv-
ery system exhibited pH- and photo-responsive release
properties, which could reduce the potential damage to
normal cells. The in vitro cell viability study showed a syn-
ergistic effect in suppressing cancer cell proliferation
[24, 25]. Studies show that nanoplatform of BPQDs camou-
flaged with a platelet membrane (PLTm) carrying hedera-
genin (HED) significantly enhances tumor targeting and
promotes mitochondria-mediated cell apoptosis and
autophagy in tumor cells [26].

1.2.1.3 Carbon Nanotubes

CNTs are one of the unique one-dimensional nanomateri-
als discovered by Sumiolijima in 1991. CNTs can be func-
tionalized via different methods to perform their specific
functions and received more and more attention in bio-
medical fields. It is because of their unique structures and
properties, including high aspect ratios, large surface areas,
rich surface chemical functionalities, and size stability on
the nanoscale range [27, 28]. Being attractive carriers and
mediators for cancer therapy, they have also been applied
as mediators for PTT and photodynamic therapy to directly
destroy cancer cells without severely damaging nor-
mal tissue.

CNTs are becoming one of the strongest tools that are
available for various other biomedical fields as well as for
cancer therapy [29]. CNTs are used as nanocarrier trans-
porters to transport anticancer drugs, genes, and proteins
for chemotherapy that makes them effective in delivering
biomolecules and drugs [30, 31]. They have the ability to
enter cells, and this behavior is independent of cell type
and functional group at their surface.

Research shows a variety of chemically functionalized
CNTs have the ability of biocompatibility with the biologi-
cal environment. The behavior of the material can be regu-
lated making them a useful tool for all kinds of diagnosis
and therapeutic as well as drug delivery applications [32,
33]. Besides CNTs, MnO, nanotubes, platinum nanoparti-
cles, paclitaxel-loaded riboflavin, and thiamine-conjugated
multiwalled CNTs showed promising potential in the treat-
ment of cancer [34-37].

1.2.2 Drug Delivery

The current drug delivery system for cancer treatments
may have shown positive results, but they definitely have
negative consequences as well. These drugs are toxic, have
poor tissue selectivity, and continuously using them may
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increase resistance against them [38]. The toxicity of a drug
is always a concern because most drugs are not tissue spe-
cific, i.e. they have the same effect on normal and abnor-
mal cells. The use of nanotechnology makes it possible to
have a specifically targeted drug delivery system. From size
manipulation to creating various delivery vehicles, nano-
technology can help specifically to target and assemble in
tumor cells [39].

1.2.2.1 Metal-Based Drug Delivery

There are several metal-based nanodrugs that have shown
great success in treatments; however, they are known to
produce large quantities of toxic and other harmful sub-
stances [40]. A way to lower the negative consequences of
nanometal drugs is to modify their properties. For exam-
ple, the study of biodegradable iron stents and cobalt-
chromium stents in porcine coronary arteries of juvenile
pigs showed to have the potential to reduce chronic inflam-
mation and premature recoil. Another study shows that
modifying biocompatible and monodispersed iron oxide
superparamagnetic nanoparticles with the combination of
folic acid (FA) and polyethylene glycol (PEG) increased the
affinity of nanoparticle uptake by targeted cells [41].

For antitumor therapy, two-dimensional molybdenum
disulfide (MoS,) nanosheets have proved to be a good
photothermal agent. An extensive study has shown that
soybean phospholipid encapsulated MoS, nanosheets have
shown good photothermal conversion performance and
photothermal stability. In addition, soybean phospholipids
can be found in nature, so the cost of obtaining it from natu-
ral resources is always lower than synthetically developing
it. The reason MoS, nanosheets do not necessarily carry a
drug to cancerous cells; however, as a photothermal agent,
they can absorb near-infrared reflectance (NIR) light and
convert it into heat, which then can be transported to tumor
cells. This process will bring the temperature to the critical
temperature of 42°C and result in efficient cell death. This
was tested on mice with breast tumor growth by intrave-
nously and intratumorally injecting soybean phospholipid
molybdenum disulfide (SP-MoS,) nanosheets. Both meth-
ods showed suppression of growth of the tumor [42].

Metallic nanodrugs can also be used as antiseptics or for
antimicrobial purposes. For example, hydrophilic metallic
silver nanoparticle (AgNP) nanocomposites composed of a
polymer matrix of N-vinylpyrrolidone (poly [VT-co-VP])
have various uses in medicine especially as an ingredient in
burn medicine. The study shows these metallic nanocom-
posites exhibiting antimicrobial activities toward Gram-
negative and Gram-positive bacteria. Additionally, silver
has shown to have more antimicrobial effect on Gram-
negative bacteria due to better linkage between the silver
nanocomposites and the hydrophilic channels present in

the outer membrane of Gram-negative bacteria. In addi-
tion to antimicrobial properties, silver nanocomposites
have shown to not precipitate or shrink when stored in an
aqueous environment for four months. This is due to the
stability of functional groups in the nanocomposites. It is
proposed that these silver nanocomposites can be used for
the treatment of various infectious diseases and can be
quite useful after surgeries in which the major problems
can be caused by exposure to bacteria [43].

1.2.2.2 Biotechnology-Based Drug Delivery

There are various developments in drug delivery systems
based on combinations of biomacromolecules and nano-
particles. Since drug delivery is popular in cancer treat-
ment, most of the developments have occurred in oncology.
For the treatment of malignant melanoma, folate-decorated
cationic liposomes have been developed as nonviral vectors
of hypoxia-inducible factor 1-a siRNA (HIF-la siRNA).
Hypoxia-inducible factor 1-a is a transcription factor that
responds to hypoxic stress and could be a potential target in
malignant melanoma therapy. When HIF-1a is upregu-
lated, transcription is activated that results in angiogenesis.
Small interfering RNA (siRNA) are pieces of double-
stranded RNA that can interfere with the translation of
proteins and inhibit angiogenesis when used against
HIF-1a. The double-stranded RNA alone did not achieve
the antiangiogenesis activity, thus HIF-1a siRNA vector is
an excellent vehicle that can load siRNA and protect it
from degradation [44]. Another method of delivering anti-
cancer drugs, such as quercetin, is a lecithin-based mixed
polymeric micelle. Although quercetin (Que) is a well-
known and successful anticancer drug, its low solubility
and low oral bioavailability (BA) hinders its use in clinical
settings. A micelle as a delivery system is quite useful in
this case because its hydrophobic core and hydrophilic
shell provide a safe passage for low soluble drugs. To
increase the solubility of drugs, the more hydrophobic
material is added to the micelle, which increases the space
in the hydrophobic core and provides more space for drugs
to be solubilized. Lecithin is a hydrophobic mixture of
organic phospholipids that help in the absorption of drugs.
In this case, lecithin helps increase the BA of Que. These
micelles not only are able to increase drug solubility and
BA but also, due to their nanosize, are able to enter and
gather in tumor sites [45].

Even though most of the drug delivery methods are
focused on cancer treatments, some specialize in other
problematic areas of the human body. Skin is the largest
organ of the body and the stratum corneum is the main
barrier that drugs need to penetrate to get into the deeper
layer of the skin. In the case of antifungals, drugs should be
able to get through this layer but are not always able to do



so. The development of nanosized colloidal carriers can be
used as vehicles for drug delivery. Studies done on naftifine-
loaded microemulsion colloidal carriers showed that the
carriers were an effective way of delivering naftifine, an
antifungal drug, to deeper layers of the skin. Additionally,
the method of delivery was shown to have low levels of
cytotoxicity [46].

1.2.3 Biosensors

Biosensors are tools used to detect and analyze biological
elements. Conventional biosensors have their advantages,
but they also exhibit several limitations. Nanotechnology,
however, eliminates the limitations of conventional meth-
ods. In fact, as the material dimensions are minimized, the
applicability of biosensors is improved [47]. There are sev-
eral nanoparticle-based biosensors that can help detect
pathogenic viruses. For example, the development of quan-
tum dots-based imaging and capturing systems for selective
capturing and detection of the HIV in whole blood. It is a
dual-stain imaging system for the detection of HIV1 gp120
envelope glycoprotein. It is also capable of obtaining count-
able imaging. This system can work with 10pl of a blood
sample, is portable, and is highly cost-effective compared to
other methods [48]. For the detection of multiple viruses,
the fluorescence characteristic of AgNPs is quite useful for
optical biosensors. Using silver nanoclusters, biosensors
have been prepared for the detection of specific DNA
sequences of HIV, hepatitis B virus (HBV) and human
T-lymphotropic virus type I (HTLV-I) gene. Before binding
to the DNA sequence, these nanoclusters exhibited high
fluorescence activity. After attaching to the sequence, how-
ever, the fluorescence intensity decreased, allowing the
target sequences to be detected [49]. Additionally, magnetic
nanoparticles have also been utilized for virus detection.
Amino functional carbon-coated magnetic nanoparticles,
for example, have been used to distinguish hybridization of
HBV nucleic acids [50, 51].

MicroRNAs (miRNAs) are small noncoding RNAs that
regulate gene expression by inhibiting translation and play
a role in RNA degradation [52-54]. Currently, miRNA
detection has several limitations such as sensitivity and
selectivity [55]. Additionally, the current methods of
miRNA detection, including northern blotting, microarray
analysis, and RT-PCR, are high in cost, complicated to han-
dle, and do not produce stable results [56]. Tumor-derived
miRNA-141 deregulation in human plasma is an important
biomarker for blood-based detection of various cancers,
such as prostate [57], colons [58], and ovarian [59]. An
electrochemical immunosensor composed of modified
gold electrodes, reduced graphene oxide, and CNTs has
been developed for the detection of the miR-141 gene. With
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this method, the detection limit was down to 10fM [60].
Similar to miRNA-141, miRNA-155 is another biomarker
for diagnosis of diffuse large B-cell lymphoma [61]. Oligo-
hybridization-based electrochemical biosensors can be
used for its detection. These biosensors utilized GNPs on
sheets of graphene oxide situated on glassy carbon elec-
trodes. This particular biosensor exhibited higher selectiv-
ity as it was able to distinguish between complementary
target miRNAs, three-base mismatch, and noncomple-
mentary miRNAs.

It also was capable of directly detecting miR-155 in
plasma without any need for sample preparation, extrac-
tion, and amplification [62]. Another example of a useful
biomarker is miRNA-21, the most frequently upregulated
miRNA in breast cancer and can also be used for early diag-
nosis and drug development for cardiovascular dis-
ease [63]. An electrochemical biosensor based on a metal
ion functionalized titanium phosphate nanospheres is a
sensitive and selective tool for detecting miR-21. The addi-
tion of cadmium ion to titanium phosphate nanosphere
exhibited improvement of the electrochemical signals by
five times [64, 65].

1.3 Food and Agriculture

Advocates of global sustainability recognize and empha-
size the importance of sustainable development of agricul-
ture and food [66]. Currently, agriculture is one of the
largest causes of global environmental change. The process
of food production alone contributes to 30% of the global
greenhouse gas emissions [67], occupies 40% of the
land [68], uses 80% of the freshwater [69], and is one of the
largest factors contributing to species extinction [70]. There
are several aspects of the food sector that can be enhanced
to prevent and minimize the negative consequences of the
current system. Using nanotechnology in food and agricul-
ture can not only increase the safety of the product and
protect the environment but can also be used to improve
the mechanisms of food distribution.

1.3.1 Fertilizers

Chemical-based conventional fertilizers may have worked
previously but have been deemed unsustainable since the
beginning of the green revolution [71]. Current fertilizers
cause a loss of nutrients. Nitrogen is an essential mineral
required for the growth of crops. It is lost through processes
of nitrate leaching, denitrification, and ammonia volatiliza-
tion. This loss of nitrogen not only affects plant growth but
also contributes to pollution, global warming, and causes a
huge economic loss [72]. This and other problematic results
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of conventional fertilizers can be prevented by using
nanofertilizers. Nanofertilizers can enhance nutrient use
efficiency by causing a higher uptake of nutrients. This is
accomplished by the smaller surface area of nanomaterials,
which is known to increase the nutrient surface interaction.
Nanomaterials can also be used to enhance the results of
conventional fertilizers. Slow-release chemical-based ferti-
lizers, for example, can be coated with nanoparticles and
significantly reduce the results of nitrate leaching and deni-
trification [73]. Compared to conventional fertilizers,
nanofertilizers have many advantages. Where conventional
fertilizers work rapidly, nanofertilizers feed the crops grad-
ually in a controlled manner. They are highly effective in
nutrient absorption by plants and result in a lower loss of
essential nutrients. This is due to their nanosized pores and
their ability to utilize various ion channels within the
plants. In addition, polymer-coated fertilizers are able to
avoid contact with the soil and water due to the coating
encapsulating the nanoparticles. This ensures that the
nutrients and minerals are available for the plant to uptake
when it is ready to do so. This also minimizes the unneces-
sary loss of nutrients [74].

1.3.2 Application in Food Science

Due to public apprehension and the regulatory agencies
not reaching upon agreement, the application of nanotech-
nology in food preparation does not have any worldwide
applicable rules and, hence, is still in the developmental
phase [75-77]. There are various aspects needed to be
explored in the relationship between nanotechnology and
food preparation. Application, for one, is certainly a matter
of discussion [78]. Nanotechnology can have various pos-
sible applications in food science. For example, nanomate-
rials can be used in food products to increase its freshness
and improve its taste. This can be done through methods of
nanoencapsulation. SiO, nanomaterials, for example, can
act as carriers for flavors in food [79]. In addition, the func-
tionality of these applications should also be the focus
development of this field. What are the reasons for using
nanomaterials? Protection against biological deterioration,
chemicals, and enhancement of physical properties can be
few of the reasons. Furthermore, the safety of using nano-
materials over conventional materials and methods should
be assessed, for example, what are the results of these
applications in in vivo and in vitro experiments, or do
nano-enhanced food contribute to food allergies? [78]
Healthy and sustainable food is certainly a goal for
the future, especially to achieve global sustainability.
Sustainability of food is a bit tricky because food has a shelf
life and for most items, it is not very long. A reason for that
is biological pathogens. Silver nanoparticles and

nanocomposites have been identified as antimicrobials by
the US FDA. The Ag" ions in AgNPs are responsible for
binding to cause morphological changes and generation of
reactive oxygen species by binding to membrane proteins
of bacteria. This causes damage to cells and death due to
oxidative stress [80, 81]. Even though some nanomaterials
are used to cause oxidative stress, there is some that act as
antioxidant carriers. A developed example of this is SiO,-
gallic acid nanoparticles that contain a high capacity of
2,2-diphenyl-1-picrylhydrazyl radicals, a compound used
to measure antioxidant activity [82]. Nano-delivery materi-
als can also be used to increase the BA of bioactive com-
pounds in food products. Depending on the type of
bioactive compound, there are many nano-carries availa-
ble. For instance, coenzyme Q10 is a lipophilic compound
and is not very soluble in water, which is the cause of its
low BA. A lipid-free nano-CoQ10 system is modified with
various surfactants, which improve the solubility and BA
of coenzyme Q10 in oral administration [83].

1.3.3 Food Packaging

Similar to its contribution to food science, nanotechnolo-
gy’s contribution to food packaging focuses on increasing
the shelf life of food and improving its safety. Currently,
polymer-based materials, synthetic and organic, are widely
used in biomedical sciences and agriculture. However, poly-
mers alone cannot achieve the required performance of an
innovative packaging; hence, nanomaterials such as CNTs,
nano clay, and biocomposites have been used to manipulate
the polymers and improve their performance [83]. In food
packaging, the combination of polymers and nanomaterials
has developed intelligent and active packaging systems.
The basis of each packaging system is the mimicking of bio-
logical processes, which preserves the integrity of the pack-
age and foods in food chain systems [84].

1.3.3.1 Intelligent Packaging

An intelligent packaging system focuses on monitoring the
conditions and quality of food products during the distribu-
tion and storage stage of the supply chain and intends on
delivering this information to the consumer of the product.
Intelligent packaging systems can be distributed in four
categories: data carriers, quality indicators, sensors, and
others such as organic light-emitting diodes (OLEDs) and
holograms [84]. Nano-based communication devices such
as Radio Frequency Identification (RFID) tags and a barcode
with wireless sensors could be used to provide product
authenticity, anti-theft, anti-counterfeiting [85], and product
traceability [86]. For instance, a wireless RFID sensor tag con-
sisting of two planar inductor-capacitor resonators to monitor
relative humidity has shown a sensitivity range of 20-70%.



This system could be integrated into the RFID sensors of
conventional packaging machines [87]. ZnO nanoparticle
and polyvinylpyrrolidone (PVP)-based luminescent films
also showed the capability of sensing the status of food
substrates by the intensity of their luminescence [88]. In
addition, the use of quantum dots and graphene to develop
a chip-based sensor to detect oil samples exhibits the capa-
bility to differentiate between various oil samples in a labo-
ratory setting. Compared to the conventional methods of
high-performance liquid chromatography (HPLC), this
system was able to discriminate between eight different
unknown oil samples with an accuracy of 92.5% [89].

1.3.3.2 Active Packaging

In active packaging systems, food products, packaging
materials, and the environment are interacting together to
extend the shelf life, quality, and safety of the products [85].
Active packaging systems can be categorized as scavengers,
blockers, releasers, and regulators [84]. The focus here is to
protect the food products from harmful microbes [90],
excess moisture [91], and excess oxygen [92]. Active antimi-
crobial packaging systems are combinations of antimicro-
bial agents and nanomaterials. For example, antimicrobial
nanofibrous films of polyvinyl alcohol-b-cyclodextrin with
cinnamon essential oil performed well in suppressing the
growth of Staphylococcus aureus and Escherichia coli [93].
Substitution of cinnamon essential oil with lemongrass and
oregano essential oils exhibited suppression of Salmonella
enteritidis in ground beef placed in a sterile plastic bag for
six days [94]. For reduction of the rate of oxygen trans-
mission, ascorbic and iron powders or copper chloride can
be used as catalysts for oxygen scavenging thermoplastic
starch films. This method reduces the oxygen transmission
rate from 20.9% to 1% in 15 days at 80% relative humidity
(RH) [93]. Additionally, for the modification of atmosphere
packaging, oxygen scavenging polyethylene terephthalate
(PET) films, PET-aluminum oxide coatings, polylactic acid
films, and oriented polypropylene (o-PP) films were depos-
ited with palladium layers through vacuum deposition on
the silicon oxide layer. This method was also able to signifi-
cantly reduce the oxygen transmission rate [91]. Similarly,
low-density polyethylene (LDPE) films combine with acti-
vated carbon and sodium erythorbate exhibited the oxygen
concentration absorbance rate of 80% [92].

1.4 Human Health
and the Environment

Presently, environmental sustainability is recognized as
one of the biggest issues fueled by and affecting human-
kind. Directly related to the continuous increase in

1.4 Human Health and the Environment

population, the constant deteriorating environmental
health is holding us back from achieving global sustaina-
bility. Moreover, almost every aspect of sustainability dis-
cussed in this chapter either is dependent upon the
environment or contributes to its condition [95]. Although
there are many aspects of the environment that can be
improved to prevent any more damage, the three discussed
here are air, water, and energy. The influence of nanotech-
nology can enhance these three facets of the environment
in a safe manner and minimize the effects of any future
anthropogenic activities.

1.4.1 Water Purification

Clean water is an essential part of global sustainability. The
constantly increasing the global human population
increases the demand for clean water; however, population
increase is also a factor in the growth of industries, a huge
factor in the decrease in water quality. Making clean and
affordable water accessible to people is still a challenge
today [96]. There are various conventional methods used
today for water treatment and purification. Nanomaterial-
based water purification methods, however, not only
improve the quality of water but also extend purification
treatments to remote areas without electricity [97]. Many
nanomaterials used in nano oncology and for drug delivery
are also utilized in water treatments. For example, CNTs, in
this case acting as nano adsorbents, are better alternatives
of activated carbon because they are able to absorb organic
chemicals more efficiently than activated carbon [98].
Nanomembranes are another method of removing
microparticles from water. These membranes are com-
posed of nanofibers and, when combined with metal oxide
nanoparticles, can intensify membrane surface hydrophi-
licity, water permeability, and fouling resistance [96].
Nanocatalysts, such as zero-valent metal, semiconductor
materials, and bimetallic nanoparticles, are used in purifi-
cation treatment to amplify reactivity and degradation of
contaminants such as pesticides and herbicides [99].
Studies show that silver nanocatalysts, N-doped TiO,, and
ZrO, nanoparticles are successful in the degradation of
contaminants in water [100]. Similar to nanocatalysts,
nanostructured catalytic membranes also have higher rates
of decomposition and selectivity. These membranes require
less contact time, can be scaled for commercial purposes,
are composed of homogeneous catalytic sites, and allow
multiple reactions to take place simultaneously [101].

1.4.2 Air Purification

Air is a unique essential resource needed by living beings.
Unlike water, living without air is quite impossible for
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aerobic species. With water, part of the problem is that it is
inaccessible to some remote areas of the world. With air
the situation is different because there is an abundance of
breathable air, the only problem is the quality of it. As the
global population increases and continues to spread, the
result is the settlement of factories and other industrial
buildings and an increase in automobile use, which con-
tributes to the poor quality of breathable air.

Some examples of nanotechnology used in air purifica-
tion methods are CNTs, GNPs, and nanocatalysts. CNTs
have a small pore structure and large surface area of func-
tional groups, which can be manipulated through opti-
mum chemical or thermal treatment. These characteristics
allow CNTs to be highly efficient in trapping perilous sub-
stances from the air [102]. Unlike CNTs, GNPs have shown
to exhibit converting characteristics. For example, when
combined with titanium dioxide, GNPs are able to convert
sulfur dioxide present in polluted air into sulfur [103].
Nanocatalysts also exhibit converting characteristics. The
surface area of these catalysts is large enough for chemical
reactions to take place. These reactions are able to convert
the harmful gases produced by automobiles and factories
into safe gases.

1.4.3 Energy

Water and air are essential to the survival of most living
beings, but for humans, energy has become as important.
As much as we promote the use of alternative sources for
energy, most of it is still produced from fossil fuels. This
has a huge impact on the environment and is actually a
barrier to achieving sustainability. Fossil fuels may have
been an excellent source for many of our needs, but it cer-
tainly has proved to not be a reliable source. First, fossil
fuels are considered to be nonrenewable resources, i.e. at
one point we would have to deal with their depletion and
find reliable alternative resources for our needs.
Additionally, this resource is not readily available to every-
one because of its uneven distribution - a huge concern for
those who are not able to access it [104, 105]. There are
many alternative sources of energy available, most popular
being solar energy, but they have not been used at a large
scale due to issues with converting nonrenewable sources
to renewable energy and minimizing energy loss [106]. The
use of nanotechnology in the energy sector is able to pro-
vide clean energy in a cost-effective way by developing both
conventional and renewable energy sources.

1.4.3.1 Energy Conversion

Even though there are many forms of energy available to
us, we cannot directly use them. In everyday life, the most
useful forms of energy for us are electrical and heat energy,

but they can only be generated through conversion from
other forms of energy. In reality, all forms of energy, includ-
ing nuclear energy, come from the sun, hence solar energy
is the common source. This energy can be converted to
chemical, heat, wind/hydro, and mechanical energy, all of
which can be ultimately converted to electrical energy, the
most common form of energy used [107]. Every day, the
sun releases a huge amount of energy, making solar energy
abundant and cost-free. This energy is released in the form
of heat and radiation. Using photovoltaic cells, sunlight
can be converted into solar energy that can then be con-
verted into other forms of energies [108]. Conventional
solar cells have two drawbacks; they are expensive to pro-
duce and their efficiency is rarely above 20%. This is mainly
due to the energy of the photons in the cell being larger
than the bandgap energy, the right amount of energy
needed for the solar cell to work. To correct this, solar cells
are enhanced with quantum dots. Due to their variation in
size, quantum dots are able to produce various bandgaps
that allow the photons that previously had larger energy to
pass through. In addition, solar cells made of nanomateri-
als, such as nanocrystalline silicon, are capable of increas-
ing the efficiency of solar cells by 40-50% [109].

1.4.3.2 Energy Production
Some of the already discussed nanomaterials can be used
to make already established energy production mecha-
nisms more effective. To make solar cells more cost-
efficient and effective, organic materials such as CNTs have
been used. Organic materials have quite a few advantages
over inorganic materials in the case of solar cells. Organic
semiconductors exhibit a high absorbance coefficient,
which allows the photons to be absorbed within a thin
layer of the solar cells. This marginally decreases the cost
of solar cell production. Additionally, organic materials
have shown to be more efficient with increasing tempera-
ture, whereas inorganic materials have exhibited a loss of
efficiency when the temperature increases. Even though
the use of CNTs in polymer-based solar cells have very lim-
ited efficiency, for commercial use, it is more desirable due
to its low cost and various applications [110].
Nanotechnology is utilized in unconventional methods of
energy production in many ways. In the case of windmills,
nanotechnology can be used to enhance the operation and
efficiency of it. The use of CNTs in making rotor blades
results in higher fatigue resistance, shear strength, and frac-
ture toughness [111]. Nanocomposites can also be used to
coat the blade to prevent it from damage from the weather
and other environmental factors. For example, super-
hydrophobic nanocomposites containing titanium power
have been shown to reduce water adhesion strength, which
means in extremely cold temperatures the water will not



stick to the rotor blades and possibly damage them [112].
Nanocoatings and nanocomposites can also be used for cor-
rosion protection in hydropower systems and for drilling
equipment of geothermal, oil, and gas systems [113].

1.4.3.3 Energy Storage

Sustainability of energy includes more than just safe pro-
duction and conversion; being able to store it for later use is
quite important. Nanotechnology’s influence in energy
storage can make it a safe and cost-effective process in
addition to sustainability. The simplest form of energy stor-
age and one that most people are familiar with are batter-
ies [114]. Most of the electronic devices that are used today
are portable, which has increased the demand for an energy
storage unit that is high density yet lightweight. This can
be done by using nanocrystalline separator plates in batter-
ies, which not only allow more storage of energy than con-
ventional methods but also make the battery lightweight
due to their foam-like structure [115].

A safer alternative to fossil fuel-generated energy is using
hydrogen as an energy carrier. Hydrogen has shown the
potential to hold a tremendous amount of energy and can be
converted into other energy forms without releasing any
harmful emissions. Various nanomaterials, especially car-
bon based, are good candidates for hydrogen storage due to
their high absorbency, high specific area, pores, and low-
mass density [116]. Combination of single-walled CNTs and
BH; may work as a reversible hydrogen storage system and
allow storage and release of hydrogen. This makes it optimal
for hydrogen-based fuel cells that could be used in vehicles.

1.5 Industry

Most applications of nanotechnology highlighted in this
chapter are somewhat directly related to the health and
sustainability of the human body. Industries can contrib-
ute to the deteriorating condition of the environment by
emitting harmful gasses. It can also have a negative influ-
ence on the health of living beings through the emission of
harmful gases and particles. Nanotechnology, however, is
not limited to just those applications. The use of nanoma-
terials in various industries can produce safe materials and
minimize their negative consequences. It can also increase
the cost-efficiency of the materials and make the industry
economically sufficient.

1.5.1 Automotive

The data on the ownership of automobiles continues to
climb as the influence of industrialization continues to
spread. Along with the increase in the automotive industry

1.5 Industry

comes an increase in fuel consumption, greenhouse gases,
and resource usage. This in return increases the demand and
cost of fuel and resources. Even though car manufacturers
do put in the effort to minimize the negative consequences
of automobiles and increase its efficiency, measures to
achieve sustainability are rarely implemented [117]. With
the introduction of nanotechnology, new opportunities to
make the industry safe and sustainable have arisen. The
combination of car engineering and nanotechnology has
influenced change in each part of the car. For instance, the
improvisation of nanomaterials such as carbon black and
silica in car tires results in lower rolling resistance, abra-
sion resistance, friction, and extended tire life and safety;
decrease in weight; and overall a superior performance. In
addition, brominated isobutylene-co-para-methyl styrene
elastomer-based nanoclay has proved to increase the air
retention of tires by 50% in comparison with halobutyl rub-
bers. CNTs have also been used to enhance the tensile
strength and tear strength of the tires [118]. In terms of
thermal performance, nanofluids have the potential to
improve the cooling rates of the engine by increasing effi-
ciency, decreasing the weight, and making the thermal
management systems more simple. They can also be added
to fuel additives, coolants, engine oils and greases, and
brake fluids [119-121].

1.5.2 Construction

The construction industry is a significant contributor to the
world’s economy. According to the Global Construction
Perspectives and Oxford Economics, China, United States,
and India will experience an 85% growth in construction by
2030 [122]. Itis important to consider enhancing the mate-
rials and functional properties of the construction [123].
Concrete, a predominantly used material in construction,
is composed of several ingredients that have their own dis-
advantages. Nanomaterials can be used to alter and
improve the properties of concrete. For example, adding
nanosilica to concrete can improve its resistance to segre-
gation, increases its strength of hardening, prevents cal-
cium leaching, and decreases the ability to absorb water. In
addition, using fiber sheets containing nanosilica particles
and hardeners can increase the strength and durability of
existing structures [124]. Some of the already mentioned
nanomaterials, such as CNTs, can also be used to improve
the mechanical properties of concrete [125]. During con-
crete production, the soil is endangered due to the carbon
emission caused by the process. To prevent this, nano-
aggregate, such as C-S-H gel, can be added to concrete.
This gel is able to breathe carbon dioxide into carbon and
oxygen and decrease the amount of carbon emission [126].
Steel is another vital component of the construction

9



10

1 Nanotechnology-Based Research Priorities for Global Sustainability

industry due to its properties such as strength, corrosion
resistance, welding ability, and low cost. The American
Iron Steel Institute and the US Navy have developed steel
with higher strength than usual by adding nanomaterials
such as carbon nanoparticles and CNTs. This also makes
the steel more cost-effective [127].

1.6 Further Training

Although nanotechnology has various applications in the
path to global sustainability, it has its risks and limitations
that would need to be sorted out before any further devel-
opment. The enhancement of agricultural methods with
the help of nanomaterials has been discussed earlier, but
its contribution to the food sector also generates some
major risk factors. For one, the toxicology assessments for
nanomaterials may not be sufficient enough. The current
data from traditional assessments rely on mortality and
sublethal endpoints. These tests are also time consuming,
costly, and do not relay the data regarding delayed toxicity.
The data from one of these assessments may generate a
result of low toxicity, but how is that affecting the human
body and the environment, in the long run, is not predict-
able from current methods of testing. Some have suggested
using genomic and proteomic techniques for a faster and
cost-effective assessment of long-term toxicity. However,
these techniques do require the state-of-the-art instrumen-
tation [128]. When it comes to nanomaterials, the simple
concentration and exposure time are not the only factors
that determine its toxicity [129]. The unique properties of
nanoparticles, such as size, morphology, and chemistry,
could affect their toxicity. In addition, the functional groups
and other contaminants present on the surface of these
materials can also induce significantly greater toxicity
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2.1 Introduction

Advances in nanotechnology are generating novel nano-
materials (NMs) with extraordinary characteristics that
can enrich and enhance the applicability of NMs in various
sectors. As new uses are being explored on a daily basis in
various diversified areas such as medicine, agriculture,
automotive, and energy, it poses numerous challenges to
environmental sustainability [1]. Application of NMs are
improving energy conservation and increasing efficiency,
productivity and profits of industrial and health sectors
with lower environmental impact [2]. Using NMs in cur-
rent technology can improve economic and environmental
aspects with various applications. Simultaneously, it is
accepted that the use of NMs increases the various chal-
lenges in human safety and regulations in various
countries [3].

In 2011, a group of researchers, students, and govern-
ment staff from a multidisciplinary area came together to
check the effect of science and engineering on developing
a new path with sustainable future. This panel of scientists
had done research on nanotechnology and correlated it to
various aspects of sustainability such as society, environ-
ment, and economy [4]. The Sustainable Nanotechnology
Organization (SNO) has come into existence with the aim
to support the advances in sustainable nanotechnology. It
also promotes the progression of scientific work in the field
of nanotechnology for safety, environment, and health.
However, every developing technology is required to be
balanced between the benefits for human and its undesired
effects on environment and life [5].

As advances in nanotechnology continue, the research is
progressing on many issues regarding sustainability for
next decades. Recent advances in nanotechnology report

worldwide challenges in various applications such as puri-
fication of water, management of greenhouse effect, and
manufacturing using green chemistry [6]. Because of the
significant physicochemical properties of NMs, it gives us
more effective solution for sustainable technologies. In
comparison with bulk materials, NMs have effective larger
surface area. The synthesis of NMs with incorporation of
functional group can increase their affinity toward a given
compound with improved efficiency. NMs can also give us
an opportunity to enhance them with improved optical,
magnetic, and catalytic properties [7]. For instance, in the
case of semiconductor quantum dots, the variation in fluo-
rescence emission capacity depends strongly on the differ-
ence in particle size. Nanoscale materials have different
physicochemical and biological properties, which meet
many growing needs of society. By exploring the novel
development of NMs with new properties, it can be possi-
ble to enhance the performance of materials significantly,
in terms of achievement of more product performance
using less material [8, 9]. Development of NMs using
required approach having ecofriendly characteristics is
need of todays industries like textiles, paints and biomedi-
cal [10]. The available methods used for preparation of
nanostructured materials are ultrasonication, reverse-phase
micelle, microwave assisted techniques, and deposition of
vapour by chemical and physical means [11]. Nano metal
oxides such as Al,O3, TiO,, and SiO, have been efficiently
obtained from the nature and is one of the best examples of
such techniques [12]. Today, the available solar cells having
effectiveness of 10-25% are made up of silicon [13]. The
cost of a solar cell can be reduced by improving its effi-
ciency, which makes it more economically competitive [14].
By using nanostructured surface for reflectivity in solar
cell devices, the antireflection ability may be enhanced
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effectively using NMs having diameter less than the wave-
length of incident light. To increase the usage of solar light,
antireflection NMs are patterned with active components,
and thus the cost can be reduced [15]. Also, light-capturing
capacity can be additionally increased by light trapping, so
it requires less amount of material to absorb solar light,
and the cost can be reduced [16].

NMs can be used to solve various challenges in the
environment, e.g. it can be used to restore the polluted soil
with cleaning of water and air, and it also can reduce the
impact of chemical manufacturing using nanoscale cata-
lyst [17, 18]. Therefore, various opportunities are offered by
nanotechnology in manufacturing novel NMs that improves
living conditions using advanced techniques in various fields.

Despite significant development and increased
utilization in many marketed products, NMs and their
technology are still facing challenges in energy, environ-
ment, health, and safety (EHS). One of the principal
challenges that comes up with nanotechnology is its influ-
ence on environment and its toxicity to humans. The cause
for toxicity in humans is due to the availability of NMs with
different properties that might lead to adverse drug reac-
tion. NMs undertake biodegradation in their working
atmosphere. This might lead to intracellular changes and
gene modifications. If the gene alteration is undesirable,
then it might prove hazardous for human beings. NMs are
not always environmentally safe. They sometimes enter the
ecology’s food chain and cause changes. So, it is necessary
first to understand the life cycle of NMs with their activity
in the environment. It is necessary to focus on the size,
structure, and reactivity of NMs in environmental
systems [19].

Address accountability for
nanomaterial (NM) and related
toxicity

Large-scale manufacturing for
sustainable nanomaterials

New capabilities for sustainable
environment and health

Robust regulatory guideline and
support

2.2 Road to Sustainability
in Nanotechnology

To have sustainability in nanotechnology, there is a need to
(Figure 2.1)

1) address the accountability of NMs and their related
toxicity.

2) strengthen large-scale manufacturing of NMs and mini-
mize possible risks involved in it.

3) develop new capabilities for sustainable environment
and health.

4) have a robust regulatory guideline and support.

2.2.1 Accountability of Nanomaterials and
Related Toxicity

The developments in NMs are evolving as an inevitable
part of daily life. With increase in the use of nanostruc-
tured material, it will eventually augment its exposure to
the environment and to all those living and nonliving
things that are made up of natural NMs called atom.
Although the overall exposure by NM will be very less cur-
rently, in future with surge in the acceptance, the likelihood
of exposure will increase. The effects of nanocomponents
on environment are unknown as it largely depends on expo-
sure and toxicity. Even after the selection of relatively less
toxic material, the chance of harmful effects is unpredicta-
ble. Ironically, the unique properties of nanoparticles (NPs)
that convey significant characteristics bring toxicity as
well [20]. For instance, a naturally occurring oxide of tita-
nium (TiO;,), which is frequently used in the preparation of

Figure 2.1 Road to sustainability in
nanotechnology.



NMs, in the presence of sunlight, these TiO, NPs can be
toxic to some freshwater organisms even at parts-per-
billion levels due to uptake and in situ photogeneration of
reactive oxygen species [21, 22]. The severity of toxicity of
NMs depends on the physicochemical properties, viz., size,
surface area, structure, shape, stability, and surface
energy [20]. These make an imperative need to assess the
toxic effect based on composition and physicochemical
properties of NMs.

2.2.1.1 Size

The characteristic that brings the unique performance of
NMs is its nanoscale structured engineering. At the same
time, this physicochemical property creates opportunity
for increased interaction with biological tissues at molecu-
lar level having similar size and structure. This same prin-
ciple has caused pharmaceutical companies to formulate
highly efficient and intelligent drug delivery systems for
several diseases, which was not possible in their conven-
tional size formulation. Not only in health care but also in
all other sectors, these NMs have improved their character-
istics such as strength, weight, appearance, efficiency, and
durability. A research for pharmacological action based on
NP size shows that NPs < 50 nm diffuse quickly to tissues of
living things and bring potential toxicity to those tissues,
while NPs>50nm taken up by a cleaning system of mam-
malians, reticuloendothelial system (RES), and the RES
organs, viz., liver, spleen, and lymph nodes, will become
the target of oxidative stress [23]. Few other researchers
show that particles <10 nm get deposited in the tracheo-
bronchial of the lung, while all the other <100 nm particles
are deposited all over the lungs and cause respiratory
adverse effects [24-26]. Several other toxic effects, such as
mitochondrial perturbation by silica [27], damage to nerv-
ous system [28], endothelial dysfunction [29], generation
of neoantigens [30], and immune toxicity [31], are reported
with limited clinical evidence. The uptake and interaction
in biological tissues observed previously and substances
generally regarded as safe now show adverse responses.
The NPs generated during manufacturing may get inhaled,
and ultrafine particles (<100nm) induce pulmonary
inflammation, oxidative stress, and distal organ involve-
ment or get absorbed through the lungs and can create tox-
icity in vital systemic circulation. As the size reduces, it
increases surface area and finally enhances capability to
react with oxygen. Due to increased reaction with oxygen,
it enhances inflammation, fibrosis, cytotoxicity, oxidative
injury, and carbon deposition in lungs [32]. It is the sole
responsibility of the researcher to involve toxicology scien-
tists and closely monitor the toxicity of NPs during each
development stage until robust regulatory guidelines based
on size and surface area become available. One also needs

2.2 Road to Sustainability in Nanotechnology

to take care until the airborne NP hazard has been appro-
priately assessed; this risk should be managed by taking
steps to avoid large quantities of these NPs becoming
airborne.

2.2.1.2 Surface Area

The surface area increases with the reduction in the size of
the same quantity of any material. NPs, although made
from nontoxic materials, become hazardous, as the mate-
rial developed reactivity at molecular level. The toxic effect
of few such particles does not seem hazardous, but if more
surface area becomes available, it will further add on risk.
Thus, surface area also requires attention and monitoring
for the toxicity study along with the size. As size reduces, it
increases surface area and finally enhances capability to
react with oxygen. Due to increased reaction with oxygen,
it increases inflammation, fibrosis, cytotoxicity, oxidative
injury, and carbon deposition in lungs of mineral particles,
quartz, titanium dioxide, asbestos, and carbon black
despite the same materials being inert at macro or higher
size range[32]. Toxicity in biological systems generated by
NPs is predominantly through the formation of oxidative
responses and consequent formation of free radicals. Free
radicals are hazardous as they oxidize the lipid and damage
the DNA with inflammatory responses. The data also
shows that the smaller the size, the more able it is toward
the formation of reactive oxygen species [20]. Every NP
thus closely needs to be monitored for its new developed
chemical reactivity, and it should be done from its develop-
ment phase.

2.2.1.3 Surface

The surface of NMs is a unique property, and the surface
phenomenon seems to be a new direction in developing
nontoxic NPs. The groups present on the surface or coating
can change the physical, chemical, magnetic, electrical, and
optical properties of NPs, which invariably can alter in vivo
solubility, partition coefficient, distribution, pharmacoki-
netics, and accumulation [32-34]. The presence of oxygen
on the surface can lead to the generation of reactive oxygen
species that may lead to toxicity [24, 35]. In pharmaceuti-
cals, the effect of NPs based on conformation has always
been of interest for the formulation developer. The endo-
cytic system in the body can actively remove any nanosize
foreign material from the body, and same observed with
drug loaded NP and cannot perform their desire role. The
reason could be negatively charged cell membrane. Against
such cell membrane, positive, negative, or neutral charge
NPs cannot behave in the same manner. Similarly, NPs with
lipophilic surface will have more affinity and eventually be
quickly absorbed through the lipid bilayer membrane of the
cell, while NPs coated with hydrophilic polymers such as
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polyethylene glycol (PEG), polyvinylpyrrolidone (PVP), and
dextran avoid interaction due to the hydrophobic cell sur-
face [16]. The surface energy of NPs alters the capacity to
diffuse through the blood-brain barrier. The data shows
that the anionic energy on the surface of NPs with the size
range of 50-500nm is transported through all layers of the
skin, in contrast to the neutral or cationic NPs that do not
have such similar characteristics [20].

2.2.1.4 Shape

The study has shown that the membrane diffusion of NMs
is deviated based on its surface structure design. Yet, the
type of surface of the NMs and their relationship with
membrane diffusion are far from being broadly under-
stood [36, 37]. Classically, interactions between NMs and
the tissues of living things are driven by the chemical func-
tionalities on the surface in addition to their shape and
size. The importance of the surface can also be enlightened
from a well-known phenomenon of naturally occurring
peptides that show the inability to perform their fate of get-
ting diffused into the cell membrane if they remain in ran-
dom coil configuration rather than specific helical
structure [36]. Different shapes, viz., fiber, spheres, tubes,
ring, and planes, have been assessed to achieve their poten-
tial characteristics, including their adverse effects. Nickel
NPs used in electronic application while testing toxicity
based on size demonstrated that the change in configura-
tion has more toxicity rather than the size [37]. The data
shows that endocytosis of globular particle is quicker when
compared to cylinder-shaped particles in nanoscale [38];
further toxicity of globular NPs is based on whether their
configuration is homogenous or heterogeneous [39], and if
they are other than spherical, then they will quickly show
movement in systemic circulation, with possible biological
consequences [40].

2.2.1.5 Composition and Crystalline Structure

For the preparation of NMs, various metals, polymeric
materials, and bioceramics have been used. For medical
purpose, phospholipids, PEG, and natural polymers have
been used for formulation. It is the phospholipid that
makes NMs compatible with the human tissue as the cell
walls are made up of the same phospholipid. The composi-
tion of ethosomes has made it possible for them to enter
through the skin from the space smaller than their own
diameter by deforming the structure. One important report
on the effect of composition of NPs on few species having
vital role in trophic levels showed that the nanosilver and
nanocopper with their soluble forms caused toxicity in all
tested organisms, whereas TiO, of the same dimensions
did not cause any toxicity issues [41]. Crystal form of NPs
also influences the toxicity, and it has been reported that

crystalline TiO,NPs show toxicity in the absence of light
including oxidative DNA injury, whereas NPs of metasta-
ble form of the same material with the same size and
chemical composition do not show such toxicity [25]. In
one more report, the cytotoxicity was previously claimed
due to the size and then due to ultrahigh reactivity of NMs
itself [42]. Several such materials of composition, viz., met-
als, aluminum oxide, gold, copper oxide, silver, zinc oxide,
iron oxide, and titanium oxide; nonmetals, such as carbon
and silica; and polymeric materials, have shown toxicity
not only in animals and humans but also in nature [43].

2.2.2 Large-Scale Manufacturing
of Sustainable Nanomaterials

The cutting-edge technological applications and character-
istic advantage of NMs are due to their physical properties,
composition, and colloidal stability (if in liquid form), and
at the same time these factors are vulnerable from the view
point of environment and health; so, henceforth, sustaina-
ble processes for the large-scale productions are desirable.
The situation is that the scaling up of NPs/NMs on large
scale, despite tuning nanoscale features, has become a
technological barrier for the development. Apart from
scale-up, concerns are raised for the toxic manifestations of
NMs through their varied mechanisms for both environ-
mental and health issues, although no clinically pertinent
toxicity with their mechanism has yet been established that
can prove them hazardous over their expediency.
Sometimes, the methods of detection of toxicity and mod-
els used for the same are conflicting and inconsistent. So,
based on few experimental models, judging more valuable
NPs as more toxic to biological systems or vice versa is
inappropriate [43].

Large-scale manufacturing aims for superiority, desired
nanoproduct stipulations, desired physicochemical con-
straints, and sterility requirements. For such mass produc-
tion of NMs, the selection of methods depends on the
following factors:

1) Type of approach used;
2) type of NMs; and
3) regulatory requirements for production.

2.2.2.1 Type of Approach

Broadly, the tuning of particle size for nanoscale is being
carried out by two approaches: top-down (TD) and bottom-
up (BU). In TD approach, there is diminution of larger
materials into smallest possible size, while in the BU
approach there is assembly, aggregation, or formation of
NPs, atom by atom, through precipitation or growth of
nuclei. In TD method, pulverization can be achieved by



means of impact (such as hammer mill) and attrition alone
or impact and attrition (ball mill and fluid energy mill)
together. This approach requires high energy requirement
and fewer steps. The main issue with such impact- and/or
attrition-based mill is unavailability of narrow size range.
Still narrow size range can be achieved, but that will bring
huge amount of waste.

BU approach is well known for its customization in
design such that it reduces waste production, but this
method uses organic solvents. Even after completion of the
manufacturing process, these organic solvents remain in
the system and need additional step for their removal, and
thus, toxicity of residual solvents always remains a threat
in NMs manufactured by such methods.

The use of organic solvents can be replaced with few
nonorganic solvents. Such green methods use supercritical
fluids (supercritical CO,, ethyl alcohol, or water) that bring
extremely pure NMs. The greener methods require exclu-
sive pressurized apparatus with further successive
steps [44]. Green methods for the production of NMs can
address sustainability issues scalable for large manufactur-
ing, cost-effective, versatile, and tunable nonagglomerated
nanoclusters and overcome the key barrier for the progress
of large-scale manufacturing of NMs.

2.2.2.2 Types of Nanomaterials

The essentiality of a sustainable approach to nanotechnol-
ogy is becoming more and more urgent in the past few dec-
ades while many questions concerning all the steps of
nanomanufacturing are unanswered [45]. Apart from
issues concerning scale-up and large-scale manufacturing,
materials-related issues need to be addressed that are
selected based on the type of NMs being produced. The use
of nanotechnology in the field of pharmacy involving inert
material, pharmaceutical active ingredients, and solvents
should not have any adverse events during manufacturing,
sterilization, or after consumption by patients, while con-
sumers do not require to take those precautions in regard to
nanotechnology. Among all the issues, the first issue con-
cerning the starting materials or substances, their nature,
energy cost, and sources is very important. The second issue
concerns the methods of synthesis, e.g. if NPs generate
greenhouse gases and other pollutants in air, or if there is
high energy consumption. Next concern is the requirement
for extra capitals in the usage of NMs and nano-enabled
products that may damagingly affect the environment.

2.2.2.3 Regulatory Requirements for Production

For any production unit, the requirement related to in-house
qualification is very important, especially in pharmaceuticals,
where every new product needs to be qualified from certain
regulatory bodied as well as a good manufacturing practice
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(GMP) certification for scale-up and manufacturing process.
Apart from these aspects, there is always search for cost-
effective excipients and materials, flexible and uninterrupted
production, and process setup. Overall, the industrial produc-
tion should produce a product of high quality without contam-
ination and free from elemental impurities residual solvent.

Further being expensive, manufacturing may involve
accidental exposure that affects the environment and
human health. The most common human effect that
arises, in this case, are breathing issues and skin rashes.
Yet, these issues can be minimized by appropriate aware-
ness for possible hazards, and source of defensive apparel
and microfiltered air throughout the production unit are
necessary to avoid these consequences. Already discussed
in the previous section about the physicochemical proper-
ties that make NPs attractive for numerous applications
are indeed the properties that are the source of concern as
they affect biokinetics and drug activity. The toxic effect
flashes are inconsistent as some NPs are comparatively
gentle, but others are possibly treacherous. Similarly, the
environmental hazards that usually depend on its biodeg-
radability show no surety of safe products and may dis-
perse through the earth or aquatic ecosystems, such as
unwanted penetration through cell membranes, the
blood-brain barrier, fetuses or infants as the result of
breast milk ingestion, placental wall, and causing preg-
nancy problems, inducing irritation into testicles cells,
and being intrusive in sperm production by damaging
DNA in germ cells [4]. As the formulation’s backbone is
similar with respect to size, the material of composition
surface charges and more surface area becoming available
to react with several such permeations far from target have
been reported. Such phenomenon is being risen frequently
and need to be taken care of for sustainable large-scale
production. The regulatory bodies need to have separate
guidelines for all nanotechnology-oriented production
houses. These manufacturers produce NMs on a large
scale. A large number of workers and operators must be
involved at different stages of the production who are then
prone to skin or tissue penetration; thus for handling,
extreme precaution is required.

As one of the characteristics of NMs is their unique size
range, they need a number of ultrapurification techniques
in mass production. In addition, other ingredients includ-
ing enzymes, precursors, and catalysts need to be removed
if present at the end of the product. In pharmaceuticals,
removal of pyrogens and sterilization is also carried out
with filtration. Most importantly, the biological activities of
such effluents and NMs are unknown and unpredictable.
All these effluents also need some techniques to avoid non-
biodegradable NMs being excreted with them, so polluting
water, earth, or air can be avoided.
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Apart from all the abovementioned manufacturing issues,
several conventional issues for industrial sustainability also
remain. For example, for 1 g of finally purified and sterilized
product, almost 15-201 of solvent may be used. For large-
scale production, several liters of potable and sterile water
are required. The source of water in industries is mostly
groundwater. For both potable and sterile water preparation,
ultrapurification, reverse osmosis, distillation, and conden-
sation require a cumulative high energy consumption.
Several methods of production of NMs require organic sol-
vents as an important part of manufacturing. Removal of
them with extra precautions is required to avoid known tox-
icity related with residual solvents. Filtration of air should
also be performed to avoid the interference of particles from
outside the reactor with the chemical synthesis. The energy
intensity required for a clean room with a class ranging from
1t010is 1.017kWhem *year™ [46].

Taking this into consideration, many organizations have
widened the toxicology studies. These studies are not only
expensive but also time consuming. One more concern
regarding these toxicology studies is about the testing pro-
tocol, as no specific guidelines for the toxicology study of
NMs are available. These studies are being carried out on
cell lines or cell culture models; further assay techniques
are then used to detect toxicity on these models. The high
reactive nature of NMs due to their unique property also
hinders with the assay materials or with detection systems.
Such hindrance makes all the results and data questionable
as they are inconsistent and conflicting. The regulatory
bodies need to intervene with such studies and should
coordinate with them globally. Such initiative can record
the data of all studies globally so that all arising questions

Exposure to workers

am=—
- T

Manufacturing

Processing and
product development

Energy consumption, water consumption
possible cytotoxicity assessment
industrial emissions

Figure 2.2 Life cycle assessment of nanotechnological products.

can be answered; most importantly, this will minimize the
cost and time for determination of global toxicity record,
which is the actual need of the hour.

2.3 Development of New Capabilities
for Sustainable Environment and Health

The real task of sustainability of NMs commences with tak-
ing an insight into the complete lifespan of them.
Throughout the life cycle of NMs, to control the toxicity one
needs to take a glance at the life cycle of NMs and possible
toxicity. It is very important that one must look into the fact
that NMs that are made for betterment of performance are
becoming toxic at which stage? This information will also
be helpful for the development of regulatory guidelines to
control toxicity. Every nanotechnology-based product can
be categorized for possible critical toxicity attributes at dif-
ferent stages of life cycle as shown in the image (Figure 2.2).

2.3.1 Life cycle and Expulsion

2.3.1.1 Raw Material

Actions associated with the possession of different
resources, materials, and carrying raw materials to han-
dling services.

2.3.1.2 Processing and Product Development

Handling of required resources by various steps including
mixing, separation, refinement, and if required, allowing
them to react. Prepare them for the production stage; store or
transport the processed materials to production capabilities.
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2.3.1.3 Manufacturing
Production, storage and transport, or transport and storage
until it reaches to consumer.

2.3.1.4 Usage
By consumer, usage, storage, and maintenance up to speci-
fied period.

2.3.1.5 End of Life and Expulsion
Expulsion at the end of life span, which may face disposal,
transportation, recycling, or incineration.

Assessment of the sustainability of NPs at each stage of
life cycle is intended to lay the foundation for creating a
decision-backing structure via constant updates. Further
efficient control at each stage of life cycle could allow the
growth of eco-friendlier goods.

2.3.2 Water Purification and Reuse

Nowadays, society and the global economy is facing the
most critical problem, which is availability of clean water.
Continuous supply of potable water for humans and in
food processing, in energy generation, and in many more
industries is a major challenge in many parts of the world.
The combination between nanotechnology and water sci-
ence technology revolutionizes the advancement in water
treatment, purification, and recycling technologies [47].
Today, the available techniques for water purification are
reverse osmosis or vapor compression. The available tech-
nologies for treatment of water have many limitations to
provide sufficient quality to meet the requirements of
humans and the environment. Hence, it is mandatory to
reuse water after its exit from industry; also, we can recycle
it, and it can be repurposed. Swaminathan et al. have devel-
oped nanofluidic systems that consist of membranes con-
taining nanocapillary scale of 1 to 100nm composed of
polycarbonate sheet with measurement of 6-10pum. The
authors emphasized the effect of pore geometry, charge
density, and surface charge to regulate the movement of
ions or charged particles in nanopores. The authors focused
on the addition of nanocapillary membrane into nanoflu-
idic system that can manage the transport of molecules
from one chemical environment to another [48]. Park et al.
describe nanofibers as membrane for nanofiltration, which
are made up of polyvinylidene fluoride (PVDF) and poly-
ethyleneimine (PEI) for fabrication using electrospinning
techniques with improved performance of nanofiltration
for purification of water [49]. Usually, nanoadsorbents are
very effective in eliminating pollutants from wastewater.
Ali studied the benefit of using nanoadsorbents for treat-
ment of wastewater due to its special properties such as
very small size with larger surface area having lots of active

sites for binding, which gives ease of separation [50]. Today,
polymeric nanoadsorbents are more promising due to their
excellent adsorption capacity and thermal stability in all
pH range [51].

2.3.3 Food Science Technology

Recent advances in nanotechnology have made diverse
applications in food technology possible, which include
food safety, food additives, nanodelivery systems, biosecu-
rity, and nanotoxicity. Health benefit and quality of food is
amajor concern for consumers, without reducing nutrition
benefits. Due to the availability of many required elements
with less-toxic effect of NMs, the demand of NMs is con-
tinuously growing in food science [52]. In nanoencapsula-
tion of various components such as vitamins, lycopene,
and lutein, many naturally occurring colors can be used as
a tool for the delivery of various additives. By nanoencap-
sulation, spoilage and microbial contamination can be pre-
vented in the food product. It also improves shelf life while
improving safety of the food product [53]. Bratov¢ié et al.
have emphasized on the improvement of sustainability of
agrifood using nanotechnology by controlling microorgan-
isms for decreasing the wastage of food and increasing the
safety of food [54].

Fernandez et al. have worked with carotene protection
using nanofibers of zein by encapsulation to increase its
stability to oxidation with the help of nontoxic solvents
such as dimethyl formamide and chloroform, which makes
it sustainable [55]. In nanoencapsulation, there is a direct
contact of NMs with food during consumption, e.g. silicon
dioxide (SiO,) is mostly used as a carrier for fragrance of
food products [56]. Many lipid-based formulations that are
nanoencapsulated were developed to increase the effec-
tiveness of antioxidants with its bioavailability and solubil-
ity [57]. One study showed that nanosized edible coating is
a versatile solution for extension of shelf life of food and
minimization of spoilage [58].

2.3.4 Sustainability of Aquaculture

Nanotechnology can revolutionize fisheries and aquacul-
ture industry by rapid detection of disease with enhance-
ment of various drugs absorption capacity of fish. Many
approaches focus on the prevention of disease in aquatic
species. For instance, the use of oil emulsion in vaccine
may reduce side effects to a minimum. There is an availa-
bility of many inorganic nanocarriers based on carbon or
calcium for fish vaccine. Carbon-based inorganic materials
have good stability but have many limitations. Because of
its variable chemical properties, it can be used as a carrier
for vaccine delivery [59]. Liu et al. demonstrated the use of
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nanopolyplexes for DNA vaccine carrier in fish, which is
made up of oleoyl-carboxymethyl-chitosan in hyaluronic
acid for its more physiological stability. NMs used for fish
vaccine should be safe because fish are eaten by humans
who eventually consume the NMs that remain intact in
fish.. Generally, NMs used for vaccine for fish need to be
safe for both fish and humans [60].

2.3.5 As Nanobiopesticide

Nowadays, there is an increase in environmental hazard
due to insecticides, and limitation in the synthesis of
novel, safe, and effective molecules has increased the
demand of research in this field. Nanosilica with amor-
phous property can be an effective carrier for better func-
tional pesticide. Insects protect themselves from
dehydration using cutical lipids and prevent death of the
pest. By the mechanism of physical absorption, the nano-
silica absorbed into the cuticular lipid causes killing of
insects and pest. As per World Health Organization
(WHO), the use of amorphous form of silica is safe for oral
consumption for humans [61, 62]. Spinosad is a newly
developed environmentally friendly biopesticide with lim-
itation of having short duration of action and less potency
in farm. Zhang et al. worked with novel nanospinosad that
uses porous NPs for loading of spinosad. This nanospino-
sad exhibits rough surface texture, which makes it unique
for high adhesion behaviors of pest, which also gives high
mortality rate of pest with improved photostability in
fields [63].

2.3.6 Conservation of Work of Art

Nowadays, work of art is mainly made up of organic
materials such as acrylic polymer, which are difficult to
remove during cleaning. However, this organic polymer
needs to be removed from work of art composition.
Nanotechnology comes up with versatile solutions that
provide unique solutions by decreasing degradation of
work of art materials and also can achieve long-term sus-
tainability of artistic heritage. This approach can be ben-
eficial for unstable materials that are used by modern
artist. Some frequently occurring issues in conventional
method of reestablishment can be overcome by nano-
products such as nanofluids that consist of microemul-
sions [64]. Kolman et al. emphasize on an approach that
combines two materials for canvas preparation such as
silica NPs treated with polyelectrolyte and nanofibrils
made up of cellulose. It was seen that using this combina-
tion had strengthening effect for fibrous material such as
paper and also improvement in stiffness compared to
individual components [65].

2.3.7 Plant Protection Using Nanofibers

Pheromones are a chemical substance generally released
by female insects in the environment to attract male insects.
Now, these pheromones are used in farm to protect crops
from insects and as an alternative to chemical hazards of
insecticide to soil. Generally, these pheromones are spread
in the farm to prevent mating of insects, thus ultimately
reducing their population by confusing male insects [66].
Hellmann et al. have studied the use of nanofibers as carri-
ers using polyamides and cellulose acetate for pheromones.
The ideal requirement of nanofibers for this purpose is
high porosity and large surface. It was observed that solu-
bility of pheromones is higher in cellulose acetate and
gives more loading compared to polyamide nanofibers. The
release of pheromones can be observed up to 30-50days,
depending on the material used, which minimizes wash-
out due to rain with long-lasting effect [67]. Ponmurugan
et al. had carried out a study of red root rot disease on tea
plant. They compared nano-CuO with bulked CuO for
antifungal effect on tea plant, which is a disease caused by
Poria hypolateritia fungus. They found that nano-CuO
gives more reduction in fungal growth with high yield in
terms of leaves [68].

2.3.8 Management of Greenhouse Effect

Since past 10years, increase in pollution from vehicles and
industries has increased emission of greenhouse gases
such as CO,, which leads to global warming. Although
many alternative sources are being developed that are non-
CO, emitting, the world will continue to use substantial
amounts of fossil fuels in the future. The upcoming alter-
native for excess CO, released in the atmosphere is the use
of carbon capture and storage using nanotechnology,
which gives efficient and cost-effective separation of
CO, [69]. Initially, conventional membranes with poly-
meric structures were used for separation of CO, due to its
low cost and ease of handling [70]. Idem et al. recently
studied thermally rearranged polymers that are aromatic
polymers containing heterocyclic rings. These polymers
have excellent chemical and thermal stability due to the
presence of microporous structures that are formed by
thermal rearrangement in solid state, which makes it
unique for transportation of gas for separation [71].

2.3.9 Materials Supply and Utilization

Materials supply and its proper utilization is needed for
industries in electronics due to their rapid growth. These
electronic industries produce many e-wastes, which are a
serious hazard to the environment. Electronic materials
generally contain resin and silica. Even resin contains 80%
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of silica. A huge amount of silica present in e-waste is
wasted. So, this silica from e-waste is used to prepare
porous molecular sieves that contain NMs. Thus, recycling
resin from e-waste can be a sustainable approach for the
environment [72]. Liou et al. synthesized mesoporous sil-
ica with high purity and larger surface from resin ash hav-
ing a pore size of 3nm. This approach can minimize the
disposal problem of electronic items, which is again a ben-
efit for sustainable environment [72].

2.3.10 Encapsulation of Fertilizers

Fertilizers are generally needed in the soil for nutritional
supplement for better growth of plants. Nowadays, mostly
farmers use NPK fertilizer, which consists of nitrogen,
phosphorous, and potassium. Due to the high solubility of
NPK fertilizer, it is mostly lost in the environment due
to rain.

This approach of addition of fertilizer becomes costly to
farmers and harmful to humans and the environment. Due
to the advancement in nanotechnology nanofertilizers
have been developed, which have the potential to increase
the nutritional value of plants. It also has the tendency of
slow delivery because the nutrients coated with NMs can
control delivery [73]. One study showed that the presence
of biosensor in nanofertilizers can control delivery depend-
ing on the need of the soil and the growth rate of plant.
Singh et al. compared the bulk NPs of zinc oxide on the
growth of cabbage and cauliflower. It was observed that
compared to bulk ZnO particles, nanozinc particle is more
effective in terms of germination growth and protein
content [74].

2.3.11 Regulatory Development

The properties of NMs, i.e. extremely high chemical reac-
tivity due to nano size range, large surface area, and nar-
row size range, make them hazardous to the environment
and human health. The therapeutic NMs, which are pre-
pared from all known inert materials, could become pene-
trable or react with the non-targeted site and molecule,
respectively. On one hand, the toxic manifestation of sev-
eral NMs is still unknown, and on the other hand, the
large-scale production technology is growing at its peak.
The exposure of NMs by such mass production industry
can create unprecedented event. To anticipate and mini-
mize unfavorable consequences or unintended conse-
quences and to have future public acceptance of
nanotechnology-based innovations and development,
robust regulatory guideline and support are required today.

Appreciable initiatives are taken by different countries/
states till date to regulate nanotechnology, NMs, and the

production thereof, including Europe, United States, Asia,
and all over the world.

The European Commission has actively reacted on the
issue, and under its guidance during 2011-2013, a detailed
tactical research outline was published by the associates of
the European Union (EU) NanoSafety Cluster with a stra-
tegic goal for future exploration on the secure utilization
and safeguarded applications of all formulated NMs. The
timeline for this documentation was kept for 10 future
years starting from 2015. The document focused on deliv-
ering a key action ahead in the development of safe and
sustainable NMs. Shortly after, the regulatory body of the
European Chemicals Agency (ECHA) developed massive
advice on the regulatory risk assessment under the
European Community Regulation on chemicals and their
safe use (REACH) for NMs and published it in April 2012.
The European Union funded project BILAT USA 4.0 is one
of the milestone events in the development of regulatory
guidelines globally. In this event, one of the major con-
cerns was the cooperation for nanosafety between the
United States and EU. The result of the event was the iden-
tification of several prospective tools and five components
for dedicated and accurate evaluations of human and envi-
ronmental hazards caused by nanotechnology that includes
improved testing assays, pertinent endpoints, technical
awareness, risk assessment classification for NMs under
development or in usage, and harmonized methods to tox-
icity evaluation.

The US government has its own initiative for nanotech-
nology that is active since 2000 called the National
Nanotechnology Initiative (NNT). NNI actively looks into all
matters concerning the sustainability of NMs. The issues
related to EHS implications of NMs are specifically taken
care by two different groups, Nanotechnology Environmental
and Health Implications (NEHI) and Nanoscale Science,
Engineering, and Technology (NSET). The first one is the
working group of the Nanoscale Science, and the second one
is the subcommittee of the National Science and Technology
Council. Under NEHI, the US government has been funding
since 2005 for EHS-related research.

A persistent initiative taken by a conference in 2011 and
the result of the conference was establishment of an organ-
ization - SNO - as discussed in previous section. The objec-
tive of SNO was set to support sustainability in
nanotechnologies and support and promote further devel-
opment of nano-based formulations, taking into considera-
tion health and environment. The SNO also aimed at the
safe use of nanoproducts along with providing support for
policy and decision-making. The establishment of such
organization made its impact all over the world.

An organization in Singapore working since 2004 was
registered in 2007 as Asia Nano Forum (ANF) society to
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promote development, awareness, and safety of nanotech-
nology. One of the objectives of ANF is to encourage and
harmonize standardization and well-being of nanotech-
nology assessments. Including Singapore, 13 different
organizations from Japan, Korea, Malaysia, Australia,
Philippines, Taiwan, Thailand, and Vietnam are working
under one roof for the sustainable development of nano-
based products. Similarly, in Canada, Switzerland, India,
and Australia, several government, individual, and autono-
mous bodies are working hard to address the issues of
development, sustainability, and promotion for end users.
Although individual organizations are working in their
best possible way, it is the need of the hour to unite all the
efforts and to address issues arising in development, sus-
tainability, and promotion for end users. Such united
efforts can not only uniformly report on single desk but
also minimize the time required for recording unknown
toxicity of all NMs and related products.

2.3.11.1 The Possible role of Standards in United
Regulation

1) Development of procedures for life cycle assessment
(LCA) of nanotech-based ingredients, devices, and
products.

2) Investigate and release risk assessment tools in the
field of nanotechnologies and update it from time
to time.

3) Development and delivery of protocols for robust and
unique toxicology study to measure toxicity of all differ-
ent NMs on a single scale.

4) Record all toxicological data on a single platform and
update it from time to time.
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3.1 Introduction

Identifying problems as challenges and involving in solving
them is the nature of innovators in society. In this process,
the technology is used as a tool. Most of the current prob-
lems of human beings related to basic needs, advanced
wants, and dreamy desires can be solved using twenty-first
century technologies, which include nanotechnology (NT)
and information communication and computation technol-
ogy (ICCT) [1]. Though the word NT is first used by a
Japanese Professor Norio Taniguchi of Tokyo University of
Science in 1974 conference to describe the characteristics of
a thin film of the order of a nanometer, the idea is originally
proposed by Richard Feynman in 1959 in his speech on
there’s plenty of space at the bottom at the American
Physical Society meeting. Thereafter in 1981, Eric Drexler
independently used the word NT in his scholarly publica-
tion. The discovery of scanning tunneling microscope in
1980 and the invention of fullerenes in 1985, supported for
the initial development of NT. In 1986, Eric Drexler pub-
lished a book on Engine of Creation and Nanosystems,
which proposed the idea of nanoscale devices using
NT. Further development of semiconductor nanocrystals,
metal oxide nanoparticles, nano-quantum dots, and the
invention of the atomic force microscope further fuelled the
growth of NT as a general-purpose technology [2]. After
that NT became research topics of all areas of basic sciences
and applied sciences due to its potential ability and advan-
tages of solving scientific, engineering, and industrial prob-
lems [3]. At the beginning of the twenty-first century, the
developments in NT are accelerated due to its wide

acceptance as frontier technology development area, and
many postgraduate and research programs were started
through country governments intensified research funding.

Even though NT involves manipulating matter on an
atomic, molecular, and supramolecular scale, the particular
technological goal is of precisely manipulating atoms and
molecules for the fabrication of macroscale products, also
now referred to as molecular NT. NT being a general-purpose
technology encompassing four generations of products with
increasing structural and dynamic complexity as (i) passive
nanostructure (ii) active nanostructures, (iii) nanosystems,
and (iv) molecular nanosystems. It is predicted that by 2020,
the increasing integration of nanoscale science and engi-
neering knowledge and of nanosystems promises mass
applications of NT in industry, medicine, and computing
and in better comprehension and conservation of nature.
NT’s rapid development worldwide is supporting this antici-
pation of its expected progress of transforming the society
and the future of living beings. However, the slow pace of
actual progress against predicted roadmap has been re-
examined and based on more planned efforts to be made by
country governments and NT research organizations. The
modified timeline of NT industry progress is predicted by
Aithal et al. [4, 5] based on the last 15years development
trend and it is listed in Table 3.1. The delay is mainly due to
the fear and caution of many scientists, organizations, and
country governments on fast acceptance for the NT com-
mercialization process. However, through currently devel-
oped and proven green and eco-friendly NT processes
further accelerates the nanotechnology growth and to stick
the timeline as perpredicted in Table 3.1.
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Table 3.1 Anticipated timeline of nanotechnology innovations [5].

Prediction by Prediction by

Roco and Aithal and
Nanotech generations Development Examples coworker [6] Aithal [5]
First generation Passive nanostructures Nanomaterials, including nanotubes and  2000-2005  2000-2015
E.g., coatings, nanoparticles, nanolayers
nanostructured metals, polymers,
ceramics
Second generation  Active nanostructures Change their state during use, 2006-2010  2016-2020
E.g., 3D transistors, amplifiers, targeted respondmg in predictable ways to the
drugs, actuators, adaptive structures environment
Third generation Nanosystems Assemblies of nanotools work together to 2011-2015  2021-2035
E.g., guided assembling; 3D achieve a final goal
networking and new hierarchical
architectures, robotics
Fourth generation Molecular nanosystems Involves the intelligent design of 2016-2020  2036-2050
E.g., molecular devices “by design,” molecular and atomic devices, leading to
atomic design, gene thera unprecedented understanding and
g 8 by control over the basic building blocks of
all natural and man-made things
Fifth generation Singularity Growth rate in NT applications becomes 2020-2025  Beyond 2050

infinite

As per the Table 3.1, NT is in the transition from its
second generation to the third generation. The active
nanostructures like 3D transistors, amplifiers, targeted
drugs, actuators, adaptive structures using metal-
nanomaterials, metal-nanocomposites, semiconductor
nanocomposites, and nano-quantum dots are achieved and
the next generation of nanosystems to fabricate Guided
assembling systems, 3D networking systems, and new
hierarchical architecture systems and robotics using nano-
systems are approaching from coming years. The devel-
oped nanosystems for the next industrial revolution called
industry 5.0 with the objective of total automation and
mass customization can be achieved only if the fear of
adopting NT systems in industries. By means of developing
and promoting green and eco-friendly nanosystems [7, 8],
the technology can spread at an accelerated speed, and
many more components, devices, and systems will be com-
mercialized from different industries. NT can become a
part of ideal technology that can solve all problems of soci-
ety optimally, provided the potential risks are taken care of.

In this chapter, we have analyzed the benefits and risks
of NT and suggested how to use green nanotechnology
(GNT) models to solve the potential risks. Such an attempt
on greening nanotechnology applications will add value to
the products and processes that are related to basic needs,
advanced wants, and dreamy desires of the people. The dis-
cussions are based on the systematic analysis of the oppor-
tunities and challenges using standard frameworks on
primary industry sector, secondary industry sector, tertiary

industrial sector, and quaternary industry sector to interpret
the importance of the advent of GNT in society.

3.2 Related Works

GNT deals with environmentally friendly processes of prepa-
ration, large-scale manufacturing, and industrial use of nano-
materials by minimizing environmental degradation and
potential risks of health hazards. A systematic review of
important related works published recently on various under-
lying areas of GNT is listed in Table 3.2 by identifying issues of
environmental degradation. Based on the review and current
understanding of various issues of environmental degrada-
tion, the opportunities and challenges of using NT as green
and eco-friendly technology are discussed and analyzed.

3.3 Objectives and Research Methodology

To understand the possibility of using emerging NT as
green and eco-friendly technology by means of the follow-
ing objectives:

1) To identify green processes for nanomaterial preparation,
handling, and conversion into nanosystems.
2) To discuss the opportunities and challenges of GNT in

the primary industry sector including agriculture,

forestry, mining, fisheries, etc.
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Table 3.2 Review on research scholarly publications in green nanotechnology-related areas.

S.No. Area Issue and outcome References
1 Environmental challenges of Challenges in toxicity and environmental risks of Ray et al. [9]
production of nanomaterials nanomaterials
Risks of nanomaterials in aquatic and terrestrial Batley et al. [10]
environments
Environmental risk assessment of nano-TiO,, nano-Ag, Coll et al. [11]
nano-ZnO, CNT, and fullerenes
Potential health risks of nanomaterials used in biomedical Lanone and
applications Boczkowski [12]
Risks of nanomaterials used in regenerative medicine, Medina-Reyes et al. [13]
delivery systems, theragnostic, and therapy
Frameworks and tools for risk assessment of manufactured  Hristozov et al. [14]
nanomaterials
2 Green production of Green production of carbon nanomaterials Rezaei and Kamali [15]
nanomaterials Green nanotechnology of Au particles from plant extracts Geraldes et al. [16]
Green manufacturing of ultrapure engineered Ortiz de Zarate et al. [17]
nanomaterials
Green synthesis of iron nanoparticles Saif et al. [18]
Green approach for the production of zinc oxide Al-Dhabi and Arasu [19]
nanoparticles
Eco-friendly approaches for green synthesis of silver Bhosale et al. [20]
nanoparticles
3 Nanomaterials for agriculture Role of nanotechnology in agriculture with special Rai and Ingle [21]
and food industries reference to the management of insect pests
Novel environment-friendly crop improvement strategies Yashveer et al. [22]
Nanomaterials in food and agriculture: safety concerns and  Jain et al. [23]
regulatory issues
Nanosensors applications in agriculture and food industry =~ Omanovié-Mikli¢anina and
Maksimovié [24]
Nanomaterials in plant protection Mazzaglia et al. [25]
Nanomaterials for food packaging Huang et al. [26]
Nanotechnology in precision agriculture Dubhan et al. [27]
4 Nanomaterials for potable Ideal water purifier system using nanotechnology Aithal and Aithal [28]

water and clean environment
industry

Nanotechnology for water treatment - a green approach

Synthesis and applications of biogenic nanomaterials in
drinking and wastewater treatment

Remediation of water and wastewater by using engineered
nanomaterials

Nanotechnology applicability in industrial wastewater
treatment

New generation nanomaterials for water desalination

Engineered nanomaterials for water treatment and
remediation

Sustainable development of environment using green
nanomaterials

Patanjali et al. [29]
Gautam et al. [30]

Bishoge et al. [31]
Kamali et al. [32]

Teow and Mohammad [33]
Adeleye et al. [34]

Sivaraj et al. [35]

(Continued)
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Table 3.2 (Continued)
S.No. Area Issue and outcome References
5 Nanomaterials for renewable Nanotechnology innovations and business opportunities in ~ Aithal and Aithal [36]

energy

Nanomaterials for
infrastructure and
construction

Nanomaterials for cosmetics

Nanomaterials for
transportation and
automobiles

Nanomaterials for consumer

applications industry

renewable energy sector
Concept and characteristics of ideal energy system

Realization opportunity of ideal energy system using
nanotechnology

Nanomaterial used in clean energy technologies
Green nanotechnology of trends in future energy

Nanotechnology for achieving green-economy through
sustainable energy

Nanomaterials for energy conversion and storage

Polydopamine-inspired nanomaterials for energy
conversion and storage

Nanomaterials in cementitious composites

Reinforcement efficiency of low-cost graphite
nanomaterials in high-performance concrete

Nanomaterials to enhance microstructure and mechanical
properties of concrete

Nanotechnology as a preventive engineering solution to
highway infrastructure failures

Nanotechnology innovations for the sustainable buildings
of the future

Energy savings and sustainable construction

Use of nanomaterials in cosmetics

Current role of nanomaterials in cosmetics

Present situation and future of nanomaterials in cosmetics
Gold nanomaterials in consumer cosmetics nanoproducts
Role of nanostructured materials in cosmetics

Silver nanoparticles in cosmetics

Material engineering and nanotechnology for improving
sports performance and equipment

Potential applications of nanotechnology in transportation

Economic and environmental implications of using
nanocomposites in automobiles

Nanotechnological innovations and business environment
for the Indian automobile sector

Nanotechnology applications in future automobiles

Nanotechnology in automobile industry for efficiency
enhancement

Nanotechnology in transportation vehicles: an overview
Applications of carbon nanotubes in automobiles

Nanomaterials in consumer products: a challenging
analytical problem

Nanomaterials in consumer products

Nanotechnology in the real world: redeveloping the
nanomaterial consumer products inventory

Aithal and Aithal [37]
Aithal and Aithal [38]

Moore et al. [39]
Guo [40]
Pandey [41]

Choi et al. [42]
Qu et al. [43]

Adesina [44]
Peyvandi et al. [45]

Kwalramani and Syed [46]
Ugwu et al. [47]
Sev and Ezel [48]

Oke et al. [49]
Yapar and Inal [50]
Srinivas [51]
Masunaga [52]
Cao et al. [53]

Bilal and Igbal [54]

Gajbhiye and
Sakharwade [55]

Shalaby and Saad [56]

Mathew et al. [57]
Lloyd and Lave [58]

Aithal and Aithal [59]

Wallner et al. [60]
Gurjar and Tyagi [61]

Shafique and Luo [62]
Krishnan et al. [63]
Contado [64]

Hansen et al. [65]
Vance et al. [66]
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Table 3.2 (Continued)
S.No. Area Issue and outcome References
10 Nanomaterials for electronics MEMS and nanotechnology research for the electronics Pak [67]
and computer industry industry

Inorganic nanomaterials for printed electronics Wu [68]
Application of carbon nanotubes (CNT) on the computer Moghaddam et al. [69]
science and electrical engineering
Polymer nanocomposites and their applications in Tyagi and Tyagi [70]
electronics industry
The impact of carbon nanotubes and graphene on Vargas-Bernal et al. [71]
electronics industry
Potential impact of nanomaterials in information and Anuhya and Eunice [72]
communication technologies
Graphene-reinforced polymeric nanocomposites in Kardanmoghaddam
computer and electronics industries et al. [73]
Fully integrated graphene and carbon nanotube Chen et al. [74]
interconnects for gigahertz high-speed CMOS electronics
Carbon nanomaterials for non-volatile memories Ahn et al. [75]
3D assembly of graphene nanomaterials for advanced Le Ferrand et al. [76]
electronics

11 Nanomaterials for health and Impact of nanomaterials on health and environment Thomas et al. [77]

pharmaceutical industry Nanotherapeutics — product development along the Wacker [78]

“nanomaterial” discussion
Occupational safety and health criteria for responsible Schulte et al. [79]
development of nanotechnology
Effective drug delivery system of biopolymers based on Gopi et al. [80]
nanomaterials and hydrogels
Biopharmaceutics and therapeutic potential of engineered Liang et al. [81]
nanomaterials

12 Nanomaterials for space Engineered nanomaterials in aerospace Arepalli and Moloney [82]

industry

Carbon nanomaterials on a space station board
Nanotechnology safety in the aerospace industry

Space electric propulsion systems based on smart
nanomaterials

Bio-inspired hierarchical nanomaterials for space
applications

Potential space applications of nanomaterials

Rizakhanov et al. [83]
Haynes and Asmatulu [84]
Levchenko et al. [85]

Carpinteri and Pugno [86]

Novikov and Voronina [87]

3) To discuss the opportunities and challenges of GNT in
secondary industry sector including (i) potable water
sector, (ii) environment cleaning sector, (iii) food and
food processing sector, (iv) renewable energy sector, (v)
construction industry sector, (vi) consumable goods
industry sector, (vii) automobiles industry, (viii) medi-
cal equipment’s and drug synthesis, etc.

4) To discuss the opportunities and challenges of GNT in ser-
vice industry sector including (i) transportation and space
industry, (ii) telecommunication industry, (iii) entertain-
ment industry (iv) education and research, (v) electronic
and photonics industry, (vi) healthcare industry, etc.

5) To analyze the technological solution to realize the 17
sustainable development goals (SDG) of the United
Nations.

The current status of NT research in different industry
sectors is studied through a systematic literature review
and the nanomaterial prepared using green and eco-
friendly methods and applications in some of the promi-
nent industry sectors along with challenges and
opportunities of GNT are also discussed. This technology
analysis methodology is used to analyze the possibility of
realization of the SDG of the United Nations.
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3.4 Global Sustainable
Development Goals

NT and ICCT are combinedly called twenty-first century
technologies and are potentially realize the SDG of United
Nations Member States announced in 2015 with a slogan of
action to end poverty, to protect the planet, and to ensure
peace and prosperity by the year 2030. Table 3.3 lists the
SDG and suitable 21st technologies to achieve them to bal-
ance social, economic, and environmental sustainability.
To realize each SDG based on the objective of an issue as
maximum or minimum, suitable technologies are selected
and proposed. It is argued that NT and ICCT, individually
or combinedly, are capable to achieve global sustainable
goals to a larger extent within the given target of 15years [88].

3.5 Concept and Characteristics
of Ideal Technology

Technology is a tool to solve many problems in society.
The concept of ideal technology is a hypothetical technol-
ogy that can solve all problems of human beings and pro-
vide luxury and comfort in life without affecting the
society and environment. Ideal technology should have

Table 3.3 SD goals and suitable technologies to achieve them.

characteristics in order to elevate the quality of life to a
unique level with perfect equality so that every human
being in this universe should lead a happy and comforta-
ble life and realize the so-called concept of heaven on
earth. Based on various factors which decide the ideal
technology system characteristics, a model consisting of
input conditions, output conditions, environmental condi-
tions, and system requirements is developed [89]. The
input properties are (i) Manipulate the fundamental
nature of matter to provide solutions to the basic and
advanced problems of mankind. (ii) In-expensive and self-
reliable in terms of resources to make it attractive to be
used by people/countries of varied economical situations.
(iii) Ubiquitous so that the technology provides solutions
and services at anytime, anywhere, any amount of time to
the users. (iv) Affordable to everybody so that it uses com-
mon materials available in nature and manipulates effec-
tively to the need of a human being at an affordable cost.
The output properties are (i) Solve basic needs like food,
drinking water, renewable energy, clothing, shelter, health,
and a clean environment. (ii) Provide comfort life to the
users by providing solutions to their desires. (iii) Equality:
ideal technology provides equal opportunity and similar
solutions to every user irrespective of their gender, reli-
gion, background, education, economic status, and coun-
try of origin. (iv) Automation: ideal technology automates

Goal No. Focus issue Goal by 2030 Objective Technology
1 Reduce poverty To zero Minimize NT
2 Reduce hunger To zero Minimize NT
3 Health and well-being To everyone Maximize NT
4 Quality higher education To everyone Maximize ICCT
5 Gender equality To everyone Maximize ICCT
6 Clean water and sanitation To everyone Maximize NT
7 Affordable renewable energy To everyone Maximize NT
8 Decent employment To everyone Maximize NT and ICCT
9 Sustainable industrialization Everywhere Maximize NT and ICCT
10 Reduced inequalities among countries To zero Minimize —
11 Safe and sustainable cities and communities Everywhere Maximize ICCT
12 Ensure sustainable production and consumption Everywhere Maximize NT and ICCT
13 Combat on climate change To zero Minimize NT
14 Conserve ocean and marine resources Everywhere Maximize NT
15 Protect life on land Everywhere Maximize NT
16 Ensure peace and justice To everyone Maximize ICCT
17 Global partnership for sustainability To highest Maximize ICCT
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all processes in every type of industry to avoid human
interference in work/control in order to provide an
expected output based on programming. (v) Immortality is
the ultimate goal of ideal technology so that it can create
an avenue for a deathless situation or enhancement of the
human life span. The System Requirement Properties are
(i) General purpose technology to support all fields and
problems of human and living beings on the earth. (ii)
Self-directed, self-controlled, and self-regulated so that
technology can control itself in order to achieve its goal.
(iii) Easy, simple, quick, and user friendly to solve all types
of problems and to provide a quick ideal solution. (iv)
Scalable so that it is used for solving small and simple
problems to large and complex problems of life. (v) Omni-
potent to identify and solve problems and provide com-
fortability to human beings and feeling him like God. (vi)
Exploring new opportunities to improve and explore com-
fortability and further leisure in the life of people. (vii)
Infinite potential for further development of life in the
universe. The environment/external properties are (i)
Maintain a clean environment through its processes and
avoid the footprint of processes, while achieving specific
functions. (ii) Infinite business opportunities by creating
new products/services with ideal characteristics. (iii)
Adaptive to any situation to achieve the stated goal. (iv) No
side effects such that it should be safe for users and the
environment. Any technology which has the above
properties/characteristics is considered as ideal technology
and conventional technologies have serious drawbacks/
limitations in terms of the above properties [89]. One of the
properties of ideal technology is sustainability and zero
green gas emissions to the environment, i.e. ideal technol-
ogy is green technology (GT). Every technology can be
made sustainable by adding green components so that they
can avoid environmental degradation and converted into
green technologies to provide a clean environment for
future generations.

As discussed earlier, NT is expected to solve both the
basic needs and comfort want of human beings. The basic
needs of human beings are food, drinking water, energy,
cloth, shelter, health, and environment, and the comfort
wants are realizing automation in every field, space travel,
and expanded lifespan, and so on. NT is the manipulation
of matter on an atomic, molecular, and supramolecular
scale. Planned and controlled development of NT leads to
environmental sustainability and hence can be used as
GT. GNT is evolving as a general-purpose technology due
to its applications in all areas of society. Hence in the
advanced form, it will have a significant impact on almost
all industries and all areas of society by offering better
built, longer-lasting, cleaner, safer, and smarter products
for the home, for communications, for medicine, for

transportation, for agriculture, and for every industry, in
general. Thus, by controlled utilization of NT for environ-
mental sustainability, it can be developed as GNT technol-
ogy for sustainable development.

3.6 Contribution of Universal
Technologies on Achieving Sustainability
Developmental Goals

It is argued that the dream of realizing Global SDG of the
United Nations is possible through the proper use of tech-
nologies. In this process, two mega technologies, NT and
ICCT, have potential abilities and if used systematically by
every participating country can reach the goal.

NT, being a mega technology with many branches
including Nanomaterials Development Technology,
Nanomechanics Technology, Nanoelectronics Technology,
Nanophotonics Technology, Nanobiotechnology, and
Nanomedicine, is considered as a general-purpose technol-
ogy of the twenty-first century. NT has expected to change
the rules of development games in many areas including
agriculture and food industry, drinking water systems, effi-
cient automobiles, renewable energy systems, high-speed
optical computers, low-cost durable shelters, embedded
intelligence, space vehicles, health and medical solutions, etc.

Similarly, ICCT being a mega technology supports many
innovative general-purpose technologies which are going
to change the business models of almost every industry.
ICCT underlying technologies are supporting total auto-
mation of primary, secondary, tertiary, and quaternary
industries by creating artificial intelligence to replace
human beings totally, ubiquitous 3D printing through
internet of things (IoT) and cloud computing, optimum
business model creation through data science and business
analytics, online education, retailing, entertainment, social
connections through virtual and augmented reality, and
high-speed processing of information supports the total
transformation of society by changing the lifestyle and
comfortability levels of individuals. ICCT allows human
beings to become ubiquitous and total automated products
and services for individuals and hence acts as a pillar of
social, technological, and economical transformation.

These two technologies are capable to transform human
life by offering more and more comfortability. As discussed
earlier, every human being (i) needs nutritious food, clean
drinking water, clean air, affordable shelter, energy from
renewable sources, and good health as basic needs,
(ii) many products and services as advanced wants for
comfortability and satisfaction, (iii) dreams to realize many
individual and collective desires to enjoy and get happiness
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to acquire the status of super-human with three desired
abilities as (i) ubiquitous, (ii) omnipotent, and (iii) immor-
tal. Both NT and ICCT can work together to realize the
basic needs, advanced wants, dreamy desires at an afford-
able cost in the near future [90]. Since, based on our predic-
tion of the ability of these two technologies to convert
humans into super-humans in the process of transforming
society by serving and solving everyone’s problems, they
are collectively called Universal technology [91]. This inte-
gration of ICCT and NT into Universal technology allows
us to solve all the above three kinds of problems in society.

3.7 Risks Associated with Nanotechnology

Though NT has innumerable benefits including improved
manufacturing methods, improved environment, and
water purification systems, efficient renewable energy sys-
tems, physical systems property improvement, and perfor-
mance enhancement, optimization of health problems
through nanomedicine, better food production methods,
and enhanced nutrition in food, large-scale infrastructure
auto-fabrication through self-replicating machines, etc., if
not handled properly with creating proper awareness and
precautions may have potential disadvantages in terms of
risks to the health of living beings, environment, social life,
and economy of the countries. Some of the issues related to
health, environment, social, economic, and a newly pre-
dicted effect called green goo are discussed below:

3.7.1 Health-Related Risks

Nanomaterials are expected to show toxicity effects that are
not associated with larger particles. For example, even
inert elements like gold become highly active at the nanom-
eter dimensions. Size is a key factor in determining the
potential toxicity of a particle. However, it is not the only
important factor. Other properties of nanomaterials that
influence toxicity include chemical composition, shape,
surface structure, surface charge, aggregation and solubil-
ity, and the presence or absence of functional groups of
other chemicals. The inhaling of nanoparticles due to their
size may mainly cause the toxic effect of damage to the
lungs and sometimes they may reach to the bloodstream
and are predicted to cause heart problems. The ingestion of
nanoparticles into the human body may also become toxic
and lead to various diseases including colon cancer, Crohn’s
disease, arrhythmia, asthma, lung cancer, autoimmune
diseases, neurological disease, etc. Only little is known
about the ill-effects of nanoparticles on the living body and
further study, as well as precautions, are essential.

3.7.2 Environmental Related Risks

The unused nanoparticles or waste nanomaterials during
synthesis may agglomerate into larger particles or longer
chains with modified physical and chemical properties,
which may expose to the environment and may enter the
human body and spread toxicity. Unused silver nanoparti-
cles if mishandled may contaminate sewage sludge and
affect the microorganisms of soil of agricultural fields. The
silver nanoparticles show a toxic effect on fishes and other
marine animals in the ocean. Silver nanoparticles at high
concentrations may be toxic at high concentrations. Thus,
it is assumed that nanotechnological products, processes,
solutions, and different applications may affect signifi-
cantly to the environment and climate. Thus, nanoparticles
are likely to be more toxic due to their particle size, surface
charge, and characteristics compared to bulk materials and
hence may pose a risk to the environment.

3.7.3 Social Risks

NT supports new and easy solutions to many problems in
agricultural, food processing, renewable energy, and
healthcare sectors and removes many existing jobs through
improved and automated technology used in manufactur-
ing and service sectors which contribute to loss of manu-
facturing and agricultural jobs. Such mass loss of jobs in
primary and secondary sectors creates social inequalities.
NT will enable micro supercomputers on a very small
scale, detection of minute amounts of substances, rapid
analysis of genomes, and implantation of microchips into
humans may lead to a darker side of violation of privacy.
Though NT supports surveillance using nano-sensors
extremely small cameras, people be afraid of the security
and privacy of individuals by tracking their location and
their instantaneous behavior. Such a negative perception of
NT in society may result in questionable marketing deci-
sions and hindrance in the speed of technology acceptance.

3.7.4 Economic Risks

NT supports huge agricultural production, artificial food at
low cost, renewable energy for everyone, low-cost shelter,
long life automobiles, low-cost healthcare services, and
these innovations in the society leads to economic market
crashes due to potential lower demand to oil and gas
resources as well as due to crashed market for precious
metals like silver, gold, or diamonds, etc. due to artificial
reproduction of such things using molecular manipulation
techniques. All this leads to crash of economic market and
hence many industry performances.



3.7.5 Predictive Green Goo

Another potential danger predicted recently due to NT
advances is that with time progress with NT advance-
ment, a stage may reach where nanobots will become
commonplace in society, and with artificial intelligence
technology, these nanobots may develop their own intel-
ligence and replicate in an uncontrolled manner such a
way that one day the earth may overrun by these nano-
bots. This hypothetical situation is called a gray goo
effect. Alternatively, one day, there is a risk on the entire
planet that may be overrun by nanoengineered organ-
isms called green goo.

The above NT risks are in turn hindering the progress
and investment of financial resources on NT research by
many countries’ governments.

3.8 How Nanotechnology Can Be Made
Green and Eco-Friendly

Ideally, nanomaterial development should be incorpo-
rate a safety-by-design approach, as there is a marketing
edge for nano-enabled products with a reduced potential
impact on health and the environment. Such GNT solu-
tions play a major role in realizing SDG and eliminate the
threat of the technification of development processes.
GT is an environmental healing technology that reduces
environmental damages created by the products and
technologies for peoples’ conveniences. It is believed that
GT promises to augment farm profitability while reduc-
ing environmental degradation and conserving natural
resources GTs are sustainable technologies which will
not create footprint when used for various processes/
applications [92]. GTs support the use of natural organic
resources and avoid the production of green gasses. They
also consume less resources and do not support to
increase the entropy of the universe. GTs do not support
any kind of environmental degradation. They support
the automation of every process and hence avoid human
intervention. Since they do not support environmental
degradation and contribute to creating the footprint, they
are sustainable, improve the lifestyle of the people, and
contribute to human comfortability. The major technolo-
gies used in the present day like aircraft technology,
automobile technology, biotechnology, computer
technology, telecommunication technology, education
technology, internet technology, renewable energy
technology, atomic and nuclear technology, NT, space
technology, etc. can be made green using the principle
of GT [93-102]. NT predicted as to be pioneering

3.8 How Nanotechnology Can Be Made Green and Eco-Friendly

technology of the twenty-first century, if modified as a
GT, will be accepted by every user and play an important
role in solving problems of society at both basic and
advanced levels. The objectives of GNT in some of the
basic and advanced fields of society are listed in Table 3.4.

There are many green synthesis protocols which use
green chemistry principles for the preparation of nanopar-
ticles and hence nanomaterials compared to conventional
methods [103, 104]. This include

1) Nonhazardous naturally occurring materials to use as
starting material using bottom-up approach.

2) Recyclability and reuse of magnetic nanoparticles in
nano-catalysis applications.

3) Metal nanoparticles can be prepared using natural anti-
oxidant agents like polyphenols from Tea or wine or
agricultural residues.

4) Nanoparticles prepared using mild reaction condi-
tions in the facile synthesis display reduced toxicity
and are suitable for environmental remediation
applications.

5) Metal nanoparticles with antibacterial activities can be
synthesized using biogenetic reduction by plants using
reducing agents involved include various water-soluble
metabolite compounds.

6) Silver and gold nanoparticles which have applica-
tions in many industries are prepared using plant-based
green chemistry preparation principles.

7) Many crystalline inorganic compounds are pre-
pared using bottom-up low-temperature methods
such as hydro/solvothermal synthesis, template-
assisted approaches, nucleation, and growth in
solution/suspension, microemulsion, miniemul-
sion, etc.

8) Microbial synthesis of nanoparticles using bacteria,
fungi, and viruses; phototrophic eukaryotes, including
plants, diatoms, and algae; heterotrophic human cell
lines and some other biological agents fall under green
synthesis of nanoparticles as eco-friendly, cost-effective,
and simple approaches.

9) Microwave-assisted organic synthesis methods are used
to prepare metal nanoparticles.

Hence, nanostructures and nanocomposites of metals
and metal oxides like, Au, Ag, Al, Eu, Co, Pd, Pt, Fe, Cq,
CdS, ZnO, Bi,0s3, TiO,, NiFe,0,, etc. are prepared using
bottom-up methods like sol-gel method or chemical
reduction methods using natural sources like plants, fungi,
etc. These green chemistry preparation processes of nano-
materials and nanostructures boost the GNT movement
and give confidence to industries to promote NT-based
products and services.
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Table 3.4 Objectives of green nanotechnology in various areas of society.

S.No. Area Objectives of green nanotechnology

1 Agriculture To avoid environmental degradation in nanotechnology supported agricultural processes
including pest control

2 Food processing To eliminate poisonous contents in food and to avoid green gas emission and environmental
degradation in all food packaging processes which are supported by green nanotechnology

3 Potable water To develop large scale filters for water purification and seawater desalination through green
nanotechnological processes without environmental degradation

4 Sustainable energy To develop green nanotechnological processes for harvesting potential natural energy sources
to generate required energy for human civilization without degrading environment

5 Consumer products To produce a variety of new generation consumer products using green nanotechnology
without side effects and without degrading environment in any manner during production,
packaging, and in actual use by consumers

6 Automobiles To produce energy efficient, zero emissions, durable automobiles using renewable energy
processes based on green nanotechnology

7 Construction To build environmentally friendly, energy efficient, smart buildings with the help of green
nanotechnological processes

8 Industrial automation To develop industrial processes which are environmentally friendly, no green gas emission,
recyclable waste products using green nanotechnology

9 Computer and information  To develop and utilize environmentally friendly, recyclable electronic, and computer

communication components which use renewable energy and efficient performance using green

nanotechnology

10 Education Use of green nanotechnology in all hardware required in education services

11 Health Use of green nanotechnology with green processes in all health and medical services

12 Aircraft and space travel Use of green energy and green nanomaterials and environmentally friendly

nanotechnological processes in air and space travel

3.9 Green Nanotechnology in Primary
Industry Sector

The primary industry sector in the economy includes all
industries that are involved in the production and extrac-
tion of raw materials from nature such as farming, mining,
oil and natural gas, forestry, fishing, etc. The primary
industry sector constitutes a larger portion of the economy
in the entire world with more contributions from develop-
ing countries. GNT principles and processes have immense
advantages and benefits in the primary industry sector
compared to its constraints. Table 3.5 lists opportunities
and challenges for GNT-based innovations in the primary
industry sector.

3.10 Green Nanotechnology (GNT) in
Secondary Industry Sector

The secondary industry sector in an economy includes
secondary processing of raw materials as inputs into
various usable products using different types of

machines. The output of the secondary industries is
manufactured or assembled finished products which
are tangible in nature. GNT principles and processes
have direct implications of business performance in the
secondary industry sector. Table 3.6 lists opportunities
and challenges for GNT-based innovations in some of
the secondary industry sectors.

3.11 Green Nanotechnology in Tertiary
Industry Sector

The tertiary industry sector in an economy includes
business which offers various services to consumers.
These services are usually intangible in nature and pro-
duce high gross domestic products (GDP) and employ-
ment. GNT affects the service industry sector both
directly and indirectly. GNT principles and processes
have implications in future performances in this indus-
try sector. Table 3.7 lists opportunities and challenges
for GNT-based innovations in the tertiary indus-
try sector.



3.11 Green Nanotechnology in Tertiary Industry Sector

Table 3.5 Green nanotechnology-based innovations in primary industry sector.

S. No.

Natural resources industries

Opportunities (0) and challenges (C) of green nanotechnology

4

5

Agriculture

Forestry

Mining

Fisheries

Oil and natural gas

O: Use of nanofertilizers, nanopesticides, nanobiosensors, and nano-enabled remediation
are used in precision forming and biotic and abiotic remediation, for controlled release of
nutrients to targeted soils, soil biota, soil organic matter, and plant morphological and
physiological responses, aimed to obtain their fullest biological efficacy without
overdosage

Nano-sensors and nano-remediation methods may detect and remove environmental
contaminants

C: There is limited knowledge concerning nanomaterial biosafety, adverse effects, fate, and
acquired biological reactivity once dispersed into the environment, which requires further
scientific efforts to assess possible nano-agricultural risks

Lack of adequate risk management strategies for workers, occupational safety practices, and
policies, as well as to develop a responsible regulatory consensus

O: Green nanotechnology has the ability to reduce carbon footprints of petroleum-based
products by means of renewable forest-based nanocellulose. Nanocellulose is considered
important material for research and development of plastics, coatings, sensors, electronics,
automobile body and aerospace materials, medical implants, and body armor so that future
day plastics, cellular telephones, medical implants, body armor, and flexible displays will be
produced as forest products

C: To achieve improvement in the performance-to-weight ratio of paper and packaging
products through green nanotechnology to create features such as optical, electronic,
barrier, sensing thermal, and surface texture

O: Use of nanosized vessels to recover valuable minerals that end up in the waste

Use of green nanomaterials like graphene coatings on drill bits that perform borehole
drilling to increase effectiveness and longevity

Use of green nanomaterial for lubrication for all the mechanical parts heavy-duty
machinery to work optimally

Use of green nanotechnology allows us to isolate gold from raw materials in a selective
manner instead of using cyanide

C: To prove that the nanoparticles prepared through the green route used in mining do not
have side effects for mining workers and the environment

O: Green nanotechnology can revolutionize fisheries and aquaculture industry with new
tools like rapid disease detection, to speed up the absorption of drugs like hormones,
vaccines, and nutrients to fish, and by using antibacterial nanocoatings, shelf life of fish,
and shellfish may be improved. Green supply chain using nanotechnology can decrease
supply chain time between origin to destination

Nanotechnological applications in fisheries also include antibacterial surfaces in the
aquaculture system, nano delivery of veterinary products in fish food using porous
nanostructures, and nanosensors for detecting pathogens in the water including removing
microbes, organic chemicals, and metals

C: Proper methods of measurement of environmental effects and the surveillance of
nanomaterials in products, especially food such as fish fillets, are needed

O: Green nanotechnology provides nanomaterials to be used as drilling fluids and enhanced
oil recovery in addition to other applications including cementing and well stimulation to
enhance well productivity

C: Economic feasibility of nanoparticle to be used and their commercial availability. To
know the hazardous nature of nanoparticles on health, environment, and safety, and
predicted severe health issues
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Table 3.6 Nanotechnology-based manufacturing innovations in secondary industry sector.

S. No.

Manufacturing industries

Opportunities (0) and challenges (C) of green nanotechnology

Potable water sector

Environment cleaning sector

Food and food processing sector

Renewable energy sector

Construction industry sector

Consumer goods industry sector

Automobile industry

Medical equipment and drug
synthesis

Electrical, electronics, and
computer industry sector

O: Green nanotechnology can be used to convert impure water and seawater into potable
water. The nanofilters made by nanomembranes can remove all kinds of water
contaminants including turbidity, oil, bacteria, viruses, and organic contaminants from
impure water or salt from seawater

C: Implementation of nanotechnology-enabled alternatives systematically using
optimum nanomembranes for the conversion of impure water into potable water
throughout the world in a fixed timeframe

O: Green nanotechnology products, processes, and applications are capable to clean
degraded environments including air cleaning, water cleaning, and sound cleaning and
controls climate change by reducing greenhouse gases and hazardous wastes

C: Implementation of systematically designed low-cost renewable energy supported
nanotechnology-based environment purifying system in every country within a fixed
timeline

O: Use of green nanotechnology in food protection and delivery to targeted sites,
improving food flavor, to encapsulate nutrients such as vitamins, adding antibacterial
green nanoparticles into food for enhancement of shelf life, sensing the contamination,
improving food storage, tracking, training, brand protection, etc.

C: Identifying the potential harm of nanomaterials to human beings due to added green
nanomaterials to food and food packaging applications

O: Use of green nanotechnology for renewable energy generation, transmission, storage,
efficient lighting, and energy management systems at low cost

C: Identifying optimum nanomaterial for a particular application, reduction of cost
toward zero, improving efficiency toward 100%, optimization of storage properties of
nanotechnology-based storage device, etc.

O: Green nanotechnology allows to improve the properties of construction materials
including cement with the addition of nanoparticles will lead to stronger, more durable,
self-healing, air purifying, fire resistant, easy to clean, optimum heat and noise
insulation, and quick compacting concrete

C: Challenges include unknown environmental, health and safety risks, uncertainty
concerning the market, and consumer acceptance

O: Green nanotechnology has made an impact on fast consumer goods like textile and
fabrics, cosmetics and skin cares, sporting goods, cleaning products, furniture, home
appliances, etc. in terms of durability, production cost, enhanced features, security, etc.

C: Challenges include technology transfer, government approvals, consumer acceptance
and awareness, negative propaganda and lobby of existing conventional manufacturers, etc.

O: Green nanotechnology supported lightweight but stronger automobile components,
increased performance with long mileage, durable tires, self-repairing, long-life batteries,
renewable energy through nanopaints, which lead to cleaner, quieter, and more pleasant
automobiles

C: Commercialization of green nanomaterials, nanocomponents, and nanosystems
related to automobiles. Country government support to create awareness among
automobile manufacturers and customers

O: Green nanotechnology supports to revolutionize drug manufacturing, targeted drug
delivery, medical diagnostics, regenerative medicines

C: Worldwide acceptance of new drugs, treatment procedures, and regulatory practices
take time for global usage

Monitoring side effects and attitudes of medical practitioners also hinder the medical
treatments in the health science regime

O: Green nanotechnology based high speed and miniature-sized communication devices
and computation devices, high-density memory chips, nano-sensors, etc. for ubiquitous
communication, computation, embedded wearable electronics, and entertainment

C: Complexity involved in fabricating nanoelectronics devices and the resistance of many
companies to shift from silicon-based electronics to molecular nanomaterials-based devices



Table 3.6 (Continued)

3.11 Green Nanotechnology in Tertiary Industry Sector

S.No. Manufacturing industries

Opportunities (0) and challenges (C) of green nanotechnology

10 Aerospace and defense sector O: Green nanotechnology supports miniaturized drones or a swarm of artificial bees to

provide additional awareness and visibility. The miniaturized bots equipped with
artificial intelligence support give information on the battlefield situations. Hence, GNT
with nanosatellites, nano-battlesuit, nanosensors, nano-drones, nanosystems planted in
human bodies, and nano-nuclear chemical and biological weapons will give the upper
hand in defense and aerospace sector against conventional technologies

C: Technology transfer, skilled human resource, huge initial investment, awareness at
decision-making level, procrastination of decisions

Table 3.7 Nanotechnology-based service innovations in the tertiary industry sector.

S.No. Service industries

Opportunities (0) and challenges (C) of green nanotechnology

1 Advertising industry

2 Education industry

3 E-commerce industry

4 Entertainment industry

5 Fashion industry

6 Financial services
industry

7 Healthcare industry

8 Hospitality industry

O: Green nanotechnology provides special effect paints and displays which change their color at
different light intensity levels and hence at a different time of the day

C: Commercialization of such technology, cost against existing systems/models, and durability are
yet to be tested

O: Green nanotechnology as a career option, improving and innovations in educational
technology through higher quality and low-cost internet as well as display devices leading to
ubiquitous online education

C: Challenges include, complexity involves in technology and initial investment cost

O: Green nanotechnology supports the identification of counterfeit goods. Certified QR codes and
tracking devices supported by nanotechnology can be utilized for product packaging

C: Creating awareness on the use of such technology with identity benefits to many products
consumes time

O: Green nanotechnology supports to improve the efficiencies of digital entertainment
instruments and their durability. It also improves the speed and reachability of internet signals for
high speed online video games

C: Cost and creating awareness are two major challenges for nanotechnology-based entertainment
services

Green nanotechnology embedded fabrics can be designed to resist liquids, fight off wrinkles,
quick drying, and breathe. Also, for the killing of microbes in cloths, coating that repels water and
stain-producing liquids, antistatic nanoparticles to discharge accumulated static charge, new
designs, and patterns on fabrics and fashion equipment, etc.

C: Awareness creation and reachability of GNT features in the industry

O: Huge investment in mega-technology will facilitate the banking sector and drive economic
growth. The financial industry will have a key role in the transfer of technology from research
centers to various industries. GNT provides technological support for authentic and secured
financial transactions

C: Slow technology transfer, delay in investment decisions, financial constraints for start-ups,
effective utilization of government budgets, etc.

O: Disease control by means of disease diagnostics, prophylactics, and treatment of diseases.
Nanoprobes and nanosensors have the potential for prevention and control of diseases. GNT-
based organ regeneration and lifespan expansion are also possible

C: Use of GNT in health care may raise concern on regulation, transparency, patient privacy,
consent, etc.

O: Food preservation with original taste; self-cleaning of floors, walls, fabrics, and furniture;
bacteria-repellant bathroom surfaces; bed sheets that resist wear and soil and adjust for comfort or
a pillowcase that glows when a guest reads in bed

C: Cost of technology during the initial investment time is certainly high

(Continued)
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Table 3.7 (Continued)

S.No. Service industries

Opportunities (0) and challenges (C) of green nanotechnology

9 Insurance industry

O: Insurance industry sees GNT as a big opportunity for its future survival and growth.

Nanotechnology companies might adopt insurance coverage to reduce their risks and liability for
new futuristic business in every industry sector

C: The fundamental difficulty in making risk assessment unless quantifiable statistical data are
readily available, and hence probability and severity are difficult to calculate

10 Print and media industry

O: GNT has applications from printing inks to digital printing processes, videography, wearable

audio recording devices, and high speed online electronic and optical communication device

C: Slow technology transfer and higher cost for early entrants

11 Online services industry

O: GNT supports online ubiquitous services through 5G and future 6G technology where it can

offer audio, video, smell, taste, and touch feelings of products and services for online selections.
Using smart and artificial intelligence-enabled computers, mass customization of online services

is possible

C: Slow penetration to the market due to early breathing problems

12 Tourism industry
provide quick information

C: Cost factor until mass usage

13 Security services

O: GNT-based attractive display screens at tourism centers, airports, and various other locations to

O: Tagging and tracking, monitoring, advancing sensors technology, improved RFID technology

in body armor, combating fraud with nanoparticle-based inks

C: Integrating nanotechnology with ICCT for specific services

14 Coating services industry

O: Coating service, based purely on nano coating on surfaces/devices for specific purposes

C: Attractive for large scale coatings only based on cost-benefit analysis

O: GNT-based electronic decorations, waste management, food and beverage quality
management, music service, clothing service, etc.

C: Coordination with technology provider and event management team

15 Event management
industry

16 Smart city services
industry

O: Green nanomaterial enabled the network to provide a backbone for smart city communications
using 5G technology. Inclusion of nanotechnology in smart city solutions along with Information

technology solutions, power plant, water treatment, road infrastructure, air pollution, etc.

C: Delay in the realization of smart cities by governments in developed and developing countries

3.12 Green Nanotechnology in Quaternary
Industry Sector

The quaternary industry sector in the economy includes
the activities based on the intellectual or knowledge-
based part of the economy. This sector is found in only
most advanced countries in which through research
and development, latest ICCT, and typically includes
services such as information generation and sharing,
information technology (communication and comput-
ing), consultation, education, research and develop-
ment, and other knowledge-based services supported by
technology. The important ICCT underlying technolo-
gies which work with GNT to provide intelligent ser-
vices are artificial intelligence, 3D printing, cloud
computing, IoT, quantum computing, information
storage technology, mobile business technologies,
and online education technologies. GNT being

general-purpose technology of the twenty-first century
supports ICCT underlying technologies as another set
of general-purpose technologies to develop super-
intelligent machines and super-human beings when
these technologies get saturated [90].

3.13 Challenges in Managing
Nanotechnology Innovations

NT offers a plethora of new materials for different indus-
tries and industry sectors. Though public perception is gen-
erally supportive of NT, some risk analysis of the potential
long-term effects of green routed manufactured nanomate-
rials in human food is required. In different industry
sectors, the exposure risk would relate to different aspects
and it is a challenge to the scientist and engineers as well as
local governments while managing the NT innovations.



This also needs to arrange some public awareness to
explain the uses of NT by all industry sectors to explain the
benefits and risks to the consumers. The exact number of
available nanomaterials naturally available as well as man-
made in the environment including the oceans are not
understood and the fate and behavior of manufactured
nanomaterials in important systems, such as the oceans,
are poorly understood. The design of nanomaterials should
be according to the principles of GNT that would comple-
ment and support current regulations of the government
and to address the predicted risk while fostering the sus-
tainable development of NT as GT.

3.14 How Green Nanotechnology Is
Different and Secured to Achieve All 17
Sustainable Development Goals of UN

While discussing about opportunities and challenges of
GNT and nanomaterials as general-purpose technology
to solve many problems in the primary industry sector,
secondary industry sector, tertiary industry sector, and
quaternary industry sector, it is found that NT is a boon
to mankind and gives incredible power to human beings
to improve the comfortability and quality of life. While
comparing the United Nations SDG with GNT opportu-
nities, 12 goals out of 17 goals can be realized by using
GNT. Five goals can be realized using ICCT underlying
technologies and one goal of reduced inequalities among
Countries is not directly related to technological innova-
tions. The possibility of using GNT processes/NT systems
in solving 17 goals of global sustainable development is
shown in Table 3.8.

The NT solutions in different industry sectors are
planned by ensuring nanoscale materials are designed and
developed with human health and the global environment
in mind, and hence further fears on sustainability due to
degradable environmental concerns are unnecessary for
future years. To accelerate the development of GNT,
countries should consider the following steps:

1) Educating the people and entrepreneurs to create a sup-
portive environment in society to accept new technol-
ogy products.

2) Assessment of GNT implications to gauge the trade-off
between benefits and constraints for nanoproducts and
their existing counterparts.

3) Develop a performance standard globally for GNT prod-
ucts for the producers and users.

4) Branding green nano products and services globally by
creating awareness in every country to use and to sup-
port to realize the SDG of the United Nations.

3.15 Conclusion

5) Country governments should encourage the production
and use of GNT products and services by providing tax
relaxation and other financial incentives for the initial few
years. This will accelerate the penetration of GNT products
and services development and usage in the country.

6) Government support for open innovation without pat-
ent rights leads to wide production and marketing of
GNT products and services by many companies in dif-
ferent industry sectors. A systematic rewarding policy
should be developed to honor such an open innovation.

7) Accelerated Focus on general-purpose technology develop-
ment through national technology policy to provide more
resources and encouragement for researchers and investors.

8) Government and Nongovernment organizations (NGO)
efforts on creating awareness programs on the advan-
tages of green nano products and risk prevention strate-
gies through the design of safer and green processes
that make them.

The proactive policies of government and industry sec-
tors to encourage investors and development of skilled
human resources. The responsible approach of government,
industries, organizations, and individuals in developing
green and eco-friendly NT as a technological tool will ena-
ble more sustainable products and processes for the next
industrial revolution to realize the United Nations SDG.

3.15 Conclusion

Converting NT into green and eco-friendly NT by means of
using bottom-up preparation techniques of green chemistry
allows us to decrease the risks associated with it to various
industrial applications and resembles the many characteris-
tics of ideal technology [89]. Being a general-purpose tech-
nology with characteristics like pervasiveness, improvement,
and innovative opportunities, NT has its roots and branches
in almost all parts of science and technology applications in
society. The fear of adverse effects of nanomaterials on user
health and environment is also possible to take care by
choosing green synthesis methods at room temperature pro-
cesses. The United Nations identified 17 SDG in the year
2015, for global prospectus of humanity as systematic devel-
opment objectives to be realized by 2030 with a timeframe of
15years. These SDG goals can be realized using two general-
purpose technologies of the twenty-first century that include
NT and ICCT, in which NT has a major role to support 12
goals for realization. The opportunities and challenges of
GNT in major part of primary, secondary, tertiary, and qua-
ternary industry sectors encourages and accelerates the
growth and acceptance of technology by enhancing invest-
ments and support NT usage by every country.
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Table 3.8 SD goals, suitable technologies and focus on different industry sector to achieve them.

Goal No. Focus issue Technology Focus of technological solutions in different industry sectors
1 Reduce poverty NT Green nanotechnology in primary sector with focus on agriculture
industry
2 Reduce hunger NT Green nanotechnology with a focus on food preservation,
transportation, and even preparation of artificial food
3 Health and well-being NT Green nanotechnology in healthcare and environment cleaning
4 Quality higher education ICCT Education technology using ICCT and nanotechnology in the
tertiary sector
5 Gender equality ICCT Awareness and equal opportunity creation using ICCT-based
education
Clean water and sanitation NT Green nanotechnology in primary and secondary industry sectors
Affordable renewable energy NT Green nanotechnology for highly efficient renewable energy
generation and storage
8 Decent employment NT and ICCT Green nanotechnology together with ICCT created skilled jobs and
employment
9 Sustainable industrialization NT and ICCT Green nanotechnology together with ICCT provides industry 4.0 and
industry 5.0 based mass customization and total automation in all
industry sectors
10 Reduced inequalities among — Through technology transfer and cooperation between the countries
countries through free trade
11 Safe and sustainable cities and ICCT and NT Green nanotechnology together ICCT supports to create smart cities
communities integrated industrial facilities
12 Ensure sustainable production and ~ NT and ICCT Green nanotechnology together with artificial intelligence and IoT
consumption supports sustainable production and consumption of essential
commodities
13 Combat on climate change NT Green nanotechnology supports to control environmental
degradation and provides the optimum solution to clean the
environment and helps to combat climate change
14 Conserve ocean and marine NT Green nanotechnology is capable enough to clean the ocean to
resources conserve marine resources
15 Protect life on land NT Green nanotechnology in the healthcare sector, strong shelter, and
pollution-free clean environment through nanotechnology can
protect life on the planet
16 Ensure peace and justice ICCT Communicate and collaborate using ICCT for peace and prosperity
17 Global partnership for sustainability ICCT Communicate and collaborate using ICCT for resource sharing
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4.1 Introduction

In recent times, the growing environmental concerns and
depletion of petroleum reserves have increased our depend-
ence on biobased materials in various applications, which
has led to growing concern for the conservation and
sustainability of these bioresources [1]. A sustainable
bioeconomy can be realized by reducing the pressure on
biological resources and by availing biowaste resources [2].
The quest for development of these biobased products is on
the rise due to their low cost, accessibility, sustainability,
biodegradability, flexible processability, low environmental
burden, and reduction in the emission of greenhouse
gases [3-5]. The European bioeconomy generates a turno-
ver estimated at around €2 trillion that employs more than
17 million people [6]. Enhanced productivity, effective
recycling, capital availability, technology innovations, and
market opportunities are various aspects that are required
for a bioeconomy to thrive [5]. The usefulness of biobased
products in producing sustainable materials has expanded
to various fields such as environmental, biomedical, auto-
motive, construction, food packaging, drug delivery sys-
tems, and waste management [4].

Nanotechnology has emerged as the emblem of innova-
tion in the twenty-first century. It can be defined as the size
reduction process in which large-sized particles are
deployed and controlled in the nanoscale range [7]. Over
the past few decades, a myriad of applications of nanosci-
ence and nanotechnology have been explored by a large
panel of scientific researchers and scholars. This inquisi-
tiveness could be attributed either to the reinvestigation of
scientific fields by taking into consideration the nanoscale
as an important platform for enriching our knowledgebase

or from the remarkable invention of new instruments that
have democratized access to the nanoscale [8]. The ambi-
tion of nanotechnology has resulted in the continuous
exploration of an increasing number of new nanomaterials
which have found use in a variety of industries ranging
from health care to engineering materials [9]. Due to the
ever-growing concern of environmental problems such as
air and water pollution, the utilization of nanostructured
materials has been recently suggested for the area of envi-
ronmental remediation [10, 11]. The goal of this method is
to not use nanomaterials in the direct form but instead as
building blocks to develop nanoporous microdimensional
systems and overcome the ecological and health threats
that are linked with the use of nanoscale materials [10].
The use of single-function environmental nanomaterials in
current and novel environmental treatment technologies is
eventually approaching its threshold limits. Therefore,
smart nanomaterials with environmentally approachable
functionalities have been recognized to upgrade the cur-
rent environmental technologies. Intelligent nanomateri-
als are known to be applicable in different scenarios to
achieve the best results by normal design of their construc-
tions and functionalities [11].

4.2 Biopolymers

Due to the rapid increase in environmental pollution
caused by synthetic products obtained from petrochemi-
cals in addition to the waste generated from the plastics
industry, there has been an urgent need to shift to more
sustainable materials [3, 12]. Biopolymers are macromole-
cules that are obtained from a wide variety of plants and
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microorganisms [3]. Over the past few years, the development
and commercialization of biopolymers obtained from
renewable sources has led to the replacement of many
petroleum-based materials. Biopolymers possess a wide
array of environmental benefits [13]:

i) Decrease in the depletion of nonrenewable fossil fuel
resources.

ii) Biopolymers are degradable, thus causing less
environmental harm than their petroleum-based
counterparts.

iii) They are devoid of carbon and sustainable, since they
are obtained from natural resources.

iv) Biopolymers decrease the emission of carbon and car-
bon dioxide concentration in the atmosphere.

The utilization of biopolymers in conjunction with nano-
technology has resulted in groundbreaking work in numer-
ous applications, e.g. healthcare, water purification, food
packaging, and the energy sector [3]. A few of the major
biopolymers along with their sources are depicted in
Figure 4.1. Some of the biopolymers used for various
applications have been briefly discussed in Table 4.1.

4.2.1 Starch

Owing to its abundance and renewability starch has
emerged as a popular biopolymer in the past decade, for

Cellulose

Starch

biomedical and food-packaging applications. Structurally,
starch comprises two polysaccharides, i.e. amylose and
amylopectin [23]. Starch can be used as a replacement for
the petroleum-derived polymers since it negates the carbon
footprint of traditional resins in addition to being degrada-
ble and can also be used in conjunction with a compostable
substance without impeding the degradation process.
Plastics derived from starch are also gaining importance
due to the development of newer resin grades, their capa-
bility to blend with other biopolymers, and a growing num-
ber of suppliers. Moreover, the utilization of starch-based
plastics has been rapidly increasing in the pharmaceutical
and medical industries due to its low toxicity, biodegrada-
bility, and mechanical strength [24]. Starch for bioplastics
is primarily obtained from corn, although attempts are
being made to evaluate the possible utilization in bioplas-
tics for starches derived from other sources such as potato,
wheat, rice, barley, oat, and soy [25].

4.2.2 Cellulose

Cellulose comprises one of the most abundantly availa-
ble biopolymers present in the world and is naturally
present in all plants. It has found use in a multitude of
applications owing to its biocompatibility, low den-
sity, excellent mechanical strength, and cost-effectiveness [26,
27]. Cellulose is a linear homopolymer composed of

Lignin

Types of biopolymers

Alginate

Figure 4.1 Types of biopolymers and their source of origin.




Table 4.1 List of some biopolymer formulations.

4.2 Biopolymers

Biopolymer Formulation Application References
Polylactic acid Nanofilm Antimicrobial packaging [14]
Pectin Solid lipid nanoparticles Encapsulation of bioactives [15]
Polylactic acid Nanocomposite Antibacterial food packaging [16]
Chitosan Nanoparticles Ocular drug delivery [17]
Polylactic acid Nanofibrous scaffolds Anticancer drug delivery [18]
Chitosan Nanoparticles Active packaging [19]
Zein Composite nanoparticles Encapsulation of bioactives [20]
Nanocrystalline cellulose Solid dispersion Tablet excipient [21]
Chitosan Nanoparticles Drug delivery [22]
Starch Film Food packaging [23]

D-anhydro-glucopyranose units, which are bonded by
B-1,4-glycosidic linkage. Biocomposite materials com-
prising cellulose fibers, nanocellulose, and derivatives of
cellulose as fillers are suitable biosustainable alternatives
to produce high-quality polymer composites and func-
tional polymeric materials [28]. Due to the exceptional
feature and numerous applications of nanofibers, the use
of cellulose nanofibers has been increased in the field of
material science, including biomedical, filtration pro-
cess, chemical synthesis, textiles, and electronics [29].

4.2.3 Polylactic Acid

Polylactic acid (PLA) has gained relevance as a sustaina-
ble biopolymer in various applications owing to its bio-
degradability, biocompatibility, mechanical strength, and
ease of processing. Formulating blends of PLA with other
polymers provides various alternatives to improve associ-
ated properties or to produce novel PLA polymers/blends
for target applications. The biomedical applications, e.g.
drug delivery, tissue engineering, implants, and sutures,
are some of the areas where the use of PLA blends has
been widely explored [30]. In 2019, the production vol-
ume of PLA was approximately 1.9x10°tons [31].
Polylactic acid is mainly synthesized using ionic polym-
erization technique [3].

4.2.4 Chitin and Chitosan

Chitin and chitosan are the most ubiquitous natural pol-
ysaccharides present on the earth. Chitin is a deacety-
lated chitosan which exists in three a-, p-, and y-chitins
polymorphic forms, which is attributed to the presence
of strong hydrogen bonds between the amide and

carbonyl groups of adjacent chains [32]. An enormous
amount of crustacean shell waste obtained from crab and
shrimp is a by-product of the seafood industry that is
generated every year and can be used to produce chitin,
which in turn can be deacetylated to produce chitosan.
Thus, the production of chitin and chitosan is relatively
cost-effective as compared to other biopolymers as they
are extracted from a biowaste product using energy-
efficient methods [33]. Chitin and chitosan are biopoly-
mers with excellent bioactive properties, for example
biodegradability, nontoxicity, biocompatibility, hemo-
static activity, and antimicrobial activities [34].

4.2.5 Polyhydroxyalkanoate (PHA) and
Polyhydroxybutyrate (PHB)

Polyhydroxyalkanoate (PHA) is a group of biodegradable
linear polyester biopolymers and is produced by bacteria
in nutrient deficiency and excess carbon supply by fer-
mentation of sugars and lipids that build up in the cell as
a carbon and energy storage source. Polyhydroxybutyrate
(PHB), which is one of the most important members of
the biodegradable thermoplastic PHA family, is a
homopolymer of 3-hydroxybutyrate. It possesses high
melting point, high degree of crystallinity, and poor per-
meability to water, oxygen, and carbon dioxide [13].
Various microorganisms, for example bacteria and fungi,
and some plants synthesize and catabolize PHA biopoly-
esters [12]. PHB is thermoplastic and biodegradable,
which has made it a potential candidate in the industrial
sector for food-packaging applications with greater water
vapor barrier and oxygen barrier properties than polye-
thene terephthalate and polypropylene [13].
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4.3 Nanotechnology
in Environmental Remediation

Nanotechnology harbors a myriad of strategies that
can be leveraged to address environmental pollution.
Nanoremediation exploits the potential of nanoparticles
and nanomaterials for environmental remediation and
has been suggested as a method for cleaning up existing
pollution, ameliorating manufacturing methods to pre-
vent generation of new pollution, and preserving ecosys-
tems that suffer from the increase in human population,
pollution, and urbanization [35]. The contamination of
landfills, oil fields, and manufacturing and industrial
sites by hazardous substances needs to be amended as it
presents a grave threat to the ecosystem as well as the
health and well-being of mankind [36]. Nanoremediation,
in comparison to the current in situ remediation methods
such as thermal treatment, pump-and-treat, and chemical
oxidation containing bioremediation, presents advan-
tages of being less costly, more effective, and also contrib-
utes to environmental, social, and economic sustainability.
The properties of nanoparticles, that is high reactivity
and surface area, are particularly beneficial in eliminat-
ing a wide range of environmental contaminants that
include organohalogenated compounds, hydrocarbons,
and heavy metals [7, 8]. It is of great importance that the
materials used to combat pollution are not pollutants
themselves, thereby acting as potential candidates for the
remediation of pollution [37].

Increases in the environmental concerns due to soil,
water, and air pollution have enhanced the pursuit to
invent newer techniques to address the issue of environ-
mental remediation. An enormous amount of research
has been directed toward solving the problem of air
pollution. A major cause of air pollution are a class of
compounds known as volatile organic compounds (VOCs)
that are released by anthropogenic sources such as
chemical factories, paper industry, agricultural opera-
tions, and pharmaceutical industries into the atmosphere.
Even when their concentrations are within permissible
limits they possess the capacity to be extremely toxic, mal-
odorous, and irritant. Cellulose has caught the attention
of many researchers for applications in environmental
remediation due to its availability, biodegradability, bio-
compatibility, and also since it can be easily manipulated
to alter its physical and/or chemical features by modifying
the carbinol functionalities. Guerra and coworkers [38]
determined the performance of cellulose nanocrystals
decorated with amine functionalities in capturing
aldehyde VOCs. The modified cellulose nanocrystals were
found to have superior properties which could be

attributed to surface-to-volume ratio, which meant that
there were highly reactive amine sites present on the sur-
face per unit volume. The results obtained were crucial to
fabricate the cellulose-derived gas-capturing materials
with optimum physicochemical properties. With the
success of these initial studies, the development of related
amine-modified cellulose nanocrystal materials function-
alized with ethylene diamine and Tris was carried out.
Results revealed that small amine coats, ethylene diamine,
and Tris produced materials that were efficient at the
capture of aldehyde VOCs as compared to the cellulose
nano-crystals-poly(ethyleneimine) (CNC-PEI) material.
Present efforts are geared toward scale-up and validation
of materials in the industrial settings [38].

4.4 Methods to Assess Sustainability
of Nanotechnology

4.4.1 Life Cycle Assessment (LCA)

The burgeoning of nanotechnology in various sectors
such as medicine, automotives, energy, and agriculture is
bringing about revolutionary transformation, but these
developments have also made the question of sustaina-
bility a key issue. Although the benefits of nanomaterials
and nanoproducts are seemingly obvious, there is a need
to understand the potential risks that these products may
pose to human and environmental health. Hence, as
nanotechnology progresses from the laboratory to the
global marketplace, complementary measures have to be
taken to resolve environmental, health, and safety issues
that would prevent us from foreseeing social and eco-
nomic benefits.

LCA has recently emerged as a powerful comprehen-
sive tool to evaluate the environmental impacts of nano-
technology [39]. The existence of ISO standards for LCA
has strengthened its scientific reputation and widespread
use. It is an approach used to realize the upstream and
downstream repercussions of nanotechnology on the
environment and has motivated researchers to pursue
promising applications while prohibiting the adverse
effects [40]. LCA includes all facets in the life cycle of a
product such as procurement of raw materials, production
process, usage of products, and postuse management
including recycling and disposal [39, 40]. Although the
LCA of nanotechnology is still in its early stages, the
development of nanomaterials can be done by keeping
sustainability in mind through the use of cleaner or
greener methods during the entire life cycle of a
nanoproduct [39].



4.4.2 Case Study

Bartolozzi et al. [10] applied the LCA for optimization and
scale-up of cellulose nanosponge synthesis to be utilized
for the purpose of soil and water remediation. Through the
application of this eco-design tool as well as taking into
consideration the potential repercussions on the environ-
ment throughout the scale-up period the practicality of
production of a sustainable and environment friendly
material was assessed. Also, the global environmental
impacts due to optimization of the energy consumption
were assessed through the aid of a simulated scale-up model.

Initially, a laboratory-scale analysis was performed to
recognize the main stages in the production process that
have the greatest environmental impacts. Based on the
analysis carried out changes were proposed in the washing
solvent and temperature at the labscale itself. A second
investigation was conducted during the optimization pro-
cess to determine the reduction in environmental impact
achieved. Although the energy-consuming processes also
significantly add onto the global environmental impact, it
could not be modified at the labscale. Thus, a simplified
scaled-up production process was modeled, wherein the
optimization of the energy-consuming stages was con-
ducted. A final scale-up analysis was conducted to confirm
the environmental benefits obtained.

The production process of CNS comprises mainly of
three steps as depicted in Figure 4.2:

i) Oxidation of cellulose.
ii) Cellulose nanofibers synthesis by sonication.
iii) Cellulose nanosponge production by cross-linking the
cellulose nanofibers in the presence of b-PEI.

The application of LCA at such an early stage in the
research process proved to be very beneficial to determine
the stages having the greatest environmental impact,
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Figure 4.2 Production steps of cellulose nanosponges.
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thereby enabling an optimal eco-design of the production
process. The results of the environmental impact calcu-
lated for this study were found to be two orders of magni-
tude higher than that compared to materials employed in
industrial applications for soil and water remediation.
Therefore, current analysis indicated that a simplified
scale-up model as that suggested in the current study could
result in providing a reduction of about two orders of mag-
nitude in the environmental impact during the laboratory
synthesis stage [10].

During the lab-scale synthesis, the energy-consuming
processes and the final washing procedures were found to
be the major steps contributing to the environmental
impact. Optimization of the washing procedure was con-
ducted at the labscale itself by replacing methanol with
water as a solvent and by decreasing the solvent tempera-
ture. A simplified scale-up model of the cellulose nano-
sponge synthesis was conducted for optimization of the
energy-consumption process that contributed majorly to
the environmental impacts. A reduction of about two
orders of magnitude was achieved with regard to the lab-
scale synthesis, as determined by LCA. Therefore, through
the above example the effectiveness of LCA in the early
stages of research in reducing the environmental impact
and improving the sustainability of green nanotechnology
was emphasized [10].

4.4.3 Risk Assessment

A major apprehension regarding nanomaterials is associ-
ated with the question of whether the properties exclusive
to nanoparticles, for example increase in the surface-to-
volume ratio and greater surface reactivity, result in any
significant impact on the ecosystem that is unlike and that
is caused by conventional pollutants [40, 41]. Due to the
rapid progress of nanotechnology in the recent years,
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concern regarding its safety and repercussions on the envi-
ronment has been increasing due to the lack of a suitable
risk assessment method [42]. As the emergence of nano-
technology has been increasing over a wide spectrum of
applications, there is a growing need to identify the balance
between the potential benefits and the risks. The advantage
of a risk assessment-based technique is its ability to be
incorporated into the decision-making process of an organ-
ization or regulatory body and to bridge the gap linking
risk assessment and risk management. Methodologies
employed in risk assessment should be relevant to the pre-
sent times as well as be adequately adaptable to permit
incorporation of future technical and scientific knowledge
in the development of nanoparticles [43, 44].

Grouping and risk-assessment strategies have been
applied for nanomaterials [44]. It is based on grouping the
nanomaterials depending on their physicochemical prop-
erties to design a testing procedure applicable to the entire
group. Generic grouping of the materials based on proper-
ties such as dissolution rate, aspect ratio, and chemical
reactivity is done to bring attention to issues that require
additional observation or to read-across. Read-across is
also considered when specific endpoint data is required
from a specific nanomaterial [44]. Structured methods
such as risk-ranking approaches have been used by Grieger
et al. [45] who employed a risk-ranking technique includ-
ing qualitative and quantitative data pertaining to human
health risks of workers and soldiers caused due to engi-
neered nanomaterials.

Another project that was undertaken to assess the envi-
ronmental, health, and safety risks was the SUN project
based on “Sustainable Nanotechnologies.” It aims at moni-
toring the risks during the entire life cycle of manufactur-
ing of the nanomaterials and eventually consolidate the
data obtained into rules and specifications for sustainable
manufacturing of nanoproducts. The SUN project also
characterizes the nanomaterials released from products in
the case studies during various life cycle stages for use in
ecotoxicological and behavior studies, thereby focusing not
only on the nanomaterials but also on the nanoprod-
uct [46]. Species sensitivity-weighted distribution was con-
ducted by Semenzin et al. [47] for the ecological risk
assessment of nanoscale titanium dioxide. The environ-
mental quality criteria and ecological risk were estimated
and compared to results obtained with the traditional
approach. The inclusion of weighting criteria such as spe-
cies relevance, trophic level abundance, and nanotoxicity
data quality demonstrated its relevance as a risk assess-
ment tool. Similarly, probabilistic Species Sensitivity
Distributions (pSSDs) and probabilistic predicted environ-
mental concentrations (PECs) were used to quantify the
environmental risks of five engineered nanomaterials

[nano-TiO,, nano-Ag, nano-ZnO, carbon nanotubes (CNT),
and fullerenes] in water, soil, and sediments. The risk
assessment results obtained during this study allowed a
systematic assessment of the environmental risks caused
by nanomaterials by concern of material/compartment
combinations where the main possibility for effects with
projected environmental concentrations is expected [48].

Moreover, it has been realized that certain aspects of cur-
rent regulatory risk assessment (RA) methods are not
appropriate to imitate the risk caused by nanomaterials.
Inadequacy includes description of relevant material char-
acteristics, a dearth of appropriate exposure models, a
dearth of knowledge on which species are generally
affected by nanomaterials, and how to include such ele-
ments in the risk characterizations process [49].

The existing strategies of risk assessment do not take into
consideration the possible physicochemical changes that
nanomaterials undergo during their life cycle, thereby
requiring newer and more efficient methods of risk assess-
ment. Moreover, nanoparticles comprise various primary
particles, aggregates, and agglomerates of different propor-
tions, thus making the assessment process very resource
intensive. A risk assessment strategy comprising two phases
has been introduced within the EU FP7 project called
Managing Risks of Nanoparticles (MARINA) [50]. The
Phase 1 constitutes a problem-framing stage wherein a base
set of information is collected, related exposure situations
are determined, and the scope for Phase 2 is identified. The
severity of a relevant exposure scenario is identified by
information on exposure, kinetics, and/or risk, which are
involved as distinct pillars that contain precise tools. Phase
2 comprises a stage of risk characterization, identification
of data requirement, and unified collection and evaluation
of data on three areas, till satisfactory information is
attained to achieve on probable risks in a relevant exposure
scenario [49]. A fourth pillar, i.e. risk characterization, is
defined which contains risk assessment tools. This strategy
defines flexible and effective methods for data gathering
and risk assessment, which is important to confirm the
protection of nanomaterials, although additional develop-
ments will be required to make the MARINA Risk
Assessment Strategy more feasible [50].

4.5 Bionanocomposites

Nanocomposites have captured the attention of researchers
due to the various advantages offered by them. They have
been used in industrial applications to develop new struc-
tures and materials with versatile properties and enhanced
flexibility. Moreover, nanocomposites vary from the bulk
polymer as they possess a greater volume of interfacial



matrix attributed to the larger surface area. Despite the
wide spectrum of advantages offered by nanocomposites
they were found to have some constraints with respect to
their properties, and thus, researchers came up with the
concept of replacing polymers with biopolymers to produce
“bionanocomposites” [51]. They can be defined as materi-
als that constitute particles with at least one dimension
between 1 and 100nm and a component of biological origin
such as biopolymers. Fillers based on inorganic nanomate-
rials have been explored as an interface with biological spe-
cies for use in nanocomposites along with biopolymers.
Various materials such as clay minerals, layered double
hydroxides, carbonates, metal oxides, and carbonaceous
nanomaterials have been investigated to fabricate nano-
composite materials in conjunction with biopolymers that
have different effect on its mechanical, transport, or swell-
ing properties [51, 52]. Biopolymers such as polylactic acid,
polycaprolactone, polysaccharides, and proteins have been
explored for use in bionanocomposites along with layered
silicates of the smectite group that is used in regenerative
medicines, drug delivery, tissue engineering, electronics,
and food-packaging applications, though current studies
display that the usage of microfibrous clay minerals, for
example sepiolite and palygorskite, results in a motivating
strengthening of polymer as well as biopolymer matrices in
the development of clay—polymer nanocomposites [53].
Figure 4.3 depicts the type of bionanocomposites. The com-
position and application of various bionanocomposites
have been briefly discussed in Table 4.2.

4.6 Methods of Production of Bionanocomposites

4.6 Methods of Production
of Bionanocomposites

4.6.1 Solvent Casting

The solvent casting method relies on a solution system
wherein the solvent is able to resolve the polymer in addi-
tion to dispersing the nanoparticles. The solvent also
facilitates the polymer chains’ mobility that results in
intermingling of the nanoparticle polymer and solvent. On
evaporation of the latter, the polymer which enters between
the layers of the nanomaterial layers remains intact,
thereby resulting in the formation of the nanocomposite.
The solvent casting method is suitable for water-soluble
polymers. However, it also requires large amount of organic
solvents, which increases the cost and toxicity [64].

4.6.2 In Situ Polymerization

In situ intercalative polymerization results in swelling of
the layered silicates present in liquid monomers or mono-
mer solutions. Polymerization is initiated between the
intercalated sheets when the monomers begin to migrate to
the layered silicates. Further, the reaction is initiated by the
supply of heat and radiation in conjunction with diffusion
of initiators, organic initiator, or catalyst through a cation
exchange before the layered silicates begin to swell. This
method results in the formation of long polymeric chains
within the clay galleries [65].
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Figure 4.3 Types of bionanocomposites. Source: Modified from Saini et al. [53].
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Table 4.2 Composition and applications of some bionanocomposites.

Continuous phase Nanodimensional phases Applications Enhanced properties References

Potato starch Starch nanocrystals Food packaging Thermal stability and mechanical [54]
strength

Maize starch Chitin nanowhiskers Antibacterial Antimicrobial and mechanical [55]

packaging properties

Whey protein isolate Zein nanoparticles Food packaging Barrier and mechanical properties [56]

Whey protein isolate Montmorillonite Food packaging Mechanical strength [57]

Cellulose Nanofibers Water purification Flexibility and electromagnetic [58]
suppression

Alginate Mesoporous silica Drug delivery Mechanical properties and [59]
pharmacological potential

Chitosan Cellulose nanocrystals Drug release Mechanical performance and [60]
cytocompatibility

Chitosan Iron (oxyhydr)oxide Water purification Mechanical properties [61]

Chitosan Zinc oxide nanoparticles Dye removal Thermal stability [62]

Poly Cellulose nanocrystals Packaging Thermal stability and mechanical [63]

(3-hydroxybutyrate-co-3- properties

hydroxyhexanoate)

4.6.3 Electrospinning

Electrospinning is a very convenient technique that results in
the production of various types of continuous ultrafine
nanofibers by forcing a molten polymeric solution through a
small orifice to produce a Taylor cone [64, 65]. Electrospun
fiber mats are generally obtained by supplying a high voltage
for the generation of an electric field between the orifice and
the target like a rotating mandrel/disk or a mesh plate.
Different polymer solutions such as polylactic acid, poly (eth-
yleneoxide) (PEO), and poly(methyl methacrylate) (PMMA)
as well as a range of associated composites can be electro-
spun into fibrous structures by controlling the polymer/cel-
lulose ratio [65]. It has several merits including simplicity,
economical, fast, vast material selection, and flexibility.
Electrospinning is composed mainly of three parts, i.e. high
voltage supply, polymer/composite solution present in a cap-
illary tube, and a collector. An electrically charged jet of poly-
mer solution is obtained by applying a high voltage which
generates an electrical charge of the opposite polarity. Due to
this, there is formation of an electric field, thereby electrify-
ing the surface of the polymer solution droplet that causes
repulsion, which encourages a power that disables the sur-
face tension. Consequently, there is ejection of a charged jet
from the tip of the capillary tube followed by solvent evapora-
tion that causes nanofiber formation on the collector [65].

4.6.4 Melt Intercalation

The melt blending method is one of the most proficient
methods for the preparation of nanocomposites due to
the absence of solvents, compatibility with industrial

processes, environment friendliness, and cost effectiveness.
This method involves annealing the polymers and nano-
materials together in a molten state above the softening
point of the polymer at high shear using an extruder,
mixer, or ultrasonicator followed by exhaustive mixing
that effects in a thermal motion of the polymer chains
and assembling of the molten mass into layers of the
nanomaterials to produce both delaminated and interca-
lated polymer nanocomposites. The compatibility of pol-
ymer matrices and layered silicates determines the
amount to which the intercalated and exfoliated nano-
composites are attained. The melt intercalation method
can be used for nanocomposites prepared from thermo-
plastic polymers such as polycaprolactone, polylactic
acid, and polyolefin and is also applicable for polymers
that cannot be used in in situ polymerization or solvent-
casting techniques. Factors including the type and nature
of the polymer and the surfactant, chain length, and
packing density of the modified layered silicates are
known to affect the characteristics of the nanocomposite
structure [64].

4.7 Applications of Biobased
Nanotechnology

4.7.1 Nanotechnology in Water Remediation

The applications of nanotechnology in water treatment are
presenting newer perspectives to overcome traditional
treatment technology limitations. The generation of sludge
and hazardous materials through the traditional methods



of water treatment requires further treatment, thereby
incurring additional energy and cost. The techniques based
on nanotechnology are gaining superiority over the con-
ventional methods in environmental remediation and are
also gaining importance at the industrial scale due to low-
ered production costs [66, 67]. A majority of the biopoly-
mers that are produced by bacteria under restrictive
settings store carbon and energy resources. The mechani-
cal and barrier properties of these biopolymers improve on
incorporation of various nanofillers that are biocompatible
and biodegradable and make it useful over a wide spec-
trum of applications [3].

The modification of conventional water purification
membranes with nanocellulose warrants special attention
as a biobased product for selective adsorption of contami-
nants from industrial and drinking water. The nature and
availability of the functional groups that act as adsorption
sites determine the adsorption capacity, whereas the struc-
ture of pores in the membrane was found to determine the
accessibility to the adsorption sites [68]. Nanocellulose is
an effective bioadsorbent that has tremendous strength
and flexibility together with a high surface area and adapt-
able surface chemistry especially when used as compos-
ites [26, 69]. Cellulose nanofibers and nanocrystals derived
from nanocellulose, with customized surface properties,
have been produced by an extensive range of facile hydrol-
ysis and catalytic process methods. Due to the presence of
cationic or anionic moieties it has the ability to scavenge
heavy metal and organic pollutants such as dyes, oils, and
pesticides, from aqueous solutions. Hybrid membranes of
nanocellulose along with other nanoparticles are expected
to make a breakthrough in water purification methods due
to their improved pore structure, mechanical stability, and
adsorption capacity [69]. Nanofiltration and tight ultrafil-
tration are among the foremost methods for decontamina-
tion of industrial and domestic water to supply clean water
which is scarce in many parts of the world [70]. Different
types of nanocellulose such as bacterial cellulose, wood-
derived cellulose, TEMPO-oxidized cellulose nanofibrils,
and cellulose nanocrystals have been recently described as
a substitute for organic solvent nanofiltration membranes
due to their exceptional mechanical properties, low ther-
mal expansion coefficients, high optical transparency, and
good gas-barrier properties [70].

Cellulose nanocrystals that are obtained naturally are
environment friendly and biodegradable and hence suit-
able for the production of nanocomposites. Zero-valent
iron nanoparticles (nano-ZVI) reinforced with cellulose
nanocrystals were prepared by Bossa et al. for the reduc-
tion of contaminants and in situ remediation of groundwa-
ter. The role of the cellulose nanocrystals is to induce
stabilization and to increase the surface reactive sites on
the nano-ZVI by creating a porous mesh around its surface.

4.7 Applications of Biobased Nanotechnology

Nano-ZVI is known to adsorb a wide variety of groundwa-
ter contaminants such as halogenated hydrocarbons, azo
dyes, hexavalent chromium, and heavy metal ions [71].

An entirely biobased membrane was prepared with cel-
lulose nanofibers by a simple nanopaper production
method and was further dip coated with cellulose nanocrys-
tals. Results of the scanning electron microscopy indicated
that the cellulose nanocrystals were well dispersed over the
layer of the cellulose nanofibers. The membrane thickness,
tensile strength, and tensile modulus were higher due to
the cellulose nanocrystals dip coated onto the membrane
as compared to the previous studies where cellulose micro-
fibers were used [68]. The membranes prepared displayed
an excellent capacity for the removal of silver, copper, and
ferric/ferrous ions from industrial wastewater. Moreover,
optimizing the size of the pores in the support layer and
reducing the thickness of the different layers may make
these membranes suitable for commercial applica-
tions [68]. Karim et al. demonstrated the usefulness of a
nanocomposite biobased cellulose membrane to capture
metal ions present in industry effluents. A high-flux nano-
cellulose composite with a layered cellulose membrane
was prepared using vacuum filtration followed by hot
pressing. Mechanical stability was provided by the support
layer, whereas the functional layer caused immobilization
of metal ions from contaminated water by adsorption. The
porous matrix of microfibers in conjunction with a thin
functional layer of nanocellulose produced a membrane
with high flux and maximum functionality. Biodegradation
studies conducted in effluent water and soil indicated the
potential of these membranes for industrial applications
where durability and possible biodegradation at the end of
life are crucial, economical, and efficient [72].

The utilization of nanocellulose for impregnation of
electrospun mats was one of the first examples of mem-
branes based on functionalized nanocellulose for water
purification. Impregnating electrospun mats with different
ratios of nanocrystals presents a prospect for production of
membranes with isotropic or anisotropic structures [69,
73]. The presence of copper in industrial wastewater
streams is increasing the concern regarding its removal
using an efficient method with a low ecological footprint as
well as improving the quality of drinking water [74, 75].
Traditional methods of water purification such as continu-
ous membrane processes and batch-wise adsorbents appli-
cation have been used to overcome this problem. However,
they pose several limitations such as poor permeance and
disposal of saturated adsorbents [75]. Sheikhi and cowork-
ers attempted to use electrosterically stabilized nanocrys-
talline cellulose (ENCC) as a nanoremediation adsorption
technique for the elimination of copper from water.
Currently, attention has been increased toward emerging
sustainable and environmentally friendly nanoadsorbents
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to eradicate heavy metal ions from aqueous media. ENCC
is a sustainable and eco-friendly method to eradicate heavy
metal compounds and is prepared from wood fibers
through the oxidation of periodate/chlorite and also pos-
sesses a high charge content and colloidal stability. Through
this work, a copper elimination capacity of ~185mgg™"
was attained due to the presence of highly charged dicarbo-
xylic cellulose polyanions extending from the ENCC. Thus,
these characteristics in addition to biorenewability and
fast, simplistic, and cost-effective removal of copper ions
make ENCC an ideal sustainable method for the purifica-
tion of wastewater [74]. Another method for removal of
copper was accomplished through the use of a nanopaper
ion exchanger incorporated with phosphorylated cellulose
nanofibrils. The efficiency of these phosphorylated nano-
paper ion-exchange membranes was dependent on their
ability to reject copper and its permeability. Moreover, the
ability of the nanopaper membranes to be recycled and
reused was also demonstrated, thereby making it a sustain-
able solution for environmental remediation [75].

The use of chitin nanocrystals embedded onto an elec-
trospun cellulose acetate fiber mat was also suggested by
Goetz et al. to produce membranes with a lower abiotic
fouling tendency for water treatment. Significant rise in
the mechanical strength and modulus of electrospun cel-
lulose acetate fiber membrane could be due to the coating
of chitin nanocrystals on the individual fibers that were
joined together at the junctions by webs formed by the chi-
tin nanocrystals. Also, there was a decline in the develop-
ment of biofilm and abiotic fouling due to deposition of the
chitin nanocrystals on the membrane and the surface
chemistry of chitin nanocrystals as well as the interactions
between the surfaces of the cellulose acetate membrane
and Escherichia coli cells. Thus, impregnation of chitin
nanocrystals onto the cellulose acetate network produced
membranes with high flux with prospective use to purify
water from food industries contaminated with biologic and
organic contaminants [73].

Nitrates which are a major portion of fertilizers used to
improve crop yield have also been posing a major health
threat due to their presence in potable water which deterio-
rates the quality of drinking water. The rapid intensifica-
tion of nitrates in the environment warrants special
attention due to their adverse side effects and their ability
to cause eutrophication and acidification [76]. An attempt
was made to produce a nanopaper ion exchanger derived
from nanofibrillated cellulose to scavenge nitrates present
in water. The nanocellulose ion exchanger was designed to
operate in flow-through conditions and was produced from
fiber sludge, which is a by-product generated during paper
production. Cationic quaternary trimethylammonium
groups were used to modify the cellulose nanofibrils, and

their efficiency was assessed based on their permeance and
nitrate adsorption. The dynamic filtration experiments
demonstrated that the nitrates were effectively adsorbed
onto the cellulose nanopaper and could be thus eliminated
from drinking water. The nanofibrillated ion exchanger
possessed adsorption properties comparable to its commer-
cial counterparts in addition to having the benefit of
reduced contact time [76].

4.7.2 Nanotechnology in Food Packaging

Food packaging plays a key role in the preservation of pro-
cessed or fresh food. It ensures that there is no deteriora-
tion in the quality of food from the time of harvest or
manufacture till its availability to shoppers [33, 77]. The
use of traditional packing methods using nonbiodegrada-
ble substances has been rapidly escalating the strain on the
environment due to the difficulties in disposal, slow degra-
dation, depletion of aquatic life due to ocean pollution, and
the unavailability of collection and recycling facilities in
numerous countries [78]. Therefore, the drawbacks of non-
renewable materials have led to replacing noncompostable
packaging resources with more renewable, sustainable,
and eco-friendly substances [23].

Nanocomposites are a variability of nanoparticle-
reinforced polymers, which have been established to
improve the packaging materials, that usually contain up
to 5% w/w nanoparticles with clay nanoparticle composites
and possess enhanced barrier properties (80-90% decrease)
and have been utilized in the manufacturing of beer bot-
tles, carbonated drinks, and edible oils. Recently, the US
Food and Drug Administration (USFDA) has also permit-
ted nanocomposites contact with food [33]. Ternary poly-
meric films containing polylactic acid were prepared by
Yang et al., which were developed by dispersing cellulose
nanocrystals and lignin nanoparticles in different concen-
trations. Increase in the crystallinity values for the ternary
system by incorporating the two lignocellulosic nanofillers
resulted in nanocomposites with a higher strength and
modulus values and also had enhanced nucleation and
crystal growth as compared to the neat polylactic acid and
polylactic acid binary systems [16].

Food packaging based on antimicrobials is also emerging
as a promising style of active packaging, which relies on
incorporating natural antimicrobial materials into food
packaging, thereby increasing the shelf life of the product
as well as ensuring food safety. Hosseini et al. prepared bio-
active films comprising fish gelatin and nanoparticles
based on chitosan, blend infused with oregano essential
oil. In addition, nanocomposites possessing antimicrobial
properties are extremely helpful to attenuate the expansion
of postprocessing contaminant microorganisms, thereby



regulating any undesirable change in the quality of food.
The bioactive nanoparticle films were found to possess
antimicrobial function against common food pathogens
such as Staphylococcus aureus, Listeria monocytogenes,
Salmonella enteritidis, and E. coli [79]. Wen et al. also
reported a novel antimicrobial packaging material that had
prospective use in active food packaging. It was prepared
by dispersing cinnamon essential oil/f-cyclodextrin inclu-
sion complex into polylactic acid nanofibers through the
electrospinning technique, and the resultant polylactic
acid/cinnamon/p-cyclodextrin nanofilm was found to have
greater antimicrobial activity in comparison to the polylac-
tic acid/cinnamon essential oil nanofilm, thereby proving
that it could extend the shelf life of pork [14].

Whey protein isolate (WPI) is among the plethora of pro-
teins that are obtained from milk as a by-product in the
manufacturing of cheese or casein. In comparison to fossil
fuel-based synthetic films, WPI has excellent film-forming
and gas-barrier properties. Solution casting was used to
prepare whey protein isolate-based bio-nanocomposite
films incorporated with zein nanoparticles. The addition of
zein nanoparticles considerably enhanced the vapor bar-
rier and mechanical strength of the WPI without compro-
mising the elongation of the films, thus proving to be
potential food-packaging materials [56].

Starch, a biopolymer, is one of the foremost promising
candidates for food-packaging applications, particularly
because of its engaging combination of low cost, extensive
accessibility, high purity, nontoxicity, biodegradability, and
environmental compatibility. Fabra et al. developed nano-
biocomposites of thermoplastic corn starch with bacterial
cellulose nanowhiskers by direct melt-mixing, and they
were characterized in terms of morphological, optical, bar-
rier, and tensile properties. The moisture and barrier
properties of the nanobiocomposites were found to be
improved by coating the films with electrospun poly(3-
hydroxybutyrate) fibers, thereby opening new avenues for
the industrial packaging sector [80].

4.7.3 Nanotechnology in Biomedical
Applications

Significant headway in the use of natural polysaccharides
for controlled drug delivery has been achieved.
Polysaccharides can be easily assimilated to nontoxic prod-
ucts by the body, are eco-friendly, cost-effective, and pos-
sess desirable characteristics such as biocompatibility and
renewability with low protein and cell adhesion [81, 82]. In
recent years, polysaccharide-based hydrogels have also
acquired substantial value over synthetic polymers as con-
trolled drug delivery systems in pharmaceutical sci-
ence [81, 83]. Anirudhan and coworkers reported a novel
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drug delivery system of 5-fluorouracil, an anticancer drug,
encapsulated in a cellulose-grafted polymethacrylic acid
succinyl cyclodextrin, which proved to be a promising car-
rier that exhibited sustained and controlled release of
5-fluorouracil to the target site [81]. Ghayempour et al.
worked on tragacanth gum, which is a natural and safe
material to formulate zinc oxide nanoparticles. Cytotoxicity
studies indicated lower cytotoxicity due to the use of traga-
canth as a noncytotoxic biomaterial on the synthesized
urchin-like zinc oxide nanorod arrays [82]. Kono and
Teshirogi formulated a hydrogel based on carboxymethyl
chitosan and carboxymethyl p-chitosan using carbodiim-
ide as a cross-linker. The chitosan hydrogels loaded with
aspirin exhibited a sustained release of the drug, thus
possessing the potential of functioning as a sustainable
eco-friendly material with controlled drug-release
characteristics [84].

Polysaccharide-based hydrogels have also been deliber-
ated upon as a prime method for drug delivery to the colon.
Hosaini and coworkers reported nanosize hydrogels for
indomethacin prepared with different cross-linkers such as
glutaraldehyde, polyvinyl alcohol, and diglycidyl ether
using the swelling-diffusion method. The hydrogels were
based on tragacanth biopolymer that contained reactive
sites for modification and cross-linking [83].

Conventional cross-linked elastomeric particles are syn-
thesized from synthetic rubber latex which are obtained
from petroleum products and are not biodegradable.
Hence, Wang and coworkers reported the synthesis of a
biodegradable cross-linked elastomer nanoparticle that
was found to be suitable to modify the characteristics of
biodegradable brittle elastomer particles such as polylactic
acid and polyhydroxyalkanoate and was also found to be
useful for various biomedical applications [85].

Chitosan is one of the most sought after biopolymers
that is extensively used in medical and pharmaceutical
industries due to its abundant availability, low cost, low
toxicity, capability to enhance membrane permeability,
biodegradability, and biocompatibility [17, 86]. Zhang et al.
carried out the preparation and characterization of
naringenin-loaded chitosan particles for ophthalmic deliv-
ery. The negative charge of the cornea and conjunctiva
results in their interaction with the positively charged chi-
tosan nanoparticles, thereby prolonging the residence time
and increasing the concentration of the drugs. Thus, these
chitosan-based nanocarriers were found to be advanta-
geous over the conventional methods of drug delivery due
to the ease of administration, enhanced ocular bioavaila-
bility, prolonged drug release, and reduction in the dosing
frequency [17]. Nanocomposite hydrogels have perked the
interest of many researchers due to their superior properties
over pure polymer hydrogels. Yadollahi et al. developed
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chitosan zinc oxide nanocomposite hydrogel beads by in
situ generation of zinc oxide nanoparticles. Based on the
data obtained, the prepared chitosan-zinc oxide nanocom-
posite hydrogels were found to be prospective candidates
for the controlled delivery of drugs [86]. Rudzinski et al.
utilized chitosan and PEGylated chitosan to formulate
nanoparticles to treat colon cancer in humans; 3nmol of
siRNA was encapsulated in the nanoparticles by the ionic
gelation method, and the data obtained indicated that the
chitosan and PEGylated chitosan nanoparticles were suc-
cessfully targeted to the colon cells, thereby inhibiting a
protein responsible for tumor progression [87].

Biodegradable polymers such as chitosan, polylactic
acid, polycaprolactone, alginate, and gelatin have also
gained interest in pulmonary drug delivery due to their
favorable attributes such as better encapsulation, con-
trolled release of the drug for a prolonged period of time,
and resistance to systemic degradation. Chitosan has found
widespread use as a biopolymer for delivery to the lungs of
various drugs, genes, and vaccines due to its reduced toxic-
ity, encapsulation, and targeting. Due to the negative
charge of the sialic acid residues of the alveolar mac-
rophages, the positively charged chitosan nanoparticles are
effectively targeted to the lungs. Rawal et al. developed
rifampicin-loaded chitosan nanoparticles for local targeted
delivery to the lungs [88]. Nanoparticles based on a hydro-
phobic derivative of chitosan, i.e. octanoyl chitosan, were
also formulated by Petkar et al. The resultant nanoparticles
were used to encapsulate rifampicin for pulmonary deliv-
ery in tuberculosis [89].

Researchers in veterinary science have also been explor-
ing the use of biopolymers as a sustainable option for drug
delivery. In particular, hydrogels based on starch are gain-
ing attention in biomedical drug delivery since they are
water swellable, biocompatible, and biodegradable. Gok
et al. aimed to synchronize the estrus cycle in ewes by for-
mulating a modified starch-based vaginal tablet containing
progesterone. From the data obtained, the vaginal tablet
based on biocompatible wheat starch, containing 75mg
progesterone, was proposed to be a potential substitute for
the commercially available sustained-release products that
are utilized for estrus synchronization [90]. Gao et al. also
formulated carboxymethyl chitosan nanoparticles for the
oral delivery of extracellular products of Vibrio anguil-
larum for the oral vaccination of turbots. Therefore, these
biobased nanoparticles were found to be effective carriers
of the oral vaccine to enhance both adaptive and innate
immunity in fish [91].

The use of electrospun nanofibrous scaffolds has been
widely explored for various applications, for example bone,
wound dressing, and drug delivery system. Polylactic acid,
polylactic-co-glycolic acid, and polycaprolactone are

materials that are preferred for fabricating nanofibrous
scaffolds due to their biodegradability and processabil-
ity [92]. Anaraki et al. formulated a multiwalled carbon
nanotube electrospun nanofibrous scaffold of polylactic
acid/polyethylene glycol by the electrospinning process.
The nanofibrous scaffolds were used to encapsulate doxo-
rubicin hydrochloride, an anticancer drug that exhibited
sustained release for more than 30 days [18]. Chen et al.
worked on nanofiber scaffold for instances wherein
antithrombogenicity and accelerated endothelialization
are preferred. The emulsion electrospinning technique was
used to encapsulate heparin and vascular endothelial
growth factor into the core of poly(L-lactic acid-co-e-
caprolactone) core—shell nanofibers and was found to have
immense potential in the fabrication of vascular grafts [93].
Electrospun poly(vinyl pyrrolidone)-nanopoly(lactic-co-
glycolic acid) core-shell composite nanofibers of flurbipro-
fen axetil were also reported by Zhu et al. The formulated
composite nanofibers were suggested to be an optimistic
idea for the delivery of drugs, owing to their remarkably
decreased burst-release profile, excellent cytocompatibility,
and antiadhesion activity [94].

4.74 Nanotechnology in Agriculture

The global population is expected to hit a whooping eight
billion in 2024, which will cause an escalation in the food
demand, thereby putting an immense pressure for food
supply from the agriculture sector. The current worth of
the agri-food sector is estimated at US$5 trillion, which will
continue to surge higher, together with a 70% rise in caloric
demand and a 100% increase in crop demand. To meet this
ever-growing demand for food, researchers are now explor-
ing the field of nanotechnology to address the issues of
food security, sustainability, and nutritional safety along
with increasing the agricultural productivity [95]. Popular
food industries such as H.J. Heinz, Nestle, Hershey,
Unilever, and Kraft are now exploring nanotechnology-
based food and food packaging wherein the nanofood sec-
tor is expected to cross the US$20 billion mark by 2020 [95].

Over the past few decades the use of conventional pesti-
cides and fertilizers in agriculture has been contributing to
environmental damage. Therefore, to combat the use of
these harmful chemicals, a more sustainable approach
based on biopolymers such as polysaccharides is being
developed. These biopolymer derived formulations could
be applied for controlled release preparations and to
reduce the toxic effects of agrochemicals, thereby resulting
in their safe management [96]. Nowadays, there has been
a paradigm shift from the use of conventional to more
nano-based fertilizers. Abdel-aziz and coworkers formu-
lated nanocarriers based on chitosan with encapsulated



nitrogen, phosphorus, and potassium for foliar uptake by
wheat plants. Results obtained from the study indicated
that the wheat plants treated with the nanochitosan ferti-
lizer on sandy soil had a greater harvest index, crop index,
and mobilization index compared to the plants treated
with normal fertilizers. Therefore, nanofertilizers were
found to enhance the productivity and plant growth,
thereby creating new opportunities in agricultural
production [97].

Nanoparticles produced from biopolymer polysaccha-
rides such as chitosan and cyclodextrin were also devel-
oped by Campos and coworkers for the delivery of carvacrol
and linalool. The nanocarriers were prepared by the ionic
gelation method. The resultant nanosystem offered a dual
function by encapsulating hydrophilic molecules within
the chitosan matrix, whereas the hydrophobic molecules
could be transported in the cyclodextrin cavities, thus pro-
viding perspective for a wide variety of applications apart
from agriculture. There was a significant increase in the
acaricidal and oviposition activities of carvacrol and linal-
ool encapsulated in the nanoparticles, whereas the unen-
capsulated molecules possessed effective repellent activity.
The nanocarriers developed were thus found to be better
alternatives for the delivery of botanical compounds in
agriculture and control of agricultural pests as well as con-
tribute to environmental remediation [98].

Recently, nanotechnology has spiked up interest as a sus-
tainable method for enhancing the efficiency of herbicides
as well and combating their adverse effects on the ecosys-
tem. Various attempts have been made to develop herbi-
cide carrier systems that specifically act on weeds, without
harming nontarget organisms. Nanosystems based on
biopolymers such as polysaccharides are now coming to
the forefront as an effective way of delivering herbicides.
Chitosan, which is a biodegradable polymer obtained from
deacetylation of chitin, has been highlighted as a carrier
for agrochemicals and plant micronutrients [99].
Maruyama and coworkers proved that encapsulating the
herbicides enhanced their action and lowered their toxic-
ity. Nanoparticles of imazapic and imazapyr were formu-
lated using biopolymers such as alginate/chitosan and
chitosan/tripolyphosphate, and their physicochemical sta-
bility was determined. Real-time polymerase chain reac-
tions were used to determine the effect of the loading
herbicides in nanoparticles on microorganisms present in
the soil. The results obtained from the study proved that
encapsulation of herbicides within the nanoparticles
decreased their toxicity, thereby proving it to be a potential
candidate for agro-food applications in the future [99].

Mohammadi et al. also used chitosan to prepare nano-
particles to enhance the antimicrobial efficacy as well as
the stability of Cinnamomum zeylanicum essential oil
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against Phytophthora drechsleri which is the causative
agent of rotting in cucumber (Cucumis sativus). The fruits
coated with the C. zeylanicum essential oil chitosan nano-
particles were found to be more firm, maintained their
color and water content, and also revealed lower microbial
counts during the storage period in comparison to the
essential oil. Thus, the biobased nanoparticle coatings were
found to be a sustainable method to extend the postharvest
shelf life of cucumbers [100]. An easy dripping technique
was used by Perez and Francois to prepare macrospheres of
chitosan and chitosan-starch blends to obtain controlled
release of fertilizers. The formulated macrospheres which
were formed by ionotropic gelation and neutralization
were later incorporated into a hydrogel using a cross-
linking agent such as sodium tripolyphosphate solution.
Prepared hydrogels were found to be an appropriate option
for the controlled release of fertilizers in the agrochemical
industry [101].

Botanical repellents exhibit superiority over the conven-
tional methods to reduce our dependence on synthetic
pesticides and in soil remediation, but poor stability along
with rapid degradation hampers their successful use in the
field. Therefore, nanosystems based on biopolymers,
which are environment-friendly carriers, can be used for
the protection of compounds susceptible to degradation,
impart desired release properties, and decrease the toxicity
caused to humans and the ecosystem. Oliveira and cow-
orkers prepared zein nanoparticles for the delivery of the
essential oils of citronella (geraniol and R-citronellal).
Nanoparticles based on biopolymers such as zein could be
utilized as an effective environment-friendly carrier sys-
tem for the protection of essential oils against premature
degradation, exhibit desirable release properties, and
attenuate the toxicity caused to the environment and to
human health. Hence, this nanotechnology-based product
offered a better choice for the application of botanical
repellents in agriculture and also resulted in reduced tox-
icity, prevented premature degradation, and provided effi-
cient pest control [102].

4.7.5 Nanotechnology in Dye Removal

Increase in the environmental pollution due to industrial
effluents is gaining global concern due to its repercussions
on human and environmental health. Treating discharges
from the textile dyeing industry is one of the most chal-
lenging tasks [103]. In the textile industry, annually about
7% 10 tons of dyes and pigments are produced, and 10-15%
of dyes which have not been used in the dyeing process are
released into the water systems [103, 104]. Approximately
100000 dyes are currently available commercially [105].
Synthetic dyes are usually stable and nonbiodegradable.
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Moreover, some dyes have also been found to be carcino-
genic and teratogenic, which pose a serious threat to the
water ecosystem as well as humans [103]. There have been
various approaches for the removal of these harmful dyes
through the use of biobased nanomaterials. A highly effi-
cient and recyclable bioadsorbent was prepared by Song
et al. by utilizing a keratin sponge matrix incorporated with
cellulose nanocrystals for the deletion of dyes present in
aqueous solutions. The study indicated that the adsorption
power of the keratin bioadsorbent was highly enhanced
due to the incorporated cellulose nanocrystals nanofiller.
Additionally, the bioadsorbent had excellent packed-bed
column operation performance, thereby suggesting its use
for industrial dye wastewater treatment [103].

Yue et al. also developed an adsorbent for removal of
dyes by reinforcing amino-terminated hyperbranched pol-
ymer and beta-cyclodextrin (8-CD) onto cotton fibers. The
study revealed that the reinforced adsorbent was success-
fully able to remove the Congo red and methylene blue
dyes and that the adsorption isotherms and kinetic studies
were in accordance with the Freundlich model and pseudo-
second-order model, respectively [104].

Biobased nanocomposites proved to be another feasible
approach for the removal of dyes. Vilela et al. designed a
zwitterionic nanocomposite membrane with cross-linked
poly(2-methacryloyloxyethyl phosphorylcholine) and bac-
terial nanocellulose. The study aimed at assessing the
removal of two water-soluble dyes, i.e. methylene blue and
methyl orange, from water. Results revealed that the dyes
were successfully eliminated under the experimental
conditions reaching a maximum dye absorption of
4.4-4.5mgg . Thus, these nanocomposites proved to be a
promising approach for the fabrication of antibacterial
biobased adsorbent membranes for effluent treatment con-
taining anionic and cationic dyes [106].

A novel method was also developed by Tavakolian
through the use of hairy nanocellulose for dye removal
from wastewater. The use of hairy nanocellulose has been
gaining momentum because it is biorenewable, environ-
mentally friendly, can exclusively be directed for particular
applications, and is also produced by a cost-effective proce-
dure. ENCC, which is a negatively charged form of hairy
nanocellulose, was used for the removal of methylene blue,
which is a cationic dye from wastewater. The electrosteri-
cally stabilized nanocrystalline exhibited an uptake of
1400mgg™" of methylene blue, which was significantly
greater to any other reported value. Thus, the use of hairy
nanocellulose proved to be a proficient method for adsorb-
ing harmful dyes from industrial wastewater [107].

Tang et al. prepared an aerogel sorbent of cellulose
nanofibrils for the removal of contaminants from wastewa-
ter. Nanomaterials extracted from plant cellulose, such as

cellulose nanofibrils, can be easily transformed to an aero-
gel having a controllable density. The cross-linked net-
works of the cellulose aerogel had high porosity and were
found to effectively adsorb methyl orange and copper (II)
ions. Thus, the cellulose nanofibrils-based aerogels were
believed to be attractive avenues as commercial adsorbents
due to their low cost, sustainability, greater adsorption
capacity, and ease of fabrication [108].

Figure 4.4 depicts some of the applications of biobased
nanoproducts. Some of the commercial biobased nano-
products are listed in Table 4.3.

4.8 Expert Opinion

With the rapid dwindling of fossil-fuel/petrochemical
reserves and increased anxiety regarding the adverse
impacts on the environment, researchers have been explor-
ing ways to switch over to natural resources for sustainable
development. Recently, nanotechnology has been heralded
as a prime technology, holding many prospects for future
markets. Combining the aforementioned notions, the idea
of nanomaterials doped with biopolymers has aroused the
interest of many scientists, to convert to a more eco-friendly
lifestyle. The ample advantages of biobased products
including their abundance, cost-effectiveness, biodegrada-
bility, and biocompatibility have resulted in its use in vari-
ous applications such as soil and water remediation,
agriculture, energy-storage devices, food-packaging appli-
cations, and drug delivery. There have also been phenom-
enal advances in the application of nanocomposites in the
biomedical field such as skin tissue engineering, guided
bone regeneration, bone-healing process, wound healing,
and wound acceleration. But the road to development is
never a straight one, and all potential solutions come with
a price.

With respect to biopolymers, to make the idea of “sus-
tainability” more perceivable, they have to be economi-
cally superior to their synthetic counterparts. The rigorous
processing, extensive use of solvents, and higher energy
demands create a major hurdle for its commercial pro-
duction. Thus, efforts need to be directed to achieve
greater functionality and scalable production. Also,
despite all the in-depth research, very less information is
available about the fate of nanomaterials that are released
into the environment and their impact on human health.
Due to the greater surface-to-volume ratio, the biological
activity of these particles is likely to vary from larger par-
ticles, and although there is a possibility that they may
cause toxic effects when inhaled or in the blood circula-
tion, there is no conclusive data to indicate the same. The
many uncertainties regarding nanomaterials necessitate
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Table 4.3 Commercial products of some biobased nanoproducts.
Commercial product Content Application Producer/supplier
Master Nano Chitosan Organic  Liquid chitosan, organic acid, salicylic Agriculture Pannaraj Intertrade,
Fertilizer acid, and phenol compounds Thailand
TAG NANO (NPK, PhoS, Zinc, Proteino-lacto-gluconate chelated with ~ Agriculture Tropical Agrosystem
Ca, etc.) fertilizers micronutrients, vitamins, probiotics, India (P) Ltd, India
seaweed extracts, and humic acid
Nano Green Extracts of corn, grain, soybeans, Agriculture Nano Green Sciences, Inc.,
potatoes, coconut, and palm India
Curran® Nanocellulose Additive to paints and CelluComp Ltd, United
coatings, cosmetics, food, = Kingdom, Scotland
etc.
NF moisture Nanocell Mask, Nanocellulose Cosmetics Asia Nano Group

Mist and Serum

the need for strict guidelines for the responsible and safe
manufacture of engineered nanomaterials. The existing
tools of risk assessment for nanotechnology sustainability
are also highly uncertain, require diverse evaluation crite-
ria, present challenges in prediction, and are a more
“relative” form of assessment, which is more applicable for
products that are to be introduced or already available on
the market.

Nevertheless, the current trajectory of development
toward creating a more sustainable planet for future gen-
erations is a goal that should be pursued to build a more
intelligent, greener, and prosperous economy. With the
blossoming advancement of nanotechnology and higher
demands by humans for medicine, food, and industrial
production, the applications of biobased products have an
immense opportunity of development in the near future.
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4.9 Conclusion

The rapid surge in environmental pollution caused due to
anthropogenic activities has motivated researchers to
investigate the domain of green nanotechnology to create a
more sustainable ecosystem. With nanotechnology being
considered as the future technology, its use has been
expanding over a wide spectrum of applications due to its
multidisciplinary nature. In the past, much emphasis has
been given to developing products based on natural
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5.1 Introduction

Biopolymers are polymeric biomolecules that contain
monomeric units that are covalently bonded to shape
greater particles. The prefix “bio” signifies they are biode-
gradable materials made by living creatures. A wide kind
of materials generally obtained from natural sources like
microorganisms, plants, or trees are regularly portrayed
utilizing the expression “biopolymer”. Materials delivered
by synthetic chemistry from biological/natural sources like
vegetable oils, sugars, fats, resins, proteins, amino acids, at
that point on likewise can be portrayed as biopolymer [1].
When contrasted with synthetic polymers which have a
less difficult and more irregular structure, biopolymers are
complex atomic gatherings that receive exact and charac-
terized 3D shapes and structures. This is one significant
property that makes biopolymers dynamic atoms in vivo.
Their characterized shape and structure are surely keys to
their working function. For instance, hemoglobin would
not have the option to convey oxygen in the blood in the
event that it was not collapsed in a quaternary structure.
The primary property that recognizes biopolymers from
nonrenewable energy source determined polymers is their
sustainability, particularly when joined with biodegradabil-
ity. Biodegradable biopolymers from renewable resources
have been incorporated to give options in contrast to fossil-
fuel-based polymers. They are mainly obtained from
starch, sugar, natural fibers, or other natural biodegradable
segments in different formulation quality. The biopolymers
are debased by an introduction to microorganisms in the

soil, compost, or marine residue. Besides, exposing
biodegradable biopolymers to garbage removal by using
their attribute of being degradable by the microscopic
organisms especially bacteria in the ground fundamentally
diminishes the release of CO, contrasted with conventional
incineration. In this way, the utilization of biodegradable
biopolymers from the perspective of global warming pre-
vention. Lately, with the basic circumstance of the world-
wide condition worsening because of global warming, the
development of systems with maintainable utilization of
materials has been accelerated from the perspective of ade-
quately utilizing limited carbon resources and saving lim-
ited energy resources. Moreover, the expense of oil
feedstocks has risen drastically and there is a rising pur-
chaser enthusiasm for utilizing “green” (or renewable
resources) as the reason for consumer items [2].

One of the rapidly developing materials areas in the last
few years has been the manufacturing of polymers from
sustainable resources also can be said as renewable
resources. Their advancement is filled by the potential
these polymers hold to supplant fossil-fuel-based poly-
mers. The primary explanations behind this drive can be
summed up as follows:

1) insufficient fossil-fuel resources;

2) pricing uncertainty of fossil fuels;

3) the commitment of the petroleum derivative as a feed-
stock to environmental change;

4) its infrequent role as a political weapon; and

5) its relationship with the garbage discarding issue made
by the fossil-fuel derivative determined polymers.
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Based on repeating units

Proteins Nucleic acids

Biopolymers
Biodegradable = Non-biodegradable
Polysaccharrides
Bio based Non-bio based
Based on polymer backbone
Polyesters Polysaccharrides  Polycarbonates

Figure 5.1 Biopolymer classes [3].

5.2 Different Class of Biopolymers

Biopolymers are classified into various ways depending on
various scales. Depending on their degradability, biopoly-
mers can be partitioned into two major classes, in particu-
lar biodegradable and nonbiodegradable, and then again,
into bio-based and non-bio-based biopolymers (Figure 5.1).
Based on their polymer general structure, biopolymers can
be categorized generally into the following classes: polyes-
ters, polysaccharides, polycarbonates, polyamides, and
vinyl polymers [2]. These classes are again subdivided into
a few subgroups dependent on their origin. Biopolymers
can be characterized, based upon the character of the rep-
etition unit they are made of, into three gatherings: (i) poly-
saccharides are made of sugars (for example cellulose
present in plants cell), (ii) proteins are made of amino acids
(for example myoglobin found in muscle tissues), and
(iii) nucleic acids are made of nucleotides (for instance,
DNA). Depending on their use, biopolymers can be named
bioplastics, biosurfactant, bio detergent, bioadhesive, bio-
floculant, and more [3].

Biopolymers are categorized according to different sizes,
in various ways. Biopolymers can be divided into two large
classes based on their degradability, namely biodegradable
and nonbiodegradable, and alternatively, into bio-based
and non-bio-based biopolymers (Figure 5.1). Biopolymers
can be loosely divided into the following classes based on
their polymer backbone: polyesters, polysaccharides, poly-
carbonates, polyamides, and vinyl polymers. Once again,
these groups are divided into many subgroups based on the
source. Biopolymers can be classified into three categories
according to the structure of the repeating unit they are

Polyamides

Vinyl polymers

made of (i) polysaccharides are composed of sugars (e.g.
cellulose found in plants), (ii) amino acid proteins (e.g.
myoglobin found in muscle tissues), and (iii) nucleic acids
consist of nucleotides (DNA, the genetic material of the
organism in question). Biopolymers can be categorized,
depending on the application, as bioplastics, biosurfactant,
bio detergent, bioadhesive, biofloculant, and more.

5.3 Sources and Preparation
of Biopolymers

Polymeric biomaterials are polymers that are chemically
inferred or modified, intended for various applications.
Designing the production of novel biopolymers in plants is
giving their manufacturing process a truly biorenewable
approach. Like all-polymer firms, these polymers are
additionally supplied in bulk and subsequently formed for
specific end-use. Microorganisms additionally play a sig-
nificant job in manufacturing a vast variety of biopoly-
mers, for example, polysaccharides, polyesters, and
polyamides which go from viscous solutions for plastics
(Table 5.1). Their physical properties are subject to the
structure and atomic weight of the polymer. The proper-
ties of different biopolymers derived by the guide of micro-
organisms can be custom fitted by the genetic control of
microorganisms, subsequently making it reasonable for
high-esteem clinical application, for example, tissue build-
ing and drug delivery.

Biopolymers that are created with the assistance of
microorganisms require certain supplements and also,
controlled ecological conditions. They are delivered either
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Table 5.1 The preparation and application of alginate manufacturing method and its composite nanoparticles [4].

Polymer Method of fabrication

Particle size (mm)

Remarks

Alginate Control of the gel formation of alginate

by calcium ions

Gelation in the presence of calcium
ions and further cross-linking with
poly-L-lysine

Gelation in presence of calcium ions
and further Eudragit E-100

Modified coacervation or ionotropic
gelation method

Sodium alginate and  Emulsion solidification method

BSA

Water-in-oil microemulsion followed
by calcium cross-linking of glucuronic
acid units

Calcium alginate

Alginate and chitosan Ionotropic pregelation of alginate with
chloride followed by complexation
between alginate and chitosan

Induction of a pre-gel and with
calcium counters chitosan ions,
followed by polyelectrolyte complex
coating with chitosan

Induction of a pre-gel and with
calcium counters, chitosan ions,
followed by polyelectrolyte complex
coating with chitosan

250-850

200-950

205-572

166+34

764-2209

850 +88

Evaluation for the drug-loading capacity
with doxorubicin as a model drug

Nanosponges are new antisense
oligonucleotide carrier system for specific
delivery to lungs, liver, and spleen

In vitro release study revealed sustained
release of gliclazide from gliclazide loaded
alginate nanoparticles

Optimization of mucoadhesive
nanoparticulate carrier systems for
prolonged ocular delivery of the drug

Determination of the kinetic parameters of
5-FU sodium alginate BSA nanoparticles
metabolism

Examination of the nanoparticles for their
potency as carriers for gene delivery

Monitor the complexation calcium of
contrary charged polyelectrolytes as insulin
nanoparticulate carriers

Development of an oral insulin delivery
system having mild formulation conditions,
high insulin entrapment efficiency for
gastrointestinal release

In vivo evaluation of the pharmacological
activity of the insulin-loaded nanoparticles

straightforwardly by means of fermentation or on the other
hand by synthetic polymerization (i.e. by chemical method)
of monomers, which are then manufactured through
maturation. Most biopolymers are biocompatible with no
unfavorable impacts on biological systems. The process of
manufacture of biopolymers from bacterial sources is
accepted to be either because of their defense mechanism
or as storage material [3]. They can be debased naturally,
microorganisms, and enzymes so it can be reabsorbed in
nature. Biopolymers or natural plastics are a type of plastics
got from renewable biomass sources, for example, vegeta-
ble oil, corn starch, pea starch, etc. (Figure 5.2). By moving
the concentrate more into the biopolymers, the protection
of fossil assets and a decrease in CO, outflows can be
accomplished consequently by promoting sustainable
development. Among the microorganisms, algae fill in as a
great feedstock for plastic creation as a result of their high
yield and the capacity to develop in a range of environmen-
tal conditions. The utilization of algae opens up the chance
of using carbon and killing ozone harming substance emis-
sions from production lines or power plants.

Algae-based plastics have been an ongoing pattern in the
time of bioplastics contrasted with traditional techniques
for using feedstocks of corn and potatoes as plastics. While
algae-based plastics are in their earliest stages, when they
are into commercialization they are probably going to dis-
cover applications in a wide scope of businesses. As of now,
microbial plastics are considered as a significant source of
polymeric material that has an extraordinary potential for
commercialization. They can change the flow properties of
liquids, stabilize suspensions, flocculate particles, encapsu-
lated materials, and produce emulsions [5].

5.4 Biopolymer Nanoparticles

Biopolymer nanoparticles were originally designed for the
use of albumin and nonbiodegradable polymers, such as
polyacrylamide and poly (methyl acrylate). The danger of
persistent toxicity due to intracellular and additional tis-
sue overburdening of nondegradable polymers was subse-
quently regarded as a significant restriction for the systemic
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Figure 5.2 Preparation of polyhydroxybutyrate (PHB) in both biomass and oilseed crops. Source: K. D. Snell, et al., (2015), Fig 01,

Pg 03 / with permission of ELSEVIER.

route of polyacrylamide and poly (methyl acrylate) nano-
particles administration in humans. As a result, synthetic
biodegradable polymers like polyalkylcyanoacrylate, poly
(lactic-co-glycolic acid), and polyanhydride were devel-
oped for the form of nanoparticles that had a lot of
consideration [6-8].

The therapeutic capability of these colloidal biodegrada-
ble systems has been explored for various applications.
These systems may also be concerned about toxicological
concerns because of the extraordinarily significant reports
described in the literature. The administration of hydro-
philic atoms based on bio nanoparticles, such as peptides,
proteins, and nucleic acids (oligonucleotides and quali-
ties), has been shown to have extraordinary therapeutic
potential, is further limited. This drawback is primarily due
to the fact that the polymers that form these nanoparticles
are primarily hydrophobic, although they are mature in
proteins, peptides, and nucleic acids. This causes difficul-
ties in effectively encapsulating the drug and protecting it
against enzymatic degradation [9]. This examined the com-
position of nanoparticles using more hydrophilic, natural
materials. It was felt years ago that we needed to build bio-
degradable nanoparticles (liposome, virus-like particle
(VLP), protein, etc.) as successful drug delivery devices. In
addition to the general benefits of nanoparticles, biopoly-
mer nanoparticles, in particular, offer many advantages,
including the simplicity of their preparation from well-
understood biodegradable polymers and their high

stability in, as well as during the storage of biological flu-
ids. Nanoparticles made from biodegradable polymers
such as proteins and polysaccharides can serve as efficient
drug delivery vehicles for sustainable, controlled, and tar-
geted release, with the goal of improving the therapeutic
effects and also reducing the side effects of formulated
drugs [10, 11].

5.4.1 Protein Nanoparticles

The first naturally occurring substance used to produce
nanoparticles was two proteins, albumin and gelatin [12].
Among the colloidal systems, protein-based systems are
very promising because they are biodegradable, less immu-
nogenic, and nontoxic; they have higher in vivo and stor-
age stability, are relatively simple to prepare and track size
distribution, and can be scaled up in their development [10,
11, 13]. Furthermore, the protein-based nanoparticles give
various possibilities for surface modification and covalent
drug attachment due to the given primary structure of the
proteins.

5.4.1.1 Albumin

Linked to its various functions and uses, albumin, a protein
found in blood plasma, has always been a fascinating mol-
ecule [14]. Albumin is a protein that is biodegradable, bio-
compatible, and less immunogenic. In the circulatory
system, the primary function of albumin is to aid transport,



metabolism, and the distribution of exogenous and endog-
enous ligands. It is also capable of acting as an effective
extracellular antioxidant and providing protection against
free radicals and other harmful chemical agents. These
specific albumin properties have provided a leading posi-
tion in drug therapy from ancient times [13]. The study
suggests the use of modified serum albumin as a selective
agent for tumor detection and/or therapy or as a toxic com-
pound delivery method to remove Mycobacterium tubercu-
losis via the delivery of receptor-mediated drugs. Thus, the
nanotechnology period has used the well-established prop-
erties of albumin, both human serum albumin (HSA) and
bovine serum albumin (BSA), for various purposes such as
nanoparticular drug (antibodies, interferon-gamma, anti-
viral compounds) targeting carriers, anticancer therapeu-
tic enhancer, adapted vehicles for drug delivery through
the brain to the central nervous system and even across
blood-brain barriers [6, 14].

5.4.1.2 Collagen

Collagen in a vertebrate is considered as a structural build-
ing material and the most abundant mammalian protein
comprising 20-30% of total body proteins. Collagen has a
particular sequence of structure, scale, and amino acids
those results in triple helix fiber formation. Because of its
excellent biocompatibility, biodegradation, and availability,
collagen is considered a useful biomaterial. In addition, its
capacity to change paved the way for its numerical appli-
cations in the manufacture of nanoparticles. These modifi-
cations involve the addition of other proteins, such as
elastin, fibronectin, and glycosaminoglycan, resulting in
the enhancement of its physicochemical and biological
properties as well as the regulation of biodegradability and
subsequent release of ligand through the use of such inter-
linking agents as glutaraldehyde, formaldehyde, ultravio-
let, and gamma radiation. The collagen-dependent
biodegradable nanoparticles are thermally stable, readily
sterilizable, can be taken up by the reticuloendothelial sys-
tem, and allow increased absorption of drug molecules into
the cells [15, 16].

5.4.1.3 Gelatin

Gelatin is a natural water-soluble macromolecule which is
the product of collagen heat dissolution and partial hydrol-
ysis. There are two types of gelatin: type-A gelatin is
obtained by isoelectric-point (pI) acid treatment of colla-
gen between 7.0 and 9.0, while type-B gelatin is produced
by alkaline hydrolysis of collagen with pI between 4.8 and
5.0. Gelatin has many advantages over other synthetic
polymers including nonirritability, biocompatibility, and
biodegradability, making it one of the promising materi-
als as a carrier molecule. It is a natural, nontoxic,

5.4 Biopolymer Nanoparticles

noncarcinogenic, low-immunogenic, and antigenic macro-
molecule. Gelatin has many surface functional groups that
aid with chemical cross-linking and derivatization. These
advantages led to its application for the synthesis of
nanoparticles for drug delivery over the last 30 years [17].

5.4.1.4 Silk Protein

Sericin and fibroin nanoparticles. Silk fibers consist mainly
of fibroin and sericin in which the structural protein,
fibroin, and sericin are enveloped by the gum-like sticky
protein. Table 5.2 describes preparation and application of
silk protein nanoparticles [4].

5.4.1.4.1 Fibroin

It is made up of more than 70% of cocoon, the “core” pro-
teins and is also known as hydrophobic glycoprotein. This
insoluble protein is made almost entirely from the amino
acids glycine, alanine, and serine that lead to the formation
of an antiparallel-pleated layer in the fibers. Fibroin is
semi-crystalline and consists of two phases: one is the
shape of a solid crystalline base, and the other is noncrys-
talline. Also, silk fibroin is histocompatible, less immuno-
genic, and less toxic. Silk fibroin can be transformed into
different types including gels, fibers, membranes, scaffolds,
hydrogels, and nanoparticles [18]. Soil fibroin matrices
with high specific surface area, high porosity, good biocom-
patibility, and biodegradability have comprehensive bio-
material and drug delivery applications. For many years,
the soil has been used as a suture material, and it has been
identified as a biopolymer that evokes minimal foreign
body response. In addition, silk-based biomaterials are
highly biocompatible with different cell types and encour-
age cell growth and proliferation (Figure 5.3).

5.4.1.4.2 Sericin

Sericins - hydrophilic glycoproteins that act as a “glue” -
make up 20-30% of the coconut. These hot water-soluble
proteins contain various polypeptides ranging in weight
from 24 to 400kDa and have an exceptionally high serine
content (40%) along with substantial glycine content (16%).
Sericin consists of 35% sheet and 63% random coil and has
no helical material - thus, its partly unfolded state. Apart
from the general benefits of protein nanoparticles, sericin
nanoparticles may also provide some other benefits of the
sericin’s inherent property. These include antioxidants and
antitumor action; enhancing the bioavailability of such ele-
ments as Zn, Mg, Fe, and Ca; and suppressing coagulation
when sulfated; sericin is nontoxic to fibroblast cells. The
content of methionine and cysteine in silk sericin is an
important factor for cell growth and collagen synthesis.
Water-soluble silk sericin has no immunogenicity and is
also like silk fibroin a biocompatible macromolecular
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Table 5.2 Preparation and application of silk protein nanoparticles [4].

Protein Method of fabrication

Particle size (mm) Remarks

Silk fibroin Precipitation using water-miscible protonic and polar

aprotonic organic solvents

Precipitation using water-miscible protonic and polar

aprotonic organic solvents
Microemulsion

Conjugated covalently with insulin using cross-
linking reagent glutaraldehyde capillary microdot
technique

Desolvation

Silk sericin Conjugation of sericin with activated PEG

Sericin-PEG self-assembled through hydrophobic
interactions delivery

Sericin-polymethacrylate core-shell nanoparticles by

graft copolymerizing technique

Self-assembled silk sericin/poloxamer nanoparticles.
Self-assembled silk sericin nanostructures

35-125 Globular insoluble particles well dispersed
and stable in aqueous solution

50-120 Matrix for immobilization of L-asparaginase

167 Color dye-doped silk fibroin nanoparticles

40-120 Insulin-silk fibroin nanoparticles
bioconjugates

<100 Sustained and long-term therapeutic
delivery of curcumin to breast cancer cells

150-170 Cellular uptake and control release studies

200-400 Overcomes its problem of instability in
water and insolubility in organic solvents

204 Self-assembled nanostructures for
immobilization and drug

100-150 Potential biomedical application as delivery
systems

100-110 Nanocarriers of hydrophobic and

hydrophilic drugs for targeted delivery

Fractal self-assembly of silk protein sericin

B-sheet
crystallite

Fiber

Amorphous chains

Figure 5.3 Fibroin is assembled from nanofibril units which
crystal network consists of B-sheet crystallites dispersed within
an amorphous matrix. Source: T. P. Nguyen et al., (2019), Fig 01,
Pg 03 / MDPI / CC BY 4.0.

protein. An examination of the macrophage silk protein
response indicates that sericin does not usually manifest
inflammatory activity when present in a soluble form.
Nayak and Kundu recently concluded that sericin facili-
tates the healing of wounds without inducing any inflam-
mation [18, 19] (Figure 5.4).

5.4.1.5 Keratin

Keratins are a group of structural proteins rich in cysteine
which exhibit a high mechanical strength due to a large
number of disulfide bonds. Keratin was recently used as a
nanosuspension that results in ultra-thin, transparent

Sericin

Fibroin

Figure 5.4 Main proteins of silkworm silk fibers are fibroin and
sericin [18].

keratin coatings to investigate the action of the proliferation
of in vitro cells as a possible coating material for standard
cultivation. The nanosuspension keratin coatings can pro-
vide an affordable alternative to materials such as collagen
or fibronectin. Keratin nanosuspension, if further explored,
can also find applications in tissue engineering [18, 20].

5.4.2 Polysaccharide Nanoparticles

Nanoparticles derived from polysaccharides and nano-
structured surfaces contribute to improving the biocom-
patibility of cell toxic material along with modern



immobilization methods that are currently being devel-
oped for modern pharmaceutical formulations derived
from bionanoparticles. Nanoparticles from naturally
occurring polysaccharides were developed for peptide, pro-
tein, and nucleic acid administration [21].

5.4.2.1 Alginate

Alginate is a water-soluble, naturally occurring, a linear
unbranched polysaccharide derived from brown sea-
weed. Alginate consists of two uronic acid forms,
-L-guluronic acid and D-mannuronic acid. The mono-
meric units are split into three ways: alternating blocks
of guluronic and mannuronic residues, guluronic acid
blocks, and mannuronic acids. Alginate has been identi-
fied as a mucoadhesive, biocompatible, nonimmuno-
genic material under normal physiological conditions
and undergoing dissolution and biodegradation. Alginate
solubility in water depends on the cations related to it.
Sodium alginate is water soluble because of calcium
induces gel formation [21]. Alginate can also form com-
plexes with polycations such as polyenimine (PEI), chi-
tosan, or simple peptides such as polylysine and
polyarginine, in addition to the interaction with calcium.
Carboxylic uronic acid groups carry negative alginate
charges. Chitosan endows nanoparticles with a positive
surface charge, prolongs the contact time of the active
ingredients with the epithelium, and improves absorp-
tion through the paracellular transport pathway via the
near junctions. It is easy to obtain micro- and nanoparti-
cles alginate by inducing calcium ion gelation [22]. This
property can be used to produce a pre gel composed of
very small aggregates of gel particles, followed by the
addition of an aqueous polycation solution to form a
complex polyelectrolyte coating. A cationic natural poly-
mer, poly-L-lysine (PLL) was used to combine with algi-
nates to prepare nanoparticles. However, if administered,
PLL is toxic and immunogenic. Selected recently as an
alternative cationic polymer, chitosan (CS). Table 5.1 dis-
plays the preparation and applications of alginate and its
composite nanoparticles [4].

5.4.2.2 Chitosan

Chitosan is the naturally occurring second-abundant
polysaccharide. Chitosan is made of D-glucosamine (dea-
cetylated unit) and N-acetyl-D-glucosamine(acetylated

Figure 5.5 Chemical structure of chitosan biopolymer [25].

HO
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unit), which are naturally distributed. It is produced
through the deacetylation of chitin extracted from crab
shells, shrimps, and krill. Commercially available chitosan
is 66-95% deacetylated and it has an average molecular
weight of between 3.8 and 2000kDa. Chitosan is linear,
hydrophilic, positively charged, and has the properties of
mucoadhesive. Because of its excellent biocompatibility
and biodegradability, it is an excellent biopolymer for the
preparation of microparticles and nanoparticles [23]. It is
degraded in vivo by lysozyme. Furthermore, the amino
groups impart a high charge density on the molecule and
are readily available with acids for chemical reactions
and salt formation. Chitosan is soluble in different acids and
can also interact with polyons in order to form complexes
and gels. These characteristics are exploited in the manu-
facture of nanoparticles based either on the spontaneous
formation of complexes between chitosan and polyons like
DNA or on the gelation of a chitosan solution dispersed in
an emulsion of water in oil [24] (Figure 5.5).

5.5 Fabrication Methodologies

There are three popular methods of preparing nanoparti-
cles based on proteins and polysaccharides, namely emul-
sification, desolvation, and coacervation. They have been
complemented very recently by the electrospray drying
technique [12].

5.5.1 Emulsification

The theory of formation of nano-emulsions is based on the
spontaneous emulsification that occurs when mixing an
organic and aqueous phase. Organic phase is a homogene-
ous solution of tar, lipophilic surfactant, and water-miscible
solvent, whereas the aqueous phase is hydrophilic surfactant
and water. This method may be defined as the dissolution of
hydrophobic substances in an organic solvent that is further
emulsified at very high shear with an aqueous solution. This
means very small droplets (50-100nm) are produced. After
emulsification, the organic solvent is removed by evapora-
tion, resulting in strong dispersions of solid nanoparticles.
The main drawback of this method is a need to apply and
then remove organic solvent. On top of that, organic solvent
residues can cause toxic problems [26] (Figure 5.6).

OH OH OH

HO OH

NH, NH, NH,
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solution)

Figure 5.6 Process describing evaporation.

5.5.2 Desolvation

A different method for manufacturing nanoparticles which
required a slow addition to the protein solution of a desol-
vation factor, such as natural salts or alcohol. The desolva-
tion factor alters the tertiary protein structure [27]. When
the critical level of desolvation is achieved, protein clump
will be formed which will result in the formation of nano-
particles while cross-linking with a chemical substance
(e.g. glutaraldehyde). Then a variation in the desolving
method was done as a two-step process for the synthesis of
gelatin nanoparticles. In the first stage of desolvation,
decanting eliminates the low molecular gelatin fractions
present in the supernatant, and in the second step, large
molecular fractions present in the sediment are redissolved
and then dissolved again at pH 2.5. Then the resulting par-
ticles can be separated easily by centrifugation and
redispersion [4].

5.5.3 Coacervation

The method of coacervation is similar to the method of
desolvation; it uses mixing of the aqueous protein solution
with organic solvent such as acetone or ethanol to create
tiny coacervates. The addition of the cross-linking agent,
such as glutaraldehyde, etc., limits these coacervates. The
difference of methods of coacervation and desolvation is
the different parameters that influence the manufacturing
process to give the nanoparticles the desired property.
These parameters include initial protein concentration,
temperature, pH, cross-linker concentration, agitation
velocity, protein/organic solvent molar ratio, and organic
solvent addition rate.

5.5.4 Electrospray Drying

The process of electrospraying generates sections of pro-
teins that are relatively monodisperse and biologically
active. This approach involves preparing protein solution

Added dropwise
on heated oil

Evaporation of water

and formation of protein
nanoparticles

by dissolving the dry powder in a solution that is electro-
sprayable. Dispersion of the solution accompanied by
evaporation of the solvent leaves dry residues deposited on
appropriate deposition substrates. This method had pre-
pared insulin nanoparticles sized between 88 and 110 nm.
Even higher nanoparticles output rate increases their scale.
The biological activity of the nanoparticles based on the
electrosprayed proteins is not affected by the process condi-
tions (Table 5.3).

5.6 Nanotechnology and Biopolymer
Composites with a Sustainable Approach

Large-scale use of biopolymers requires enhancing
biopolymers’ technological performance with regard to
petroleum-based polymers, without seriously sacrificing
environmental performance. The recent developments in
silicate nanocomposites coated with biopolymers are very
promising in this respect [29].

Varied fibers and platelets have long been used as rein-
forcements to enhance the mechanical properties of poly-
meric materials. The use as reinforcements of layered
silicate clays is relatively recent, starting in the early 1990s.
The widely used polymer composite clays are montmoril-
lonite (MMT), hectorite, and saponite, which belong to the
general phyllosilicate family of 2 : 1. Their crystal structure
consists of either aluminum or magnesium hydroxide lay-
ers composed of two silica tetrahedrals fused to an edge-
shared octahedral sheet. Individual layers are approximately
1nm thick, and lateral platelet dimensions may vary from
30nm to several microns, depending on the particular sili-
cate, and are therefore referred to as nanoclays. When
mixed with polymers, these nanometer-thick layers are
able to exfoliate into individual platelets. Exfoliated silicate
nanoclays have a high aspect ratio (defined as the diameter
to platelet thickness ratio) of 10-1000, and therefore a
small weight percentage of nanoclays properly spread
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Table 5.3 Some biopolymers, their sources, and preparation [7, 28].

Polymer Method/source

Example of bacteria used for synthesis

Hybrid plastics

Adding denatured algae biomass to petroleum-based

Filamentous green algae, Cladophorales

plastics like polyurethane and polyethylene as fillers

Cellulose-based plastics ~ Biopolymer of glucose

Poly-lactic acid (PLA)
Bio-polyethylene

Polymerization of lactic acid

Ethylene produced from ethanol, by a chemical

30% of the biomass produced after extraction of
algal oil is known to contain cellulose

Bacterial fermentation of algal biomass

Bacterial fermentation of algal biomass

reaction called cracking. Ethanol derived from natural

gas or petroleum

Poly esters Biomass

Bacteria like Alcaligenes eutrophus, E. coli, etc.

throughout the polymer provides a much larger surface
area for polymer filler interactions than traditional micron-
sized reinforcements do. Nanoclays, in their pristine form,
are naturally hydrophilic in nature, resulting in very poor
dispersion in organic polymers. The modification of the
surface chemistry of nanoclays by ion-exchange reactions
with cationic surfactants, such as quaternary alkyl ammo-
nium or alkyl phosphonium, has been shown not only to
improve dispersion by making organophilic nanoclays, But
also to improve polymer adhesion by providing functional
groups that can react with the polymers and, in some cases,
by initiating monomer polymerization. Organically modi-
fied montmorillonite (OMMT) clays with different specifi-
cations are manufactured commercially under the trade
name CloisiteR by Southern Clay Products Inc. [30]

Three main techniques have been used in the prepara-
tion of multi-layer silicate polymers.

1) Polymer intercalation from solution, where the organi-
cally modified layered silicates (OMLS) is first swollen
and mixed with the polymer solution in a solvent such
as chloroform or toluene. The polymer chains interca-
late and displace the solvent inside the silicate inter-
layer, forming a solvent-removing nanocomposite.

2) In situ intercalative polymerization accompanied by
polymerization, where the organically transformed clay
is swollen within the liquid monomer or a monomer
solution.

3) Melt-intercalation in which a mixture of polymer and
OMLS is rinsed statically or under shear above the poly-
mer softening stage.

Melt intercalation is evolving as a conventional tech-
nique since it is compatible with current industrial pro-
cesses such as extrusion and molding by injection.
Furthermore, melt intercalation is deemed environmen-
tally preferable to the other approaches due to the absence
of organic solvents and related pollution [31].

The strong interfacial interactions between the polymer
and organophilic layered silicates, the availability of large
surface areas for such interactions due to high aspect ratios,
and the good dispersion achieved with organomodifiers
result in significant improvements in the technical perfor-
mance of nanoclay composites. Mechanical properties
such as tensile strength and nanoclay composite modulus,
for example, dramatically increase with relatively low clay
load by weight of less than 5%. The strengthening of poly-
mers by nanoclays also increases the temperature of heat
distortion, which is the temperature at which a polymer
sample deforms under a specified load. The gas barrier
properties of nanocomposites are stronger than those of
pure polymers, firstly because nanoclays create a labyrinth
of tortuous pathways that hinder the movement of gas
molecules through the polymer resin, and secondly
because local molecular level transformation in the poly-
mer matrix often reduces permeability in the presence of
silicate galleries and organic modifications. The thermal
stability of polymeric materials is usually studied through
thermogravimetric analysis, where weight loss following
degradation at high temperature is monitored due to the
formation of volatile products. Nanoclay dispersion
increases polymer thermal stability, as the silicate layers
serve as barriers to the flow of these volatile gaseous by-
products and associated heat.

Although the impact of nanoclays on the above perfor-
mance measures is positive, the direction of the impact on
biopolymers’ biodegradability is not unambiguous, as the
mode of attack by compost microorganisms differs depend-
ing on the characteristics of nanocomposite and orga-
nomodifier and the compost conditions. Quaternary alkyl
ammonium salts, the most widely used organic nanoclay
modifiers, are considered biodegradable under acceptable
waste treatment conditions and thus are not likely to
adversely affect the biodegradability. Nevertheless, some
studies report that biodegradation is delayed due to higher
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barrier properties of nanoclay composites, while some
studies do not notice any variations in 60-day biodegrada-
tion between pristine biopolymers and their nanoclay
composites [32].

The significant improvements in the properties of biopol-
ymer nanoclay composites compared to pristine biopoly-
mers have been documented in a number of experimental
studies. These modifications include increased weight,
increased storage modules, lower heat distortion, lower gas
permeability, and flammability, and, frequently, greater bio-
degradability. Nevertheless, the observed degree of these
improvements is a complex phenomenon depending on the
polymer, nanoclay, clay filling, organomodifier, compatibi-
lizers, process parameters, degree and nature of clay disper-
sion, morphology, and test conditions. Moreover, most
studies report changes over a variety of these parameters,
and typically these relations are not linear. For example,
mechanical properties such as tensile strength increase ini-
tially with the increase in clay loading and start to fall after
a critical loading stage. Similarly, the percentage of storage
modules improved depends on the range of temperatures
measured. As a result, the findings of different studies can
hardly be summarized and concluded that biopoly-
mer - nanoclay composites have enhanced technical per-
formance against pristine biopolymers under appropriate
conditions, making them more competitive with petroleum-
based polymers and traditional composites [29].

5.7 Characterization
of Nanoparticles

Using such advanced microscopic techniques as scanning
electron microscopy (SEM), transmission electron microscopy
(TEM) and atomic force microscopy (AFM), nanoparticles
are typically characterized by their scale, morphology, and
surface charge. The average diameter of the particles,
their size distribution and charge influence the physical
stability and distribution of nanoparticles in in-vivo stud-
ies [33]. Techniques for electron microscopy are very useful
in determining the overall form of polymeric nanoparti-
cles, which can determine their toxicity. The surface
charges of the nanoparticles influence both the physical
stability and redispersibility of polymer dispersion and
their effects in vivo [3].

5.7.1 Particle Size

Nanoparticles have a significant role in drug release and
drug targeting. Particle size has been shown to have an
effect on drug release. Smaller particles have greater sur-
face area. As a result, much of the drug loaded onto them

would be exposed to the surface of particles leading to
rapid release of the substance. By comparison, drugs dis-
perse slowly inside larger particles [34]. As a disadvantage,
smaller particles tend to accumulate during nanoparticle
dispersion storage and transport. Hence, a balance exists
between a small size and optimum nanoparticles stability.

Another important application of nanoparticles is the
immobilization of enzymes in the field of biosensors.
Reducing the size of carrier materials usually improves the
performance of immobilized enzymes, because the smaller
particles provide a broad surface area for enzyme surface
attachment and reduce the resistance to substratum diffu-
sion. In addition, nanoparticles’ physical characteristics,
such as increased diffusion and particle motility, can affect
the intrinsic catalytic activity of the attached enzymes.
Particular size can also influence the degradation of poly-
mers. For example, the degradation rate of poly(lactic-co-
glycolic acid) has been found to rise with the in vitro
particle size. As discussed below, there are many methods
for assessing the size of the nanoproducts [35].

5.7.1.1 Dynamic Light Scattering

Photon-correlation spectroscopy (PCS) or dynamic light
scattering (DLS) is the fastest and most common method of
determining particle size today. DLS is commonly used to
assess the size of Brownian nanoparticles in nano- and
submicron-ranged colloidal suspensions. In Brownian
motion, reflecting monochromatic light (laser) onto a solu-
tion of spherical particles causes a Doppler change as the
light reaches the moving object, shifting the wavelength of
the incoming light. This alteration is related to particle size.
The size distribution can be extracted and a description of
the motion of the particle in the medium can be given, the
diffusion coefficient of the particle is calculated and the
autocorrelation function is used. This method has several
advantages: the experiment is quick, is nearly automatic,
and requires no extensive experience. In addition, this
approach has modest cost of developing. The benefit of
using dynamic scattering is the possibility of examining
samples containing large ranges of species with widely dif-
ferent molecular masses (e.g. a native protein and different
aggregate sizes) and detecting very small quantities of the
higher mass species (<0.01% in certain cases). PCS describes
the average particle size and polydispersity index (PI) which
is a set of particle size measurements within measured sam-
ples. Observing larger particles as opposed to smaller parti-
cles shows that the larger particles travel more slowly than
the smaller ones for a given temperature [34, 36].

5.7.1.2 Nanoparticle Tracking Analysis
A minor change to the nanoparticle tracking analysis
(NTA) photon-correlation spectroscopy is a technique



developed by Nano-Sight Ltd to determine the size distri-
bution profile of small particles in a liquid suspension. The
technique is used in conjunction with an ultramicroscopy
which allows visualization of small particles moving under
Brownian motion in liquid suspension. Using the Stokes-
Einstein equation, computer software is then used to
record motion of particles and then calculate their hydro-
dynamic radius afterward. Furthermore, because the sam-
ples need minimal preparation, the time needed to process
one sample is considerably reduced [36, 37].

5.7.2 Particle Morphology

Nanoparticles’ size and morphology exert a profound
influence on the physical and chemical properties which
determine their interaction with the environment and
biological systems. There are also methods for examining
nanoparticular morphology. Other parameters such as
morphology or surface roughness of nanoparticles are
also calculated by microscopic techniques such as SEM,
TEM, and AFM, along with particle size and distribution
study [35].

5.7.2.1 Scanning Electron Microscope

Nanoparticles solution should first be processed into a dry
powder for SEM characterization, which is then placed on
a sample holder and then coated with a conductive metal,
such as gold, using a sputter coater. The sample is then ana-
lyzed with a focused, fine electron beam. The sample is
then scanned with a guided, fine electron beam. The sur-
face properties of the sample are derived from the second-
ary electrons released from the surface of the sample. The
nanoparticles must be able to withstand vacuum, which
can damage the polymer by the electron beam. The mean
size obtained by SEM is comparable to the results obtained
by dispersing dynamic light [38].

5.7.2.2 Transmission Electron Microscope

TEM works on a different concept than SEM but also
brings in the same data type. TEM sample preparation is
complex and time consuming due to its need to be ultra-
thin for transmitting electrons. The dispersion of nanopar-
ticlesis deposited on assistance grids or films. Nanoparticles
are fixed using either a negative staining substance such as
phosphotungstic acid or derivatives, uranyl acetate, etc., or
plastic embedding content to escape the instrument vac-
uum and encourage handling. Alternate approach is to
expose the sample to liquid nitrogen temperatures after
incorporation into vitreous ice. Sample surface characteris-
tics are obtained by passing a beam of electrons through an
ultra-thin tube, communicating with the tube as it moves
through [38].

5.7 Characterization of Nanoparticles

5.7.2.3 Atomic Force Microscopy

AFM is just another instrument used at the atomic level to
classify a variety of surfaces, including nanoparticles, and
it is one of the key types of microscopes for scanning
probes. The primary benefit of AFM is its ability to image
nonconductive samples without any special treatment,
enabling the imaging of delicate biological and polymeric
nanostructures and microstructures. AFM requires a lim-
ited preparation of samples and can be carried out under
ambient conditions. The images of the sample surface are
given by scanning with a sharp probe across its surface,
and then tracking and documenting tip-sample interac-
tions [36, 38].

5.7.3 Particle Stability

The colloidal stability of nanoparticles is studied by zeta
potential. This ability is an indirect indicator of the charge
on the surface [35]. It corresponds to potential difference
between the shear surface and the outer Helmholtz plane.
Laser Doppler anemometry is the tool used to calculate the
potential of the zeta. It is based on the assessment of parti-
cle velocity by the shift induced in the interference fringe,
which is created by the intersection of two laser beams.
The mobility of electrophoresis is then converted into zeta
potential. Many colloidal particles have potentially nega-
tivezetavaluesranging fromaround —100to —5mV. Because
of strong electrostatic repulsion, surface charges avoid the
agglomeration of polymer nanoparticles dispersions, thus
improving nanoparticle stability. The zeta potential may
also provide details about the type of material encapsulated
or coated on the surface inside the nanocapsule.

5.7.4 Particle Structure

Analysis of structural changes in the free protein sample
and protein nanoparticles is vitally important in order to
understand the nature of the protein modifications in
terms of validation, folding, chemical bonding, etc.

5.7.4.1 X-ray Diffraction

One of the techniques for this purpose is X-ray diffraction
(XRD) which is the primary method to examine the struc-
ture of crystalline materials, from atomic arrangement to
crystallite size and imperfections. XRD also analyzes the
production of the nanoparticles’ phase composition, crys-
tallite size and shape, lattice distortions and faults, compo-
sition variations, orientation, and in situ structure. The
XRD pattern is usually obtained by illumination the sam-
ple with a source of X-rays (Copper K line) with a wave-
length of 1.54A and by scanning the diffraction within a
certain angle range 2.
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5.7.4.2 Fourier Transform Infrared Spectroscopy

Another method to complement XRD is Fourier transform
infrared spectroscopy (FTIR). The benefit of FTIR over
crystallographic techniques is its capability to provide
information about the structural features of proteins in
solution with greater spatial and temporal resolution. The
sample used for characterization normally consists of lyo-
philized nanoparticles in minutes. The fundamental the-
ory governing this is that the bonds and bond groups
vibrate at characteristic frequencies. A molecule exposed to
infrared rays, at wavelengths typical of that molecule,
absorbs infraround energy. The FTIR analysis is performed
by lighting the sample with a modulated infrared spectros-
copy (IR) beam. The sample transmission and reflection of
the infrared rays at different wavelengths is converted into
an IR absorption map, which is then analyzed and matched
in the FTIR library with known signatures of identified
material [39].

5.7.4.3 Cellular Uptake and Cytotoxicity

Besides these nanoparticles characterizations, it is impor-
tant to evaluate their cellular uptake and cytotoxicity, both
in vitro and in vivo. The cellular absorption of nanoparticles
is calculated by labeling nanoparticles with fluorescent tags
such as fluorescence isothiocyanate (FITC) followed by
incubating these fluorescence-tagged nanoparticles with
cells and visualizing them under confocal laser scanning
microscope. Analysis of cytotoxicity is normally performed
by incubating nanoparticles with cells and performing
3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bro-
mide (MTT) assays, a common method for assessing the
biomaterial toxicity based on mitochondrial activity. The
theory underlying this is the reduction of yellow to purple
formazan in living cells. Followed by the addition of a solu-
bilizing solution to dissolve the insoluble violet formazan
liquid into a color solution (usually either dimethyl sulfox-
ide, acidified ethanol solution, or a detergent sodium dode-
cyl sulfate solution in diluted hydrochloric acid). The
absorbance of this colored solution is then quantified using
a spectrophotometer at a given wavelength (depending on
the solvent used). These reductions occur only when
enzymes with reductase are involved, and thus conversion
is also used as a measure of viable cells [40].

5.7.4.4 Drug Loading and Drug Release

The absorbance of this colored solution is then quantified
at a given wavelength (depending on the solvent used)
using a spectrophotometer. These reductions only occur
when reductase enzymes are involved, and hence conver-
sion is often used as a measure of viable cells. Classical
analytical methods such as UV spectroscopy or high-
performance liquid chromatography (HPLC) after

ultracentrifugation, ultrafiltration, gel filtration, or centrif-
ugal ultrafiltration are the techniques used for this research.
The efficiency of encapsulation refers to the ratio of the
amount of encapsulated/absorbed drug to the total (theo-
retical) amount of drug used in respect of the final nano-
particles dispersal drug delivery system. Quantification is
achieved with the UV or HPLC spectroscopy. Drug release
assays are also close to the drug loading test that is tested
for a period of time to analyze drug release mechanisms.

5.8 Applications of Biopolymers

Biopolymers may be used to enhance the efficiency of
other biologically active molecules in a product, due to its
biocompatible and biodegradable nature [41]. They may
also be changed to accommodate different potential appli-
cations, like the following:

5.8.1 Biomedical Applications

Due to their biomedical applications, such as those in tis-
sue engineering, pharmaceutical carriers, and medical
devices, biopolymer materials have created great interest in
recent years. A natural biopolymer, gelatin, has been
widely used as an adhesive in medicine for dressing
wounds Porous gelatin scaffolds and films were developed
as simple porogens with the aid of solvents or gases that
allow the scaffolds to carry drugs or nutrients to the wound
for healing. Electrospun poly (lactic-co-glycolic acid)
(PLGA)-based scaffolds have been extensively imple-
mented in biomedical engineering, such as tissue and drug
delivery systems. In several areas of tissue engineering,
multi walled carbon nanotubes (MWCNT)-incorporated
electrospun nanofibers with a high area of volume ratio
and porous characteristics have demonstrated possible
applications. Biomaterials made from proteins, polysac-
charides, and synthetic biopolymers are preferred but lack
the desired mechanical properties and stability for medical
applications in aqueous environments. Cross-linking
enhances the biomaterial properties, but most cross-linkers
either cause undesirable changes to the biopolymer struc-
ture or contribute to cytotoxicity. Glutaraldehyde, the most
commonly used interlinking agent, is difficult to manage
and conflicting views on the cytotoxicity of glutaraldehyde-
cross-linked materials have been provided [4, 37, 42]

5.8.2 Food Industry

Replacing oil-based packaging materials with bio-based
films and containers will offer not only a competitive
advantage due to a more sustainable and greener



appearance but also some improved technological proper-
ties. Biopolymers are commonly used for usable foodstuffs
in food coatings, food packaging products, and encapsula-
tion matrices. They have innovative ways to increase prod-
uct shelf-life while also reducing the total footprint of food
packaging-associated carbon. Those bio-based materials
are especially useful in food-related applications in three
main areas: food packaging, food processing, and food and
encapsulation edible films. Other biodegradable polyesters
and thermoplastics such as starch, poly-lactic acid (PLA),
polyhydroxyalkonates (PHA), and so on are the most com-
mercially viable products in food packaging which can be
handled by traditional equipment. These products are
already used in the food packaging industry for a variety of
monolayer and multilayer applications. The biopolymers
of starch and PLA are probably the most desirable forms of
biodegradable material. This is due to the quality of their
properties and the fact they have become available com-
mercially. Due to its excellent clarity and relatively good
water resistance, PLA is of particular interest in food pack-
aging. The challenge for these particular biomaterials is to
strengthen their barriers and thermal properties in order to
work like polyethylene terephthalate (PET). Other materi-
als derived from agricultural products such as proteins (e.g.
zein), polysaccharides (e.g. chitosan), and lipids (e.g.
waxes) also have excellent potential as barriers to gas and
flavoring. The key disadvantages of these kinds of materi-
als are the inherent high rigidity and the complexity of pro-
cessing them in traditional equipment. Most biopolymers
have a hydrophilic quality that affects their use as high-end
products. Moisture absorption allows these materials to be
plasticized thereby degrading the barrier properties of such
materials [43].

It also used recycled polymers for encapsulation pur-
poses. Encapsulation has been previously identified as a
technology designed to protect sensitive substances against
adverse environmental influences. The term “microencap-
sulation” refers to a given method of wrapping solids, lig-
uids, or gasses in small capsules which may release their
contents under specific circumstances. These develop-
ments are of great concern for the pharmaceutical indus-
try. Owing to their ability to integrate a variety of functional
ingredients, the growing interest in edible films and coat-
ings using biopolymers. Plasticizers such as glycerol, acety-
lated monoglycerides, and polyethylene glycol that are
used to alter the mechanical properties of the film or coat-
ing make substantial changes to the film’s barrier proper-
ties. However, the main advantage of the coatings is that
they can be used as a method for incorporating natural or
chemical active ingredients such as antioxidants and
antimicrobials, enzymes, or ingredients that function like
probiotics, minerals, and vitamins. With the food these

5.8 Applications of Biopolymers

ingredients can be eaten, thus increasing safety, nutritional,
and sensory attributes. Edible films may be used as carriers
of flavor or aroma besides providing a barrier to the loss of
aroma [44].

As an antimicrobial packaging agent, chitosan has
shown great potential to preserve food against a large range
of microorganisms. The introduction of antimicrobial
compounds into edible films or coatings offers an innova-
tive way of enhancing ready-to-eat food quality and shelf
life. Lysozyme is one of the most commonly used antimi-
crobial enzymes in packaging products, as it is an enzyme
that naturally occurs. When mixed with plasticizers,
biopolymers like amylose have an excellent capacity for
forming thin films for various food and packaging applica-
tions. Starch has a high sensitivity to relative humidity
(RH) due to its hydrophilic nature, and this can be mini-
mized by implementing plasticizers that improve matrix
flexibility. But this strategy also has some drawbacks, due
to the complex interactions between hydrophilic plasticiz-
ers and starch. If the structure of the plasticizer molecule
and the polymer matrix is not compatible, an “antiplastici-
zation” phase takes place with increased rigidity of the
matrix [43].

5.8.3 Packaging Applications

Currently, some biodegradable polyesters are the most eco-
nomically viable materials in food packaging and can be
handled by traditional equipment. These products are
already used in the food packaging industry for a variety of
monolayer and multilayer applications. Sustainable biopol-
ymers used in monolayer packaging include starch, PHA,
and PLA amongst the most commonly studied thermoplas-
tics. The biopolymers of starch and PLA are probably the
most desirable forms of biodegradable material. This is
because of the quality of their properties and because they
have become available commercially. The challenge for
these particular biomaterials is to strengthen their barriers
and thermal properties in order to work like PET. Other
materials derived from agricultural products such as pro-
teins (e.g. zein), polysaccharides (e.g. chitosan), and lipids
(e.g. waxes) also have excellent potential as barriers to gas
and flavoring. The key disadvantages of these types of
materials are their naturally high rigidity and the difficulty
of traditional equipment to process them [45].

The most important parameter to consider for bio-based
food-packaging applications is its barrier properties.
Hydrophilic polymers generally have poor resistance to
moisture which causes water vapor transmission through
packaging and thus affects food quality. This results in
shorter shelf life, higher prices, and consequently more
waste. Another technique to strengthen biopolymers’
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barrier properties is to incorporate various nanofillers,
such as nanoclays, metal oxide nanoparticles, and so on.
Polyglycolic acid (PGA) has excellent barrier properties
between bioplastics and is thus one of the most promising
new barrier polymers commercially available. Now it can
produce its counterpart, glycolic acid, via the glyoxylate
cycle, a natural metabolic pathway [46].

5.8.4 Water Purification

Healthy drinking water is an effective but basic evolution-
ary predictor. Nanotechnology has shown promising
advances in providing healthy drinking water by means of
efficient purification mechanisms. Various nanomaterials
have already demonstrated antibacterial and antifungal
properties. Developing inexpensive materials that can con-
tinuously release these antibacterial materials such as sil-
ver nanoparticles into water is an efficient way to provide
healthy drinking water for all microbial content. Developing
various nanocomposites with functional materials that can
scavenge various toxic metals such as arsenic, lead, etc.
from water along with the antibacterial agents will result in
inexpensive water purifiers that can operate without elec-
tricity. The key challenge in this technology is the develop-
ment of stable materials that can release nanoparticles that
continuously resolve the scaling of nanomaterials induced
by different complex species present in water.

Chitosan, a relatively new biopolymer, demonstrates
superior efficiency where many traditional polymers fail. It
is a flexible polymer with applications in the water treat-
ment fields, pharmaceutical, and dietary supplements.
Chitosan is used as a flocculant in processes of water treat-
ment and can biodegrade in the atmosphere for weeks or
months rather than years. Many aggressive and cheap syn-
thetic flocculants are available compared to chitosan but
leave a residual environmental effect. By forming chelates,
chitosan extracts the metals from water [47].

Chelation may be a process by which many binding sites
within the polymer chain join along with the metal to cre-
ate a metal cage sort of a frame, to get rid of it from an
answer. This property of chitosan and its biodegradability
make it an eminent candidate for the treatment of difficult
industrial stormwater and wastewater, where traditional
methods have failed to reduce contaminant levels. Porous
GO-biopolymer gels can effectively extract cationic dyes
from wastewater and heavy metal ions. Nanocrystalline
metal oxyhydroxide-chitosan granular composite materials
prepared by an aqueous route at near room temperature
were also effective in water purification. Nanofibre mem-
branes can enhance water filtration without harming the
environment. The combination of different nanomaterials

with biopolymers will effectively limit the formation of
biofilms on the surface of polymers [48].

5.9 The Role of Biopolymers
for Sustainable Development

Sustainable development can be defined as that “which
meets the needs of the present generation without com-
promising the ability of future generations to provide their
own needs” [49]. The economic and social goals of sus-
tainable development are not difficult to achieve if one
can manage natural resources properly. To meet these
goals, it is important to maintain a list of issues (or condi-
tions) such as efficient use/consumption of resources,
effective recycling, ecological mentality, development
(or innovation) of efficient technologies for renewable
resources, ecosystem preservation, and social participa-
tion [50]. Concerns related to conventional polymers have
been increasing because of their nonrenewability. Such
polymers also are known to be responsible for releasing
carbon into the atmosphere. The carbon footprint of plas-
tic is around 6kgCO, per kg plastic throughout the life
cycle (i.e., production to incineration) [51]. Furthermore,
the nondegradability of polymers creates environmental
pollution that seriously affects ecosystems, wild and
marine life, and/or humans. As biopolymers are derived
from renewable sources, they can be considered as sus-
tainable alternatives for conventional plastics. Their neu-
tral carbon lifecycle also helps decrease the release of
carbon dioxide into the atmosphere, reducing the “human
footprint” on the environment. Biopolymers have low car-
bon footprint, with less cradle-to-plant-gate greenhouse
gas emissions than fossil fuel. As for example, cradle-to-
plant-gate greenhouse gas emissions of Polyamide 410 are
nearly zero [52]. As the amount of carbon dioxide gener-
ated during its manufacture is offset by the amount of car-
bon dioxide absorbed during the growth of its source
castor bean plant. According to the Intergovernmental
Panel on Climate Change (IPCC), biopolymers could
make significant contribution by removing up to 20% of
the CO, to limit global warming [53].

Apart from the known sources of biopolymers, scientists
around the world are researching, developing, and even in
some cases commercializing new products from a variety
of renewable sources and waste materials. Newlight
Technology, USA collected concentrated methane and air
from landfills, farms, and industrial sources for use in the
production of AirCarbon. Newlight’s biocatalyst separates
carbon and hydrogen from methane and oxygen from air in
the conversion reactor [54].



The isolated carbon, hydrogen, and oxygen molecules
are then linked together to make a long chain thermopoly-
mer known as AirCarbon. AirCarbon is compatible with
traditional polyethylene so that it can be used in cast
film, blown film, fiber spinning, thermoforming, etc.
Unorthodox raw materials from animal sources (e.g. wool,
feathers, silk, and horns) also are used as fillers for poly-
mers. Poultry feathers consisting of keratin protein with
several amino acids can be used to produce biopolymer.
Such polymers can be used to make plastic plates and cups.
Biodegradable thermoplastic has been produced from bak-
ery waste (bread crust, stale bread, and sponge cake) by
adding suitable additives like natural antioxidants and
plasticizers [55].
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6.1 Introduction

In recent years, pharmaceutical research has been focused
on the development of nanotechnology-based drug deliv-
ery systems applicable in the field of drug delivery.
Currently, the utilization of biopolymers as nanoparticles
(NPs) represents a viable alternative with huge potential
for the targeted distribution of drugs or biological macro-
molecules in the body [1]. In recent years, it was realized
by the scientific community that there is a need to utilize
ecofriendly nanotechnology-based polymers for formulat-
ing drug delivery systems. Their promising role and appli-
cations in the pharmaceutical research may be attributable
not only to the fact that they are biodegradable and toxico-
logically harmless materials of low cost and relative abun-
dance compared to their and synthetic counter parts [1, 2]
but also because natural resources are renewable, and if
cultivated or harvested in a sustainable manner, they can
provide a constant supply of raw materials.

The use of ecofriendly biodegradable polymers has been
witnessed in several studies in the past. Biopolymer-based
NPs can be used efficaciously to provide bioactive mole-
cules for in vivo and in vitro applications. Usually,
nanotechnology-based drug delivery systems are an
extended field of research characterized by the use of mate-
rials with sizes ranging between 1 and 1000nm [3].
Biopolymers in pharmaceuticals are currently being used
as polymeric drugs, polymer-drug conjugates, polymer—
protein conjugates, polymeric micelles, and polyplexes [4].
These systems allow active principles, peptides, and pro-
teins as well as genes to be delivered through localized
release in the targeted tissues [4, 5]. The use of nanometric

systems allows them to easily permeate through the cells
and, therefore, leads to the targeted distribution of the
agent to be delivered. The therapeutic agents after admin-
istration are usually distributed in the body by virtue of its
physicochemical characteristics, but mostly through sys-
temic circulation. To reach an effective drug concentration
at the site of action, administration in high and repeated
doses is necessary with some possible side effects. The uti-
lization of biodegradable NPs is toward drug targeting, that
is, the selective delivery of a therapeutic agent to its site of
action independently of the mode of administration or
body compartment [6]. The active therapeutic agents can
be dispersed, encapsulated, or adsorbed on the surface of
the NPs. Nanobiopolymers are also being utilized in the
field of enzyme replacement therapy (ERT). The prospects
of using NPs constituted by biocompatible and biodegrad-
able polymers to deliver enzymes in tissues represent
an enormous advantage by combating a series of ERT
problems.

The use of biodegradable NPs as molecule transporters is
one of the most promising strategies for controlled-release
systems (CRS). The fundamental requirement for a biomate-
rial to be used in this sense is its biocompatibility, that is, the
ability to be metabolized without any harmful effects.
Systems of this type must be able to ensure characteristics
such as their ability to cross the body’s anatomical barriers,
typically the blood-brain barrier (BBB) or the ophthalmic
barrier, controlling the concentration of the drug over time
and the release of the active molecule at the site of action [7].

The release of the drug from nanoparticles occurs
through diffusion or with the dissociation of the NPs into
monomeric molecules. This dissociation can be triggered
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by local variations (particularly pH or temperature) or
external stimuli (e.g. radiation and ultrasound). During the
process, the loaded NPs prevent the untimely leakage of
the drug, thus release it into the targeted cellular compart-
ments, and then the produced products of degradation (the
monomeric units) can be easily eliminated from the organ-
ism. pH-switchable NPs have been developed in some stud-
ies to match the pH conditions that the NPs can encounter
in the human body. The drug-loaded aggregates must be
stable during transportation in the blood plasma at a nearly
neutral pH. It also needs to turn on the drug release inside
the lysosomal and endosomal compartments of a cell or
within the interstitial space of solid tumors, where the pH
is close to 5 [8, 9].

These environmentally responsive NPs have therefore
earned the epithet of “smart” drug delivery systems, owing
to their ability to modulate and control drug release inside
the targeted cells [10-12].

The nanoscale dimensions of nanoparticles make them
extremely promising, as they can be administered in vari-
ous ways and in different regions of the body from which
they can enter into the target cells and tissues. However, by
means of functionalization processes, it is possible to evade
the endosome-exosome system and to deliver the drug
directly to the site of action [13]. There are numerous
advantages derived from the use of such systems. It is pos-
sible to enhance the effect of the drug in the affected site
and also minimize the side effects associated with the clas-
sic pharmacological treatment, such as the systemic toxic-
ity caused by the drug. Furthermore, hydrophobic
molecules within this type of carrier system are increas-
ingly stabilized [14, 15]. The drug or molecule can be
encapsulated in a nanoparticle system obtaining, in this
case, nanocapsules or dispersion in the polymer matrix to
form nanospheres [16]. It is possible to create NPs of differ-
ent sizes, but in general those with a diameter between 1
and 100nm have better pharmacokinetic properties, while
smaller NPs are eliminated through the renal filtration sys-
tem and larger NPs are absorbed by the mononuclear
phagocytic system (MPS) present mainly in the liver and
spleen [17].

In recent research, the development of nanoparticles
based on biocompatible and biodegradable polymers such
as polylactic acid (PLA) polyesters and their copolymers
with glycolic acid (PLGA, poly lactic-co-glycolic acid) has
increased. Despite being synthetic, these polymers can be
degraded in the body into oligomers and monomers that
are further eliminated through the normal metabolic path-
ways, such as the Krebs cycle [18-21].

When polymeric nanoparticles are administered intrave-
nously, they are often subjected to the opsonization reac-
tion, which may result in their phagocytosis by the

monocytes-macrophages. To overcome this problem, the
particles can be made stealth with the use of hydrophilic
polymers such as polyethylene glycol (PEG), which pre-
vents the recognition of the NPs by the reticuloendothe-
lial system.

6.2 Eco-friendly Biodegradable Polymers
and Their Nanotechnology-based Drug
Delivery Applications

Biodegradable polymers are of utmost importance in the
field of drug delivery and nanomedicine. The therapeutic
biodegradable polymer must meet some vital criteria such
as: (i) must be nontoxic in order to eliminate foreign body
response; (ii) the time for the degradation of polymer
should be proportional to the time required for therapy;
(iii) the products obtained after biodegradation must not
be cytotoxic and should be readily eliminated from the
body; (iv) the material must undergo easy processing in
order to alter the mechanical properties for the develop-
ment of desired drug delivery system; (v) can be easily ster-
ilized; and (vi) must have acceptable shelf life. The major
advantage of a biodegradable drug delivery system is its
ability as the drug carrier to target the drug release to a spe-
cific site in the body and then degrade into nontoxic end
products that can be easily eliminated from the body
through natural metabolic pathways [20-24]. Such biode-
gradable polymers slowly degrade into smaller compo-
nents, and there is controlled ability to release a drug. The
drugs slowly get released as polymer degrades. For exam-
ple, PLA, PLGA, and poly(caprolactone), all of which are
biodegradable, have been earlier utilized to carry antican-
cer drugs [22-25]. Encapsulating the therapeutic moiety in
a polymer shell and adding targeting agents can decrease
the toxicity of the drug to healthy cells and nontarget
organs. Because of their excellent safety profile, good
biocompatibility, low levels of immunogenicity and tox-
icity, and the predictable rate of biodegradation in vivo,
these polymers have been approved by the US Food and
Drug Administration (FDA) and European Medicines
Agency (EMA) as effective carriers for drug delivery in
humans [26-28].

Besides that, there are several ecofriendly biodegrad-
able polymers of natural origin from the proteins cate-
gory such as gelatin, collagen, and silk, and from the
polysaccharides category such as hyaluronic acid, algi-
nates, agarose, and chitosan. In this chapter, the utiliza-
tion of eco-friendly biodegradable polymers and their
nanotechnology-based drug delivery applications have
been discussed.
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6.2.1 Polylactic Acid (PLA)

PLA is a thermoplastic-biodegradable polymer produced
synthetically by polymerization of lactic acid monomers or
cyclic lactide dimmers. Lactic acid is produced by fermen-
tation of natural carbohydrates, for example maize and
wheat, or waste products from the agricultural or food
industry [27] (Figure 6.1).

The final crystallinity and mechanical properties of the
polymer depend on the stereochemistry of the polymer
backbone. PLA is degraded by hydrolysis of the backbone
esters of the polymer [28]. The ester bonds are broken ran-
domly, so that the PLA chains in the material become
shorter and shorter until the monomers of lactic acid start
to become loose and the material gets dissolved. This pro-
cess is called bulk degradation. PLA does not degrade by
microbial attack. PLA has a number of biomedical applica-
tions, such as sutures, stents, dialysis media, and drug
delivery devices [29].

6.2.2 Polyglycolic acid (PGA)

PGA is commonly obtained by ring-opening polymeriza-
tion of the cyclic diester of glycolic acid, glycolide. PGA is
a hard and crystalline polymer with a melting point of
225°C and a glass transition temperature, T, of 36°C. As
compared to the closely related polyesters such as PLA,
PGA is insoluble in most common polymer solvents [28,
29]. PGA has excellent fiber-forming properties and was
commercially introduced in 1970 as the first synthetic
absorbable suture under the trade name Dexon . Due to
the properties such as low solubility and high melting
point, the use of PGA is limited for drug delivery applica-
tions, since it cannot be made into films, rods, capsules, or
microspheres using solvent or melt techniques [29, 30]
(Figure 6.2).
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Figure 6.1 Structure of polylactic acid.

H OH
n

Figure 6.2  Structure of polyglycolic acid.

6.2.3 Polyhydroxybutyrate (PHB)

PHB is a biodegradable polymer, which is mostly present in
all living organisms. Several bacteria produce PHB in large
quantities as their storage material. It is nontoxic and
totally biodegradable. This polymer is basically a carbon
assimilation product from glucose or starch and is utilized
by microorganisms as a form of energy molecule which
needs to be metabolized when other common energy
sources are not available [28-30]. PHB and its copolymers
have drawn much attention in research as they are pro-
duced Dbiosynthetically from renewable resources.
Microcapsules from PHB have been prepared using various
techniques and investigated for the release characteristics
of bovine serum albumin. PHB has also been tested in ear-
lier studies as a suitable matrix for drug delivery of veteri-
nary medicine [29, 30] (Figure 6.3).

6.2.4 Poly Lactic-co-glycolic Acid (PLGA)

Since the past two decades, PLGA has been considered as
the most promising polymeric candidate used to develop
drug delivery devices. PLGA is biocompatible and biode-
gradable with a broad range of erosion periods; thus, it has
modifiable mechanical properties, and most importantly, it
is an FDA approved polymer for therapeutic applications.
Particularly, PLGA has been extensively researched for the
development of devices for controlled delivery of antican-
cer drug and for small molecule drugs such as proteins and
peptides [30] (Figure 6.4).

In PLGA, the ratio of glycolide to lactide at different
compositions allows control of the degree of crystallinity of
the polymers. When the crystalline PGA is copolymerized
with PLA, the degree of crystallinity is reduced, and as a
result, this leads to increases in the rates of hydration and
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Figure 6.3 Structure of polyhydroxybutyrate.
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Figure 6.4 Structure of poly lactide-co-glycolide.
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Figure 6.5 Hydrolytic degradation of PLGA.

hydrolysis [30, 31]. It can therefore be concluded that the
degradation time of the copolymer is related to the ratio of
monomers used in the synthesis. It is observed that, as the
content of glycolide becomes higher, the rate of degrada-
tion also becomes faster. However, an exception is the
50 : 50 ratio of PGA:PLA, which exhibits the fastest degra-
dation of PLGA, making it suitable for drug delivery appli-
cations [30-32] (Figure 6.5).

In water, PLGA biodegrades by hydrolysis of its ester
linkages, resulting in biodegradable components. The
biodegradability of PLGA is based on the hydrolytic deg-
radation through the process of de-esterification of the
polymers to generate the lactic and glycolic acid mono-
meric components, which are metabolized and then
removed by the body by natural pathways (such as the
Krebs cycle) [31, 32].

6.2.5 Poly-e-caprolactone (PCL)

PCL is obtained by the ring-opening polymerization
of the six-membered lactone, e-caprolactone (e-CL).
Anionic, cationic, coordination, or radical polymeriza-
tion routes are all applicable. Recently, enzymatic cata-
lyzed polymerization of e-CL has been reported [28-32]
(Figure 6.6).

PCL crystallizes readily due to the regular structure and
has a melting temperature of 61 °C. It is tough and flexible.
The T, of PCL is low (—60 °C). Thus, PCL is in the rubbery
state and exhibits high permeability to low molecular
species at body temperature. These properties, combined
with documented biocompatibility, make PCL a promising

g

Figure 6.6 Structure of poly-e-caprolactone.

candidate for controlled-release applications [32]. PCL
degradation proceeds through hydrolysis of backbone ester
bonds as well as by enzymatic attack. Hence, PCL degrades
under a range of conditions, biotically in soil, lake waters,
sewage sludge, in vivo, and in compost, and abiotically in
phosphate buffer solutions. Hydrolysis of PCL yields
6-hydroxycaproic acid, an intermediate of the w-oxidation,
which enters the citric acid cycle and is completely
metabolized [30-32].

Hydrolysis, however, proceeds by homogeneous erosion
at a much slower rate than PLA and PLGA. Hydrolysis of
PCL is faster at basic pH and higher temperatures. PCL
hydrolyzes slowly compared to APLA and PLGA; it is most
suitable for long-term drug delivery. Capronor®, a one-year
contraceptive, represents such a system [29-32].

6.2.6 Polydioxanone (PDS)

Although biodegradable polylactides and glycolides have
been used to develop versatile resorbable multifilament
structures, there is growing research involving the
development of materials that form monofilament
sutures. Multifilament sutures have a higher risk of infec-
tion associated with their use and cause a greater amount
of friction when penetrating tissues. Polydioxanone
(referred to as PDS) is made by a ring-opening polymeri-
zation of the p-dioxanone monomer. It is characterized
by a glass transition temperature in the range of —10 to
0°C and a degree of crystallinity of about 55%. Materials
prepared with PDS show enhanced flexibility due to the
presence of ether oxygen within the backbone of the poly-
mer chain [29-33].

When used in vivo, it degrades into monomers with
low toxicity and also has a lower modulus than PLA or
PGA. For the production of sutures, PDS is generally
extruded into fibers at the lowest possible temperature,
in order to avoid its spontaneous depolymerization back
to the monomer [30-34].



6.2 Eco-friendly Biodegradable Polymers and Their Nanotechnology-based Drug Delivery Applications

oA

Figure 6.7 Structure of polyanhydride.
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6.2.7 Polyanhydrides

Polyanhydrides are a class of biodegradable polymers
characterized by anhydride bonds that connect the repeat
units of the polymer backbone chain. Polyanhydride esters
are polymeric compounds consisting of salicylic acid moie-
ties bridged by linker structures [29-33] (Figure 6.7).

In the presence of water, both bonds may degrade hydro-
lytically, releasing salicylic acid (B) and sebacic acid (C).
Salicylic acid (B) is the active form of aspirin, an anti-
inflammatory agent, and sebacic acid is currently used in
drug delivery system. In vivo mice studies have indicated
that this polymer assists in wound healing and that it pro-
motes bone growth. The release of salicylic acid (B) via
bond hydrolysis opens up a variety of possibilities for creat-
ing drug delivery systems. Potential applications include
treatment of inflammatory bowel disease, dental implants,
and tissue scaffolding [33, 34].

6.2.8 Applications in PLGA-based Polymers
in Drug Delivery Systems

Due to the biodegradation of PLGA due to hydrolysis,
several studies have been conducted utilizing the potential
of PLGA in altering the drug release and drug targeting
and witnessed the therapeutic potential as drug carriers.
Nonsteroidal anti-inflammatory drugs, e.g. diflunisal
and diclofenac sodium, have been incorporated into PLGA
microspheres and investigated for the treatment of rheu-
matoid arthritis (RA), osteoarthritis, and related diseases.
The encapsulation of biomacromolecules, e.g. proteins and
vaccines, into polymeric microspheres presents a formida-
ble problem because of the delicacy of these agents; bioac-
tivity might be lost during preparation, and the release may
be poor due to adsorption and/or aggregation. For instance,
the release of recombinant human interferon-g from PLGA
microspheres was incomplete, and the instability of the
system limited its use to seven days or less. Similarly,
incomplete release of lysozyme, recombinant human
growth hormone, and a nerve growth factor from PLGA
microspheres was reported. Hence, much effort has been
spent in evaluating PLGA delivery systems, with special
regard to microsphere preparation, protein stability, and
release characteristics. Proteins on which studies have
been done include bovine serum albumin, lysozyme,

transferrin, and trypsin. Several peptides, including vapreotide
and rismorelin porcine, have been successfully incorpo-
rated and released from PLGA microspheres. Systems for
the controlled release of antigens have a great potential as
vaccine adjuvants. Recently, several studies of controlled-
release systems for DNA have been presented. DNA of
different sizes has successfully been incorporated into
PLGA microspheres, but the loss of DNA integrity and
activity still remains an important issue to be solved for
these systems.

Their physicochemical and mechanical properties can be
modified through the selection of the polymer molecular
weight, capability of copolymerization, and their func-
tional properties. PEG is the most popular hydrophilic
polymer for surface modification of both hydrophobic
polymers PLA and PLGA to form an amphiphilic block
copolymer [22, 25]. Their applications in formulating drug
delivery systems are mainly focused on involving nanopar-
ticles, micelles, and hydrogels. Poly(ethylene glycol)-
poly(lactic-co-glycolide) (PEG-b-PLGA) diblock copolymer
micelles represent one of the potential platforms for drug
delivery, where the hydrophobic PLGA core can efficiently
encapsulate many therapeutic agents, while the hydro-
philic PEG shell prevents the adsorption of proteins and
phagocytes, thus extending the circulation time in the
blood [23]. In recent research works, PEG-PLGA diblock
copolymer micelles have been tested extensively in humans
for the incorporation and controlled drug delivery of small
molecules and many hydrophobic anticancer com-
pounds [23-25]. Recent researches also present evidence
for the development of PLGA nanocarriers for the delivery
of therapeutic biomacromolecules which can maintain
their colloidal stability and can maximize their loading
efficiency even in the harsh physiological environment
condition of the diseased tissues [24-26].

The process of chemical conjugation of the PEG-PLGA
copolymer facilitates a high drug loading, characterized by
an induced localization of the drug in the inner hydropho-
bic chains.

In a recent study, doxorubicin (DOX)-conjugated PLGA-
PEG micellar nanocarriers with a higher DOX loading
showed a more sustained drug release behavior compared
to physically incorporated DOX in PEG-PLGA
micelles [35]. However, up to 50% drug release from conju-
gated DOX-PLGA-PEG micelles was obtained over two
weeks, whereas the total drug release from physically
entrapped PEG-PLGA micelles took only three days.

The PEG-PLGA nanocarriers have been reported to
encapsulate proteins and peptide drugs, such as insulin,
calcitonin, and DNA, in several studies [34]. Also, the suit-
able combination of the concept of imaging and the use of
functional nanoparticles has enabled concurrent diagnosis
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and therapy of disease-affected tissue through the develop-
ment of theranostic nanocarriers [36].

Recently, a PLGA-PEG-folate (FA) theranostic system
was combined with dual imaging tracers, namely, near-
infrared and '”F magnetic resonance imaging with the
chemotherapeutic agent doxorubicin DOX [36]. The obser-
vations of in vitro cytotoxicity assay revealed that FA-
targeted PLGA-PEG nanoparticles can kill cancer cells
more efficiently than non-FA-conjugated particles [35].

Various preliminary animal studies have showed the
great potential of these PLA and PLGA-based nanocarriers
in the treatment of various diseases including diabetes,
cancer, cardiac disorder, bacterial and viral infection, auto-
immune diseases, and cartilage damage [20-24].

In a recent study, a pH-dependent aptamer-based func-
tionalized PLGA nanocarrier system has been reported to
enhance anticancer activity of doxorubicin in human lung
cancer cells, with reduced toxicity to healthy cells. Also, a
superparamagnetic iron oxide-encapsulated nanocarrier
for docetaxel has demonstrated favorable pharmacokinetic
properties and a higher degree of drug uptake in breast
cancer cells.

Since Allison and Honjo were awarded the 2018 Nobel
Prize in Physiology and Medicine “for their discovery of
cancer therapy by inhibition of negative immune regula-
tion,” the field of nanomedical research into cancer immu-
notherapy has received significant attention. This approach
addresses the utilization of pharmaceutical agents to acti-
vate a patient’s immune system to fight cancers in contrast
to traditional chemotherapy which involves directly affect-
ing the cancer cells.

More recently, a sustained and controlled-release PLGA-
based nanosystem was formulated to activate the antitu-
mor immune response in mice with melanoma and colon
cancer [37]. A PLGA system containing an immune adju-
vant together with an enzyme was found to enhance the
efficacy of radiation therapy, thus enabling the feasibility
of combination of immunotherapy and targeted radiother-
apy in BALB mice [38, 39]. Polylactide-co-glycolide has
applications for tumor diagnostics also as it is able to
deliver imaging agents to cancer cells with specificity and
controlled biodistribution. Advances in nanotheranostics,
which is the incorporation of imaging and therapeutic
agents in one nanocarrier, have shown prospects for
real-time imaging throughout a patient’s treatment regi-
men [40]. A novel theranostic PLGA nanocarrier with a
near-infrared imaging agent, further attached with gold
nanoparticles, has been prepared that showed increased
activity and photodynamic properties in tumor-grafted
BALB mice [41]. In another study, targeted PLGA-based
nanobubble was designed with an ultrasound contrast
agent which demonstrated specificity and imaging

capabilities for breast cancer in BALB mice [42]. Recently,
an image-guided photothermal PLGA nanocarrier for dox-
orubicin showed scope for real-time photoacoustic imag-
ing in tumor-bearing mice [43]. Also, a near infra-red
dye-loaded PEGylated PLGA nanocarrier was capable of
providing information on the circulation and distribution
of the nanoparticles in mice [44].

The delivery of antiretro viral drugs suffers from limita-
tions of conventional drug delivery, and therefore, bioma-
terials with low toxicity such as PLGA-based nanocarriers
have enormous potential for applications in formulations
to treat HIV. In a research, mannosylated PLGA nanoparti-
cle carriers have shown hope for targeted delivery of
antiretro viral drugs to the brain [45]. It was observed that
the use of microfluidics technology can enable the novel
synthesis of efiravine-loaded PLGA nanoparticles [46]. A
recent study reported on PLGA-based nanocarrier for the
combination of the antiretro virals griffithsin and dapiv-
irine displayed a long-acting treatment profile [47], and
in a proof-of-concept study, long-acting bictegravir-
encapsulated PLGA nanocarrier was found to exhibit fur-
ther scope [48]. The specific delivery of anti-inflammatory
agents to the target site of action could potentially increase
the therapeutic concentration of drugs in the inflamed tis-
sue with lesser deposit in nontarget organs [49]. The use of
PLGA is particularly suitable for this application because
of its biodegradability and nonimmunogenicity [50]. In
another study, the authors described a carrier system
using intestinal organoids to effectively deliver
5-ASA-encapsulated PLGA nanoparticle to treat inflamma-
tory bowel disease [51]. Another research reported the
development of a metformin-loaded nanoformulation that
showed efficacy against periodontal inflammation in dia-
betic rats [52]. Some researchers formulated a dactolisib—
PLGA nanoparticle that showed activity against inflamed
endothelial cells [53], and recently in 2019, the synthesis of
crocetin-loaded nanoparticles was performed that reduced
the level of pro-inflammatory cytokines in renal tissue and
therefore displayed prospects for the treatment of diabetes-
induced nephropathy [54].

A hyaluronic acid-functionalized PLGA-based nanocar-
rier for methotrexate has been developed in a study for tar-
geted treatment of RA [55]. A PLGA nanoparticle with
protease inhibitor minimized the gastrointestinal limita-
tions of oral insulin delivery in rats [56]. Also, a PLGA-
chitosan-based nanocarrier has been formulated, which
was found to be specific for human antigen-presenting
cells [57]. A potential DNA vaccine delivery system has
been developed using PLGA-based nanocarriers [58]. The
PLGA-based delivery system encapsulating vitamin D
has recently displayed activity against various markers
for Alzheimer’s disease in mice [59]. An optimized
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fluorometholone-PLGA nanoparticle has been developed
that showed enhanced efficacy in treating ocular inflam-
mation as compared to the commercial formula [60].

The biocompatibility, biodegradability, and versatility
of PLGA have made it suitable for a wide range of clinical
applications. PLGA-containing chemotherapeutic for-
mulations approved for clinical use include Lupron
Depot R, for sustained release of leuprolide, which has
application in the management of prostate cancer [61];
Trelstar R, a triptorelin-containing suspension for the
treatment of prostate cancer; and Zoladex, a goserelin-
containing implant used in the treatment of breast and
prostate cancer and endometriosis. Formulations
approved for other applications include Risperdal R
Consta R (risperidone), Vivitrol R (naltrexone), and
Arestin R (minocycline) for the treatment of schizophre-
nia, opioid dependence, and periodontal disease, respec-
tively [62]. A promising approach for clinical development
is the development of PLGA-based systems with imaging
agents to monitor disease state and relapse patterns using
magnetic resonance imaging (MRI). Studies have sup-
ported the fact that these structures are noninvasive and
cost effective with excellent safety profiles [63]. Further,
there are numerous PLGA-based systems that are being
used in ongoing clinical trials.

The studies on the rate of degradation of polyanhy-
dride polymer and the rate of release of salicylic acid as
a function of pH have shown that this polymer takes
about three months to degrade in acidic and neutral
environment, but at basic pH it degrades in approxi-
mately 19-40hours. Since the upper gastrointestinal
tract is acidic or neutral, this polymeric drug can reach
the intestines undamaged and release salicylic acid
directly to the lower intestinal tract to treat the disease.
Aspirin is also used in dentistry, for example in cases of
tooth breakage when there cannot be an immediate
operation. In this procedure, the fast influx of salicylic
acid irritates the surrounding tissue. Slower release of
the medication, provided by the poly(anhydride-esters),
would be a gentler solution [64].
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Figure 6.8 Structure of chitosan.
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6.2.9 Chitosan

Chitosan (CS) is a cationic biological polysaccharide,
considered as a promising nanomaterial with extensive
medical applications [65, 66]. CS is one of the most abun-
dant biopolymers derived from natural chitin that is com-
monly present in the exoskeletons of arthropods, crustacean
shells, insects, and fungal cell walls [67]. Structurally, CS is
a representative polysaccharide with native positively
charged amine groups (Figure 6.8).

It is a biodegradable and biocompatible polymer that can
be easily modified to perform specific functions for a wide
range of drug delivery applications [66]. Chitosan-based
nanoparticles have been investigated in various drug deliv-
ery applications including parenteral and nonparenteral
routes of administration and also for treatment of dermato-
logic and gastrointestinal diseases, pulmonary diseases, and
drug delivery to the brain and ocular areas [67]. Polymeric
micelle nanoparticles based on amphiphilic chitosan deriv-
atives have been recently prepared via self-aggregation in
water [68]. The self-assembled amphiphilic micelles based
on CS and polycaprolactone (PCL) were produced and used
as carriers of paclitaxel (PTX) to improve its intestinal phar-
macokinetic profile [67]. Some research works indicated
that chemical modification of chitosan nanoparticles can
improve their drug targeting and bioavailability profile.
Recent advances also indicate the use of chitosan nanopar-
ticles for tumor targeting [68], imaging and therapeutic
applications [69], and development of targeted drug deliv-
ery systems. A chitosan-based nasal formulation of mor-
phine (Rylomine TM) is currently being studied in phase 3
clinical trials in the United States and phase 2 clinical trials
in the United Kingdom and the European Union.

The remarkable fact about chitosan is that it possesses
unique properties such as nontoxicity, biocompatibility,
biodegradability, bioactivity, and mucoadhesion [69, 70].

It can be degraded by enzymes, such as lysozymes
and chitosanases to oligosaccharides and monosaccha-
rides, which are subsequently absorbed by the body
tissues [71]. Despite its unique physicochemical and
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biological characteristics, CS has not been commonly uti-
lized in the clinical studies due to its low solubility and
poor mechanical properties [72, 73]. A wide range of CS
derivatives with improved solubility have been developed
utilizing free amino and hydroxyl groups, and such deriva-
tives displayed high affinity with functional proteins and
the capability of self-assembly [74, 75]. Thus, CS has been
widely employed in various biomedical and pharmaceuti-
cal applications such as drug, gene and vaccine delivery,
tissue engineering, wound healing, and manufacture of
cosmetic products [74, 75]. Over the past few years, novel
nanomaterials successfully developed from CS have been
increasing tremendously with potential applications in tar-
geted drug delivery based on the characteristic features
such as biocompatibility and ability to serve as reaction
sites with other bioactive compounds, protecting unstable
drug molecules from strong gastric acids, ability to adhere
to mucosal tissues to improve the absorption of specific
drugs, ease in combining with anionic biomacromolecules
such as DNA by electrostatic action, and colon-targeted
administration. Some studies about chitosan-based nano-
particle systems for disease treatment have explained about
biological applications of chitosan [76, 77].

It is convenient to take insulin orally, although this route
has a number of obstacles. Insulin permeability across
membranes is generally poor due to its hydrophilicity and
high molecular weight [78]. Also, insulin is readily inacti-
vated in the stomach by gastric acids. Therefore, scientists
are working over the development of oral delivery system
of insulin for better treatment of diabetes. Insulin is an ani-
onic protein that is convenient to combine with chitosan
via ionic interactions. A uniform core-shell nanoparticle
has been developed via electrostatic complexation to
deliver insulin through oral route. N-(2-Hydroxypropyl)-3-
trimethylammonium chloride was modified with chitosan
(HTCC) and insulin as positively charged core, whereas
thiolated hyaluronic acid (HA-SH) acted as anionic shell of
the nanoparticle [79]. The particles had an average size of
100nm and with satisfactory encapsulation efficiency and
loading capacity, thereby rendering it as a promising
approach for the delivery of insulin in diabetes. The drug
delivery system is also well supported by in vitro and ex vivo
experimentation data. Anderson et al. designed closed-
loop insulin-injectable delivery through nanocapsules [80].
The developed nanocapsules were composed of pH-
responsive chitosan matrix, glucose-specific enzymes, and
insulin. The microgel system is supposed to swell to release
insulin at higher rate under hyperglycemic conditions due
to the enzymatic conversion of glucose into gluconic acid
and chitosan-based protonation.

Gastric cancer exhibits malignant tumor originating from
the gastric mucosa. A polyphenol-epigallocatechin-3-gallate

(EGCG), which is extracted from green tea, has been proved
to inhibit tumor growth by antiangiogenesis, proliferation
inhibition, and apoptosis induction. Due to low mucosal
permeability and instability in the gastrointestinal environ-
ment, it is difficult to apply the EGCG to cure gastric cancer.
To overcome this problem, Feng et al. developed targeted
NPs encapsulated with EGCG [81]. These nanomaterials are
composed of three components including the fucose-
conjugated chitosan (fucose-chitosan, FCS), PEG-conjugated
chitosan (PEG-chitosan, PCS) complexes, and gelatin (Gel),
respectively. Fructose is a deoxyhexose sugar that assists in
drug targeting due to its ability to modify various types of
molecules physiologically. Chitosan enhances the gastroin-
testinal absorption via electrostatic interaction with abun-
dant N-acetylneuraminic acid in gastric mucosa, whereas
PEG functions as a cross-linker that prolongs protein circu-
lation in blood. It was observed that the EGCG-loaded NPs
were more effective against gastric tumors through in vivo
and in vitro experiments.

The chitosan nanodrugs are also administrated by the
parenteral route to achieve therapeutic effects. A stepwise
pH-responsive nanoparticle has been developed to release
doxorubicin on the stimuli [82]. Yang et al. reported a
curcumin-loaded lipid carrier for ophthalmic delivery [73].
The reaction between the primary amino groups of CS and
the carboxylic acid groups of N-acetylcysteine (NAC)
resulted in covalently modified molecules. The modifica-
tion improved the solubility and performance of the CS
vehicle. Cysteine is a thiol group containing compound
that may form disulfide bonds between molecules and
body tissues, and the interaction can prolong the retention
time of drugs. There are several sulfhydryl residues in pro-
teins and mucus on the surface of body tissues that can
interact with thiol groups present in the modified CS vehi-
cle. CS plays an important role in mucoadhesion, and the
modified thiol group enhances the effect of bioadhesion
and precorneal retention. It is proved to be a smart
approach that can evidently prolong the residence time
between the drug and the cornea. Shi et al. prepared a
novel block polymer composed of cationic CS and methoxy
polyethylene glycol-polycaprolactone (MPEG-PCL) to
deliver the drug diclofenac in ocular diseases [83]. They
conjugated the MPEG-PCL block polymer onto chitosan
(MPEG-PCL-CS) by covalent bonding. The block polymer
can encapsulate hydrophobic drugs by self-assembling into
cationic micelle. The cationic micelles can prolong
precorneal retention by electrostatic interactions with the
negatively charged mucin and can enhance the bioavaila-
bility of the drugs through mucoadhesion of cationic CS.

Chemically cross-linked CS microparticles have been
developed for administration through nasal route [84].
The versatile particles were formulated by covalently
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cross-linking CS with different quantities of glutaralde-
hyde for which the mucin adsorption ability was compared.
All the particles displayed high affinity for the mucin
in vitro and substantially extended the drug release time.
The microspheres with mucoadhesive chitosan is a promis-
ing novel delivery system for nasal administration. CS is
also an ideal molecule for the formulation of targeted colon
drug delivery as it is a high-affinity substrate to be degraded
by intestinal flora. Opanasopit et al. formulated a pH-
sensitive CS polymer to encapsulate curcumin (CUR) for
colon-targeted drug delivery [71].

The release of CUR was found to be significantly
increased at GI tract pH levels. Situ et al. formulated CS-
based particles via ionic cross-linking [85]. They encapsu-
lated proteins in the granules by cross-linking to maintain
protein vitality during storage and administration through
oral route. The particle morphology, protein loading, and
release characteristics under different conditions indicated
that the particles can efficiently target the colon.

Carcinoma involves the uncontrolled proliferation of
cells. Surgery and chemotherapy usually are combined
as a comprehensive strategy to conquer the tumor.
Chemotherapy is a systemic treatment with the advantage
of eliminating the remaining potential metastatic lesions
after surgery. It has the advantage to treat multiple lesions
simultaneously, but the disadvantage is also apparent due
to the systemic side effects that may affect healthy tis-
sue [86]. Various optimized chemotherapy strategies have
been developed to solve the abovementioned issues.
Nanomaterials have been designed to target specific tissues
or respond to particular environmental conditions. CS is
generally utilized to develop antitumor nanovehicles for
the treatment of carcinoma because of its unique proper-
ties such as mucoadhesiveness and structural variability.

Yin et al. developed hydrophilic NPs with cationic TMC
codelivered of DOX and interleukin-2 (IL-2) for enhanced
antitumor efficacy [87]. cis-Aconitic anhydride was used to
covalently graft DOX onto TMC to form nanocomplex with
the release of DOX in a pH-sensitive pattern. IL-2 was com-
bined with NPs via electrostatic adsorption without com-
promising its bioactivity. FA has also been loaded on
nanocarrier for targeted delivery. The subspherical nano-
complexes have an average size of about 200nm and are
positively charged. The optimized combination therapy
strategy showed improved antitumor efficacy and reduced
in vivo size effects.

Murugan et al. designed a combinatorial nanocarrier for
amalgamation of antitumor agents in breast cancer cells
and introduced the drug topotecan (TPT) and quercetin
(QT) into a single system [88]. They prepared the
mesoporous silica nanoparticles (MSNs), and the MSN
core was then loaded with TPT and covered with

poly(acrylic acid) (PAA) and CS as shell and conjugated
with QT on the surface of TPT loaded in the MSN core.
Finally, the arginine-glycine-aspartic acid (cRGD) was
attached to the integrated drug-containing NPs, which
targeted the cancer cells via integrin receptor-mediated
endocytosis. Drug release was triggered by intertissue/
intracellular pH change and CS degradation. This strategy
has been shown to be effective in breast cancer treatment.

There are many publications about chitosan-based nano-
materials for antitumor drug delivery in innovative ways.
Effective drug delivery systems are developed for antican-
cer therapy based on environmental response and targeting
principles to deliver drugs, vaccines, etc.

Genes-encoded specific proteins are essential for various
physiological processes of the body, and their mutation
often results in disease. Gene therapy is a promising strat-
egy to treat genetic diseases. Gene therapy refers to curing
genetic diseases via the introduction of a foreign gene into
a target cell to correct or repair a damaged gene. However,
DNA and RNA molecules can be destroyed by harsh acids
and enzymes that are produced in the body. In addition,
DNA and RNA are anionic polymers that have good affin-
ity with cationic polymers such as CS [89].

Small interfering RNA (siRNA) is a double-stranded
RNA of 20-25 nucleotides in length and has many impor-
tant functions in biology. It primarily plays a unique role in
the RNA interference events that regulate gene expression
in a specific manner. siRNA technology has been widely
used in various disease areas such as tumors and
inflammation.

Stride et al. developed a CS-deoxycholic acid nanodrop-
lets loading on the magnetic nanoparticle for siRNA deliv-
ery [90]. They covalently grafted deoxycholic acid on the
CS and sequentially had perfluoropentane and iron oxide
modified on the surface. siRNA was combined on the sur-
face of the particle via electrostatic interactions with a cati-
onic CS matrix. The integrated siRNA and nanoparticles
displayed stability in serum at 37 °C for up to 4hours.
Interestingly, the nanodroplets would undergo a phase
change under the assistance of ultrasound from a liquid
state to a microbubble state with a larger volume and
higher energy and release the contained siRNA, and the
iron oxide-containing NP may be directed to the correct
site while applying an external magnetic force. Importantly,
treatment efficacy was positively correlated with the energy
of these emissions that were produced by ultrasound.
Tumor protein p53, an unequal protein, has been shown to
respond to cellular stresses, thereby acting as a tumor sup-
pressor. Activating the proliferation suppressor gene may
thus be a promising strategy for tumor therapy.

Feron et al. developed noncovalent PEGylated CS nano-
particles for siRNA-targeted delivery [91]. siRNA was
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loaded via electrostatic interaction with cationic
CS. Targeting function was achieved by RGD peptides
analog, and PEG would detach from the nanocarriers when
necessary to facilitate cellular entry. Notch1 is a signaling
receptor that plays a critical role in RA.

Vaccine refers to biological products applied to prevent
or control the occurrence and spread of infectious diseases.
The nature of the vaccine may be microbes or their toxins,
enzymes, human or animal serum, and cells. The emer-
gence of vaccines has made a significant contribution to
the prevention and control of diseases. However, there are
many problems affecting the quality of the vaccine during
the preparation, storage, and administration. It is greatly
necessary to take high quality control during the prepara-
tion of vaccines, because the inferior quality vaccines pose
agreat threat to human health. Nanomaterial-encapsulated
vaccines are thus promising vaccine-transport vehicles. CS
is a particularly attractive choice for vaccine delivery
because of its low immunogenicity, low toxicity, biocom-
patibility, and biodegradability [92].

Tumor cell lysates can act as antigens to stimulate den-
dritic cells to produce immunity. Kong et al. developed
tumor cell lysate-loaded (TCL) CS nanovaccine to enhance
antitumor immunity by targeting dendritic cells (DCs) [93].
They modified chitosan with mannose (Man) for specific
DCs targeting and then loaded TCL (Man-CTS-TCL NPs)
to trigger an immune response. For the vaccine viability
experiment, the efficacy of Man-CTS-TCL NPs as cancer
vaccine was evaluated in vitro and in vivo. Specifically, the
activation of DCs by Man-CTS-TCL NPs was studied at the
cellular level, and the mice were challenged with B16 mel-
anoma cells after they were vaccinated with the prepared
vaccine. The experiment results showed that the Man-CTS-
TCL NPs are effective antitumor vaccines.

Tirelli et al. developed a dual-targeting vaccine vector. CS
showed an electrolyte interaction with HA, which poten-
tially played an important role to load the siRNA [94].
Simultaneously, the mannosylated modification on HA
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Figure 6.9 Structure of gelatin.

further improved the targeting effect. The interaction of
mannose with lectin promoted the internalization of NPs
when hyaluronic acid was compatible with CD44, a surface
receptor that has been reported to affect DC maturation
and adhesion. The construction of targeting nanocarriers
based on CS matrix is an effective approach for gene deliv-
ery with enhancement of immunomodulation effects.

6.2.10 Gelatin

Gelatin is a natural water-soluble polymer which is a pro-
tein in nature and normally produced by denaturing colla-
gen. It is widely used in pharmaceutical and medical
applications due to its excellent properties such as biodeg-
radability, biocompatibility, and low antigenicity. In addi-
tion, gelatin can be easily altered due to its isoelectric point
that allows it to change from negative to positive charge in
an appropriate physiological environment. Gelatin as a
polymer is used for gene delivery, cell culture, and recently
in tissue engineering. Gelatin-based drug delivery systems
have the properties to control the release of bioactive
agents such as drugs and protein. It is also reported that
liposome-loaded bioactive compounds can be incorporated
into PEG-gelatin gel which can function as porous scaffold
gelatin-based temporary depots for controlled drug release
over prolonged time periods. However, some drawbacks
have been identified with the use of gelatin-based systems
in pharmaceutical applications. These drawbacks include
poor mechanical strength and ineffectiveness in the man-
agement of drug release at infected sites (Figure 6.9).
Gelatin micro- and nanoparticles have been extensively
studied as carrier systems for many applications.
Microparticles have the advantage of a large surface area,
which enables sufficient exchange of nutrients and meta-
bolic wastes and allows rapid cell development [95]. They
can therefore serve as vehicles for cell amplification and
can simplify the delivery of these expanded cells or other
large bioactive molecules to the desired site. The size of
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nanoparticles offers other advantages, including a rela-
tively higher intracellular uptake by various areas of the
body. For example, nanoparticles are better suited for intra-
venous delivery [96] or for delivery of drugs to the brain,
due to their ability to better accumulate in macrophage-
rich organs as they can easily cross the blood-brain bar-
rier [97]. Due to their unique design, liposomes have the
ability to incorporate both hydrophilic and -phobic drugs,
protect them from degradation, target them to the desired
site, and reduce the toxicity or side effects of those mole-
cules [98, 99]. Unfortunately, liposomes have low encapsu-
lation efficiency and poor storage stability, and
water-soluble drugs can rapidly leak in the presence of
body fluids [68]. However, some researchers showed that
embedding liposomes into a gelatin-based system resulted
in an improvement in their stability, viscosity, and the half-
life of theloaded drug and the liposome [100]. Nanoparticles
have good in vivo stability, can be easily sterilized and
scaled up, and their manufacture can be free of contamina-
tion with pyrogens. These advantages can be used in the
fields of biomaterials and medicine. Nanoparticles can be
used to deliver hydrophilic and hydrophobic drugs, pro-
teins, vaccines, and other types of bioactive molecules to
various areas in the body, such as the lymphatic system,
brain, arterial walls, lungs, liver, spleen, or even for long-
term systemic circulation. A successful nanoparticle sys-
tem should have high loading capacity to reduce the
amount of carrier needed for administration. Depending
on the drug and carrier properties, the drug can be dis-
solved, entrapped, encapsulated, or attached to the nano-
particle. The loading of the drug can be performed at the
time of the nanoparticle production, during the polymeri-
zation process, or after the formation of the nanoparticles
by incubating them with the drug solution. The amount of
bound drug and the type of interaction between the drug
and the nanoparticles depend on the chemical structure of
the drug and the polymer and the conditions of the drug-
loading procedure. Gelatin nanoparticles have been widely
used for encapsulating many bioactive molecules. Li et al.
encapsulated bovine serum albumin (BSA) as a model pro-
tein drug, using gelatin-based nanoparticles. BSA release
was followed by a diffusion-controlled mechanism and was
enhanced by the nanoparticles’ water uptake capacity of
51-72% [101]. Nanoparticles can better accumulate in
macrophage-rich organs which can easily cross the blood--
brain barrier and reach the brain, compared to other car-
rier systems.

In order to reduce the toxic side effects of chloroquine
phosphate, a well-known antimalarial drug, it was encap-
sulated in gelatin nanoparticles [102]. The results showed
that chloroquine phosphate release was controlled via dif-
fusion, increased with increasing temperature, but

decreased in the physiological fluids and was found to be
optimal near the physiological pH (7.4). The addition of the
cross-linker glutaraldehyde to the nanoparticles decreased
the drug release rate.

Ibuprofen sodium, an anti-inflammatory drug, was
loaded into PEGylated gelatin nanoparticles. The results
demonstrated an improved plasma half-life of ibuprofen
sodium when encapsulated within the nanoparticles.
These results might allow lowering the rate of ibuprofen
sodium needed for treatment [103]. Targeting nano- and
microvesicles to enhance drug uptake only in tumor cells,
while sparing healthy cells, is a unique strategy which is
currently being investigated. It is known that the extracel-
lular pH of tumor tissue is lower than that of the normal
tissue. The pH-responsive carriers would therefore have an
advantage in accelerating the local drug release in tumor
tissue. Doxorubicin, an anticancer drug, was encapsulated
in an amphiphilic gelatin-iron oxide core/calcium phos-
phate shell nanoparticle. The addition of a calcium phos-
phate shell acts as a drug reservoir and turned the
nanoparticles into highly pH-responsive drug-release
carriers [104].

Gelatin microparticles have been extensively studied as a
carrier system for many applications. They can be pro-
duced by several methods such as emulsion polymeriza-
tion, solvent evaporation, coacervation, and spray-drying.
However, gelatin microparticles have poor mechanical
properties and rapid dissolution rates in aqueous environ-
ments, which accelerate drug release at body temperature.
Gelatin microparticles are typically cross-linked with for-
maldehyde, glutaraldehyde, genipin, and/or carbodiimides
in order to solve these problems. However, methacrylation
of gelatin has been reported to be less cytotoxic and to ena-
ble a larger range of cross-linking densities compared to
the traditional chemical cross-linking methods, thus offer-
ing an alternative method to better control the extent of
hydrogel cross-linking [71]. It was shown that fewer meth-
acrylated microparticles had decreased elastic moduli and
larger mesh sizes but could be better for an action, ensur-
ing sustained drug delivery to the lungs and as a result
improving patient compliance. Therefore, a new polymeric
microparticle system based on gelatin covalently bound to
isoniazid and containing rifampicin was developed. The
results showed that the microparticles demonstrated low
cytotoxicity, were able to encapsulate both rifampicin
(51+6%) and isoniazid (22 +1%), and had a good nebuliza-
tion efficiency, which is important in pulmonary antituber-
cular drug delivery systems [105]. Polymeric microparticle
system based on gelatin covalently bound to isoniazid and
containing rifampicin was developed. The results showed
that the microparticles demonstrated low cytotoxicity,
were able to encapsulate both rifampicin (51+6%) and
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isoniazid (22 +1%), and had a good nebulization efficiency,
which is important in pulmonary antitubercular drug
delivery systems [105].

Gelatin microparticles showed several advantages for pul-
monary delivery, such as a large distribution to lung epithe-
lial cells and higher availability of bioactive molecules to the
infected cells. Rifampicin and isoniazid are part of the thera-
peutic treatment against tuberculosis. However, these drugs
are relatively toxic, can cause several side effects, and might
cause drug resistance when not followed to completion. The
use of microcarriers loaded with these drugs may allow
reducing the therapeutic dose, extending the duration of
action, ensuring sustained drug delivery to the lungs, and as
a result improving patient compliance.

The utilization of gelatin-based liposomes has been
reported in several studies on nanotechnology-based drug
delivery systems. Liposomes are small spheres of an aque-
ous core entrapped by one or more phospholipids that form
closed bilayered systems. Liposomes are widely used as an
advanced technology for delivering bioactive molecules due
to their high biocompatibility and their ability to incorpo-
rate hydrophilic and hydrophobic drugs and deliver bioac-
tive molecules directly to the desired site. Hydrophobic
drugs are usually encapsulated in the lipid bilayers of
liposomes, whereas hydrophilic drugs may either be encap-
sulated inside the aqueous cores of liposomes or be located
in the external aqueous phase. A liposomal hydrogel system
consisting of a PEG-gelatin hydrogel loaded with liposomes
containing the antibiotic ciprofloxacin was developed in
order to reduce bacterial adhesion to silicone catheter mate-
rial. Liposomal hydrogel-coated catheters were shown to
have an antimicrobial efficacy against Pseudomonas aerugi-
nosa [106]. Another study demonstrated a controlled
release of liposomes loaded with calcein fluorescence dye
or calcein labeled with rhodamine from gelatin carboxym-
ethyl cellulose films. The release rate of the loaded
liposomes depended mainly on the amount of liposomes
entrapped inside the films, the swelling degree and the net-
work density of the film, and the glutaraldehyde cross-
linking degree [107]. Embedding liposomal drug delivery
systems into a polymer-based system improves the lipo-
some stability, viscosity, half-life of the loaded drug, and the
embedded liposome. It also allows a sustained and efficient
drug release over prolonged periods of time.

6.2.11 Alginate

Alginate is also a naturally occurring linear polysaccha-
ride. It is extracted from seaweed, algae, and bacteria.
The basic chemical structure of alginate consists of
(1-4)-b-D-mannuronic acid (M) and (1-4)-a-L-guluronic
acid (G) units. This is a nontoxic, biologically safe,
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Figure 6.10 Structure of sodium alginate.

biocompatible, and biodegradable polysaccharide in
nature (Figure 6.10).

Alginate and their derivatives are widely used by many
pharmaceutical scientists for drug delivery and tissue engi-
neering applications due to their unique characteristics
such as biocompatibility, biodegradability, low toxicity,
nonimmunogenicity, solubility in water, relatively eco-
nomical, gelation ability, stabilizing properties, and high
viscosity in aqueous solutions. Since alginate is anionic,
fabrication of alginate hydrogels has successively been
achieved through a reaction with cross-linking agents such
as divalent or trivalent cations mainly calcium ions, water-
soluble carbodiimide, and/or glutaraldehyde. The cross-
linking was performed at room temperature and
physiological pH conditions. The success in fabricating
highly porous 3D alginate scaffolds has been through lyo-
philization. Thus far, alginate-based systems have been
successfully used as a matrix for the encapsulation of stem
cells and for controlled release of proteins, genes, and
drugs. Alginate-based drug delivery systems have also been
used as depots for bioactive agent-loaded liposomes for
sustained drug release. Highly increased efficacy has been
reported from these integrated delivery systems when com-
pared to polymeric- or liposome-based systems alone [108].

Alginates have been widely used as tablet disintegrant,
binding agent, viscosity-modifying agent, as a stabilizer in
disperse system in the production of suspension and emul-
sion, and also as thickening agent in pharmaceutical indus-
tries. The most important advantage of using alginate as a
matrix for controlled-release (CR) formulations is its biodeg-
radability, because it is degraded and is absorbed by the body
during and/or after drug release without any toxic effects.
This allows bypass of surgical removal of the device. Hence,
alginates can be a suitable matrix-forming component for
sustained release of various drugs. As the drug delivery can
be controlled primarily because of the properties of polymer
devices, controlled release is possible for conventional low
molecular weight drugs as well as macromolecular drugs
including peptide hormones (e.g. insulin and growth hor-
mone), polysaccharides (e.g. heparin), antibiotics, antigens,
and enzymes. The drug release from alginate beads occurs
basically by diffusion through matrix and due to erosion
mechanism at certain pH. Drug release can be controlled by
coating of matrix beads with sodium alginate. Sodium
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alginate has also been evaluated as release-controlling dilu-
ent in CR capsules. Several drugs have been incorporated
into alginate matrices in a variety of forms (e.g. beads, micro
spheres, films, and tablets) for CR therapies [109].

Alginate can play a significant role in the design of a
controlled-release product because the alginate molecule
can undergo immediate hydration to create a hydrocolloi-
dal layer of high viscosity. This phenomenon makes up a
diffusion barrier, thereby decreasing the migration of small
molecules and drugs. So far, alginate has mainly been
applied in systems based on diffusion. Diffusion systems
based on alginate can be divided into two main categories.
In the polymeric membrane system, the drug formulation
is encapsulated in a drug reservoir compartment. The drug
formulation getting encapsulated may exist as a solid or
suspension or in solution form. The drug release is con-
trolled by an encapsulating polymeric membrane having a
specific permeability. The encapsulation of drug is accom-
plished by various techniques, e.g. spray coating and micro-
encapsulation [108, 109]. In one study, the compound
theophylline was encapsulated, and the drug release rate
was significantly reduced compared to the matrix-type alg-
inate gel beads. The release rate became lower as the coat
thickness increased. The release followed zero-order kinet-
ics as expected [109]. A further decrease in release rate can
be obtained by incorporating additives such as carnauba
wax into the drug reservoir. This is demonstrated for indo-
methacin, a nonsteroidal anti-inflammatory drug which is
highly irritating to the mucosa in the upper gastrointesti-
nal (GI) tract. In the polymeric matrix system, the drug is
homogeneously dispersed in the rate-controlling polymer
matrix. The developed product may be in the form of
swellable microspheres or conventional tablets. When such
drug delivery systems are subjected to dissolution, drug
release is controlled by diffusion through matrix swelling
and dissolution/erosion at the matrix periphery. The
“swelling-dissolution-erosion” process is highly complex.
Sodium alginate cross-linked with calcium chloride forms
a system where the osmotic pressure gradient existing
between the alginate gel and the environment plays an
important role in the swelling process [110]. Under acidic
conditions (e.g. in the stomach), swelling of the calcium
alginate beads scarcely occurs. A drug is likely to be
released by diffusion through the insoluble matrix. Under
neutral conditions present in the intestine, the beads
undergo swelling, and the drug release depends on the
swelling and erosion process. The swelling behavior of cal-
cium alginate has been thoroughly exploited for the devel-
opment of a multiple-unit, controlled-release drug delivery
system [111]. Alginate gel beads seem to be most effective
in retarding drugs at higher alginate concentrations [110,
111] and when the alginates are rich in guluronic acid [111].

The molecular weight and viscosity of the alginates did
not affect the drug release of nicardipine HCI in neutral
medium [112]. Interestingly, the release of the basic drug
pindolol was, however, demonstrated to be dependent on
the alginate molecular size [113]. The slowest in vitro
release rate of pindolol (at neutral pH) was observed for
the beads prepared by alginate of low molecular weight,
although this showed the fastest in vivo absorption rate.
The drug:alginate ratio and calcium chloride concentra-
tion affect the drug release. The release of nicardipine
from alginate particles prepared in a ratio of 1 : 1 was
delayed more than that from 1 : 2 particles [112]. Calcium
alginate beads displayed prolonged release profiles when
compared to alginate beads prepared from other cross-
link agents.

In nasal drug delivery systems, nasal mucociliary clear-
ance is one of the most important limiting factors. It
severely limits the time allowed for drug absorption to
occur and effectively prevents sustained nasal drug
administration. Thus, to retain the drug in the nasal cav-
ity, a particle formulation would be preferable to solu-
tion. In addition, mucoadhesive polymers have been
introduced to prepare microparticles, which could fur-
ther overcome the problems of poor bioavailability by
increasing the residence time at the applied site.
Mucoadhesion requires a highly expanded and hydrated
polymer network, which could promote an intimate con-
tact between microspheres and the mucus layer. Thus,
mucoadhesive microspheres have been developed to
decrease the effect of mucociliary clearance. The micro-
particles form a gel-like layer, which is cleared slowly
from the nasal cavity, resulting in a prolonged residence
time of the drug formulation. Mucoadhesive micro-
spheres significantly increase the systemic absorption of
conventional drugs as well as polypeptides across the
nasal membrane without the use of absorption-
enhancing agents that have the potential for irritation or
damage [114]. Alginate is an anionic mucoadhesive poly-
mer, which is known for its ability to create hydrogen
bonds with mucin-type glycoproteins through carboxyl-
hydroxyl interactions. This anionic biopolymer is used in
many pharmaceutical and biotechnological applica-
tions [115]. Sodium alginate is a natural water-soluble
linear polysaccharide molecule that is widely used to
produce polymer matrix due to its nontoxicity, biocom-
patibility, and gel-forming ability. Therefore, in several
studies it has been used as the matrix to prepare
microparticles.

In a study, a formulation has been developed in which
magnetic iron oxide nanoparticles were encapsulated into
alginate beads with controlled size and activated by
magnetic external stimuli [116].
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Figure 6.11 Structure of lignin.

6.2.12 Lignin

6.2.12.1 Introduction

Lignin is present in the cell wall of various plants. Next to
cellulose, lignin is the most abundant biopolymer. Presence
of phenolic and aliphatic hydroxyl groups in the structure
of lignin makes it suitable to form a new material by struc-
tural modification [9] (Figure 6.11).

Lignin has the potential to produce nanoparticles for
encapsulation of different compounds for different phar-
maceutical applications such as anticancer therapy [117].
For the first time, Frangville et al. explored the use of non-
toxic LNPs for encapsulation of hydrophilic compounds,
i.e. Rhodamine 6G with high loading capacity [118].
Thereafter, Tortora et al. prepared the hydrophobic com-
pound Coumarin-6 loaded lignin microcapsule (LMC) and
showed that products had low cytotoxicity and could be
effectively [119] internalized into Chinese hamster ovary
cells. The Coumarin-6 release in the presence of SDS solu-
tion 5% w/v showed that almost 100% of entrapped
Coumarin-6 was released in 60 min. There may be two con-
comitant reasons associated with the release of entrapped
Coumarin-6 in the presence of SDS such as deterioration
on lignin hydrophobic interactions and the high affinity of
the molecule for the new dispersion fluid. The SDS mole-
cule interferes with the lignin’s stabilizing characteristics
at the core shell boundaries which induce the release of
Coumarin-6 because of the high solubility of the hydro-
phobic molecule in SDS solution. From these results, it can
be understood that lignin micro/nanocapsules can be used
as the topical applications since the pool of antioxidants
and essential oils may get released if they contact with the
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lipid tissue or dermatological diseases. One step further,
Lievonen et al. proposed an easy and practical method for
the preparation of pH-sensitive lignin-based complex
spherical micelles in green solvents using pure AL for the
encapsulation of Ibuprofen (IBU) with the help of hydro-
phobic interaction. The in vitro release characteristics of
IBU were observed to be pH dependent and demonstrated
controlled-release properties. It is possible to preserve 75%
of IBU in simulated gastric fluid, whereas in simulated
intestinal fluid, 90% could be released smoothly. This work
offers a unique technique for the formulation and fabrica-
tion of oral drug delivery carrier and possesses significant
importance in the value-added use of lignin [120].
Yiamsawas et al. generated lignin-based polyurethane hol-
low nanocapsules at the interface of water cyclohexane
which possess 2,4-toluene diisocyanate (TDI) and a sur-
factant. The encapsulating capacity of the capsules was cal-
culated with the help of hydrophilic fluorescent dye
sulforhodamine, and the long-time stability was observed
over several months in both aqueous and organic phases.
The release of the dye could be obtained by an enzymatic
degradation of the lignin shell [121]. Interestingly, Chen
et al. developed LNP through self-assembly process using
renewableand nontoxicaqueoussodium p-toluenesulfonate
(pTsONa) solution. A number of water-soluble or even
-insoluble drugs can be dissolved in pTsONa and undergo
90% encapsulation and possess sustained drug-releasing
capability. In addition to the above, it is easy to recycle the
nonloaded drugs as well as free pTsONa for multiple times
to achieve environmental sustainability [122]. This synthe-
sis approach with broad processing window could realize
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the industrial scale-up production of LNPs and have wide
potential applications.

6.2.13 Cellulose Derivatives

Cellulose is the most abundant naturally occurring biopol-
ymer. It is the main constituent of various natural fibers. It
is composed of long chains of anhydro-D-glucopyranose
units (AGU) with each cellulose molecule with three
hydroxyl groups per AGU, with the exception of the termi-
nal ends (Figure 6.12).

Cellulose is insoluble in water and most common sol-
vents; the poor solubility is attributed primarily to the
strong intra- and intermolecular hydrogen bonding
between the individual chains. Despite its poor water solu-
bility, cellulose is used for a wide range of pharmaceutical
applications. The chemically modified cellulose has
improved processing capability, and the cellulose deriva-
tives can be tailored for specific pharmaceutical applica-
tions. Large-scale commercial cellulose ethers include
carboxymethyl cellulose (CMC), methyl cellulose (MC),
hydroxyethylcellulose (HEC), hydroxypropyl methyl cellu-
lose (HPMC), hydroxylpropyl cellulose (HFC), ethyl
hydroxyethyl cellulose (EHEC), and methyl hydroxyethyl
cellulose (MHEC) [123].

Cellulose and its derivatives are extensively utilized in
the drug delivery systems basically for modification of the
solubility and gelation of the drugs that resulted in the con-
trol of the release profile of the same [124]. Elseoud
et al. [125] investigated the utilization of cellulose
nanocrystals and chitosan nanoparticles for the oral releas-
ing of repaglinide (an anti-hyperglycemic—RPG). The chi-
tosan nanoparticles demonstrated a mean size distribution
of 197nm, whereas the oxidized cellulose nanocrystals
containing RPG had a mean diameter of 251-310nm. The
presence of the hydrogen bonds between the cellulose
nanocrystals and the drug resulted in sustained release of
the same, and subsequently, the nanoparticles made with
oxidized cellulose nanocrystals presented lower release
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Figure 6.12 Structure of cellulose derivatives.

when compared to the nanoparticles produced with native
cellulose nanocrystals.

Agarwal et al. [126] have developed a drug-targeting
mechanism, which is based on the conjugation of calcium
alginate beads with carboxymethylcellulose (CMC)-loaded
5-fluoroacyl (5-FU) and is targeted to the colon. The beads
with lower CMC proportions presented greater swelling
and mucoadhesiveness in the simulated colonic environ-
ment. In the presence of colonic enzymes, 90% release has
been observed from 5-FU encapsulated in the beads.
Hansen et al. [127] investigated four cellulose derivatives,
including methylcellulose, hydroxypropyl methylcellulose,
sodium carboxymethylcellulose, and cationic hydroxyethyl
cellulose, for application in drug release into the nasal
mucosa. The association of these cellulose derivatives with
an additional excipient was also evaluated. The drug model
employed in this process was acyclovir. The viability of the
polymers as excipients for nasal release applications was
also scrutinized for its ciliary beat frequency (CBF) and its
infusion through the tissue system of the nostril cavity. An
increase in thermally induced viscosity was observed when
the cellulose derivatives were mixed with polymer graft
copolymer. Also, the permeation of acyclovir into the nasal
mucosa was found to be increased, when it was combined
with cationic hydroxyethylcellulose. None of the cellulose
derivatives caused negative effects on tissues and cells of
the nasal mucosa, as assessed by CBF.

6.2.14 Albumin

Albumin can be used to produce various formulations,
such as conjugates, nanoparticles, and/or complexes
loaded with drugs, peptides, and/or antibodies. Albumin-
based drug delivery systems have been widely studied as
versatile carriers for anticancer agents, and three impor-
tant formulations have been marketed or evaluated in a
clinically advanced stage: Abraxane, PTX albumin nano-
particles, which are manufactured using the proprietary
nab technology from American Bioscience, resulting in
nanoparticles with a diameter of approximately 130nm;
MTX albumin conjugate, where MTX is linked to albumin
by a lysine (amide bond with an amino group of lysine in
albumin); and Aldoxorubicin, the albumin-binding prod-
rug of doxorubicin, which is an acidic-sensitive prodrug
(thiol-binding prodrug) that binds covalently to the Cys-34
position of circulating albumin after intravenous
administration [128].

Albumin and the respective formulations can be consid-
ered ideal drug carriers for targeting malignant and also
inflamed tissue sources, due to the described capacity of
albumin to accumulate either in malignant or in inflamed
tissue [129, 130]. Several mechanisms are common
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features in inflammation and in tumors, such as angiogen-
esis and its humoral regulation by growth factors, for
example VEGF. Moreover, the extravasation of macromol-
ecules into the inflamed and in malignant tissues is upreg-
ulated in a similar way. Activated cells, such as tumor or
inflammatory cells, metabolize albumin to cover their
increased need for amino acids and energy, and the
increased extravasation helps to satisfy this need [129]. The
uptake of albumin by synovial fibroblasts of RA patients
and the efficacy of MTX and MTX covalently coupled to
HSA (MTX-HSA) in arthritic mice were studied, and the
results demonstrated the favorable properties of albumin
as a drug carrier to RA, increasing the therapeutic efficacy
comparatively to drug alone and reducing the side effects.
In addition to these applications, there are other market-
approved albumin-based products, such as fatty acid
derivatives of human insulin and the glucagon-like-1 pep-
tide (Levemir®, Tresiba®, and Victoza®) for treating diabe-
tes [131, 132].

The structural features of albumin, such as the presence
of various specific sites on protein (Cys-34 position, lysine
side-chain amines, and active sulfhydryl groups), led to the
possibility of binding various peptides and synthetically
modified drugs to protein for development of drug—protein
conjugates (Figure 6.13).

For the preparation of drug-albumin conjugates, many
methods, including direct coupling through lysine resi-
dues, chemical coupling methods such as carbodiimide
coupling method and thiol/maleimide coupling method,
and several other methodologies such as albumin fusion
technology, have been used. Thus, albumin is considered
as a good candidate for conjugation with different drugs as
it provides good pharmacokinetics properties [133]. The
drug-albumin conjugates, the most extensively studied
conjugates of drugs up to now, can be posteriorly used for
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Figure 6.13 Structure of albumin.

preparation of albumin-based nanoparticles, with several
benefits in the delivery of cytotoxic agents as previously
described [134]. In our recent study, albumin-drug conju-
gates were produced with either MTX, a potent anticancer
agent, or vancomycin (VCM), a potent antibiotic, and those
conjugates were then used to produce functionalized albu-
min nanoemulsions [135]. The albumin-MTX conjugate
was prepared via carbodiimide linkage, and the albumin-
VCM conjugate was synthesized via thiol-maleimide addi-
tion. The anticancer effect of the conjugate albumin-MTX
and the nanoemulsions prepared using this conjugate was
compared with the effect of MTX alone in human colonic
epithelial cell line (Caco-2 cell line). Nanoemulsions
loaded with MTX, albumin-MTX conjugate, and MTX
alone demonstrated very similar results; however, these
developed conjugates and nanoemulsions present impor-
tant characteristics to overcome the problems associated to
this drug, namely, their side effects. The determination of
minimum inhibitory concentration (MIC) of VCM, albu-
min-VCM conjugate solution, and albumin nanoemul-
sionsloaded with VCM was performed using Staphylococcus
aureus strain Newman. The results demonstrated that
albumin-VCM conjugate and nanoemulsions loaded with
VCM potentiate the antimicrobial activity of VCM against
this strain, with such nanoemulsions presenting advan-
tages for intravenous administration (small and stealth
nanoparticles) and protection of the active principle. Thus,
the development of these albumin-drugs conjugates and
their incorporation in the albumin nanoparticles allowed
the production of functionalized and effective nanoparti-
cles, which can be suitable for drug delivery application in
a wide range of clinical settings [135].

6.2.15 Dextran

Dextran is a natural linear polymer of glucose linked by a
1-6-linked glucopyranoside and some branching of
1,3-linked side chains (Figure 6.14).

Dextran is prepared from sucrose through lactic-acid
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Figure 6.14 Structure of dextran.
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Streptococcus mutans. There are two commercial prepara-
tions available, namely dextran 40kilodaltons (kDa)
(Rheomacrodex) and dextran 70kilodaltons (kDa)
(Macrodex). In pharmaceutics, dextran has been used as a
model of drug delivery due to its unique characteristics
that differentiate it from other types of polysaccharides,
which include water solubility, biocompatibility, and bio-
degradability. In recent studies, dextran has been regarded
as a potential polysaccharide polymer that can sustain the
delivery of proteins, vaccines, and drugs. In a study, inter-
leukin-2, which is a highly effective anticancer drug, has
been delivered through liposomes and an injectable dex-
tran hydrogel. A study conducted by Stenekes and cowork-
ers observed the successful encapsulation of a drug in
liposome and further formulation of a depot system into a
dextran polymer-based material. The polymer-based mate-
rials were prepared using a two-phase system; the first
phase was water and poly(ethylene glycol), and the second
one water-methacrylated dextran. The slower degradation
of dextran polymeric material resulted in sustained release
of liposomes for a duration of 100 days. Liposomes released
from the depot were found to be intact, and there was no
significant change observed in the liposomal size. In a gene
therapy study by Liptay and coworkers, it was reported that
recombinant DNA (which contains chloramphenicol
acetyltransferase) was successively encapsulated in
cationic liposomes and then integrated within the
dextran [136].

DX is neutrally charged, and systems with no surface
charge have been shown to experience reduced plasma
protein adsorption and an increased rate of nonspecific cel-
lular uptake [137]. Accordingly, it has been used as a col-
loidal protectant, preventing particles from aggregation
through steric hindrance [138]. Owing to the presence of
high amount of hydroxyl groups and inspired by the classi-
cal example of DX-bleomycin complex and its efficiency in
targeting the lymphatics [139], DX has been functionalized
with various pharmaceutical agents, such as nap-
roxen [140], daunorubicin [141], mitomycin C [142], doxo-
rubicin [143, 144], and cisplatin [145] as efficient prodrugs
aiming at achieving better drug and/or improving of tar-
geting efficiency.

The drug delivery systems that have improved tumor
penetration properties are valuable tools for delivery of
anticancer agents.

Dextran is water soluble, and hydrophobically modified
dextran forms micelles which can be used to either encap-
sulate drugs or be functionalized with drugs via its numer-
ous hydroxyl groups. Drug-loaded nanocarrier formulations
including those containing dextran can exhibit improved
pharmacokinetics and reduced systemic toxicity as com-
pared to their parent drug as a result of passive targeting in
which circulating drug nanocarriers deposit preferentially
into tumor tissue due to the leaky vasculature often associ-
ated with these tumors (EPR effect). The dextran-doxoru-
bicin nanocarriers are capable of full penetration into
neuroblastoma tumor spheroids with an average diameter
of ~400—500pum, while free doxorubicin can only pene-
trate ~50pm into these structures. Due to this enhanced
penetration, these nanocarriers display enhanced efficacy
over free doxorubicin in 3D tumor spheroids [146].

6.2.16 Collagen

Collagen is a natural protein component found in mam-
mals. Outside the body, collagen is prepared from glycine—
proline-(hydroxy) proline repeat units to form a triple-helix
molecular structure. So far, 19 types of collagen molecules
have been isolated, characterized, and reported in both
medical and pharmaceutical applications (Figure 6.15).

Collagen is extensively utilized in pharmaceutical field
because it fulfills the requirements of a safe drug delivery
system due to properties such as good biocompatibility, low
antigenicity, and biodegradability upon implantation in
cells. Collagen gels are among the natural polymers that
can be used as a promising matrix system for drug delivery
and tissue engineering applications. The biodegradable
collagen-based systems have been used as 3D scaffold for
cell culture and gene therapy.

The combination of liposomes and collagen-based sys-
tem has been utilized for drug delivery applications since
the 1980s. In several studies, drugs and other bioactive
agents were first encapsulated in the liposomes and then
embedded inside a depot composed of collagen-based
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Figure 6.15 Structure of collagen.
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systems, including scaffolds and gels. The combination of
liposomes and collagen-based system has improved the
stability on storage, prolonged drug release, and increased
therapeutic efficacy [147]. Due to biocompatibility and low
antigenicity, collagen-based nanoparticles have been used
in some studies for the delivery of pharmaceuticals such as
theophylline, retinol, tretinoin, and lidocaine [148, 149].

It is observed that collagen shows similarity to the micro-
environment of some tumor cells, thereby allowing colla-
gen nanoparticles to effectively infiltrate the tumor areas
and deliver anticancer drugs [150]. The physical properties
of collagen nanoparticles such as size, surface area, and
absorption capacity are easy to configure [151]. Such prop-
erties make collagen nanoparticles a suitable candidate for
controlled drug release strategies.

The advanced drug delivery formulations usually include
formulations such as nanosuspension, nanoparticles,
liposomes, niosomes, iontophoresis, and ophthalmic deliv-
ery system. Among these formulations, collagen finds its
application mainly in the preparation of collagen shields
for ophthalmic application, and in other formulations, it is
being used as an additional substance due to its biocompat-
ibility and easy availability [151].

Controlled and sustained release of drugs has shown its
importance over conventional ophthalmic preparations due to
its reduced side effects, sustained and controlled drug delivery,
increased ocular bioavailability, and targeted drug delivery.
This improved and controlled way of drug delivery effects pro-
vides an efficient therapeutic activity and better sustainability
of drug within the body when compared to the other forms of
dosages since the frequency of drug administration is reduced
when a controlled drug delivery is maintained [152].

Collagen in the form of gel acts as a drug delivery matrix
due to its characteristic properties such as flowability,
injectability, and biocompatibility. These essential proper-
ties help in achieving sustained release action of therapeu-
tic molecules and to be an attractive biomaterial in tissue
engineering application. Collagen gel with suitable pore
size alone can act as an effective biomaterial when com-
pared to the other commercially available forms of collagen.
Collagen-synthetic polymer composites and collagen-
based diffusion membranes are generally used for con-
trolled drug delivery and prolonged drug release treatment.
These forms of dosages have shown an improved prophy-
lactic activity when loaded with suitable antibiotics to treat
infections of bone and soft tissues [147, 152].

6.2.17 Hyaluronic acid

Hyaluronic acid (also called as hyaluronan and hyaluro-
nate (HA) and sodium hyaluronate (SA), the sodium salt
form of hyaluronic acid) is a biodegradable, biocompatible,
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Figure 6.16 Structure of hyaluronic acid.

and viscoelastic linear polysaccharide of a wide molecular
weight range (1000-10000000 Da) (Figure 6.16).

It is a naturally occurring biopolymer, which serves
important biological functions in bacteria and higher ani-
mals including humans. Naturally occurring hyaluronic
acid may be found in the tissue of higher animals, particu-
larly as intercellular space filler. It is found in greatest con-
centrations in the vitreous humor of the eye and in the
synovial fluid of articular joints. Hyaluronic acid is com-
posed of linear, unbranched, and polyanionic disaccharide
units consisting of glucuronic acid (GlcUA) and N-acetyl
glucosamine (GIcNAc) joined alternately by p-1-3 and
-1-4 glycosidic bonds. Hyaluronic acid solutions are char-
acteristically viscoelastic and pseudoplastic. The viscoelas-
tic property of hyaluronic acid solutions that is important
in its use as a biomaterial is controlled by the concentration
and molecular weight of the hyaluronic acid chains.
As a microcapsule, it can be used for targeted drug
delivery [152].

Coating nanoparticles with HA could form an HA sur-
face layer, which could improve biocompatibility, blood
circulation time, and most importantly, active targeting
capacity mediated by CD44 overexpressed on many can-
cer cells. The HA coating or modification could be used
to target tumor stem cells because of the overexpression
of CD44 on the tumor stem cells [153]. Shen et al. [154]
coated solid lipid nanoparticles (SLNs) with HA (HA-
SLNs) for targeting delivery of PTX to melanoma stem-
like cells. It showed that the melanoma stem-like cells
expressed high level of CD44, while normal cancer cells
expressed low level. In vitro, the PTX-loaded HA-SLNs
showed higher cellular uptake in stem-like cells and
induced higher percentage of apoptosis cells than the
PTX-loaded SLNs.

One of the novel nanotopical drug delivery system devel-
oped using HA-modified ethosomes targets CD44 in the
inflamed epidermis [155]. Ethosomes are considered as
deformable liposomes prepared by dispersing liposomes in
small-chain biocompatible alcohols, and they are demon-
strated to be better performing than classic liposomes with
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significantly increased skin retention of drugs [156]. The
incorporation of curcumin in HA-modified ethosomes tar-
gets CD44 in the inflamed epidermis [155]. Recent studies
have found that CD44 protein is highly expressed in the
epidermis of psoriatic inflamed skin, suggesting that CD44
can serve as a potential target of novel active-targeting
nanocarriers for topical administration to increase skin
drug retention and enhance drug efficacy [157].

6.2.18 Starch

Starch is the most abundant natural polymer. Starch is
obtained from various classes of plants such as roots, cere-
als or grains, tubers, legumes, and fruits. It has found wide
use in drug delivery systems as binder, disintegrant, and
filler. The bioavailability of poor-soluble drugs has been
improved using starch as a polymer (Figure 6.17).

Starch has been proposed as a carrier for a number of
drugs due to its properties such as biodegradability, non-
toxicity, good biocompatibility, and simple production
combined with low cost and ready availability, which
makes it suitable for use in biomedical and pharmaceutical
formulations [158].

A superparamagnetic iron oxide nanoparticle is coated
by starch for injectable drug delivery. The starch-coated
SPION shows a biocompatibility and possibility of being
transported in the extracellular space as well as being inter-
nalized in the nerve cells [159].

An eco-friendly nanoprecipitation technique was uti-
lized to synthesize native starch nanoparticles loaded with
insoluble drugs such as indomethacin (IND) and acyclovir
(ACV). The results obtained could be attributed to the
dependence of the in vitro release rate of IND and ACV on
the viscosity of starch when native starch has higher hold-
ing capacity and entrapment efficiency for loading the
drugs under investigation [160].

In the study of the medical application of the cost-
effective cross-linked starch nanoparticles, for the
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Figure 6.17 Structure of starch.

transdermal delivery using diclofenac sodium (DS), the
overall results indicate that the starch nanoparticles could
be considered as a good carrier for DS drug regarding the
enhancement in its controlled release and successful per-
meation, thus offering a promising nanoparticulate system
for the transdermal delivery of nonsteroidal anti-
inflammatory drug (NSAID) [161].

6.2.19 Guar Gum

Guar gum is a hydrocolloid that is a naturally occurring
plant polysaccharide. It is a water-soluble polysaccharide
composed of sugars such as mannose and galactose. Guar
gum is found in dairy products, condiments, and backed
goods. It is a natural nontoxic, biodegradable, mucoadhe-
sive, and cost-effective polymer. It has been mainly used for
intestinal drug delivery [162] (Figure 6.18).

Guar gum has been used in studies as nanoparticulate
drug delivery systems in the form of nanospheres and
nanocapsules based on the use of cross-linked guar gum,
capable of incorporating a higher amount of tamoxifen cit-
rate. Guar gum nanospheres containing tamoxifen cit-
rate were prepared and characterized for using it as a
carrier for targeted drug delivery for treatment of breast
cancer [163].

A mesoporous silica-based colonic enzyme-responsive
oral drug delivery system has been developed through guar
gum capping. They had also demonstrated in vitro that the
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Figure 6.18 Structure of guar gum.
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drug-loaded guar gum-mesoporous silica nanoparticles
did not exhibit any undesired drug leakage in different pH
conditions of GIT [164].

6.2.20 Xanthan Gum

Xanthan gum is obtained from the microorganism
Xanthomonas campestris. It is used in pharmaceutical
industries because of its nontoxic, biodegradable, and
hydrophilic characteristics. It is soluble in hot water as well
as cold water. Enzymatic degradation is prevented, and it is
stable over a wide range of pH and temperature conditions.
Xanthan gum shows synergistic effect and improved vis-
cosity with guar gum. With mannan, it forms elastic and
thermally reversible gel. In pharmaceutical industries, it is
mostly used as a control release agent in the case of solid
dosage form and used as a thickening agent, suspending
agent, and emulsion stabilizer in the case of liquid dosage
form [165].

In a study by Pooja et al., the authors investigated the use
of xanthan gum as a reducing agent in the synthesis of gold
nanoparticles. These nanoparticles were found to be effec-
tive in drug delivery because of their size and efficient tar-
geted drug release in cancer cells. The gold nanoparticles
synthesized using xanthan gum were nontoxic and bio-
compatible as observed in the hemolysis study. The formu-
lation showed high drug loading, stability, and enhanced
cytotoxicity in lung cancer cells [166]. In another study;, it
was also reported that the viscoelastic gel produced by the
synergistic interaction of xanthan gum and guar gum mix-
tures led to the stabilization of micro- and nanoscaled iron
particles [167].

6.2.21 Agarose

Agarose is a natural polysaccharide obtained from red-
purple seaweeds [18]. It is basically composed of repeating
units of D-galactose and 3,6-anhydro-L-galactose [34].
Agarose is generally insoluble in cold water but soluble in
boiling water [18]. The formation of hydrogen bonds takes
place between the agarose chains as the agarose solution is
cooled below 45 °C. The gelling temperature is dependent
on the monomer composition and the concentration of the
solution [168] (Figure 6.19).

Agarose is commonly used in different biotechnological
applications due to its natural, biodegradable, and non-
toxic properties, which lead to the formation of inert
nanoparticles. In recent studies, extensive research on pol-
ysaccharide nanoparticles for several therapeutic applica-
tions has been performed. The monodisperse agarose gel
nanoparticles were developed using W/O microemulsion
system to control the size of the particles.
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Figure 6.19 Structure or agarose.

The hydrogel particles using agarose for the encapsula-
tion and release of a synthetic insecticide azamethiphos
was tested in a study, where the results witnessed that
insecticide molecules encapsulated in the fabricated nano-
particles were released following a diffusion-controlled
mechanism [168].

Further, the use of agarose for the fabrication of nano-
particles has been widely extended [169, 170]. Wang and
Wu [170] described the formulation of agarose hydrogel
nanoparticles using an emulsion to suspension conversion
method and also explained the applications of the obtained
particles for encapsulating proteins and peptides molecules.

6.2.22 Silk

Silk fibroin (SF) is obtained in nature from the silkworm,
Bombyx mori. It is a natural protein in nature. According to
reports, it is used as a biomaterial to deliver the drug in dif-
ferent dosage forms. Silk is also used in burn-wound dress-
ing, enzyme immobilization matrices, nets, vascular
prostheses, and implants. Silk degradation is difficult
because it has a compact structure along with special ori-
entation and crystallinity. Many articles prove that silk is a
biodegradable material, but it takes time in degradation.
Two types of proteins are present in silk fiber, fibroin and
serine. Both are present in different amounts. Silk has good
strength and toughness as compared to the other biomate-
rial [171] (Figure 6.20).

For small drug delivery from SF-based nanoparticles, sig-
nificant research work has been carried out focusing on the
delivery of anticancer drugs for cancer treatment. Most
current anticancer agents are subjected to undesirable
biodistribution, systemic toxicity, and adverse side
effects [172]. In order to treat cancer effectively, anticancer
drugs should be delivered into the affected tissues surpass-
ing the hindrances in the body with minimum loss of their
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Figure 6.20 Structure of silk.

therapeutic potential in the systemic circulation. Upon
reaching the area of tumor tissues, the anticancer drug
should selectively Kkill the targeted tumor cells without
affecting the healthy cells by passive and active target-
ing [173, 174]. Besides, the drugs should be released in a
controlled manner in order to have the desired therapeu-
tic effect.

Recently, an anticancer drug-loaded SF nanoparticle has
been developed, which has shown significant potential for
cancer treatment. Notably, the incorporation of the anti-
cancer drugs such as PTX, doxorubicin (DOX), floxuridine,
methotrexate, curcumin, emodin, and cis-dichlorodiamino-
platinum into SF nanoparticles has generated lots of inter-
est in this field [175-181]. Chen et al. [175] formulated
PTX-loaded SF nanoparticles ranging in size from 270 to
520nm. The preparation was done by addition of PTX-eth-
anol solution into regenerated SF solution under gentle
stirring conditions. According to reports, the release dura-
tion of PTX-SF nanoparticles can be extended for up to two
weeks when the drug is loaded to about 3.0%. Using similar
methods, Wu et al. also prepared the PTX-SF nanoparticles
of diameter 130nm. PTX maintained its pharmacological
activity after incorporation into PTX-SF nanoparticles.
The in vivo antitumor studies of PTX-SF nanoparticles on
gastric cancer nude mice xenograft model indicated that
due to regional delivery, PTX-SF nanoparticles showed
better antitumor efficacy by retarding the growth of tumor
cells and reducing the weight of the tumor compared with
systemic administration [176]. Yu et al. [177] also reported
the development of hydrophilic anticancer drug
floxuridine-loaded SF nanoparticles with a particle size of
200-500nm using a similar method of preparation. The
maximum drug loading was found to be about 6.8%, and
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7.1 Introduction

Nanoparticles (NPs) have drawn considerable interest due
to their peculiar and interesting properties and applica-
tions that are beneficial over their bulk counterparts, with
one or more dimensions on the order of 100nm or less [1].
To synthesize various types of NPs, there are a large num-
ber of physical, chemical, biological, and hybrid methods
available. While physical and chemical methods are more
common in the synthesis of NPs, their biomedical applica-
tions, especially in clinical fields, are greatly restricted by
the use of toxic chemicals. Therefore, to expand their bio-
medical applications, the development of reliable, non-
toxic, and eco-friendly methods for the synthesis of NPs is
of utmost importance. One of the options is to use microor-
ganisms to synthesize NPs to achieve this objective [2]. In
several respects, NPs produced by a biogenic enzymatic
process are far superior to those particles produced by
chemical methods. Although the latter methods are capa-
ble of producing large amounts of NPs with a given size
and shape in a relatively short period of time, they are com-
plex, obsolete, expensive, and inefficient, producing haz-
ardous toxic waste that is harmful not only to the
environment but also to human health. The use of expen-
sive chemicals is eliminated through an enzymatic process,
and the more acceptable “green” route is not as energy
intensive as the chemical method and is also environmen-
tally friendly [3].

Furthermore, the “biogenic” approach is reinforced by
the fact that most bacteria live under atmospheric condi-
tions of varying temperature, pH, and pressure. Because of
the bacterial carrier matrix, the particles generated by
these processes have higher catalytic reactivity, greater

specific surface area, and improved contact between the
enzyme and the metal salt in question. When microorgan-
isms pick up target ions from their environment, NPs are
biosynthesized and then transform the metal ions into the
element metal through enzymes generated by cell activi-
ties [3]. In a variety of applications, biosynthesized NPs
have been used, including drug carriers for targeted deliv-
ery, cancer treatment, gene therapy and DNA analysis,
antibacterial agents, biosensors, reaction rate improve-
ment, separation science, and magnetic resonance imaging
(MRI). The use of the principles of green chemistry for the
improved synthesis and modification of nanodrug delivery
systems is discussed in this review. This is followed by a
brief overview of the current research activities focusing
on the biological synthesis of metallic NPs, oxide NPs,
sulfide NPs, and other types of NPs, among the many
papers on the synthesis and implementation of nanodrug
delivery systems. The paper concludes with discussions on
greener and more sustainable remediation (nano)
solutions [4-6].

7.2 Unique Properties of Nanoparticles

Attention due to its unique size-dependent physical and
chemical properties, the past decade has witnessed a major
emphasis on NPs and -materials. Compared to bulk material,
NPs show a variety of unique properties and also have unique
visible properties since they are small enough to confine their
electrons and create quantum effects. Because of these spe-
cial properties, NPs such as gold are commonly used in
diverse fields such as photonics, catalysis, electronics, and
biomedicine [7]. NPs have been used to bioremediate
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radioactive waste from nuclear power plants and to manufac-
ture nuclear weapons, such as uranium. Bacillus sphaericus
JG-A12 cells and S-layer proteins have been shown to have
special capabilities for cleaning up uranium-contaminated
waste water [8]. There is a unique potential for biological sys-
tems to be self-organized and to synthesize molecules with
highly selective properties. A specific plant study indicates
that certain nanomaterials can inhibit germination of seeds
and root growth [9].

7.3 Greener Synthetic Strategies

Our specific approach is to establish “greener” synthetic
strategies using benign reagents in the matrix in which
they are to be used to prepare these nanomaterials through
many chemical pathways, thus minimizing the risk of con-
tamination or removing the use and generation of the haz-
ardous substances usually used [10].

7.3.1 Plant Polyphenols and Agricultural Residues

The “greener” synthesis of nanometal/nanometal oxide/
nanostructured polymers and the subsequent stabilization
(using dispersants, biodegradable polymers, etc.) includes
the use of naturally renewable resources such as tea and
coffee plant extracts and polyphenol antioxidants [11], bio-
degradable polymers such as carboxymethyl cellulose
(CMC), and reducing sugar and agricultural residual waste
(red grape pomace from winery waste) [12].

7.3.2 Vitamins

Our sustainable synthetic activity includes benign alterna-
tives for the preparation of NPs that minimize or eliminate
the use and production of hazardous substances [13].
Vitamins B1, B2, C, and tea [11] and wine polyphenols, both
reducing and capping agents, provide extremely simple
green synthetic methods, without the need for large quanti-
ties of insoluble templates, for bulk quantities of nano-
spheres, nanorods, nanowires, and nanoballs of aligned
nanobelts and nanoplates of water-based metals [14].

7.3.3 Microwave Heating

Microwave (MW) technology is emerging as a sufficiently
efficient alternative source of energy to achieve chemical
transformations in minutes, rather than hours or even days.
It is more important when the realization of the material
properties is focused solely on the size and shape in the
sense of nanomaterial synthesis; control over the synthetic
methodologies is crucial. This is because nanoscale material

growth is largely dependent on the thermodynamic and
kinetic barriers in the reaction, as described by the trajectory
of the reaction, and is affected by vacancies, defects, and
reconstructions of the surface. In order to drive the reaction
in which the reaction vessel serves as an intermediary for
energy transfer from the heating mantle to the solvent and
finally to the reactant molecules, traditional thermal tech-
niques are based on the conduction of blackbody radia-
tion [15]. This can cause sharp thermal gradients and
inefficient, nonuniform reaction conditions in the bulk solu-
tion. In the synthesis of nanomaterials, this has been a trou-
blesome issue where uniform nucleation and growth rates
are important for material quality. In traditional thermal
techniques, MW heating methods can resolve the problems
of heating inhomogeneity as their use provides increased
reaction kinetics, rapid initial heating, and thus increased
reaction speeds, resulting in clean reaction products with
rapid starting material consumption and higher yields. The
technique is also applicable to enzymatic and biological sys-
tems under a number of conditions [16].

Through MW-assisted spontaneous reduction of noble
metal salts using aqueous solution of a-D-glucose, sucrose,
and maltose, a bulk and shape-controlled synthesis of
noble nanostructures with various shapes such as prisms,
cubes, and hexagons occurs. By varying the concentration
of the sugars, the size of the resulting NPs can simply be
controlled; higher concentration provides uniformly
smaller particles that increase with a decrease in sugar con-
centration. For the cross-linking reaction of poly(vinyl
alcohol) (PVA) with metallic systems such as Pt, Cu, and
In; bimetallic systems such as Pt-In, Ag-Pt, Pt-Fe, Cu-Pd,
Pt-Pd, and Pd-Fe [13]; and single-wall carbon nanotubes
(SWCNTs), multiwall carbon nanotubes (MWCNTS), and
Buckminsterfullerenes (C-60), a general method has been
developed. The strategy applies to the development of bio-
degradable CMC composite films with noble nanomet-
als [8]; it is possible to decorate and align carbon nanotubes
(CNT) in CMC by means of an MW-assisted approach,
which allows for the shape-controlled bulk synthesis of
poly(ethylene glycol) (PEG) Ag and Fe nanorods. Using an
ethyl glycol-mediated route, a cleaner approach to the for-
mation of tantalum oxide NPs is optimized [17].

A newer type of carbon-doped porous titanium has been
prepared using a benign natural polymer, dextrose, which
can be useful for visible-light-induced photodegradation of
pollutants. Spontaneous heating of the solvent, water and
its subsequent evaporation, and combustion of the com-
bustible sugar, dextrose, are the reasons behind the fluffy
existence of TiO,. To build a spongy porous structure, this
general and eco-friendly protocol utilizes dextrose and can
be applied to other transition metal oxides such as ZrO,,
Al,O3, and SiO,. To produce noble nanocomposites, the



noble nanocrystals undergo catalytic oxidation with mono-
mers such as pyrrole, which have potential roles in cataly-
sis, biosensors, energy storage systems, and nanodevices.
Without using any surfactant/capping agent and/or proto-
type, wet synthesis of Ag cables wrapped with polypyrrole
was demonstrated at room temperature [18].

The MW hydrothermal process produces magnetic nano-
ferrites and structured micropine catalysts, and 3D nano-
structured metal oxides are obtainable from readily
available metal salts. Without using any reducing or cap-
ping reagent, these materials were readily prepared from
cheap starting materials in water. Ultimately, this economi-
cally and environmentally viable, synthetic concept will
allow material responses to magnetic, electrical, optical,
and mechanical stimuli to be fine-tuned. Several well-
defined morphologies with particles in the size range of
100-500 nm, including octahedron, sphere, triangular rod,
pine, and hexagonal snowflake, were obtained [19].

7.3.4 Magnetic Nanocatalysts

Sustainable NP routes and their numerous eco-friendly
catalysis applications via magnetically recoverable and
recyclable nanocatalysts for reducing, oxidizing, and con-
densing reactions have had a tremendous impact on green
chemical pathway growth [10]. A new magnetically recov-
erable and NP-supported organocatalyst has been pro-
duced to catalyze the high-yield Paal-Knorr reaction in a
pure aqueous medium that prevents the use of toxic organic
solvents, even during the workup phase. The postsynthetic
modification of dopamine nanoferrites and then the
anchoring of metal particles offer broader possibilities for
the very successful deployment of these nanocatalysts. As
an example, ruthenium hydroxide with hydration of ben-
zonitrile on magnetic nanoferrites transforms it into ben-
zamide in water [20]. The reaction mixture became
apparent after the completion of the reaction, as the stir-
ring ended, and the catalyst was deposited on the magnetic
bar because of the paramagnetic nature of the nano-
Ru(OH),. Using an external magnet, the catalyst was easily
removed, so a filtration phase was avoided. After catalyst
separation, the clear reaction mixture was slowly cooled,
and benzamide crystals of appropriate purity were
precipitated [21].

The whole process was conducted in pure aqueous
medium, and no organic solvents were used during the
reaction or during the workup phase. The significant aspect
of these protocols is that high turnover numbers (due to
the use of a nanocatalyst) and high turnover frequencies
(due to the use of MWs) were involved in the response. The
catalyst was able to be used many times successfully and
left no metal remnants in the finished product. Numerous

7.3 Greener Synthetic Strategies

applications in different asymmetric C—C bond-formation
reactions, asymmetric hydrogenations, and asymmetric
cycloaddition reactions, among others, will be found in the
novel design of magnetically recoverable heterogeneous
asymmetric catalysts assisted on [Fe;0,] NP systems in the
coming years [22].

7.3.5 Nanometal Compounds

Green chemistry for the synthesis of metal nanodrugs in
several fields has been implemented in recent years [3].
Significant amounts of toxic as well as unnecessary and
hazardous substances are often created by conventional
methods for the synthesis of metal NPs. Such metallic NPs,
however, have shown great promise in medicine [23]. For
example, in drug delivery, treatment, and imaging of integ-
rins on tumor cells as well as therapeutic outcomes, magh-
emite NPs (y-Fe,03-NPs) and magnetite NPs (Fe;0,4-NPs)
were extremely helpful [24]. As an example, biocompatible
nontoxic superparamagnetic and magnetic NPs have been
attached to therapeutic compounds and injected into the
body, whereas magnetic fields are produced outside the
body to concentrate their accumulation in vivo on specific
targets. Due to their super magnetic properties, high sur-
face area, biocompatibility, and safe and fast degradability,
iron oxide NPs have attracted great interest. The use of iron
oxide magnetic NPs has already been investigated for
inductive hyperthermia, chemotherapy, gene carriers for
gene therapy, in vitro diagnostic magnetic sensors, vac-
cines, antibody agents, and therapeutic agents for the treat-
ment of hyperthermia-based cancer [2-4]. However, the
field has learned about some of the harmful consequences
of using magnetic NPs through such studies, especially
in vivo [25]. For instance, due to drugs and NPs breaching
the blood-brain barrier (BBB), the successful treatment of
brain disorders requires careful consideration. The medici-
nal properties of NP anions of iron oxide and the adequacy
of lysophosphatidic acid (LPA) to temporarily interrupt
tight junctions and allow NP anions of iron oxide to reach
brain cells have created enthusiasm for the treatment of
neural diseases and caution for the unintended accumula-
tion of iron in the brain [26].

Under normal conditions, NP anions of iron oxide have a
plasma half-life of 6 minutes, with the main deposition
organs being the liver and spleen. No signs of peripheral
immune cell infiltration in the brain and no substantial
activation of microglia or astrocytes were discovered by the
treatment with LPA modified with iron oxide NP anions in
the brain and spleen in mice. Following LPA administra-
tion, the analysis showed improved delivery efficiency of
iron oxide NP anions. These results indicate a temporary
disruption of the BBB, which could be safe and successful
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in increasing the delivery of NP anion iron oxide to the
brain [26]. Magnesium (Mg) NPs have recently been shown
to have exceptional merit in terms of altering the exclusiv-
ity of therapy and thermal ablation effects on tumors. In
addition, it is worth noting the low toxicity and side effects
of Mg-based chemicals that remain in the body after sur-
gery. Some of the key advantages of magnetic nanocom-
pounds for hyperthermia-based therapy and controlled
drug delivery. Using folic acid (FA), which was chosen as
the targeting agent combined with PEG by Zhang et al.,
biocompatible and monodispersed iron oxide superpara-
magnetic NPs were updated. The biological study showed
that altering NPs with PEG-FA greatly enhanced the target
cells’ intracellular uptake of NPs [23].

Another example of active locomotive intestinal cap-
sules is drug delivery vehicles based on two ring-type soft
magnets and a basic plastic hinge. The current drug deliv-
ery vehicle has a strong drug-loading capability and can
conquer unfavorable body-wide distribution, which is typi-
cal for far larger vehicles of other drug delivery vehi-
cles [27]. Often, to minimize damaging effects, the
alteration of NP properties is used. For instance, biode-
gradable iron stents, such as chronic inflammation and
premature recoil, have great potential to minimize limita-
tions. In porcine coronary arteries randomly located in the
coronary arteries of juvenile domestic pigs, White et al.
studied the protection and efficacy of biodegradable iron
and cobalt-chromium stents. No impressive variations
between iron and cobalt-chromium stents were seen in
their performance. Some of the most important examples
of a healthy nanomaterial are these biocorrodable iron
stents, helping to decrease the side effects. Without using
any other organic target for cancer therapy, the production
of biodegradable drug delivery compounds with strong tar-
geted recognition and controlled release has led to the
manufacture of polyphenol-coated porous nanomaterials
(e.g. silica NPs). For the immobilization of targeting moie-
ties, such as aptamers, assisted polyphenol with colloidal
stability and low premature drug leakage provided a
scaffold [28].

A PEG shielding and tumor microenvironment were
designed to efficiently deliver antitumor drugs to cancer cells
and reduce their toxic side effects on normal cells, activating
a cascade of a pH-sensitive hollow mesoporous silica NP
(HMSN) drug delivery system. The 3-(3,4-dihydroxyphenyl)
propionic acid-functionalized beta-cyclodextrin (8-CD) was
loaded onto the surfaces of HMSNs using boronic acid—cat-
echol ester bonds. Then, PEG-conjugated adamantine (Ada)
was hosted on an HMSNs-p-CD nanocarrier by the host-
guest interaction. In vivo results confirmed that the drug-
loaded HMSNSs prevented tumor growth considerably with
minimal toxic side effects. This method introduced new

insights into the extension of the new production of green
chemistry-derived drug delivery carriers by the tumor
microenvironment [29].

Based on polyacrylate/nanosilica, other positive green
polymers have been prepared. However, polyacrylate coat-
ings have allowed pleural effusion, pericardial effusion,
and granuloma and pulmonary fibrosis, which are thought
to be due to the elevated loading stage of the NPs. NPs have
been used more and more for various industrial purposes.
Concerns have been raised, however, about their harmful
and destructive effects on humans and the environment.
Some studies have determined the presence of NPs in
patient biopsies and identified possible harmful effects on
human lungs. Silica NPs have been detected using electron
microscopy and energy-dispersive X-ray analysis as an
example in macrophages, pulmonary microvessels, vascu-
lar endothelial cells, microlymphatic vessels and pleural
effusions, and a few in alveolar epithelial cells and intersti-
tial pulmonary tissues and have been shown to damage
alveolar epithelial cells, macrophages, and pulmonary
interstitial tissue. Based on the well-documented toxicity
of the silica nanocompound, it is likely that some of the
diseases identified by researchers could be associated with
these silica NPs [30].

As drug carriers, certain nanopolymer matrices prepared
by the chemical reduction of metal ions in an aqueous
medium have been used. A functional polymer matrix of
poly(1-vinyl-1,2,4-triazole-co-N-vinylpyrrolidone)(poly[ VT--
co-VP]) prepared by free radical-initiated polymerization
was composed of these novel hydrophilic healthy nano-
composites containing silver nanoparticles (AgNPs).
AgNPs do not precipitate and/or alter in size even after
storage in an aqueous medium due to their adequate stabi-
lization by functional classes. In white mice, the toxicity of
the initial poly(VT-co-VP) copolymer and nanocomposite
containing AgNPs was recognized, with a value of
5000mgkg . There was a marked antimicrobial activity of
the nanocomposite against various Gram-negative and
-positive bacterial strains. At concentrations ranging from
0.5 to 8pgml™, the minimum inhibitory concentration
(MIC) decreased microorganism growth, and the mini-
mum bactericidal concentration (MBC) ranged from 0.5 to
16pgml™". Thus, in a poly(VT-co-VP) matrix, these new
silver (Ag) nanocomposites are attractive carriers for
hydrophilic antiseptics and antimicrobial drugs for medi-
cal applications to treat many infectious diseases, includ-
ing those acquired surgically [31].

For tumor therapy, a molybdenum disulfide (MoS,)
nanosheet has been developed as a photothermal agent.
During a simple approach to the preparation of soybean
phospholipid-encapsulated MoS, (SP-MoS2) nanosheets
with excellent colloidal stability, surface modification of



PEG was carried out. The SP-MoS, nanosheets demon-
strate good photothermal conversion efficiency and photo-
thermal stability during breast tumor photothermal
therapy by not observing clear in vitro and in vivo hemoly-
sis, coagulation, and cyto/histotoxicity. Low cost, easy pro-
cessing, and strong in vivo hemo/histocompatibility were
seen in the prepared SP-MoS, nanosheets, supporting a
promising capacity for cancer treatment. Bovine serum
albumin (BSA) has often been used to modify upconver-
sion NPs (UCNPs) based on NaGdY4. The acquired
UCNP@BSA NPs demonstrated excellent water solubility
as well as physiological solutions. Two separate dye mole-
cules, including a photosensitizer, Rose Bengal (RB), and
near-infrared absorbing dyes, IR825, can be effectively
loaded onto UCNP@BSA NPs using the hydrophobic
domains in the BSA protein. On the one hand, the dual-
dye-loaded NPs obtained could serve as a dual-modal mag-
netic resonance (MR) and upconversion optical imaging
probe, while on the other hand, both photodynamic and
photothermal therapies are successful, which could result
in excellent in vitro and in vivo synergetic cancer-killing
properties if combined together [31].

7.3.6 Polymer Nanocomposite (PNC)

One way to decrease toxicity and improve protection is to
provide a polymer nanocomposite (PNC) containing a pol-
ymer or copolymer with NPs distributed in the polymer
matrix. Of course, these nanocomposites can have differ-
ent shapes (e.g. platelets, fibers, and spheroids), but in the
nanometer range, they should have at least one dimension.
For decades, polymeric NPs have been prepared for use in
a number of high-performance materials, such as nanod-
rug delivery or drug-functionalized delivery, demonstrat-
ing their safety if proper chemistry is used [32].

A new polymeric nanogene delivery vehicle consisting of
polyethylenimine-grafted chitosan oligosaccharide (CSO-
PEI) with hyaluronic acid (HA) and small interfering RNA
(siRNA) was prepared to introduce a novel and healthy
drug candidate for the treatment of endometriosis. There
was no clear difference in the size observed between (CSO-
PEI/siRNA)HA and CSO-PEI/siRNA, but fluorescence
accumulation in the endometriotic lesion was more impor-
tant for (CSO-PEI/siRNA)HA than for CSO-PEI/siRNA
because of the unique binding of HA to CD44. Furthermore,
the (CSO-PEI/siRNA)HA NP gene therapy greatly
decreased the size of the endometriotic lesion with ectopic
endometrium atrophy and degeneration. Ectopic endome-
trium epithelial cells from rat endometriosis models dis-
played significantly lower CD44 expression than controls
after treatment with (CSO-PEI/siRNA)HA. In addition,
studies under an electron microscope showed no obvious
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toxic effects on reproductive organs and verified that the
HA gene delivery system (CSO-PEI/siRNA) can be used as
a safe and efficient way to treat endometriosis. Further
research on molybdenum NPs involves phosphate glasses
that contain vanadium and molybdenum oxides as useful
compounds for the material. The modified vancomycin
molecules exhibit greater bonding of hydrogen with
vanadium-doped glasses and thus slower release of drugs
over 14days, indicating better surface modification with
drug molecules. The extreme coherence of drug compo-
nents to the glass surface compared to the free molybde-
num will explain this. Hydrogen bonding between the
amino functional groups of vancomycin and the hydrated
P-O-H groups in the glass network is responsible for the
tight connection [33].

Another compound to improve NP performance is a pre-
pared nanogel from dextran and poly(lactide) by in situ
cross-linking with a homobifunctional cross-linker via a
traditional radical polymerization technique. The biodeg-
radability of the nanogel was verified by degradation
experiments using hen egg lysozyme (Ly). In vitro studies
of cytocompatibility with human mesenchymal stem cells
(hMSCs) showed that native nanogel had nontoxic effects
on cancer cells, whereas nanogels loaded with doxorubicin
(DOX) showed high toxicity for cancer cells. The above-
mentioned nanogel, injectable, multifunctional, and bio-
degradable poly lactic-co-glycolic acid (PLGA), was
synthesized and tested for breast cancer cells. These parti-
cles were filled with a prodigiosin (PG) anticancer drug
obtained from Serratia marcescens subsp. bacteria [34].

With hydrophilic PEG shells and a hydrophobic PLGA
heart, a novel reactive oxygen species-cleavable diblock
polymer was prepared. This latest nanocompound has been
used for cancer chemotherapy, with high stability, effective
drug delivery, excellent sensitivity, and good compatibil-
ity [35]. High antimicrobial activity against a wide variety of
bacteria and yeast strains, such as Staphylococcus aureus,
Escherichia coli, Pseudomonas aeruginosa, and Candida
albicans, was shown by different size ranges of poly(tannic
acid) particles prepared by lecithin/gasoline microemulated
media. The use of safe materials (e.g. solvents and separa-
tion agents) was based on green chemistry principles. The
polyester dendron-polymer’s hydrophilic-hydrophobic
character contributes to the aqueous solution formation of
flower-like micelles. Through the increased permeability
and conservation effect, all nanocopolymer compounds
were effective for passive tumor targeting [36].

Cardiovascular disorders are responsible for ~25% of all
deaths worldwide, including ischemic heart disease and
stroke. The easy availability of nanobiomaterials facilitates
their use as drug delivery vehicles or defensive nanoshells
to improve the biocompatibility of imaging agents. Due to
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their biodegradability and local drug delivery, poly-L-lactic
acid (PLLA) stents are safer than metallic stents. In addi-
tion, the efficacy and safety of PLLA composite coronary
biodegradable polymer stents in humans has been demon-
strated. No major clinical incidents related to PLLA stent
implantation in up to 15 patients after 1 month of implan-
tation were recorded in the results. After 6 months, both
patients exhibited appropriate rates of restenosis and target
lesion revascularization without death, myocardial infarc-
tion, or grafting of coronary artery bypass [37].

As a long-circulating, passively targeted delivery system
that responds to intracellular glutathione (GSH) concen-
trations to improve DNA delivery and transfection, PEG-
modified thiolated gelatin (PEG-SHGel) NPs have been
developed. The NPs were encapsulated with the Reporter
plasmid expressing enhanced green fluorescent protein
(EGFP-N1). The PEG-SHGel NPs have released encapsu-
lated plasmid DNA in response to differing GSH concen-
trations. The results of this study showed that PEG-SHGel
NPs could serve as a very effective nanoparticulate vector
for the delivery of systemic DNA to solid tumors where it is
understood that the cells have significantly higher levels of
intracellular GSH [38].

To overcome the relatively high rates of restenosis and
target lesion revascularization with bare metal stents, new
drug-eluting stents (DES) have been developed. For its abil-
ity to hold drugs more effectively within the intimate
region rather than concentrating the drug around the stent
struts and to balance supporting erosion with drug release,
a new and absorbable sirolimus-eluting stent (AC-SES)
coating was prepared. The supporting struts were com-
posed of absorbable PLGA and a dry-powder electrostatic
process deposited by crystalline sirolimus. In a porcine
coronary implant model, the AC-SES findings showed rea-
sonable drug stability under simulated conditions and reli-
able drug delivery. A large number of research efforts have
also been carried out to assess if corrodible substances can
be applied as low-toxic biodegradable cardiovascular
implants [39]. Corrodible iron stents with a stent configu-
ration similar to a commercially available stent used were
prepared from pure iron and laser cut. The stents were
inserted into the native descending aorta of white rabbits
from New Zealand. During a 6-18-month follow-up, there
were no thromboembolic complications and no substantial
neointimal proliferation with any significant inflammatory
effect or systemic toxicity. Therefore, this critical in vivo
research showed that degradable iron stents can be safely
implanted without substantial stent vessel obstruction
caused by inflammation, neointimal proliferation, or
thrombotic events [40]. The toxicity of a corrodible stent
prepared from pure iron in a peripheral stent has been
determined in this area. Without technical issues, the stent

was inserted into the descending aorta of minipigs with an
overstretch injury. No symptoms of iron overloaded and
local toxicity of iron due to corrosion products were con-
firmed by histopathological review of heart, lung, spleen,
liver, kidney, and paraaortic lymphatic nodes. Healthy and
nontoxic Mg stents are one of the safest ways to administer
drugs that have been tested in comprehensive clinical trials
in patients with acute coronary syndrome, myocardial
infarction, and diabetic patients [41].

Using a reaction of polycondensation and ring-opening
polymerization of e-caprolactone in the presence of
poly(propylene adipate), a new biodegradable and safe
copolymer for NP incorporation was prepared. The pre-
pared nanocomposite exhibited low cytotoxicity and was
used to deliver an iron-chelating compound, desferrioxam-
ine. In addition, based on the poorly water-soluble fenofi-
brate, a novel and very soluble electrosprayed nanospherule
was prepared. Several electrosprayed nanospherules filled
with fenofibrate have been synthesized with polyvinylpyr-
rolidone (PVP) and implemented using the electrospray
technique in drug delivery. Results verified that, relative to
the free drug, the electrosprayed nanospherule approach
substantially improved aqueous solubility and dissolu-
tion [42]. For the synthesis of core-shell micelle delivery
vehicles for cobalt-based pharmaceuticals, similar results
have been published by Withey’s group. The cobalt com-
plex was synthesized during the self-assembly of
poly(trimethylsilyl propargyl methacrylate)-b-poly(PEG
methyl ether methacrylate). Biodegradable nanocompos-
ites based on poly(ester amine) (PEA) and poly(amido
amine) (PAA) were recently prepared for the successful
delivery of siRNA to human umbilical endothelial vein cells
(HUVEGCS). The effects of the nanocomposites were calcu-
lated and compared with research using DNA-containing
particles on small molecule delivery to cells. Results showed
that using green fluorescent protein-encoding plasmid
DNA (up to 50-60% transfection efficiency), PEAs and lin-
ear nondendrimeric PAAs were very successful for DNA
transmission to HUVECs [43].

However, the deficiencies in the delivery of small molec-
ular antitumor drugs have been greatly improved by the
entry of such small molecules into nanovehicles as well as
the regulation of drug release and tumor responsiveness of
drug nanocarriers. It has been shown to use the central
cross-linking method to synthesize a micelle with improved
drug encapsulation capacity and drug release sensitivity in
tumors. A micelle made up of PEG and FA-PEG as hydro-
philic units, pyridyl disulfide as cross-linkable and hydro-
phobic units, and disulfide bond as cross-linker, for instance
showed considerable promise for cellular uptake, improved
in vitro smart tumor responsiveness, and improved cytotox-
icity against HeLa cells of cross-linked micelle-curcumin



core. Different forms of drug-delivering vehicles are shown
in between non-cross-linked micelles (NCM) and FA-core
cross-linked micelles [44]. The pH-sensitive DOX encapsu-
lated in the hydrophobic cores of the amphiphilic triblock
copolymers is another synthesized nanodrug delivery vehi-
cle focused on green chemistry. Using a lysosome tracker
system, the copolymer micelles entered into lysosomes. It is
possible to use these healthy and efficient micelles. NP for-
mulations with chitosan are another instance of a green
medicinal compound. By mixing aqueous chitosan solutions
and GO in dilute acetic acid as a solvent, chitosan-graphene
oxide (GO) green nanocomposite films were prepared.
Quaternized chitosan (QC)/BSA/rectories were used in the
nanocomposite (REC-DOX was used to investigate the effi-
ciency of entrapment and release patterns in NPs). Results
have shown that the use of REC may improve the capacity
for drug encapsulation and loading ability [45]. Pancreatic
cancer is a lethal malignancy whose development is highly
dependent on the microenvironments of the nervous sys-
tem. Recently, pancreatic cancer progression has also been
regulated by neural drug-supported ferritin NPs (Ft NPs),
which regulate the nervous microenvironment. Through
passive targeting of improved permeability and retention
effects in tumors and active targeting through transferrin
receptor 1 (TfR1) binding on tumor cells, the drug-supported
Ft NPs can target pancreatic tumors with a triggered drug
release in an acidic tumor medium. Two drugs were intro-
duced into the Ft NPs, one that stimulates neural activity
(carbachol) and the other that impairs neural activity (atro-
pine), to form two kinds of nanodrugs, Nano-Cab NPs and
Nano-Ato NPs, respectively. Nano-Cab NPs activation of
the nervous micromedia dramatically prevented pancreatic
tumor progression, while Nano-Ato NPs blockage of the
neural niche generally destroys neurogenesis in tumors and
pancreatic cancer growth. Therefore, for new anticancer
therapies, the Ft-based NPs provide a good and stable way
of carrying neural drugs [46].

In order to minimize NP toxicity, alginate also reflects a
green nanomedicine solution. For instance, sodium algi-
nate NPs assisted by quinapyramine sulfate (QS) have been
prepared to reduce the unpleasant toxic effects of QS against
the Trypanosoma evansi parasite, a trypanosomosis causa-
tive factor. The biocompatibility of QS-NPs was tested using
Vero, HeLa cell lines, and horse erythrocytes in a dose-
dependent manner to identify the toxicity of the novel NPs
and showed no toxicity at effective trypanocidal doses and
even at doses several times higher than the effective dose.
Another example of safe, biocompatible, and bioresorbable
heart delivery vehicles includes bioactive drug delivery
vehicles. Without major toxicity or interfering with any
functional properties, this new nanodrug delivery vehicle
was effectively internalized into cardiomyocytes [47].
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Another kind of nanocompound with high potential for
applications in drug delivery, biodetection, and diagnosis
are two-dimensional silicon NPs (Si-NPs). Modified or
functionalized mesoporous silica showed high biocompat-
ibility, protection, and controlled drug release in comparison
to amorphous colloidal and porous silica [42]. Biocompatible
Si-NPs with amine functional groups synthesized using a
one-step green protocol open the way for more biomolecu-
lar conjugation, which is an interesting parameter for
biomedical applications of NPs, such as biolabels, contrast
agents, and vector delivery, and may appear as a bionano-
structure for good clinical translation [48].

Injectable polymethylmethacrylate (PMMA) bone
cement in cemented arthroplasty, vertebroplasty, and osteo-
porosis fractures is a widely used bone replacement.
However, aseptic loosening of implanted cement at the
bone-cement interface could still be observed in a high rate
of patients due to improper stiffness, low bioactivity, and
high polymerization temperature of PMMA. Artificial
extracellular matrices, such as chitosan-glycerophosphate
(CS-GP) thermosensitive hydrogel, have been introduced
into PMMA to boost the efficiency of PMMA, acting as a
pore-forming agent and as a carrier of osteoconductive
nanosized hydroxyapatite (nano-HA)/antibiotic gentamicin
(GM). Results showed that the CS-GP thermosensitive
hydrogel can effectively create open pores on the surface of
the PMMA cement, which is believed to facilitate the
ingrowth of bone tissue and enhance the anchorage of
cement in future clinical applications at the bone-cement
interface. More importantly, without affecting cell survival,
nano-HA and GM enriched the CS-GP thermosensitive
hydrogel effectively to enhance the overall efficiency of the
PMMA cement, indicating that the injectable p-PMMA/CS-
GP/nano-HA/GM cement will hold strong promise for
future applications for bone reconstruction [44].

7.3.7 Biosynthesis of Nanodrug Delivery Vehicles

New advances in nanocarrier biosynthesis, specifically
nanocompounds synthesis with complex sizes and shapes,
are contributing to the advancement of novel NPs in the
treatment and diagnosis of cancer (e.g. drug and gene
delivery, imaging, phototherapy, and enhancement of radi-
otherapy treatments). In addition, in various medical and
drug delivery applications, certain significant properties,
such as high inherent protection, high surface area, and
tunable stability, of NPs are very useful [49].

An eco-friendly and cost-effective approach for the prep-
aration of applicable nanomaterials using biomaterials is
to use a new solvent for the assay of drug release from a
polysaccharide-based nanocompound for a colon-specific
drug delivery device. For this, in the colonic area, probiotic
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cultures of Bacteroides, Bifidobacterium, Lactobacillus spe-
cies, Eubacterium, and Streptococcus were produced and
placed in the solvent media and compared with those
obtained from the fermentation model based on rat cercal
and human fecal. The results obtained with the probiotic
system suggested that for the drug release of any
polysaccharide-based oral formulation intended for colonic
delivery, a probiotic dissolution process can be used [50].

Due to their intriguing nanostructures and properties,
gold nanoparticles (AuNPs) and other noble metal NPs
have a fascinating and progressive presence in various
fields of research, for instance as a reducing/capping agent,
the green synthesis of AuNPs for drug delivery based on
chitosan. Single oil-in-water (O/W) emulsions were used to
synthesize a biocompatible controlled release of rifampicin
in the body. Using Ag nitrate (AgNO;) and freshly extracted
egg whites, another healthy, cost-effective, and environ-
mentally friendly method was shown to prepare AgNPs in
aqueous media. The findings showed that biomolecule-
loaded AgNPs were largely spherical in shape and had a
mean size of 20nm. With distinct functional groups, the
proteins of egg whites posed great tasks in reducing Ag* to
generate a stable product. In vitro cytotoxicity studies
showed that during cancer radiation therapy, Ag-protein
nanocompounds showed reasonable biocompatibility with
mouse fibroblast cells. Due to the growing need for phar-
macological products, such as antibacterial, -fungal, -viral,
and -tumor properties, the important role of seaweed as a
marine origin for the biomimetic preparation of nanometal
particles has increased. In order to prepare AuNPs in
aurum solutions with different broth concentrations of
brown seaweed leaf extracts, the bioreduction of bulk gold
chloride was synthesized, and AuNPs were used in the
lung and liver tumor cells without any side effects [51].

As a potential liver cancer-targeted drug carrier with
high efficacy and low side effects, liver-specific biopoly-
mers were chosen. In order to generate new targeted drug
delivery and imaging of cancer, pullulan-supported AuNPs
were linked with 5-fluorouracil and FA. The in vitro cyto-
toxicity on tumor cells of free pullulan-AuNPs showed that
the amount of pullulan-AuNPs required to achieve 50% of
inhibition growth was much smaller [52].

Biodegradable polymers are an important community of
macromolecular networks that can retain within their
structures a large quantity of an aqueous solvent. A new
form of amphiphilic cetylated polyethyleneimine (PEI) was
prepared, and polylactic-co-glycolic acid cetylated polyeth-
yleneimine/HA NPs (PCPH NPs) was then synthesized as a
new type of gene-delivering device by self-assembly. The
delivery ability and cytotoxicity of PCPH NPs were calcu-
lated as transfecting plasmid DNA vectors (liver hepatocel-
lular carcinoma in vitro) and showed much lower

cytotoxicity and higher gene delivery efficiency than PEI
and the commercial transfection reagents [53]. Strawberry
extract polyphenols (negative groups) associated with posi-
tively protonated chitosan amino groups supported.
Curcumin and emu oil extracted from emu birds (Dromaius
novaehollandiae) have shown good results against inflam-
mation. This approach will increase the bioavailability and
sustained release of phytochemicals with lower bioavaila-
bility. However, because of low solubility and poor
transmission, the distribution of curcumin decreases the
health issue. Nanoemulsions were synthesized as the oil
process, surfactant, and cosurfactant using emu oil,
Cremophor, and Labrafil. Major increases in anti-
inflammatory arthritic scoring, paw length, and biochemi-
cal, genetic, radiological, and histological studies have been
shown in anti-inflammatory activity with curcumin-
containing formulations compared to pure curcumin with
emu oil [54]. Environmentally friendly synthesis of bio-
degradable semi-interpenetrating hydrogel networks using
N,N’-methylenebis(acrylamide) (MBA). AgNPs were then
assisted on hydrogel networks as nanoreactors used green
chemistry methods to extract AgNO; and Azadirachta
indica (Neem) plant extracts under ambient conditions.
Furthermore, the dispersion between polymeric nanocom-
posites and the drug has been shown to influence the degree
of matrix swelling, its porosity, and the release phase of dif-
fusion. Another effective, inexpensive, and sustainable
strategy for the preparation of AgNP was carried out using
light emitted as the catalyst in aqueous media. NP seeds or
toxic reactants are independent of this technique. The
preprepared nanocomposite demonstrated high antimicro-
bial activity against the bacterial strains studied [55].
Solanum tricobatum, Syzygium cumini, Centella asiatica,
and Citrus sinensis extracts are other plants for the green
synthesis of AgNPs as antimicrobials. AgNPs demonstrated
increased bactericidal activity against various drug-resistant
human pathogens in these healthy green chemistry AgNPs.
The research presented showed the potential role of plant-
let extracts extracted in vitro for the functional synthesis of
antimicrobial AgNPs, which can be used as nanodrugs in
many treatments. The cell-free supernatant from the Delftia
species is used for the control of microbial infections in
another inexpensive and green technique for the prepara-
tion of AgNPs, with results showing that the preparation of
microbial infections uses the cell-free supernatant from the
Delftia species [56].

7.3.8 Carbon Nanotubes - CNTs

In cancer diagnosis and treatment, CNTs, with individual
physical and chemical properties, have become popular
products. The most promising functions of these



compounds are, for example the identification of cancer
cells and the transport of drugs or small therapeutic mole-
cules to tumor cells. CNTs, however, show not only a high
capacity for drug loading but also a potential for cell pene-
tration. Some problems appear with low solubility, clump-
ing or agglomeration, and long half-lives, in addition to
many applications of CNTs in drug delivery systems.
Solubility and tumor targeting/drug delivery have altered
the modification of single-walled nanotubes (SWNTs) with
various compounds. This decreased their cytotoxicity and
altered the function of immune cells, such as PEG and PEI,
cationic glycopolymers, vinblastine, and lentinan [57].

Using mice-bearing syngeneic murine squamous cell
tumors, Huang et al. published good findings. They
injected SWCNTSs intratemporally and irradiated the can-
cer cells for 10 minutes with a low-power near-infrared-
reflectance (NIR) laser. A thermal ablation threshold was
observed at a maximum tumor temperature of ~55°C, and
a decrease in the growth of cancer cells was observed [58].
In the same study, Liu et al. systematically analyzed the
dependence between the duration and density of
PEGylation on the SWCNT surface and the biodistribution,
aggregation of tumors, and ablation ability of PEG-
functionalized ultraviolet syringed SWCNTs. The findings
showed long half-lives of blood circulation for heavily
PEGylated SWCNTs and strong uptake of the tumor. This
study suggested that in order to increase their unknown
tumor-targeting capacity, the surface properties of CNTs
are significant [57].

7.4 Toxicity Aspects

As has been observed for FeNP and AgNPs, plant polyphe-
nols from tea or winery waste and GSH-capped NPs may
help design new strategies to extend the existence of such
entities with reduced toxicity [33]. Choosing environmen-
tally friendly stabilizing agents and functionalization tech-
niques, such as biodegradable polymers and enzymes that
have greater biocompatibility, is crucial [59].

7.5 Bioinspired Green Nanomaterial
Synthesis

Different processes have been developed by Nature for the
synthesis of nano- and micro-length-sized inorganic mate-
rials that have contributed to the creation of a relatively
new and largely unexplored research field focused on nano-
material biosynthesis [5, 11]. NP biosynthesis is a kind of
bottom-up method where reduction/oxidation is the main
reaction. Microbial enzymes or plant phytochemicals with
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antioxidants or antioxidant properties are generally respon-
sible for reducing the occurrence of nanoparticular metal
compounds [60, 61].

7.5.1 Metallic Nanoparticles

Some typical metal NPs produced by plants are listed in
Table 7.1, and the metallic NPs produced by microorgan-
isms are described in the content.

Table 7.1 Some typical metal nanoparticles produced by
plants [9].

Sr no. Nanoparticles Plants

1. Silicon-germanium e Freshwater diatom Stauroneis sp.
(Si-Ge) nanoparticles

2. Gold and silver o Citrus sinensis
nanoparticles

e Diospyros kaki (Persimmon)
e Pelargonium graveolens

e Hibiscus rosa sinensis

e Coriandrum sativum

e Emblica officinalis

e Phyllanthium Mushroom
extract

3. Silver nanoparticles e Elettaria cardamomum
e Parthenium hysterophorus
e Ocimum sp.

e Euphorbia hirta,

e Nerium indicum

e Azadirachta indica

e Brassica juncea

e Pongamia pinnata

e Clerodendrum inerme
e Gliricidia sepium

e Desmodium triflorum
e Opuntia ficus indica

e Coriandrum sativum

e Carica papaya (fruit)
e Pelargonium graveolens
e Aloe vera extract

e Capsicum annum

e Avicennia marina

e Rhizophora mucronata
e Ceriops tagal

e Rumex hymenosepalus
e Pterocarpus santalinus

e Sonchus asper

(Continued)
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Table 7.1 (Continued)

Sr no. Nanoparticles Plants

4. Gold nanoparticles e Terminalia catappa
e Banana peel
e Mucuna pruriens
o Cinnamomum zeylanicum
e Medicago sativa

e Magnolia kobus and Diospyros
kaki

e Allium cepa L.

e Azadirachta indica A. Juss.
e Camellia sinensis L.

e Chenopodium album L.

e Justicia gendarussa L.

e Macrotyloma uniflorum
(Lam) Verde

e Mentha piperita L.
e Mirabilis jalapa L.
o Syzygium aromaticum (L.)
e Terminalia catappa L.
o Amaranthus spinosus
5. Lead nanoparticles o Vitus vinifera L.

e Jatropha curcas L.

6. Magnetic e Aloevera
nanoparticles

7. Palladium o Cinnamomum zeylanicum
nanoparticles Blume.

e Cinnamomum camphora L.

e Gardenia jasminoides Ellis.

e Soybean (Glycine Max) L.
8. Platinum e Diospyros kaki

nanoparticles e Ocimum sanctum L.

7.5.1.1 Gold Nanoparticles

AuNPs have a long chemical history, dating back to ancient
Roman times, where they were used for decorative pur-
poses to stain glasses. AuNPs were already used centuries
earlier to treat different diseases. More than 150years ago,
with the work of Michael Faraday, who was probably the
first to observe that colloidal gold solutions have properties
that differ from bulk gold, the modern age of AuNP synthe-
sis began. Due to an increasing need to improve environ-
mentally sustainable technologies in material synthesis,
biosynthesis of NPs as evolving bionanotechnology (the
intersection of nanotechnology and biotechnology) has
received significant attention. Extracellular synthesis of
AuNPs by the fungus Fusarium oxysporum and

actinomycete Thermomonospora sp. has been reported by
Sastry and coworkers [62]. The intracellular synthesis of
Verticillium sp. fungus AuNPs has been documented as
well. Studies have shown that by incubating cells with
Au*" ions, gold particles of nanoscale dimensions can
readily be precipitated within bacterial cells. NPs of mono-
disperse gold were synthesized using the alkalotolerant
Rhodococcus sp. in extreme biological conditions, such as
alkaline and slightly elevated conditions of temperature.
Production of gold nanostructures in various shapes
(spherical, cubic, and octahedral) by filamentous Au(I)-
thiosulfate and Au(III)-chloride complex cyanobacteria
and study of their mechanisms of formation. The growth
of nanocrystals and nanoalloys using Lactobacillus was
reported [63, 64].

7.5.1.2 Silver Nanoparticles

Similar to their bulk equivalents, AgNPs demonstrate
effective antimicrobial activity against Gram-positive and
-negative bacteria, including extremely multiresistant
strains such as S. aureus, resistant to methicillin. The
secrets discovered by Nature have led to biomimetic
approaches to advanced nanomaterial growth being devel-
oped. Recently, researchers have made efforts to make use
of microorganisms as potential eco-friendly nanofactories
for the production of AgNPs. In order to form AgNPs, vari-
ous microbes are known to reduce Ag* ions, most of which
are found to be spherical particles [46]. Studies have shown
that the bacterium Pseudomonas stutzeri AG259, isolated
from a silver mine, played a major role in the reduction of
Ag" ions and the formation of well-defined AgNPs and dis-
tinct topographies within the bacteria’s periplasmic space
when placed in a concentrated aqueous solution of silver
nitrate. When the fungi Verticillium, F. oxysporum, and
Aspergillus flavus were used, AgNPs were synthesized in
the form of a film or formed in a solution or accumulated
on the surface of their cell [65].

7.5.1.3 Alloy Nanoparticles

Because of their applications in catalysis, electronics, opti-
cal materials, and coatings, alloy NPs are of great interest.
In the bimetallic Au-Ag alloy synthesis of F. Oxysporum
and deciding the composition of Au-Ag alloy NPs, the
secreted cofactor nicotinamide adenine dinucleotide
(NADH) plays a significant role. Au-Ag alloy NPs biosyn-
thesized by yeast cells were studied. Microscopic fluores-
cence and transmission electron microscopic characteristics
suggested that the NPs of the Au-Ag alloy were primarily
synthesized using an extracellular approach and typically
resided in irregular polygonal NPs. Electrochemical stud-
ies have shown that the glass carbon electrode-modified
vanillin sensor based on Au-Ag alloy NPs has been able to



increase the electrochemical response of vanillin by at least
five times. The synthesis of core-shell Au-Ag alloy NPs
from the fungal strain Fusarium semitectum has shown
that the suspensions of the NP have been very stable for
many weeks [66].

7.5.1.4 Other Metallic Nanoparticles

Heavy metals are believed to be harmful to microorgan-
isms. In nature, microbial resistance to most toxic heavy
metals is due to their chemical detoxification as well as
membrane proteins that act either as ATPase or as chemi-
osmotic cation or proton antitransporters due to energy-
dependent ion efflux from the cell. In microbial resistance,
alteration in solubility also plays a role. With the help of
metal ion, reducing bacterium can achieve resting S phase.
At room temperature and neutral pH within 60 min when
lactate was provided as the electron donor, algae were able
to reduce aqueous PtCl6 2 ions into elemental platinum.
Located in the periplasm were platinum NPs of around
5nm. Studies reported that Enterobacter sp. cells would
synthesize mercury NPs. The synthesis of uniform-sized
2-5nm, spherical, and monodispersed intracellular mer-
cury NPs is facilitated by culture conditions (pH 8.0 and
lower mercury concentration). An anaerobic hyperthermo-
philic microorganism, Pyrobaculum islandicum, has been
reported to reduce many heavy metals with hydrogen as
the electron donor, including U(VI), Tc(VII), Cr(VI),
Co(IlI), and Mn(IV). The sulfate-reducing bacterium,
Desulfovibrio desulfuricans, and the metal ion-reducing
bacterium, S. algae, could synthesize palladium
NPs [63, 67].

7.5.2 Oxide Nanoparticles

A significant compound NP synthesized by microbes is the
oxide NP. In this section, we review the two aspects of bio-
synthesized oxide NPs: NPs of magnetic oxide and NPs of
nonmagnetic oxide. Mostly the magnetotactic bacteria
were used in development of NP by magnetic oxide and
biological systems [63].

7.5.2.1 Magnetic Nanoparticles

Due to their unusual microconfiguration and properties
such as super paramagnetic and high coercive force, and
their prospect for broad applications in the fields of biologi-
cal separation and biomedicine, magnetic NPs are new
materials recently created. It is understood that magnetic
NPs such as Fe;0,4 (magnetite) and Fe,O; (maghemite) are
biocompatible. Targeted treatment of cancer (magnetic
hyperthermia), stem cell sorting and modification, guided
drug delivery, gene therapy, DNA analysis, and MRI have
been actively studied [63].

7.5 Bioinspired Green Nanomaterial Synthesis

Intracellular magnetic particles containing iron oxide,
iron sulfides, or both are synthesized by magnetotactic bac-
teria. They are referred to as bacterial magnetic particles
(BacMPs) to differentiate these particles from artificially
synthesized magnetic particles (AMPs). BacMPs, aligned
within the bacterium in chains, are postulated to function
as biological compass needles that enable the bacterium,
under the influence of the geomagnetic field of the Earth,
to migrate along oxygen gradients in aquatic environments.
In aqueous solutions, BacMPs can quickly spread because
they are enveloped by organic membranes that consist pri-
marily of phospholipids and proteins. In addition, there is
a single magnetic domain or magnetite in an individual
BacMP that yields superior magnetic properties [68].

Various morphological forms, including cocci, spirilla,
vibrios, ovoid bacteria, rod-shaped bacteria, and multicellu-
lar bacteria with specific characteristics, have been described
and observed in different aquatic environments since the
first report of magnetotactic bacteria in 1975. For instance,
magnetotactic cocci have shown high diversity and distribu-
tion and have been found frequently at the surface of aquatic
sediments. The discovery of this type of bacteria, including
the only cultivated strain of magnetotactic coccus MC-1, has
indicated that they are microaerophilic. Three optional
anaerobic marine vibrios, strains MV-1, MV-2, and MV-4,
were isolated from estuarine salt marshes in the case of the
vibrio bacterium. These bacteria were described as members
of alpha-proteobacteria, probably belonging to the family of
Rhodospirillaceae, and were found to synthesize truncated
hexa-octahedron-shaped BacMPs and to expand both chem-
oorganoheterotrophically and chemolithoautotrophi-
cally [68]. On the other side, the Magnetospirillaceae family
members can be found in fresh water sediments. A large
number of the magnetotactic bacteria isolated to date have
been found to be members of this family with the use of the
growth medium and magnetic isolation techniques devel-
oped. The first member of the family to be isolated was the
Magnetospirillum magnetotacticum strain MS-1, while the
Magnetospirillum gryphiswaldense strain MSR-1 is also well
studied in terms of both its physiological and genetic proper-
ties. Magnetospirillum magneticum, the facultatively anaero-
bic magnetotactic spirilla, was AMB-1 isolated. Since 2000, a
variety of new magnetotactic bacteria have been found in
different aquatic environments. Numerous ecosystems have
seen uncultivated magnetotactic bacteria. Most recognized
magnetotactic cultured bacteria are mesophilic and do not
appear to grow much above 30°C. In most cases, uncul-
tured magnetotactic bacteria were at 30°C and below.
Thermophilic magnetotactic bacteria are only described in a
few studies. Studies reported that in samples from springs
whose temperatures ranged from 32 to 63°C, one of the
magnetotactic bacteria known as HSMV-1 was found.
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A single polar flagellum and a single chain of bullet-shaped
magnetosomes were seen in the transmission electron
microscopy (TEM) images of HSMV-1 unstained cells. The
average number per cell of magnetosome crystals is
12+ 6 with a mean size of 113+34nm by 40+ 5nm. The
paper’s findings have clearly shown that some magnetotac-
tic bacteria can be considered at least moderately thermo-
philic. In conditions where magnetotactic bacteria occur
and are likely to expand (63°C) and where magnetosome
magnetite is deposited, the upper temperature limit has
been extended. Studies stated that mesoporous structure
magnetic Fe;04 materials were synthesized using yeast cells
as a template by the coprecipitation method [66, 67].

7.5.2.2 Nonmagnetic Oxide Nanoparticles

Other oxide NPs, including TiO,, Sb,0;, SiO,, BaTiOs;, and
ZrO, NPs, have also been studied in addition to magnetic oxide
NPs. A low-cost and reproducible green Saccharomyces
cerevisiae-mediated biosynthesis of Sb,0; NPs was discovered
by Jha and colleagues. The synthesis was carried out in com-
pliance with room temperature. Analysis showed that the unit
of Sb,O; NPs was a spherical aggregate of 2-10nm.
F. Ooxysporum (Fungus) is used for the processing of SiO2 and
TiO2 NPnanoparticles from SiF6 2 and TiF6 2 aqueous anionic
complexes, respectively. They also prepared NPs of tetragonal
BaTiO; and quasi-spherical ZrO, from F. oxysporum with a4-5
and 3-11nm range of scale, respectively [66, 67].

7.5.3 Sulfide Nanoparticles

In addition to oxide NPs, due to their fascinating and novel
electronic and optical properties, sulfide NPs have attracted
considerable attention in both basic research and techno-
logical applications as quantum-dot fluorescent biomarkers
and cell labeling agents. One common form of sulfide NP is
the CdS nanocrystal and has been synthesized by microor-
ganisms. Cunningham and Lundie found that Clostridium
thermoace