
Deepa Suhag · Atul Thakur · 
Preeti Thakur   Editors

Integrated 
Nanomaterials 
and their 
Applications



Integrated Nanomaterials and their 
Applications



Deepa Suhag • Atul Thakur • Preeti Thakur 
Editors 

Integrated Nanomaterials 
and their Applications



Editors 
Deepa Suhag 
Amity Centre for Nanotechnology 
Amity University Haryana 
Gurgaon, Haryana, India 

Atul Thakur 
Amity Centre for Nanotechnology 
Amity University Haryana 
Gurgaon, Haryana, India 

Preeti Thakur 
Amity School of Applied Sciences 
Amity University 
Gurugram, Haryana, India 

ISBN 978-981-99-6104-7 ISBN 978-981-99-6105-4 (eBook) 
https://doi.org/10.1007/978-981-99-6105-4 

# The Editor(s) (if applicable) and The Author(s), under exclusive license to Springer Nature Singapore 
Pte Ltd. 2023, corrected publication 2024 
This work is subject to copyright. All rights are solely and exclusively licensed by the Publisher, whether 
the whole or part of the material is concerned, specifically the rights of translation, reprinting, reuse of 
illustrations, recitation, broadcasting, reproduction on microfilms or in any other physical way, and 
transmission or information storage and retrieval, electronic adaptation, computer software, or by 
similar or dissimilar methodology now known or hereafter developed. 
The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication 
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant 
protective laws and regulations and therefore free for general use. 
The publisher, the authors, and the editors are safe to assume that the advice and information in this 
book are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or 
the editors give a warranty, expressed or implied, with respect to the material contained herein or for any 
errors or omissions that may have been made. The publisher remains neutral with regard to jurisdictional 
claims in published maps and institutional affiliations. 

This Springer imprint is published by the registered company Springer Nature Singapore Pte Ltd. 
The registered company address is: 152 Beach Road, #21-01/04 Gateway East, Singapore 189721, 
Singapore 

Paper in this product is recyclable.

https://doi.org/10.1007/978-981-99-6105-4


Preface 

In today’s day and age, the world exists between the captivating realm of integrated 
nano-biomaterials. In this book, we delve into the exciting intersection of nanotech-
nology and biology, wherein the boundaries between the synthetic and the living 
converge. 

Integrated nano-biomaterials have emerged as a groundbreaking field, offering 
innovative solutions to address the complex challenges in biomedical research and 
healthcare. By harnessing the unique properties of nanoscale materials and their 
interactions with biological systems, scientists and engineers have unlocked a 
multitude of applications that hold immense potential to revolutionize our under-
standing and treatment of diseases, enhance diagnostic tools, and create novel 
therapeutic interventions. 

In this book, we embark on a comprehensive journey through the world of 
integrated nano-biomaterials, guided by leading experts and pioneers in the field. 
Together, we will explore the fundamental principles that underpin the design, 
synthesis, characterization, and application of nanomaterials in the context of 
biological systems. We will delve into the intricate mechanisms by which nano-
biomaterials interact with cells, tissues, and organs, and how they can be tailored to 
exhibit desired functionalities for specific biomedical applications. 

From nanoscale drug delivery systems and bioimaging agents to tissue engineer-
ing scaffolds and biosensors, the potential applications of integrated nano-
biomaterials are vast and diverse. Through this book, we aim to equip researchers, 
students, and professionals with a comprehensive understanding of the field, 
providing them with the necessary tools and knowledge to push the boundaries of 
innovation. 

We invite you to embark on this enlightening journey, where you will witness the 
convergence of disciplines, the power of interdisciplinary collaborations, and the 
sheer beauty of nature-inspired design principles. Prepare to be inspired, amazed, 
and empowered by the incredible potential of integrated nano-biomaterials to shape 
the future of medicine, biology, and human well-being.
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Last but not least, the editors wish to thank all the authors for their time and 
efforts, along with Springer Nature Publishing, who have collectively made this 
book see the light of day. Without each one of you, this book wouldn’t have been 
possible. 
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Introduction to Nanotechnology 1 
Deepa Suhag, Preeti Thakur, and Atul Thakur 

Abstract 

The potential for a varied range of applications makes a basic understanding of 
nanotechnology important to us. The technological and industrial sectors includ-
ing electrical, agricultural, medical, and electronic technologies, homeland secu-
rity and food safety, transportation, and many more have benefited greatly from 
the development and revolutionization brought about by nanotechnology. For the 
creation of novel materials with distinctive properties after the nanoscale specifies 
their architecture, nanotechnology now makes use of advancements in chemistry, 
mechanical, materials science, and biotechnology making it a multidisciplinary 
field. This book examines the recurrent applications of nanotechnology in recent 
decades. As a ground-breaking science, nanotechnology is defined by the impact 
it has on technological advancements. Nanotechnology is anticipated to offer
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solutions to many present issues. Thus, nanotechnology has a wide range of uses, 
from altering the physics of currently used devices to developing entirely new 
tactics based on molecular self-assembly, from developing novel materials with 
nanoscale dimensions to investigating whether we can directly control matter at 
the atomic level.
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1.1 Introduction 

The most popular word for the study of materials at nanoscale is “nanotechnology.” 
When the bulk is divided into smaller size, the material’s characteristics alter [1]. In 
the areas of electrical, optical, or mechanical properties, among others, nanoscale 
materials have special qualities. Materials that have been reduced to the nanoscale 
can suddenly exhibit properties that are very different from what is seen on a 
macroscale. For instance, inert substances such as platinum can serve as catalysts, 
opaque compounds such as copper can become transparent, stable substances such 
as aluminum can catch fire, solids such as gold can change into liquids at room 
temperature, and insulators such as silicon can transform into conductors [2]. Rather 
than the composition of the particle, the surface area of the nanomaterials determines 
how they behave. Nanomaterial refers to the incredibly small materials used to create 
the particles’ distinctive physical and chemical features. This material has a single 
dimension that is less than or equal to 100 nanometers. The nanoparticles can be 
found in nature. Any mineral, including silver, or carbon can be used to make 
it. They must fall within the range of 1 nm and around 100 nm in size. These 
materials cannot be seen with the human eye; thus, laboratory microscopes are 
employed to observe them. As sizes are lowered, the materials’ quantum 
characteristics are impacted. These materials are free because of their small size; 
as the size is decreased, the materials’ quantum characteristics are impacted. Due to 
their small size, these materials are immune to internal flaws found in structures and 
are shielded from mechanical failure. The system becomes more reactive when the 
area of the surface-to-volume ratio rises. On dispersion, these substances can 
rearrange the crystal structure. Self-assembly is demonstrated by crystals generated 
for the semiconductor industry and by the chemical synthesis of big molecules. In 
spite of the fact that this “positional assembly” allows for more control during 
building, it is currently exceedingly labor-intensive and unsuitable for industrial 
applications. The field of technology is arguably making the greatest efforts to apply 
the various physical features found at the nanoscale to produce compact, potent 
creations with a variety of possible environmental effects. 

The benefits of nanomaterials could potentially alter the future of practically all 
industrial sectors. The field of nanotechnology has opened new horizons for the 
development of innovative materials with unique and unprecedented properties. In



particular, the integration of different types of nanomaterials has led to the creation 
of a new class of materials known as integrated nanomaterials. These materials have 
the potential to revolutionize a wide range of industries, including electronics, 
medicine, energy, and environmental science. The impact of integrated 
nanomaterials on the present and the future is expected to be significant. In the 
present, these materials are already being used in various applications, such as drug 
delivery systems, biosensors, and energy-storage devices. Nanotechnologies have 
revolutionized advances in medicine, specifically in diagnostic methods, imaging, 
and drug delivery. To provide cancer patients with a personalized treatment plan, 
IBM scientists are also focusing on leveraging nanotechnology to examine DNA in 
just a few minutes, instead of weeks. Other researchers in medical technology are 
looking at using nanotechnology to deliver medications like chemotherapy or 
vaccines to target particular cell types in the body. There are several distinct 
nanotechnology efforts in the experimental stages that seek to hyper-target medica-
tion to cancer cells, and experimental nano-sponges are being developed to absorb 
poisons in the body. It is also being investigated as an early diagnostic tool to find 
infectious diseases and tumors much earlier than our existing technology can. One of 
the guiding principles of nanotechnology is a tiny device that is injected into the 
body as a sensor or medical delivery device. Furthermore, the development of 
integrated nanomaterials is expected to lead to the creation of new and more efficient 
technologies that will address some of the world’s most pressing challenges, such as 
climate change and sustainable energy. The discovery and use of carbon 
nanomaterials has allowed the introduction of many new areas of technology in 
nanomedicine, biosensors, and bioelectronics. Various investigations have focused 
on the incorporation of distinct types of nanomaterials, for example, oxide metals, 
carbon, magnetic and industrial/agro-industrial wastes [3–5]. 
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This book will provide an overview of the current state of research in integrated 
nanomaterials, including their synthesis, properties, and applications. It will also 
discuss the challenges and opportunities associated with the development of these 
materials and their potential impact on various industries. Overall, the book will 
demonstrate the exciting potential of integrated nanomaterials and their role in 
shaping the future of technology and innovation (Fig. 1.1). 

1.2 Nanotechnology in Daily Life 

As of now it is challenging to determine the precise timeline of human use of 
nanoscale items. The use of nanomaterials, however, has a long history, and for a 
very long time, humanity inadvertently exploited them for a variety of purposes. 
Around 4500 years ago, humans employed asbestos nanofibers to strengthen pottery 
mixtures. Around 4000 years ago, the ancient Egyptians used Pbs nanoparticles in a 
hair coloring solution. Another noteworthy historical example is the Lycurgus Cup. 
It is a dichroic cup made in the fourth century AD by the Romans. In direct light, it 
has a jade-like appearance, yet in transmitted light, it has a translucent ruby hue. It 
displays varied colorations depending on the incident light. These color variations



can be seen because Ag and Au nanoparticles are present. The word “nanometer” 
was first used by Richard Adolf Zsigmondy in 1914. The term “nanotechnology” 
was originally suggested in 1959 by American physicist and Nobel Prize winner 
Richard Feynman during a speech at the annual meeting of the American Physical 
Society. The methods, recipes, and later science of creating and testing tools, works 
of art, and weaponry are the primary criteria for characterizing and classifying 
human historical ages, from the Stone Age to the current Silicon Age. Nanomaterials 
have been used steadily throughout human history, and this field is rapidly 
expanding. 
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Fig. 1.1 Importance of nanotechnology in every aspect of life 

Now let us discuss nanoceramics. Nanomaterials have been used as ceramic dyes 
since prehistoric times. The most widely used artificial substance today is 
nanoceramic cement, which the Romans frequently used to construct aqueducts, 
bathhouses, and buildings. Recent archeological findings also show that the 
Macedonians used cement centuries before the Romans; therefore, they were not 
the first. Even the study of nanoparticles is not entirely new. Only 15 years ago, it 
seems, did the phrase start to appear in the names of scholarly articles. However,



under the word “ultrafine,” earlier literature included the topic of today’s nanotech-
nology. The aforementioned instances show that nanomaterials have a long history. 
However, they also have a lot of future in them. Currently, nanomaterials play 
commercial roles in scratch-free paints, surface coatings, electronics, cosmetics, 
environmental remediation, sports equipment, sensors, and energy-storage devices 
[6, 7]. Nanotechnology is a great example of an emerging technology because it 
offers engineered nanomaterials with the great potential to produce products with 
significantly improved performances. Upholstered pieces of furniture can be made 
drip-proof and stainproof using nanotechnology, just like waterproof and stainproof 
clothes. Also, manufacturers can minimize flammability by up to 35% by coating the 
foam used in upholstered furniture with carbon nanofibers. This is made possible by 
nanotechnology. Nanotechnology advancements have produced novel surfaces, 
materials, and shapes with biomedical applications [8]. Nanotechnology is being 
used to improve traditional biomedical applications in a number of fields, including 
biosensors, tissue engineering, controlled release systems, intelligent systems, and 
the use of nanocomposites in implant design [9]. Nanomaterials have become a 
fascinating class of materials with a vast array of real-world uses. Five silicon atoms 
or ten hydrogen atoms lined up is equal to the length of a nanometer, and with at least 
one dimension falling between 1 and 100 nm can be categorized as nanomaterial. 
Nanoparticles’ functional characteristics differ from those of conventional materials, 
associated technologies have developed quickly and have a wide range of uses. 
Nanomaterials offer numerous additional specific qualities that traditional materials 
do not have in addition to the characteristics of traditional materials. Different types 
of nanomaterials have been vying for entry into competitive sports in recent years, 
which has considerably aided in raising the level of play and developing scientific 
and humanistic sports. Nanomaterials are currently widely employed in sports 
engineering disciplines, including stadiums, sporting goods, and athletic apparel 
[10]. In today’s scientific and commercial research facilities, there is a lot of genuine 
global interest in all the different types of nanomaterials. Macroscopic and nanoscale 
materials science’s major objective is to give engineers working in all sectors new 
and improved building blocks. However, compared to the better developed science 
and engineering of macroscopic materials, nanomaterials research has unique 
characteristics, the most notable of which is its revolutionary nature. For example, 
the logical design of nanoparticles allows for exceptionally high surface area. It is 
possible to create nanomaterials with exceptional magnetic, electrical, optical, 
mechanical, and catalytic capabilities that differ significantly from those of their 
bulk counterparts [11–13]. By carefully regulating the size, shape, synthesis 
conditions, and appropriate functionalization, the properties of nanomaterials can 
be tailored to meet specific needs [14]. This book describes advances in 
nanomaterials, specifically carbon nanomaterials, MXene-nanomaterials, 
Bioceramics, Bioinspired nanomaterials, nanomaterials applications in the environ-
ment, food and agricultural fields, toxicology, and biocompatibility of nano-
biomaterials [15–17]. Given the possibility that future research will produce a 
large number of additional nanomaterials with unique features and the continual 
exponential development in the number of uses, it seems certain that nanomaterials
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will, in some way, affect almost every area of our lives. Nanomaterials play a crucial 
part in many of the high-tech items we use every day. Without these amazing 
materials, it would be impossible to make stamp-sized sound recording devices, 
contemporary passenger and combat jets, spacecraft and space stations, extremely 
large buildings, and lengthy bridges. We today find it impossible to envisage our 
lives without these devices, as one could not have predicted 50 years ago due to the 
rapid development that made it possible for them to be realized. Nanotechnology can 
spur economic growth and boost capacity and quality in industrial sectors [18]. The 
development of nanotechnology includes manipulating conventional materials to 
change their microscopic makeup. In silicon chips, this technology is frequently 
utilized. Nanocomposites are made by combining specific conventional materials 
with nanoparticles. For instance, titanium and zinc oxide nanoparticles are used in 
nanotech sunscreens. Additionally, cleaning and medical items are made with silver 
nanoparticles. The fact that carbon nanotubes are 115 times stronger than steel is 
another astonishing revelation. From this point forward, these chemicals are added to 
glass, steel, and polymers to strengthen them [19] (Fig. 1.2). 

6 D. Suhag et al.

Fig. 1.2 Nanotechnology tools and devices used in medicine 

It is not too bold to say that those who control nanomaterials and nanotechnology 
also control technology as a whole. This is because of the impact that the develop-
ment of nanomaterials and nanotechnology has had on our global infrastructure. 
Think about the nanoscale. It is one billionth of a meter in length. A human hair



strand has a diameter of about 50,000 nanometers. Think about how precise a 
nanometer is throughout machine construction and use. Nanotechnology is atomic 
and molecular engineering. What about smaller-sized computers, processors, 
motors, or robots? While it may sound like science fiction, this is actually physics. 
Numerous businesses all over the world are creating goods based on nanotechnol-
ogy, including microprocessors, batteries, textiles, medications, and more. The era of 
nanotechnology began when researchers all across the world could employ 
instruments like the atomic force microscope and scanning tunneling microscope. 
The discovery of the substance known as graphene by physicists Andre Geim and 
Kostya Novoselov, which won them the 2010 Nobel Prize in Physics, is well known 
to everyone. In this nanomaterial, the carbon atoms are organized in a single layer 
and in a honeycomb pattern. 
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Electrochemical energy storage and conversion systems have found its use 
because of this material’s strength, flexibility, transparency, and electrical conduc-
tivity. Nanomaterials are already used in a wide range of engineering fields, so they 
are not a holy grail of nanoscience. Nanomaterials are widely used in modern 
computers, stain-resistant clothing, and suntan lotions, as well as in mechanical 
and bioengineering fields. Other applications, such as nanomaterial-filled 
composites and drugs delivered via nano-capsules, are developing at a fast pace 
and will be widely used in the near future [20]. For scientific communications, 
numerous applications in a variety of domains have been proposed. Numerous 
chapters in the book go into great detail about the applications of nanomaterials. 
Nanotechnology can also be used to optimize adhesives. Interestingly, most glues 
lose their stickiness at high temperatures, but a powerful “nano-glue” not only 
withstands high temperatures—it gets stronger as the surrounding temperature 
increases. 

Nanoparticles are used in countless aspects of daily life. Adding to this usage are 
some of the following: Nanoscale additives are used to create polymer composite 
materials like bumpers, bats, and rackets. Nanoscale thin-films for glasses are water-
repellent and antibacterial as well as for LCD displays. Nanoparticles are used in the 
cosmetics sector in shampoos, creams, lotions, sunscreens, and specialized makeup 
kits. Nanocomposites in food keep things fresh for longer by preventing bacterial 
growth. Rechargeable batteries, effective sensors and electronics, solar panels, 
warning systems, thermoelectric materials, and many more things are all products 
of nanotechnology. Specifically, nanoparticle catalysis is used in vehicle catalytic 
converters and petroleum refineries (Fig. 1.3). 

1.3 Nanotechnology in Medicine 

The creation of nanoscale materials for nanomedicine has, up until a few years ago, 
been relatively straightforward; however, at the moment, research is concentrating 
on the development of more complicated materials that optimize its clinical usage. 
An illustration would be the development of materials that release active 
components in response to the application of a stimulus, allowing for precise



administration of the target compound to the required organ at the appropriate time. 
These substances may be activated by internal cues, such as pH changes that alter 
their porosity or the presence of particular enzymes in a particular tissue that cause 
them to degrade. Applying an “external” stimulation, such as an alternating magnetic 
field or a certain wavelength of light, could also cause them to become active. The 
functionalization of nanoparticles with various biomolecules is another example of 
material development [21]. The difficulty in this situation is the wide range of 
materials and biomolecules that can be combined, each of which has a unique 
ideal joining technique. Finally, research is being done on hybrid materials that let 
many functionalities to be performed simultaneously. Despite the complexity this 
diverse field of research entails, it is still possible to outline certain broad trends in 
the evolution of nanomedicine. On the one hand, it is crucial to keep researching the 
usage of novel materials, synthetic or semi-synthetic, that can offer fresh or 
improved features that enable optimizing their use in various applications 
[22, 23]. In order to manufacture the materials, whether they are new or already in 
existence, it is necessary to investigate alternative manufacturing methods. This 
includes creating processes that are simple to scale up and economically viable as 
well as using synthesis techniques that produce the least amount of waste. Addition-
ally, we must create nanomaterials with the proper structural organization. 
Nanomaterials need to be stable at pH = 7 and in a physiological environment, as 
well as not causing toxicity or an immunological reaction in the body, in order to be 
used in vivo [24]. To improve their biocompatibility and stability under physiologi-
cal settings, nanoparticles are typically coated with a substance. In turn, this coating 
makes it easier to combine various biological components (such as antibodies, 
medications, etc.) depending on the demands of each application [25]. As one 
would expect, the limitations are less severe in the case of in vitro applications, 
allowing the use of different materials or particle sizes. To successfully plan for a
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Fig. 1.3 Nano-industrial applications [10]



therapeutic usage, it is crucial to understand how nanomaterials and biological 
systems interact [26]. Understanding the ability of nanomaterials to cross biological 
barriers is crucial because doing so may make it possible to cure diseases like 
ophthalmic or neurodegenerative disorders where it is difficult for drugs to reach 
the desired site for treatment [27]. We also need to comprehend the risks that 
nanoparticles represent to our health. The wide range of results in toxicological 
studies that result from the lack of standardization of the procedures for the research 
of nanomaterial toxicity during its preclinical evaluation is one of the problems we 
currently face.
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All of the upcoming improvements must always be done so while maintaining the 
safety of using these materials during their synthesis, use, and eventual recycling or 
disposal. The negative effects of nanomaterials on the environment must be kept to a 
minimum. The development of fully biodegradable materials for biomedical 
purposes that the body could excrete or metabolize is thus one of the problems of 
the future. The study of nanomedicine has benefited from better understanding of 
nanoparticle characteristics. The use of gold nanoparticles to combat lymphoma, a 
cancer kind that targets lipid cells, is one hopeful advancement in nanomedicine 
[28]. A gold nanoparticle with the appearance of a cholesterol cell has been created 
by researchers. The cancer is prevented from “feeding” on genuine cholesterol cells 
when this nanoparticle binds to a lymphoma cell, starving it to death. Finally, in 
order to facilitate the manufacture of novel nanomaterials and make their clinical use 
easier to attain, it is crucial to convey the knowledge developed in their development 
to the industry. As a result of these special qualities, nanoscale materials have 
considerably benefited the medical industry. Currently, a wide range of medical 
applications use nanoscale materials; nevertheless, research must continue to find 
new uses for materials that already exist, such as the use of super adhesives for the 
treatment of vascular malformations or the advancement of methods for diagnosing 
tropical diseases. In order to deliver medications specifically to particular cells, 
researchers are exploring methods to employ nanoparticles. Given that chemother-
apy and radiation therapies can harm both healthy and sick tissue, this is particularly 
encouraging for the treatment of cancer. Dendrimers, nanomaterials having several 
branches, might boost drug delivery’s effectiveness and speed. To stop the growth of 
cerebral palsy in rabbits, researchers have used dendrimers that transport drugs. The 
list goes on. Fullerenes’ anti-inflammatory properties can be enhanced to minimize 
or even halt allergic responses. Nanomaterials may reduce bleeding and speed up 
clotting. The ability of nanoparticles to identify and cling to certain proteins or 
diseased cells enhances diagnostic imaging and testing. Nanomaterials in therapeu-
tics, medicine, and drug delivery are discussed in detail in upcoming chapters of the 
book (Fig. 1.4). 

Although the subject of dangers posed by nanoparticles cannot be overstated, 
there are a growing number of commercial goods in the market that contain 
nanoparticles, although only a handful of substances are now utilized in significant 
quantities. As a result, they secretly enter our daily lives, mostly in the form of 
commercial personal care items. These nanoparticles are excellent prospects for the 
cosmetics and personal care industries because of their modified properties. Color,



transparency, solubility, and chemical reactivity are a few of these characteristics. 
They might facilitate the absorption of cosmetics into the skin by promoting 
diffusion from the cosmetic carriers into the epidermal layer. However, stable and 
insoluble nanoparticles including polymers, gold, silver, and titanium dioxide may 
directly enter the body and pose health risks. Toxicology and toxicity studies of 
nanomaterials are discussed in length in this book (Fig. 1.5). 
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Fig. 1.4 Drug delivery with supramolecular systems [26] 

Talking about regenerative medicine, the goal of regenerative medicine is to 
restore the functionality of tissue or cells that have been damaged by aging, disease, 
or injury. According to recent research, nanotechnology can provide sophisticated 
biomaterials with specific morphologies that can generate an extracellular environ-
ment at the nanoscale that can speed up stem cell differentiation in tissue engineering 
while also increasing stem cell adhesion and proliferation. Regenerative medicine 
and stem cells are relatively young fields in biomedicine, yet they have great clinical 
significance. Regenerative medicine is not a miracle cure, while regenerative medi-
cine holds great promise, it is important to remember that it is not a panacea. Many of 
the approaches are still in the experimental stages, and there are no guarantees that 
they will be effective for all patients or all conditions. Regenerative medicine is a 
rapidly evolving field. We may anticipate the emergence of new techniques and 
technology as our knowledge of regenerative medicine deepens, which could funda-
mentally alter how we treat illness and injury. Through stem cell transplantation, 
differentiation, and tissue regeneration, they can be used to treat disease. Annually, 
an increasing number of orthopedic surgeries utilizing orthopedic implants are 
carried out because of an increase in trauma and an aging population. Traditional 
orthopedic implants do have a number of issues, including infection, poor host tissue 
conformance, and implant loosening that leads to treatment failure. By simulating



the extracellular matrix settings in culture, the advent of nanoscale technology has 
made it possible to understand stem cell therapy clearly in vivo. Nanotechnology 
also appears to hold great promise for opening up new avenues for stem cell research 
[29]. For the preservation, multiplication, and differentiation of stem cells needed to 
progress tissue engineering, nanotechnology has introduced dynamic three-
dimensional nano-environments or nano-scaffolds with controlled nano-
morphologies [30]. Biomaterials and the scaffold that supports them can be created 
using nanohydroxyapatite, titanium, calcium phosphate, graphene oxide, carbon 
nanotubes, or a combination of them, for tissue engineering in orthopedic surgery. 
In view of their combination of nanoscale properties, great biocompatibility, and low 
toxicity, these composite scaffolds offer a very broad range of potential applications 
in orthopedic surgery and regenerative medicine. These include increasing internal 
fixation, skeletal defect repair, and bone tissue regeneration, as well as regulating the 
biological activity of stem cells (such as attachment, proliferation, and differentia-
tion). Despite several impediments to stem cell nanotechnology research in orthope-
dic surgery and regenerative medicine, its potential applications have raised serious 
concerns. With the advancement of nanotechnology and stem cell research, the study 
of stem cells based on nanotechnology will become more detailed, presenting novel 
strategies for tissue engineering and stem cell therapy in orthopedic surgery and 
regenerative medicine [31, 32]. Nanomaterials in regenerative medicine and bone 
tissue engineering are discussed in further chapters of this book in detail. 
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Fig. 1.5 Applications of 
multifunctional nanoparticles
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As said, human beings have always prioritized innovation. Biocompatible 
nanomaterials are used in food technology based on their properties and the goals 
they achieve [33]. Based on their physicochemical properties, nanomaterials have 
unique potentials such as surface effect, quantum size effect, small size effect, and 
quantum tunneling effect. These characteristics influence their behavior in 
biosystems, as they may be tolerated or disrupt biochemical and/or physiological 
homeostasis [34]. Target tissues or organs within the organism can be reached by 
nanomaterials significantly more effectively than they can by their counterparts. It is 
understood that biocompatible nanoparticles act as foreign stimuli that increase 
immune response levels. Glucans that are present in nature have anticancer and 
immunomodulatory effects. Shape, size, and surface physicochemical characteristics 
have an impact on the distribution of nanoparticles and their pharmacokinetics in the 
human body. Nanomaterials are being created to have amazing properties in a range 
of food industry sectors and are found in nature as potential biocompatible materials. 

Modifications to the size, density, and form of nanoparticles are required for the 
manufacture of biocompatible nanomaterials [35]. Biocompatible nanomaterials are 
being created to lessen toxicity, lessen negative effects on the digestive system, and 
enhance immune response. Organs and tissues can be targeted using nanomaterials 
[36]. It has been found that nutraceuticals and functional foods interact with 
nanomaterials quite well. Innovative approaches in the food business, including 
food safety, food processing, food quality, food packaging, and food labeling, are 
made possible by the applications of these nanomaterials. Nanotechnologies produce 
food with higher quality and longer shelf lives than traditional methods of processing 
food. They also avoid infection. The goal of food processing is to produce high-
quality food while also ensuring its safety through improved food sensing and 
nanostructured ingredients [37]. Because silver, zinc, and calcium nanoparticles 
have antimicrobial activity and biocompatibility, they are used as edible films 
[38]. Nanomaterials are commonly combined with polymers in food packaging 
and processing. These nanomaterials improve the flexibility and durability of food 
contents. Nanomaterials, like food, enter the body through human consumption. The 
study of nanomaterial toxicity mechanisms aids in the development of biocompati-
ble nanomaterials. Nanotechnology is being used to create innovative products with 
novel properties. Cellulosic nanomaterials (CNMs) are the name given to organic 
nanoparticles. Green CNMs are produced by bacteria, algae, wood pulp, tunicates, 
and other renewable resources. Nanomaterials such as metal nanoparticles, carbon 
nanotubes, carbon nanomaterials, nanocomposites, and nanowires have enhanced 
biosensing and sensing design systems for use in food analysis [39]. These nano-
biosystems are also helpful in the creation of fresh food detecting methods. 
Nanomaterials serve a range of purposes in the detection of foodborne pathogens 
to assure the safety of food. Nano-sensors are used in food packaging to help track 
the physical, chemical, and biological changes made to food during processing 
[40]. Toxins, pollutants, and food pathogens can all be found using specially created 
nano-sensors and nanodevices used in smart packaging. During storage and trans-
portation, the quality of the packaged meals is monitored and reported using the 
intelligent packaging systems with sensors and indicators [41, 42]. The



nanotechnological applications in food and agriculture will be discussed in length in 
the coming chapters of this book. 
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1.4 Green Nanotechnology 

The biosynthesis of nanomaterials from natural bioactive agents, such as plant 
materials, microbes, and a variety of biowastes, such as agricultural leftovers, 
eggshells, vegetable waste, fruit peels, and others, is a key component of green 
nanotechnology’s quest for sustainability. It is an economical, straightforward, 
risk-free, safe, nontoxic, and environmentally responsible strategy [43]. Green nano-
technology is a key component of clean technologies intended to clean up the 
environment and turn extra-bioactive items into green nanomaterials that are more 
profitable and environmentally benign [44, 45] (Fig. 1.6). 

Thinking about the future, it is predicted that soon the entire computer will be 
built on a single microchip, thanks to nanotechnology. The RAM and nano-
transistors would be strong and sophisticated in protecting against data loss 
incidents. The nanostructures of future OLED displays will increase their energy, 
weight, density, and lifespan efficiency. Other electronic products, such as smart

Fig. 1.6 Outlook of green nanotechnology



cards, RFID, smart packaging, flash memory, and antimicrobial coatings, will be 
updated with higher standards. Furthermore, such widespread use has minimal 
health hazards. In the modern world, the environment has grown to be a serious 
concern. Any additional deterioration could have negative effects on our future. 
Nanotechnology will contribute to a more ecologically friendly future through 
mechanical filtering and the neutralization of toxic chemicals [46]. According to 
futurists, the years between 2020 and 2050 will be a “period of relative scarcity.” 
Nanotechnology is beneficial to humanity. It will contribute to the fabric of life, 
ushering in lives that are cleaner, safer, more advanced, expanding, and comfortable.
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Because of their small size, NPs find their way easily to enter the human body and 
cross the various biological barriers and may reach the most sensitive organs. 
Toxicity assessment of these engineered products is required to understand possible 
adverse effects and their fate inside the human body [47]. 

1.5 Conclusion 

An increasing number of innovative therapies have been created in the field of 
wound healing. Nanostructured systems have been employed to speed up wound 
healing at various stages. The drug may be created at the nanoscale level to act as its 
own “carrier” or nanomaterials may be used to deliver the medication. Different 
natural and synthetic substances and their mixtures have been developed for wound 
healing. Due to their important biological roles, natural polymers have been used in a 
wide range of wound healing techniques. As a result of their ability to give tissues a 
moist and protective environment, collagen is recognized as a particularly effective 
healing scaffold with outstanding and comparatively robust mechanical qualities. 
Another illustration is fibrin, which collects platelets to create a main clot and stop 
bleeding. Since it is mechanically strong, silk fibroin is also used. Another common 
example of a nanomaterial utilized in wound healing is keratin. The use of 
nanomaterials has the potential to greatly advance processes for self-healing that 
can resemble regeneration. To tailor these nanomaterials for various wound healing 
applications, still, a deeper comprehension of the underlying mechanisms and 
cellular reactions is necessary due to the variability of the injured tissues. 
Nanoparticles can be used effectively in this field because of their excellent surface-
to-volume ratio. Silver, gold, and zinc metal nanoparticles are excellent candidates 
for inclusion in wound dressings due to their remarkable features, which include 
stimulation of wound healing and antimicrobial activity. 

At last, this book attempts to provide information at a single platform about the 
basic concepts, advances, and trends relating to nanomaterials via covering the 
related information and discussing almost every field in which nanomaterials are 
now employed.
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Abstract 

One of the most exciting twenty-first-century technologies is nanotechnology. 
Nanotechnology focuses on the creation and application of materials of nanoscale 
dimensions in several facets of life. Due to their small size, nanoparticles have a 
high surface-to-volume ratio and a variety of unique characteristics. The devel-
opment of novel techniques for creating new products, formulating new 
chemicals and materials, and replacing the current generation of equipment 
with improved performance equipment are some of the main applications of the 
young and developing science known as nanotechnology. These techniques also 
provide environmental remediation options. The potential impact on society, 
business, and the economy will become increasingly clear as nanotechnology 
transitions from theoretical to practical, encouraging essential responses to 
existing issues. Ultimately, the chapter underscores the important role that
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nanotechnology is likely to play in shaping our future, and the need for 
individuals to remain informed and engaged as these technologies continue to 
evolve. In addition to catalysis and environmental remediation, the chapter also 
examines the uses of nanotechnology in the fields of animal, agricultural, 
nutritional, medical, and pharmaceutical sciences. The chapter gives summaries 
of the most recent nanotechnology applications that have an impact on several 
facets of human life.
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2.1 Introduction 

Nanotechnology involves the manipulation, designing and developing materials/ 
matter at the atomic or nano-meter or molecular level [1]. A material can be regarded 
as nanomaterial when it has at least one dimension or internal structure in nano-
meter size. Nanomaterials have a very high surface-to-volume ratio due to which 
they possess some unique physiochemical properties such as solubility, color, 
diffusivity, etc. Their optical [2], magnetic [3], and thermodynamic properties are 
also very different as compared to their macroscopic counterparts [4]. People of the 
modern era are not the pioneers in using nanotechnology because nano-dimensional 
structures and their utility within organisms have always been in existence from the 
very beginning [5]. Nucleic acids, i.e. DNA and RNA, proteins such as enzymes are 
some nano-dimensional structures that are essential for sustaining life and are found 
even in primitive unicellular organisms like blue green algae (BGA), archaebacteria, 
etc. Also, nanotechnology is not confined to just one domain of science such as 
biology, chemistry, physics, engineering, or toxicology, instead, it can be considered 
as an interdisciplinary domain of science [6]. Nanoparticles were known to even 
ancient people of the fourth century. Roman people of the fourth century used 
nanoparticles made up of metals to adorn cups and glasses so that they could look 
fancier. The marvelous cups which are named as Lycurgus were decorated with gold 
and silver nanoparticles, looked green in white light but when enlightened from 
within they looked red in appearance [7]. With the help of nanotechnology, 
nanoparticles of desirable and characteristic features [8] can be synthesized using 
conventional synthesis techniques such as hydrothermal [9], co-precipitation [10], 
citrate precursor [11], and green synthesis. 

2.2 Basic Understanding of Nanotechnology Involves 
the Following Themes 

(i) The scale which measures nano-dimensional structures; 
(ii) The dynamics and the types of bonds/interactions existing between nano-

dimensional objects;
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(iii) Significance of surface-to-volume ratio in nanoparticles; 
(iv) Using properties of nano-dimensional objects for developing 

nanotechnology [12]. 

2.3 Applications of Nanotechnology in Day-to-Day Life 
(Fig. 2.1) 

2.3.1 Medicine/Nanomedicine 

Nanomedicine refers to the application of nanotechnology for medical needs and is 
defined as the use of nanoparticles for illness diagnosis, monitoring, control, pre-
vention, and therapy. For clinical purposes, nanomaterials can be used in three 
different areas of nanomedicine: diagnosis (nano-diagnosis), controlled drug deliv-
ery (nano-therapy), and regenerative medicine. Another field that unifies diagnosis 
and treatment is called theranostics, and it is a promising methodology that holds

Fig. 2.1 Applications of nanotechnology in day-to-day life



both the finding/imaging specialist and the drug in a comparable framework. 
Nanomedicine is holding out hope for positive advances in clinical practice. 
Nanomaterials can be created to have specific biological targets in mind by changing 
their size, shape, compound arrangement, and surface. A careful molecular plan 
must be used to provide an effective biological result. For two main reasons, it is 
therefore envisaged that there would be significant information on how 
nanomaterials interact with biological frameworks. The first is associated with the 
physio-pathological notion of infections. The organic processes that cause diseases 
take place at the nanoscale and can be influenced by several factors, such as altered 
properties, improperly folded proteins, contamination by bacteria or infections. The 
prudent design of nanomaterials to concentrate on the specific site of activity desired 
in the body would be made possible by an improved understanding of the sub-atomic 
cycles. The interaction between the surface of nanomaterials and the climate in 
natural liquids is another issue. In this distinctive scenario, the accurate depiction of 
the biomolecular crown is of utmost importance for comprehending how the nano-
particle interacts with cells and influences biological processes. This point of 
interaction comprises dynamic systems, such as the exchange between the surfaces 
of nanomaterials and the surfaces of naturally occurring components (proteins, 
layers, phospholipids, vesicles, and organelles) [13]. Knowing that all tissues have 
a limited functional lifetime, applying nanotechnology to medicine has the potential 
to significantly improve the quality of human life.
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The smaller size of nanoparticles as compared to bulk materials leads to their 
unique high surface-to-volume ratio. As a result of this, their surface energy is 
enhanced which in turn leads to their increased reactivity. As soon as nanoparticles 
come in contact with biological fluids such as blood, lung fluid, gastro-intestinal 
fluid, etc., they tend to absorb a higher amount of biomolecules such as lipids, 
proteins, etc. [14, 15]. Nanotechnology has found tremendous use in the field of 
biomedicine, biology, and biotechnology. The size of nanoparticles is almost similar 
to those of biomolecules and biological structures such as organelles. The amalgam-
ation of biological science with that of nanomaterials has revolutionized the design-
ing of diagnostic devices, analytical tools, drug delivery systems, contrast agents, 
etc. The very first step in the assays which involve nanoparticles is the interaction or 
binding of target molecules with the probe which is nanoparticles in nano-based 
assays as a result of which some detectable signals that are based on optical and 
magnetic parameters are produced which can be captured by MRI (magnetic reso-
nance imaging) (Fig. 2.2, Table 2.1). 

2.3.1.1 Controlled Drug Delivery 
Another application of nanoparticles is in controlled drug release. The drugs can be 
manipulated at nanoscale dimensions which leads to the alteration in fundamental 
properties and bioactivity of drugs. This process allows good control over the 
different aspects of the drugs which are mentioned as under:

• Can change the solubility and blood pool retention time;
• Can cause controlled drug release for shorter and longer time duration;
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Fig. 2.2 Applications of nanotechnology in medical industry [9] 

Table 2.1 Various types of nanodevices which are used in clinical applications are tabulated [16] 

Modality Potential applications 

Cantilevers • High-throughput screening
• Disease protein biomarker detection 

Carbon nanotubes • DNA mutation detection
• Disease protein biomarker detection 

Dendrimers • Image contrast agents 

Nanocrystals • Improved formulation for poorly soluble drugs 

Nanoparticles • Targeted drug delivery, permeation enhancers
• MRI and ultrasound image contrast agents 

Nano-shells • Tumor-specific imaging 

Nanowires • High-throughput screening
• DNA mutation detection (SNPs) 

Quantum dots • Optical detection of genes and proteins in animal models and cell assays
• Tumor and lymph node visualization



• Brings about drug release which can be controlled based on the surrounding 
environment or which is specifically targeted [17].
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The basic approaches which can cause controlled drug release with the help of 
nanoparticles are mentioned as under:

• Differential affinities 
The differential affinity of nanoparticles with various surface molecules of differ-
ent types of cells and tissues is the main reason behind targeted drug efficiency 
and targeted drug delivery. These nanoparticles can further be coated with 
antigen-recognized antibodies to enhance affinity of the nanoparticles with the 
target molecule even more.

• Differential degradation of nanoparticles 
The nature of different materials of which nanoparticles are made up of is 
different which leads to the difference in the biodegradation of nanoparticles. 
Also, the enzymes present in different tissues and adjuvants which have been 
applied also have different mechanisms of action which further leads to the 
differential degradation of nanoparticles.

• Multi-layer nanoparticles in which the degradation curve can be adjusted 
Nanoparticles which have multiple layers with adjustable degradation curve will 
be quite efficient in controlled drug release [18]. 

2.3.1.2 Regenerative Medicine and Tissue Engineering 
The biomaterials developed with the help of conventional tissue engineering are not 
as promising as expected but the limitations are being overcome by the coalition of 
nanotechnology in the field of tissue engineering. The size of conventional 
biomaterials is in microns, while the surface features of most of the tissues and 
cells are nano-meter sized. In view of this fact, nanostructured biomaterials are 
considered more promising in the field of tissue engineering and regenerative 
medicine because using nano-meter scale surface features enhances tissue regenera-
tion greatly. Some common examples in tissue engineering and regenerative 
medicines include use of nanostructured titanium implants which enhance calcium 
deposition leading to increased bone cell responses. But enhanced bone tissue 
regeneration is not the only example of nanomaterial-based regenerative medicine. 
Nanosized scaffolds for skin tissue regeneration are also being used greatly. One of 
the examples of skin tissue regeneration scaffolding material includes 
nanostructured chitosan (CS) grafted with poly (ε-caprolactone) (PCL) [19]. 

2.3.2 Diagnostics 

Nanomolecular diagnostics, which provides new alternatives for clinical diagnostic 
procedures, is a phrase used to describe nanobiotechnology and its applications in 
the life sciences, particularly in molecular diagnostics. Molecular diagnostics is a 
crucial aspect of the development of personalized medicine, which incorporates



point-of-care performance of diagnostic techniques [20]. Nanobiotechnology com-
bined with molecular diagnostics increases the clinical diagnosis substantially. 
“Nanoscale probes” are best suited for detailed examination of receptors, pores, 
and other nanoscale-sized components of living cells in this type of diagnosis. For 
combination diagnostics and therapies, nanodevice can be implanted as a preventive 
and prophylactic approach in early illness diagnosis. Small sample sizes and diag-
nostic procedures that employ nanoscale particles as tags or labels are two benefits of 
utilizing nanotechnology in molecular diagnostics. 
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The diagnostic techniques based on nanomaterials are helpful in the detection of 
infectious diseases such as tuberculosis by making use of a diagnostic kit named as 
BioMEMS and also for cardiovascular diseases, genetic diseases such as cancer, 
monitoring of glucose with the help of nano-sensors, detection of single nucleotide 
polymorphism such as diseased state during sickle cell anemia. One of the 
nanomanipulation techniques known as optical tweezers is being utilized to detect 
tissue growth, abscess, cysts, calculi, etc. [16]. 

2.3.3 Electronics 

Nanoelectronics is an emerging field that makes use of nanodevices and 
nanomaterials so that certain characteristics of conventional electronics can be 
improved including chips with enhanced memory [21], miniaturized antennas [22], 
portability (lab-on-chip), and lesser electricity consumption. Nanoelectronics is 
widely being used as nano-biosensors so that they can detect disease-causing agents 
with greater efficiency. Electronic devices are an integral part of biosensors which 
assist in the detection of biomolecules by making use of ligands and analytes. The 
surface of various metals like gold (Au) is the basic substrate on various electronic 
devices. Gold (Au) is considered as the most prominent material for this purpose 
because it is quite sensitive, stable, and easy to use for surface modification. Apart 
from gold, silver (Ag) and silicon are also commonly used for modifying surfaces of 
nanoelectronics. Silicon (Si) is commonly used in semiconductor-based electronics 
because it is highly specific and extremely stable. Some other metals used for coating 
of nanoelectronics surfaces are nickel (Ni) and platinum (Pt) [23]. Nanoelectronics 
have better screen displays and the memory chips in such devices are highly dense 
which helps in reducing size. The transistors which are used in integrated circuits 
nowadays have reduced size because we employ nanotechnology to develop them 
[24]. In contemporary nanotechnology-based computers, the transistors are devel-
oped in such a manner that their size is reduced to fit into the silicon chips, i.e. they 
are compact [1]. This is in accordance with Moore’s law which states that on a single 
chip the number of transistors placed are increasing enormously. It not only adds to 
the enhanced performance and energy efficiency but also contributes to the size 
reduction of the computers [25].
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2.3.4 Food Technology 

The twenty-first century’s new frontiers are nanoscience and nanotechnology. In 
comparison to their use in pharmaceuticals and drug delivery, their applications to 
the agriculture and food industries are relatively new. Some of the growing areas of 
nanotechnology for food and agriculture include smart nutrient delivery, 
bioseparation of proteins, a quick sampling of biological and chemical pollutants, 
and nanoencapsulation of nutraceuticals. The potential of nanotechnology for food 
applications will be realized, thanks to developments in technologies like DNA 
microarrays, microelectromechanical systems, and microfluidics (Fig. 2.3). 

2.3.4.1 Preservation with the Help of Nano-Sensors 
The shelf life of food products can be enhanced greatly by encapsulating them with 
the help of nanoencapsulation. Nanoencapsulation aids in slowing the degradation 
process until the food has reached the target site. The food materials which are 
coated by nanomaterials remain unexposed to moisture and various gases. The

Fig. 2.3 Applications of nanotechnology in the food industry



chemical degradation is slowed down with the help of encapsulation of functional 
components which surround the droplets which in turn is accomplished by 
manipulating the interfacial layer surrounding them. For example, nano-
encapsulated curcumin exhibits reduced antioxidant activity [4].
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2.3.4.2 Packaging 
Nanofillers which may contain nano-whiskers, nanotubes, or nanofibers can be used 
in food packaging industry because it can not only help in reducing pollution but also 
protects the food in a much better way. Conventional packaging materials such as 
plastics not only cause environmental pollution but also their manufacturing process 
requires a lot of fossil fuels for developing them. Nanotubes made up of 
α-lactalbumin which is a milk protein is being considered as the most promising 
substance for food packaging because it has many desirable characteristics such as 
great viscosity as well stiffness. Their 8 nm sized diameter cavities enable efficient 
binding of food constituents such as enzymes or vitamins. In addition to this, they 
are also capable of encapsulation which counters unwanted flavors and odor of the 
compounds [26]. Nanocomposites are quite efficient in providing aegis against 
microbial infections because these types of packing materials make interaction 
with the food components to retard the growth of microbes [4]. 

2.3.4.3 Food Quality Enhancement in Terms of Nutritional Value 
Various food products in the market are already available which make use of 
nanoparticles to improve the nutritional value in the food. Some of these food 
products include enhanced iron content in nutritional drinks, vitamin rich micelles, 
oils that have phytochemicals and minerals, breakfast cereals with zinc oxide [27]. 

2.3.4.4 Food Texture, Taste, and Appearance 
One of the methods used for enhancing flavor retention and release is 
nanoencapsulation. Silicon dioxide (SiO2) and titanium dioxides are mostly used 
as flow agents or coloring agents in the food items. SiO2 even imparts fragrance to 
food products [2]. Without altering the flavor or quality of a food, more nutrients can 
be added using nanoencapsulation methods. Producers could be able to incorporate 
nutrients that do not occur naturally or that, up to now, could not be incorporated for 
chemistry-related reasons. Such encapsulation techniques have the added benefits of 
extending shelf life, shielding encapsulated ingredients from the environment and 
unwanted interactions during food preparation and delivering precise contents to a 
particular target place within the body. 

2.3.5 Agriculture 

Agriculture is another sector in which nanotechnology is successfully being 
incorporated. The main area within the agriculture industry which makes use of 
nanoparticles is the production of fertilizers by making use of nanotechnology. 
Nano-fertilizers are the main focus because crop production mainly depends upon



fertilizers [28]. Nano-fertilizers are almost three times more efficient in nutrient 
uptake. In addition to this, they also enhance stress tolerance in the plants in a 
much better way than conventional fertilizers. The nano-encapsulated fertilizers are 
able to release growth factors and nutrients such as nitrogen (N), potassium (K), and 
phosphorus (P) in a much more controlled and targeted way. Nano-sensors are 
widely used for the detection of plant pathogens. Nanotechnology has also made it 
very easy to detect pesticides [29] (Fig. 2.4). 
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2.3.5.1 Nano-fertilizers 
The enormous quantities of fertilizers that were given considerably increased pro-
duction, but they also harmed the beneficial soil bacteria. Plants cannot access 
fertilizers because of runoff and pollution. Fertilizers using nanomaterial coatings 
can remedy this problem. The drawbacks of conventional chemical fertilizers can be 
solved with a nanohybrid construction like nano-fertilizers (NFs). The NFs transfer 
nutrients to the plants in an intelligent way, demonstrating their superiority over 
bulky chemical fertilizers in terms of crop output and environmental sustainability. 
Depending on the methods of application and the characteristics of the particles, 
plants can absorb NFs through their roots or foliage. NFs help plants better withstand 
biotic and abiotic stressors. It lowers the cost of production and lessens the impact on 
the environment. 

2.3.5.2 Supply of Micronutrients 
Micronutrients including zinc, iron, manganese, boron, copper, molybdenum, etc. 
are known to be crucial for growth and development. Due to the enormous increase 
in crop yields and innovative agricultural practices brought about by the green

Fig. 2.4 Applications of nanotechnology in agriculture [29]



revolution, soil micronutrients including zinc, iron, and molybdenum have been 
progressively falling. Absorption can be improved by treating the leaves with 
micronutrients. To strengthen and improve the quality of soil, nanoformulations of 
micronutrients can be sprayed on plants or added to the soil for root absorption [28].
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2.3.5.3 Management of Insect Pests 
The use of synthetic agrochemicals has altered agriculture, but it has also given rise 
to a new problem known as insect pest resistance. Nanoparticles have immense 
potential for monitoring and controlling insect pests in modern agriculture. Garlic 
oil’s insecticide effectiveness against Tribolium castaneum (the red flour beetle) has 
been enhanced by PEG-coated nanoparticles. 

2.3.5.4 Nano Fungicides 
Crop fungal infections significantly reduce crop output. Although there are many 
fungicides that are sold commercially, utilizing them also harms plants. The use of 
nanotechnology can greatly aid in solving this problem. Nanoparticle-based antifun-
gal medications have been tried against dangerous fungus. Silver nanoparticles 
outperformed zinc oxide and titanium dioxide nanoparticles in terms of their ability 
to inhibit the growth of fungi at lower concentrations [30]. 

2.3.5.5 Nano-herbicides 
Nano-based particles are utilized in the production of herbicides to create nano-
herbicides, which are then applied successfully using a delivery method based on 
nanoparticles. Nano-herbicides have several benefits, including a decrease in the 
amount of synthetic pesticides used, an efficient delivery mechanism, increased 
personal safety, and quicker reaction times. Nano-herbicides are a cutting-edge 
technology that solves all the problems with conventional herbicides. The develop-
ment of weed resistance, which necessitates strategic planning for its ultimate 
eradication, is one of the main issues that conventional herbicides are currently 
confronting. Weeds pose the biggest threat to agriculture, as they lower yields by 
scavenging nutrients that would otherwise be accessible to crop plants. Nano-
herbicides can have a significant impact on the ecologically safe weed control of 
crops [31]. Such issues may be resolved with the use of nano-herbicides with 
qualities like a high penetration capability and an efficient delivery system. 

2.3.5.6 Biosensors 
Biosensors are tools that locate environmental elements, assess crop growth effi-
ciency, pinpoint the type and location of issues, and use computers, sensors, remote 
sensing gear, global positioning systems, and precision farming. Worldwide issues 
that humanity is experiencing include climate change, a growing population that has 
an impact on food production and safety, and biosensors have long been recognized 
as one of the most effective tools for finding solutions. By providing ongoing 
monitoring or early identification of disease outbreaks that can be stopped, 
biosensors can support sustainable agriculture. Additionally, it is crucial for keeping 
an eye on food danger factors such as pesticides, veterinary drugs, heavy metals, 
viruses, toxins, and unauthorized additives.
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2.3.6 Cosmetics 

Nowadays nano-emulsions are extensively being used in making cosmetic products 
because certain properties of nanoparticles make them the most promising candidate 
for this purpose. Nanoparticles not only provide better UV protection, color, finish, 
and long-lasting effects but also get incorporated deeper into the skin to give better 
results. Owing to their smaller size, nano-emulsions have greater stability, enhanced 
surface area, and uniformity in the distribution of cosmetics on the skin. Their 
thermodynamics and kinetic stability make the cosmetic formulation more suitable 
because it restricts undesirable phenomena such as Ostwald ripening, sedimentation, 
and flocculation. Many international cosmetic brands such as L’Oréal, Garnier, 
Bioderma, Avenue, Laroche-posay have claimed to use micellar facial cleansers 
which are much more efficient in cleaning as compared to conventional cleansers 
(Fig. 2.5). 

Anti-aging cream, facials, skin moisturizers, etc. are certain other cosmetic 
products in which nano-emulsions are being used. Apart from this other commodity 
products in which nano-emulsions have been incorporated are deodorants,

Fig. 2.5 Different nanotechnological formulations used in cosmetic industry



shampoos, toothpastes, hair dyes, etc. [19]. Besides nano-emulsions some other 
nanosized materials such as fullerenes, liposomes, nanotubes, quantum dots, etc. 
are also being used in cosmetic products [32].
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2.3.7 Environment and Energy 

Further, nanotechnology is also being used for the betterment of the environment. 
Nanotechnology is being used for controlling pollution. Several industries are 
switching their conventional manufacturing methods into nanotechnology-based 
methods so as to curb generation of new type of pollution. Nanotechnology is also 
being used to reduce the cost of making products with the help of alternative energy 
sources. One example is the utilization of silver as a catalyst in the production of 
propylene oxide. Propylene oxide is extensively used in the manufacturing of 
plastics, detergents, brake fluid, paints, etc. 

Nowadays windmill blades which generate electricity are being incorporated with 
Epoxy containing carbon nanotubes (CNTs), such CNTs have less weight and they 
are more strong than the conventional material which is used for making windmill 
blades. Being stronger and lighter in weight makes them superior to other materials 
because it helps them to generate more electricity. Nanomaterials are also being used 
in solar cells because their usage not only enhances efficiency but also reduces the 
cost of electricity production. For this purpose, silicon nanowires are incorporated 
inside that polymer which is required for designing solar cells [16]. Nanotechnology 
is also being employed in water conservation and purification. For inference, several 
nano-filters have been designed recently which can filter out pesticides out of the 
drinking water with a greater efficiency. These nano-filters are almost 20 times more 
efficient than the conventional filters. Some nano-dimension structures have also 
been developed which are capable of removing arsenic from potable water in a cost-
effective manner [33]. 

2.3.8 Communication 

In simple words, nano-communication means the exchange of information by 
making use of nanodevices. Nanomachines interconnected via nanonetworks are 
used for this purpose and the communication may occur via wired or wireless mode 
[34]. Nanochips were produced for the first time in 2000 by semiconductor 
industries which were subsequently incorporated into computers and smartphones 
successfully. Using nanochips leads to compaction and therefore reduction in the 
size of the computers and smartphones because now more transistors can be 
accommodated on a single chip. It also adds to the efficiency of the system because 
with the help of nanochips, a microprocessor can have at least 10 times more 
transistors [35]. It is pertinent to mention here that the use of nanotechnology in 
proper communication is still limited because such devices still lack certain 
processing capabilities and the ability to manage usage of power [34].
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2.3.9 Textiles 

The textile industry is another area that heavily utilizes nanotechnology. Recent 
years have seen the emergence of “smart textiles,” which are made by combining 
smart nanoparticles with more conventional materials. A smart textile can respond to 
changes in the environment by altering one or more of its features in order to perform 
a purpose. Three generations have passed since the invention of smart fabrics. The 
first generation of smart textiles, also referred to as “passive” textiles, are able to 
detect changes in their environment but are unable to change their own qualities. For 
instance, fabrics coated with various metal oxide nanoparticles can provide apparel 
that is IR/UV resistant and cotton impregnated with silver nanoparticles has antimi-
crobial properties [36]. 

Nanoparticles not only add to the durability of the fabric but also enhance their 
functionality. Nanomaterials impart some other desirable features to the fabrics 
including resistance to wrinkles, stain repellent, optical display, UV light blocking 
[37], antimicrobial resistance, odor resistance, etc. [16]. In future, nano-moieties 
might be used to develop fabrics which will be able to respond to the external 
environment by making use of external stimuli such as color, electricity, and other 
physiological signals. Such intelligent and smart clothing have been displayed in 
prominent fashion weeks such as London fashion week, New York fashion week, 
Paris fashion week, etc. [38]. Nowadays, functional clothing is being designed 
which is integrated with communication devices, electronics, and nanomaterials. 
One of the best examples of nanomaterial-based dresses is Bubelle, this dress can 
change colors as per the mood swings of the person wearing it. 

Second-generation, or “active,” smart fabrics are constructed from substances 
that first recognize environmental changes or stimuli before responding appropri-
ately. Examples include thermochromic materials that change color in reaction to 
temperature changes and shape-memory fabrics that can respond to mechanical 
deformations. Third-generation active textiles, sometimes known as “super-smart” 
textiles, incorporate soft and smart electronics, such as sensors, nano-generators, and 
systems for storing energy. On-body electronics, for instance, can give sensing for 
various diseases, risks, or pollutants. Additionally, attractive optical parts on smart 
textiles can be made possible by nano-generators and energy storage devices. It is 
now possible to take advantage of the unique characteristics of nanomaterials to give 
fabrics and clothing a high extra value functionality while keeping other desirable 
qualities like comfort, flexibility, lightness, and esthetic appearance. This is possible 
because the ability to incorporate microelectronic devices with textiles has advanced 
to the point where it is possible to do so. Nanomaterials have been incorporated into 
textiles using a variety of methods. The process of producing the fibers from which 
the fabrics are made employs a “bottom-up” strategy. The “top-down” strategy, in 
contrast, is used during the finishing stages, such as with printing, spray coating, or 
impregnation techniques. It has been demonstrated that the relatively new technique 
of electrospinning, which creates fibers and fabrics from processed raw materials, is 
perfect for creating nanofibers [39–42] (Fig. 2.6).
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Fig. 2.6 Smart clothing made up of nanomaterials [43] 

2.4 Conclusion 

In conclusion, nanotechnology has the potential to revolutionize many aspects of our 
everyday lives. From improving the efficiency of energy production and storage to 
enhancing medical diagnosis and treatment, the applications of nanotechnology are 
vast and diverse. One of the most exciting areas of nanotechnology is its potential to 
address some of the world’s most pressing challenges, such as climate change and 
disease. Nanotechnology can help reduce our reliance on fossil fuels by developing 
more efficient solar cells and energy storage devices. It can also aid in the develop-
ment of new medicines and therapies, such as targeted drug delivery and nano-
sensors for early disease detection. As with any new technology, there are also 
potential risks and challenges associated with nanotechnology. Research in this field 
must be conducted with caution to ensure that the benefits outweigh the risks. There 
must also be a focus on developing safe and sustainable practices for the manufac-
ture and disposal of nanomaterials. Overall, nanotechnology has the potential to 
transform our world in many positive ways, but it is important that we approach this 
technology with a responsible and ethical mindset. By investing in research and 
development, promoting transparency and accountability, and prioritizing safety and 
sustainability, we can ensure that nanotechnology is used for the betterment of all. 
Overall, this chapter “Everyday Nanotechnology” provides an overview of the 
various ways in which nanotechnology is currently being used in our daily lives,



from consumer products to medical applications. It highlights the potential benefits 
and risks associated with these applications and emphasizes the need for continued 
research and development to ensure the safe and responsible use of nanotechnology. 
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Abstract 

One of the most cutting-edge materials available today is nanomaterials. In recent 
years, nanomaterials have captured the interest of a majority of researchers due to 
their nanoscale size and distinctive physical, biological, and chemical attributes 
when compared to bulk materials. These are categorized according to their size, 
chemical make-up, shape, and origin. In this chapter we are going to learn about 
the classification and types of nanomaterials based on morphology, dimensional-
ity, size, agglomeration state, and composition. The objective is to understand all 
the types and classification of nanomaterials at a single place. Nanomaterials have 
several types, like organic-based, inorganic-based, as well as composite-based. 
The requirements for several industrial uses have led to the mass production of 
numerous nanomaterials. These are mostly formed from two types of materials:
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synthetic sources and naturally occurring nanoparticles. We go over to the 
different kinds and subcategories of nanomaterials in this chapter in detail.
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3.1 Introduction 

Nanomaterials are becoming increasingly significant as a result of technological 
developments coupled with their superiority over their bulk equivalents in terms of 
physical, chemical, and biological properties. A rationalization of their key traits is 
necessary due to the vast variety of nanomaterials that are now used in industry and 
in research publications. The size, form, aggregate &/or agglomeration structure can 
be used to distinguish the nano-objects that make up the nanomaterials [1, 2]. The 
following are the key divisions used to classify them: 

(i) According to the dimensions of nanomaterials, which range from 1 to 100 nm 
in size, 

(ii) Classification of nanomaterials based on kind, taking into account the primary 
constituents [3], 

(iii) According to their shape, which includes core-shell nanoparticles, 
nanomembranes, hollow nanomaterials, nanosheets, and complete 
nanomaterials, 

(iv) By their source of origin or source of production [4]. 

The study of nanostructures, in recent years, has become most common for many 
disciplines, for which scientists and engineers are tailoring the materials and the 
matters at the atomic levels to obtain materials with significantly improved 
properties [5] (Fig. 3.1). 

3.2 Classification of Nanomaterials 

Numerous nanomaterials are created every day as a result of the constantly 
expanding field of nanotechnology, and in order to distinguish one nanomaterial 
from another, each one must be identified based on its structure, form, size, and 
chemical synthesis. Following are some general categories into which nanomaterials 
can be divided, including size, shape, materials, sources, etc.
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Chemical compounds or materials with a size of at least 1–100 nm in 
at least one dimension are referred to as nanomaterials. 

They cannot be seen with the naked eye or a simple microscope 
therefore, modern microscopic methods are applied. They 
possess large surface to volume ratio which leads to better 
performance such as in catalysis, solar veils, gas sensors. 

Surface forces are crucial, metal nanoparticles have distinctive 
scattering capabilities, and semiconductor nanoparticles may display 
limited energy states in the electronic band structure due to the high 
fraction of atoms or molecules on the surface, which gives rise to 
their unique properties. Nanomaterials have distinct chemical and 
physical properties which changes as size and shape differs. The 
particle size can be changed to adjust the properties of Nanomaterials. 

Nanomaterials have distinct chemical and physical properties which             
changes as size and shape differs. The particle size can be changed to 
adjust the properties of Nanomaterials. 

Nano-silica, Nano-titanium, and Nano-alumina are just a few examples 
of the diverse that NMs complexity offers to the product. 

Fig. 3.1 Properties of nanomaterials 

3.2.1 Dimensions and Sizes 

As there are several types of nanomaterials being produced by researchers for 
various applications, it becomes necessary to categorize them as per their 
applications. Since these nanomaterials are merely solid particles, it is simple to 
determine their dimensions and size using various techniques. Researchers are 
actively developing diverse nanomaterials for various applications, making it essen-
tial to categorize them according to their intended uses. These nanomaterials consist 
of solid particles whose size and dimensions can be readily assessed through various 
measurement techniques. This allows for their classification based on crystalline 
structures and chemical compositions [6, 7]. Moreover, nanomaterials are 
categorized according to their dimensional properties, including 0-dimensional, 
1-dimensional, 2-dimensional, and 3-dimensional variants [8] (Fig. 3.2).
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Fig. 3.2 Classification of nanoparticles according to dimensionality 

3.2.2 On Basis of Morphology 

When compared to their bulk counterparts, the characteristic behavior of 
nanomaterials is much improved and varied at the nanoscale level. Nanomaterials’ 
optical characteristics are also influenced by their size and shape [9]. In order to 
categorize nanomaterials and determine which applications they are most suited for, 
understanding of the following morphology is crucial: 

(i) Flatness 
(ii) Sphericity 
(iii) Aspect ratio 
(iv) High aspect ratio 

(a) Nanowires, Nanohelix 
(b) Nano zigzags 
(c) Nanopillars, nanotubes 
(d) Nanofibers, nanobelts 

(v) Low aspect ratio 
(a) Nanospheres 
(b) Nanopyramids 
(c) Nano-cubes 

3.3 Carbon Nanomaterials 

Fullerene, graphene, nanodiamond, and carbon nanotubes (CNTs) are a few 
examples of the diverse class of nanomaterials known as carbon-based 
nanomaterials [5] (Fig. 3.3).
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Fig. 3.3 Different structures formed of carbon nanomaterials 

3.4 Metal Nanoparticles 

In addition, a number of metals, such as gold (Au) and silver (Ag), are utilized to 
create NMs, and also known as metal nanomaterials or inorganic nanomaterials. 
Their manufacturing such as lowering particle size to a specified nano range 
determines their application and qualities. Owing to the growing separation between 
the atomic coordinates and the unsaturated sites, when size decreases by a nanome-
ter, the atoms on the surface materials become more active [7]. The active surface 
area of metal nanoparticles, which is used in catalysis and adsorption processes, 
determines a number of critical features. In general, metal NPs like Pt, Pd, Ni, and Ru 
have both intra-band transitions like Al, Ag, Au, and Cu and can absorb light via 
inter-band transition. According to several studies, light irradiation can increase the 
catalytic activity of metal nanoparticles (NPs) [9] (Fig. 3.4). 

Fig. 3.4 Different types of metallic nanomaterials
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3.4.1 Metal Oxide Nanomaterials 

The metal oxides have a significant advantage in several applications such as 
catalysis, chemical sensors, and semiconductors [10]. Many kinds of metal oxides, 
such as TiO2, Fe2O3, Al2O3, ZnO, and SiO2, have been synthesized by sol-gel or 
hydrothermal processes. Particularly for metallic oxides, changes in their surface 
characteristics have an impact on both the bandgap energy of materials and their 
biocompatibility by supplying a surface area that is extremely active. Reactions can 
quickly alter their surface properties [11]. In green synthesis methods, fatty acids are 
employed to customize the surfaces of nanoparticles [11, 12]. This customization 
involves incorporating functional organic groups like epoxies and amines, which in 
turn can lead to changes in nanoparticle characteristics [13]. Additionally, anionic 
molecules can offer distinctive physical and chemical characteristics, such as partic-
ular analyte binding and high density [14]. 

3.4.2 Bimetallic Nanomaterials 

The bimetallic NPs, as their name suggests, are made up of two metal components 
that exhibit special qualities such as chemical stability and reactivity [15]. Addition-
ally, their size-dependent electrical and optical characteristics are being used to 
identify them. The content, shape, and size distribution all have an impact on these 
characteristics. Bimetallic catalysts are created through the straightforward grafting 
of binaphthyl moiety as stabilizers on the metallic surface and applications for 
effective catalytic processes [16]. The preparation technique has a big impact on 
the size distributions of NPs and their recycleability as catalyst materials. Bimetallic 
materials like Fe-Cu [17] and Ag-Au [18] among others showed that two metals 
combined can exhibit varied NP dispersion and stability as well as surface activity in 
addition to optical and magnetic properties. The miscibility of the two metals and the 
circumstances of preparation are just two examples of the many variables that have a 
significant impact on the nanostructure of bimetallic compounds. Bimetallic NPs can 
generally be categorized into four classes, namely Crown jewel structure, hollow 
structure, core-shell structure, and alloyed structure. 

3.5 Organic Nanomaterials 

The category of carbon-based nanoscale materials known as “organic 
nanomaterials” is suitable with biological applications due to their covalent 
connections. Noncovalent bonds are weak and quickly broken [19]. To create 
various shapes of nanomaterials like liposomes, dendrimers, micelles, and polymers, 
these organic materials can be easily tailored (Fig. 3.5).
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Fig. 3.5 Types of organic nanomaterials [20, 21] 

3.6 Nanocomposites 

Nanocomposites are made up of two different kinds of nanomaterials. These 
nanomaterials are produced by joining together nanowires, nanofibers, or materials 
of a larger size [22]. Any combination of bulk ceramic, metal, or polymer materials, 
as well as metal, carbon, or organic nanowires and nanofibers, can be used to create 
these nanocomposites. These composites are solid materials that consist of numerous 
phases, such as nanoscale repetition spacing between phases or dimensions of less 
than 100 nm [23]. Physical dimensions in the nanometer size range are always used 
while creating composite structures. A composite is created when numerous 
materials are blended to produce a variety of qualities, such as wear and gloss 
retention, flexural strength, water sorption, optical properties, etc. [24]. In accor-
dance with the Box-Behnken design, chitosan-tripolyphosphate/TiO2 

nanocomposites can be created with reduced energy and chemical adsorption of 
reactive orange dye [25]. Through a variety of interactions, composite materials 
enable enhancement of the material’s adsorption capability (Fig. 3.6). 

Fig. 3.6 Formation of polymer nanocomposite
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3.6.1 Zeolite and Silica-Based Nanomaterial 

Nanoparticles made of silica and zeolite have uses because of their distinct surface 
chemistry and mesoporous structure [26]. A few variables, including templates, 
reaction conditions, and the rate of hydrolysis, can have an impact on the size and 
pore structure of silica. By controlling the template concentration, pH of solution, 
and usage of hydrophobic chemicals, mesoporous silica nanoparticles with pore 
diameters of 2–50 nm can be produced in both basic and acidic media [27]. The most 
popular silica-based products are nano-clays, which are nanoparticles of layered 
silicates with Si atoms bonded to Al(OH)3 or Mg(OH)2 in tetrahedral to octahedral 
shapes. The van der Waals force connecting these clay layers is typically weak and is 
easily breakable by the intercalating polymer chain. Since most polymers have 
different surface energies, they are generally incompatible with the nano-clay struc-
ture [28]. The nano-clays can be altered by using a variety of inorganic chemical 
complexes, such as Pd complex (Hal-Pd) (a nano-clay supported), which is 
employed as an active heterogeneous catalyst. CNTs can also be added to select 
few other silica-based nanomaterials to improve their physical and chemical 
characteristics [29, 30]. 

3.7 Ceramic Nanomaterials 

Ceramics make up a particular sort of nanomaterial. This is further divided into 
groups based on characteristics and compositions such as heat-resistant, inorganic, 
and non-metallic solids [31]. Bio-ceramics are composite forms of calcium phos-
phate material with tiny pores that have been utilized to cover metal joint implants or 
employed as unloading space fillers for bone ingrowth, and they are made for 
biological drug administration. These materials have dimensions less than 100 nm 
[32–34]. These materials showed improved structural ferromagnetic, ferroelectric, 
electro-optical, and superconductive capabilities. By altering the doping concentra-
tion, which could result in the structural distortion of materials by eliminating 
oxygen vacancies, one can also alter the structural and physical properties of 
nanoceramics [31]. Their capacity for antibacterial activity is influenced by 
interactions between the bacteria and the surface charges of the nanoparticles. 

3.8 Semiconductor Nanomaterials 

Silicon, germanium, gallium arsenide, and other elements close to the periodic 
table’s known metalloid staircase are examples of semiconductors. Low bandgap 
energy exists in semiconductor NMs [35]. These NMs are created from a variety of 
different compounds, including those in the II–VI group (ZnO) and the III–V group 
(GaAs). Due to the quantum size effect or by expanding the surface area, materials’ 
chemical and physical properties can be changed by changing their structure to make 
them nanoscale objects. The resulting nanostructure determines the materials’ high



electrical conductivity [36]. There are broadly two categories of 
semiconductor NMs: depending on the presence or absence of impurities, or dopants 
in the material. 
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3.8.1 Intrinsic Semiconductors 

Nanomaterials made of intrinsic semiconductors are unexposed, undoped 
semiconductors that are electrically neutral because they contain an equal quantity 
of electrons and holes. Diamond, germanium, and silicon are some examples of 
inherent semiconductor nanomaterials. Having a narrow spectrum of electrical 
conductivity, intrinsic semiconductor nanoparticles are not particularly helpful on 
their own for electronic applications. 

3.8.2 Extrinsic Semiconductors 

Contrarily, extrinsic semiconductor nanoparticles have been purposefully doped 
with impurities to change their electrical characteristics. Dopants improve or reduce 
a material’s electrical conductivity by introducing extra electrons or holes. Elec-
tronic components like transistors and solar cells frequently make use of extrinsic 
semiconductor nanoparticles. 

Extrinsic semiconductor nanoparticles come in both n-type and p-type varieties. 
Nanomaterials that are N-type semiconductors are doped with impurities that pro-
vide extra electrons to the material, making it negatively charged. Silicon doped with 
phosphorus or arsenic is an example of an n-type semiconductor nanomaterial. 
Impurities doped into P-type semiconductor nanomaterials give more holes to the 
material, giving it a positive charge. Silicon doped with boron or aluminum is an 
example of a p-type semiconductor nanomaterial. On the other hand, silicon doped 
with boron or aluminum represents an example of p-type semiconductor 
nanomaterials. By employing both n-type and p-type semiconductors, various elec-
tronic applications can be enabled. 

3.9 Polymeric Nanomaterials 

Solid nanosized polymeric NMs are composed of either synthetic or natural 
polymers. These materials are frequently employed as medication release controllers 
that detect the body in pharmaceutical and medical applications [37]. Nanomaterials 
madeup of polymers includes the following: (i) polymeric micelles produced when 
amphiphilic block copolymers self-assemble in a specific solvent. Chitosan poly-
meric micelles can be used to deliver drugs because of their special properties, 
including their nanosize, stability, biocompatibility, micellar association, and low 
toxicity; (ii) polymeric NPs, which typically consist of biocompatible and biode-
gradable polymers and have an average size of 10–1000 nm. To deliver medications



to certain targets, these materials are frequently utilized [37]. The specific properties 
of the material generated are influenced by the procedures used to manufacture the 
polymer NPs [36]. In general, preparation techniques are divided into three 
categories: polymerization of monomers, ionic gelation of hydrophilic polymers, 
and dispersion of polymers; (iii) dendrimers, which are macromolecules with a size 
of less than 15 nm and 3D shapes. These materials are a new class of polymeric NMs 
that find extensive use in pharmaceutical and medical applications because of traits 
like their structure, size, and multivalence [37]; (iii) polymeric nanocomposites, 
which combine other nanofillers and polymers to produce unique properties and 
characteristics; and (iv) pharmaceutical and medical applications [38, 39] (Fig. 3.7). 
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Fig. 3.7 Polymeric nanoparticles for drug delivery systems [39] 

3.9.1 Lipid-Based Nanomaterials 

Nanomaterials such as solid lipid nanoparticles, nanostructure lipid carriers, and 
liposomes are employed in drug delivery due to their ability to transport both 
hydrophilic and hydrophobic substances, exhibit minimal toxicity, and enable pre-
cise control over drug release at specific targets within the human body [37]. These 
nanoparticles are identified because of their certain beneficial properties, such as site-
specific targeting, low cost, lack of toxicity, physical and chemical stability, and the 
possible control of both hydrophilic and hydrophobic molecules [40]. Lipid-based 
nanomaterials exhibited negative properties, such as a limited capacity for drug 
loading and drug expulsion as the materials. They can crystallize during the storage 
process [41]. They are designed to be used as drug release control materials with an 
increased stability as compared to SLNs. Liposomes have a size range of 50–100 nm 
and are composed of cholesterol and phospholipids compounds. These are suitable



for drug delivery, especially for cytotoxic drugs, due to their reduced toxicity and 
enhanced bioavailability [42]. 
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3.9.2 Metal-Organic Nanoparticles 

These are hybrid substances made up of organic ligands and inorganic metal ions. A 
high surface area, a well-organized structure and arrangement, ease of surface 
modification, and high porosity are only a few of its distinguishing characteristics. 
They have been widely employed as support materials for things like Fe-BTC 
(benzene-1,3,5-tricarboxylic acid) due to their strong surface reactivity. These 
substances serve as supports for the immobilization of enzymes. They use the 
following synthesis techniques: 

(i) Coordination modulation is a technique for creating nanoparticles by chemi-
cally regulating the connections between metal and ligand. 

(ii) Rapid nucleation is a synthesis approach that uses a regulated concentration and 
molar ratio of reactants along with accelerated heating techniques like conven-
tional, microwave, and ultrasound heating [43]. 

(iii) Nanoreactor confinement: A technique for controlling size by isolating nucle-
ation sites under constrained physical circumstances. The nanoreactor method 
controls particle size by isolating nucleation sites within specific physical 
constraints. The choice of a non-polar solvent for emulsion formation from 
uniform nano-scale droplets influences the resulting particle size [44]. 

3.10 Core-Shell Nanomaterials 

Core-shell NPs are made up of a shell material surrounding a core. They are further 
divided into the subsequent classes: 

(i) Depending on the core-shell components, organic–inorganic, inorganic– 
organic, and inorganic–inorganic types [45]. 

(ii) If particles with a core-shell have a chemical reaction, they will be coated 
physically and chemically. 

The shell is employed to keep the core’s chemical stability and increase surface 
activity. Coated core particles are intended to have particular qualities, such as 
magnetic, optical, and catalytic qualities [46]. These nanoparticles are created by 
building up a number of layers (Fig. 3.8): 

(i) The material’s core, which is the NPs’ center region. 
(ii) The top layer, which may branch with various tiny moieties, surfactants, metal 

ions, and polymeric branches. 
(iii) The substance of the shell layer differs from that of the core.
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Fig. 3.8 Schematic (a–j) different structure of core-shell nanoparticles: (a) core–shell 
nanoparticles; (b) core double-shell particles, (c) polyhedral core/shell nanoparticles, (d) core 
porous-shell nanoparticles, (e) hollow-core shell nanoparticles, (f) hollow-core double-shell 
nanoparticles, (g) moveable-core shell nanoparticles, (h) multi-core shell nanoparticles, (i) irregular 
shape core-shell nanoparticles; and (j) rod core-shell nanoparticles [47] 

Core-shell nanostructures come in a variety of forms, including the following: 

(i) A single or group of small spheres having a metal core and a shell composed of 
a separate metal. This shell could be a continuous layer, a smaller sphere 
attached to the core sphere, or a collection of core spheres. 

(ii) a nonmetal shell surrounding a metal core, 
(iii) a polymer shell surrounding a metal core, 
(iv) a nonmetal shell surrounding a nonmetal core, 
(v) a nonmetal shell surrounding a polymer-core, 
(vi) a polymer-core with numerous shells or a shell constructed of various 

polymers [48]. 

3.11 Classification of Nanomaterials on Basis of Source 
of Origin 

Based on the materials used as sources to create them, the nanomaterials are 
categorized according to where they came from. They fall into two categories: 
Synthetic nanomaterials and naturally derived nanomaterials.
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3.11.1 Synthetic Nanomaterials 

The most popular approach for creating nanomaterials is the synthetic method, 
which enables the creation of nanomaterials by biological, physical, chemical, or 
hybrid processes [49]. This technique of manufacture has a number of benefits, one 
of which is the ability to generate vast quantities of nanomaterials in bulk at once in a 
variety of shapes and sizes. The ability to precisely and accurately link various 
chemicals or reagents with nanomaterials is one crucial feature of the synthetic 
technique. But the main issue with artificially created nanomaterials is the lack of 
knowledge [50]. Additionally, they pose problems to the environment that differs 
from that of natural nanomaterials. Nanomaterials are already created from a variety 
of sources for a range of biological purposes. Two different sorts of techniques are 
often employed for the creation of nanoparticles (Fig. 3.9). 

Fig. 3.9 Synthesis approach for nanomaterials
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3.11.2 Natural Nanomaterials 

Natural nanomaterials are those created from naturally occurring resources. They 
can be created by biological species like microorganisms or plants as well as by 
human activity [15]. Because they exist in the hydrosphere, atmosphere, lithosphere, 
and biosphere, creating them is simple. Natural nanomaterials are present throughout 
the entire world. There are numerous ways to create nanomaterials, including 
volcanic eruptions, forest fires, and tree burning. Additionally, some naturally 
occurring nanomaterials can be found in the shed skin and hair of both plants and 
animals [51]. The manufacture of nanoparticles was also influenced by anthropo-
genic activities including transportation and industrial processes. Additionally, reli-
able sources of nanomaterials are dusts like cosmic dust. The production of 
nanomaterials in space is typically caused by remarkable temperature changes, 
pressure gradients, physical collisions, and shock waves under the influence of 
electromagnetic radiation. According to research, more than half of the aerosol 
particles in the atmosphere are between 100 and 200 nm in size. Furthermore, we 
can assert that human body organs including bones, antibodies, and enzymes are 
predominantly composed of nanomaterials. The body uses these nanomaterials to 
carry out typical physiological processes. If we take into account that the only 
components of DNA or RNA, the genetic materials found in animal or human 
cells, are nanoscale materials [52]. 

3.11.3 Green Nanomaterials 

Green plants are a great source of cellular bio-composites, hence they are used to 
create nanomaterials, which are a sort of synthetic nanomaterial [52–54]. Natural 
fibers found in plants are composed of cellulose fibrils with segments that are both 
crystalline and amorphous and range in length from 100 to 1000 nm. The primary 
structures benefit greatly from the superior strength and performance characteristics 
of natural fibers provided by the nano-fibrillar components found in plants. Plants 
have numerous structural characteristics. For instance, their leaves contain 
nanostructures that are employed for a variety of functions, including the sliding 
of insects, mechanical stability, enhanced visible light, and the absorption of dam-
aging UV and radiation. According to 54 different research, the circular layer in 
plants and insects that prevents them from sinking in water is made up of mounds of 
nanomaterials. 

3.11.4 By-Product Nanomaterials 

These are a subset of nanoparticles that are created accidentally as a byproduct of 
industrial processes (such as the combustion of fuel in an automobile engine) and are 
also known as subsidiary nanomaterials. Additionally, burning trees and forest fires 
can yield these nanomaterials. These are a host of naturally occurring nanomaterials,



though, and they can be found in the bodies of humans, animals, plants, insects, and 
other organisms. If we pay great attention, there is a distinction between 
nanomaterials that are intentionally created and those that are naturally occurring 
or incidental. These are nothing more than naturally occurring molecules consisting 
of atoms, which are the building blocks of all living and non-living entities. 
Interestingly, these atoms and molecules undergo multiple natural manipulations 
to create nanomaterials. Nanomaterials that are created accidentally or spontane-
ously are continually being released into the environment, underground water, and 
the atmosphere. However, the variation in structure between accidental and artificial 
nanoparticles is the main distinction [55] because artificially manufactured 
nanoparticles’ morphologies can be better regulated than those of naturally occurring 
nanomaterials. 
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3.11.5 Engineered Nanomaterials 

Engineered nanoparticles are those created by the combustion of fuels such as coal, 
oil, gasoline, diesel, and coal for transportation, making chemicals and other indus-
trial processes, or refining oil. These nanomaterials, which are commonly employed 
in the manufacturing of toothpaste, cosmetics, and sports equipment, mostly consist 
of carbon and hydroxyapatites. This is a brand-new class of artificial nanoparticles 
that have detrimental impacts on both human health and the environment. Transpor-
tation by car results in nanoparticles with a size range of 20–130 nm. Numerous uses 
for these nanoparticles are found in the healthcare sector as well. The majority of the 
nanoparticles utilized in commercial applications are designed and made utilizing 
chemical, biological, and physical processes [56–60]. 

3.12 Conclusion 

A range of nanomaterials exists with various dimensionalities (0, 1D, 2D, and 3D), 
morphologies, states, and chemical compositions, all of which significantly affect 
the way they behave. It is important to note that the substance can be harmful in 
some circumstances, particularly when it transforms into other species of 
nanoparticles, the use of NPs must still be taken into consideration [61, 62]. The 
physicochemical characteristics of anthropogenic and artificial NMs, such as size, 
chemical composition, crystal structure, surface morphology, surface charge and 
energy, and aggregation state, may be closely related to their toxicity. The 
circumstances of synthesis, processing, chemical makeup, and doses all have an 
impact on the levels of danger. Therefore, more focused research on the interaction 
between physicochemical characteristics and the toxicity of nanoparticles needs to 
be developed in the future [63].
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Abstract 

In contrast to nanomaterials to other microscopic materials made up of atomic 
attractions, they have very different features. Materials with varying nanometre 
sizes have distinct preparation methods, characterisation methods, and 
applications than bulk materials. Since nanomaterials are very different from 
their macroscopic, bulk allotropes in many ways, they necessitate specialised 
scientific and engineering methods. For a long time, various nanomaterials have 
been employed in batteries, fuel cells, and other electrochemical applications. 
Because of their structural peculiarities and superior physical and chemical 
characteristics, carbon nanotubes have been found to be preferable for conven-
tional carbon-based electrodes for use in fuel cells, supercapacitors, and batteries. 
Nanomaterials made of biomaterials, nanometals, and nanocomposites have all 
been employed in addition to those based on carbon. In this chapter, several 
structural characteristics of nanoparticles will be covered. 
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4.1 Introduction 

The form of nanomaterials, in addition to its overall size and size, as well as its 
porosity, aspect ratio, and surface roughness or surface structure all affect its surface-
to-volume ratio and other attributes. One of the ways that nanomaterials are 
categorised is based on the shape and size ratio, often known as dimensionality or 
proportion ratio [1]. This feature of the classification of nanomaterials, and how it is 
restricted to zero, one, two, and three dimensions, has already been discussed in 
previous literature. One-dimensional (1-D) objects have nanometre size in two 
directions and are also larger than 0-D, i.e., micrometre length for nanowires, and 
the most famous 1-D objects are nanotubes and multiwalled and single-walled 
nanotubes made of carbon. Zero-dimensional (0-D) objects have nanometre features 
in every direction, which is expansion in every direction if we talk about quantum 
dots, nanoparticles, and fullerenes; these are all 2-D nanomaterials [2, 3]. 

Preferably on the scale that we are able to attain by applying external forces, the 
asymmetry brought about by the forces near to surface atoms in solids alters the bond 
length of nanomaterials. When it comes to clusters and nanoparticles at the lower 
end of the nanoscale, typically between 1 and 5 nm (about 50–5000 atoms), the 
significance of the effect of these changes in bond length grows with the surface 
atom to volume atom ratio (dispersion) [4]. Although ionic bonds contract signifi-
cantly less than the other two types of bonds, it is clear that the phenomena occur in 
all types of bonds. In comparison to their parent bulk materials, nanomaterials have 
substantially greater bond energies [5, 6]. 

This chapter’s major goal is to compile and present structural characteristics of 
nanomaterials in a way that will both make them understandable to new readers and 
serve as a reminder of the diligent effort of scientists and engineers. We will discuss 
about the intricate structural characteristics of nanoparticles in this chapter, including 
those of nanocarbons, nanometals, nanocomposites, nanoceramics, and nano-porous 
materials, as well as their subtypes [1]. 

4.2 Nanocarbons 

Diamond, graphite, and amorphous carbon are three primary allotropes of carbon, 
distinguished by their crystalline and non-crystalline structures, as well as by the 
hybridization of carbon atoms within them. Diamond exhibits a cubic crystal 
structure with carbon atoms arranged in a sp3 hybridization state. Van der Waals 
forces hold the parallel hexagonal lattice planes in the layered structure of graphite, 
which is composed of sp2 hybridised carbon atoms [7]. The atoms in amorphous 
carbons are covalently bonded to one another and hybridised with a mixture of sp2 

and sp3 carbons; they lack long-range crystalline order. We are all aware that 
diamonds can be sized down to create nanoscale diamonds. Additionally, graphite 
can be broken down into lower-dimensional carbon allotropes. Graphene is the name 
given to a single layer of graphite [7]. Graphite, carbon nanotubes, and fullerenes 
have all been seen using graphene as the fundamental building block. Fullerenes are



the zero-dimensional (0-D) allotropes of carbon nanotubes, which are their 
one-dimensional (1-D) counterpart. Although CNTs and fullerenes are not singular 
structures, they do represent a separate family of structures that are extensively 
discussed in this chapter [8]. 
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4.2.1 Graphene 

The two-dimensional allotrope of carbon is called graphene. Carbon atoms are 
arranged in a hexagonal pattern on a single plane to form its structure. By 
emphasising the close relationship between graphene and its structure and 
properties, as is the case with other carbon allotropes, it is possible to characterise 
the atomic and electronic structure of graphene. Graphene demonstrates a wide range 
of exceptional and distinctive electrical and optical characteristics. By employing 
electromagnetic fields and nanofabrication, certain characteristics of graphene are 
changed. Graphene has been suggested for use in a number of mechanical, electrical, 
and optoelectronic goods. The properties and applications of graphene derivatives 
like graphene oxides are also interesting [8]. 

4.2.1.1 Structural Properties of Graphene 
Most of the structural and physical characteristics of graphene are similar to those of 
its parent substance, graphite. Two interpenetrating triangular sublattices make up 
the two-dimensional hexagonal lattice in which the carbon atoms are organised. The 
hybridised carbon atoms are sp2 . The carbon–carbon bond measures 1.42 Å in length 
[9]. The remaining p-orbital is delocalised to produce the valence and conduction in 
electronic bands and is positioned perpendicular to the plane of the carbon atoms. 
The distance between the planes is 3.45 Å, or interplanar separation. It has been 
suggested that two-dimensional structures like graphene are inherently unstable and 
that long wavelength oscillations can ruin the long-range order of 2-D crystals. Even 
2-D crystals set up in 3-D space are prone to folding [10]. Due to inherent tiny 
undulations, where the surface normal fluctuates by several degrees and is still out of 
the plane, suspended 2-D graphene sheets are unstable. Weakly linked graphene 
monolayers on surfaces have also shown periodic waves. A common feature of 
graphene is the presence of wrinkles, some of which may be several nanometres 
wide. There has also been evidence of scrolling along the edges of graphene flakes. 
When graphene is processed in a liquid phase during microfabrication rather than a 
solid or gas phase, scrolling results. Although not entirely inherent, the ripples in 
graphene cause changes in the electronic structure that have an impact on many of 
the material’s electrical and chemical properties [11]. 

4.2.2 Fullerenes 

About 25 years ago, buckminsterfullerene was identified. This discovery launched a 
new sector in materials science where several disciplines such as physics, chemistry,



medicine, mathematics, and engineering joined together. It is a clear example of 
what we now refer to as nanoscience. Thus, it demonstrates a variety of uses for 
carbon nanotechnology. 
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4.2.2.1 Structural Properties of Fullerenes 
Studying fullerenes’ crystals, or fullerites, is a necessary step in working with them. 
Isolated fullerene molecules engage in chemical interactions with other substances. 
Fullerene crystallisation produces fullerites. Under normal circumstances, these 
crystals showed hexagonal close-packing arrangements [12]. Fullerite crystals are 
typically face-centred cubic (fcc), with some orientational disorder in the molecules. 
However, as the temperature drops, these molecules become organised without 
rotation, and the fcc transforms into a simple cubic (SC) phase [13]. The bandgap 
of the semiconductor fullerite, which has a 1.5 eV bandgap, is altered by pressure. A 
rhombohedral phase is discovered when the temperature is raised by 800 °C 
[14]. Sundqvist has gone into great length about the fullerite phase diagram and 
compression behaviour. Without a doubt, research into crystals made from different 
fullerenes should continue to find new uses, perhaps in electronics [15]. 

4.2.3 Single-Walled Carbon Nanotubes 

Single-walled and multiwalled carbon nanotubes are the two types. One atomic sheet 
of carbon atoms is arranged in a honeycomb lattice to form single-walled carbon 
nanotubes, which are hollow, long cylinders with incredibly high aspect ratios. They 
have exceptional mechanical, thermal, transport, optical, electrical, vibrational, and 
structural properties [16]. These one-dimensional nanomaterials are uncommon. 
Their electrical characteristics, which span a wide variety of energy scales, are 
highly sensitive to their microscopic atomic configurations and symmetry. In numer-
ous fields, including energy storage, molecular electronics, nanomechanical devices, 
composites, chemical and biosensing, carbon nanotube research is currently being 
intensively pursued. Depending on their diameter and chirality, they can be metallic 
or semiconducting with different bandgaps [17]. 

4.2.3.1 Structural Properties of Single-Walled Carbon Nanotubes 
(SWCNT) 

In terms of structure, carbon nanotubes resemble rolled-up sheets of single-layer 
graphene because they are composed of sp2-bonded carbon atoms, just like graphite. 
Typically, they have a diameter in the nanometre range. They are classified as 1-D 
nanostructures since their length frequently exceeds microns and even centi-metres. 
Due to their diameter-dependent, direct bandgaps, semiconductor nanotubes are 
particularly used in photonic device applications. While metallic tubes have a wide 
range of electronic applications, such as power transmission cables and nanocircuit 
components, they may not always be considered ideal due to specific electrical and 
material properties [18].
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Their other characteristics can be thought of as two half-fullerene caps atop a 
graphene sheet that has been folded into a cylinder. These species’ diameters 
typically fall between 0.7 and 2.5 nm. They act like 1-D materials due to the 
extremely severe restriction along their diameter. A monolayer of sp2-hybridised 
carbon atoms set up in a honeycomb lattice structure makes up graphene [19]. The 
primitive vectors specify what type of cell it is. The two atoms of the graphene sheet 
that are recognised during the creation of the tube are then specified by the chiral 
vector, Ch, that identifies each SWCNT. Regarding the graphene primitive vectors, 
the chiral vector is defined as: 

Ch = na1 þ ma2 = ðn,mÞ 
where n and m are integers such that 0 ≤ m ≤ n. 

When the angle θ formed between Ch and a1 is a quantity of great importance for 
determining the electronic properties of the SWCNT it is called the chiral angle and 
is defined through 

cos θ=Ch . a1 j Ch jj a1 j 
The nanotube diameter can be computed from the chiral vector. 
The names armchair and zigzag nanotubes refer to the cross-sectional geometry 

along Ch [20]. The contrast between the three of these different structures will be 
crucial for understanding their electronic structure, phonon dispersion, which will 
exhibit a variety of physical characteristics. 

4.2.4 Multiwalled Carbon Nanotubes 

The elongated cylindrical nanoparticles known as multiwalled carbon nanotubes 
(MWCNTs) are constructed of sp2 carbon. They have a 3–30 nm diameter. Their 
aspect ratio can range between 10 and ten million because they can grow to be many 
centimetres long. Due to their stiffness and multiwalled structure, they can be 
recognised from single-walled carbon nanotubes. The distinct wall structure, smaller 
outer diameter, and hollow interior of carbon nanofibers are characteristic features 
that differentiate them from other carbon-based nanostructures [14]. 

4.2.4.1 Structural Properties of Multiwalled Nanotubes (MWCNTs) 
Successful mounting of semiconducting quantum dots and metallic nanoparticles on 
MWCNTs is possible. An emerging subject with significant application potential in 
photocatalysis and sensorics is the anchoring of quantum dots to MWCNTs and the 
coating of MWCNTs with inorganic nanoparticles. This material type is typically 
represented by nanocomposites of multiwalled carbon nanotubes with hydroxyapa-
tite, TiO2, rare-earth fluorides [21], etc., and WS2. Despite the fact that such 
MWCNT-oxide mixes are fairly simple to synthesise using sol-gel techniques. It is



highly challenging to verify that the inorganic particles are indeed adorning the 
nanotubes rather than generating a different phase [22]. 
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4.2.5 Modified Carbon Nanotubes 

It is commonly known that carbon nanotubes have exceptional electrical and 
mechanical capabilities. If these properties are altered, new traits may also develop. 
These modified carbon nanotubes must also undergo more research to determine 
their toxicity and biocompatibility because they differ from their pure counterparts 
[23]. By utilising a variety of microscopy and spectroscopic techniques, these small 
alterations may be understood and can significantly alter the electrical and chemical 
properties of the target molecules. 

In 1985, the first fullerene, or nanocarbon cages, was discovered. Nanotubes, 
another kind of nanocarbon, were discovered shortly after [24]. The graphene 
nanoribbons were also recently synthesised and fabricated using several methods. 
As a result, carbon is incredibly flexible and may be formed into any 
nanomorphology. But graphene and graphene nanoribbons are likewise becoming 
more and more significant. Particularly, depending on their geometry, carbon 
nanotubes have intriguing electrical, optical, and mechanical capabilities. 

4.2.6 Structural Properties of Carbon Nanofibers 

The well-known carbon nanotubes are not the same as carbon nanofibers. Their 
geometry can be visualised as consisting of regularly spaced, truncated conical or flat 
layers along the filament length, which distinguishes them from concentric carbon 
nanotubes that have a whole hollow core. These metal nanoparticles are heated to a 
high temperature. The term “carbon nanofibers” refers to flexible, sp2-based linear 
filaments with a diameter of about 100 nm. Their aspect ratio is more than 
100 [25]. Fibre-based materials are extremely valuable in both science and practice. 
Nanofibers can be used in our daily lives as well as in the creation of durable 
composites for use in automotive and aerospace applications because of their 
combination of high specific area, flexibility, and high mechanical strength. Due to 
their distinctive structure, which confers semiconducting behaviour and chemically 
active end planes on both the inner and outer surfaces of the nanofibers, these 
materials are advantageous as catalyst support materials [26]. By properly combin-
ing organic polymer electrospinning with heat treatment in an inert atmosphere, 
carbon nanofibers can be created. Due to their structure and characteristics, carbon 
nanofibers could be viewed as a one-dimensional (1-D) version of carbon (Fig. 4.1).
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Fig. 4.1 Graphical representation of carbon fibres and carbon nanotubes [26] 

4.2.7 Nanodiamonds 

Harnessing the energy of explosions, nanostructured diamond particles were initially 
created in the early 1960s. First, colloidal suspensions of distinct, 4–5 nm-sized 
nanodiamond particles. Shock wave compressions have been used to create diamond 
powders from mixtures of catalyst and carbon compounds like graphite and carbon 
black [27]. The primary grains in the polycrystalline particles were between 10 and 
20 nm in size. The polishing industry used the product extensively. Despite having 
diameters of 4–5 nm, detonation nanodiamonds (DND) have a tendency to combine. 
As a result, commercial suspensions of DND frequently contain bigger aggregates, 
some of which can reach several hundred nanometres in size and tolerate ultrasonic 
treatment. Nanodiamonds (NDs) can be easily used in a variety of applications due 
to their chemical reactivity, which enables them to take part in a wide range of 
chemical reactions and its capacity to change surface chemical groups. The least 
poisonous carbon nanoparticle known is called ND. With a specific surface area of 
428 and 57 m2 /g, respectively, for ND particles with a diameter of 4 and 30 nm, it 
can absorb and load nanoparticles. The strong optical transition makes it possible to 
identify single flaws with a microscope. In order to create effective single-photon 
emitters for quantum information processing or magnetic sensors with nanoscale 
resolution, the spin state of negatively charged NV centres can be polarised by 
optical pumping and modified by using electron paramagnetic resonance (EPR). 
Even at ambient temperature, single-colour centres exhibit remarkably good 
photostability. Nanodiamond particles synthesised by using various methods are 
related to the manufacture of particles with impurity defects that are 4–5 nm in size 
and possess stable luminescence and distinctive spin characteristics [28, 29].
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4.3 Nanometals 

4.3.1 Noble Metals 

In general, noble metal nanoparticles, including their gold and silver analogs, exhibit 
unique properties and have diverse applications in various fields of science and 
technology. Since prehistoric times, gold and silver have enthralled mankind, and 
their nanoscale uses have garnered interest for thousands of years. Nanoscale 
counterparts are being investigated because of their distinctive functional 
characteristics that set them apart from the bulk. Properties can be modified to 
have unusual capabilities by changing their size, form, composition, or local sur-
roundings. Materials’ electrical, chemical, optical, and other properties can be 
accurately controlled by altering their chemical composition at the nanoscale [30]. 

The physical, optical, and electrical characteristics of anisotropic nanoparticles 
are shape, size, and surface dependent, which makes them attractive in the context of 
contemporary materials research. However, creating these materials with exact 
control over their size and shape is the most crucial step in making use of their 
features. It takes specialised synthetic techniques to create them with exact control 
over size and shape. Top-down approaches are used to describe synthesis techniques 
because they begin with bulk materials. The following strategies are utilised in this 
process [31]: 

(i) High-energy ball milling: By grinding bulk materials, nanoscale powders are 
created. 

(ii) To create conducting nanomaterials, such as metals, wire explosion is used. An 
explosion results from the supply of a sudden, high current pulse. 

(iii) Arc discharge: To evaporate materials, alternating current or direct current arcs 
are used. 

(iv) By condensing evaporating atoms in a matrix, inert-gas condensation produces 
particle growth. 

(v) High-energy lasers used in laser ablation cause evaporation. 
(vi) Ion sputtering: Evaporation is caused by the impact of highly energetic ions, 

typically rare gases. 

4.4 Alloys on Nanoscale 

It is demonstrated that new physical phenomena, as well as novel or significantly 
altered features, occur in metal multicomponent mano-systems because of the 
enhanced freedom associated with composition and chemical ordering.: For 
instance, new structural concepts may emerge based on the size of the system, the 
energy and structural properties of the metal components. As a result, multicompo-
nent nanostructured systems exhibit properties in their catalytic activity, mechanical 
strength, plasmonic and nonlinear optical, as well as magnetic responses that are



distinct from and can theoretically be finely controlled in comparison to their pure 
counterparts [32]. 
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4.4.1 Structural Properties of Nanoalloys 

Given the fact that metal atoms can sustain a wide range of coordination numbers 
(up to 12–14) and that there are not any particularly high-energy barriers between 
different structures, which allows particles to move between them under practical 
circumstances, metal nanoparticles and nanoalloys display an impressive range of 
different morphologies and mixing patterns. 

4.4.1.1 Morphology in the Gas Phase 
The morphology, or structure, of free nanoparticles is firstly described. These are 
divided into crystalline, non-crystalline, and those specific to very small clusters. 

(i) Crystalline Forms: The atoms of the clusters of this family are situated at the 
crystalline sites character. The goal of cutting a particle from a bulk crystal is to 
reduce the surface energy of the resulting cluster as much as possible. One 
method is to produce cuts by only exposing closely spaced facets, which gives 
the octahedron shape—two opposed square pyramids sharing a base 
[32]. Despite the close packing of all octahedron faces, the particles shape, 
high surface-to-volume ratio prevents it from optimising surface energy. Cutting 
the vertices of the octahedron, which results in a truncated octahedron, allows 
for the creation of clusters with more spherical shapes. This structure has five 
rotational axes in total. 

(ii) Non-crystalline: Icosahedral clusters can only have (111) closely spaced facets, 
reducing the surface energy of the cluster. Since the Mackay icosahedra are 
severely stressed, it is possible that icosahedra are only the most advantageous 
forms at small sizes. There are other non-crystalline structures besides 
icosahedra [32, 33]. The Ino decahedron represents another structure. Two 
pentagonal pyramids sharing a base make up this building. Although it only 
has (111) closely spaced facets on its surface, the object is far from spherical in 
shape. Although it is desirable to truncate the five corners of the pyramids to 
expose (100)-like facets, this cut rarely results in the best possible decahedron, 
as illustrated in Fig. 4.2 [33]. 

4.5 Magnetic Nanostructure and their Properties 

The unique magnetic features found at the nanoscale, such as superparamagnetic, 
enhanced magnetic moment, high saturation field, form anisotropy, etc., make 
advancements in magnetic nanostructures particularly beneficial. Dots, 
nanoparticles, nanocrystals, nanowires, nanotubes, and thin films are some of the 
typical morphologies of magnetic nanostructures. Magnetic nanoparticles of various



sizes and shapes have been created, and their structural property connections have 
been identified, thanks to the new development of new synthesis and fabrication 
techniques. Remanence enhancement, random anisotropy, and gigantic magnetore-
sistance effects are seen when the size of magnetic materials approaches those with 
size-specific magnetic characteristics. Shape and surface anisotropy are induced in 
nanostructured materials, and thickness dependence of anisotropy is seen in thin 
films [34]. A variety of geometries, including nanoparticles, nanoparticle arrays, 
nanowires, nanodots, nano rings, nanotubes, and thin films, can be used to create 
magnetic nanostructures. A magnetic nanoparticle array can be created by self-
assembling magnetic nanoparticles onto a substrate surface after they have been 
implanted in a liquid to create a composite. Two-dimensional nanoparticle arrays 
may be used for high-density magnetic recording. The following categories apply to 
magnetic nanostructures based on the relationship between structural and magnetic 
properties:

• Materials in bulk that have a nanoscale structure.
• Isolated particles with nanoscale diameters. 
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Fig. 4.2 Face-centred cubic cluster decahedron 

At the nanoscale level, thin-film or multilayer magnetic nanostructures have one 
dimension [35]. To create a heterostructure of thin films, magnetic and nonmagnetic 
layers are placed on top of one another. Interesting magnetic phenomena such as 
perpendicular anisotropy and moment changes at surfaces and interfaces can be 
observed in magnetic thin films [31]. Due to factors such as shape anisotropy, 
magnetostatic interactions, localized magnetic modes, spin waves, and current-
induced magnetization reversal, the two dimensions in a nanowire structure display 
fascinating magnetic property. By depositing magnetic nanowires onto a surface and 
leveraging surface anisotropy, one can harness specific properties for various 
applications in nanotechnology. Between classical and quantum magnets, magnetic 
molecule clusters exhibit peculiar qualities.
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4.6 Nano-ceramics 

Because of their optical, magnetic, and electronic characteristics, metal oxide 
nanoparticles are a significant class of materials with numerous uses, including as 
catalysts, sensors, optical materials, electrical materials, and magnetic storage. This 
chapter also covers the use of nano-oxides as sorbents for environmental treatment. 
Nano-crystalline functional oxide metals are utilized for their unique electrical, 
magnetic, and optical properties in various materials. These characteristics make 
nanostructured metal oxides valuable in a variety of applications, including magnetic 
storage, optical materials, electrical materials, sensors, catalysts, and sensors 
[36]. Depending on their bandgaps, metal oxides can function as semiconductors 
or insulators. They behave as semiconductors when the bandgap value is less than 
3.5 eV, and as insulators when the bandgap value is greater than 3.5 eV. Iron oxides 
are coloured because of their narrow bandgap, but zinc oxides are colourless because 
of their wide bandgap. 

4.6.1 Structural Properties of Nano-ceramics 

Materials can first be categorised according to their bonding, underlying 
characteristics or structures, or provenance. Depending on the long or short range 
of crystallographic ordering, they can either be crystalline or amorphous [36]. They 
are classified as opaque, transparent, semi-transparent, or reflective materials based 
on their surface finishing and their dielectric properties. In several high-tech fields, 
functional materials now have a very significant role. These materials are categorised 
based on the tasks they can carry out rather than their origin, kind of bonding, or 
processing methods. Actually, considering metal oxides, metal sulphides, tellurides, 
arsenides, bimetallic, and of course metals themselves, the prospective novel 
materials based on nanostructure are even more diverse than the solid components 
of the Periodic Table. Bandgaps for semiconductors, magnetic moments, specific 
temperatures, melting points, surface chemistry, and morphology/particle form are 
among the characteristics that change in the nano regime [37]. 

4.6.2 Piezoelectric Nano-Ceramics 

As it is more suited for the commercial production of ceramics, the unique creation 
of an unorthodox pressure-less two-step sintering strategy including densification 
without grain growth is thought to be especially promising [38]. This method made it 
possible to create high-density pure barium titanate (BT) ceramic samples, which let 
researchers better understand the size effect in BT ceramic systems at the nanometre 
scale and address practical commercial applications. BSPT ceramics have been 
created using a two-step sintering process, with average grain sizes ranging from 
the micrometre scale down to 10 nm [39].
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4.7 Graphite Oxide 

Nanometre-thick sheets having infinite lateral dimensions, such as graphene, are 
commonly referred to as two-dimensional nanomaterials. Applications in sensing, 
catalysis, and energy storage might benefit from the unusual electrical properties and 
accentuated surface effects produced by the quantum confinement in the thickness 
direction. Many new techniques have been developed, including silicon carbide 
(SiC) vacuum graphitisation, metal-ion intercalation, liquid-phase exfoliation of 
graphite, chemical vapour deposition (CVD) growth, and metal-ion intercalation. 
Although each method has merits and demerits of its own, GO was thought to be one 
of the most promising routes to graphene because it can be processed using wet 
chemicals and is widely available in monolayer form [40]. 

4.7.1 Structural Properties of Graphite Oxide 

At least six alternative structural models for GO have been proposed based on the 
characterisations. The first model was altered in 1946 by adding hydroxyl groups to 
the lattice and corrugating the basal plane, both of which were likewise stoichiomet-
rically regular. For the first time in 1957, the presence of hydroxyl groups in this 
model explained the hydrogen content of GO, and they were later reinforced by 
C=C bonds, ketone and enol groups, as well as carboxylic groups at the margins. 
This model was altered by the stereochemistry into a corrugated carbon layer made 
up of ribbons of quinoidal structure alternately coupled with opened, chair-
conformer cyclohexane rings [40, 41]. 

4.8 Compound Crystals 

Due to the large number of RIM atoms with dangling bonds, graphite nanoparticles 
are well recognised for being unstable and, under the right circumstances, closing 
into fullerenes and nanotubes [42]. It was suggested in 1992 that this feature is not 
unique to carbon-based nanoparticles but also applies to those made of layered 
inorganic materials. In fact, layered materials and later a variety of other layered 
compounds were used to create inorganic fullerene-like nanoparticles and inorganic 
nanotubes [43]. 

4.9 Nanostructures 

Nanoparticles, fullerenes, nanorods, nanobelts, nanowires, and nanotubes are 
examples of zero- and one-dimensional nanostructures that frequently have distinct 
properties from single-crystal to bulk materials [44]. Nanostructures have a very 
high surface-to-volume ratio and a relatively tiny number of atoms in their smallest 
dimension. As a result, their shape, interfaces, and structure, down to the level of a



single atom, may significantly affect their properties. For instance, a particle’s 
electrical properties may be strongly influenced by the interfaces between different 
phases or compositions inside the particle as well as the atomic configurations of the 
different areas. 
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High internal stress affects nanostructures created by the outside-in mechanism. 
In contrast, identical nanostructures are made by using inside-out, nucleation, and 
growth synthetic processes appear to have more relaxed mechanical properties. It 
should be emphasised that both the number of first layers generated and the electron 
diffraction were used to estimate the structure [45]. 

4.10 Glasses on Nanoscale 

Glasses are said to be homogeneous in their design. However, heterogeneity can 
occasionally be found at the molecular level. The fabrication of nanostructured 
glass-derived materials can take advantage of heterogeneities such as amorphous 
phase separation, incipient crystallisation, and concentration gradients. One of the 
often-employed spectroscopic techniques for characterising the structure of glassy 
materials is nuclear magnetic resonance (NMR), which also serves as the foundation 
for new NMR approaches [46]. 

Some of the structures that can be formed in glasses include lanthanide-
containing nanocrystals, quantum dots, and metal nanoparticles. A final viewpoint 
for glass waveguides including these nanoscale heterogeneities is offered. Glasses 
are special so they may be produced in any form [47]. 

The following are the top three definitions of glasses: 

(i) Glasses are amorphous solids because of their lack of translational symmetry 
and non-crystalline structure [36]. 

(ii) Glasses are made of amorphous materials that exhibit Tg. 
(iii) Glass-transition temperature: not exhibiting sufficient internal stability, as seen 

in real glasses, to permit the observation of a phase transition of the second 
order [48]. 

(iv) Any thermodynamically metastable condition that is frozen comprises all 
possible metastable phases for the system in question. 

However, in some instances, a number of advanced characterisation approaches 
have shown molecule size heterogeneity. Such heterogeneities would be exemplified 
by concentration gradients, amorphous phase separation, and nuclei in the early 
stages of crystallisation. With new, emerging qualities, it is possible to create glass 
ceramics or nanoceramics with small crystal volume fractions and crystal diameters 
of a few nanometres [46, 48]. For generations, the creation of glasses and glass 
ceramics has been based on the manipulation of matter at the nano- and 
sub-nanoscale. As a result, in the virtually unlimited list of anticipated applications, 
nanoscale characterisation is important.
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4.11 Nanocomposites 

4.11.1 Carbon in Polymers 

The mechanical, electrical, and other properties of the resulting composites are 
significantly influenced by the dispersion and orientation of these fillers as well as 
by the interfacial adhesion between the filler and the matrix material (Fig. 4.3) [49]. 

Due to their strong sp2 hybridised carbon–carbon bonds and flawless hexagonal 
forms, nanotubes and graphene have outstanding mechanical properties. For more 
than a century, carbon-based nanoparticles like carbon black have been employed as 
reinforcement for polymers. Despite being primarily a particulate filler, carbon black 
has structure, and the networks that the particles form provide better reinforcing that 
would be possible with individual particles [51]. 

Fig. 4.3 Graphene in all possible forms 15 [50]
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4.12 Nanoparticle Dispersion 

The oldest cave paintings, made of various kinds of dyestuff such as haematite, 
charcoal, manganese oxide, and red and yellow ochre, are more than 30,000 years 
old. These paints, i.e., dispersions were made by grinding the solid followed by 
mixing in water, grease, and sometimes blood. The basic recipes were quite similar. 
To adjust colour, milled particles of several different minerals, including calcite, 
gypsum, lime, haematite, goethite, etc., were used. Lampblack or charcoal water-
based inks were created with the addition of gum and sugar. Natural dyes as well as 
silver and gold powders were used for colouring. With the development of the press 
in 1450, oil-based inks including carbon black and metal particles (Cu, Pb, Ti) were 
created that appropriately moistened various lead-based alloy kinds [52]. Similar to 
the paints used in ancient times, they are still useful now. Traditional paint for 
wooden houses has always been ochre and seal oil. 

4.13 Nano Porous Materials 

An intriguing class of nanostructured material with nanosized porosity is known as 
nano-porous metals. Nano-porous metals can be divided into two groups based on 
the porosity distribution: those with a regular pore distribution and those with a 
random porous structure [53]. Dealloyed nano-porous metals have a three-
dimensional discontinuous void structure with a length scale of few nanometres to 
hundreds of nanometres, and thermal annealing and other processes can change the 
characteristic size to as large as several microns. The nano-porous metals’ pore size 
and microstructure can be precisely controlled by the template technique, but 
dynamic manipulation of the dominating length scale is almost impossible. Metallic 
formations that range in length from a few micrometres to more than one centi-metre 
are different from nano-porous metals. Nano-porous metals have prospective uses in 
the areas of catalysis, fuel cells, sensors, actuators, etc. [54] 

4.13.1 Nano-Porous Metals 

Transmetallation, hydrothermal synthesis, filter casting, electrodeposition, surfactant 
emulsion template, one-step square-wave potential pulse treatment, and 
wet-chemical approach are only a few of the known ways to make nano-porous 
metals. However, the dealloying technique is currently the most widely used tech-
nique for creating nano-porous metals with random porosity structure 
[55]. Dealloying is the process of selectively removing one or more alloy 
components. The development of nano-porous structures during the dealloying or 
depletion gilding process was unknown at the time.
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4.13.1.1 Structural Properties of Nano-Porous Metals 
The characteristics of nano-porous metals, particularly the typical length scale of 
ligaments/channels, are intimately related to their microstructure. Metals with nano-
porous microstructures are easily controllable. The precursor microstructure, the 
type of electrolytes used, and other constituent elements are among the factors that 
influence the final outcome in this context. Surface diffusion of the more noble 
element along the alloy/solution contact causes the creation of nano-porous metals 
during the dealloying process [56]. By modifying the dealloying parameters and the 
associated electrochemical environment, we may regulate the microstructure of 
nano-porous metals. As a result, by dealloying, nano-porous metals typically display 
a ligament-channel structure with a length scale of only a few nanometres. Face-
centred cubic (fcc) nanocrystals are randomly arranged within the nano-porous 
metal [57]. 

4.14 Zeolites 

Zeolites are organic substances that have been a part of our environment since the 
dawn of human history. They developed into the twentieth century’s wonder 
substances. Their employment in the catalysis of numerous sorts of processes is 
made possible by the diversity of their three-dimensional channel system, their pore 
size diversity, which can reach nanometre dimensions, their customisable structural 
properties, and the confined environment they give [57, 58]. 

4.14.1 Structural Properties of Zeolites 

One of the most popular zeolites is Linde type A zeolite. Either a combination of 
double 4-ring (4–4) units or a truncated octahedral joined together by double 4-rings 
can be used to describe it. Truncated octahedra and truncated cuboctahedra are 
connected to one another through 6-membered rings and other cavities, respectively, 
to form the pore structure [59]. Zeolite A is most commonly used for ion exchange 
and as adsorbents. Synthetic faujasite materials are mainly zeolite X and zeolite 
Y. The sodalite cages in the faujasite structure are arranged in a diamond-like 
pattern, with 6–6 secondary building units (SBUs) connecting them. The primary 
cavities of faujasite material, which are in addition to the sodalite cages, measure 
around 11 in diameter and are joined by 12-membered rings with apertures that are 
7.4 in diameter [60].
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4.15 Mordenite 

Mordenite was first created by Barrer and is a naturally occurring mineral. Its 4- and 
5-membered ring structure creates a porous system that is enclosed by 8- and 
12-membered rings. The porous system comprises 8- and 12-membered ring-shaped 
pores in linear channels that are oriented along the crystallographic c-axis (6.77.0) 
[57]. A supplementary pore system with 8-membered rings connects these channels 
together. Although initially identified as an 8-membered ring small-pore zeolite, a 
fault-free structure with adsorption characteristics in line with a 12-membered ring 
pore system can be synthesised. Mordenite has a larger silica content than zeolite A, 
X, or Y, which contributes to its superior thermal stability. The mordenite structure 
includes 5-membered rings in addition to a greater Si/Al ratio, which is expected to 
improve the material’s acid site strength [60, 61]. 

4.16 Porous Anodic Aluminium Oxide 

One of the usual self-organised fine structures, porous anodic aluminium oxide 
(AAO), has uniformly sized, cylindrical pores that are grouped in a hexagonal 
pattern. AAO has frequently been utilised as a model for creating nanostructures 
out of a range of materials [61]. 

4.16.1 Structural Properties of AAO 

AAO with homogeneous cylindrical pores can be used as a mould to create 1-D and 
nano-heterostructures, two types of nanostructures. The resultant nanostructures can 
have controlled widths and lengths by varying the pore diameter and the AAO 
template’s thickness [62]. In fact, these nanostructures follow the outline of the AAO 
pattern. Thus, by carefully determining the geometry of the nanochannels in the 
AAO template, it is possible to create nanostructures with linear and even more 
intricate designs (such as branching and step shapes). One of the most popular 
templates for the synthesis of 1-D nanostructures, such as NWs and NTs, is an 
AAO with homogeneous and dense pores. In the nanochannels of AAO templates, 
1-D nanostructures of different materials, such as metals, semiconductors, and 
nonconducting and conducting polymers, can be built. The pore size of the template 
determines the diameters of the 1-D nanostructures [63]. 

4.17 Porous Silicon and its Properties 

By electrochemically etching crystalline silicon, porous silicon (PS) is a nano-
porous material created. Porous silicon has historically been studied for its strong 
visual luminescence and the potential to create effective light emitters made of



silicon. It permits practically constant fine-tuning of etched nano-porous structures 
from the scale of a few nanometres to tens of microns [64]. 
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Since then, PS has had a sharp increase in interest due to the interesting prospects 
of creating effective silicon-based light-emitting devices. And some fundamentals of 
Si are still not fully understood. PS morphologies still are not available. Typically, 
aqueous hydrofluoric acid (HF) solutions are used to etch PS [65]. Surfactants are 
often included into solutions or mixed with another solvent (such alcohols, dimethyl 
sulfoxide (DMSO), or dimethylformamide (DMF)). Such additives improve wetta-
bility and lower surface energy, allowing solvent to easily fill pores. Additionally, 
the hydrogen that develops during etching may be removed effectively without 
bubbles, which would otherwise result in pore inhomogeneities and surface rough-
ness. The typical length scales for PS might range from a few nanometres to tens of 
micrometres. Low-doped substrates and concentrated HF solutions yield the bigger 
macropores. Due to tiny current holes that reach their surface and the fact that their 
growth orientation is not parallel to the carrier flux, side-pores grow at a slower rate. 
The majority of the carriers are efficiently collected by the primary pore, which 
expands more quickly. Increased separation between the terminals of pores 
expanding along lateral ones’ termination is the overall result. The specifics of the 
etching circumstances have a significant impact on the final PS structure. A thin 
transition layer appears during the initial etching period. In this layer, pores attempt 
to arrange themselves into a porous structure that is consistent with the etching 
conditions rather than growing in a steady state regime and with a regular structure 
[66]. The reduced anisotropy of the etching process in p-type substrates is one of the 
primary distinctions between p- and n-type silicon. In reality, a p-doped 
semiconductor’s high hole density encourages chemical etching and causes a signif-
icant lateral increase of pore size during the etching process. Pores on n-type 
substrates tend to be more rounded, but on p-type substrates, where there is less 
anisotropy in the etching process, it is possible to realise complex-shaped structures 
from a basic geometric pattern [67]. 

4.18 Organic and Biomaterials 

Organic nanomaterials offer the potential benefits of creating building blocks using 
synthetic chemistry at multiple levels and open the bottom-up route for the synthesis 
of organic and polymeric nanostructures, thanks to the utility of weak noncovalent 
interactions for the design and self-assembly of molecules one by one into desired 
structures. It is still difficult and demanding to assemble precise nanostructures over 
broad surfaces, to tune noncovalent interactions for effective assembly, and to 
understand the dynamics and model of the self-assembly process. In reality, despite 
the significant effort put into modifying their morphologies and functionalities, 
organic nanomaterials have been predicted to play an active role in optoelectronic 
devices [68].
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4.18.1 Properties of Organic Nanomaterials 

Organic nanomaterial morphology control has had mixed results. Modulating the 
molecular structures in a succession of derivatives is a typical method for controlling 
organic nanostructures. The morphologies of inorganic nanostructures have been 
effectively regulated by selecting the right materials and altering the synthesis 
processes, which is a crucial task for nanoscale science. An n-type semiconductor 
molecule has its own nanobelt architectures. The nanobelts have a length that varies 
from ten to a few tens of micrometres. The measurement of electron diffraction and 
polarised microscope imaging have been used to infer the highly organised molecu-
lar packing (uniaxial crystal phase). The molecules are stacked one on top of the 
other in the observed optical axis [69]. 

A clear impact of side-chain substitutions on the morphology of perylene diimide 
molecule self-assembly was also observed with two derivatives that had side-chains 
that were distinctly different from one another. The two molecules completely differ 
in morphologies during self-assembly as a result of differing side-chain 
interference [70]. 

4.19 Nanocomposites as Bone Implant Materials 

Researchers have been working on several man-made materials that may be utilised 
as a suitable replacement for natural bone and are inexpensive and simple to 
construct as a result of the growing need for a bone implant material. The potential 
for achieving the goal is quite high as nanotechnology in the field of medicines 
continues to progress. Nanocomposites have a great deal of potential for usage as a 
suitable bone implant material since they are the result of coordinated efforts in 
tissue engineering and nanobiotechnology to create the optimal orthopaedic implant 
[71]. Major goals of this chapter are to clarify nanocomposite as a potential next-
generation bone implant material, along with reviewing current/conventional bone 
implant materials and their drawbacks. The goal of this review is to provide brief and 
pertinent information on different nanofabrication procedures, the characterisation 
of nanocomposites, and the in vitro and in vivo biocompatibility research of these 
materials. Although significant advancements are still required to put 
nanocomposites into practical use, initial research suggests that they are a perfect 
implant material for orthopaedic applications. Current trends in nanobiotechnology 
point to a bright future for the use of nanocomposites in orthopaedics. In the initial 
studies investigating the impact of nanometer-sized ceramics, it was demontrated 
that Osteoblast adhesion significantly increased on nanophase alumina and titania 
substrates when compared to conventional micrometer-sized substrates [71, 72].
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4.20 Nanofiber Biomaterials 

In view of their special qualities and capacity to interact with cells at the same scale 
as natural extracellular matrix fibrils, nanofibers have drawn interest. There are 
numerous approaches to control the nanoscale structure and properties of 
biomaterials, thanks to new fabrication technologies [73]. 

Compared to current micro- and macroscale biomaterials, nanofiber biomaterials 
provide a variety of benefits. Due to the small size, high surface area, surface 
characteristics frequently outweigh those of bulk materials. Extracellular matrix 
(ECM), which is made up of biopolymer fibrils and fibres that structurally keep 
cells together, is a component of every tissue in the human body. It acts as a network 
of insoluble signals for communication between biochemical and biomechanical 
systems. Designing and utilising nanofiber biomaterials for tissue engineering and 
medical device applications requires an understanding of the fundamental functions 
of the ECM. The ECM’s fundamental composition and characteristics in relation to 
how cells interact with nanofibers. Although these nanofibers have a lot in common, 
there are structural variances as well, depending on the circumstances of 
manufacturing and the polymers utilised. The nanofibers’ predominant structural 
characteristic is a-helix. When they are shaped into scaffolds, they have an incredibly 
high-water content, which is advantageous for some tissue engineering applications. 
The environmental factors and the amino acid sequence of the peptide nanofibers 
play a significant role in determining their final structure. By controlling the self-
assembly, these can create protein nanofiber matrices in a range of planar 
geometries [74]. 

4.21 Conclusion 

Nanostructured materials have recently garnered significant attention due to their 
array of remarkable chemical, mechanical, electrical, and optical properties. The 
general interest in carbon studies has increased dramatically as a result of the 
discovery of fullerenes. For many years, CNTs and other materials containing 
carbon have been employed in fuel cells, batteries, and other electrochemical 
applications. Due to their better physical and chemical properties, carbon nanotubes 
have been demonstrated in numerous studies to be preferable to conventional 
carbon-based electrodes for use in fuel cells, supercapacitors, and batteries. Expo-
sure studies are crucial to the precise description and management of their risks, and 
adequate characterisation will improve the future of produced nanomaterials in terms 
of toxicity, ecotoxicity, and management of their risks. Ideally, one should measure 
one or more fundamental metrics, such as diameter, shape, aggregation state, and 
surface area, on the most relevant samples in media that accurately represent the 
significant biological or environmental questions. To accurately analyse the physi-
cochemical characteristics of nanoparticles, standardised tests and methodologies for 
characterisation are required.
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Carbon Nanomaterials in the Field 
of Theranostics 5 
Fayu Wan, Atul Thakur, and Preeti Thakur 

Abstract 

Numerous unique nanomaterials have been discovered as a result of the rising 
demand for nanotechnology that will be used in the biomedical and pharmaceuti-
cal sciences. Drug delivery systems made of nanomaterials have enormous 
potential for implementing nanotechnology in medical settings. Graphene, 
reduced graphene oxides, carbon dots, and fullerenes are just a few examples of 
the many carbon-based compounds that have attracted a lot of attention in recent 
years. Because of their excellent mechanical, electrical, thermal, optical, and 
chemical properties as well as their unique structural dimensions, these materials 
have attracted a lot of attention in a number of sectors, including biological 
applications. Recent research has focused on imaging of cells and tissues as 
well as the delivery of therapeutic molecules for the treatment of disease and 
tissue restoration. A promising imaging agent for tumor diagnosis, carbon-based
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nanomaterials have a broad-range one-photon property, are biocompatible, and 
are simple to functionalize. Deep-tissue optical imaging is made possible by the 
intrinsic two-photon fluorescence property of carbon-based nanomaterials in the 
long wavelength range (near-infrared II). This chapter explains the potential and 
promising diagnostic and therapeutic applications of carbon-based nanomaterials 
for the treatment of many diseases, including cancer, and highlights current 
developments in one-photon and two-photon imaging.
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5.1 Introduction 

The term “theranostics” combines the words “therapeutics” and “diagnostics.” Using 
and developing nanomedicine strategies for cutting-edge theranostics is the goal of 
nano-theranostics. Nano-theranostics includes both nanoscale diagnosis using 
equipment like MRI, PET-CT scans, etc., and nanoscale therapy using equipment 
like chemotherapy, radiotherapy, photodynamic therapy, etc. [1, 2]. The process of 
using one radioactive drug to detect (diagnose) and another radioactive drug to 
administer therapy to both the primary tumor and any metastatic tumors is known 
as theranostics. John Funkhouser, who at the time served as the CEO of 
Pharmanetics, coined the term “theranostics” in 2002. The term, which is effectively 
a portmanteau of the words “therapeutics” and “diagnostics,” describes the 
Pharmanetics business strategy for creating diagnostic tests to spot cancer cells 
and administering certain remedies. The theranostic approach is personalized, 
using both diagnosis and therapy tools as part of the treatment. 

Carbon-based nanomaterials (CBNs) have had a significant impact on the bio-
medical field over the past few decades due to their ability to deliver therapeutic 
molecules and enable the visualization of cells and tissues, both of which are 
necessary for the treatment and cure of diseased and damaged tissues [3]. Examples 
of CBN (CQDs) include fullerenes, carbon nanotubes (CNTs), graphene (G) and its 
derivatives (graphene oxide (GO)), nanodiamonds (NDs), and carbon-based quan-
tum dots. The graphic suggests that CBN could be employed for photothermal 
therapy, photodynamic therapy, drug/gene delivery, bioimaging, cell fluorescence 
labeling, stem cell engineering, and biosensing. CBNs unique optical properties, 
including their inherent fluorescence, tunable narrow emission spectrum, and great 
photostability, make them potentially helpful for imaging and diagnosing cells and 
tissues. Additionally, to enhance their properties, their surfaces can be modified with 
functional groups (carboxylic acid, hydroxyl, and epoxy). CBN has a high surface 
area and exceptional optical, mechanical, and electrical properties, making it one of 
the most sought-after and qualified choices for theranostic applications. The 
biological safety of CBNs, which is related to their aqueous stability and interactions 
with cells and tissues, is one of the main difficulties for their real biomedical



application. Recent studies have sparked interest in their possible role in anti-
inflammatory and anticancer treatments. For instance, CBN induces reactive oxygen 
species (ROS), which results in DNA and lipid damage as well as cell death, when it 
is taken up by cancer cells [4]. Additionally, the effects of graphene materials on 
macrophage metabolism include an increase in ROS levels, disruption of the mito-
chondrial membrane, and cell death by apoptosis [5]. Conversely, biofunctionalized 
CBN improves delivery efficiency by lowering clearance and raising body retention. 
The optical properties of CBN have recently enabled significant progress in 
one-photon and two-photon imaging applications, among other things. Raman 
imaging [6, 7], photoacoustic (PA), up-conversion near infrared (NIR), and other 
optical (even non-optical imaging) modalities have received a lot of attention 
recently. CBNs are high-performance one-photon and two-photon imaging agents 
with a variety of multifunctional, multimodal, and multiple functionalities. This is 
now a widely accepted fact. As a result, they exhibit great potential for use in 
diagnostics and cell labeling for the treatment of diseases and the regeneration of 
damaged tissue. As a result, various organizations have recently researched the 
synthesis of CBN and its novel applications; however, the theranostic applications 
received little attention. In this chapter, the theranostics applications of CBN are 
emphasized, along with its pertinent attributes such as optical characteristics, bio-
compatibility, and in vivo applications. We first discuss the mechanisms that led to 
the development of the various imaging properties of CBN, then we highlight their 
promising uses as diagnostic and therapeutic nanomaterials [8] for the treatment of 
cancer and a number of other diseases, and finally we discuss the opportunities and 
difficulties associated with developing future usable theranostic platforms. 

5 Carbon Nanomaterials in the Field of Theranostics 83

5.2 Carbon Nanomaterials 

Although the presence of fullerenes (C60, C70, and C84), which are carbon-based 
compounds, was predicted in 1970, C60 was only identified in 1985. Although 
certain fullerenes, such as C60, have oblong shapes resembling rugby balls, most of 
them (such as C70) are spheroids. The 1991 discovery of the carbon nanotube (CNT) 
tremendously benefited further research into carbon-related nanomaterials. The 
structural properties of a one-nanometer-diameter tube formed from a one-atom 
thick sheet of graphite can be rolled into a range of qualities depending only on 
how the nanotubes are rolled [9, 10]. CNTs are very stiff because of their high tensile 
strength and modulus. Their one-dimensional nanotubular structure also greatly 
enhances and frequently even surpasses that of conductive metals in terms of 
electrical and thermal conductivity. CBNs have been researched in a variety of 
other fields, including composite materials, energy research, catalysis, data storage 
devices, sensors, and bioelectronics, as well as most recently biomedicine and 
theranostics. Several important studies on CBN (and their blends and hybrids) 
have been conducted, especially for medicinal and diagnostic purposes (Figs. 5.1 
and 5.2).
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Fig. 5.1 Applications of carbon-based nanomaterials (CBNs) in theranostics [11] 

Fig. 5.2 Allotropes of carbon 

5.2.1 Fullerenes 

On account of its unique photophysical and photochemical properties, buckminster-
fullerene (C60), a fullerene discovered in 1985, has generated a lot of interest. 
Buckminsterfullerene belongs to the class of spherical fullerenes. Because they are 
key sensitizers for the photoproduction of singlet oxygen (1O2) ROS, fullerenes are 
employed for blood sterilization and photodynamic cancer therapy [12–14]. How-
ever, a significant obstacle to fullerenes’ usage in nanomedicine is their 
dispersibility. The fundamental issue is their limited solubility in many solvents, 
particularly water, where singlet oxygen has an extensive lifespan. In order to 
increase fullerenes’ solubility in water, a number of techniques have been devised 
to functionalize them with hydrophilic groups. As a result, the created fullerenes



have prospective applications as antibacterial, antiviral, and antioxidant agents. 
Fullerenes’ ability to scavenge free radicals like reactive oxygen species (ROS) 
and reactive nitrogen species (RNS) and act as an antioxidant has fueled its use in 
biological applications. Cells are helped by derivatives of glutathione C60 to avoid 
apoptosis brought on by nitric oxide [15]. When human mast cells (hMCs) and 
peripheral blood basophils were pre-incubated with C60, the IgE-dependent mediator 
generated by these cells is significantly inhibited, demonstrating the role of 
fullerenes as a negative regulator of allergic reaction. Fullerenes are another group 
of prospective photosensitizers. Depending on the polarity of the medium, they can 
absorb photons in the visible and ultraviolet ranges to create triplet fullerene species 
that are photoexcited as well as singlet oxygen, or ROS. Furthermore, fullerenes can 
be equipped with light-harvesting antennae to increase the quantum yield of ROS 
generation. Therefore, cancer treatment and microbial eradication can be accom-
plished by the use of fullerenes in photodynamic therapy (PDT). 
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The cage-like nanoscale structure of fullerenes enables the production of molec-
ular or particulate entities with one or more functional groups covalently bonded to 
the fullerene cage surface in a geometrically controlled manner. In this case, it is 
appropriate to use receptor ligands for agonizing or antagonizing cellular and 
enzymatic functions as well as targeted drug transport across biological membranes. 
A different method of preparing fullerenes for use in pharmaceutical applications 
that improves distribution, absorption, and delivery efficiency is liposome formula-
tion. Although fullerene medicine has achieved significant scientific advancements, 
clinical studies have not been successful due to concerns about the long-term safety 
and toxicity of fullerenes. In contrast, fullerene-based cosmetics have been examined 
for long time in clinical settings and utilized in human skincare, suggesting that at 
least topical fullerene treatment is risk-free [16–18]. Due to the great attraction of the 
fullerene cage for Gd3+ ions, which prevents their release into biological 
environments, there are less long-term safety issues connected with Gd3+ ions. As 
multivalent drug delivery systems with the potential for diverse targeting features, 
fullerenes have the capacity to self-assemble into fullerosomes (Fig. 5.3). 

5.2.1.1 The Advantages and Disadvantages of Using Fullerene 
in Medicine 

Due to its extensive surface area, fullerenes have the potential to encapsulate a 
diverse range of atoms and molecules within their structure. New fullerene-derived 
photosensitizers (PSs) have greater MRI activity. Instead of the conventional PS 
used for PDT, fullerenes display less photobleaching and are more photostable. 
Fullerenes can be used in conjunction with light-harvesting antennas, electron 
transport dyads, and other components to shift absorption wavelengths toward the 
red end of the spectrum. These coupled antennas could be helpful in facilitating the 
charge separation and electron transport processes. Additionally, a medicine’s dos-
age and mode of action in biological systems can be modified by modifying the 
chemical makeup of fullerenes. Both natural and functionalized fullerenes have the 
ability to kill cancer cells after being cultured. In addition, they have the ability to 
render viruses, fungi, and bacteria dormant. In vivo studies show that they can kill



tumors or inhibit their growth in mice. Pure fullerenes are exceedingly hydrophobic 
and have a tendency to cluster in wet environments. Even when they are 
functionalized with water-soluble polar groups, this defect might not entirely be 
rectified. Their harmless, non-toxic molecular structure sets fullerenes apart. 
Fullerenes may be absorbed by several cell types after entering the body and result 
in a range of cellular alterations, including modifications to viability, proliferation, 
inflammatory reactions, and oxidative reactions. The molecular weight of C60 is 
720 g/mol, which is quite heavy. When numerous additional moieties are conjugated 
to the cage, the MW might rise considerably. 
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Fig. 5.3 A type of carbon called fullerene (Buckminsterfullerene) is made up of 60 carbon atoms 
linked together to create an approximately spherical “buckyball” (which looks rather like a soccer 
ball). The image is from the MDPI article “Carbon-Based Nanomaterials for Delivery of Biologicals 
and Therapeutics: A Cutting-Edge Technology” which is an open access article [19] 

The primary restriction is the toxicity that results from the in vivo release of metal 
ions during metabolic activities. The expensive expense of acquiring them is another 
restriction on their utilization.
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5.2.2 Nanotubes Made of Carbon 

Carbon nanotubes (CNTs) are seamless cylinders made by rolling up graphene 
sheets that have special inherent characteristics. CNTs are divided into two 
categories: single-wall carbon nanotubes (SWCNTs) and multiwall carbon 
nanotubes depending on how many graphene layers are present in the cylindrical 
tubes (MWCNTs) [20]. SWCNTs and MWCNTs have diameters that range from 0.4 
to 2.5 nm and a few nanometers to 100 nm, respectively. Van der Waals forces 
govern the interactions between layers in MWCNTs, and a variety of 2D crystal 
combinations with various electrical, optical, and mechanical characteristics can be 
used to create multilayered CNTs, which can be used to create a variety of physical 
phenomena and functional devices [21]. One of the main obstacles to CNTs employ-
ment in nanomedicine, however, is their poor dispersibility. Multiple 
functionalization pathways have been created as a result to spread them out and 
thereby increase their biocompatibility. Covalent functionalization is possible 
through the defective carbon atoms on the sidewall or at the end, where carboxylic 
acid groups or carboxylated fractions are created through oxidation and later chemi-
cally altered through amination or esterification. Grafting various polymers, metals, 
and biological molecules onto the surfaces of carboxylated CNTs has recently 
become popular. Despite the fact that it is widely acknowledged that when the 
surface of CNTs is properly functionalized (modified), their cell and tissue compati-
bility can be significantly improved, the biocompatibility (cell and tissue toxicity) of 
CNTs has been raised as a practical concern, and numerous in-depth studies are still 
in progress [22, 23]. 

Biosensing, illness diagnosis, and treatment are just a few of the many biomedical 
applications where functionalized CNTs have opened up vast possibilities. They are 
used to deliver therapeutic compounds such as medications and genes as well as to 
detect a variety of biological targets and enable biomedical imaging. Their inherent 
spectroscopic characteristics, including photoluminescence and Raman scattering, 
can offer useful tools for monitoring, identifying, and imaging illnesses. They can 
also aid in tracking the status of in vivo therapy, pharmacodynamic behavior, and 
drug delivery effectiveness. 

5.2.2.1 Medical Applications of Carbon Nanotubes: Benefits 
and Drawbacks 

The biodistribution and biodegradability of CNTs is a critical topic from the 
viewpoint of their potential usage in living things. Hydrophilic nanotubes and 
other nanomaterials [24] that are soluble in human fluids do not have any harmful 
or deadly effects. It is demonstrated that nanotubes have good biocompatibility, 
comparable to that of the polysulfone frequently used in medicine. The beneficial 
electrical properties of single-walled nanotubes are one of the primary distinctions 
between them and multi-walled nanotubes. The number of layers affects the 
properties of multi-walled nanotubes. Tensile strength, flexibility, and high heat 
conductivity are the key benefits of nanotubes in terms of their mechanical, thermal, 
kinetic, and electric properties (Fig. 5.4).
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Fig. 5.4 Applications of 
carbon nanomaterials for 
delivery of biologics and 
therapeutics [19] 

Conversely, due to this nanomaterial’s physical resemblance to asbestos fibers, 
there are worries over potential cytotoxicity. Cytotoxicity in CNTs is concentration-
dependent [25, 26]. The quality of CNTs is harmful to the cells. SWCNTs that are 
not fully purified are typically more cytotoxic [27]. Additionally, the toxicity of 
CNTs may differ depending on their length. It has been demonstrated that the 
stronger the cytotoxic influence on cells or tissues, the longer the fibers are [28]. It 
is important to keep in mind that the toxicity of CNTs is influenced by the degree of 
surface functionalization and the type of functional groups attached. 

5.2.3 Graphene and its Byproducts 

Another class of sp2 nanocarbon materials, graphene is a single or few-layered 
two-dimensional sp2 bonded carbon sheet that exhibits a wide range of remarkable 
physics and chemistry features. Graphene has been extensively researched in a 
variety of sectors ever since it was discovered in 2004. By leveraging the interesting 
optical, electrical, and chemical capabilities of graphene, numerous graphene-based 
biosensors have been developed to detect biomolecules with high sensitivity



[29]. For use in drug delivery, graphene’s poly-aromatic surface structure with its 
extremely high surface area allows for the efficient loading of aromatic drug 
molecules via p-p stacking. It has mechanical rigidity of 1060 GPa and a thermal 
conductivity of up to 3000 W m-1 K-1 [30]. Individual graphene sheets exhibit 
exceptional electrical transport capabilities, according to recent findings. 
Incorporating graphene sheets in a nanocomposite substance is one approach that 
might be taken to take advantage of these characteristics for biomedical purposes. 
Additionally, the perfect nanometer-sized graphene fragments known as graphene 
quantum dots (GQDs) have unique features that make them desirable candidates for 
a wide range of innovative biomedical applications. These qualities include being 
effective electro-catalysts and attractive fluorophores because of their photostability, 
water-solubility, biocompatibility, nontoxicity, and profitability [31]. 
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Since virgin graphene, despite having excellent electrical conductivity, is weakly 
soluble in water, derivatives of graphene have been developed, including graphene 
oxide, reduced graphene oxide, few-layer graphene oxide, and chemically altered 
graphene. GO and rGO are good choices for the synthesis of biocompatible 
nanocomposites and are substantially more well-suited to sol-gel chemistry. The 
Hummers method can be used to produce large surface area single layers of GO 
sheets, which are the oxygenated equivalents of one-atom thick graphene sheets. A 
wide range of biotechnologies, including drug delivery, nanoprobes, cellular imag-
ing, and biosensors, have made use of GO. The functional groups at the edges and on 
the surface of GO cooperate to block electron transfer. Because of this, the electrical 
conductivity of GO is lower than that of its reduced form (rGO). GO-based 
nanocarriers have received a lot of attention recently for anticancer medication 
delivery and imaging due to their high drug loading and effective delivery capability. 
They have a specific surface area that is more than twice as large as the majority of 
nanomaterials, at roughly 2600 m2 g-1 . In contrast to pure graphene, GO also 
exhibits excellent water dispersibility and a pH-dependent negative surface charge 
to maintain strong colloidal stability. However, salt media like phosphate buffered 
saline and cell culture media that are high in protein might cause GO to aggregate. 
One more intriguing quality of many aromatic medicinal compounds, including 
doxorubicin, a strong anticancer medication, can be loaded using GO, which is 
physisorption via p-p stacking [32, 33]. GO is a potential material for biological 
applications because of its tiny size, inherent optical characteristics, high specific 
surface area, low cost, and advantageous non-covalent interactions. Additionally, 
GO can release medication molecules in response to stimuli like NIR light, which 
strengthens the case for using it as a delivery vehicle. To fully comprehend the 
in vivo features of GO, including its blood circulation, inflammatory reactions, and 
clearance mechanism, more thorough research will be required. 

5.2.3.1 The Benefits and Drawbacks of Graphene Use in Medicine 
The numerous properties of graphene and materials made from it can be easily 
changed. Particular characteristics including biocompatibility, rigidity, flexibility, 
and thermal properties have drawn a lot of attention. Theranostics and controlled 
medication delivery systems both use nanoparticles because of their precise timing



and increased permeability. Researchers have developed graphene-based sensors for 
detecting biological molecules, thanks to graphene’s capacity to hold pharmacolog-
ical compounds with aromatic rings, interaction with nucleic acids, and potential for 
attaching diverse chemically active groups to the fundamental lattice structure (and 
ultimately selected cells). In addition to being employed as surfaces for enzyme 
immobilization and medication packaging, graphene derivatives are also used as 
vectors in gene treatments [34, 35]. 
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Since carbon-based nanomaterials cannot biodegrade, potential toxicity and 
environmental risks are worries. However, Kotchey et al.’s research was able to 
demonstrate that GO was susceptible to biodegradation by using an oxidative attack 
with hydrogen peroxide and horseradish peroxide. Unfortunately, this has not yet 
been done in the instance of the R-GO. This research could aid designers in 
developing safer biodegradable graphene-based products, lowering the dangers to 
both human health and the environment. There are various applications for pristine 
graphene in biomedical research that are not feasible because of its hydrophobicity 
and unstable homogenous dispersion [36]. The detrimental biological effect (such as 
apoptosis, increased cell death, cytoskeleton abnormalities, or inflammation) appears 
to be reduced by thorough cleaning, proper reducing agent or surfactant selection, 
and adequate material preparation. Additionally, the discovered results can be used 
to cutting-edge therapeutics, such as novel anticancer medications that cause cancer 
cells to undergo regulated apoptosis. 

5.2.4 Atomic Carbon Dots 

Carbon quantum dots (CQDs) are tiny carbon nanoparticles with a size of less than 
10 nm. The first study on quantum-sized dazzling and colorful photoluminescence 
CQDs, using surface passivation and laser ablation of a carbon target, was published 
by Sun et al. in 2007 [37]. Recently, intensive study has been conducted on 32 CQDs 
to produce high fluorescence quantum yields (QY) using straightforward synthesis 
methods. Synthesis of organic materials, such as natural polymers (from sources like 
chitosan, gelatin, and other sources), has frequently been used to make CQDs. 
Additionally, vegetables, grape peel, apple juice, and amino acids have been used 
to make CQDs. Several simple and affordable processes have also been developed 
for the synthesis of CQD, such as laser ablation, electrochemical oxidation, combus-
tion/thermal microwave heating, aided synthesis, chemical oxidation, hydrothermal 
carbonization, and pyrolysis. Utilizing a one-step solvothermal approach (referred 
to as DMEU), Nitrogen-doped carbon quantum dots (CQDs) were successfully 
synthesized with uniform characteristics. This synthesis method employed 
nitrogen-rich solvents like N-methyl-2-pyrrolidone (NMP) and dimethyl-
imidazolidinone. Recently, a straightforward chemical procedure was developed to 
produce -C(O)OH-modified CQDs, which is expected to be a unique method for 
attacking CNTs with acid. In order to modify the fluorescence properties of the



CQDs, additional surface defects have been added, their size has been altered, and 
chemical changes have been made. 
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5.2.4.1 Medical Applications of Carbon Quantum Dots: Benefits 
and Drawbacks 

CQDs can be produced in a variety of ways, offering full control over the synthesis 
procedure and associated costs. They successfully inhibit a number of cancer types, 
including MCF-7 and MDA-MB-231 (human breast cancer cells), it was also 
discovered. The simplicity of adding alterations and modifying them for absorption 
in accordance with cell needs is another benefit of this carrier. A further indication 
that CQDs are suited for serving as photosensitizers is the possibility that they 
concentrate selectively within tumors, have a high tumor-to-background fluores-
cence contrast, and have low fluorescence levels in other tissues and organs. An 
important advantage of this carbon nanomaterial is its great solubility. 

Depending on the type of surface functional group that may have an impact, 
nonspecific cellular binding is one of the main downsides. Additionally, nonspecific 
protein adsorption of 66 kDa serum protein albumin from conventional blocking 
solutions may occur on the surface of quantum dots [38]. 

5.2.5 Nanodiamonds 

The fact that NDs are composed of tetrahedrally bonded carbon atoms arranged in a 
three-dimensional (3D) cubic lattice gives them the properties of diamond and an 
onion-shaped carbon shell with a layer of functional groups on their surface. 

Bonds between sp2 and sp3 exist. NDs are extremely flexible and can adopt two 
different geometrical shapes. A stretched diamond face, for instance, may behave 
like a graphene plane, while a puckered graphene sheet may mimic a diamond 
surface. The unique characteristics of NDs are incredibly intriguing, and they get 
better as they go smaller. According to theoretical study, NDs with a band gap less 
than 2 nm will have quantum confinement implications. The size and properties of 
NDs are impacted by the synthetic process, as was previously mentioned (Fig. 5.5). 

It is easy to functionalize NDs with a variety of ligand molecules that act as 
platforms for the conjugation of different biological molecules, chemicals, and 
medicines. Due to their extensive surface area, straightforward functionalization, 
and simplicity of doping, NDs have been researched as theranostic agents. Nitrogen-
vacancy (NV) defect centers, which are NDs that include an atom of nitrogen next to 
a vacancy, are what give NDs their optical characteristics and make it possible for 
them to be employed as photoluminescent probes. By blasting NDs with high energy 
particles like electrons, protons, and helium ions, vacuum annealing at 600–800 °C 
is utilized to create NV centers. Both of these particles produce vacancies that 
migrate and are eventually captured by nitrogen atoms found in diamonds. The 
NV centers also emit a strong glow between 550 and 800 nm. NDs are a useful 
fluorescent probe for single-particle tracking in heterogeneous situations due to their



high emission quality and low cytotoxicity. When functionalized, their biocompati-
bility is known to be superior to that of carbon black and single- and multi-walled 
CNTs (Table 5.1) [32]. 
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Fig. 5.5 As a complement to 
fullerenes and carbon 
nanotubes, diamondoids 
(nanometer-sized, hydrogen-
terminated diamond 
hydrocarbons, or 
nanodiamonds) are now being 
developed [38] 

5.3 Why Imaging and Delivery Are Necessary 

The potential of CBN as platforms for therapeutic and one-/two-photon imaging has 
recently come to light. The strong chemical inertness, straightforward 
functionalization, high photobleaching resistance, biocompatibility, large surface 
area, and high two-photon absorption cross-section of CBNs over QDs and conven-
tional fluorescence dyes are just a few of their many advantages. These features are 
especially helpful for use as theranostic nanoparticles. One of their optical modes, 
two-photon fluorescence microscopy (TPFM), offers a number of benefits over 
traditional fluorescence imaging methods, including superior 3D spatial resolution,



Fullerenes nanotubes dots

deep-tissue penetration, and little tissue autofluorescence or phototoxicity. To be 
effective in TPFM, two-photon fluorophore nanomaterials must have a wide 
two-photon absorption cross-section, high fluorescence quantum yield, low photo-
decomposition quantum yield, low toxicity, and low photo-leaching. Over the past 
few decades, significant effort has been made to design and produce two-photon
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Table 5.1 Different types of carbon nanostructure, as well as their variations, derivatives, and 
theranostic uses 

Graphene 
family Carbon Carbon quantum 
nanomaterials 

Derivatives 
and 
members 

Mono-, bi-, 
multilayer 
graphene, 
graphene 
oxide (GO), 
reduced (GO) 

C60, C70, and 
other endohedral 
metallofullerenes 

Single-walled 
carbon nanotubes 
(SWCNTs), 
multi-walled 
carbon nanotubes 
(MWCNTs) 

Graphene quantum 
dots, carbon 
quantum dots 

Modification Oxidation: 
PEG, folic 
acid, and 
chitosan to
-COOH 
Ether-carboxyl 
cycloaddition 
to -OH 
Non-covalent 
surface coating 
through 
sorption 
Ni/au 
Aptamers 
Therapeutic 
substances 
Polymers 
(PEI) (PEI) 
Protein, BSA, 
and Fe3O4 

Poly-
hydroxylation 
and 
carboxylation 
are examples of 
oxidation 
PEGylation 
Particular 
covalent 
functionalization 
Glycosylation 
Anions and 
cations 
Lanthanide ion 
chelation and 
encapsulation, 
such as Gd3+ 

The combination 
of cyclodextrin 
sorption 

Ozone oxidation 
to -COOH: 
Folic acid, PEG 
Cycloaddition 
Non-covalent 
surface coating 
through sorption 
Protein, BSA 
Glycolipids 
Surfactants 
PEGylated 
phospholipids 
with Fe2O3 DNA 
Polysaccharides 
Surface 
amplification 

Covalent bonding 
of amine-
containing agents 
to oxygen-
containing groups. 
Chelation of 
lanthanide ions 
(e.g., Eu3+ ) 
Sol–gel technique 
Doping with N, S, 
and P elements 
Nanohybrids with 
inorganic 
nanoparticles (e.g., 
iron oxide, zinc 
oxide, silica, and 
titania) 

Use of 
theranostics 

Imaging and 
delivery of 
drugs/genes 
A 
photodynamic 
treatment 
Tissue 
manipulation 
bacterial 
resistance 
Biosensing 

Drug/gene 
delivery 
Magnetic 
resonance, 
photoacoustic 
imaging 
Photodynamic, 
photothermal 
therapy 
Enzyme 
inhibition 
Antioxidants 

Acoustic 
photothermal 
treatment 
Imaging, 
magnetic 
resonance 
Peptide, gene, 
and drug 
delivery, 
biosensing 

Drug/gene delivery 
and imaging 
Photodynamic 
therapy 
Biosensing 

References [39, 40]



fluorophores with a variety of compositions, including organic dyes, quantum dots, 
gold nanoparticles, and carbon-based compounds. A promising nanoplatform for 
therapies and two-photon imaging is being developed by CBN among them [41]. In 
order to find the optimal bioimaging and diagnostic applications, it is therefore 
necessary to investigate the origins of CBNs photo-reactivity as well as a variety 
of techniques for modifying their optical properties [42].
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5.4 Carbon Nanomaterials for Treatment of Cancer 
(Specifically Used for Breast Cancer) 

5.4.1 Drug Release 

Chemotherapy and hormone therapy are the two main cancer treatments used to get 
rid of or control cancer cells all over the body. The term “chemotherapy” refers to the 
intravenous or oral administration of chemotherapy drugs. Chemotherapeutic drugs 
can have a number of adverse effects, including hair loss, nausea, vomiting, tired-
ness, and an increased risk of infection. This is because, despite their extraordinarily 
high efficacy, these drugs are not selective for cancer cells. Taxanes (paclitaxel and 
docetaxel) and anthracyclines (doxorubicin and epirubicin) are the most commonly 
utilized chemotherapy drugs. Between 60 and 70 percent of all breast cancer cases 
involve hormonal therapy, which is the use of medications like estrogen to block 
hormones that promote the growth of cancer cells. The efficacy of this kind of 
treatment depends on the biological characteristics of people with hormone receptor-
positive (estrogen-receptor-positive or ER+) condition. Fulvestrant, tamoxifen 
(TAM), and aromatase inhibitors are typical drugs. TAM is a “antiestrogen,” more 
particularly a selective estrogen receptor modulator (SERM), which binds to the 
estrogen receptors on breast cancer cells to block the impact of the hormone. Since it 
has been shown to be successful in both early and advanced stages in women of 
different ages, TAM is currently utilized to treat the majority of ER+ breast cancers. 
TAM, though, also has drawbacks [43, 44]. 

While treating breast cancer, some of the major limitations of standard drugs 
include their unfavorable pharmacokinetics, restricted biodistribution, lack of selec-
tivity, and tissue damage. These side effects might be prevented if drugs were only 
given to specific body areas. As a result, the dosage of pharmaceuticals and their 
concentration in unimportant areas reduced the side effects of chemotherapy and 
hormone therapy. In this regard, research is being done on the possibility of using 
carbon nanoparticles to provide medications for the treatment of cancer and breast 
cancer. These substances are thought to be effective mechanisms for regulating drug 
release in the body, enhancing the efficacy of treatments, and reducing their toxicity. 
Carbon nanomaterials, however, have certain limitations due to their chemical 
functionalization and structural characterization, including their insolubility and 
slow reproduction rate. Their use in medicine has also been thoroughly tested due 
to their potential toxicity. Carbon nanoparticles are exceedingly poorly soluble in 
aqueous or biological environments when they are in their native condition or have



not been chemically functionalized. In the latter case, the simple or complex 
molecule aggregates that give the nanomaterial its special features are not present. 
Since typical drugs have a propensity to accumulate excessively in biological 
settings and have a high vulnerability to enzymatic oxidation, which makes it 
challenging for the body to discard them, insolubility is significant in toxicology 
research. As a result, fullerenes, CNTs, and graphene are being chemically 
functionalized to a greater extent, increasing their solubility and reducing their 
toxicity in living organisms, making them more suitable for the administration and 
delivery of drugs. CNTs are of great interest to scientists due to their large surface 
area, high surface area, tubular structure, chemical stability, mechanical resistance, 
and ability to pass endothelial, vascular, and tumor cell membranes [45, 46]. 
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Due to their surface and strong electrical and thermal conductivity, CNTs can 
bind to the walls and extremities of molecules including drugs, peptides, and nucleic 
acids. Therefore, CNTs are considered a possible replacement for the administration 
and delivery of medication. The very hydrophobic and insoluble fullerene can even 
be chemically functionalized to become more soluble. For instance, cationic-
functionalized fullerenes have a stable solubility and are more effective at binding 
anionic residues in cancer cells, enabling the targeted and controlled delivery of 
drugs. 

5.4.2 Contrast Agent 

Today’s medical community values early detection of breast cancer tumors since, in 
the vast majority of cases, it makes disease eradication possible. The contrast agent 
technique has received a lot of attention since it allows for the real-time detection of 
breast tumors. In order to identify antigens expressed on the surface of specific 
malignancies, this approach employs specific antibodies. These specific antibodies 
are added to fluorescent molecules or fluorophores, enabling them to absorb electro-
magnetic radiation (light) at specific wavelengths and emit it at longer ones. Two 
common contrast agents (CAs) used in magnetic resonance imaging (MRI) are 
gadolinium complexes and superparamagnetic iron oxides; however, they normally 
cannot permeate cell membranes. This packaging on or inside of carbon 
nanostructures allows CAs to be taken up by cells. Although gadolinium, a lantha-
nide metal, is the most often used contrast agent in MRI, new research has focused 
on reducing the side effects and dosage requirements of this metal while also 
enhancing the selectivity of desired organs and tissues. Carbon nanoparticles have 
been shown to be 1–2 orders of magnitude more effective than regular CAs and to 
produce dose reductions. Carbon nanostructures also have the capacity to cross cell 
membranes and combine with pharmaceuticals. Therefore, potent medical imaging 
together with efficient contrast agents must be created in order to increase the 
sensitivity and specificity of breast cancer diagnosis. 

Carbon nanotubes have been shown to be an appropriate scaffold for contrast 
agents because they can be utilized to hold imaging agents like fluorescent labels and 
radionuclides. This aids in the creation of high-quality pictures and the early



detection of breast cancer. According to research, CNT can transport imaging 
chemicals, and functionalized MWCNT can be employed as efficient cell probes 
for MRI. In vivo MRI on mice showed that CNTs functionalized with Gd 
(Gd-CNTs) have the ability to serve as a useful contrast agent. Additionally, 
phospholipid functionalization increases the biocompatibility of CNT, making it 
more stable while circulating in the reticuloendothelial system. Fullerene and its 
derivatives have recently been recognized as one of the most promising agents for 
cancer imaging due to its distinct physicochemical properties. In this regard, poly-
hydroxy fullerenes (PHF) have shown their potential value for cancer imaging. 
Additionally, PHF nanoparticles functionalized with amines (PHF-NH2) were dis-
covered to be water soluble and to exhibit green fluorescence with a quantum yield 
of roughly 17%. Additionally, due to their high surface charge, PHF-NH2 
nanoparticles have excellent fluorescence properties and may infiltrate cell lines 
quickly, including breast cancer cells (MCF-7) in vitro. In addition, endohedral 
fullerenes, which are enclosed carbon structures resembling cages and containing 
straightforward or intricate molecules, have been successfully employed as MRI 
contrast agents [47]. Chelates are commonly employed in MRI studies due to their 
outstanding contrast capabilities. These chemicals contain gadolinium (Gd + 3) and 
other heavy metal ions in their structures. The frequent metal loss or transmetalation 
processes (release of Gd + 3 in the body) that these people undergo have a negative 
impact on patients with renal or hepatic failure. Recent studies suggest that this can 
be avoided by introducing Gd + 3 molecules into the cavity of the fullerene cage 
before functionalization. This makes the chelate contained in the nanomaterial very 
soluble and non-toxic [48]. 
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One of these fullerenes, the metallofullerenol Gd@C82(OH)22, has a potent 
immune system-activating effect on T cells when utilized as a contrast agent in 
MRI. Metallofullerenol successfully suppresses the growth of tumors (paclitaxel) 
while being less hazardous than several common anticancer drugs used to treat 
breast cancer, such as taxol. In order to carry chemotherapeutic drugs or imaging 
agents for the diagnosis and treatment of breast cancer, fullerenes, graphenes, and 
CNTs can all be functionalized [49, 50]. This provides an added benefit for these 
systems and makes it possible for them to support the detection of cancer as well as 
the targeted and careful delivery of medication. 

5.4.3 Photodynamic Therapy 

Surgery and radiotherapy are two breast cancer treatments that are routinely used to 
remove, eliminate, or suppress cancer cells in a specific place. Contrary to radiother-
apy, which is frequently recommended after surgery to reduce the risk of recurrence, 
surgery allows for the identification of the extension of the tumor and is frequently 
used to remove the breast (mastectomy) or the portion of the breast containing the 
cancerous tumor (breast-conserving surgery). However, since both radiotherapy and 
surgery require invasive treatments, side effects are frequently reported [51].
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A minimally invasive, clinically approved therapy called photodynamic therapy 
(PDT) has the power to eliminate malignant cells only. PDT requires light, a 
photosensitizer, and molecular oxygen. The procedure is applying a photosensitizer 
topically or intravenously to malignant cells, followed by exposure to a certain 
wavelength of light (within the absorbance band of the photosensitizer). The excited 
singlet oxygen produced by the electronically excited photosensitizer, which is 
cytotoxic and damages the tumor microvasculature as well as significantly alters 
the tumor microenvironment, is created by the transfer of energy from the ground 
state of molecular oxygen to the excited singlet oxygen. Through apoptosis or 
necrosis, this leads to the direct destruction of tumor cells [52]. In an effort to 
replace the invasive thermal procedures now used to eliminate tumors or cancer 
cells in breast cancer patients, recently, the properties of carbon nanomaterials and 
their potential use in PDT have been studied extensively. Due to the existence of 
carbon nanomaterials in PDT, cancer cells develop light-sensitive molecules (carbon 
nanomaterials), which subsequently absorb infrared radiation from an infrared 
camera and transform it into heat when oxygen is present. This results in cytotoxic 
effects that permanently photodamage cancer cells. Carbon nanomaterials have been 
used to ablate solid tumors in breast. The first study on ZnMCPPc-spermine-
SWCNT (zinc mono-carboxy phenoxy phthalocyanine upon conjugation to 
spermidine, as a targeted molecule, and then adsorbed onto SWCNT) (MCF-7)'s 
production, photophysical characteristics, and PDT activity was published by 
Ogbodu et al. [53]. In the absence of light, ZnMCPPc-spermine in SWCNT was 
found to be relatively safe in an in vitro cytotoxicity assay on cancer cells (MCF-7). 
The outcomes also demonstrated that PDT is enhanced by the addition of 40 mM 
spermine, with a 97% reduction in cell viability. Researchers developed a multifunc-
tional system based on fullerene C60, iron oxide nanoparticles, polyethylene glycol, 
and folic acid that has several uses, such as applications for radiofrequency-assisted 
heat therapy, PDT, and magnetic targeting. Furthermore, neither in vitro nor in vivo 
toxicity was discernible in the results of the trials [54]. Nurunnabi et al. [55], 
however, developed a carboxyl functionalized graphene nanodot that functions as 
a potential agent for the non-invasive imaging of cancer in deep tissue/organs and 
efficiently kills breast cancer cells (>70% of MDA-MB231 cell line) through a 
combination of photodynamic and photothermal effects. Although the results of the 
aforementioned studies suggest potential uses for carbon nanomaterials in photody-
namic treatment, a number of obstacles must yet be overcome before this approach 
can be widely used to treat breast cancer. 

5.4.4 Photothermal Therapy 

PTT kills aberrant cells in malignant tissues by causing external light-induced 
hyperthermia without harming healthy tissue. Through the increased permeability 
and retention (EPR) effect, carbon nanomaterials like CNTs and graphene selec-
tively concentrate in tumors and exhibit extraordinarily high levels of intrinsic 
absorbance in the biological transparency windows located within the NIR window



(750–1700 nm) [56]. Additionally, simultaneous imaging and therapy are possible 
due to the robust fluorescence of carbon nanomaterials, whose emission wavelengths 
range from visible to NIR-II window. The right surface modified carbon 
nanomaterials can circulate in vivo with longer half-lives than other nanomaterials 
like different gold nanostructures, copper sulfide (CuS) nanoparticles, and organic 
nanoparticles. The first carbon nanomaterial used for PTT was single-walled carbon 
nanotubes (SWCNT), In a mouse intravenously injected with PEGylated SWCNTs, 
Choi et al. reported photothermal ablation of human epidermoid mouth carcinoma 
KB tumor in 2009 [57]. The treated mice had a considerably lower tumor volume 
than the untreated mice. For effective PTT, Dai’s group reported using SWCNTs 
noncovalently functionalized with PL-PEG and C18-PMH-PEG in 2010 [58]. This 
method led to a high passive tumor absorption. This was the first study to use 
SWCNTs to scan tumors in the NIR-II window and the first time these nanomaterials 
were administered systemically for PTT. Numerous research have since been 
conducted for PTT in an effort to reduce injection dose and irradiating power 
density. Due to its significant absorbance in the NIR window, graphene and its 
derivatives have also been successfully used for PTT in addition to SWCNTs. In 
2010, Liu et al. used a fluorescent labeling and imaging approach to examine 
PEGylated nano-GO behaviors in mice following intravenous (i.v.) injection and 
discovered the EPR impact of malignant tumors [59]. Because of the strong uptake 
into the tumor, the photothermal agent nGOPEG was able to effectively remove all 
tumors when exposed to an 808 nm laser at a power density of 2 W cm2 for 5 min. 
Although the injected doses (20 mg kg1 ) and NIR laser densities (2 W cm2 ) are 
comparable to those of other photothermal agents like gold nanoparticles, the results 
showed that nGOPEG looked to be an excellent in vivo tumor NIR PTT agent 
without demonstrating obvious toxicity. It is widely known that a decrease in GO 
may result in significantly increased optical absorbance in the NIR range. Dai et al. 
revealed that ultra-small reduced nanographene oxide (nRGO) could be synthesized 
by the reduction of PEGylated GO, demonstrating a considerable increase in absor-
bance in the visible to NIR window. This could minimize the required dosage and 
laser power density for PTT. The nRGO-PEG could function as a highly effective 
targeted photothermal agent for in vitro selective cancer cell ablation by further 
coating with PEGylated phospholipid and conjugating with an RGD-targeted 
peptide. 
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5.4.5 Biosensors 

It is imperative to create biosensors that can recognize cancerous tumors, particularly 
for breast cancer, whose early detection is essential for its eradication. Biosensors are 
capable of detecting tumor markers at such low quantities (traces), while other 
techniques such as imaging investigations may fall short. Further study has been 
conducted on the use of carbon nanoparticles as biosensors as a result. Engineers 
from the University of California, San Diego have developed a graphene sensor that 
may detect mutations and early-stage breast cancer [60]. According to research from



the University of Manchester, graphene oxide is also non-toxic to healthy cells and 
can be utilized to cure cancer by specifically targeting cancer stem cells. Despite 
their youth, these techniques have shown positive results in both the prevention and 
treatment of breast cancer [61]. 
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5.4.6 Molecular Biology/Gene Delivery and Carbon Structures 

Gene therapy is the technique of treating disease with therapeutic nucleic acids, to 
put it simply. Despite being one of the leading causes of death worldwide, chemo-
therapy is the main treatment for cancer. However, chemotherapy drugs also attack 
normal tissues in addition to cancerous ones. It follows that the search for safe 
substitutes for traditional medication to treat cancer and other disorders like infec-
tious diseases, single-gene diseases, and cardiovascular diseases is not surprising 
[62]. Nucleic acids are often delivered using one of the two techniques: Ex vivo 
therapy includes injecting the therapeutic nucleic acids into the target cells, letting 
them grow in a dish, and then injecting them back into the patient. In contrast, 
nucleic acids can be supplied in vivo by encapsulating them in nanocarriers and then 
being administered directly to the patient’s cells [63]. Genes attached to delivery 
vectors will improve cell transfection because naked DNA plasmids are prone to 
degradation and have brief half-lives. Therefore, the vector needs to be secure, 
deliver nucleic acid to the cytoplasm or nucleus of the target cell, be nuclease-
resistant, and be economically feasible. 

The transfection rate in viral delivery of nucleic acids (typically adeno-associated 
viruses and retroviruses) is quite high, despite the fact that nonviral vectors can get 
over the main issues with viral delivery of genetic material, such as immunogenicity 
and carcinogenicity [64]. The costs of preparation and the negative consequences of 
using viral vectors are reduced with the use of nonviral vectors. In addition, protein/ 
nucleic acid complexes like Cas9 (with positive charges)-synthetic single-guide 
RNA (sgRNA; with negative charges) present more transport difficulties than 
DNA or mRNA due to their mixed charges. Organic and inorganic nanomaterials 
are the two main types of nonviral vectors. Examples of organic substances include 
polyethyleneimine (PEI) and its derivatives, cationic polypeptides, dendrimers, 
chitosan, polyurethane, and cyclodextrin and its derivatives. Inorganic materials 
include things like silica nanoparticles, upconverted nanoparticles, carbon-based 
nanostructures, and gold nanoparticles (AuNPs) [65]. Due to their biocompatibility, 
high surface-to-volume ratios, ease of functionalization, and acceptable optical 
characteristics, carbon-based nanoparticles generally have a lot to offer for gene 
therapy. In general, because to their biocompatibility, high surface-to-volume ratios, 
ease of functionalization, and acceptable optical characteristics, carbon-based 
nanoparticles have a lot to offer for gene therapy [66]. Small DNA molecules (iC9 
suicide gene, antisense oligonucleotides), large DNA molecules (plasmid DNA), 
and ribonucleic acid (RNA) molecules (such as small interfering RNA [siRNA], 
short hairpin [shRNA], micro-RNA [miRNA], and antisense mRNA) can all be
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Currently, 33 gene-therapy drugs or products have FDA approval for use in 
clinical settings, while more than 3500 clinical trials are still active globally. 
Obstacles to the transfer of genes using nonviral vectors include blood flow, 
opsonization, endocytosis by the mononuclear phagocytic system, tissue pressure, 
endosomal escape, gene transfer effectiveness, specificity, length of gene expres-
sion, and safety [67]. As a result, the carbon-based nucleic acid nanocarrier can 
disintegrate or be intercepted before getting to the desired cell. One way to get 
around the problems is surface functionalization. Additional challenges include the 
size of the nanoparticles involved in cellular uptake and the mechanism of cellular 
uptake. After entering the cells, nano-vectors present a new issue since they start to 
break down in the lysosome and endosome environments, which are acidic and full 
of enzymes. 

5.5 Toxicity/Concerns Related to Carbon-Based Compounds 

The drawbacks of using carbon-based nanostructures for drug/gene delivery have 
been documented in a number of studies. These drawbacks include issues with 
autophagy, severe acute inflammatory responses in mice when using carbon dots, 
heart rate reduction and disruption of embryonic development in wild-type zebrafish 
when using graphene quantum dots, and an increase in reactive oxygen species 
(ROS) [68]. 

The toxicity profile of a carbon-based nanoparticle, however, may differ 
depending on its physical properties, including size, surface area, dosage, length to 
diameter ratio, duration, purity, and chemical functional groups on its surface 
[69]. As a result, it is crucial to consider the differences between each carbon 
nanoparticle’s toxicity profile in great detail. Size, shape, and functionalization 
have a significant impact on the cytotoxicity profiles of nanoparticles. Small 
MWCNTs with a mean length of 100–600 nm demonstrated lower levels of toxicity 
against human umbilical vein endothelial cells in contrast to longer MWCNTs with a 
length of 200–2000 nm. Even while other research supports the same result that 
cytotoxicity is reduced with shorter length and diameter of CNTs, several studies 
does not support the argument [70]. It is a hotly debated topic because the vast 
majority of studies in the literature fail to adequately address material purity, the 
manner in which nanoparticles are administered to animal models, and other 
elements that affect the toxicity profile of carbon-based nanoparticles. Furthermore, 
GO functionalized with NH2 is more harmful than GO that has not been altered. To 
better understand the toxicological consequences of CbNMs in a specific human 
organ, tissue, or cell, a complete understanding of the cellular and molecular 
interactions with the target tissue or organ is required. The physicochemical 
characteristics of these nanostructures, how they interact with cells, and how much 
of them accumulate in a given tissue or organ all have a bearing on these interactions.
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Carbon nanostructures can be used to resolve worries about the immunogenicity 
and carcinogenicity of viral vectors of DNA fragments. To solve their insufficient 
hydrophilicity, surface functionalization should be applied. Thanks to hybridization 
and surface functionalization, carbon-based nanostructures can be rendered more 
soluble in aqueous solutions, have higher transfection rates in the cells they are 
meant to reach, and have their genetic contents protected against degradation in 
circulation. For use in clinical studies, further work needs to be done to increase the 
carbon-based genetic delivery systems’ transfection rates as well as their toxicologi-
cal and pharmacokinetic characteristics. Because relying solely on in vivo studies is 
insufficient for the successful and efficient clinical translation of these CbNMs 
because in vivo models do not accurately recapitulate the microenvironment of the 
human body systems, it is unavoidable to expose a large human population to these 
nanomaterials in order to monitor the degree of biocompatibility and cytotoxicity to 
host cells. 

5.6 Conclusion 

Research, design, manufacture, synthesis, manipulation, and usage of carbon 
nanomaterials are emerging technologies with potential applications in the field of 
biomedicine, particularly for the detection, diagnosis, and treatment of breast cancer. 
But as of right now, there is not a carbon nanomaterial that possesses all the 
necessary qualities for use in human medicine, including nontoxicity, good solubil-
ity, high specificity, ease of functionalization, targeted and controlled delivery 
system, etc. In order to avoid potential harmful effects, additional research is also 
necessary. Even while research on the toxicological properties and biological 
applications of carbon nanomaterials is expanding, there is still little proof of their 
relevance to human features. The research findings mentioned here are part of human 
endeavors that promote the future application of nanotechnology-assisted therapies 
for breast cancer, the prevention of breast cancer’s spread and recurrence, and the 
reduction of its risky side effects. The development of the medical sciences depends 
on our ability to make use of the information and resources available to us. Previous 
studies have shown that carbon nanostructures, their derivatives, and their altered 
forms have theranostic potential. A well-designed nano-system can be used for both 
therapeutic and diagnostic purposes. Carbon nanomaterials give us the ability to 
enhance and customize products based on their capabilities. The investigations have 
already demonstrated that their optical, physical-chemical, and interfacial properties 
allow us to use them to imagine multimodal and selective non-invasive tumor 
eradication. Despite the fact that each type of nano-system seems to have a unique 
advantage, platforms can be built that have even superior capabilities for tumor 
imaging, monitoring, and detection.
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Abstract 

Biomaterials technology has advanced significantly in recent years and 2-D 
nanostructures have played a key role in this advancement. A new ceramic 2-D 
nanomaterial, MXene, made up of transition metal carbides, carbonitrides, and 
nitrides with a planar layout that was produced by etching away “A” from a 
ceramic phase called “MAX”, has emerged to overcome the shortcomings of 
traditional biomaterials. MXene is used inadequately in biomedical applications 
due to its weak stability in physiological conditions, lack of prolonged and low 
biodegradability, and self-controlled drug release. This chapter focuses on 
cutting-edge examples such as polymer functionalized composites MXene for 
the developing field of biomedical applications. These applications consist of 
precise and prolonged antimicrobial activity, biosensing, therapeutics, drug deliv-
ery, contrast-enhanced diagnostic imaging, tissue engineering, flexible electron-
ics, and bone regeneration. 
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6.1 Introduction 

In the last few years, lots of development have been observed in the field of 
biomaterials. A recent report states that between 2019 and 2024, the biomedical 
market will expand from USD 105 billion to USD 207 billion resenting a 14.5% 
compound yearly growth rate [1]. According to the American National Institutes of 
Health, biomaterials are substances that could be used in the short term for analysing, 
healing, or enhancing the function of the body [2]. The biomaterials are consistent 
with a body having good power and damage after a course of time [3]. Biomaterials 
may be produced from the environment or particularly created utilizing ceramic, 
polymer, composite material, or metal to have varied mechanical, medicinal, and 
physical qualities [4]. For biomedical and industrial uses, researchers have 
investigated a variety of synthetic and natural biomaterials in recent times, and 
their consequent developments must help lead to particular uses based on 
nanomedicine applications. Due to their exceptional qualities and ultrathin structure, 
two-dimensional (2-D) nanomaterials have become a popular topic of interdisciplin-
ary research. Researchers have thoroughly investigated carbon based nanodots 
(CNDs) or several materials of 2-D, including graphene and its products, for their 
potential use in applications of biomedical [5]. In addition to nanomaterials of 2-D, 
based ceramics like MXenes are now being studied for a variety of applications. The 
term “MXenes” was first used by Naguib et al., to describe a class of transition metal 
nitrides, carbonitrides, and carbides in 2011 [6]. These materials are created by 
selectively etching “A” and further delamination from their matching parent MAX 
phase. They have a common principle of Mn  +  1AXn, where “M” stands for an initial 
conversion metal, 13 or 14 are “A" group of elements, carbon or nitrogen are “X”, 
and “n” ranges from 1 to 3 to make MXenes with the forms M2X, M3X2, and M4X3 

individually. Following synthesis, several surface terminations, including fluorine 
(-F), hydroxyl (-OH), and oxygen (-O) are observed. These terminations are 
characterized by the letter “T” in the simplified formula, Mn  +  1XnTx. Terminations 
of the surface allow for additional alterations of the surface [5, 7]. Since the 
discovery of the first MXene, 2-D titanium carbide (Ti3C2), which is formed from 
Ti3AlC2, approximately 70 other MAX phases and 20 MXenes have been success-
fully identified [8]. MXenes are similarly based on ceramic like 2-D nanomaterial, 
and their possible use in nanomedicine has been highlighted by a number of their 
noteworthy characteristics, such as their hydrophilicity, large surface area, nontoxic 
nature, size tunability, metallic conductivity, near-infrared absorption, biocompati-
bility, and drug loading capability [9]. Some of the problems of MXenes bio-
applications include weak stability in physiological forms, a lack of controlled and 
prolonged drug release, harm to strong tissues and cells due to weak objective 
selectivity, etc. By appending surface changes to MXenes, biodegradability, bio-
compatibility, (700–1300 nm) absorption NIR I and NIR II and photothermal-
transformation efficacy can be improved. Polymers involving polyvinyl alcohol 
(PVA), polyvinylpyrrolidone (PVP), cellulose, soybean phospholipid (SP), polyeth-
ylene glycol (PEG), etc., as well as inorganic nanoparticles like polyoxometalates 
(POMs), mesoporous silica nanoparticles (MSNs), etc., can be used to engineer



surfaces [10]. These materials with various surface terminations can detect a variety 
of analytes due to the charge transfer which results in a change in MXene conduc-
tivity throughout the following attachment of the molecular. The Mxene-based 
nanosheets are crucial to ranostic nano medicine, which combines diagnostics and 
theranostic Hyperthermia-based photothermal therapy. It is made possible by 
MXene’s extreme photothermal conversion efficiency and mass of extinction coef-
ficient in the bio window of NIR [11]. They introduced photothermal ablation of 
cancerous cells that are the result of multi-modal imaging and PTT/chemotherapy 
synergy [2]. Fibrous mats and MXene-modified polymer membranes are also used to 
promote bone repair and have antibacterial qualities [12]. The composition, physi-
cochemical, and structural characteristics are the only factors that influence the 
production of nanostructures with these capabilities. Experimental studies 
of MXenes have proven that Ta,Nb, and Ti are nontoxic, biocompatible, and readily 
biodegradable due to the presence of nitrogen and carbon, which are vital 
components of living things [13]. When it comes to biomedical applications such 
as photothermal therapy, tissue regeneration, antimicrobial activity bio-imaging, 
biosensing, and drug transport, MXenes outperform graphene and its derivatives. 
Recent reports on biological uses such as bone regeneration and antibacterial 
medical bandaging have also been covered. The mechanisms underlying various 
biomedical applications, such as the detection of hydrogen peroxide (H2O2), glu-
cose, and NO2 photothermal tumour ablation, computed tomography (CT), 
photoacoustic therapy (contrast-enhanced), stimuli-responsive drug release, radical 
scavenging, antimicrobial activity, and magnetic resonance imaging (MRI), have 
been thoroughly discussed and illustrated with diagrams [14–16]. Figure 6.1 shows
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Fig. 6.1 Fabrication of Ti3C2, 2-D ultrathin nanosheets with its crystal structure and by 
delamination
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how 2-D ultrathin Ti3C2 nanosheets were made, together with the crystal structure, 
via delamination, surface modification and etching phases are well-known and 
established due to their unusual combination of characteristics and adaptability, 
but this family of materials has gone through multiple ups and downs during its 
brief history, including being referred to under various names.
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6.2 Surface Modification/Functionalization and Synthesis 
of MXenes 

6.2.1 Experimental Process 

Up to twenty kinds of MXene have been synthesized so far, while up to 70 distinct 
MAX phases have been throughout experimental prepared. MXene name was given 
to this novel group of materials of 2-D since the principles underlying behind the 
process of nitrides and carbides. In this both involves the removal of from the MAX 
phases of a parent [17]. The M-A bond in the MAX phase is relatively weaker than 
the metallic-covalent M-X bond and is easily broken, as was previously indicated. 
Other 2-D nanomaterials with weak Van der Waals interactions between the layers 
include graphene, phosphorene, and MoS2 and the exfoliation process in these 
materials has been extensively researched [18]. In contrast, phases of MAX are 
strongly composed through robust extra problematic Van der Waals Interactions 
than the 2-D materials and making the exfoliation process more challenging. The 
first was hydrofluoric acid (HF) etchant which is used to eliminate layer A; however, 
due to its extremely damaging chemistry, other synthetic methods have been devised 
recently [19]. The following chemical interactions between the Ti3AlC2 phase and 
the HF aqueous solution can be illustrated: 

Ti3AlC2 þ 3HF→Ti3C2 þ AlF3 þ 3=2 H2 ð6:1Þ 
Ti3C2 2H2O→Ti3C2 OH 2 H2 6:2 

Ti3C2 2HF→Ti3C2F2 H2 6:3 

Al is removed in reaction (6.1), whereas surface termination with -OH and -F is 
shown in reactions (6.2) and (6.3), respectively, showing that the Ti-Al bond has 
been replaced by Ti-OH and Ti-F. The precise process of surface termination and 
exfoliation through intercalation of HF via edges of Ti3AlC2 was proposed by 
Srivastava et al. [20]. They demonstrated that the exfoliation process is started by 
the termination of the edge Ti atoms of the two layers. HF termination lengthens the 
distance between the layers, enabling more HF intercalation and ultimately the 
synthesis of AlF3 and H2. F-MXene is left behind in the system as AlF3 and H2 

exit. Additionally, they demonstrated that random functionalization is indicated by 
the negative Gibbs free energies (G) of F-MXene and mixed F/OH-MXene [21]. 
Following the etching procedure, the closely bound MAX phase is transformed into



a lightly bound building resembling before the particles of solids are improved by 
centrifugation or purification. Due to their simplicity and adaptability, fluoride-based 
etching techniques are widely used for the synthesis of many MXenes. The scalable 
process is constrained by these artificial methodologies, which limits its usefulness 
for practical applications. Additionally, Mxenes made with these techniques have a 
multilayer structure, necessitating additional processing to achieve monolayer mor-
phology [22]. As a result, several Mxenes, such as Ti3C2Tx, Mo2CTx, and Ti3CNTx, 
have been reported using this approach. This approach nevertheless generates traces 
of HF as seen by the following reaction, although being less dangerous and produces 
fewer faults than the HF method [23]. 

6 MXene Nanomaterial for Medical Application 111

LiF aqð Þ þ  HCl aqð Þ→HF aqð Þ þ  LiCl aqð Þ ð6:4Þ 
It is interesting to note that the wet etching technique also affects surface 

characteristics. For instance, the HF etching method results in F-functionalized 
MXene, whereas the HCl/LiF method results in O-functionalized MXene. By 
employing the NH4HF2 etchant, Halim et al. presented a safer alternative approach 
for Ti3C2MXene. In this method, the delaminated structure is created by NH4 

+ ions 
intercalating between MXene interlayers [24]. The synthesis of Ti3C2 from Ti3AlC2 

was also studied using bifluoride salts, such as 8KHF2 and NaHF2. For MXenes 
based on carbides and carbonitrides, HF-based procedures work well; however, they 
did not work for MXenes based on nitrides. Because of this, a novel technique is 
created to extract Al from the Ti4AlN3 phase using molten salts of LiF, NaF, and 
KF. Li and coworkers created a new, practical, fluoride-free, environmentally 
friendly approach intended for the production of (Ti3C2Cl2 and Ti2CCl2)Cl 
terminated MXene [25]. In this technique, component Zn after molten ZnCl2 is 
substituted for the component-Al from phases-MAX (Ti2AlC, Ti3AlC2,  V2AlC, and 
Ti2AlN), resulting in the production of unique phases-MAX (Ti2AlC, Ti3AlC2, 
V2AlC, and Ti2AlN). As a result of the consequent exfoliation of additional 
phases-MAX (Ti2ZnC, Ti3ZnC2, etc.) the occurrence of additional ZnCl2, 
chlorine-terminated MXenes (Ti3C2Cl2 and Ti2CCl2) were produced. This technique 
creates new avenues for the synthesis of MXene compositions with novel 
terminations, which have applications crosswise an extensive variety of technology 
and knowledge. Moreover, Yang et al. produced a high yield (90%) corrosion-anodic 
of MAX-Ti3AlC2of double based on an aqueous electrolyte of electrochemical 
technique for the large-scale manufacture of Ti3C2Tx [26]. Therefore, 
Al-containing MAX phases had been successfully used to synthesize the majority 
of MXene. A new technique for synthesizing MXene on a wide scale was recently 
proposed by Gogotsi et al. and involves selectively etching from silicon that contains 
phases-MAX [27]. From this study, the Si layer was removed from Ti3SiC2 MAX, 
and Ti3C2 was produced using a variety of HF oxidants, including HF/HNO3, 
HF/H2O2, HF/KMnO4, HF/(NH4)2S2O8, and HF/FeCl3.
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6.2.2 Modification and Surface Functionalisation 

In many electrochemical applications, the interlayer distance in the MXene structure 
is critical. Thus, a number of strategies were put out to elongate the space between 
layers and create structures with one or a few layers [28]. The multilayer structure of 
MXene produced by etching is held together by hydrogen bonds and Van der Waal. 
The multilayer structure that exfoliates or delaminates can create a single layer 
MXene. The type of etchant used in the initial step affects the exfoliation method. 
Li+ ions intercalate between the interlayers, for example, when MXene is 
synthesized by using the LiF/HCl technique. These interlayers could be exfoliated 
through sonication or shaking [8]. Furthermore, trembling, or continuing 
ultrasonication yields tiny MXenes sheets, more flaws, and low yields. Delamination 
using intercalating agents (IAs) is undertaken which diminishes interlayer interac-
tion and increases interlayer distance, resulting in a single or few layered structures 
[29]. While employing the HF approach, exfoliation is done by using ions and 
organic molecules, that are intercalated between the lengthe and also in 
the interlayers space between them [30]. It was observed that polar organic 
molecules and ionic materials were efficient IAs for the delamination of different 
MXenes. In contrast to other dimethyl sulfoxide (DMSO), MXenes were originating 
to be effective for Ti3C2Tx. For the successful oxidation of Nb2CTx,  Nb4C3Tx, and 
Ti3C2Tx, isopropyl amine was used. Based on the chemical makeup of MXenes, 
tetramethylammonium hydroxide (TMAOH), urea, and tetrabutyl ammonium 
hydroxide (TBAOH) also were studied. By using Na+ intercalation and aryl diazo-
nium salts to modify the surface simple delamination of Ti3C2was achieved [31]. 
The fundamental process included the production of Ti3C2 using the HF method, 
followed by intercalation with Na+ ions, surface modification using diazonium salts, 
which cause swelling, and moderate sonication required to weaken the interlayer 
bonds. This is an alternate technique for large-scale multilayer MXene delamination 
and surface modification using aryl groups that can be researched for other uses. The 
majority of the synthetic techniques that have been previously mentioned work from 
the top down, converting bulk precursors into single sheets-like structures, which 
results in limited control over morphology, size, and structure. Conversely, a 
bottom-up technique entails constructing smaller nanostructures from atoms and 
molecules. The bottom-up method is superior to the top-down method in several 
ways, including fewer flaws, and uniform size or shape homogeneous chemical 
composition [32]. As a result, it is recommended to synthesize MXenes via bottom-
up techniques. Many sensing technologies, such as electrochemical (bio) sensors, 
piezoresistive wearable sensors, gas adsorptive sensors, and optical sensors have 
recently been developed using MXene nanostructures [32].
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6.3 Structure of MXene 

In the MAX phase, The X atoms were in the resulting octahedral places as the “A” 
element layer interlaced the M layers. Having both metallic and covalent bonding, 
the M-A bonds are weak and therefore chemically active, causing them to be 
removed during etching [33]. The subsequently created MXenes with hydroxyl 
terminations were stabilized by hydrogen bonding and Van der Waals forces. 

6.4 Biomedical Applications 

These polymers functionalized due to their exceptional qualities and 2-D planar 
structure. Figure 6.2 shows that MXenes are employed in the medical industry for 
applications such as antibacterial, photothermal treatment (PTT), medication admin-
istration, diagnostic imaging, biosensors, and bone regeneration [34]. 

Fig. 6.2 MXenes that have interesting physical and chemical properties could be good options for 
biomedical research
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6.4.1 Drug Delivery 

Non-malignant cells also experience negative effects from the traditional cancer 
treatment methods of chemotherapy and radiation tumour cells have a lower pH [35] 
than healthy cells do, the creation of stimuli-responsive materials has provided a 
solution to the problem with current anticancer therapies. The MXene surface 
contains negatively charged hydroxyl or fluorine groups, which facilitate simple 
electrostatic interaction with positively charged medicinal molecules. These 
nanocomposites’ multilayer polymeric (negatively charged) coating safeguarded 
the drugs while they moved through the bloodstream [36]. MXenes with temperature 
and pH sensitivity is required to keep an eye on the release of chemotherapy drugs 
modification. Targeted drug release and photothermal ablation work together effec-
tively, thanks to MXene’s intrinsic high photothermal conversion and pH sensitivity. 
The Ti3C2MXene surface-modified SP was created by Han and his coworkers for the 
chemotherapeutic photothermal ablation of cancer cells [9]. A Ti3C2MXene-cellu-
lose hydrogel that supports dual anticancer therapy (photothermal/chemo) was 
synthesized by Xing and coworkers [37]. The nanoplatforms’ large pores and high 
water content (98%) made it easier for them to load drugs (84%). Because of the 
hydrogel’s biocompatibility and 3D network, the drug is released gradually and 
regulated, reducing its toxicity. By widening the pores in the water due to Ti3C2’s 
significant NIR absorption, especially at 808 nm, the drug release rate is accelerated 
and continuous dynamic movement is produced [38]. The hydrogel produced 100% 
tumour cell death without relapse at an MXene concentration of 235.2 ppm was 
observed for 5 min under 1.0 W/cm2 of NIR illumination. Two weeks later, 
biodegradation had started [39]. 

6.4.2 Biosensors 

The main components of biosensor a sensing element consists of three components: 
(i) a transducer, which converts the biochemical signal into an electrical signal, (ii) a 
transmobilized biomolecule, usually an enzyme, that identifies its complementary 
analyte, and (iii) a data interpretation unit [40]. Using biosensors, a specific compo-
nent of the human body can be selectively detected. An immobilized bimolecular on 
an electrode interacts with a specific element to transform the substrate into products. 
An enzymatic biosensor (GOx/Au/ Ti3C2/Nafion/GCE) was prepared by Rakhi and 
coworkers to measure glucose where hydrogen peroxide and gluconolactone are 
produced when glucose is reduced by the enzyme glucose oxidase (GOx) [41]. GOx, 
an enzyme used to detect glucose that is bound on the MXene/glassy carbon 
electrode, is utilized to sense glucose because H2O2 produces a large oxidation/ 
reduction potential (GCE). The use of Nafion reduced the interference signals, 
improved enzyme adherence to the GCE, and increased the biosensor’s selectivity. 
In order to keep the enzyme active during adsorption, lessen its insulating effect for 
direct electron transfer, and thus increase the electrical conductivity between GOx 

and GCE, gold nanoparticles (Au) were utilized. Large-surface area MXenes
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promote charge accumulation, which improves the sensor’s sensitivity and linearity 
[42]. Figure 6.2 shows the working mechanism of the GOx which is a dimeric protein 
that requires the coenzyme flavin adenine dinucleotide (FAD) to function. 
According to the earlier report [92], the mechanism for sensing glucose is as follows: 
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GOx FADð Þ þ  Glucose→GOx FAD2ð Þ þ  Glucono- d- lactone ð6:5Þ 
GOx FADH2 O2 →GOx FAD =H2O2 6:6 

Glucose O2 →Glucono- d- lactone H2O2 6:7 

A GOx/Au/Ti3C2/Nafion/GCE biosensor has a wide detection range 
(0.1–18 mM), the sensitivity of 4.2 AmM-1 cm-2 , and low detection limit 
(5.9 M), and it delivers exceptional storage stability, repeatability, and reproducibil-
ity. In order to build a biosensor (Nafion/Hb/TiO2- Ti3C2/GCE) for the detection of 
H2O2 in 2015, haemoglobin (Hb) was immobilized on TiO2-Ti3C2-GCE [43]. TiO2 

also increased Ti3C2’s biocompatibility. The use of Nafion reduces the interference 
signals, improves enzyme adherence to the GCE, and increases the biosensor’s 
selectivity. When TiO2 nanoparticles are added, proteins on Ti3C2 become more 
stable and bioactive, and a substantial effective area for protein absorption is created 
[43]. 

6.4.3 Cancer Theranostic Applications 

2-D MXenes have a variety of features that are advantageous for biomedical 
applications, thanks to their distinctively transformable 2-D in-layer nanostructure 
and variable chemical compositions. These 2-D multifunctional MXenes and their 
composites have so far been created for theranostic uses such as photothermal 
therapy (PTT), photothermal/photodynamic/chemo synergistic treatment, and diag-
nostic imaging. This section introduces several therapeutic uses for various MXenes 
2-D materials [1]. 

6.4.3.1 Hyperthermia 
One of the most common antineoplastic techniques is chemotherapy, although it 
suffers from non-specificity, significant drug toxicity to healthy cells and tissues, and 
disappointing therapeutic results [44]. Other physical therapies have been further 
developed for treating cancer, including focused ultrasound therapy, magnetocaloric 
therapy, photothermal therapy, photodynamic therapy, and son-dynamic therapy, 
provided that they are combined with diagnostic imaging guidance, such as magnetic 
resonance imaging (MRI), photoacoustic tomography (PAT), computed tomography 
(CT), and ultrasound imaging, among others [45]. Enhancing the tumour specific 
nanocatalytic efficiency for tumour treatment based on the conventional Fenton-
based catalytic reaction is both very desirable and essential. Nanoparticle hyperther-
mia, a method for using nanoparticles in cancer heat therapy, involves heating



tumours to kill cancer cells. Cancerous tumours can be removed using this form of 
treatment with little harm to the body [46–48]. 
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6.4.3.2 Photothermal Therapy 
PTT typically uses photothermal agents that have accumulated in disease areas as 
energy absorbers to produce local heat when exposed to NIR light, which causes 
aberrant cells to undergo apoptosis or necrosis [48]. PTT is a helpful modality for 
treating a variety of diseases because of its advantages of simple operation, little 
invasiveness, short therapy duration, quick recovery, minimized side effects, and 
low recurrence. It is commonly acknowledged that two fundamental elements, 
photothermal agents and outside light, affect the therapeutic effectiveness of PTT 
[17]. Two essential factors mostly influence the PTT result for photothermal mali-
cious agents. The extinction coefficient (e), which reveals the ability to absorb light, 
and the photothermal conversion efficiency (g), which reveals the ability to trans-
form light into heat, are the two capabilities. Because of their substantial absorption 
in the NIR range, developing 2-D MXenes has demonstrated comparatively high 
photothermal conversion efficiency compared to most traditional photothermal 
agents, indicating their immense potential as effective photothermal agents. 

6.4.3.3 Synergistic Therapy 
It is widely recognized that the performance of therapeutic modalities accessible in 
clinics is substantially hampered by the complexity, diversity, and heterogeneity of 
malignancies. Due to its synergistic anticancer effects, decreased individual drug/ 
therapeutic modality-related toxicity, and suppression of multidrug resistance via 
several modes of action, combination therapy has generated a great deal of attention 
in the scientific community [43] (Fig. 6.3). Due to their exceptional qualities of 
strong NIR absorption, effective photothermal conversion, simple surface 
alterations, and multifunctionalities, 2-D MXene-based synergistic therapy has 
become a highly effective method for the removal of tumours in recent years. The 
majority of recent research on MXene-based synergistic therapy for cancer mentions 
PTT/PDT or PTT/chemotherapy. For instance, multifunctional MXene was recently 
developed by Bai et al. to achieve PTT/PDT/chemotherapy against cancer [49]. To 
create MXene-based nanocomposites, they allowed the absorption of forming and 
synthetic polysaccharides onto the surface of Ti3C2MXene nanosheets. 

6.4.4 Cancer Diagnosis 

MXenes are a strong candidate for electrochemical sensing due to their high 
electrical conductivity, hydrophilicity, the potential for high-density incorporation 
of several functional groups, low diffusion barrier, guaranteed cytocompatibility, 
large active surface area, ultrathin 2-D film morphology, and good ion intercalation 
properties. MXene embedded biosensors are frequently used to detect nitrite, 
pesticides, phenol, H2O2, and, more intriguingly, cancer biomarkers [44]. Due to 
an exceptional biocompatibility, MXenes can effectively be used as transducers by



immobilizing biological receptors on their surface. It is crucial to emphasize that 
immobilizing enzymes and proteins in other 2-D structures appear to be challenging. 
However, MXenes' improved electrode kinetic properties, a larger range of detection 
limits, linear sensitivity, and good selectivity make it simple to achieve. Anti-CEA 
functionalized Ti3C2 MXenes have been synthesized using the delamination pro-
cess, which is intriguing because it demonstrates their potential for sensing cancer 
biomarkers. The addition of the MXene interface’s surface also increased the total 
catalytic action [50]. Specifically, Ti3C2 nanosheets with Mn3(PO4)2 added have 
been created to mimic the behaviour of biological enzymes for sensing superoxide 
anions(O2

-) from HepG2 cells. It is important to note that the addition of an ATP 
molecule caused Mn3(PO4)2 to form a porous ordered nanostructure, which 
facilitated improved electron transfer between the O2 electrode and electrode, 
resulting in a faster response time, a sensing limit of 0.5 nM, and an analytical 
range of 2.5 nM to 14 M. It may also be able to detect O2 leakage from living cells as 
well. As a result of the MXene-based electrochemical sensor’s success in identifying 
cancer biomarkers, researchers have decided to use them in MXene-based fluores-
cence nanoprobes for simultaneous sensing (Fig. 6.4). 
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Fig. 6.3 Working mechanism of a glucose biosensor 

MXenes have a lot of potential as contrast agents in X-ray, CT, and MRI imaging 
in addition to PA imaging. MnOx/Ti3C2 has recently been shown to be effective for 
tumour imaging using T1-weighted MRI. Additionally, because MnO bonds are 
rapidly broken up in mildly acidic tumour micro-environments, combined MnOx 

components demonstrated the unique pH responsive T1-weighted MR imaging 
potential for tumour imaging [9]. This behaviour can release Mn2+ ions, which



increase the likelihood of interactions between paramagnetic Mn centres and water 
molecules and improve the performance of T1-weighted MRI. As seen in Ta4C3 and 
Ti3C2MXenes, the high atomic number and conductivity of MXenes are also thought 
to play a significant role in the magic of X-ray/CT imaging. 
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Fig. 6.4 Stages during synergistic effect of photothermal treatment and chemotherapy working 

6.4.5 Bio-Imaging 

Although MXenes have a significant amount of potential for biosensing device their 
direct use in biological and optical applications is severely constrained by their 
typical low photoluminescence (PL) response in aqueous solution [51]. This is 
because certain biological applications for nanomaterials require strong PL, small 
size, and optical absorption [52]. Due to quantum confinement and edge effects 
when made atomically thin, theoretical and experimental research have 
demonstrated that creating quantum dots (QDs) is an efficient technique to reveal 
unique physical features. QDs are better suited for bio-imaging than nanosheets due 
to their ultrasmall size and luminescent characteristics [38, 41, 42]. In the domains of 
optical, biological, and cellular imaging, luminescent Ti3C2MXene QDs (MQDs) 
would be potential candidate materials [53]. Although Ti3C2-based MXenes have 
been thoroughly investigated for a variety of applications, their use in biomedi-
cine, theranostic medicinal applications etc. The focus of these articles is 
T1-weighted MRI-guided efficient PTT against tumour [19].
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Monitoring the development of malignancies depends on accumulating multi-
layer data on several biomarkers with various spatial distributions at the cellular 
level. Here, a dual signal-tagged titanium carbide MXenes nano probe (cDNA-
Ti3C2) that responds to biomarkers in many biological sites, including the cytoplasm 
and plasma membrane, was developed [19]. 

6.4.6 Flexible Electronics 

There is substantial research and development in the miniaturization of devices, 
especially flexible wearable devices. These next generation flexible wearable elec-
tronics are devices that can be mated with the body and be worn on the skin of a 
human being or any living organism to monitor physiological as well as biological 
changes. It is a hot research topic among researchers to manipulate all the properties 
associated with the change in the electrical as well as physiological parameters [54– 
56]. Flexible and wearable soft devices, such as sensors and energy storage systems, 
are essential for the development of quick artificial intelligence and interface in 
human–machine [56]. The creation of flexible electrodes with high sensitivity, quick 
response times, and broad operating ranges is one of the core aspects of these 
devices. Also, the development of self-powered and flexible wearable’s devices, 
that are capable of generation of currents and voltages by harvesting the electrical 
signals, generated from the movement of muscles in human beings. Keywords such 
as electronic skins, flexible touchable displays are connected with such devices 
which utilize some of the sensing mechanisms such as piezoresistive, triboelectric, 
and capacitive effects. Many remarkable nanomaterials have been exploited to 
prepare substrates and materials for wearable applications [57]. 

6.4.7 Antimicrobial Applications 

Antimicrobial applications of MXene are possible due to the high surface area to 
volume ratio and simplicity of surface functionalization [45]. Due to their high 
membrane permeability, biocompatibility, and potential for numerous antibacterial 
activities, nanoparticles often do not cause bacterial resistance [58]. Before MXenes, 
the antibacterial effects of graphene-based nanomaterials were primarily mediated 
via the generation of reactive oxygen species (ROS) and direct interaction with 
bacterial membranes [59, 60]. The first Ti3C2MXene colloidal solution requires a 
high concentration dose of 200 g mL-1 to offer positive inhibition for its 
antibacterial capabilities. But modified Ti3C2 that has been treated with 
polyvinylidene fluoride (PVDF) significantly enhances the antibacterial properties. 
Another method of producing Ti3C2/chitosan composite nanofibers using 
electrospinning shows a greater than 62% reduction in microorganisms [61]. Only 
Ti3C2 exhibits antibacterial characteristics when Ti2C and Ti3C2MXenes are com-
pared to E. coli, and a closer look at these revealed that smaller nanosheets had 
stronger antibacterial effects [62].
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According to a different study, the distinctive properties of MXene nanosheets, 
which have sharp edges and are small in size, can penetrate bacterial cell walls, 
releasing bacterial DNA and finally causing bacteria to disperse [63]. Trichoderma 
reesei (T. reesei) was the subject of the sole research of MXenes antifungal activities 
to far [64–66]. The findings of this investigation showed that the growth of T. reesei 
hyphae was inhibited. Since the MXene nanosheets have sharp lamellar edges, they 
might also prevent spore germination. As a result, this research demonstrated the 
ability of Ti3C2MXene to interrupt the life cycle of fungi and highlighted the 
enormous potential of MXenes as strong antifungal drugs. This will significantly 
impact how effective they are at fighting off microbes. MXenes should ideally be 
stable for a long enough time to develop bactericidal characteristics while yet 
remaining biocompatible. Therefore, more studies should be done to boost MXenes 
stability under physiological settings in order to expand its use as an antibacterial 
agent. 

6.4.8 Tissue Engineering 

Due to their ultrathin structural characteristics and unique morphologies with a 
variety of outstanding physicochemical, electrical, optical, and biological 
capabilities, MXenes have recently demonstrated great promise in biomedical 
applications, especially in the applications of tissue engineering [67]. A fascinating 
biomaterial stage for the varied treatment of various diseases and malignancies, such 
as cancers and tumours, has been made possible by the development of multipurpose 
scaffolds with distinctive properties of well-regulated discharge behaviour, highly 
proficient photothermal translation, and stimulatory tissue regeneration [68]. 

Future multifaceted biological remedies based on the special advantages of 
MXene might thus be imagined. MXenes have demonstrated remarkable 
possibilities in material sciences and stem cell-based tissue therapies [69]. One 
study created smart biomaterials with titanium carbide (Ti3C2) MXene nanofibers 
for cell culture and tissue engineering [70]. Due to the presence of functional 
hydrophilic groups, electrospinning and doping might be used to create the resulting 
hydrophilic composite nanofibers [71]. Bone marrow-derived mesenchymal stem 
cells (BMSCs) were used to examine the biochemical representative properties; the 
resulting MXene composite nanofibers showed excellent biocompatibility and 
noticeably increased cellular activity in addition to promoting BMSC development 
to osteoblasts. For tissue engineering and repair, smart biomaterials with distinctive 
multiple biologic features are best suited [72]. 

6.5 Conclusion and Future Perspectives 

2-D MXene composites, according to the prevalent studies have proved themselves 
as a viable and compatible nanomaterial in biomedical applications due to their 
excellent properties such as absorption in near-infrared (NIR) region, hydrophilicity,



tunable size, electrical conductivity, biocompatibility, minimum or no cytotoxicity, 
large surface area, and unmatched drug loading capacity. Current issues with these 
nanomaterials, including mass production, storage, precise structural composition, 
in vivo retention, and biosafety over an extended length of time, among others, 
provide barriers to their widespread use in nanomedicine and must be overcome. 
Deep tissue penetration was made possible by NIR II radiation, although very few 
photothermal agents have been observed in this biological window. By examining 
its level of genotoxicity, immune toxicity, and reproductive toxicity, MXenes can be 
made more effective in immune pathology, temporary implants, fertility treatment, 
and tissue regeneration. Although NIR II radiation allowed for deep tissue penetra-
tion, there are very few reports of photothermal agents in this biological window. 
MXenes and MXene-based (nano)structures have a lot of functional groups on their 
surfaces, providing flexible chances for modification and functionalization. They are 
highly stable, hydrophilic, include entire metal atomic layers, and have customizable 
compositions, all of which make them desirable candidates for clinical and 
biological applications. For instance, MXenes and graphene structures have been 
used to create smart nanoscale systems with the potential for cancer therapy, 
diagnosis, and medication delivery. 
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Abstract 

One of the cutting-edge technologies that hold considerable promise for both 
medical and non-medical applications is metal nanoparticles. Metal nanoparticles 
are extremely active and have optical, electrical, and chemical properties that are 
different from those of their macroscale counterparts due to a high surface area to 
volume ratio. As a result, metal nanoparticles interact with microbes more 
frequently than larger particles. Because of their distinct physiochemical 
characteristics, metal nanoparticles have been suggested as a transporter and a 
therapeutic agent in the biomedical sector. These physicochemical characteristics 
make them useful in a variety of biomedical fields. Regarding this, magnetic iron 
nanoparticles can be employed for imaging and tumor cell hyperthermia, whereas 
plasmonic nanoparticles can be used for tumor cell detection and photothermal 
death. Particle form and interparticle interaction are both crucial for plasmon 
resonance absorption, which gives metal nanoparticles their distinctive color. The 
most efficient of all metal nanoparticles, silver nanoparticles (AgNPs) are utilized 
extensively in a wide range of fields, including medicine, biotechnology, optics, 
microelectronics, catalysis, and energy conversion. They are nontoxic and safe. 
These nanomaterials exhibit super para-magnetism, ferromagnetism, and other 
magnetic characteristics. Biomedical applications of MNPs include the separation
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of proteins, DNA, and bacteria, the development of biosensors, and hyperthermia 
therapy. Particularly when paired with polymers, metal nanoparticles are in great 
demand for drug delivery. This is true both for cellular and subcellular distribu-
tion as well as blood–brain barrier transport. Surface modification, maximal drug 
loading, targeted administration, and conjugation of biomolecules are all made 
possible by polymer coupling (antigen, antibody, enzymes, proteins, DNA, 
aptamer, etc.
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7.1 Introduction 

Solid, colloidal particles with diameters ranging from 10 to 1000 nm are generally 
referred to as nanoparticles. However, European and other international 
organizations limit the scope of the aforementioned definition to structures with 
three-dimensional lengths of at most 100 nm [1]. They are providing benefits that 
larger particles do not have, like a higher surface-to-volume ratio or better magnetic 
characteristics. 

Nanotechnology is the study, development, and application of materials, whose 
fundamental unit of measurement is the nanoscale. This category comprises, among 
other things, physics, advanced materials, chemistry, and the biological and phar-
maceutical sciences. Because of their special, size-dependent features, nanoparticles 
are frequently utilized in many different industrial sectors. These nanomaterials are 
particularly fascinating for medicine and pharmacology since it is possible to modify 
the characteristics of nanoparticles [2]. The use of nanoparticles in medicine is 
connected to the development of particular nanostructures that serve as cutting-
edge therapeutic and diagnostic tools. Nanoparticles have a wide range of uses, 
including as medication delivery systems, radiosensitizers in radiation or proton 
therapy, in bioimaging, and as fungicides, bactericides and in nanoremediation [3– 
6]. The purpose of this work is to describe the properties of noble metal-based 
nanoparticles, with a focus on their uses in medicine and related fields. High 
biocompatibility, stability, and the potential for large-scale synthesis while avoiding 
organic solvents are benefits of noble metal-based nanoparticles that are crucial for 
medical applications. This has a favorable impact on biological systems. Different 
medications may be able to release under control thanks to these nanoparticles. 
Additionally, nanoparticles can be freeze-dried to provide a powder formulation. 
Comparatively, magnetic nanoparticles like those made of iron or cobalt frequently 
need to be covered to increase their biocompatibility and guard against aggregation, 
oxidation, or corrosion [7]. There are numerous clinically authorized nanoparticle-
based treatments; the most popular ones are based on polymeric (Copaxone) or 
liposomal (Abelcet, AmBisome, DaunoXome, Myocet) platforms. There are numer-
ous ways to make nanoparticles based on noble metals. One of the most widely used



techniques involves chemically reducing the precursor of a noble metal (such as 
silver nitrate or chloroplatinic acid to produce silver or platinum nanoparticles, 
respectively) using a suitable reducing agent that also serves as a stabilizer (in the 
case of nanogold synthesis, sodium citrate) to prevent the agglomeration of the 
nanoparticles. Additionally, it is possible to vary reaction parameters such as tem-
perature, amount of precursor and reductant, and reaction time. It is possible to 
generate nanoparticles of various shapes and sizes. Green chemistry techniques that 
can reduce the use of environmentally harmful compounds are also gaining popu-
larity recently. For this purpose, reducing agents from environmentally friendly 
sources such as lactic acid, citrus fruits, and coffee seeds are used. Sonochemical, 
microwave-assisted, and electrochemical techniques are more advanced methods for 
producing these nanoparticles. Successful treatment of many diseases, including 
malignancies, depends on early detection. However, conventional diagnostic and 
imaging methods have limited ability to distinguish between benign and malignant 
lesions and are unable to detect cancer in its early stages of development. Novel 
nanoparticle imaging agents, on the other hand, may enable more sensitive and 
focused imaging of cancer and other diseased tissues. Furthermore, nanoparticles 
have the potential to be the best vehicle for delivering anticancer drugs and other 
therapeutics to affected areas without causing collateral tissue damage. The theme 
issue on Nanoparticles in Medicine provides an in-depth analysis of the latest 
developments in the biological and medical uses of nanomaterials. This issue is 
divided into sections dedicated to inorganic (metal and metal oxide) nanoparticles, 
liposomes, organic nanoparticles, and hybrid nanoparticles. It covers special features 
of nanoparticles for in vitro detection, in vivo diagnostics, multimodal imaging, 
chemotherapy, phototherapy, gene therapy, immunotherapy, theranostics, and their 
clinical implementation. 
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7.2 History of Nanoparticles 

Nanomedicine is an important research field in the twenty-first century. Although 
there have been many methods of making and using nanoscale particles since 
antiquity and even hundreds of years ago, the field of nanomedicine as we know it 
today only emerged in his 1990s. The development of various submicroscopic tools 
and the study of cellular, molecular, and ultimately atomic structure in twentieth 
century biology, chemistry, and physics formed the basis of this new science. The 
approach of nanotechnology proposed by Richard P. Feynman in the 1950s paved 
the way for the emergence of nanomedicine as an important area of research and 
application in medicine [8]. Since its inception, nanomedicine has progressed at an 
incredible speed due to major advances in technology. Throughout history, it has 
evolved and expanded into various medical applications (such as tissue engineering). 
Norio Taniguchi first used the term “nanotechnology” in his 1974. The term is still 
used today to describe the processing of materials by atoms or molecules to separate, 
solidify or transform. Richard P. Feynman, a Nobel Prize-winning physicist, already 
foresaw the development of nanotechnology and the opportunities associated with it



in his 1959 paper “There’s Plenty of Room at the Bottom.” It invites us to explore 
new areas of physics. Although the word “nano” is never used, the work is consid-
ered a precursor to nanotechnology. In the early twentieth century, Paul Ehrlich 
attempted to develop a “miracle drug” containing drugs that could fight disease and 
eliminate all bacteria with just one treatment, and chemotherapy was born. The 
development of increasingly complex “magic bullets” became achievable through 
the wealth of information gathered throughout the 20th century regarding cells, their 
constituents, intracellular and intercellular processes, and cell signaling, along with 
advancements in the fields of biochemistry and biotechnology. Became. In the late 
1960s, Peter Paul Speiser developed the first nanoparticles that could be used for 
targeted drug therapy, and Georges Jean Franz Köhler and César Milstein success-
fully developed monoclonal antibodies in his 1970s. Since then, extensive research 
has been conducted into the synthesis, applications, and physicochemical 
functionalization of various carrier systems. Nanoparticles were originally designed 
in the early 1990s to carry DNA and gene fragments, which were then delivered 
intracellularly using antibodies. Biocompatible polymers, liposomes, and micelles 
are currently being investigated as drug, vaccination, and gene carriers. Due to their 
small size (often less than 200 nm), nanomaterials can circulate within the body and 
cannot be filtered out of circulation before reaching their intended destination. As a 
“Trojan horse,” the active ingredient may be modified with its hollow interior and 
surface to allow it to cross cell membranes and other natural barriers. Biosensors 
(such as antibodies) can be used to identify specific cells or tissues, bind to them, and 
deliver active agents to targets over long periods of time. Over the last three decades, 
nanotechnology activity has increased worldwide and has become a major interdis-
ciplinary research topic. The integration of nanotechnology into medicine has 
greatly spurred this expansion, as nanostructured materials have significant medical 
effects. 
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In addition to creating novel medicinal effects, controlling materials in the 
nanometric range involves cutting-edge, technically difficult chemistry, and produc-
tion procedures. Because they were not specifically produced at the nanoscale to 
have therapeutic effects that corresponded to their nanoscale size, conventional 
small-molecule medicines are omitted from this group. Nanoparticle surfaces con-
tain a variety of functional moieties that allow for multivalent conjugation for 
therapeutic agent delivery, targeting, imaging, and diagnostic applications. 

7.3 Pharmaceutical Nanoparticles 

You observe the enormous clouds that surround you as they stretch out like fluffy 
mountains from your window seat on the aircraft. Or perhaps you’d prefer to hop on 
a short train and enjoy the scenery as it passes. You’ve probably seen how things are 
delivered to their destinations, whether you’ve been in one of these big cars or are 
more used to driving yourself to school. Similar to how we use automobiles, planes, 
and trains to transport products around the world, scientists can build tiny vehicles 
that travel inside the body. These minuscule vehicles are made out of nanoparticles,



which are exceedingly small bits of material. Scientists are creating these 
nanoparticles to deliver medication to incredibly precise parts of the body. 
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Why Are Nanoparticles Important for Scientific research? Currently, it might 
be challenging to treat many illnesses using dietary or alcoholic drugs. This occurs 
for some ailments, such as diabetes and brain damage, because a barrier keeps the 
drug from getting to the right places. In diabetes, the walls of the digestive tract serve 
as a barrier. Insulin, which is necessary for people with diabetes but cannot be 
digested in the intestines way most food can, just flows through the body. Insulin 
needs to be supplied; it cannot simply be absorbed by the body. Additionally, using 
medications to treat the brain might be difficult. Humans have a blood–brain barrier, 
which keeps chemicals from the bloodstream from reaching the brain. The fluid 
around the brain can occasionally be injected with drugs by medical personnel. 
Sometimes the prescription does not work, even though it can address the underlying 
cause of the problem. When treating many malignancies, this happens. Because 
cancer cells that affect the body can seem very similar to healthy cells, even if a 
patient gives medication to the proper area of the body, it may kill both healthy and 
malignant cells. As a result, patients may have illness and hair loss. The body can 
occasionally overprotect itself, which is another problem. When medicine enters the 
body, the immune system could recognize it as a threat and eliminate it before it has a 
chance to operate. To overcome all of these concerns, medicine can be encapsulated 
into nanoparticle carriers before being given to patients. Nanoparticles can transport 
drugs to the appropriate place by overcoming barriers including the blood–brain 
barrier and digestive system walls. Additionally, they are able to block the immune 
system from attacking the drug they deliver. 

7.4 Exactly How Do Nanoparticles Reach the Correct Location 
in the Body? 

The location of a nanoparticle depends on the size and kind of sensors that are 
present on its surface. These qualities can be altered to target different diseases or 
ailments. Their ability to move through the body is determined by the size of the 
nanoparticles. Since smaller nanoparticles do not get trapped in tiny spaces, the body 
can tolerate them. Additionally, because nanoparticles must release their drug inside 
of cells in order to operate, they are easier for cells to absorb. Smaller nanoparticles 
may also enable more rapid medication release. Although it would seem like a good 
idea to create nanoparticles as tiny as possible, this is not achievable. Too-small 
nanoparticles will group together. Nanoparticles that are clumsy can no longer 
perform as intended. Because of this, it is essential to create nanoparticles that fall 
within a particular size range. Nanoparticles may go everywhere in the body due to 
their small size, but they still need to find their intended organs or cell types. 
Scientists may program nanoparticles to detect certain cell types from various 
organs, systems, or even malignancies due to the fact that each type of cell has a 
distinct protein on its surface. A cell uses this to express to which tissue it belongs. 
Additionally, cancer cells have a unique assortment of proteins. On their surface,



nanoparticles include sensors called antibodies that can attach to certain proteins that 
are shown. When a nanoparticle is attached to a cell, the cell usually absorbs the 
nanoparticle. 
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What would happen if a nanoparticle bearing a medicine made contact with 
a cell? The cell would eat it up along with any drugs within. Therefore, getting 
nanoparticles to adhere to the appropriate cells is all that has to be done by scientists. 
It is possible to provide antibodies specific to the target cell type’s surface proteins to 
the nanoparticles to make them attach to that cell type. There are a few more 
techniques for getting nanoparticles to the right places, depending on the tissue 
being targeted. If nanoparticles are electrically charged, they will be attracted to 
particular tissues, like the lungs. As an alternative, the nanoparticles might be made 
from the fatty molecules that are already delivered to the liver. There are also a few 
nanoparticles composed of substances that bind to bone molecules. 

7.5 Making Nanoparticles Unnoticeable to the Immune 
System 

The job of the immune system is to protect you from foreign invaders, such as 
dangerous microbes, that can harm you. Immune cells wander through the blood-
stream in search of substances that are not normally present. They devour and dissect 
anything they find alien to the human body. They do this by identifying chemicals 
and structures normally found in cells and other body substances and attacking those 
they don’t recognize. Since these are rarely produced by the human body, taking 
them alone will result in immune cells consuming a large number of drugs. To 
circumvent this problem, scientists have developed nanoparticles that contain or 
consist of chemicals commonly found in living organisms. These nanoparticles 
come from outside the body, but they can trick the immune system into believing 
they are part of the body. 

Multifunctional nanoparticles have essentially been developed with (a) stealth-
like characteristics to evade the immune system and block photochemical processes, 
(b) protective layers to prevent proliferation degradation of biological goods (e.g., 
proteins, DNA), (c) targeting fragments to improve tumor specificity and accumula-
tion, (d) membrane permeation fractions to improve uptake of cells, (e) imaging 
agent to assess administration and dosage, (f) target-dependent endosperm escape 
mechanism. Nanoparticles are important scientific components used in pharmacol-
ogy and biotechnology. They serve as a link between molecular structures and bulk 
materials. The physical properties of the bulk material are not affected by its size, 
while the physical and chemical properties of the nanoparticle depend on its size 
[9]. Therefore, as the size of a material reaches the nanometer scale and the ratio of 
atoms to its surface increases, its properties change. Because of their distinct 
qualities, such as large surface area, structural composition, and prolonged blood 
circulation time compared to small molecules, nanoparticles have emerged as 
attractive prospects for improving personalized medical therapy. Ability to transform 
undesirable physicochemical properties of bioactive molecules into desirable bio



pharmacological profiles, improving delivery of therapeutic agents across biological 
barriers and compartments, control the release of biologically active agents, increase 
therapeutic efficacy through selective delivery of drugs to biological targets, and 
perform therapeutic functions by combining imaging techniques. Multimodal imag-
ing are all potential advantages of modified therapeutic nanoparticles. Evidence-
specific studies of nanoparticles in cell culture and small animal models for medical 
applications are currently underway. A small number of nanomaterials and 
nanoparticles are being studied in clinical trials or have been approved by the US 
Food and Drug Administration (FDA) for use in humans. 
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7.6 Nanoparticle Types 

Depending on their overall shape, nanoparticles are categorized as 0-Dimensional 
(D), 1D, 2D, or 3D (Fig. 7.1). 

1D Nanomaterials 1D nanomaterials are employed in the circuitry of computer 
chips, as well as for anti-reflective qualities and hard coatings on eyeglasses. They 
have thin films or surface coatings. These have been employed in engineering, 
chemistry, and electronics. 

2D Nanomaterials Nanostructures in 2D nanomaterials are permanent, lengthy, 
and have thick membranes. They are utilized to manufacture nanopore filters for 
filtration and separation of small particles. An illustration of a 2D nanoparticle is 
asbestos fiber. 

3D Nanomaterials 3D nanomaterials are small, fixed nanostructures made of thin 
films that have atomic-scale porosity, colloids, and free nanoparticles of different 
morphologies. The free long aspect ratio nanowires and nanoparticles found in 2D 
and 3D nanomaterials, in contrast to 1D nanomaterials, are harmful to human 
health [9]. 

Ploymeric 

Ploymersome 

Ploymer micelle Dendrimer Gold NP Quantum dot Lipid NP 

Iron oxide NP Silica NP Liposome Emulsion 

Inorganic Lipid-based 

Fig. 7.1 Types of nanoparticles [10]
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7.7 Properties of Nanoparticles 

In 2008, the International Organization for Standardization (ISO) established a 
precise definition for nanoparticle, characterizing it as a distinct nano-object with 
all three Cartesian dimensions measuring less than 100 nanometers. Within the ISO 
standard, two-dimensional nano objects, such as nano-discs and nanoplates, are 
categorized as one-dimensional nano objects. These nanoparticle structures exhibit 
considerable diversity, primarily attributed to variations in their size, shape, and 
material properties. Some classifications place dendrimers, liposomes, and poly-
meric nanoparticles within the organic category, while fullerenes, quantum dots, and 
gold nanoparticles are classified as inorganic nanoparticles. Furthermore, 
nanoparticles can be categorized based on their composition, which includes carbon, 
ceramic, semiconducting, or polymeric materials. 

7.7.1 Nanoparticles’ Physical Properties 

The surface layer, the shell, and the core are the three layers that make up the 
nanoparticle. Surfactants, polymers, metal ions, and others are examples of surface 
layer chemicals. Nanoparticles can be called a single material or a combination of 
materials. Nanoparticles can appear as suspensions, colloids or dispersed aerosols, 
depending on their chemical and electromagnetic properties [11]. The size of the 
nanoparticles affects their properties [12]. For example, copper nanoparticles less 
than 50 nm in size are extremely brittle materials that lack the ductility and ductility 
of solid copper. Additional changes caused by nanoparticle size include 
superparamagnetism in magnetic materials, quantum confinement in semiconductor 
Q particles, and surface plasmon resonances in some metal particles. 

Absorption of solar radiation in photovoltaic cells in nanoparticles is also signifi-
cantly higher than in thin films of continuous bulk materials [13]. This is because the 
nanoparticles are smaller and can absorb more sunlight. The nanoparticles have a 
high surface-to-volume ratio, which improves their diffusivity at high temperatures 
[14]. The ability of nanoparticles to sinter at lower temperatures than larger particles 
make this possible. Although the density of the product is not affected by the 
diffusion properties of the nanoparticles, it can cause agglomeration [15]. (Fig. 7.2). 

7.7.2 Soft or Semisolid Nanoparticles 

Liposomes stand out among the many semisolid and soft nanoparticles that have 
been produced. Clinical applications of liposomal nanoparticles include serving as 
delivery vehicles for vaccines, antibiotics, and antifungals [16]. Long before nano-
technology was widely used, micelles were traditionally the type of soft nanosystem 
used in therapeutic applications. Because it can move through the oil interior of the 
micelle, an organic substance that is normally insoluble in water can be “dissolved” 
in the surfactant solution by the process of creating the micelle. The drug was



dissolved through this dissolution mechanism. In some typical examples, soap is 
commonly used to dissolve phenolic compounds to produce clear solutions widely 
used for disinfection. Non-ionic surfactants effectively liquefy iodine. These 
“iodophors” are systems of iodide surfactants that are more stable than iodide 
systems. However, the limited water solubility of steroids makes it difficult to 
prepare them for ophthalmic use. Oil solutions or suspensions cannot be used 
because optical clarity is required. Non-ionic surfactants can be used to produce 
clear solutions with good sterilization capacity. The solubility of water-insoluble 
vitamins and essential oils is also achieved using this type of surfactant. Lipid 
vesicles, subsequently termed liposomes, represent one of the earliest instances of 
nanotechnology-based drug delivery systems. Advance with nanotechnology. In the 
middle of the 1960s, their first description of them was made. Initially, they found 
utility in the exploration of biological membranes. However, during the 1970s, their 
practical applications began to diversify, notably in the realm of drug delivery. It’s 
worth noting that during this period, Donald Tomalia pioneered dendrimers, 
inventing, naming, and patenting them, although their application as pharmaceutical
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Fig. 7.2 Nanoparticles and their properties, types, applications, risks and toxicities, and fabrication 
techniques [13]



agents did not materialize until the 1980s. The phagocyte system of macrophages 
(MPS) causes liposomes to disintegrate rapidly, which is a serious issue when they 
are utilized as carriers for therapeutically active substances.
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All foreign colloidal particles are quickly recognized as “non-self” by the MPS 
cells, particularly the macrophages in the liver and spleen. As a result, it is impossi-
ble to provide medication continuously over an extended period of time. The 
production of long-circulating liposomes, also known as sterically stabilized 
liposomes or Stealth liposomes, involves adding cholesterol to the bilayer as well 
as predominantly biocompatible, hydrophilic polymers with a flexible main chain, 
like poly (ethylene glycol) (PEG). To make Doxil, doxorubicin was placed into 
liposomes. The first nanomedicine to get FDA regulatory clearance was Doxil, 
which was used in 1997 in Europe under the trade name Caelyx to treat Kaposi’s 
sarcoma linked with AIDS. Liposomes are the soft nanoparticles that are used in 
clinical settings the most frequently nowadays, especially for the treatment of cancer 
and systemic fungal infections. More than 20 liposomal products are either available 
on the market or are undergoing advanced clinical testing. With the exception of 
liposomes, the majority of therapeutic nanoparticles employed today in clinical 
settings are polymer-based nano-formulations. Another widely studied method for 
nanoparticle drug delivery that is now used in clinical settings is polymer-drug 
conjugates. Despite the fact that numerous have been proposed as drug delivery 
carriers, only few polymers having linear design have been licensed for use in 
clinical practice. In the early 1990s, PEG was initially used in therapeutic settings. 
Approximately a dozen PEGylated drug examples are now being utilized in clinical 
settings. Other macromolecule-drug conjugates, such as Abraxane, a 130 nm 
albumin-bound paclitaxel that was authorized by the FDA in 2005 as a second-
line therapy for patients with breast cancer, have also been created as drug 
carriers [17]. 

The incredible therapeutic potential of biodegradable polymeric micelles, which 
have a size range of 10–200 nm, as drug delivery nanocarriers has attracted a lot of 
attention. Polymeric micelles are produced by self-assembling block copolymers 
consisting of two or more polymeric chains with different hydrophobicities. These 
copolymers spontaneously coalesce into a core–shell micellar structure in an aque-
ous environment to lower the Gibbs energy. Long-chain and short-chain 
phospholipids were combined to form bicelles, which resemble liposomes and 
micelles. They were initially utilized as model membranes in the 1990s due to 
their appropriateness for magnetic resonance studies of membrane protein structure, 
and they have since been used in the bulk of NMR structural examinations of 
transmembrane proteins. The use of bicollates as a biomedical technique to improve 
medication absorption through the corneum layer of the skin has been proposed. 
Dendrimers have developed into another ground-breaking class of drug delivery soft 
nanoparticle platform due to its distinctive characteristics and well-defined design. 
Dendrimers have a special chemical structure that allows them to carry a wide range 
of drugs via covalent conjugation or electrostatic adsorption to their multivalent 
surfaces. As an alternative, dendrimers can bind medications through chemical 
bonds, hydrogen bonding, or hydrophobic interaction in the voids in their cores.



Composition Company Indication

Although nanoparticles’ medicinal uses are currently restricted, as was previously 
said, there are intriguing potential. One of them is soft polymer nanoparticles, which 
offer a lot of potential as nanoscale drug carriers. An excellent drug carrier should 
have both the targeting property and the stimulus responsiveness to improve the 
medicine’s absorption and reduce adverse effects. It is therefore very desirable to 
create stimuli-responsive nanoparticles for drug delivery that release the medication 
in a controlled manner when they reach the target area. Soft polymer nanoparticles 
can vary in volume or size in response to environmental or stimulus changes. They 
are referred to as environment-sensitive nanoparticles or stimulus-responsive 
nanoparticles. These nanoparticles are also known as micro/nanogels. Temperature, 
electric and magnetic fields, light intensity, pressure, pH, ionic strength, specific 
(bio)molecules or enzymes, and ultrasound are just a few examples of the stimuli that 
soft nanoparticles can respond to. The kind of stimulus (physical or chemical) is used 
to classify these nanoparticles [18, 19]. They cannot be made into soft stimulus-
responsive nanoparticles for biomedical applications without the stimulus-sensitive 
polymer that gives them their structure. Advanced polymerization processes have 
been developed in order to produce new stimuli-responsive nanoparticles that are 
sensitive to additional signals such as microwave, redox, and different chemical 
substances in addition to those already mentioned. Despite current interest, practical 
clinical applications for the creation of novel stimuli-responsive soft nanoparticles 
have been restricted, especially in the case of dual/multi-stimulus-responsive 
varieties, with the exception of very sensitive thermo- and pH-sensitive 
nanoparticles (Table 7.1). 
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Table 7.1 Therapeutics based on nanoparticles approved for clinical use 

Trade 
name 

Liposomal platforms 
Liposomal amphotericin 
B 

Abelcet Enzon Fungal infections 

Liposomal amphotericin 
B 

AmBisome Gilead 
Sciences 

Fungal and protozoal infections 

Liposomal cytarabine DepoCyt SkyePharma Malignant lymphomatous 
meningitis 

Polymeric platforms 
PEG–adenosine 
deaminase 

Adagen Enzon Severe combined 
immunodeficiency 

PEG–GCSF Neulasta Amgen Neutropenia associated with 
cancer 
Chemotherapy 

PEG–HGF Somavert Nektar, Pfizer Acromegaly
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7.8 Therapeutics Based on Nanoparticles in Clinical Trials 

The use of nanoparticles in medicine is developing in popularity, with an increasing 
number of nanoparticle-based therapies now under clinical development. Drug-
encapsulated liposomes and polymer-drug conjugates, such as PEGylated 
medications, predominate in clinical studies. One drawback of employing liposomes 
is that the therapeutic index is lowered as a result of the speedy clearance of 
liposomes from the circulation by phagocytic cells of the reticuloendothelial system. 
Many methods have been developed to minimize this problem. The most common 
technique is to encapsulate the liposome with biocompatible and inert polymers like 
PEG to produce long-circulating liposomes. The polymer coating protects the 
liposome surface, preventing opsonins from identifying the liposomes and reticulo-
endothelial system clearance as a result [20]. Another strategy is increased liposome 
accumulation in target cells, tissues, and organs. Specific liposomes have been 
developed for the administration of various medications, and targeting ligands, 
such as antibodies, are linked to the surface of the liposome together with small 
substances (such as folate and transferrin) and peptides [21]. One of these is Onco 
TCS, an aggressive non-lymphoma Hodgkin’s treatment developed by INEX 
Burnaby, British Columbia, Canada-based pharmaceutical company. Utilizing 
liposome-based transmembrane carrier systems from INEX. Onco TCSs have the 
ability to deliver vincristine to intracellular targets. Onco TCS has greater tumor 
accumulation, a longer blood circulation half-life, and longer drug release properties 
than free vincristine, according to clinical research results from its phase I and phase 
II. Liposomal vincristine may thereby lessen the drug’s unpleasant side effects while 
enhancing its efficacy. Additionally, it has been demonstrated that controlled drug 
release increases the therapeutic effectiveness of liposomal medications. By 
including a small amount of pH-sensitive phosphatidylethanolamine, 
dimethyldioctadecylammonium bromide, or oleyl alcohol in the liposome mem-
brane, smart liposomes for preferential intracellular drug delivery have been devel-
oped [22]. Under endosomal pH, these liposomes undergo a phase change but are 
normally stable in blood. PEG has frequently been used to enhance the pharmacoki-
netics of several nanoparticle compositions. PEG is a highly hydrated flexible polymer 
chain that increases plasma protein adsorption and biofouling of nanoparticles, 
extending the half-life of the medication in circulation while decreasing renal clear-
ance of relatively smaller drug molecules. PEG is the best substance to employ in 
therapeutic settings since it is nontoxic and immune-suppressive. NKTR-118 
(PEG-naloxol) in phase I for treating opioid-induced constipation, Hepacid 
(PEG-arginine deaminase) in phase II for treating hepatocellular carcinoma, and 
Puricase (PEG-uricase) in phase III for treating hyperuricemia are just a few of the 
new PEGylated products currently undergoing clinical evaluation due to these favor-
able properties. Other nanoparticle platforms, such as nano-emulsions, dendrimers, 
and inorganic nanoparticles, have also demonstrated therapeutic potential (Table 7.2). 

These include drug-encapsulated liposomes and polymer-drug conjugates. This 
technology has considerably increased the number of therapeutic nanoparticles and 
showed innovative methods for medicinal use. One intriguing instance is NB-001, 
a medicinal product based on nano-emulsions that recently began its phase II trial as



a topical therapy for genital herpes infection. Another illustration is Viva Gel, a 
medication based on poly-L-lysine dendrimers that is currently undergoing phase I 
testing as an easy, inexpensive, and safe way for women to prevent genital herpes 
and HIV infection. 
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Table 7.2 Therapeutics based on nanoparticles in clinical trials 

Composition Trade name Company Indication 

Liposomal platforms 
Liposomal 
annamycin 

L-Annamycin Callisto Acute lymphocytic leukemia, acute 
myeloid leukemia 

Liposomal cisplatin SLIT 
Cisplatin 

Transave Progressive osteogenic sarcoma metastatic 
to the lung 

Liposomal 
doxorubicin 

Sarcodoxome GP-
Pharm 

Soft tissue sarcoma 

Polymeric 
platforms 
PEG–arginine 
deaminase 

Hepacid Phoenix Hepatocellular carcinoma 

PEG–camptothecin Prothecan Enzon Various cancers 

PEG–naloxol NKTR-118 Nektar Opioid-induced constipation 

7.9 Applications of Nanoparticles in Medicine 

Nanoparticles due to their tiny size are very helpful in medicine since they may enter 
cells or be engineered to attach to specific cells in addition to being able to circulate 
broadly throughout the body [23]. These qualities have enabled the development of 
cutting-edge methods for better imaging of organs, tumors, and other diseased 
tissues in the body. Additionally, they have contributed in the creation of cutting-
edge therapeutic delivery methods, such as local heating (hyperthermia), preventing 
blood flow to tumors and injured tissues, and delivering drug payloads. Magnetic 
nanoparticles have taken the place of radioactive technetium in the research of 
cancer lymph node metastasis. The function of the nanoparticles in magnetic reso-
nance imaging (MRI) depends on the contrast change brought about by tiny 
superparamagnetic iron oxide particles. These particles can also be used to remove 
malignancies using hyperthermia, which is the localized heating and tissue destruc-
tion of such particles by an alternating magnetic field. To enhance the outcomes of 
ultrasonography, positron emission tomography (PET), or fluorescence imaging, 
nanoparticles can be produced. These methods frequently need the nanoparticle to 
be able to recognize a particular cell type or disease state. The same targeting 
technique might conceivably assist in the exact delivery of a drug to a particular 
spot of sickness. A liposome or porous nano-sponge structure might be used to 
administer the drug; these structures would then be held in place by bonds at the 
targeted location and provide a delayed release of the medication. The development 
of nanoparticles to assist in medication delivery to the brain through inhalation has



significant potential for the treatment of neurological diseases such as Parkinson’s, 
Alzheimer’s, and multiple sclerosis. 

140 M. Ehsan et al.

Nanoparticles 

Targeted 
therapy 

Drug 
Delivery 

Molecular 
Imaging 

Biomarker 
Mapping 

Detection 
Diagnosis 

Gene 
Delivery 

Fig. 7.3 Applications of metal nanoparticles in the field of medicine 

Nanoparticles and nanofibers are essential ingredients in the development of 
novel scaffold materials for bone and tissue restoration. These scaffolds include 
nanoparticles that are biocompatible. Future tissue-repair treatments may, for exam-
ple, include calcium hydroxyapatite nanoparticles, a natural component of bone, 
with collagen or collagen replacements. Additionally, nanoparticles have been used 
in the production of products with a medicinal connection. For instance, the Univer-
sity of Oxford developed the sunscreen Optisol in the 1990s with the goal of 
developing a secure sunscreen that is transparent to visible light but yet has 
ultraviolet-blocking action on the skin. In the past, substances such as large particles 
of zinc oxide, titanium dioxide, or an organic compound that absorbed sunlight were 
used to create sunscreens. Although potent photocatalysts, zinc oxide and titanium 
dioxide fall short of expectations because they can damage DNA and skin cells when 
exposed to water and sunlight (deoxyribonucleic acid). As a result, those compounds 
did not live up to expectations (Fig. 7.3). 

The next step was to make titanium oxide nanoparticles using a little amount of 
manganese. Studies have shown that nanoparticle-based sunscreen is safer than 
sunscreen composed of traditional materials. The improvement in safety was 
attributed to the inclusion of manganese, which changed the compound’s



semiconducting qualities from n-type to p-type, moved its Fermi level, or oxidation-
reduction properties, and reduced the chance of the creation of free radicals. 
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7.9.1 Nanoparticles for Drug Delivery 

Drug targeting of certain organs and tissues has become a significant problem in 
recent years. This is because conventional medication delivery methods have trouble 
using the desired dose to reach the target within the allotted time. By utilizing 
contemporary drug delivery systems (DDS), such as the brain–blood barrier, it is 
now feasible to solve the issue of biochemical barriers in the body [24]. Medication 
solubility issues can be resolved by the innovative systems, which can also shield the 
medication against photodegradation and pH variations [25]. Liposomes, liquid 
crystals, dendrimers, cyclodextrins, hydrogels [26], polymersomes [27], micelles 
[28], and nanoparticles (nanospheres and nanocapsules) are the most frequently 
utilized drug delivery methods [25, 26]. Of all noble metal-based nanoparticles, 
gold nanoparticles (Au NPs) have the greatest potential for application as drug 
delivery vehicles. Au NPs in a range of sizes (1–100 nm) and forms (spherical, 
rod-like, cage-like, etc.) may be synthesized reasonably easily (Fig. 7.4). 

nanosphere 

nanocage 

nanocube 

nanoshell 

nanorod 

nanoflower 

Fig. 7.4 Au NPs with various morphologies [29]
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NPs may also be quickly functionalized with a wide range of compounds. 
Important characteristics of NPs include stability, the macroscopic quantum 
tunneling effect, and the existence of surface plasmon resonance (SPR) bands 
[30]. Unfortunately, surface modification has been demonstrated to alter drug 
toxicity, biodistribution, and pharmacokinetics in Au NPs, which are not biodegrad-
able. Due to their special physicochemical and optical characteristics, gold 
nanoparticles (AuNPs) can serve as possible probes for the attachment of peptides 
since they are highly suitable for conjugation with minute biomolecules as DNA, 
proteins, enzymes, and amino acids [31–33]. For example, Gu et al. found that Au 
NPs coupled with PEG and 3-mercaptopropionic acid do not produce cytotoxicity in 
HeLa cervical cancer cells [34]. Using the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) assay, Wójcik and colleagues proved that glutathione-
stabilized gold nanoparticles modified with non-covalently bound doxorubicin are 
more active against feline fibrosarcoma cell lines than unmodified Au NPs) 
[35]. Gold nanoparticles interact with folic acid PEG-amine, allowing medications 
to be delivered to tumors via ligation to the folate receptor located on the surface of 
certain cancer cells, according to Bhattacharya and colleagues [36]. Methotrexate-
conjugated gold nanoparticles with diameters of 3 and 20 nm (MTX-Au NPs) were 
synthesized via a one-pot synthesis. Methotrexate (MTX) is a cytotoxic and folic 
acid antagonist. On human choriocarcinoma cell lines, researchers observed that 
3 nm MTX-Au NPs are more cytotoxic than free MTX [37]. Other studies have 
produced new doxorubicin-conjugated Au NPs protected by PEGylation on the 
surface of Au NPs. This approach improved the medication’s solubility and release 
in an acidic environment (Au NPs-Dox-PEG NPs). The intratumoral drug concen-
tration of Au NPs-Dox-PEG NPs was double that of free doxorubicin using this 
approach [38]. When Au NPs coupled with paclitaxel (PTX) were produced, a 
comparable effect was achieved. This method enables more effective anticancer 
treatment in a mouse liver cancer model [39]. Bergen et al. coupled gold 
nanoparticles with a galactose-targeting ligand to deliver the ligand to the 
asialoglycoprotein receptor. This approach might be utilized to treat hepatocellular 
cancer [40]. Faroog et al. recently described a one-step synthesis of Au NPs loaded 
with two anticancer medicines with different modes of action: bleomycin and 
doxorubicin. The usage of such nanohybrids has lowered systemic medication 
toxicity as well as the risk of cancer treatment resistance development [41]. Silver 
nanoparticles (Ag NPs) produced from Morus alba leaf extract have been utilized to 
treat hepatocellular disorders with success. The results of the rat model revealed that 
Ag NPs had cytotoxic and hepatoprotective effects [42]. 

7.9.2 Gene Therapy/Gene Delivery 

Gene therapy is another area where soft nanoparticles may eventually play an 
important role. Although the concept of gene therapy was initially formalized in 
the 1970s, it was not until the 1980s that white blood cells extracted from a girl’s 
body were utilized to show in vitro gene transfer for the first time. Before being



restored to the girl’s body, certain types of genes were put into these cells. This 
person’s immune system has improved, it was discovered. Since then, trials for 
various conditions have continued and are currently underway. In the approaching 
years, gene therapy will become a more essential subject for nanomedicine. An 
in-depth investigation is being conducted to establish whether and how the various 
targeted transport routes of active chemicals may be used to deliver nucleic acids, 
DNA fragments, and individual genes into tissue and cells using non-viral 
nanoparticles. A cutting-edge animal study using rats successfully proved the use 
of biodegradable, polymeric gene delivery nanoparticles to eradicate glioma cells in 
the brain and prolong animal longevity. Magnetofection is another option, in which, 
like active MDT, positively charged iron-containing nanoparticles are loaded with 
negatively charged nucleic acids and transported to target cells using a magnetic field 
before being sluiced into them by virtue of their suitably prepared surface structure. 
The nucleic acids are freed, and the particles are directed to the cell’s iron metabo-
lism. This technology, also known as “magnetic gene targeting” (MGT), is tempting 
for the treatment of cancer, neurological diseases, and myocardial infarction since 
the target cells are not affected. This notion is shown with a unique method of gene 
transfer that might be employed in stent angioplasty and could assist to bridge the 
gap between research and practical use. In a rat model, stents are used as a platform 
for magnetically targeted gene delivery, in which genes are transported to cells near 
artery lesions without damaging adjacent organs. The transferred genes are shielded 
by new magnetic nanoparticles, which facilitate their active distribution to their 
designated location. By attempting to replace and replenish insufficient DNA, nano-
based gene therapy actively interferes with cellular activities at the molecular level. 
Because the capacity to repair DNA eventually leads to the ability to edit DNA with 
accuracy, situations involving ethical and societal dilemmas cannot be avoided. Is it 
permissible to improve human sensory and physical capacities without a medicinal 
justification, or simply to repair damaged or flawed DNA? And who will have access 
to the capability of genetic modification, under what conditions, and through what 
channels? How will we solve the body’s weaknesses in the future? Gene therapy is a 
treatment or prevention strategy that uses exogenous DNA or RNA to cure or 
prevent illness. Popular viral vectors typically stimulate host immune systems, 
decreasing the efficiency of gene therapy. Non-viral solutions, such as metallic 
nanoparticles, can be employed to address the aforementioned issues. Recent study 
indicates that Au NPs of various forms (e.g., nanospheres or nanorods) preserve 
nucleic acid by blocking nuclease degradation of DNA or RNA [43, 44]. Au NPs 
coupled to oligonucleotides have unique characteristics that make them suitable gene 
regulation agents. Noncovalent (Au NPs may be functionalized with thiolated 
oligonucleotides) and covalent (Au NPs can be functionalized with thiolated 
oligonucleotides) carriers can be distinguished [45]. Covalent Au NPs, for example, 
can activate immune-related genes in peripheral blood mononuclear cells but not in 
immortalized, lineage-specific cell lines. This discovery suggests that such 
conjugates might be used in the development of gene delivery devices 
[46]. Lactoferrin-derived peptides coated with Au NPs were produced by Peng 
and colleagues. The conjugates created are capable of successfully delivering
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genes encoding vascular endothelial growth factor (VEGF), which promotes blood 
vessel development [47]. 
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7.9.3 Nanoparticles for Protein Delivery 

An increasing amount of research suggests that nanoparticles can be used as protein 
carriers. Organothiol, a molecular probe, might be utilized to study the structure and 
morphology of proteins bound to Au NPs. Joshi et al. developed insulin-
functionalized Au NPs that were proven to be effective in transmucosal medication 
delivery for diabetes therapy in rat models [48]. Covering Au NPs with chitosan, a 
nontoxic biopolymer that significantly adsorbs insulin on its surface, can improve 
insulin delivery efficiency. Rathinaraj et al. immobilized anti-HER-2/neu monoclo-
nal antibody herceptin on 29 nm Au NPs, which increased the drug’s interaction 
with the relevant receptors on the surface of breast cancer cells (SK-BR3) [49]. Pro-
tein carriers have also been utilized in conjunction with Ag NPs. Di Pietro and 
colleagues functionalized Ag NPs with a peptide sequence of arginine, glycine, and 
aspartic acid (RGD), allowing Ag NPs to penetrate leukemia and neuroblastoma 
cells successfully [50]. Numerous uses of noble metal-based nanoparticles as carriers 
of biologically active chemicals enhance the prospect of more effective cancer and 
other contemporary disease therapy. 

7.9.4 Radiation-Based Anticancer Therapy Using Nanoparticles 

Radiation therapy (RT), in addition to chemotherapy and surgery, is a commonly 
used technique in the treatment of various malignancies. To boost the efficiency of 
radiation, several small substances (oxygen and its analogues, gemcitabine, and 
capecitabine), macromolecules (microRNAs, some proteins and peptides), and 
nanoparticles can be used [51]. The main goal of radiation treatment or proton 
therapy is to deliver a deadly dose of radiation to cancer cells while sparing the 
healthy tissue around them. To achieve this aim, two ways can be used: enhancing 
the radiation sensitivity of the cancer cells or tailoring the dosage to the tumor 
volume. Because gamma and X-rays display exponential dose deposition with tissue 
depth, a portion of the radiation dosage is supplied in front of or behind the tumor 
[52]. X-rays and other types of high-energy ionizing radiation are commonly 
employed to ionize water or cellular organelles. The primary target of ionizing 
radiation is water, which makes up the majority of a cell. As a result of this contact, 
water molecules are lysed. This mechanism, known as radiolysis, produces charged 
water species as well as free radicals such as hydrogen and hydroxyl radicals. The 
interaction of free radicals with DNA and biological components causes apoptosis. 
Several studies have found that hydroxyl ions are one of the primary sources of 
cellular damage induced by lipid peroxidation [53]. High atomic number 
nanoparticles, such as Au NPs, might promote the production of secondary electrons 
or reactive oxygen species (ROS). Nanoparticles can use this strategy to reduce total



radiation exposure while boosting the dosage given locally to the tumor. Further-
more, the harmful consequences can be mitigated [54]. The main physical 
interactions between X-ray beams and metal-based nanoparticles are the photoelec-
tric and Compton effects. The total or partial absorption of a photon by a nanoparti-
cle causes the loss of one electron from its surface. Ions are created when ionizing 
radiation has enough energy to remove at least one electron from a nanoparticle. 
Charged particles are ionized fast because they may make direct contact with atomic 
electrons via Coulomb interactions and pass some of their kinetic energy [55]. The 
size of radio-sensitizing nanoparticles influences how they interact with radiation 
and biological systems. As a result, it is critical to prevent Au NP from accumulating 
in organs such as the liver and heart. Negative effects may ensue if this is not done. 
The size of nanoparticles is important in their radiation interactions. When Au NPs 
grow in size, they face additional ionizing events when they come into contact with 
secondary electrons and radiation. As a result, the dosage deposited around the Au 
NPs reduces [56]. According to a modest body of research on the charge of 
nanoparticles, positively charged nanoparticles interact with negatively charged 
cell membranes to significantly increase cell uptake. Furthermore, because some 
cancer cells contain strongly negatively charged glycocalyx on their surface, posi-
tively charged nanoparticles can precisely target cancer cells [57]. Silver 
nanoparticles also exhibit radio-sensitizing characteristics. Their anticancer mecha-
nism is based on the activation of oxidative stress, the encouragement of apoptosis, 
and the improvement of cell membrane fluidity. The radiosensitization process of Ag 
NPs is most likely associated with the release of an Ag + cation from the silver-based 
structures within the cells. This cation may receive an electron and operate as an 
oxidizing agent, resulting in the production of ROS [58, 59]. 
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Noble metal-based nanoparticles hold great promise for improving cancer ther-
apy. It would be intriguing to see if treating tumor cells with two (or more) distinct 
types of nanoparticles at the same time might have a synergistic impact. Further-
more, the development of nanocomplexes based on noble metals, such as gold and 
platinum, seems promising. The examination of the combined effects of noble metal-
based nanoparticles with a different type of radio-sensitizing drug (e.g., gemcitabine) 
may potentially provide excellent findings. 

7.9.5 Diagnostic Molecular Bioimaging 

Many magnetic nanoparticles (MNPs) have been employed in biomedicine, most 
notably as MRI contrast agents [57]. Because of advances in nanotechnology, 
molecular diagnostics now offer higher sensitivity, specificity, and multiplexing. 
In high atomic number nanoparticles, intense plasmon resonance driven absorption 
and scattering features are common. X-ray computer tomography (CT) is a fre-
quently utilized diagnostic tool that is both simple to use and reasonably priced. This 
imaging technique is based on the premise that healthy and ill tissues have different 
densities, resulting in a contrast. By using contrasting chemicals, the difference 
between cancer cells and normal cells can be improved. UM-A9 antibodies coupled



to gold nanorods have been employed by some. These gold nanoprobes have shown 
tumor specificity, which improves CT contrast. The aforementioned devices can 
help in the identification of cellular cancer. Researchers used small Au NPs (1.9 nm) 
as an X-ray contrast agent to detect cancers in mice [60]. After 24 hours, there were 
no Au NPs in the blood, but they had already accumulated extensively in the kidney 
(10% of the injected dose/g, ID/g), tumor (4% ID/g), liver (3% ID/g), and muscle 
(1%) after just 15 min. The Au NPs were most likely eliminated by the kidneys due 
to their tiny size and lack of liver concentration [61]. Ag NPs can also be employed 
in place of iodine and other traditional contrast agents. Karunamuni et al. employed 
Ag NPs effectively for dual-energy X-ray breast imaging, and their findings are 
promising. HER81 monoclonal antibodies, which bind to Her2 receptors on the 
surface of an SKBR3 breast cancer cell line with extraordinary effectiveness, have 
recently been linked to gold nanorods [62]. Although these probes seem promising, 
it is uncertain if they will successfully penetrate tumor tissue in vivo. Gold 
nanoparticles combined with anti-epidermal growth factor receptor (anti-EGFR) 
monoclonal antibodies had a six-fold greater affinity for binding tumors. Au NPs 
and Gd NPs were used in magnetic resonance (MR) to distinguish transplanted 
human brain stem cells due to their higher T1 relaxivity and cell uptake. The 
resulting conjugates allowed for the detection of 70% of the transplanted cells. 

146 M. Ehsan et al.

Blythe and Willets have looked at high-resolution fluorescence imaging as a 
technique for observing fluorescently labeled ligands on the surface of Au NPs. 
This technique made it possible to reconstitute the orientation and geometry of the 
substrates for the Au NPs and showed how unevenly DNA binds to the surface of the 
Au NPs. Nanoparticles can be used to track a target’s position or specific intracellu-
lar activities. The techniques, including two-photon-induced photoluminescence 
(TPL), make it possible to identify Au NPs in hippocampal neurons of various 
shapes (spherical, rod-shaped, and urchin-shaped). A significant discovery is that 
cells may favor some nanoparticle forms over others [63]. Using Au NPs 
(nanospheres, nanorods, and nanocages), Nanospheres are the ideal form for cellular 
internalization. Therefore, nanorods and nanocages are more appropriate for imag-
ing. A prospective technique for observing the accumulation of such nanoparticles in 
diverse cell areas has been investigated: gold nanoparticles help confocal Raman 
imaging. Oligonucleotide-based probes that reveal intracellular RNA are essential 
tools for assessing biological activity in various systems. The molecules of the probe 
in this case appear to have trouble entering the cell, and the usage of oligonucleotide-
based probes is restricted by their susceptibility to nucleases. To get over this 
limitation, researchers have developed nano-flares consisting of gold nanoparticles 
functionalized with nucleic acid aptamers with affinity for adenosine triphosphate 
(ATP). Flow cytometry can distinguish between different cell types based on their 
gene expression patterns thanks to these structures [64]. To detect cancer cells, 
unique tags based on the surface enhanced Raman spectroscopy (SERS) method 
have been created. Manufactured gold dimers connected by biphenyl-4,4′-dithiol 
(DBDT) generated a greater signal and more cytotoxic activity when compared to 
normal Au NPs. This implies that imaging based on SERS could be more sensitive 
than imaging based on traditional fluorescence. Wu et al. developed the first sensor



of this type to identify metals in live cells in a distinct study by conjugating 
DNAzyme onto 13 nm Au NPs [65, 66]. Additionally, nanoparticles have 
theranostic properties that make it easier to diagnose and treat medical conditions 
[67]. Even gold nano-stars outperform gold nano-shells in photothermal treatment 
and imaging (SERS, CT, and TPL imaging) of animal models of sarcomas. There are 
reports on the theranostic usage of Ag or Pt nanoparticles [68–72]. 
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Noble metal based nanoparticles may easily have their surfaces functionalized, 
they are non-cytotoxic, and they have optical properties that make them valuable for 
diagnostics. However, several issues need to be addressed, such as the potential for 
aggregation, toxicity, or non-specific binding. Another important hurdle is the 
potential for nanoparticles to become opsonized once they have entered the circula-
tion. Furthermore, the use of nanoparticles for diagnostic purposes may be hampered 
or rendered impossible by the presence of biological barriers. Therefore, finding 
creative solutions to these problems is essential. 

7.10 Antibacterial, Antiviral, and Antifungal Substances 

Silver nanoparticles (NPs) are the most often used antibacterial substances among 
noble metal-based nanoparticles. Silver salts were frequently employed as medicines 
as early as the eighteenth century to treat bacterial infections, such as ulcers, burns, 
open sores, and conjunctivitis. Ag NPs are currently applied as bactericides more 
frequently since several bacteria are developing antibiotic resistance. Everyone on 
the planet is at risk from the serious health danger known as AMR, which is expected 
to cause ten million yearly deaths by the year 2050. Methicillin-resistant Staphylo-
coccus aureus and carbapenemase-producing Enterbacteriaceae are two deadly 
examples of AMR. Several theories explain how Ag NPs are bactericidal. Yamanaka 
et al. have shown that Ag NPs connect to the cell walls of bacteria and fungus, 
causing damage to the cell membrane’s structure, enabling internal materials to leak 
out, and eventually causing cell death [69]. Additionally, silver ions can cause 
oxidative stress by producing free radicals. Another strategy is based on the harmful 
interactions of Ag NPs with genomic DNA that prevent normal replication. The 
silver ions that may be released by Ag NPs might decrease the transcriptional 
activity of enzymes and other proteins. Ag NPs that are more efficient against 
Gram-negative bacteria were developed. Ag NPs’ function in the dephosphorylation 
of putative peptide substrates’ tyrosine residues, which are essential for cell survival 
and proliferation and result in bacterial death, was attributed to this activity. 

Ag NPs were produced using green chemistry and a chamomile extract. It has 
been discovered that these two bactericidal substances cooperate to kill the four 
bacterial strains S. aureus, P. aeruginosa, B. subtilis, and E. coli. In a different study, 
Ag NPs from clove extract were synthesized and showed that they have stronger 
antibacterial and antifungal effects than pure clove extract [70]. Despite positive 
results, it is unquestionably less usual to utilize Au NPs as bactericidal agents. 
Chemically produced Au NPs have the potential to be used as antibacterial agents, 
notably against Gram-negative bacteria. Similar to their size, Au NPs’ toxicity varied



depending on the sort of bacteria they were exposed to. Au NPs accumulate as 
agglomerates after entering the bacterial cell wall. Zebrafish were used as an animal 
model to demonstrate Pt NPs’ bactericidal activity against E. coli and 
A. hydrophila [71]. 
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Ag NPs have fungicidal effects that are similar to their bactericidal effects but less 
effective. It is unclear how Ag NPs interact with fungi. For instance, Trichosporon 
asahii, a fungus, recently exhibited antibiotic resistance. Novel treatments based, for 
instance, on silver nanoparticles are urgently needed since trichosporosis can be 
lethal. Gold nano-discs had the most potent antifungal efficacy. Noble metal-based 
nanoparticles’ antiviral properties have also been supported by an increasing number 
of research, however almost all of them concentrate on Ag NPs. There hasn’t been 
much research done into how Ag NPs interact with viruses up to this time. The 
scientists postulate that the antiviral mode of action involves interactions between 
Ag NPs and the double-stranded DNA of the virus. Speshock et al. obtained 10 nm 
Ag NPs and tested them as antiviral agents against the Tacaribe virus. These Ag NPs 
can halt viral replication in its early stages, according to their research [72]. Due to 
their increasing pharmacological resistance, bacteria require the development of 
novel, effective techniques of eradication. The usage of noble metal-based nanopar-
ticle carriers is one of the solutions, as shown in the aforementioned cases. The 
bactericidal effect of such carriers may be enhanced by the addition of particular 
antibiotics. 

7.11 Conclusion 

The application of nanotechnology has already had a considerable influence on 
medicine and the medical sciences. Noble metal-based nanoparticles, in particular 
Au and Ag NPs, have a wide range of applications, which suggests that further study 
in this field is important. These structures may be utilized for a variety of things, 
including as drug delivery systems, components that improve radiation therapy for 
the treatment of cancer, molecular imaging support, and compounds with bacteri-
cidal, fungicidal, and antiviral properties. Because they can be an excellent tool for 
the detection and treatment of a number of illnesses, with an emphasis on cancer, in 
light of the aforementioned, it is vital to use nanoparticle-based therapies in clinical 
trials. However, given the characteristics of particular nanoparticles, such as their 
biodegradability or porosity, there are a number of challenges that must be over-
come. Furthermore, nothing is known about the toxicity of these nanoparticles and 
how they interact with live, healthy cells. In order for the generated nanoparticles to 
reach the target site safely and with high selectivity, their pharmacokinetic qualities 
must be enhanced. This can now be accomplished by giving the nanoparticles the 
appropriate ligands. Furthermore, a comprehensive approach for sensitizing cancer 
cells employing a range of noble metal-based nanoparticles can result in superior 
treatment results. Without a doubt, the development of nanotechnology has made 
treatment and diagnosis feasible. The currently authorized nanoparticle systems 
have, in certain circumstances, improved the therapeutic index of medicines by



reducing medication toxicity or raising medicinal effectiveness. The next generation 
of nanoparticle systems may contain targeting ligands like antibodies, peptides, or 
aptamers, which might improve their effectiveness or reduce their toxicity. More 
complex systems, including multifunctional nanoparticles that can be utilized simul-
taneously for treatment, imaging, and targeting, will be the subject of future study. 
The functionality of nanoparticles becomes increasingly complex as a result of the 
addition of targeted ligands, necessitating the careful construction of nanoparticles 
with the physicochemical and biological properties to perform each required func-
tion. It is obvious that this has been the fundamental barrier to the adoption of 
targeted particles in clinical practice since the first targeted liposome was disclosed 
more than 20 years ago. Few systems have ever made it to clinical trials, and none 
have ever received a usage license. Thanks to the creation of safer nanomaterials and 
cutting-edge engineering methods that result in nanoparticles that are appropriately 
engineered, we believe that more multifunctional nanoparticles will be used in 
clinical settings in the future. 
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Abstract 

The new class of materials that has captured the attention of scientists is poly-
meric composite nanomaterials. Their special qualities, including high surface-to-
volume ratios, simplicity in functionalization, and photothermal conversion, 
among others, make them extremely adaptable for a wide range of applications, 
from energy storage to optoelectronics to biological ones. Recent studies have 
demonstrated the effectiveness of polymers in tissue engineering, biosensing, 
drug administration, and cancer photothermal treatment (PTT). When combined 
with hydrogels and scaffolds, these materials can be made more biocompatible 
and can aid in treating a variety of illnesses and injuries. However, as 
two-dimensional nanomaterials-based polymeric composites for biomedical 
applications are a relatively new topic, there is a considerable amount of 
fragmented information available. 
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8.1 Introduction 

In 1959 Nobel Prize winner Richard Feynman was first to forecast the rise of a new 
domain of science dealing with 1–100 nm size structures. Fifty years later, the 
uncertain outcome is the skill to employ materials with similar minute scale which 
is applied by nature [1]. The huge impact of nanotechnology is towering in our lives 
nowadays. The development of systems and devices holding the tendency to revo-
lutionize medical and healthcare discipline has never been recognized earlier. 

At nano-metre scale quantum mechanical character of electrons within matter is 
affected due to atomic interactions. Fundamental features of material such as their 
colour, charge capacity, magnetic properties, temperature can be tuned without 
altering its chemical arrangement. Focussing on this potential will lead to the 
development of high-performance products that were not feasible earlier. 

Large surface-to-volume ratio and mechanical properties are remarkable unique 
feature among polymer/nanomaterials as it offers many exciting areas of research 
[2]. The stiffness and hardness demonstrated by nanomaterials make them notewor-
thy in polymer reinforcement. Recent research reports present that minute additions 
of nanomaterials ~1 wt % may enhance the mechanical properties remarkably, 
although clear mechanism behind the dramatic increase is not understood [3]. 

Altogether, the molecular interaction between the polymer matrices and 
nanomaterials governs the enhancement with the key role played by availability of 
a large surface area for such interplay. 

8.2 Polymer Nanocomposites 

Polymer nanocomposites are branches of composite material in which nanofillers or 
nanoparticles are diffused inside the polymer matrix where the filler has dimension 
between 1–100 nm scale. Recent reports have revealed that polymer properties such 
as dimensional stability, resistance to thermal degradation, resistance to chemical 
attack, toughness, modulus, strength, flammability resistance, and gas impermeabil-
ity can be enhanced by the addition of small quantity of nanofiller [4]. 

Nanocomposite can be classified into three categories on the basis of size and 
shape of dispersed filler. If all the three dimensions are in nanoscale, we can call it 
iso-dimensional nanoparticle or nanoparticles, examples are, zinc oxide, aluminium 
oxide, carbon black, silica [5]. One-dimensional nanoparticle in which two 
dimensions are in nano-metre range and third forms an elongated structure, examples 
include carbon nanotubes, etc. The third kind of nanofiller exhibit sheet like shape as 
two of the dimensions are not confined to nanoscale such as layered silicates, 
graphene, layered graphite flakes are few examples of two-dimensional nanofillers 
[6]. Appropriate incorporation of these nanofillers will develop nanocomposite with 
well-suited features [7]. Earlier micron scale fillers were added into composites now 
it is replaced by nanofillers. The distribution of nanofiller at the molecular level 
within polymer matrix can lead to tremendous advancements in the eventual 
characteristics of the nanocomposites [8]. The interfacial synergy between matrix



and dispersed phase along with aspect ratio of the filler play significant role in 
promoting the properties of composite [9]. On that account nanofillers such as 
carbon nanotubes, clays, graphene, nanofibres with large aspect ratio and uniform 
distribution in polymer matrix are proving to be stronghold to architectural materials 
as at minimum volume fraction of filler is required to strengthen polymer properties. 
Researchers are working on fabrication methods to achieve the desired properties in 
polymer nanocomposites. 
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8.3 Polymer as Biomaterial 

The benchmark for selecting a polymer as a biomaterial is to develop an alliance 
between degradation time till the need of application and mechanical strength. For 
biomedical applications ideally polymer must own the following features; 

(i) Should not elicit any toxic/inflammatory response. 
(ii) If administered inside the body, it should be metabolized after meeting its 

purpose without any trace. 
(iii) Easy to process as a final product. 
(iv) Shelf-life is acceptable. 
(v) Easy to sterilize. 

Hence, in spanning area of materials science to chemistry, biology, and bioengi-
neering the main challenge is to facilitate generation of nanocomposite materials 
with notable better properties. The major goal in these approaches is to tailor the 
constituents and morphology of fabricated biomaterials, in which the nanofillers are 
being distributed with favourable orientation in the polymer matrices. Owing huge 
potency of polymers in biomedical applications, several studies have been described 
regarding the development of nanocomposites [10]. 

8.4 Nanofillers 

One of the common raw materials utilized in material science is filler. A production 
of 50 million tons per year of filler is recorded. They can exhibit various shapes, such 
as flakes, rods, discs, or spherical forms. Primarily the properties of filler are resolved 
by geometry, chemical coating, size, and functionalization. Nanofillers have one 
magnitude in the nano range and they act as a dopant. The inclusion of nanofiller in 
the polymer matrix can affect the material characteristics necessarily by improved 
thermal, mechanical, rheological, and optical properties. The ratio of mixture 
between polymer matrix and the nanofiller greatly influences the composite material. 
Nanofillers can be classified as one-dimensional (1D) nanoplates [11].
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8.4.1 Chemistry of Nanofillers 

The primary properties determined by nanofiller chemistry are related to interaction 
between nanofiller and polymer. Firstly, the enthalpic interaction of the polymer 
chain is affected by nanofiller chemistry. The efficient stress transfer over polymer/ 
nanofiller interface. Such kind of enthalpic synergy can be described by the van der 
Waals interplay or covalent bonding between the polymer links and nanofiller. The 
morphology of the synthesized polymer nanocomposite is significantly influenced 
by the strength of these interactions. The polymer blend theory suggests that 
polymer and particle interaction could alter the miscibility barrier for given size 
scale of the polymer and nanofiller [12]. In agreement to this effect, nanoparticles 
phase separate giving rise to nanofiller rich domains with low polymer content. 
Inside these domains attractive inter-particle interrelation makes the aggregates as a 
large particle with filler rather than individual fillers at nanoscale. Whereas weak 
interaction leads to the deformation of aggregates playing crucial role during loss 
and storage modulus and later these deformation processes determine mechanical 
strength of synthesized polymer nanocomposite [13]. 

8.4.1.1 Shape and Size of Nanofiller 
The filler dimension is at the heart of the effect of “nanoscale” on mechanical 
characteristics in polymer nanocomposites. Generally, two important features, size 
and shape of filler dictate the overall properties of polymer nanocomposite: 

(i) Surface-to-volume ratio. 
(ii) Excluded volume interactions. 

The driving force for the fabrication of polymer nanocomposite is surface-to-
volume ratio of nanofiller. This ratio depicts the amount of interfacial surface in 
comparison to bulk material in the nanocomposite. Among the various reasons for its 
significance, the interfacial region commands structural alignment on the molecular 
level and is responsible for the efficient stress transfer across the constituents of the 
nanocomposite. Moreover, if the interfacial region amount is increased, it maximizes 
the potency of material’s novel characteristics. 

The excluded volume aids in the form that two solid nanofillers cannot take 
similar space at the same time, hence because of entropy of filler a force of repulsion 
is generated. A significant conclusion drawn from excluded volume contributions is 
that large aspect ratio, for instance, long fibres are difficult to distribute iso-tropically 
as there is increase in aspect ratio. The excluded volume of nanofiller combined with 
the configurational entropy of polymer play a crucial role in dispersion of nanofillers 
in polymer. The excluded volume of the nanoscale fillers coupled with the configu-
rational entropy of the polymer chain has been shown to play an important role in the 
spatial distribution of nanofillers in polymer [14].
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8.5 Different Types of Fillers 

8.5.1 Nano-Clays /Layered Silicates 

Layered silicates constitute platelets, naturally assembled with a huge number of 
sheets. Clays are categorized on the ground of placement of ions inside geometry 
mesh, their crystalline make up and quantity. Various types of clay minerals are 
smectites, bentonites, and hectorite [15]. The most widely used nano-clay in material 
science currently is montmorillonite which is a class of bentonite. A single sheet of 
montmorillonite was stated to have 178 GPa–265 Gpa in Young’s modulus 
[16]. This clay nanofiller is intertwined between two octahedral layered silicate of 
alumina. With 1–5 nm thickness and diameter up to 100–500 nm these alumina 
silicate platelets have high aspect ratio (>50). The stiffness of the minerals presents 
in clay displayed enhanced mechanical properties in the nanocomposite blend [17]. 

8.5.2 Carbon Nanofiller 

Carbon nanomaterials has attracted much attention in diverse research field such as 
zero-dimensional (0D) fullerene, one-dimensional (1D) carbon nanotube, and 
two-dimensional (2D) graphene sheet [18]. They are one of the important 
nanomaterials for the development of scaffolds due to their similar dimension; 
they act as physical analogue with extracellular matrix (collagen). They possess 
outstanding mechanical properties to reinforce organic/inorganic artificial scaffolds 
[19]. Moreover carbon nanomaterials have good conductive properties which can be 
applied for electrical simulation to artificial scaffolds. Carbon nanomaterials have 
shown function in wound healing. Interesting properties such as obstruction of 
pathological process during wound healing have been exhibited by fullerenes 
[20]. These materials showed anti-inflammatory and antioxidant ability which des-
ignate them as wound healing agents. Recently for fungal and bacterial wound 
infection photothermal treatment by utilizing graphene oxide nanosheets have 
been reported [21]. An alternative to antibiotics as a non-invasive technique the 
synergistic effect created by graphene oxide and irradiation with near-infrared laser 
elicit action against many pathogens thus resulting in rapid wound healing. 

Carbon nanomaterials have exhibited remarkable biocompatibility due to their 
physicochemical properties such as surface roughness, functionalization, and reduc-
tion state which makes them suitable substrate for growth and differentiation of 
several mammalian cells. Carbon nanomaterials with 3D framework were generated 
through electrospinning technology, hydrothermal process, and solvent casting 
method. The electrical and mechanical property of carbon nanomaterial-based 
scaffolds was developed due to electrostatic interaction and π–π stacking among 
the organic/inorganic substance and carbon nanomaterial [22] (Fig. 8.1).
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Fig. 8.1 Applications of carbon-based polymer nanocomposite 

8.5.3 Metallic and Metal Oxide Nanofiller 

Well known for its antibacterial effect, silver acts by blocking the respiratory enzyme 
pathway and changing microbial DNA and cell wall. Being effective against biofilm 
forming and multi-resistant bacteria, silver aids in healing wounds. In burn and 
chronic infections silver sulfadiazine and silver nitrate are applied extensively. 
However, tissue toxicity was observed in silver sulfadiazine. To avoid this limitation 
silver nanoparticles were synthesized, which reduced the toxicity of the material due 
to high surface-to-volume ratio in comparison to conventional compounds of silver 
[23]. Cytokine modulation during inflammation was observed to reduce by using 
silver nanoparticles with lighten scar formation. Surface functionalization of silver 
nanoparticles with thiolated oligonucleotide (5′-HS(CH2)6- TAATGCTGAAGG-3) 
resulted in the release of silver ions for longer duration thereby reducing cytotoxic-
ity. Nanocrystalline silver can cover large wound surfaces due to its ability to release 
clusters of silver nanoparticles. The limitation of silver-based nanomaterial lies in



reappearance of silver resistant bacteria and blue-grey skin coloration if used for 
longer time [24]. 
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Table 8.1 Properties of nanofillers to polymers 

Enhanced characteristics Limitations 

Mechanical properties (Toughness, Tensile, Strength, 
Stiffness) 

Optical issues 

Thermal expansion Dispersion difficulties 

Chemical resistance Sedimentation 

Dimensional stability Viscosity increases which limits 
processability 

Ablation resistance 

Gas Barrier 

Thermal conductivity 

Flame retardant 

Zinc oxide nanoparticles have shown better intrinsic antibacterial activity and 
cytocompatibility than silver nanoparticles in mammalian cell. They are utilized in 
many hydrogels based wound bandages as it promotes collagen deposition and 
re-epithelization. In another related study proangiogenic activity was observed 
with zinc oxide nanoflowers further confirmed by in vivo assay. However, as 
wound healing dressing material metallic nanoparticles suffers from drawback 
such as cytotoxicity thus limiting their potential in further treatment [25] (Table 8.1). 

8.6 Fabrication of Polymer Nanocomposites 

Once the particular polymer and suitable nanofiller is selected for a particular 
application, the upcoming challenge is to identify the synthesis route for the fabrica-
tion of desired polymer nanocomposites. Generally, solid thermoplastic polymers or 
thermosetting reactive prepolymers with solid nanofillers are processed using the 
following methods: 

(i) Melt intercalation 
(ii) Solution intercalation 
(iii) Roll Milling 

For soft thermosetting prepolymers or thermoplastic polymers reinforced with 
solid nanoparticles, recommended procedures are as follows: 

(i) In-situ polymerization 
(ii) Emulsion polymerization 
(iii) High-shear mixing
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8.6.1 Melt Intercalation 

The stacked sheets of nanofiller (layered silicate) are combined with the solid 
polymer in the liquefied state. If the chosen polymer and the layered nanofiller are 
compatible to each other, then the polymer can be inserted within the interlayer space 
to form either an exfoliated or intercalated nanocomposites without the addition of 
any solvent. Application of high-shear forces helps the nanofillers to disperse 
uniformly in the matrix and to prevent the chances of agglomeration. This method-
ology is dependent on the organization of polymer morphology during their molten 
state. Consequently, the chains present in polymer are free to move and thus mixed 
properly in the course of melting state of polymer [26]. The shortcoming in this 
technique is on the incorporation of solid particles in the polymeric phase, mainly 
when the filler has opposite surface properties to that of polymer matrix. Hence to 
attain improved compatibility among the two phases surface functionalization is 
performed. For example, the poor dispersion of graphene sheets into polymeric 
system is due to strong bonds present between graphene layers and the viscous 
polymer is overcome by surface functionalization of graphene sheets to favour better 
component interaction [27]. 

8.6.2 Solution Intercalation 

The solution casting method is mostly used to fabricate homogeneously distributed 
nanocomposites due to its simplicity. The nanofiller is sonicated in the solvent 
initially prior to its addition into the polymer matrix. At an ambient temperature 
the solvent is later evaporated followed by vacuum drying. The resultant 
nanocomposite is washed properly to remove any undesired impurities [28]. 

8.6.3 In Situ Polymerisation 

In this technique, uniformity of distribution of nanofillers within the polymer matrix 
is achieved. This method establishes polymers between layers of embedded sheets. 
When the liquid monomer and layered sheet come into contact with each other the 
nanofiller gets swollen and hence polymerization is initiated by rise in temperature 
by adding a suitable initiator. This process allows the formation of interaction 
between the polymer chain and chemically active surfaces through polymerization 
(tethering effect) thermoset-clay nanocomposite is produced by utilizing this 
method [29].
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8.7 Polymer Nanocomposite in Biomedical Science 

Novel materials with feasible biomedical application have been fabricated to substi-
tute, direct or supplement the normal functioning of living tissues. Materials with 
biocompatible features must accomplish physical, chemical, biological, and struc-
tural (mechanical) affinity with host tissue [30]. Few instances to compile applica-
tion of polymer nanocomposite are as follows (Fig. 8.2): 

(i) Dental implants-surface modified SiO2 and ZrO2 filled acrylates. 
(ii) Bone plates and screws-nylon, polypropylene, polyethylene reinforced with 

carbon fibres [30]. 
(iii) Bone cement: acrylate glass powder. 
(iv) Joints replacements: Ultrahigh molecular weight polyethylene with carbon 

nanocomposites for total hip replacement [31]. 
(v) Bone fracture repair: Carbon fibre-epoxy composite for external fixator. 

8.7.1 Skin Defects and Wound Healing 

The human skin essentially have two layers of tissue: an upper layer called as 
epidermis which provide barrier properties to skin and contains keratinocyte cells 
and a lower layer known as dermis whose core components are collagen and elastin 
matrix giving strength and flexibility to skin along with cells which include 
adipocytes, fibroblasts, and macrophages cells, these layers protect the skin from 
outer environment by acting as a shield [30]. In order to restore integrity of the tissue 
after a cutaneous injury, the process of wound healing involves overlaying of

Fig. 8.2 Biomedical application of carbon-based materials



systematic steps which involves haemostasis, inflammation, proliferation, and 
remodelling. Each stage is crucial for wound healing to progress favourably, hence 
a well planning to fabricate wound dressings that target these stages is required [32].
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8.7.2 Haemostasis 

Shortly after an injury, vasoconstriction, which is the narrowing of blood vessels, 
occurs to halt uncontrolled bleeding [33]. Clotting factors, e.g., polyphosphates and 
growth factors, e.g., platelet-derived growth factor (PDGF) and transforming growth 
factor beta (TGF-β) are released due to platelet aggregation which comes in contact 
with collagen [34]. Coagulation of blood is activated by two pathways: intrinsic 
pathway which is triggered by the activation of factors XII (FXII) through negatively 
charged surface with blood [35]. The extrinsic pathway is triggered by tissue factor, 
a lipoprotein secreted by damaged cell on the extravascular tissue surface which is a 
chief contributor towards coagulation [36]. A clot is generated as thrombin is formed 
from prothrombin which promotes platelet activation and crosslinked fibrin forma-
tion acting as a seal over wound bed. The clot stimulates complimentary system, 
recruits inflammatory cells and thereby sets a platform for subsequent stages of 
healing (Fig. 8.3) [37]. 

8.7.3 Inflammation 

In a period of a day or two, inflammatory phase starts as activated monocytes along 
with neutrophils are recruited at the site of wound. The complement system gets 
activated and in response to platelet degranulation immune cells get recruited 
[38]. The primary objective of complement system is to eliminate microorganism

Fig. 8.3 Stages of wound healing



as a part of innate immunity. With the activation of complement system, the main 
complement protein C3 which cause the release of anaphylatoxin C3a and initiates 
terminal pathway which ends in forming terminal complement complex (TCC) 
which is kind of protein which disrupts the membrane of pathogens, causing cell 
death [39]. The protein formed through complement system stimulates inflammation 
and phagocytosis of foreign particles. With the presence of activated monocytes and 
neutrophils at the wound site, the process of cleaning up starts. Phagocytic 
macrophages which is differentiated from monocytes is primary inflammatory cell 
responsible for wound healing as it also coordinates angiogenic process. The late 
stage of inflammatory phase macrophages releases PDGF and TGF-β to initiate the 
process of proliferation [40]. The transition of macrophages from proinflammatory 
to anti-inflammatory is believed to play crucial role in the switch to proliferative 
stage from inflammatory stage [41].
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8.7.4 Proliferation 

After 3–4 days of injury, the proliferative phase starts which is described by 
re-epithelization, angiogenesis, new tissue formation, and wound contraction. A 
new epithelial layer is formed due to the migration of keratinocytes while granula-
tion tissue consisting new blood vessels, macrophages, ECM, and fibroblast covers 
the wound bed [37]. Fibroblast activation and stimulation is aided by macrophages 
which provide wound bed with growth factors. New ECM is formed by 
myofibroblasts with contractile properties [42]. While oxygen and nutrients are 
supplied to the wound bed through angiogenic sprouting [43]. Contact guidance 
process mediates re-epithelialization in which keratinocytes attain flatter morphol-
ogy which allows them to move across the granulation tissue from opposite side of 
wound bed to re-establish contact [44]. Wound contraction is aided by myofibroblast 
thus reducing the wound gap [42]. After the formation of keratinocyte basal layer on 
the wound bed, these cells initiate the development of height, generating cornified, 
spinous and granular layer of epidermis [45]. This process is Ca2+ dependent. 
Remodelling stage is initiated when the wound bed is covered by granulation tissue 
and new epidermis. 

8.7.5 Remodelling 

This final stage of wound healing, where stronger, permanent tissue replaces tempo-
rary granulation tissue which can last for weeks or several months. Proliferation of 
immune cells returns to their usual state. The capillary density reduces as the demand 
for nutrition decreases to normal range from almost thrice the normal level during the 
earlier phases of wound healing [46]. Hereby the disappearance of redness of the 
scar marks the completion of the visible healing. Furthermore, collagen fibres 
crosslinks and rearrange under the scar to give strength to newly formed tissue.



During this process type I collagen takes over type III collagen with matrix-
metalloproteinase-mediated action [45]. 
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8.8 Elements of Chronic Wound 

Wounds that have failed to proceed according to normal cascade of wound healing 
are defined as chronic wounds and thus need treatment in order to heal completely. 
In developing countries ~2% of the population encounter a chronic wound in their 
lifetime [35]. Chronic wounds pose a huge threat to healthcare systems globally. The 
reason behind chronic wounds is due to systemic or local disorder which causes 
delay in healing. Infections and foreign bodies are local factors which effects the 
wound healing directly whereas interruptions occurring from health conditions such 
as age or diseases are categorized as systemic factors [47]. Production of 
proinflammatory cytokine (interleukin (IL)-1 and tumour necrosis factor alpha 
(TNF-α) and reactive oxygen species (ROS) increases if there is any microbial 
infection which induces inflammation leading to breakdown of neighbouring tissues 
hence hindering the process of healing. Moreover, an extreme inflammation leads to 
reduction in the level of growth factors which are necessary for healing process [48]. 

Diabetes is also one of the conditions to cause delay in healing and develop 
chronic wounds. The impaired ability to heal among diabetic patients is due to 
prolonged hypoxia around wound due to improper angiogenesis, which increases the 
oxidative stress level response and early inflammatory reaction leading to destruc-
tion of tissue and slow down the process of normal healing [49]. Furthermore, both 
delayed and excessive inflammation is detrimental during the process of chronic 
wound healing. 

8.9 Wound Dressings 

It is important to care for wounds whether it is a major incision or a minor cut. 
Wound dressings are included in part of this action. Bandages just hold the dressings 
in its position whereas wound dressings are designed to be in direct contact with the 
injured tissue. During the nineteenth century antiseptic technique was utilized to 
treat wound infections and reduce mortality. Modern wound dressings arrived in the 
twentieth century, occlusive dressings were fabricated to maintain moist environ-
ment to wound as growth factors, proteinases, etc. will be exposed to the covered 
wound which is not in the case of open wound. Wound dressings create hypoxia at 
wound bed which results in lowering of pH, ultimately reducing wound infection 
hence promoting re-epithelization, angiogenesis, and collagen synthesis [50]. In 
1948 Oscar Gilje interpreted moist chamber effect for treating ulcers. The first 
modern wound dressings which absorbed fluids and supplied moisture were brought 
to market in the 1980s, e.g., hydrocolloids, foams. Synthetic wound dressings 
bloomed during mid-1990s into several forms such as hydrogels, silver/collagen 
dressings, silicone meshes, vapour-permeable adhesive, etc. [51] (Fig. 8.4).
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Fig. 8.4 Functions and desirable characteristics of wound dressings and devices related to treat-
ment clinical significance 

8.9.1 Components of an Optimal Wound Dressing 

Depending on the type of wound, suitable wound dressing must be applied. Follow-
ing are the selection criteria for a dressing: 

(i) Must be non-allergic, sterile, and non-toxic. 
(ii) Ability to maintain a moist environment. 
(iii) To permit gaseous exchange between environment and injured tissue. 
(iv) To improve epidermal migration. 
(v) To sustain apt temperature of tissue to enhance blood flow. 
(vi) To boost the development of connective tissue and angiogenesis. 
(vii) To boost enzyme accumulation and debridement movement to complement 

epidermal migration. 
(viii) Should not adhere to the wound and could be removed easily. 
(ix) Able to control formation of bacterial colony at site of wound [52].
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8.9.2 Traditional Wound Dressing 

Natural or synthetic bandages, gauze, cotton wool, and plasters come under tradi-
tional wound dressings which falls under the category of dry dressings and are used 
as primary or dressings for shielding the wound from infections [53]. Cotton fibres 
either woven or non-woven, rayon, polyesters are utilized to make gauze dressings 
have managed to protect against bacterial contamination. The fibres present in these 
gauze pads assists to absorb fluids and exudates in an open wound bed. These 
dressings are required to change regularly to avoid maceration of healthy tissues. 
Cost effectiveness of gauze dressings are low. Polyamide based synthetic materials 
or dressings made out of natural cellulose and cotton wool carry out distinct 
functions. For example, short stretch / high compression bandages, light compres-
sion bandages (cotton gauze) deliver sustained compression for venous ulcers. A 
non-occlusive dressing named XeroformTM contains 3% of Bismuth 
tribromophenate which is applied on slight exuding as well as non-exudating 
wounds petrolatum based. Commercially available tulle dressings such as Paratulle, 
Jelonet, and Bactigras are impregnated with paraffin which are preferred for cleaning 
wounds. Since traditional dressings are suitable only for dry and clean wounds with 
slight exudates, these traditional dressings fail to treat moistened wounds as they 
adhere to the wound bed and its removal is quite painful. Modern dressings replace 
them with more advanced formulations [54]. 

8.9.3 Modern Wound Dressing 

Modern wound dressings have been formulated to keep the wound hydrated rather 
than just to cover it which will facilitate the activity of the wound for healing. 
Numerous agents for wound healing are available in the market on the basis of type 
and cause of wounds making it difficult to select. Synthetic polymers form the base 
for modern wound dressings, mainly classified as bioactive, passive, and interactive 
products. Hydrogel, hydrocolloids, foams, and films are semi-occlusive/occlusive 
interactive dressings. Non-occlusive dressings such as tulle and gauze are 
categorized under passive dressings [53]. An electrical potential is formed between 
the drier region of non-wounded area and the moist surface of wounded area due to 
inhibition of desiccation of wound. Hence epithelial cell migration at wound bed is 
stimulated. This electrical stimulus also aids in the expression of growth factors on 
fibroblast cells. Within shorter nursing duration, occlusive dressings have shown 
effective results despite being costly [55]. 

8.9.3.1 Alginate Dressing 
Calcium and sodium salts consisting of guluronic and mannuronic acid units make 
alginate dressings. Bacterial infection and wound exudates are minimized due to the 
formation of hydrophilic gel. Thomas et al. have stated that macrophages are 
activated by alginates to generate TNF-α which begins inflammatory signals thus 
accelerating the healing process. A protective film is formed on the wound site due to



the exchange of ions in alginate and blood. Alginate dressings are advisable for third 
degree burns and heavy drainage wounds [56]. As these dressings could dehydrate 
the wound bed, they are not recommended for dry wounds and secondary dressings 
are required additionally. Some of the commercially available alginate dressings are 
Algisite™, Sorbsan™, and Kaltostat™. 
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8.9.3.2 Hydrocolloid Dressing 
Hydrocolloid dressings are used mostly as secondary dressings. They are interactive 
dressings which contain an outer water-impermeable layer and a colloidal inner 
layer. They are formed from a combination of pectin, carboxymethylcellulose, and 
gelatin, with other adhesives and elastomers. Hydrocolloids have features to absorb 
exudates and debridement along with being impermeable to bacteria. Hydrocolloids 
provide moist surroundings that absorb exudates and protect granulation tissue. 
Examples of hydrocolloid dressings available in the market include Comfeel™, 
Tegasorb™, and Granuflex™. These dressings, however, have limitations when 
used for highly exuding wounds or neuropathic ulcerst [55]. 

8.9.3.3 Bioactive Wound Dressings 
In the wound healing process biomaterials play a significant role, thus giving rise to 
bioactive dressings. These dressings are derived from natural sources such as elastin, 
natural or artificial sources, chitosan, collagen, and hyaluronic acid as these materials 
are known as non-toxic, biocompatible, and biodegradable. Depending on the type 
and nature of wound the polymeric forms of these biomaterials can be applied either 
individually or in combination with antimicrobials or growth factors to improve the 
process of wound healing [56]. 

Collagen has similarity with the human skin composition and morphology. 
Therefore, it is an ideal natural polymer for the development of a wide array of 
wound dressing compositions. The primary protein present in the extracellular 
matrix of mammals is collagen. It forms a major portion of dry skin 
weight ~ 70–80%. It has a tough triple stranded helical structure make up. It provides 
cellular functions such as cell proliferation, differentiation, and cell migration as well 
as structural support to the body [57]. The wound healing is stimulated by molecular 
and cellular cascade which helps in wound debridement and new tissue formation. 
Collagen dressings are fabricated from porcine, avian, bovine sources and are 
purified to develop as non-antigenic dressings [58]. 

Chitosan is derived from chitin, a polysaccharide found in the exoskeletons 
of crustaceans like crabs and shrimps, through a process of deacetylation, 
resulting in the formation of Poly N-acetylglucosaminoglycan, also known as 
deacetylated chitin. It shows antibacterial properties, non-toxic, biodegradable, 
non-immunogenic, and biocompatible. It can be readily moulded into sponges, 
gels, films, and scaffolds, sponges can be applied topically as a wound dressing. It 
forms a necessary platform to initiate collagen synthesis and stimulate fibroblast 
proliferation on it. Chitosan has features like haemostatic and antibacterial which 
makes it unique polymer for wound healing ideal for fabrication of materials as 
wound dressing [59].
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Hyaluronic acid comprises a linear polysaccharide, which consists of units of 
N-acetyl-D-glucosamine and glucuronic acid. Hyaluronic acid can be formulated in 
the form of mesh, gel, sheath, and film which can be applied widely as a medicament 
for wounds and severe burns. It can decrease the intensity of chronic injury to acute 
injury promising its role in skin tissue engineering in clinical studies on animal 
[60]. Wound without any scar is achieved. The three-dimensional matrix which is 
formed by hyaluronic acid after mixing with other polymers is equivalent to the 
human skin biologically as well as structurally. 

8.9.3.4 Hydrogel Dressing 
Hydrogels are synthesized from synthetic polymers. Hydrogels contains large 
amount of water which gives a moist environment to epithelium and granulation 
tissues [61]. Hydrogels dressings possess soft and elastic characteristics for painless 
administration and removal after healing is complete without damaging the tissue 
[62]. Hydrogel dressings maintain cooling and soothing effect at wound bed by 
decreasing temperature. They are widely applied for burn wounds, necrotic wounds, 
and chronic wounds [63]. Hydrogel dressings are polymeric crosslinked gels that can 
maintain a moist wound environment. Hydrogels are able to debride the necrotic 
tissue and clean them. Hydrogels do not adhere at wound sites and can be removed 
without causing any pain. Hydrogel also has the benefit of delivering therapeutic 
agents (drug delivery) to the wound [64]. Few examples of hydrogel as wound 
medicament are Intrasite™, Nu-gel™, Aquaform™ [65]. 

8.10 Hydrogels 

Hydrogels are crosslinked polymer network with three-dimensional structure and are 
hydrophilic in nature which have capacity to imbibe huge quantity of water as well 
as biological fluids compared to their actual mass [65]. The polymer network present 
inside the hydrogels are insoluble due to chemical or physical crosslinking either in 
the form of crystallites or entanglements which imparts physical stability and 
structural networks. These hydrogels show compatibility with water which causes 
them to swell in aqueous medium [66]. 

8.10.1 Types of Hydrogels 

8.10.1.1 Chemically Crosslinked 
These hydrogels are synthesized via chain growth polymerization, electron beam 
polymerization, and condensation polymerization. Chemically crosslinked 
hydrogels do not disintegrate when come in contact with aqueous phase, due to 
the expansion of their crosslinked structures. The residual number of crosslinking 
agents which remain in the polymer product comprises the biocompatibility [67].
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8.10.1.2 Physically Crosslinked 
Physically crosslinked hydrogels are prepared by hydrogen bonding, ionic interac-
tion, hydrophobized polysaccharides, crystallization, and stereocomplex formation. 
During physical crosslinking, no harsh chemicals are required and synthesis can be 
done at room temperature, under mild conditions, and physiological pH. This 
procedure of crosslinking do not need the presence of ionic groups in the polymer. 
Mechanically stronger hydrogel can be formed if metallic ions are utilized [68]. The 
hydrogels formed by this crosslinking are usually biodegradable in nature. 

8.10.1.3 pH Responsive Hydrogels 
A unique system of pH responsive hydrogels is a class of environment responsive 
hydrogels which respond to variation in electrolytic concentration or pH change by 
showing difference in swelling property. These unique change in volume or solubil-
ity properties of such pH responsive hydrogels is attained through the exchange of 
hydroxyl groups or protons which are present in the solution [69]. The pendant 
functional groups either acidic or basic which are present on the polymer matrix are 
accountable for such volume change at a particular pH. Moreover, polybasic or 
polyacidic segments are present in the polymer networks of these pH responsive 
hydrogels, and when these segments are neutralized, they transform into 
polyampholytes. These hydrogels have wide applications in the area where external 
stimulus of pH is required, for example, controlled drug release or gene 
delivery [69]. 

8.11 Hydrogel Nanocomposite 

The recent advancement in hydrogel technology has guided the progress of hydrogel 
nanocomposite for application in the biomedical field; currently there is a rise in 
research in their growth. The fabrication of organic–inorganic structure with soft 
networks of hydrogel is the need of today’s material. In 2002 Haraguchi developed 
clay hydrogel nanocomposites which exhibited superior properties [46]. The hydro-
gel nanocomposite displays superior features which includes swelling and mechani-
cal properties when compared with traditional hydrogels. This was a breakthrough 
study in the domain of hydrogel nanocomposites. Hydrogel nanocomposites are 
three-dimensional crosslinked networks generated in the existence of nanostructures. 
These materials are developed either by chemical or physical crosslinking 
[64]. Hydrophobic interactions, ionic complexations, and hydrogen bonding are 
significant for physical crosslinkages whereas strong covalent bonds are involved 
in chemical crosslinking. The addition of nanoparticles into the hydrogel matrix is 
performed either by absorbing them within the matrix or by homogeneous dispersion 
in the hydrogel network and also by nanoparticle entrapment in the hydrogel mesh. 
The presence of nanofiller inside the hydrogel matrix causes improvement in the 
intrinsic as well as extrinsic properties of hydrogel nanocomposite. The nanofiller



contributes towards unique characteristics of the hydrogel matrix and thus promotes 
them for application as actuators, in microfluidics, catalysis, biomedical, and 
sensors. The existence of such diversity is due to the ability of these hydrogel 
nanocomposites to be designed in different forms such as hollow tubes, sheets, 
thick and thin membranes, and bellows (Fig. 8.5) [30]. 
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Fig. 8.5 Processing factors influence the final properties and performance of hydrogel 
nanocomposites, both natural and synthetic polymers can be used to fabricate hydrogel in which 
nanomaterial can be reinforced to form hydrogel nanocomposite with a variety of applications 

8.11.1 Carbon Nanomaterial Reinforced Hydrogel Nanocomposite 

Conventional hydrogels are reinforced with carbon-based nanostructures such as 
graphene and carbon nanotubes (CNTs) to enhance their electrical and mechanical 
features [70]. In general, both graphene and CNTs based hydrogel nanocomposite 
are being considered for applications such as biomedical devices, tissue engineering 
scaffolds, actuators, drug delivery, and biosensors [68]. The two forms of CNTs are 
single wall and multi wall. The interaction between CNTs and hydrogel networks is 
limited due to the hydrophobic nature of CNTs as the strong π–π self-interplay 
causes aggregate formation. To circumvent such condition surface functionalization 
of CNTs is performed by polar groups such as carboxyls, amines, and hydroxyls 
[71]. CNTs based hydrogel nanocomposites can be utilized to come up with



electrically conductive tissues such as cardiac, nerves, and muscle tissues as CNTs 
possess high electrical conductivity [72]. Another nanomaterial graphene which has 
two-dimensional architecture is an excellent heat and electrical conductivity. The 
solubility of graphene with hydrophilic polymers under physiological environment 
can be enhanced by its modification into graphene oxide (GO) under acidic medium 
[73]. In conclusion the conjugation of graphene derivatives and functionalized CNTs 
with hydrogel networks allows us to procure hydrogel nanocomposite with 
ameliorated properties. On the other hand, the actual application of carbon 
reinforced nanocomposite as a platform for tissue engineering or as for controlled 
drug delivery is yet to be determined due to concern related to their biocompatible 
characteristics, which has not been analysed completely. Various cell line studies 
have been performed on carbon nanomaterials, and the obtained results are quite 
contradictory [74]. For instance, GO could be a foundation for adhesion and 
proliferation of osteoblasts, human embryonic stem cells, and kidney cells [75], 
while on the down side, other reports revealed a cytotoxic effects of GO against 
fibroblasts depending on concentration [75]. These puzzling outcomes have been 
explained roughly considering structural defects of graphene, preparation technique 
of GO, charge, and size distribution, and the presence of oxygen moieties has effect 
on the overall interaction and in vitro and in vivo biocompatibility [76]. 
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8.12 Conclusion 

The chapter on polymers and polymeric composites in nano/bio-medicine provides 
an overview of the use of polymers and composites in various biomedical 
applications, including drug delivery, tissue engineering, and medical implants. 
Polymeric materials have several advantages over other materials in these 
applications, including their biocompatibility, versatility, and tunable properties. 
The use of polymers and composites in nano/bio-medicine has led to the develop-
ment of new and improved medical devices, as well as more effective drug delivery 
systems. 

In conclusion, the chapter highlights the potential of polymers and polymeric 
composites in nano/bio-medicine and their continued importance in the field of 
biomedical engineering. Ongoing research and development in this area will 
undoubtedly lead to further advances in medical technology and treatment options 
for patients. However, the challenges in translating these materials from laboratory 
research to clinical applications need to be carefully addressed, including issues 
related to safety, regulatory approval, and manufacturing processes (Fig. 8.6).
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Fig. 8.6 Some advantages of hydrogel nanocomposite as wound dressing 
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Bio-Ceramics and Bio-Glasses 
for Orthopedics and Tissue Engineering 9 
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Abstract 

Modern medicine depends heavily on biomaterials for body part repair and 
regeneration, and their influence on current culture is growing. Given the signifi-
cance of orthopedics (the second most frequently replaced organ after the blood is 
the bone), bioactive glasses and ceramics serve as crucial points of reference for 
future technological advancements in this area. Depending on the use, 
bio-ceramics can directly interact with the tissue in the area, either promoting 
tissue growth or, in the case of bioactive ceramics, triggering fresh tissue regen-
eration. As in the case of bioinert ceramics, it can also remain inactive at the 
application site and serve as a mechanical load carrier. In comparison to other 
classes of materials, bio-ceramics and bioactive glasses, among others, have been 
demonstrated to have better biological characteristics. The popularity of hydroxy-
apatite and other calcium phosphates in recent years in orthopedic and dental 
surgery is largely attributable to their favorable biocompatibility, 
osteoconduction, and osseointegration. Nanomedicine and tissue engineering 
are important fields that can help us develop new methods of treating fractures 
and damaged tissues. Bio-ceramics, a broad category of materials, is a good 
choice for various forms of reconstructive and regenerative medicine. Currently 
available bone graft alternatives include ceramics (including glasses), either alone 
or in conjunction with another material, in around 60% of the cases. This chapter 
discusses a variety of bio-ceramics and bio-glasses topics, ranging from the
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fundamentals through applications. Additionally, this chapter highlights current 
developments in bio-ceramics, including coatings, bone cement, medication 
delivery, 3D-printed ceramic scaffolds, and associated in vitro and in vivo 
performances.
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9.1 Introduction 

According to the definition proposed at the Consensus convention of the European 
Society for Biomaterials in Chester, England, in March 1986, biomaterials are “any 
component, except a psychoactive substance, or combination of substances, either 
artificial or herbal in source, that may be used over any duration of time, as a whole 
or as a part of a device, which treats, enhances, or replaces any tissue, organ, or 
functioning of the human frame.” [1]. In recent decades, synthetic alternatives have 
been progressively vital within the repair of aging, deteriorating, or wounded tissues. 
Keeping in mind the example of bone, the size of the global market for bone grafts 
and replacements, which was anticipated to be worth USD 2.80 billion in 2022, is 
expected to increase at a compound annual growth rate (CAGR) of 6.3% between 
2023 and 2030. The allograft category, which had the biggest revenue share of 
57.3% in the material type segment in 2022, is expected to see significant growth 
prospects throughout the course of the projection period. Even when the replacement 
tissue is available, 90–95% of these presently involve extracting bone from the 
patient or another donor, necessitating two surgical procedures for the grafts 
[2]. Utilizing a synthetic alternative cuts the number of invasive procedures by 
50% greatly lowers the risk of infection or other problems and lowers expenses. 
(One of the key factors behind the development of bone substitute materials has been 
this). Functional ceramics such as electrical, photonic, and energy-related ceramics 
have gradually been developed as ceramic science advances. Even though research 
is being done to enhance the capabilities of bio-ceramics, the term’s definition is still 
up for debate. Ceramics utilized in medical and dental procedures on the human 
body are generally categorized as bio-ceramics in this aspect. Alumina, zirconia, 
bioactive glass, glass-ceramics, hydroxyapatite, and resorbable calcium phosphates 
are a few examples of materials that fall under the category of bio-ceramics. They 
have been employed in dentistry as endodontic sealers, bone defect fillers, root repair 
materials, apical fill materials, perforation sealers, and regeneration aids. They have 
the capacity to resorb and promote the regeneration of natural tissues or to operate as 
human tissues. 

The desire for implant materials that could connect to live tissues, which were 
meant to replace inert metal and plastic implants that were poorly tolerated by the 
body, led to the development of bioactive glasses (BGs) by Larry Hench in the late 
1960s. A group of bioactive glasses known as “Bio-glass” are made of silicon



dioxide, sodium oxide, calcium oxide, and phosphorous pentoxide. This substance 
produces a surface pore structure with a pore size of 5–20 nm, excellent surface area, 
and the capacity to stimulate the production of apatite. The osteogenic potential of 
the released ions, the strong bone mineral binding affinity, and the regulated 
disintegration of bioactive glasses make them particularly appealing for bone 
regeneration. 
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9.2 Scaffolds and Bio-Ceramics Work Perfectly Together 
for Tissue Engineering 

Through the application of interdisciplinary technologies, tissue engineering 
produces implants that, once inserted, can fuse and restore a particular functional 
tissue. A key element of this method is a synthetic scaffold, which serves as the 
primary two- or three-dimensional (2- or 3-D) framework for both the in vitro and 
in vivo development of hard and soft tissues. Moving on to orthopedics, bone is one 
of the few tissues with an innate capacity for restitutio ad integrum (Latin for “return 
to original condition”). On the other hand, the ability of bone tissue to regenerate is 
restricted to a certain defect size, beyond which the body is unable to repair the fault, 
leading to a series of bone tissue ingrowths. For bone lesions larger than 5 cm [3], 
this supposedly upper limit has already been achieved. The regeneration of bone 
may also be negatively impacted by a number of patient-related and independent risk 
factors. In these conditions, fibrous tissue or cartilage in growth is typical, leading to 
non-union of the margins of the bone defect and, consequently, biomechanical 
instability. Biocompatible materials, in addition to using autologous, donor-specific, 
or xenogeneic bone tissue, have been clinically demonstrated to be helpful for the 
treatment of critical-size bone lesions [2]. For a number of reasons, including their 
limitless supply, sterilizability, and lack of donor-site morbidity, pathogenic trans-
mission, or immunogenic issues, clinicians prefer the use of synthetic bone trans-
plant materials. This is strengthened by the fact that additive manufacturing 
techniques can be used to process the majority of synthetic materials, enabling the 
development of anatomically precise bone implants. Thus, there is a need for novel 
biomaterials that can repair injured tissues, promote the body’s natural regeneration 
processes, and facilitate tissue healing. It is thought that the creation of three-
dimensional tissue requires “scaffolds,” which are porous templates. Bio-ceramics, 
a distinct class of completely, partially, or non-crystalline ceramics developed for the 
restoration and repair of broken body parts, have a lot of potential [3]. 

Around 20 years ago, the initial investigation into the use of bio-ceramic 
materials in orthopedic surgery started. Only biologically inert materials were first 
investigated, but recently, several scientists have started looking into bioactive 
ceramics. There has been a marked rise in interest in this field during the past 
20 years. The use of prosthetic implants, bone cavity filling, intermaxillary fixation, 
and other words linked to orthopedic surgery are all being addressed with great 
effort. Biomaterials (bio-ceramics) used in orthopedic surgery can be classified as 
either bioactive (can promote the formation of bone tissue and build a link strong



enough to withstand physiological stresses) or bioinert (have no effect on tissue). 
Alumina is a bioinert ceramic with exceptional mechanical resilience and very little 
wear when given the right structural properties. As a consequence, it is used to create 
small joint prostheses, cover metal prosthetic shafts, and create prosthetic hip 
components (acetabulum and head). Hydroxyapatite (HA) is currently the bioactive 
ceramic with the greatest potential use in orthopedic surgery. It may be used to cover 
metallic prosthetic substrates and fill in fractured bones in a variety of ways because 
of the close interfacial connection it establishes with bone tissue [4–6]. 
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9.2.1 Scaffolds 

One of the current advances in the field of tissue engineering is the use of scaffolds, 
which can aid in the proliferation of cells in a particular location to regenerate tissues 
and eventually biodegrade so that they can be eliminated. These kinds of scaffolds 
have been developed using a variety of substances, such as polymer composites and 
calcium phosphate, to aid in the development of bone and tissue cells (Fig. 9.1). For 
scaffold-related applications, porous biomaterials are typically used. There are two 
types of scaffold applications: in vivo and in vitro. Delivering the scaffold to a 
particular location of interest within the body is a common step in in vivo 
applications so that the cells can grow under control at the site of the disease 
[4]. These methods frequently entail adding stem cells (or the particular cell type) 
to the scaffold, whereupon they multiply and connect to the local tissue. The scaffold 
will break down and be eliminated by the body once it has served its purpose. In vitro 
scaffolds, in contrast, are a method of external cell multiplication. A big culture of 
cells will be grown outside the body, and the growth will be directed in one of 
two ways: either from a small number of stem cells to a large number of stem cells or 
by boosting the growth and regulating the types of cells created, so they may be 
employed in a particular location. The patient can then be given the cell cultures. 

9.2.2 Bio-Ceramics 

Bio-ceramics refers to a vast range of ceramics designed primarily for the regenera-
tion and repair of dysfunctional or injured body parts. Utilizing solid pieces (for 
instance, in the reconstruction of the tympanic cavity or as load-bearing components 
of joint prostheses), microparticles and granules for bone filling, coatings on metal 
joint prostheses, intravenous formulations (bone cement), and porous scaffolds are 
some of the current clinical applications. Based on how their usage affects the body’s 
tissues, bio-ceramics may be categorized into three major categories: practically inert 
substances like alumina and zirconia, bioactive substances like bioactive glass, and 
resorbable substances like tricalcium phosphate (TCP). Inert ceramics are employed 
for the femoral heads and acetabular cups in almost all dental implants and hip 
replacements, but these materials are rarely used as scaffolds since their inertness 
results in the creation of a 1–3-mm thick “protective” fibrous capsule on the



implant’s surface [2]. The implant and host tissue do not develop a connection, even 
if there is no significant foreign body reaction. The ability to create a solid connec-
tion with the host tissue is crucial when employing bio-ceramics to create scaffolds. 
Ceramics that are bioactive and bioresorbable are a great solution in this regard. The 
later ones also have the added advantage of progressively degrading over time while 
being replaced by the host tissue’s native tissue. As a result, they disappear after their 
job of serving as templates for new tissue is finished. In the sections that follow, the 
materials are conceptually categorized into their respective class from a 
microstructural perspective: crystalline ceramics, bioactive glasses, glass-ceramics, 
and composites. In addition to pastes, granules, or monoliths, bio-ceramics are added 
to bioinert implants to increase their ability to connect with bone and prevent fibrous 
encapsulation. The regeneration efficiency of currently implanted bioactive 
materials, such as HA or bio-glass, is limited as compared to autografts because of 
their long-term in vivo stability. The sections that follow focus on the primary 
bio-ceramic materials that are currently employed to create scaffolds (Figs. 9.2 and 
9.3) [4, 7]. 
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Fig. 9.1 Bio-ceramic Scaffolds [4]
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Fig. 9.2 A schematic layout of the three generations of bio-ceramics 
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Fig. 9.3 Classification of bio-ceramics 

9.2.2.1 Ceramics Made of Crystal 
The principal members of this family are calcium phosphates, which are among the 
most widely used crystalline ceramics for bone tissue regeneration. This is a result of 
their exceptional properties, which include (i) Osteoconductivity, or the ability to 
provide a biocompatible interface as bone migrates and subsequently bonds to the 
host tissue without the formation of scar tissue, and (ii) Similarity to the mineral



phase of bone in terms of structure and chemical composition. Synthetic HA 
(Ca10(PO4)6(OH)2), with a stoichiometric calcium-to-phosphate ratio of 1:67, is 
the calcium phosphate phase that, from the viewpoint of crystallography, most 
closely mimics genuine bone apatite. Because of its exceptional biocompatibility 
and osteoconductivity, HA is effectively used as a bone filler in the form of cement 
or granules as well as coatings on metallic joint prostheses. But its usage as a 
scaffold material is limited due to its weak mechanical properties and extraordinarily 
slow rate of resorption [4]. 
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Other calcium phosphates with varying degrees of solubility have developed as a 
result, with the rate of dissolution increasing as the calcium-to-phosphorus ratio 
decreases and the crystallographic structure also playing a role in solubility. Specific 
papers addressing calcium phosphate bio-ceramics are directed to interested readers. 
All calcium phosphate bio-ceramics manufactured in a porous form have limited 
mechanical properties (brittleness, low fatigue strength), which essentially limit their 
clinical application to small load-bearing parts of the skeleton. It is important to 
remember that sintering, which does not occur in a viscous flow regime and may not 
completely result in the densification of scaffold struts, is routinely used to 
strengthen calcium phosphate scaffolds. Some materials, such bioactive glass-
ceramics and mixes, seem to be more advantageous for creating robust, long-lasting 
scaffolds. The thigh bone, acetabular cup, and tibial plate of hip and knee joint 
replacements are all made of alumina, another well-known example of crystalline 
ceramic comparable to calcium phosphates. This is mostly due to alumina’s high 
strength, superior wear resistance, and bioinertness (associated with preserving the 
required physico-chemical and mechanical characteristics over time). In clinical 
settings, only spherical porous scaffolds constructed of porous alumina are used to 
create orbital implants for enucleation. These scaffolds should not degrade over time 
in the anophthalmic sockets of patients and allow fibrovascular ingrowth through 
their porous network. 

9.2.2.2 Bioactive Glasses 
Numerous studies have shown that bioactive glasses are capable of attaching 
securely to live tissues (mostly bone), triggering a range of biological processes 
like tissue regeneration and angiogenesis, and eventually dissolving. These 
properties of bioactive glasses are the consequence of a surface modification that 
evolves over time following contact with a physiological environment [8]. As the 
interface for interacting with host tissues, the glass surface forms a layer of physio-
logically active hydroxycarbonate apatite (HCA), and the byproducts of dissolution 
(such as silica, salt, calcium, phosphate ions, etc.) promote the formation of new 
tissue in the host tissues. 45S5 Bio-glass® , a component of the 
45SiO2-24.5Na2O-24.5CaO-6P2O5 (wt.%) system, was created by Prof. Larry 
Hench and colleagues. It has been used in therapeutic settings since 1985. More 
silicate, borate, and phosphate glasses have been suggested for use in medical 
applications over the years. To create bioactive glasses, the sol-gel method or 
conventional melting-quenching methods are frequently used. Glasses formed 
from melt can be poured into molds to create rods and bars or cast as components



in a variety of sizes and forms. The melt can also be cooled in cold water to form 
“frit,” which are simple-to-powder granules and fragments of various sizes that can 
be utilized to make porous scaffolds in later processes [9]. Not to mention, the 
glasses may be spun to produce glass fibers, particularly the phosphate ones, which 
have attracted attention in recent years for application in soft tissue engineering as 
guides for muscle or nerve repair as well as for the development of glassy bone 
scaffolds. The silica content must be at least 60 mol% for melt-derived silicate 
glasses to bond with bone. 
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Additionally, hydroxy-carbonated apatite layer production and bone bonding 
may be accomplished with glasses that contain up to 90% mol.% silica if the glass 
is made using a sol-gel procedure. Because sol-gel glasses have a much greater 
surface area per gram that may be used for ion-exchange processes (tens vs. few 
meter square per gram), they were shown to produce a nanocrystalline hydroxy-
carbonated apatite surface layer more quickly than thermal glasses in general. 
Mesoporous bioactive glasses (MBGs) have advanced over the past 10 years, 
enabling the development of a single, adaptable biomaterial with excellent bioactive 
properties (the capacity to form a surface HCA layer after only a few hours of contact 
with biological fluids) [4]. 

(i) Borate bioactive glass: Researchers have found that borosilicate or borate 
bioactive glasses encourage tissue infiltration in vivo as well as cell growth and 
differentiation in vitro. As quickly as 45S5 glasses, borate bioactive glasses 
also deteriorate quickly. Due to their poor chemical stability, they entirely 
transform into a substance that resembles HA. By adjusting the glass composi-
tion, the rate of degradation can be regulated. In addition, the toxicity of boron 
discharged into the solution as borate ions (BO3)

3- is a worry. 
(ii) Phosphate Glass with bioactivity: CaO and Na2O operate as network 

modifiers as it generates networks. Due to the ions present in the organic 
mineral phase of the bone, it exhibits a chemical affinity for bone. This glass’ 
degradability can be managed by changing its composition. It has potential as a 
resorbable biomaterial for tissue engineering due to the flexibility it has 
demonstrated. 

(iii) Akermanite: Due to its controlled mechanical properties and quick rate of 
decomposition, Akermanite (Ca2MgSi2O7) has recently drawn greater interest. 
When compared to beta-TCP, marrow-derived or adipose-derived stem cells 
and osteoblasts have shown good osteogenesis and proliferation on akermanite. 
Recent research suggests that this Mg-containing silicate ceramic may be more 
suitable for bone regeneration than b-TCP as a bone transplant material. The 
bioactivity of akermanite is yet unknown, though, through what mechanism. 
One of the key elements in the proliferation and cell differentiation of different 
types of cells is the materials chemistry of biomaterials [9]. Biomaterials are 
essential to tissue engineering. They serve as a 3D template, provide mechani-
cal support, and enable the creation of an artificial extracellular matrix (ECM) 
to assist the growth of new tissues [10]. This indicates that using just one kind 
of biomaterial won’t affect the engineering of hard and soft tissues. As a result,
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each type of biomaterial, including metals, ceramics, and polymers, has a 
specific role to play in the creation of scaffolds for tissue engineering. Conse-
quently, composite materials have become more prevalent. 

9.2.2.3 Glass-Ceramics 
Glass may be heated to a point where it partially crystallizes and contains a variety of 
crystalline phases, the size and composition of which can be altered depending on 
the thermal treatment settings. The resultant glass-ceramic material, in general, has 
greater mechanical properties than its parent glass, such as a higher elastic modulus, 
hardness, failure strength, and wear resistance. Sintering, which involves heating 
glasses over their glass transition temperature to initiate localized flow, is a common 
method for producing scaffolds. The base glass used to create scaffolds from 45S5 
Bio-glass® has a propensity to crystallize before the sintering end (complete densifi-
cation) is reached, leading to exceptionally brittle glass-ceramic porous products. 
Additionally, according to Chen et al. (2006), the formation of a sodium-calcium-
silicate crystalline phase appears to be partially reducing scaffold bioactivity. 
Numerous research teams that proposed alternative glass-ceramics in an effort to 
address these problems have produced some interesting discoveries [4, 11]. 

9.2.2.4 Composites 
For scaffolds to be effective in tissue engineering and regeneration, they must have 
properties that are appropriate for the tissue in question and the mechanical stresses 
that it will experience in vivo. Like other ceramic materials, bio-ceramics have the 
flaw of being brittle, which would prevent its usage in load-bearing applications. In 
addition, because of their high stiffness, bio-ceramics might not be appropriate for 
non-ossified applications where sufficient compliance with soft tissues is required. 
One method to overcome these challenges is to combine bio-ceramics with polymers 
to create a composite scaffold that makes the most use of both materials. To enhance 
the mechanical properties of the polymer matrix, i.e., to increase strength and 
stiffness as well as to successfully induce more bioactivity, bio-ceramics are fre-
quently used as fillers or coatings. We employed a novel technique to produce 
porous composites, utilizing a porous inorganic matrix (P3HB) to cover a 
bio-ceramic scaffold (45S5 Bio-glass®) made of bio-ceramic material. In reality, 
once the scaffold struts started to fail, the P3HB layer acted like a glue, holding the 
inorganic particles together. Specifically, the polymer was used to support the 45S5 
Bio-glass® scaffold structure. This type of composite scaffold has compressive 
strength (up to at least 1.5 MPa) that was twice as high as bare 45S5 Bio-glass® 

scaffolds [4]. Both non-degradable and biodegradable polymers have been used to 
create composite scaffolds, although strong polymers frequently have low biocom-
patibility since they frequently surround themselves with fibrous medicines after 
implantation. As a result, several initiatives to develop composites that include 
biodegradable polymers and bio-ceramics have been made. Nano-bio-ceramic/poly-
mer composites have recently gained attention due to its potential to interact with 
host tissue and cells. One of the most fascinating challenges in this regard is to 
develop clever composite biomaterials with nanoscale interaction between the



bioactive inorganic phase and the organic one so that the scaffold degrades as a 
single fabric instead of having choppy rates of deterioration for the glass and 
polymer levels. 
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The so-called Big name gels, a specific class of organically altered silicates 
(ormosils) with an organic center surrounded by flexible arms that can end in 
alkoxysilane corporations and are capable of forming a silica-like network during 
the sol-gel technique, merit special consideration. These hybrid materials are 
intriguing for tissue engineering applications that need adequate long-term fatigue 
behavior because they exhibit bioactive properties and have fracture toughness that 
is comparable to cancellous bone and greater than that of sol-gel glasses. Addition-
ally, it has been reported that bio-ceramic/metallic composites may be produced 
while the ceramic component is used as a coating. Steel materials including stainless 
steel, titanium, and Co-Cr-Mo alloy have become popular choices for load-bearing 
prostheses because of their high power, exceptional fatigue resistance, and excep-
tional machining qualities. Some metallic chemicals, however, might have negative 
side effects, such as releasing a lot of metallic ions into the tissues, which could lead 
to concerns including inflammatory and immunological responses. Studies on peo-
ple living on the go have shown that TiNbZr scaffolds with changed surfaces are 
preferable to bare metal ones for osteoblast-like cells to attach to and multiply on [4]. 

9.2.2.5 Magnetic Bio-Ceramics 
The creation of magnetic bio-ceramics, which include a ferrimagnetic, ferromag-
netic, or superparamagnetic segment integrated into any bio-ceramics, is probably 
the maximum creative and thrilling area of research because it has such a lot of 
ability programs, inclusive of the capability to deal with most cancers via hyperther-
mia or to desire the osteoinduction phenomenon while applying magnetic fields 
(or no longer). The usage of external magnetic fields, particular nano-systems or 
nanoparticles may be hired as drug vendors to deliver medicines to precise elements 
of the body. 

9.3 Bone Replacement and Regeneration 

Depending on the bone in question and the degree of harm, an expansion of materials 
can be used in bone regeneration and restoration strategies. Those techniques have 
so far utilized alumina, metallic bio-glass, bio-glass-metal fiber composites, 
polymer-carbon fiber composites, calcium phosphate, and hydroxy apatite 
[11]. These substances have been applied for a selection of functions, which include 
porous materials to inspire the natural bone cells to renew and as dense substances 
for direct implants and reconstruction substances (plates, and many others). 
Bio-ceramics are a collection of materials that can be utilized in reconstructive 
approaches together with total artificial hip, knee, shoulder, elbow, and wrist 
replacements, intramedullary nails for fracture repair, Harrington rods for spinal 
curvature correction, vertebrae spacers and extensors for congenital deformity cor-
rection, alveolar bone replacements, mandibular reconstruction, and dental tactics



[12]. With a selection of businesses that offer a biomimetic system manage to 
simulate organic fluids and lead them to extraordinarily biocompatible solutions, 
hydroxyapatite may be stabilized and functionalized similarly [13]. In a nutshell the 
issues brought on by bone abnormalities and injuries may be addressed by bone 
replacement and regeneration utilizing bio-ceramics. Bio-ceramics are the best 
material for encouraging bone healing and repair because of their great biocompati-
bility, bioactivity, and mechanical qualities. Results in bone replacement and regen-
eration are anticipated to be further improved by ongoing research into bio-ceramic 
materials, as well as by their applications in bone tissue engineering and drug 
delivery systems. 
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Raw materials used for the following: 

(i) Hip joint 
The powder form of alumina (Al2O3) is white. The ceramic that arises from 
shaping, compressing, and heating to a high temperature (sintering) has high 
density, high strength, great corrosion resistance, good biocompatibility, and 
high wear resistance. It can also be machined, honed, and polished to produce a 
high-quality item. 

Zirconia (ZrO2) is a white powder as well. It can be compressed and sintered 
into a very durable ceramic, just like alumina. Its wear resistance qualities are 
inferior to those of alumina [14]. A more durable bio-ceramic known as Y-TZP 
can be created by adding yttrium oxide and trace amounts of magnesium oxide. 

(ii) When mending bones 
For a very long period, calcium phosphates have been used as synthetic bone 
grafts. Recent studies have shown the efficiency of modifying compositional 
and textural characteristics, such as nano-, micro-, and macro-porosity, to 
regulate and synchronize bone development and material resorption. 

Biomimetic calcium phosphates have a better capacity to change the mate-
rial characteristics as compared to conventional high-temperature sintering 
methods. The structure and chemical makeup of these calcium phosphates 
closely mirror those of bone minerals. 

Calcium phosphate, sometimes referred to as hydroxyapatite or Ca10(PO46 
(OH)2, is the primary component of natural bone in the body. Ceramics made 
from synthetic calcium phosphate may potentially be used in the medical field. 
The problem is that these ceramics are not as strong as those composed of 
zirconia or alumina. 

(iii) For teeth 
Alumina, zirconia, bio-active glass, glass-ceramics, hydroxyapatite, and 
bioabsorbable calcium phosphates are some of the examples of bio-ceramic 
materials. They have been employed in dentistry as endodontic sealers, bone 
defect fillers, root repair materials, apical fill materials, perforation sealers, and 
regeneration aids. They can be generically categorized in endodontics as either 
calcium phosphate/tricalcium/hydroxyapatite based, calcium silicate based, or 
calcium phosphate and silicate based mixes [14].
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9.4 Manufacturing Methods for Bio-Ceramic Scaffolds 

There are several different processing techniques that may be used to create 
bio-ceramic porous scaffolds for tissue engineering. Foaming, solid freeform fabri-
cation (SFF), starch consolidation, organic phase burning-out, and sponge replica-
tion are a few examples of these. These procedures were commonly adapted from 
other settings or constructed on the spot. Different methods may be used to manage 
the 3-D structure of tissue engineering structures, and processing has a big influence 
on a lot of the scaffold’s characteristics. In reality, the range of strut thickness and 
orientation, interconnectivity, and total porosity that may be produced using each 
approach is where it performs best. In order to meet the needs of the specific type of 
tissue, the best process must be carefully selected. Additionally, as the overall cost of 
each fabrication process varies, some are better suited for mass production while 
others are better for the manufacture of things with added value [4]. 

9.4.1 Foaming Techniques 

Ceramics with holes ranging from 20 nm to 1–2 mm can be made by dispersing a gas 
in the form of bubbles into a ceramic suspension or colloidal sols, followed by 
solidification. Using an aqueous solution of H2O2, ceramic powder is foamed, and 
the resultant material is then cast into molds and heated to 60 °C. At this temperature, 
H2O2 decomposes and foams because the oxygen produced prefers to create bubbles 
in the slurry. The sample is then fused to create crystalline ceramics, bioactive glass, 
and calcium phosphate scaffolds, depending on the starting powders. To alter the 
pore size and porosity fraction, alter the heat treatment and amount of H2O2 utilized. 
The inherent flaw in this foaming method is that pores are only connected in a 
laminar fashion, leading to insufficient connection perpendicular to the laminae. 

Sol-gel foaming is a chemical-based wet synthesis technique that involves 
transforming a solution containing ceramic precursors (sol) into a network of 
covalently bonded silica. It combines mechanical foaming with sol-gel technology. 
It is possible to develop a glass or glass-ceramic structure with a hierarchical 
organization, interconnected macropores for tissue ingrowth, and a mesoporous 
texture (channels in the 2–50 nm range) that promotes cell adhesion and the 
adsorption of biological metabolites while accelerating surface reactions in vitro 
and in vivo. This mesoporous structure can be achieved through the process of 
evaporation-induced self-assembly (EISA), where a surfactant is introduced as a 
template to facilitate supramolecular self-assembly within the sol. 

By using this technique, it is possible to create highly bioactive 3D scaffolds that 
resemble bone; however, a drawback is that the porous result is inherently fragile 
due to its nano-porous texture, which creates serious problems for the device’s safe 
implantation (too low mechanical properties).
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9.4.2 Consolidation of Starch 

This process creates porous ceramics by using granules of starch extracted from 
corn, rice, or potatoes as both a pore forming and a binder. The low cost and 
environmental friendliness of this processing method are its key benefits. The 
technique involves mixing distilled water, ceramic powder, and starch granules to 
generate a suspension that is maintained between 60 °C and 80 °C. 

The steps in the procedure are: 

As a result of the water absorbing properties of the starch at these temperatures, a 
gel-like material is created. This substance is then thermally treated to burn off the 
organic phase and sinter the ceramic matrix [4]. The final dimensions of the 
component may be managed more easily after sintering since modest dimensional 
changes occur during consolidation and drying. Although the resultant glass-ceramic 
scaffolds’ mechanical properties (compressive strength of roughly 6 MPa) were 
equivalent to cancellous bone’s  (2–12 MPa) in the past, the porosity was too low 
(40 vol.%) and the interconnections were not strong enough to support a clinical use. 
In order to create pores for tissue engineering bioactive glass scaffolds, 
investigations with several polymer phases (other than starch) have been carried out.
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9.4.3 Burning-out of the Organic Phase 

The organic phase burning-out (or space holder method) is one such approach for 
making porous scaffolds. In this method, ceramic particles (like rice husk) are mixed 
with solid polymeric phases of synthetic (like poly (methyl methacrylate) or poly-
ethylene microbeads) or natural origin. The mixture is then subjected to high-
temperature thermal treatment before being compressed to produce a “green 
body.” The polymeric particles fill the component’s volume upon heating while 
the inorganic particles sinter, creating a porous material that exhibits a reverse 
replication of the original sacrificial template. Because, they feature strong, dense 
struts, the scaffolds made using this approach can have great mechanical strength 
that is even comparable to cortical bone. 

9.4.4 Using a Sponge Replica 

The sponge replication method was created by Schwartzwalder and Somers in 1963, 
and it has since become the most popular and effective method for producing 
ceramic scaffolds that mimic foam for tissue engineering. This success is partly 
attributable to the method’s simplicity and versatility, since any ceramic material that 
can be adequately dispersed into a solution may be employed with it. The reticulated 
open-cell structure, which can be created using the foam replica method and is made 
of porous material surrounded by a web of ceramic ligaments, the struts, has been 
discovered to be the most suitable for bone tissue engineering scaffolds because it 
closely resembles the 3D trabecular framework of cancellous bone. Another signifi-
cant benefit of this method is that the first sponge may be readily cut and sculpted to 
match the size and form of the tissue defect. Ideally, this would make it possible to 
design scaffolds that are tailored to the patient’s particular clinical needs. In a recent 
application of the sponge replica technique and the EISA methodology, hierarchical 
porous bioactive glass scaffolds were made using the sponge replica method and a 
surfactant as co-templates for the macropores and mesopores of the scaffold. These 
scaffolds are extremely bioactive and have a mesoporous structure, but they are also 
quite delicate. Some researchers made an attempt to enhance the mechanical 
properties of these hierarchical porous structures by coating the strut with silk, 
however their compressive strength (a few hundreds of kilopascal) was still insuffi-
cient for a clinical usage to be deemed safe. 

9.4.5 Solid Freeform Manufacturing 

A group of new mold-free techniques known as rapid prototyping and solid freeform 
fabrication use layer-wise manufacturing techniques to create scaffolds with 
customized external shapes and pre-designed internal architectures (strut features, 
pore arrangements, sizes, and distribution) directly from computer-generated 3-D 
models. This 3-D reconstruction of the patient-specific tissue defect was produced



using the patient’s computed tomography or magnetic resonance imaging data. This 
collection of methods is very useful for creating functionally graded bio-ceramic and 
composite materials. To produce scaffolds for tissue engineering applications, a 
variety of SFF techniques have been used [4]. 
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9.5 Bio-Ceramic Scaffolds Can Be Manufactured Using 3D 
Printing Technology 

Thanks to the swift advancement of additive manufacturing technology, or 3D 
printing, clinical solutions for bio-ceramic scaffolds may now be customized to the 
particular requirements of patients. Some state-of-the-art 3D printing technologies 
may manufacture three-dimensional porous scaffolds that are precisely matched to 
the tissue defect based on clinical data, reducing the time and cost of product design, 
processing, and application. However, there are still a number of problems with 
conventional 3D-printed bio-ceramic scaffolds, such as their single use, low rate of 
bone resorption, and difficulties in inducing the growth of new blood vessels. These 
problems make 3D printing materials for bio-ceramic scaffolds an uncommon 
alternative for present treatment options, and it will take some time for them to do 
so [15]. In order to improve the biological performance of 3D-printed bio-ceramic 
scaffolds and develop multifunctional scaffolds to increase their applications in the 
biomedical field, researchers thoroughly investigated the loading activity from the 
viewpoints of the material’s composition and structure [16]. 

9.6 Advantages of Bio-Ceramics 

(i) They offer some benefits, including biocompatibility, non-toxicity, dimen-
sional stability, and most significantly, being bioinert for endodontic 
applications [17]. 

(ii) Due to its resemblance to biological hydroxyapatite, they possess excellent 
biocompatibility qualities. Because of their capability to absorb osteoinductive 
substances when a bone healing process is present nearby, they have intrinsic 
osteoinductive capacity. 

(iii) Serve as a biodegradable lattice-based regenerative scaffold that offers a frame-
work as the body regenerates tissue. To be able to chemically bond with tooth 
structure, create a strong hermetic seal, and be radiopaque. Due to in situ 
precipitation after setting, which is a condition that causes bacterial sequestra-
tion, the substance has antibacterial capabilities. 

(iv) Bio-ceramics create porous powders with 1–3 nm-diameter nanocrystals to 
thwart bacterial adherence. Apatite crystals can occasionally include fluoride 
ions, and the resulting nanomaterial possesses antibacterial characteristics [5].
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9.7 Current and Future Clinical Applications of Bio-Ceramic 
Scaffolds 

(i) For low-/non-load-bearing uses or compressive load situations, including bone 
augmentation and reconstruction, middle ear repair, vertebral replacement, and 
iliac crest replacement, biologically active glasses, glass-ceramics, and calcium 
phosphates are usually employed in solid or powder form due to biomechanical 
limitations. In their surgical procedures, surgeons also apply thermal-sprayed 
HA coatings to metal joint prostheses. Alumina acetabular cups with bioactive 
glass-ceramic porous coatings may improve the osteointegration of prosthetic 
implants, according to recent research [18]. 

(ii) All applications of bioactive ceramics emphasize bioactivity while limiting the 
requirement for mechanical qualities, which might present issues with implants 
that are too porous. Prefabricated porous blocks of various sizes composed of 
HA, (biphasic) calcium phosphate, and a few bioactive glasses are presently 
available all over the world and clinically implanted in individuals for the 
treatment of minor bone abnormalities. The surgeon can alter these implants 
during surgery to match the size and form of the defect. SFF-derived custom-
made HA porous scaffolds are produced when a high level of size precision or 
complex shapes are required, as in the case of implants for orbital floor 
replacement. Trabecular bone, a natural bio-ceramic-based composite used in 
bone banks, is also used as a restorative material. For patients whose eyes have 
been removed, creating orbital implants is a special non-osseous use where 
(porous) bio-ceramics are regularly employed. Because they are biocompatible 
and allow fibro vascularization inside their pore network, porous spherical 
implants (scaffolds) made of bovine, coralline, synthetic HA, and alumina are 
routinely implanted during anophthalmic socket surgery. When compared to 
competing devices on the market, the 45S5 Bio-glass® /polyethylene composite 
porous orbital implants utilized in early human studies showed enhanced 
implant fibro vascularization, which may be due to the angiogenic effect of 
bioactive glass. 

(iii) Recently, the usage of bio-ceramic and composite scaffolds has also been 
proposed for several novel applications in interaction with soft tissues. As an 
inorganic phase, bioactive glass is frequently used in these scaffolds. Bioactive 
glasses’ angiogenic potential has opened up new possibilities for skin tissue 
engineering in this field. Larger soft tissue constructions would benefit greatly 
from the ability of 45S5 Bio-glass® put into PGA meshes to promote scaffold 
neovascularization, which was initially proven in vitro (using fibroblasts) and 
in vivo (in rats) [19, 20]. 

(iv) Blood clotting was hastened by the inclusion of bioactive glass nanoparticles, 
which also enhanced the scaffold’s wettability, surface roughness, and general 
biocompatibility.
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9.8 Bio-Ceramics Based on Magnesium for Orthopedic Use 

Magnesium ions have a crucial role in the regulation of ion channels, DNA stability, 
enzyme activation, and promotion of cell growth and proliferation, to name just a 
few biological processes in which they are directly engaged. In recent years, this 
alkaline earth metal has become very popular in orthopedic applications. 
Magnesium-based bio-ceramics are a broad category of materials that contain 
magnesium and are used in orthopedic applications like bone cements, bone 
scaffolds, and implant coatings. Regenerative bone implants should encourage the 
growth of new bone and decay concurrently with osteogenesis. Clinically proven 
calcium phosphate bone grafts have a low bioresorption rate despite having great 
osseointegration and osteoconductive efficiency [19]. Because they are biocompati-
ble, mechanically very stable, and disintegrate considerably more quickly than 
calcium phosphates under physiological settings, magnesium phosphate 
(MP) based ceramics represent a possible option [21, 22]. 

9.9 Description of Importance 

Composite ceramic materials made of magnesium oxide and calcium phosphate 
(MgO/Ca3 (PO4)

2 ) are regarded as a potential class of bioactive materials and are 
anticipated to be used in artificial bone scaffolds. Although calcium phosphate-based 
bone substitutes have long been researched, a new trend in the biomaterials industry 
is magnesium-based bio-ceramics made of magnesium phosphates and silicates. 
This is because magnesium ions have unique biological significance in processes 
like enzymatic activation, cell growth and proliferation, and others. Such 
compositions do not emit hydrogen after breakdown, unlike pure magnesium 
implants. Similar to calcium-based bio-ceramics, magnesium-based bio-ceramics 
are used to create a variety of products, including coatings, cements, and macro-
porous scaffolds [19]. From this angle, we provide a thorough overview of several 
types of magnesium-based bio-ceramics, their processing procedures for various 
therapeutic applications, and their behavior both in vitro and in vivo. 

9.10 Bioresorption 

Ceramics are fragile, therefore implant leftovers are associated with a higher risk of 
inflammation or fractures of newly formed bone. To overcome these limitations, 
novel synthetic bone replacements are being developed with the intention of totally 
replacing them with genuine bone tissue. A fundamental need for this is that the 
synthetic material degrades with kinetics that correspond to the pace of osteogenesis. 
Bioresorption, which can include both chemical dissolution and cellular resorption 
of the material, is often recognized as a critical need for an ideal bone implant. While 
macrophages and osteoclasts are capable of carrying out cellular resorption, solubil-
ity is a chemical characteristic that is intrinsic to a substance and is influenced by



environmental variables including pH, ion composition, and temperature. Over the 
past few years, interest in completely bioresorbable magnesium-based bone implants 
has significantly increased. This involves both magnesium alloys and magnesium 
phosphate (MP) ceramics. The elastic moduli of magnesium are similar to those of 
cortical bone, and it is believed to be biocompatible, osteoinductive, and angiogenic. 
The in vivo degradation of the metal still presents a challenge, though, since it 
typically occurs too rapidly and is based on corrosion, which results in the produc-
tion of hydrogen gas at the peri-implant areas. Despite the dearth of in vivo and 
in vitro studies, the biocompatible, osteoconductive, and osseointegration properties 
of MPs have been established since there was no evidence of inflammatory rejection 
or foreign body responses, and healing occurred without the formation of connective 
tissue. The limited studies that have been conducted indicate that MP deteriorated 
over a period of 3–6 months, and that the subsequent replacement of the ceramics by 
bone resulted in a full conversion of the implant to natural bone tissue [23, 24]. 
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9.11 Bio-Inorganics and Biological Compounds Used 
in Bio-Ceramics as Drug Delivery Systems 

The development of synthetic bone grafts with both osteogenic and antimicrobial 
properties would be a big step forward. Recent studies have discovered that low 
temperature biomimetic CaPs are indeed an amazing tool for the inclusion of 
antibiotics because they enable for such control release kinetics by modifying the 
textural attributes of the biomaterial, thereby preserving the drug’s efficiency. 
Similar to this, other active ingredients, such as anti-inflammatory or anti-cancer 
medications, or even growth factors like BMPs, which can improve the bone graft’s 
osteogenic potential, can be added. However, there are still certain challenges, such 
as regulating the release kinetics over an appropriate time period, watching the 
release in vivo, or ensuring a repeatable performance in varied habitats, clinical 
situations, and patient specificities. In addition to the transport of antibiotics or other 
biomolecules, bio-ceramics may be used as carriers for the local delivery of active 
ions that can trigger certain biological reactions [25]. Consequently, ions such as 
copper, strontium, zinc, cobalt, silicon, and boron may be able to encourage angio-
genesis and osteogenesis, while copper, zinc, and silver may also have anti-
inflammatory and antibacterial characteristics. This technique offers significant 
financial savings and increased stability. 

9.12 Scaffolds Made of Bio-Ceramic with Drug-Induced 
Antibacterial Function 

One of the strategies that is presently most routinely utilized to treat infections 
associated with bone implants is drug treatment. However, due to general toxicity, 
pathogenic bacterial resistance, visceral issues, and other significant bad effects, 
systemic administration of antibacterial drugs or non-targeted drug delivery is not



the best course of action. In order to give localized and targeted therapeutic effects, 
antibiotics or other pharmaceuticals can be added to bionic bone scaffolds. The 
release of these medications can be regulated by the bio-ceramic materials and 
structural aspects of the scaffold [26]. Numerous aspects need to be taken into 
account when mixing a medication with a scaffold, such as the physical and 
chemical qualities, drug absorption and delivery effectiveness, anticipation, material 
composition, and scaffold structure. This efficient and less hazardous antibacterial 
technology focuses on perfectly matching the antibacterial delivery system to the 3d 
model of the scaffolds in order to achieve the antibacterial effects of bio-ceramic-
based scaffolds. Because of its broad-spectrum antibacterial activity, low toxicity, 
and high effectiveness, tetracycline antibiotics have frequently been used to 
functionalize bio-ceramic scaffolds for use in orthopedic applications. For instance, 
doxycycline-loaded Mg-Ca-TiO2 scaffolds with outstanding drug release capacity, 
cytocompatibility, bioactivity, and antibacterial activity were produced using the 
space holder approach. Bio-ceramic-based scaffolds can treat bone implant-
associated infections while also boosting bone repair by integrating scaffold produc-
tion processes with sustained release antibiotic delivery technology. This enhances 
the controlled-release effect of antibiotics [27]. 
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Bio-glass (BG), a type of ideal bio-ceramics with built-in antibacterial properties, 
not only has amazing osteoinductive potential but also has a variety of antibacterial 
behaviors. 

It was also demonstrated that the antibacterial effectiveness of novel bio-glass 
scaffolds built of SiO2-P2O5-CaO-Na2O-SrO-F or SiO2-Na2O-Al2O3-CaO-B2O3. 
Due to its exceptional antibacterial property, robust osteogenic activity, and mechan-
ical robustness, forsterite (Mg2SiO4) scaffold has also become one of the finest 
materials for bone regeneration. By increasing the pH and osmotic pressure of the 
fluid and causing bacterial cell membrane depolarization and death, alkaline ions 
released from these scaffolds may have had an antibiotic effect. The most well-
known antibacterial substance employed in several bio-ceramic-based scaffolds is 
silver (Ag). However, its antimicrobial effects should be taken into account to 
prevent a negative impact on osteogenesis, biocompatibility, or bioactivity. Ag 
could be added to various bio-ceramic-based scaffolds using a variety of techniques, 
including coating, doping, and mixing, and in a variety of forms, including ions, 
particles, and oxides. 

9.13 Cell-Based Therapies Together with Bio-Ceramics 

Bio-ceramics have enormous potential for application in bone tissue engineering. 
Since they were initially introduced in the 1990s, the use of bio-ceramics as a bone 
grafting technique has increased. These techniques use hybrid constructions that 
combine bone marrow cells or MSCs (mesenchymal stem cells) with synthetic 
scaffolds, which are often made of porous ceramics and molecular signals. This 
strategy works best in cases of complicated skeletal injuries with insufficient osteo-
genic potential. Even though this discipline has made tremendous strides recently



and a number of clinical investigations are ongoing in both Europe and the USA, 
more needs to be learned about the functions of the various parts and how they 
interact [25]. A key development for the effectiveness of this treatment strategy 
could be the creation of scaffolds, which can assist cell attachment and proliferation 
while also giving the cells the correct temporary habitat and guiding them in the right 
direction. It is important to be aware of the wide range of possible outcomes in the 
field of cell therapy and the lack of published data allowing for the connection of 
findings. Therefore, in order to facilitate the sharing of knowledge, both researchers 
and surgeons must immediately establish international clinical trial databases. 
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9.14 Bio-ceramic’s Brittleness, High Young’s Modulus, and Poor 
Workability Are their Main Shortcomings 

(i) Brittleness is not a problem when using bio-ceramics in non-stressful 
environments. However, because bio-ceramics are less reliable than metallic 
biomaterials when employed in locations with high stress loads, it becomes a 
significant issue. This brings up the requirement for reliability assurance in the 
design of bio-ceramics. However, since a significant amount of bone tissue 
would need to be removed, the invasion of the organs would be exacerbated. 

(ii) The bone must be under some weight in order to remain alive; otherwise, it 
would dissolve away as in zero-gravity. Wolf’s law states that when bone tissue 
is bound to substances with a high Young’s modulus, stress shielding is shown 
because the surrounding bone is resorbed. 

(iii) During surgery, the bio-ceramics are frequently shaped by the surgeon. Unfor-
tunately, the workability of bio-ceramics is poor, Due to which molding the 
bio-ceramics lessens their dependability in terms of mechanical qualities [2]. 

9.15 Nanoscale Bio-Ceramics Toxicity Risks 

Despite all the advantages and superiority of nanomaterials—particularly nanoscale 
bio-ceramics—over microscale ones that have been highlighted, there are some 
major health concerns regarding them because of their potential impacts on 
biological systems and potential for cytotoxicity or genotoxicity. The materials 
may bind to receptors on the cell surface, interact with extracellular matrix 
components, and disrupt cell signaling, behavior, and activity at the nanoscale 
level [28]. The risk of toxicity increases with decreasing size, fiber-like shape, and 
positive charge. It is important to note that the hazardous effects of nanomaterials are 
mostly dictated by their size, shape, and charge. It has been proposed to modify 
surfaces using pico-technology, a major technology and new generation of material 
engineering, without the possible cytotoxicity issues connected with nanomaterials.



9 Bio-Ceramics and Bio-Glasses for Orthopedics and Tissue Engineering 197

9.16 Need for a more Logical Strategy 

It is now obvious that further significant technical advancements require a greater 
understanding of the bioactivity-inducing processes, namely the fusion of the bio-
material with the biological host. Historically, technical progress has been achieved 
by trial-and-error techniques in the creation of new biomaterials. In this part, we 
focus on bio-ceramics and bioactive glasses since, as we have already seen, they 
share a lot of chemical properties with bone. (It is true that their principal drawback 
is the broad variety in mechanical attributes). Currently, it is not fully known how 
ceramics adhere to bone and soft tissue or how biomaterials promote osteoblast 
activities including adhesion, proliferation, and differentiation. But it is clear that 
they are connected to the surface structure and chemistry of the biomaterial [1]. This 
fact is largely highlighted by the discovery that nanophase materials appear to offer 
higher bioactivity, at least in terms of increased osteoblast adhesion. For instance, it 
is widely known that both at the macro- and micro-scales, these properties may have 
a major influence on cell activity. Recent years have seen significant progress in the 
structural characterization of bioactive glass and ceramics due to significant 
improvements in theoretical frameworks and experimental methods (like high-
energy diffraction, multi-nuclear nuclear magnetic resonance (NMR), and extended 
X-ray fine structure). Because biomaterials play a key role in both present and future 
biological applications, it is necessary to utilize this knowledge to understand how 
they work. It is essential and pertinent to establish the main conclusions from early 
foundational research on bio-ceramics and bio-glasses in order to guide future work 
in the field of biomaterials [29]. For instance, it is predicted that thorough under-
standing of the interactions between surface dissolving, ion release, and the activa-
tion of osteogenic cellular processes in bio-glasses would reveal features shared by 
other biological materials, for which little to no structural information is available. 
Finally, it should go without saying that bone attachment using metals or polymers 
has never been effective. On the other hand, there are no ceramic materials that have 
suitable mechanical properties. Therefore, composites comprised of tough metals, 
bioactive ceramics, and biodegradable polymers are still an alternative. The 
biological reaction induced by a biomaterial is ultimately determined by its interac-
tion with cells, which is mediated by proteins adsorbed on the biomaterial surface 
[30, 31]. As a result, knowing how proteins adsorb to biomaterial surfaces is critical 
for designing future biomaterials for cutting-edge medical devices. This necessitates 
an atomic-level description of the surface of both proteins and biomaterials [32–34]. 

9.17 Conclusion 

The bone is composed of a variety of materials, including a 30% flexible matrix and 
70% bonded minerals embedded with specialized bone cells. The bone’s special 
makeup enables it to be hard and powerful while also being light. It is crucial to 
promote bone synthesis above and beyond what the host tissue is capable of when 
the self-regeneration process fails in certain impaired clinical settings. An effective



method to improve the timing of bone formation and material resorption is the 
creation of biomimetic synthetic materials with composition and structural traits 
that are more similar to genuine bone. Ideal bone grafts should properly balance 
bone resorption and bone deposition under a variety of parameters imposed by the 
patient’s age, gender, and social habits (sport, addictions), as well as the particular 
stressors at the implantation site. To advance in the creation of these materials, it is 
essential to comprehend the biological mechanism behind the interaction between 
the graft at the bone site and the patient’s unique bio-ceramics. First-generation 
biomaterials may employ inert bio-ceramics, second-generation biomaterials may 
use Hench’s bioactive glasses, and third-generation biomaterials may use regenera-
tive materials rather than replacement ones. Therefore, it is important to comprehend 
the processes driving bioactivity and the nature of the biological reaction that causes 
the biomaterial to interact with the tissue around it. It is now necessary to adopt a 
more rational approach, one that is based on a fundamental understanding of the 
relationship between atomic or molecular structure and bioactivity. The vast 
improvements in bioactive glass and ceramic synthesis in the past have mostly 
been empirical in nature. 
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Despite all of the benefits that have already been mentioned, one of the primary 
drawbacks of nanomaterials is their potential for toxicity, particularly nano-sized 
bio-ceramics. In addition to the biochemical damage, they can physically interact 
with biological components, which can result in cell death. Furthermore, 
nanomaterials pose challenging toxicological hazards because they may boost the 
generation of reactive oxygen species. Additional research is required to develop the 
protocols that have been authorized for reducing the cytotoxicity of nanomaterials. 
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Biocompatibility, Bio-Clearance, 
and Toxicology 10 
Hui-Min David Wang, Preeti Thakur, and Atul Thakur 

Abstract 

Biomaterials’ biocompatibility has been a highly contentious topic for years. The 
phenomenon’s definite significance and underlying mechanisms of biomaterials 
still need to be discovered. The ability of a biomaterial to support biological 
function, including molecular signaling systems, without inducing or stimulating 
local or negative effects to the host is generally referred to as biocompatibility. 
The selection of a suitable host response is addressed by biocompatibility or 
safety assessment. Biocompatible materials enable the body to absorb synthetic 
implants without any unfavorable immune responses, allergic reactions, inflam-
matory difficulties, or chronic health issues. In addition, they are not carcino-
genic. Biocompatibility is highly influenced by the application type also, testing 
for biocompatibility is difficult because of the new emerging technologies. 
Understanding, analyzing, and establishing biomaterials toxicity profile is 
becoming increasingly important in light of the enormous variety and number 
of prospective uses for nanomaterials as well as their adoption ability. 
Investigations must be directed immediately at describing the dangers and toxic-
ity these nanostructured biomaterials pose to the environment and/or to human 
health. The goal of this chapter is to present a thorough overview of data relating 
to nanostructured biomaterials’ biocompatibility, bio-clearance, and
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nanotoxicology, pathways at the small level (cell), entry points inside the human 
body, and their possible effects on human health.
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10.1 Introduction 

Medical devices are a diverse group of products that can vary in many ways, such as 
their intended use, design, complexity, and technology specially nanotechnology 
[1]. However, regardless of their differences, all medical devices share essential 
qualities, such as their intended use for medical purposes and their potential to affect 
the health and safety of patients and users. To ensure the safety and effectiveness of 
medical devices, regulatory agencies in different countries have established their 
laws, guidelines, and standards for the developing, testing, manufacturing, market-
ing, and post-market surveillance of medical devices [2]. These regulatory 
requirements aim to minimize the risks associated with medical devices and ensure 
that they meet the relevant safety, performance, and quality standards [3]. Medical 
device regulations can vary significantly between countries and regions, depending 
on factors such as the size and complexity of the market, the level of technological 
innovation, and the healthcare needs and priorities of the population. Some regu-
latory authorities have more stringent requirements than others, and some require 
more extensive clinical testing and documentation before a device can be approved 
for use. Overall, the regulatory landscape for medical devices is complex and 
constantly evolving, as new technologies, products, and safety concerns emerge. 
Nevertheless, the ultimate goal of medical device regulation is to promote the safe 
and effective use of medical devices and protect the health and well-being of patients 
and users around the world. 

A medical device could be anything from a simple bandage to an advanced 
stethoscope. Software for diagnostic techniques like computed tomography 
(CT) scans and magnetic resonance imaging (MRI) [4, 5] may also be included in 
a medical device. These gadgets come in a variety of sophistication levels and 
uses [6]. 

Biomaterial’s function is significantly impacted by interactions between the body 
and the materials. The interaction between the body and the biomaterial is extensive. 
This definition has three essential elements: first, the biomaterial must function; 
second, the body’s tissues must react to the biomaterial in the best way possible; and 
third, biocompatibility must always be established for a particular application 
[7]. The capacity of a biomaterial to produce optimal performance in the host with 
a suitable surface for connective tissue adhesion without inducing unfavorable local 
or systemic reactions is known as biocompatibility. Biocompatibility can also be 
explained as the capacity of a scaffold to enable the proper cellular activities to 
maximize tissue regeneration without inducing unfavorable systemic and local



reactions in the host. Biomaterials based on nanotechnology are the subject of 
burgeoning research. For their potential uses in medication delivery, diagnosis, 
therapy, photothermal therapy, photodynamic therapy, bioengineering, and biomed-
ical engineering, nutraceuticals [8] a variety of biomaterials have been produced. To 
clarify potential toxicological hazards, it is crucial to accurately identify 
nanostructured biomaterials and gain an understanding of their surface chemistry/ 
reactivity (when they come into contact with biological membranes) [9]. 
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10.2 History 

Prior to the seventeenth century, many diseases had more difficult diagnoses and 
treatments, making it difficult to get the desired results. After the seventeenth 
century, advances in the identification and treatment of numerous diseases were 
made thanks to the advent of cutting-edge medical technology. The history of 
medical technology is marked by key advancements that have revolutionized the 
way we diagnose and treat diseases. One of the earliest medical devices was the 
thermometer, which was invented by Galileo in 1603 [10]. Initially used to measure 
temperature in liquids and gasses, it was later improved by Sanctorius Santorio in the 
seventeenth century to measure body temperature in humans. Another significant 
advancement in medical technology was the stethoscope, which was invented by 
French physician René Laennec in 1819. The stethoscope, a wooden tube with a 
trumpet shape, enabled doctors to listen to the internal sounds of the body, such as 
the heart and lungs, and diagnose diseases more accurately. In 1895, German 
physicist Wilhelm Conrad Röntgen discovered X-rays, a breakthrough that allowed 
doctors to see inside the body without surgery [11]. This technology revolutionized 
medical diagnosis and treatment, enabling doctors to identify and treat fractures, 
tumors, and other conditions. 

Other notable advancements in medical technology include the development of 
the electrocardiogram (ECG) by Willem Einthoven in 1903, which enabled doctors 
to measure the electrical activity of the heart and diagnose heart conditions, and the 
invention of the CT scanner by Godfrey Hounsfield and Allan Cormack in 1972, 
which provided detailed images of the body’s internal structures. Throughout 
history, medical technology has played a crucial role in the advancement of medi-
cine, enabling doctors to diagnose and treat diseases more effectively and improve 
patient outcomes. By improving the reliability and accuracy of disease diagnosis and 
treatment, these inventions have made significant advancements in the medical 
industry and significantly improved patient health and quality of life. According to 
data from 2015, the United States is the world’s leader in the production and export 
of medical equipment. Germany, the Republic of the Netherlands, Beijing, Brussels, 
Ireland, the Swiss nation, Mexico, Europe, and Tokyo occupies the following nine 
positions after the United States. Because medical equipment is used more fre-
quently in metropolitan areas, this industry has profited from constant and rapid 
innovation [12].
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10.3 Categorizing Medical Equipment 

The European Union Medical Device Regulation (EU MDR) has established a 
classification system for medical devices based on their risk level, complexity, and 
intended use. This classification system ensures that medical devices are safe and 
effective for use in patients. The three regulatory classes of medical devices are Class 
I (A), Class II (IIa, IIb, and III), and Class III (D) [13, 14]. Class I (A) devices are 
considered low risk medical devices, such as tongue depressors and surgical 
retractors. These devices pose the least amount of risk to patients and require the 
least amount of regulatory oversight. Class II (IIa, IIb, and III) devices are moderate 
to high-risk devices and require more regulatory scrutiny and documentation than 
Class I devices. Hypodermic needles are an example of a Class IIa (B) device. Class 
IIb (C) and Class III (D) devices are even higher-risk devices, such as implantable 
pacemakers and artificial heart valves. 

The classification of medical devices is important because it determines the level 
of regulatory scrutiny and documentation required for their approval, as well as the 
post-market surveillance and reporting requirements. The EU MDR and other 
regulatory frameworks ensure that medical devices are safe, effective, and meet 
the relevant quality and performance standards before they are approved for use in 
patients. 

Class III (D) devices have a significant danger to patients, necessitating particular 
and stringent regulations on these devices by the relevant regulatory bodies to ensure 
their safe and effective operation. These classifications were produced using a 
variety of biocompatibility tests carried out in accordance with ISO 10993 rules, 
whose basic tenet is based on the type and length of bodily contact. This classifica-
tion was used to establish the type of biocompatibility studies to be conducted prior 
to clinical trials after product design and development. These medical devices were 
divided into three categories based on how they made contact with the body: implant 
devices, surface-contacting devices, and external contacting devices [15] (Figs. 10.1 
and 10.2). 

10.3.1 Medical Equipment and Biomaterials 

The study of biomaterials is a new topic that is important to the advancement of 
medical device technology. Since the entire business is based on biomaterials, they 
serve as the fundamental fabric for the market for medical devices. As a result, the 
global market is enormous [16]. There are, however, few trustworthy sources, and 
different estimates have been made for the global market for biomaterials, which was 
ranging more than $130.17 billion by December 2021. The biomaterials industry, in 
accordance with medical equipment firms, is experiencing constant double-digit 
yearly growth. Biotechnology, chemistry, materials science and nanotechnology 
[17, 18] are just a few of the healthcare fields that make use of biomaterials. 
Biomaterials are substances that are intended to interact with a biological system 
for purposes of healing, mending, replacing, and diagnosing a range of human
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Class I - Low danger 55% of the equipment, such as volumetric urine bags, 
non-medicated sterile cloths, and reusable surgical instruments, are 
subject to general regulation and require the least regulatory supervision. 

Class II a - Moderate to low risk In addition to general control, 43% 
of devices are subject to special control, such as hypodermic 
needles 

Class II b - Mild danger Premarket approval is required for 43% of 
products, such as ventilators and orthopedic implants. 

Class III - Premarket approval is required for 10% of high-risk devices in 
addition to general and particular controls, such as drug-eluting coronary  
stents. 

Fig. 10.1 The classification of medical devices 

1. 

Non-contacting devices -
No physical contact, either direct or indirect 

Surface contacting devices - Skin, Mucosal membrane etc. 

3. 

External communication medical devices - Blood path, 
indirect, 

Tissue, bone, circulating blood and implant medical devices 

2. 

Fig. 10.2 Classification of medical devices based on the type of contact with body



ailments. However, the concept of biomaterials is broad and cannot simply be 
expressed briefly. It can also be described as a synthetic material that, through repair 
or replacement, imitates the function of a biological tissue and can come into 
constant or sporadic contact with bodily fluids. In order to ensure a biomaterial’s 
safety inside the biological system, precise procedures should be followed while 
employing biomaterials. This implies that a biomaterial is put into the inside of the 
body. External prostheses like artificial limbs and devices like hearing aids also fall 
under the category of biomaterials in addition to the materials mentioned above. 
They can nevertheless be classified as biomaterials even when they do not come into 
contact with bodily fluids [19].
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A biomaterial must therefore be completely biocompatible and should not have 
any detrimental effects on the body. Additionally, the biomaterials utilized in 
medical devices must be nontoxic and/or free from any unfavorable side effects. 
Then, they must be able to mimic the physical and mechanical properties of 
improved or replaced tissue, as well as be shaped and machined into various, distinct 
shapes. They must also be reasonably priced and easily accessible. 

An ideal biomaterial or combination of biomaterials should have the following 
qualities: [20].

• An optimal biomaterial or biomaterial combination should possess specific 
characteristics to ensure its effectiveness. These include a low modulus to mini-
mize bone resorption,

• An elevated resistance to reduce wear debris generation, and
• Appropriate chemical composition to promote biocompatibility and prevent 

unfavorable tissue interactions.
• To ensure optimal functionality of biomaterials, it is important for them to possess 

a high degree of resistance to degradation. This may include the use of polymers 
that are resistant to biological degradation or metals that are resistant to corrosion.

• It is crucial for these biomaterials to have a substantial amount of strength, so they 
can endure the cyclic loading that occurs within joints. 

10.4 Product Development Stages 

A medical gadget must navigate numerous regulatory hoops before it can be released 
onto the market. Making sure a patient can use a medical gadget safely and 
effectively is its primary goal when it is first introduced. While class II and class 
III medical devices may exhibit some risk, their efficacy must be maintained at an 
acceptable standard. Hence, the Medical Device Amendments of 1976 have 
undergone significant revisions in crucial areas with the introduction of the Safe 
Medical Devices Act (SMDA) in 1990 to ensure the improvement in safety 
standards and regulation of medical devices [21]. The SMDA states that applicants 
may employ a medical device as a predictive medical device if it has passed the 510 
(k) process. Prior to now, the FDA’s main responsibility was to check the 
manufacturing and quality assurance records of medical equipment; it had no say



over the documentation of research and development. However, the SMDA 1990 
granted the FDA the first authority to control the quality system regulation, which 
went into effect in the middle of 1998, and the medical device design process. 
According to these regulations, design controls should be implemented for class II 
and class III medical devices. These controls involve a plan of action that was 
pertinent for the manufacturing of all new products and an architectural history file 
where every detail from the stage of development are documented (Fig. 10.3). 
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Phase IV 

Phase V 

Phase II 

Phase III 

Phase I 

Fig. 10.3 Developmental stages of a biomaterial 

The manufacturing of medical devices goes through five stages, including:

• Phase I: Analysis of the situation, the chance, and the risks.
• Phase II: Conceptualization, Feasibility, and Formulation.
• Design and development—verification and validation in Phase III.
• Phase IV: final product validation and launch planning.
• And Phase V Launch of the product and post-launch evaluation. 

10.5 Screening for Biocompatibility 

Biocompatibility studies must be carried out on all medical equipment, notably class 
II and class III devices, to guarantee the safety of users/patients. Any potential 
negative biological reactions resulting from contact with the gadget can be found 
by doing biocompatibility tests [22]. The device is regarded as safe and approved for 
usage if the altered/unfavorable biological reactions are small; however, if the 
increased unacceptable hazards outweigh the benefits, the device will be refused.



To ensure the safety of users and patients, biocompatibility tests must be performed 
on all medical equipment, particularly class II and class III devices. 
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For biocompatibility testing, the final produced device or a test object, such as 
representative components, might be used. Comparable physical, chemical, and 
surface qualities should be applied to the test article’s manufacturing and steriliza-
tion processes, and it should have a similar component material ratio to the medical 
device’s finished form. This is due to the possibility of a low-level tissue reaction 
during testing of a single representative component that differs from the final 
finished form, which aids in determining the right tissue responses of the selected 
test piece. The ultimate goal is to analyze the physical interaction of device with 
biological tissues which should not pose any unacceptable hazards in the form of 
harmful local or cytotoxic effects, either in the finished product or through the 
release of component parts from the device. 

In order to bring supervisory control over biological compatibility testing, the 
FDA recognized the standard ISO guidelines that all assays should adhere to. The 
part of the regulatory established ISO 10993:1 guidelines has the segment heading 
“Biological evaluation of medical devices—part I.” Based on the kind, level, 
frequency, and duration of device exposure to the body, as well as the physicochem-
ical qualities of typical device materials, the biological reaction to medical equip-
ment is determined. Testing and Evaluation is a Part of a Risk Management Process. 
The steps involved in performing biocompatibility tests and their results are 
described in Fig. 10.4: 

Interpret the 
material:

Assemble data to 
comprehend raw 

materials: Identify 
the material and 

describe their 
chemical and/or 

physical 
properties. 

Preliminary risk 
analysis:

Identify dangers to the 
patient and user by 

performing an initial 
risk assessment that 

takes into account how 
the device interacts 
the patient and/or 
user and toxicity 

based on exposure 
(duration and 

frequency of contact) 

Build test 
justifications:

To decide whether 
more testing are 

required, consider 
the body of 
literature, 

information on 
approved predicate 

or comparable 
devices, and 

recognized dangers. 
Verify that the right 
endpoints are used 

for the tests. 

Support risk 
assessment:

Use material/chemical 
characterization, 

biological evidence 
from testing, clinical, 

and literary evidence to 
support risk 

assessment. This will 
help the biological 

evaluation. maintain 
material and 

biocompatibility 
evaluations throughout 

the risk management 
process. 

Fig. 10.4 Risk based approach to biocompatibility
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10.6 ISO 10993 Biocompatibility Assessment and Risk 
Management Procedures 

When extractants and leachables enter the body of the user or patient from medical 
devices, they share many of the same chemical properties and differ little from one 
another. Extractants are described as “chemicals (organic/inorganic) that are 
extracted from representative equipment components and used to identify and 
quantify likely leachables” when exposed to specified solvents under particular 
conditions. Leachables are therefore defined as “chemicals, both organic and inor-
ganic in nature, which transfer representative components to the body/user over 
time.” In contrast to extractants, the release to the patient is neither solvent-
dependent nor strictly regulated. The (CDRH), a division of the United States 
Food and Drug Administration (US-FDA) is in charge of the oversight of medical 
equipment, regulates the tests for finding extractants and leachables in medical 
equipment. The conceivable method through which leachables could enter the 
body of the user or patient served as the foundation for the experimental design. 
One such way for a medical device to enter the body through leachable material is 
the medicinal substance contained in syringes, syringe filters, and infusion pumps. 
The second way that leachable substances enter the body of the user or patient is 
through direct migration into the tissue in contact with the medical device, such as 
fixture, prosthesis, stents, a dressing or a gauze, and therapeutic lenses. Some 
medical devices, such as implants and stents, can be inserted via both medication 
ingestion and direct touch. The experimental procedure should be created based on 
the path that leachables from medical devices take to enter the body. However, only 
medical equipment with the third way of entry is subject to analysis. 

The FDA’s response to 510(k) calls for two prerequisites. Finding out whether a 
single medication, a blend of medications, or other biological materials intended for 
use with the medical device are stable and compatible is the first step. The safety of 
the drug product and any extractants, leachables, pollutants, or degradation from 
medical equipment are then assessed. In accordance with the FDA Modernization 
Act of 1997, the ISO 10993:12 standard entitled Sample Preparation and Leaching 
Evaluation was created to support the testing of extractants and leachates in medical 
devices. The Product Quality Research Institute and ISO 10993:12 standards for 
extractants and leachables in oral and nasal inhalation products are more relevant. 

10.7 Study for Biocompatibility Is Intended to Determine 

The methodology for study design or Testing is based on the analysis of potentially 
dangerous components that could be delivered to a patient using a drug or device, 
can be divided into two sections depending on the route of introduction. 

1. The drug product is the point of entry for extractants and leachables 
developed for medical devices:



An appropriate solvent type is chosen, such as polar, semipolar, or
nonpolar, depending on the representative medicinal product.
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Prior to learning about the biocompatibility of extractants and leachables from 
medical devices, FDA-approved drugs designed for device usage were 
prioritized. The testing device should be checked for the detection of one or 
more medications. If the device just carries one drug, like an insulin pump, 
choosing the drug is clear-cut and simple. However, if more than one medicine 
is present in the device, choosing becomes extremely difficult. 

To assess the biocompatibility of extractants and leachables, an experimental 
method involves two steps. The first step is to prepare the drug delivery system 
and the second step is to subject it to appropriate testing procedures. The drug 
delivery system should include commonly used drugs for both the i.v. and 
epidural routes of infusion, with their compatibility and leachables evaluated. 
This approach ensures the safety and efficacy of drug delivery systems in clinical 
settings. 
(i) Step 1: This entails controlled environment extraction processes for 

extractables. 
The series of activities included in Phase 1 are as follows:
•

• If the polar buffer(s) and the drug product’s chemical characteristics, such 
as pH and ionic strength, match, a polar solvent should be utilized as the 
transport medium. If a drug product contains surfactants, ethanol and 
water should be mixed in a 50:50 ratio; otherwise, IPA should be used 
for the medicinal product’s extraction.

• Which extraction method to use—extensive, heightened, or stimulated— 
must be determined.

• The exhaustive extraction procedure using the Soxhlet equipment is 
advised for neat solvents that have not been combined with two or more 
other solvents.

• The batch extraction procedure with successive mixing or reflux should be 
maintained for mixed solvents and buffers.

• Choosing an appropriate analytical technique to identify leachables in 
typical pharmaceutical goods. The (GCMS) technique of evaluation can 
be used to identify valuable organic extractables.

• The (LCMS) technique of evaluation can be utilized to determine nonvol-
atile organic extractables.

• LCMS is frequently utilized for extractable inorganic materials.
• Chromatography is frequently used for organic extractables.
• Atomic spectroscopy, which uses techniques for quantitative determina-

tion of chemical elements, is used to evaluate organic or inorganic 
extracts. This includes (ICP) atomic emission spectroscopy to determine 
very precisely the elemental compositions of samples, and (ICPMS) to 
measure elements at trace levels in biological fluids. Unknown 
extractables can be located using mass spectrometry (MS).

• The analytical procedures should be examined for exactitude, recupera-
tion, precision, relevancy, detection limit, quantification limit, linearity
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(concentration curve), skepticism interference, and system applicability in 
accordance with OECD ISO 17025 and GLP requirements.

• Based on the effectiveness of the approach and its intended usage, a 
standard acceptance criterion should be established.

• To ascertain a drug’s stability and biocompatibility with a medical device, 
analytical assay techniques should be performed in conjunction with the 
currently accepted standard practices. A new analytical method needs to 
be developed and validated if these options are not accessible.

• Step 2 should be carried out after getting all the analysis reports. 
(ii) Step 2: Here, the amount of leachables that are incorporated into the drug 

product for medical devices is evaluated, as is the stability of the medications 
in those devices. The steps of the procedure are as follows:
• The medication should be administered under favorable conditions at a 

clinically ideal rate for a clinically desirable duration of time (or it should 
be stored in a device for the therapeutically relevant time), once the drug 
product has been loaded into the settings of the medical device.

• In concordance with the test substance, a drug product under control is 
ingested and optimized under the same circumstances as the test substance 
but is not exposed to medical devices.

• The representative aliquots need to be gathered at the conclusion or 
midway through. Both the test sample and the control are subjected to 
an assay.

• A comparison of the two samples is made.
• In addition, the leachables and extractants method is used for the dis-

pensed sample and control analysis.
• The control sample should be omitted if any leachables are discovered.
• Carry out the same steps for every representative medicine. 

To pass the United States Pharmacopeia’s (USP) approval criteria for an assay, 
the disparity between the tested substance and the control sample must be the same 
and without a larger variance. The USP method states that if the medication product 
value is ±10%, the same ±10% should also be counted for the control. The 
suggested acceptability criterion for impure and leachable compounds in pharma-
ceutical products and medical devices is 0.05% [23]. 

10.8 Toxicological Risk Assessment 

The suggested particular techniques are for biocompatibility and toxicology testing. 
This listing does not suggest that all procedures are required for any specific device 
or that these are the only tests that are available: 

Devices must undergo toxicological risk assessment in order to guarantee the 
user’s or patient’s safety. All studies for nonclinical laboratory research must follow 
FDA 21 CFR, Part 58 GLP. It is important to extract the test substance, the positive



control, which evaluates the test validity of the experimental methodology, and the 
negative control, which is distinguished by the lack of necessary reagents or 
components (Fig. 10.5). 

212 H.-M. D. Wang et al.

Fig. 10.5 List of 
toxicological risk assessment 
tests

Cytotoxicity

Sensitization Assays

Irritation tests

Acute systemic Toxicity

Subchronic Toxicity

Genotoxicity

Implantation tests

Hemocompatibility 

Carcinogenesis bioassay

Reproductive and developmental toxicity

Pharmacokinetics

Preclinical safety 
testings 

Histopathology services 

10.8.1 Cytotoxicity Studies 

Biomaterials/medical devices have been evaluated using a range of in vitro cytotox-
icity assays, which are detailed in ISO 10993:5. (ISO 10993:52009) [24]. These 
recommendations cover three methods—an extract test, a direct contact test, and an 
indirect test—for determining the cytotoxicity of medical devices/biomaterials. 
Although, a variety of in vitro cytotoxicity assays can be used, and the device 
components can be grouped according to the assessment criteria and readout system. 
Cell culture assays use isolated cells in vitro to assess the biocompatibility of a 
material or extract. These methods can be used to assess the toxicity or irritancy 
potential of materials and chemicals. They are an excellent method for screening 
materials prior to in vivo tests.
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10.8.1.1 Qualitative Cytotoxicity 
There are three commonly used qualitative cytotoxicity tests for medical devices. 
The direct contact procedure is recommended for low-density materials such as 
contact lens polymers. In this method, a piece of test material is placed directly onto 
cells growing in culture medium. The cells are then incubated. During incubation, 
leachable chemicals in the test material can diffuse into the culture medium can come 
in contact with the cell layer. Malformation, degeneration, and lysis of cells 
surrounding the test material indicate the reactivity of the test sample. The Agar 
Diffusion assay is appropriate for high-density materials such as elastomeric 
closures. In this method, a thin layer of nutrient-supplemented agar is placed over 
the cultured cells. After the test material (or an extract of the test material dried on 
filter paper) is placed on top of the agar layer, the cells are incubated. A zone of 
malformed, degenerative, or lysed cells under and around the test material indicates 
cytotoxicity. The MEM Elution assay employs a variety of extracting media and 
extraction conditions to test devices under realistic or exaggerated conditions. 
Extract titration can provide a semi-quantitative measurement of cytotoxicity. The 
extracts are prepared before being applied to a layer of cells and incubated. The cells 
are examined under a microscope after incubation for malformation, degeneration, 
and lysis. At least one type of cytotoxicity test should be performed on each 
component of any device [25]. 

10.8.1.2 Quantitative Cytotoxicity MTT Assay 
For screening purposes, qualitative cytotoxicity tests (direct contact, mem elution, 
and agar diffusion) are acceptable according to recent regulatory changes on bio-
compatibility for devices (ANSI/AAMI/ISO 10993-5:2009), however, quantitative 
evaluation is preferred. The ISO 10993-5:2009 Annex C description of the MTT 
cytotoxicity assay states that it can reliably measure as few as 950 cells. The MTT is 
a colorimetric method for measuring the reduction of yellow 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl tetrazolium bromide by mitochondrial succinate dehydrogenase. 
The proportion of living cells in a solution may be measured since only living cells 
catalyze cellular reduction. 

Utilizing the MTT, one may assess the cytotoxicity of extracted components 
for medical equipment:

• Toxic substances.
• Pollution in the environment and toxins.
• Potential cancer treatments.
• Antibodies to investigate possible growth inhibitors.
• The main benefits of the MTT are its quantitative ability, flexibility in using 

extracts or direct contact, and the fact that the results are not susceptible to analyst 
opinion. 

Furthermore, the MTT can be carried out on 96-well microplates in a common 
reader (such a Bio-Tek ELx808), enabling quick screening of several samples. 
Although the MTT assay is advised, it should be emphasized that it cannot



distinguish between different types of cellular death, such as apoptosis and induced 
cell death. Furthermore, it can underestimate cellular damage and only pick up on 
death in the very last phases of cellular aging. 
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10.8.2 Sensitization Tests 

For the purpose of assessing potential irritability and delayed-type hypersensitivity 
of medical devices and their component materials, the ISO 10993:10 guidelines have 
offered certain risk assessment methodologies [26]. These methods include 
considerations to be made before running the test, particular actions to follow, and 
the key variables to consider when interpreting the results. Testing for sensitization 
is helpful in detecting drugs that, after repeated or prolonged contact, have adverse 
local or systemic effects. Immunologic processes are involved in these allergic or 
hypersensitive reactions. Various compounds from the test material, the test material 
itself, or—most frequently—extracts of the test material may be used in studies to 
measure sensitization potential. All classes of medical equipment should undergo 
sensitization testing, according to the Materials Biocompatibility Matrix. The local 
lymph node assay (LLNA) and the guinea pig maximization test (GPMT) are the two 
primary delayed-hypersensitivity test methodologies. In addition the Buehler test is a 
closed patch test that can be used to assess topical medical devices that come into 
proximity to skin. The three tests listed above all pass the ISO 10993:10 
requirements. 

(i) The Magnusson–Kligman Method’s Guinea Pig Maximization Test is advised 
for devices that will communicate with or come into contact with the body or 
body fluids inside. To increase the skin sensitization response in this investiga-
tion, the test material is combined with complete Freund’s adjuvant (CFA). 

(ii) The Closed Patch Test uses repeated topical doses and is advised for devices 
that will only come into touch with intact skin. 

(iii) The quantification of the lymphocyte response to a sensitizer is determined by 
the murine local lymph node assay (LLNA). When a substance sensitizes the 
skin, the allergen is transported to the draining lymph nodes by the epidermal 
Langerhans cells, which in turn stimulates the growth and differentiation of 
T-lymphocytes. This test is superior to the closed patch test and guinea pig 
maximization test from the standpoint of animal welfare. 

10.8.3 Irritation Test 

These studies gauge a substance’s propensity for local irritation utilizing locations 
like the skin or mucous membranes, typically in an animal model. Although the 
exposure route (skin, eye, or mucosa) and duration of contact should be similar to the 
device’s anticipated clinical use, it is frequently wise to somewhat exaggerate 
exposure conditions in order to provide patients with a margin of safety. In the



intracutaneous test, test material extracts and control materials are administered 
subcutaneously. Scores are given for erythema and edema at the injection sites 
(redness and swelling). Devices that will communicate with the body or its fluids 
inside or externally are advised to follow this protocol. It accurately recognizes the 
possibility of local discomfort brought on by probable chemical extracted from a 
biomaterial. Topical devices that come into touch with intact or breached skin on the 
outside should be subjected to the Primary Skin Irritation test. In this process, the test 
substance or an extract is directly injected to rabbit skin locations that have been both 
intact and abraded. The substance is removed after a 24-h exposure, and the 
locations are scored for erythema and edema. For devices that will come into contact 
with intact natural channels or tissues and communicate with the outside world, 
mucous membrane irritation tests are advised. Instead of the original source material, 
these investigations frequently use extracts. Studies on eye discomfort, cheek 
pouches, and vaginal irritation are a few frequent techniques. 
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10.8.4 Acute Systemic Toxicity 

The Acute Systemic Toxicity test discovers leachables that cause systemic 
(as opposed to local) harmful effects by employing extracts of the device or device 
material. Mice are injected with test material extracts and a negative control blank 
(intravenously or intraperitoneally, depending on the extracting media). At four 
additional time periods after the injection, hazardous symptoms in the mice are 
also monitored. This test is recommended according to the Biocompatibility Matrix 
of Materials for all products that come into contact with blood. It might be suitable 
for any other apparatus that makes touch with inside tissues. The material-mediated 
pyrogen test determines whether a substance has the capacity to raise a person’s 
body temperature after being injected into their blood. The bacterial endotoxin 
(LAL) test is used for in vitro testing of lot release for pyrogenicity. Each device 
or substance must have it validated. However, the rabbit pyrogen test is the favored 
method for determining biocompatibility. The rabbit test is sensitive to material-
mediated pyrogens that might be present in test materials or extracts in addition to 
identifying bacterial endotoxins [27]. 

10.8.5 Sub-Chronic Toxicity 

Sub-chronic toxicity tests are used to evaluate potential negative effects from 
repeated or protracted exposure to test compounds or extracts for up to 10% of the 
test animal’s entire lifespan (e.g., up to 90 days in rats). Consider the real use 
circumstances of a medical device when selecting an animal model for 
sub-chronic toxicity. The best animal models are chosen using case-by-case analysis. 
Two common sub-chronic testing techniques are suitable for a wide range of 
devices. Both experiments use mice. One administers medicine intravenously, and 
the other by intraperitoneal infusion. Implant tests are commonly carried out across a



variety of time periods to assess the sub-chronic toxicity of devices and device 
materials. All permanent devices must undergo sub-chronic testing, and those with 
extended interaction with interior tissues should be given consideration. 
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10.8.6 Genotoxicity 

Genotoxicity tests can be used to determine whether medical devices can signifi-
cantly affect DNA structure, which is a developing concern. This test assesses 
chromosomal, DNA or genotoxicity caused by mutations in medical devices or 
their components over a period of time. The regulatory requirements for assessing 
the genotoxicity of devices are provided by ISO 10993:3 [28]. There are a few 
in vitro and in vivo tests that can be used to determine genotoxicity. A genotoxin is 
the chemical that causes genotoxicity. A genotoxin is the chemical that causes 
genotoxicity. Genotoxicity testing may not be required if the product and its extracts 
have been chemically characterized and adequate safety assurance data are provided. 
To determine the quantity of genotoxin removed from the device, chemical analysis 
of the device or its components is necessary. By looking at the device’s indication 
and human exposure, the whole risk–benefit ratio was examined. Genotoxicity 
testing is taken into consideration for biomedical equipment that are suspected of 
posing a genotoxic risk although the test results are not yet available for them. 

Products are being considered for genotoxicity testing and CDRH [29] requires 
genotoxicity information when in prolonged (>24 h to 30 days) or persistent 
(>30 days) contact with tissues such as bone, mucous membranes, blood or any 
other internal direct contact. They are also taken into consideration if they have not 
previously been legally marketed in the US market. A single genotoxicity research 
cannot be used to examine all genotoxins. There are two in vitro tests and an optional 
in vivo test to assess genotoxicity. 

Point mutations along a DNA strand, harm to the DNA’s general structure, or 
harm to the chromosome’s structure are three types of genotoxic consequences 
(which contains the DNA). To ascertain whether harm has taken place at any of 
these levels, numerous tests have been developed. These tests are run as a battery and 
complement one another. The Salmonella typhimurium bacteria, which have been 
chosen for their susceptibility to mutagens, are used in the Ames test, which is the 
most popular test for mutagenicity, to identify point mutations. Mammalian cells are 
used frequently in the Mouse Lymphoma and HGPRT assays, which look for point 
mutations. Using the Mouse Lymphoma assay, clastogenic lesions in genes can also 
be found (chromosome damage). Unscheduled DNA synthesis (UDS) is a test for 
DNA damage and repair that can be used both in vitro and in vivo. Chromosome 
damage can be directly observed using cytogenetic tests. There are both in vitro and 
in vivo techniques, such as the mouse micronucleus and chromosomal aberration 
assays.
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10.8.7 Implantation Tests 

Implant studies are used to assess the biocompatibility of medical devices or 
biomaterials that come into direct contact with living tissue other than skin (e.g., 
sutures, surgical ligating clips, implantable devices, etc.). Medical devices that are 
intended to be implanted for either short- or long-term use in clinical settings can be 
evaluated using these tests. Using implantation techniques, it is possible to evaluate 
both absorbable and non-absorbable materials. For a valid evaluation of safety, the 
implant study must closely reflect the intended clinical use. With the aid of histopa-
thology, it is possible to assess the dynamics of biochemical exchange as well as 
cellular and immunologic responses during implantation examinations. The histo-
logical examination of implant sites greatly increases the amount of data gathered 
from these studies. 

10.8.8 Hemocompatibility 

According to ISO 10993:4:2017 guidelines [30], hemocompatibility tests were 
carried out for medical devices, and the tests were relevant to all equipment that 
pass directly from the blood regardless of the contact time. For the purpose of risk 
evaluation, these tests should be performed to assess their hemolytic, complement 
activation, and thrombogenicity properties. Therefore, for medical devices that come 
into indirect contact with blood, hemolysis tests are performed regardless of the 
contact time, and other hemocompatibility tests such as complement activation and 
in vivo thrombogenicity are not required. If the medical devices are manufactured 
from new materials that have never been used in devices lawfully marketed in the US 
for critical uses such as cardiac or vascular devices, or in devices designed to deliver 
chemicals into the bloodstream, they should be subjected to in vitro thrombogenicity 
testing. For example, substances that are eliminated from the body and enter the 
bloodstream can affect blood platelets and the clotting system. However, in vitro 
thrombogenicity studies have also been performed on medical devices made of 
advanced materials and intended for indirect contact with the bloodstream. 
Hemocompatibility tests are not always carried out if the device’s risk is identified, 
so it is advised to present the necessary documentation that demonstrates a solid case 
for skipping these particular testing. The base materials used in production and 
operation, material (such as geometry, size, surface imperfections, and roughness) 
should be considered and compared with equipment in the United States. 

10.8.9 Carcinogenesis Bioassay 

The occurrence of cancer or second-generation defects that are permanent is one of 
the most significant and potentially harmful side effects of medical gadgets. Medical 
equipment that come into direct contact with patients run the danger of promoting 
the development of cancerous cells. To assure human safety, it is crucial to test the



device for mutagenic, carcinogenic, and reproductive risks. For the offered test 
techniques, there may be some restrictions on test sample size, preparation, and 
validation. The majority of tests for carcinogenicity are conducted on implantable 
and externally communicable devices that have prolonged (more than 30 days) 
interaction with tissues. Testing for carcinogenicity is required for extracorporeal 
devices, absorbed devices, and permanent implants. However, due to the high cost 
and testing time, carcinogenicity studies are warranted only if there is information 
about the risks associated with implants and extracorporeal products. These tests are 
used to assess the ability of test substances and/or extracts to cause tumors following 
a single or a series of exposures throughout the course of the test system’s lifetime 
(e.g., 2 years for rat and 7 years for dog). Testing for carcinogenicity in devices is 
pricy, complicated, and debatable. Almost always, manufacturers can work out an 
alternative to comprehensive carcinogenicity testing of their products [31]. 
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10.8.10 Reproductive and Developmental Toxicity 

These studies evaluate the possible effects of drugs and/or extracts on ovulation, 
children’s health, and early postnatal development. Suitable for products in sustained 
contact with tissues. 

10.8.11 Pharmacokinetics 

The metabolic processes of absorption, distribution, biotransformation, and elimina-
tion of harmful leachables and possible breakdown products from test materials 
and/or extracts are studied using pharmacokinetic or ADME. (Absorption/Distribu-
tion/Metabolism/Excretion) research, they are particularly suitable for biodegradable 
substances or for drug device combos. 

10.8.11.1 Preclinical Safety Testing 
Preclinical safety studies aim to characterize pharmacological and toxicological 
effects throughout clinical development, not just before the start of human research. 
Studies conducted in vitro and in vivo can both aid in this characterization [32]. 

10.8.11.2 Histopathology Tests 
The most straightforward method of determining a device’s biocompatibility is 
frequently an implant study. Living tissue is in direct contact with the test substance. 
The implant site is recovered and checked microscopically for tissue reactivity once 
the required amount of time has passed. The ability to identify and describe various 
reactions taking place with tissues and the immune system rests with the 
histopathologist [33]. 

Similar to this, different organs and tissues are removed during necropsy and 
examined microscopically for harmful effects in sub-chronic and chronic research.



Many of these studies also need the clinical chemistry examination of test animal 
specimens or serum samples. 
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10.8.12 Studies Concerning Microbiology and Sterility 

Microbiological research is necessary to make medical equipment safe and sterile. 
These studies must comply with ISO 13485:2016 requirements. BSI provides 
technicians and microbiologists with the ability to verify that test procedures meet 
sterility, packaging, and microbiological testing standards to ensure medical devices 
are safe and comply with ISO 13485:2016 [34]. 

The following special requirements are part of ISO 13485:

• Appropriate manufacturing processes should be used (e.g., clean room and/or 
controllable and custom setup).

• To guarantee the integrity of the sterile pack, primary packaging procedures must 
be validated and managed.

• Validation and oversight of medical equipment sterilization procedures. 

10.9 Conclusion 

The recent development of unique, sophisticated, and sensitive methods to assess the 
long-term stability and toxicity of novel biomaterial implants has sped up more 
efficient and biologically pertinent assessment of their biocompatibility. Due to the 
reactive, degradative, kinetic, and dynamic physiological milieu, rapid screening 
utilizing in vitro cell culture models alone cannot predict the long-term in vivo 
response. This eliminates the need to assess many factors, such as genotoxic, 
epigenetic, carcinogenic, and immunogenic effects, to increase the material’s clinical 
acceptability [27]. The medical device business is a young industry, and testing of 
these devices is necessary to guarantee the security of users and patients. For its 
testing, there are numerous regulations accessible. The classification and biocom-
patibility testing procedures for these devices are regulated by ISO standards, 
particularly ISO 10993. The medical devices are divided into many sorts based on 
the kind, length, and proportion of risk experienced. 

Medical devices can be thought of as drug device combination goods because 
they contain pharmaceuticals as well and must be tested according to strict 
guidelines. A combination product is defined by CFR as a medication or biologic 
combined with acceptable medical equipment. Regulations for glass syringes used to 
administer drugs or biological products are provided by ISO 11040:4 [28]. Biocom-
patibility testing (according to ISO 10993) and risk assessment (according to ISO 
14971) are mandatory to ensure user/patient safety. However, the method of manu-
facture, testing and risk assessment of the device must be approved before use. This 
section describes the various biocompatibility tests based on ISO 10993



requirements for the examination of biological substances such as extractants, 
leachates and carcinogenic, mutagenic and antibacterial substances. 
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Abstract 

The rapid development of nanomedicine has raised the likelihood that produced 
nanoparticles will 1 day come into contact with humans and the environment. A 
variety of academic fields, including engineering and the health sciences, have 
taken a keen interest in the development of nanotechnology. Any significant 
developments in nanomaterial-based applications would depend on the produc-
tion of functionalized nanoparticles and other nanomaterials, which are 
anticipated to have application potential in fields like pharmaceutical and bio-
medical sciences. Early clinical results have demonstrated that functionalizing 
nanoparticles with specific recognition chemical moieties produces multifunc-
tional nanoparticles with enhanced efficacy while at the same time reducing side 
effects. These characteristics include targeted localization in tumors and active 
cellular uptake. Chemical procedures must be developed that reliably bind chem-
ical moieties to nanoparticles. The development of numerous chemical 
techniques to synthesize functionalized nanoparticles specifically for drug deliv-
ery, cancer therapy, diagnostics, tissue engineering, and molecular biology 
provides extensive information of the structure–function relationship of these 
functionalized nanoparticles. This chapter’s information is essential for the broad
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of

and safe use of functionalized nanoparticles and other nanomaterials, particularly 
in the biomedical sector.
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11.1 Introduction 

The study of molecularly sized functional systems, or nanotechnology, is one of the 
research fields that is swiftly expanding in a variety of scientific disciplines. Begin-
ning in 1959, research in the field of nanotechnology was conducted. The idea of 
making objects with atomic accuracy was initially brought up by physicist Richard 
Feynman when he observed, “There is plenty of room at the bottom.” Recent 
advances in the synthesis of NPs have led to the development of various novel 
applications in a range of sectors, including nanomedicine, biomedical sciences, and 
engineering. NPs have a rising number of potential applications in biomedicine 
because of their oxidation resistance, simplicity in production, and optical properties 
[1]. Organs may also very well survive functionalization if the appropriate ligands 
are used. Metal NPs make excellent drug and tracer carriers because they are easily 
functionalized. Although NPs have many advantages, they also have substantial 
drawbacks, such as the lack of surface features. These drawbacks, however, can be 
remedied by giving the NPs certain chemical moieties. One benefit  
functionalizing NPs is the capability to predictably regulate the required features 
to suit the specific applications [2–4]. The methods used to create, work with, and 
employ functionalized nanoparticles (FNPs) give exciting new potential for the 
creation of brand-new multifunctional instruments for biomedical and 
nanotechnological applications. Functionalization has also been shown to make 
NPs compatible in later phases and stop them from clumping together 
[5, 6]. Functionalization also improves the synergistic physical, chemical, and 
mechanical properties of NPs [7, 8]. Functionalized nanoparticles (FNPs) exhibit 
improved pharmacokinetic profiles and transport properties in vivo after systemic 
injection. They can penetrate deeper into tissues through small capillaries and 
epithelial lining, enhancing the delivery of medicinal chemicals to specific locations. 

When discussing carbon nanoparticles, carbon nanotubes (CNTs) and graphene, 
two examples of carbon nanostructures with extraordinary mechanical, electrical, 
and physical characteristics, are widely employed. Due to their exceptional qualities, 
these CNTs and graphene may be employed as electrode materials, supercapacitors, 
electrical components (such nanowires, transistors, and switches), catalysts, 
membranes, sensors, biomedical devices, and structural strengthening agents. The 
inability of pure materials to dissolve in water or organic solvents and the absence of 
functionality on native graphene surfaces to modify the material’s characteristics 
make it difficult to employ carbon nanomaterials effectively. Through reactions on



the sidewalls of graphene or at the termini of nanotubes, covalent functionalization 
has grown in popularity as a method for modifying carbon nanomaterials. 
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11.2 Functionalization/Optimization of Nanoparticles 

Following the covalent functionalization of NPs with chemical and biological 
components, the bioactivity of the resulting material should be closely examined 
for any adverse changes in intrinsic activity. The physio-chemical properties of the 
NPs, size, dispersion, surface charge, and type of the FNPs are anticipated to 
influence the in vivo drug delivery result. It is well knowledge that 20–200 nm 
particles may be used to systemically administer medications. While tiny particles 
can pass through the fenestration in the hepatic sinusoidal endothelium and result in 
hepatic accumulation rather than protracted circulation periods, larger particles are 
quickly cleared from the circulation by the RES [9]. The ability of NPs to target 
particular locations for drug delivery is critical when a medication is given 
systemically [10]. 

Targeted delivery may decrease any negative impact on healthy tissues by 
concentrating the medication at the point of action. It is also essential to create 
NPs with a release profile that can be managed and fits the requirements of the 
desired application. There will be greater environmental protection and more con-
trollable loading if encapsulation is used rather than adsorption on the NPs. Effective 
combinations of these traits are anticipated to enhance therapeutic results while 
reducing negative effects on normal tissues when creating NPs. During 
functionalization, the surface of the NPs is modified by the addition of a chemical 
functional group, which encourages self-organization and compatibility. Most often, 
NPs have been functionalized with thiols, disulfides, amines, nitriles, carboxylic 
acids, phosphines, and biomolecules. The primary goal of functionalizing NPs is to 
cover their surface in a molecule that has the required chemical characteristics for the 
application. When particles are functionalized, their surface characteristics are 
substantially changed in each situation. The surface chemistry of NPs is already an 
important part of their synthesis since this feature may be employed to control their 
size and self-organization throughout development [11]. This may be achieved by 
complexing groups that form bonds on surfaces, but complexes must first be 
produced. 

11.3 Class of Functionalization 

11.3.1 Thiol/Aminothiol 

Researchers pioneered the thiol conjugation approach, which is now widely used to 
functionalize NPs [12]. Guerrero et al. [13] synthesized three different thiol FNP 
types. Using the molecules dodecanethiol and octanethiol, also known as Au-SC12 
and Au-SC8, they first created thiol functionalized gold (Au) clusters, as described



by Brust et al. Additionally, Au NPs with the designations Au-SC8/SC11COOH and 
caps formed of both octanethiol and thiolated undecanoic acid molecules were 
synthesized utilizing the Simard et al. synthesis method. Thiol chemistry is one of 
the most advanced functionalization processes used to make functional NPs. Sulfur 
compounds with a number of metals, including Ag, Cu, Pt, Hg, Fe, Si, and Au, 
spontaneously form strong coordination bonds [14]. Sulfur and organosulfur will 
spontaneously adsorb due to their great affinity for metal surfaces [15]. To make 
thiol- or disulfide-capped NPs, employ the direct functionalization method, in which 
the metal precursor and protective ligand are reacted concurrently. The post-
functionalization procedure, which is likewise based on thiol chemistry, includes 
grafting sulfur compounds onto the surfaces of solvent-covered pre-synthesized NPs 
to replace ligands that contain sulfur. 
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11.3.2 Bio-Functionalization 

NPs functionalized with biomolecules have lately received a lot of attention due to 
the usefulness of the resultant hybrid materials as drug carriers. Because tiny 
biological molecules, such as amino acids, may be attached to the surface of the 
NPs, it is now possible to bind functional biomolecules to bio FNPs [16]. Sousa et al. 
[17] proposed using aspartic and glutamic acid as chelating agents in the synthesis of 
NPs. Leucine, arginine, cysteine, and tyrosine were only a few of the amino acids 
that were directly anchored to the surface of NPs in a two-step synthesis described by 
Tie et al. [18]. NPs were modified using organosilane and vinyl alcohol/vinyl amine 
copolymer before being used to conjugate antibodies, enabling them to target 
particular biological cells and tissues [19]. 

11.3.3 Polymers in Functionalization 

The NPs’ adaptability for usage in challenging conditions, such acidic and alkaline 
liquids, is partly due to the polymer matrix incorporated into them [20]. Polymer NPs 
are also commonly used in pharmaceutical applications, particularly in the manage-
ment of cancer and drug targeting. In order to improve the properties of polymeric 
nanocomposites, such as strength, which is essential for tissue engineering 
applications, NPs or nanofibers have been used in their production [21–23]. When 
nanocomposites are created by only mixing, the filler and polymer coupling is weak, 
resulting in artifactual defects and a reduction in the mechanical characteristics of the 
nanocomposites [24–27]. This problem will require a well-designed interphase, 
which will also improve the strength, toughness, and compatibility of the 
composites. The interfacial interaction of the NPs with the polymer matrix enhances 
the quality and properties of the nanocomposites. To build a strong connection, 
stabilize the NPs, and make them compatible with the polymer, a surfactant is 
required for the functionalization of NPs with polymers. The polymer 
functionalization enhanced the mechanical characteristics of the NPs. Additionally,



these nanocomposites are insoluble in both basic and acidic liquids. By using 
polymer FNPs made by phage display, Rothenfluh et al. [28] effectively conveyed 
a hydrophobic medication. Post-polymerization can also boost bioavailability. 
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11.3.4 Miscellaneous 

It has been discovered that Iceland’s acidic hot springs contain virus nanoparticles 
(NPs) with changed chemical groups, which may adapt to a range of challenging 
conditions, including the acidic environment of the body. Since the stoichiometries 
were mathematically dictated by geometric constraints, dendritic NPs structures 
were the first nanomaterials that could be employed for precise stoichiometric 
functionalization. Stoichiometric mono-functionalization of Au NPs was reported 
by Hainfeld et al. [29]. 

11.4 Functionalization of Carbon Nanomaterials 

11.4.1 Functionalization of Fullerene 

Fullerenes can be functionalized using a variety of different chemical procedures. 
Here, we will focus on a handful of the more noteworthy responses. Surface 
functionalization makes it simple to make fullerene soluble in both water and organic 
solvents [30]. The fullerene surface can be chemically altered using one of two 
different methods: Through (i) complexation with a solubilizing agent and 
(ii) covalent functionalization of the fullerene surface using potent acids at high 
temperatures, oxygen-based functional groups, primarily hydroxyl groups, may be 
grafted on the surface of fullerenes, the hydrophobic fullerene surface is partially 
hidden [31]. C60 and C70 fullerenes were mixed with an aqueous solution including 
nitric and sulfuric acids at a temperature of 85–115 °C. The acid oxidized the 
fullerene surfaces, which gives grafting of 15 hydroxyl groups on average per 
fullerene. Another possible method for creating OH functionalized fullerenes 
(fullerenols) is the addition of strong basic NaOH to C60 benzene solutions with 
tetrabutylammonium hydroxide acting as a catalyst [32]. There are more grafted 
hydroxyl groups as a result of the reaction’s higher efficiency compared to reactions 
based on strong acids. In another experiment, a drop of liquid Na/K alloy was added 
to a suspension of C60 in tetrahydrofuran. The intermediate was then reacted with 
oxygen and water (Fig. 11.1). 

This method is very efficient and produced some of the highest levels of hydro-
philicity by extending the hydroxylation of the fullerenes. These procedures are 
commonly used to make fullerene hydrophilic despite the lack of control over the 
density of addends. An alternative method for creating highly polyhydroxylated 
fullerenes uses a suspension of partly hydroxylated fullerene with hydrogen perox-
ide at a temperature of 60 °C  [34]. The final product, fullerenols, has an average of 
36–40 hydroxyl groups and 8–9 secondary bonded water molecules, despite the



process taking 4 days. The addition of aliphatic primary amines such n-propylamine, 
t-butylamine, and dodecylamine to C60 results in the grafting of amine groups onto 
this compound. In other processes, smaller main or secondary amine chains like 
methylamine, diethylamine, or ethylenediamine are combined with C60 or C70 
fullerenes [35]. A stable product that grafts a pyrollidine ring to C60 is produced 
by the 1,3-dipolar cycloaddition of an azomethine ylide to a C60 molecule. This is a 
typical amination procedure. The fullerene moiety may be added to by this reaction 
in a variety of ways, which is a phenomenon. The Bingel reaction is commonly 
employed for functionalizing fullerene exohedra. By introducing a -halo ester/ketone 
group to the cage while the reaction is occurring under strongly basic conditions, a 
methanofullerene is created [36]. The chemistry of the fullerene surface has been 
modified several times using the Bingel reaction. For instance, the Bingel reaction 
was used to produce C60 Hexakis-adducts [37]. One of the several chemical 
processes for functionalizing fullerenes is the Diels-Alder cycloaddition reaction, 
which is incredibly flexible and yields a broad variety of cycloadducts. Due to its 
lack of electrons, fullerene interacts with 1,3-dienes that are abundant in electrons to 
create adducts that fuse a 6-6 bond to a cyclohexene ring. 
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Fig. 11.1 (a) The C60 amination mechanism. To create the C60 anion radical, single-electron 
transfer is the first step. The final product is then produced by proton transfer after radical 
recombination produces a zwitterion. (b) Mechanism of the Prato reaction. (c) Bingel reaction 
mechanism [33]
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11.4.2 Functionalization of Carbon Nano-Onions 

Similar to fullerenes, CNOs have different solubilities in polar, non-polar, protic, 
and aprotic solvents. Because some solvents, like N-N-dimethylformamide, are 
effective proton acceptors, they act differently from other solvents. As a result, 
CNOs have high solubility and low potential values. Tetrachloroethane, in contrast 
to chloroform, cannot receive protons from CNOs. A positive -potential and low 
solubility are the outcomes of this. It is possible to functionalize the CNO surface to 
improve solubility. Curvature greatly facilitates both covalent and non-covalent 
functionalization of CNOs. One of the frequent reactions is the oxidation of CNOs 
produced by oxidative or reductive reagents like HNO3, H2SO4, or KOH. But the use 
of strong acids or bases can be harmful to the CNOs. These strong acids add 
functional groups with the hydroxyl, carboxyl, and ether-like chemistries. As an 
alternative strategy to target the CNOs surface and graft oxygen functional groups, 
nitric acid or ozone can be employed [38]. Additionally, procedures using 
azomethine ylide addition (1,3-dipolar cycloaddition) and soluble carboxyl groups 
were employed to produce CNOs. A direct acid-base reaction, amidation employing 
in-situ generated acid chloride, and carbodiimide-activated coupling are possible 
further processes using carboxylated CNOs. As an instance, carboxylated CNOs are 
amidated directly using polyethylene glycol with a diamine ending. A second 
possible amidation reaction is produced by treating carboxylated CNOs with 
1-Octadecylamine, which is known to be a particularly efficient agent for the 
amidation of CNTs. Another method for adding NH groups to CNOs suspended in 
dimethylformamide is microwave irradiation. The most recent method for 
functionalizing the surface of CNOs is the 1,3-dipolar cycloaddition of azomethine 
ylide. Organically modifying fullerene C60 with an aldehyde-amino acid condensa-
tion process that yields azomethine ylides was a frequent procedure [38]. Another 
version made use of carbon tetrabromide, 1,8-diazabicyclo [5.4.0] undec-7-ene, and 
the functionalization of the CNOs by a [2 + 1] Bingel-Hirsch cyclopropanation [39]. 

Functionalized CNOs are used to image and target cancer cells. In two distinct 
tumor cell lines, the modified CNOs quickly absorb and show good brightness and 
photostability. They also display minimal cytotoxicity. It is possible to employ 
CNOs by attaching polymeric molecules to them. As an example, polypyrrole 
CNO is used to improve the specific capacitance of supercapacitors [40]. Using 
chemical polymerization or electrostatic potentiostatic deposition, polypyrrole is 
added to CNOs as bilayers. The composites created utilizing the two techniques 
have higher specific capacitances of 800 Fg-1 and 1300 Fg-1 , respectively, and are 
more mechanically and electrochemically stable. 

11.4.3 Functionalization of Nanodiamonds 

The diamond surface chemistry is altered by the ND functionalization procedures, 
which are mostly well-established. The graphitic shell can also be broken down with 
FeSO4 and H2O2 (Fenton), which swiftly target the non-diamond phases on the



surface with OH groups [41]. Diamond surface hydroxylation may also be produced 
mechanically by milling and ultrasounds in water, both of which result in radical 
reactions and the -(OH) ending [42]. The ND surface can get oxidized when the 
diamond core’s amorphous/graphitic coating is removed using strongly oxidizing 
substances such potent acids, singlet oxygen in NaOH, potent ozone, and air treated 
with a catalyst. Additionally, supercritical water heated to 350–450 °C or ozone are 
used for surface oxidation. After the ND surface has undergone oxidation, other 
methods are used to provide the appropriate functional groups. One approach entails 
non-covalent functionalization, which is carried out using electrostatic or hydropho-
bic interactions [43]. Polar materials, such as DNA sequences, polymeric complexes, 
etc., initially bind to the ND surface through electrostatic interaction. The second 
approach depends on the use of apolar contacts and is based on the molecules’ ability 
to self-assemble on the ND surface. In the creation of composite materials and 
medication delivery, this chemical functionalization has been widely utilized. 
Non-covalent functionalization is a simple technique, but because of uncontrolled 
adsorption process, it has low reproducibility. The covalent functionalization 
employs carboxylic and hydroxyl groups to graft on additional molecules. For 
instance, after being activated with thionyl chloride, carboxylic groups can interact 
with amines. This process also give rise to the production of PEGylated NDs 
[44]. PEG-chains could contain amino, thiol, or azido groups at the end, which are 
often used to covalently bond a variety of different biomolecules. Another frequently 
utilized functionalization is the derivatization of the hydroxyl groups by esterifica-
tion generated by high temperature -OH carboxylation succinic anhydride. 
Derivatizing NDs using siloxanes is an alternative approach. The siloxane coating’s 
thickness on the ND core may be controlled to some extent with this method of 
functionalization, but it also depends on the siloxane precursor used [45]. Covalently 
anchoring dyes and receptors as well as using siloxane functionalization for drug 
delivery have all been done effectively [46]. 
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The functionalization of H-terminated NDs with alkenes, hydroxylated NDs with 
alkyl chlorides, and diazonium salts are further methods [48]. The carboxyl groups 
on the ND surface can also be converted into azido groups, making them available 
for other chemical reactions [49]. Some of the typical functional groups used to 
change the ND surface chemistry is shown in Fig. 11.2. 

11.4.4 Functionalization of Carbon Nanotubes 

Carbon nanotubes were discovered in 1991 by Iijima. Since then, various effective 
functionalization methods for CNTs have been devised, and nanoscience has 
become a distinct field of research within the field of materials science [50]. Pure 
CNTs have hydrophobic walls due to their graphitic structure. As a result, van der 
Waals forces produce bundles of the most recent CNT manufacturing. This makes it 
difficult to separate CNTs and make a stable dispersion in water and most solvents. 
To solve this problem, the CNT surface can be functionalized. In the 1990s, two 
separate methods for functionalizing CNTs—covalent and non-covalent—were



devised. Covalent functionalization results in the formation of covalent bonds 
between a functional group and the carbon atom of a CNT. The covalent 
functionalization procedure, which comprises a series of chemical processes, results 
in the formation of covalent chemical bonds between CNTs and the functional 
entities. Side wall covalent functionalization and oxidation and end/defects 
functionalization are the two categories into which they may be divided. The 
defect-functionalization of CNTs continues by using powerful agents to target the 
flaws in the nanotubes’ walls and leave holes functionalized with oxygenated 
functional groups [51]. 
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Fig. 11.2 Modified surface chemistry of NDs with various functional groups [47] 

Strong acids like HNO3, H2SO4, or their combination, as well as potent oxidants 
like KMnO4, ozone, or reactive oxygen plasma, are typically used to carry out 
oxidation. This raises the reaction temperature [52]. These reactions lead to the 
formation of acidic sites on the CNTs, which may then be used to bind other 
molecules. Therefore, oxidation of the CNTs, oxygen-containing functional groups 
including carboxylic acid, ketone, alcohol, and ester groups are created, which may 
be utilized to affix a wide range of different kinds of chemical moieties. Numerous 
chemical processes, including as esterification, thiolation, silanation, polymer 
grafting, and the attachment of specific biomolecules are made possible by these 
functional groups [53]. 

In the process of direct covalent sidewall functionalization, the formation of the 
covalent bond results in a shift in the carbon hybridization from sp2 to sp3 , as well as 
a concomitant loss of the p-conjugation typical of the aromatic rings of graphene. 
The atoms at the ends and in the defects of the CNTs can produce this mechanism by



interacting with some compounds that have a high chemical reactivity. One of the 
most important advantages of functionalizing the CNTs is that the polar or non-polar 
groups grafted on their surface make them dispersible in solvents. Covalent 
functionalization offers a large range of possible techniques for grafting the required 
molecules, however, there are certain downsides. The aromatic rings of the CNT 
graphitic lattice are broken by the strong covalent bonds utilized for 
functionalization. The mechanical and electrical characteristics of the CNTs are 
impacted by this. Every covalent bond function as a scatter point, and every 
disruption of the surface conjugated network creates faults that might serve as 
rupture sites, lowering the electrical conductivity [54]. Numerous initiatives have 
been made to find workable solutions in an effort to lessen the CNT damage brought 
on by the functionalization. The CNT properties can be preserved by non-covalent 
functionalization. One of the main advantages of non-covalent functionalization is 
that it prevents carbon hybridization, preserving the hexagonal lattice with aromatic 
graphitic rings. 
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The structural and electrical features of the CNTs are maintained because the 
non-covalent functionalization is based on supramolecular complexation formed by 
hydrogen bonds, adsorption based on van der Waals forces, electrostatic forces, or 
stacking interactions. 

11.4.5 Functionalization of Graphene 

The chemical functionalization of graphene, which is a critical step in the preparation 
of the material, determines its final properties and the types of applications it can be 
used for, including electronics, filler in the synthesis of nanocomposite materials, 
biomaterials and biomedicine, sensing, energy, and the environment. To transform 
zero-gap graphene into a semiconductor suitable for electrical applications, it goes 
through functionalization [55]. With regard to biomaterials, functionalization 
renders graphene water-soluble, and the appropriate surface chemistry makes 
graphene a great nanoplatform for drug delivery as well as other uses, such tissue 
engineering [56]. Graphene is widely utilized as the appropriate electrode material 
for numerous electrocatalytic applications. When the surface chemistry is changed 
with the appropriate functional groups, the finished electrode is more efficient than 
the sum of its parts [57]. In terms of chemistry, graphene is comparable to other sp2 

hybridized carbon allotropes [58]. Similar to CNTs, graphene too exhibits serious 
flaws. Atoms near the edges of defects are often more reactive than the surface that 
surrounds them, even though functionalization of graphene may also take place on 
the surface, as we shall explore later. Similar to CNTs, graphene may be 
functionalized via covalent or non-covalent methods.
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11.5 Covalent Functionalization 

The chemical modifications of the graphene surface that include graphene oxide and 
reduction have drawn the greatest interest. Thus, a wide range of atoms and organic 
groups may be grafted onto pure graphene, enabling radical additions, electrophilic 
substitution, and cycloaddition processes. Since Brodie demonstrated in the eigh-
teenth century that graphite could be transformed into graphene oxide using potas-
sium chlorate and fuming nitric acid, studies on graphene oxide (GO) have been 
debated [59]. In order to reach equivalent levels of graphite oxidation, Hummers and 
Hoffman proposed an alternative in the 1960s that involved employing permanga-
nate and concentrated sulfuric acid or a mixture of sulfuric and nitric acids. It has 
been demonstrated, nonetheless, that the degree of oxidation depends not only on the 
oxidants employed, but also on the quality of the graphite utilized and the environ-
ment in which the process takes place [60]. These scalable methods result in the 
production of hydroxyl and epoxide groups, as well as minor amounts of carboxy, 
carbonyl, phenol, lactone, and quinone groups. GO is easily dispersible in water due 
to the large concentration of polar functional groups. GO is a material with many 
functional groups, however, it can be used as a building block to create particular 
compounds. Additionally, the hydrophilicity of GO made it possible for consistent 
thin film deposition, which is essential for applications in electronics [61]. By, 
adding appropriate functional molecules, oxygen-based functional groups enable 
further tuning of the surface chemistry. Additionally, GO is functionalized using 
quantum dots to create platforms for electrochemical applications. Prussian blue and 
metal hydroxides are other species that are employed to functionalize GO and modify 
its electrochemical characteristics. The various organic chemicals that may be used to 
functionalize GO include porphyrins, aromatic dyes, alkylamines, ionic liquids, 
pyrene and perylene diimide, cyclodextrin, aryl diazonium compounds, and polymers. 

Sheets of graphene are also hydrogenated, sp2 to sp3 hybrids are converted by 
hydrogenation. As a result, graphene is transformed from a highly conductive 
material into an insulating one, significantly altering its electrical characteristics 
[62]. In a hydrogen environment, graphene was functionalized by RF-CVD. In 
order to prepare hydrogenated graphene, other research teams looked into wet 
chemical processes such as the Birch reduction. Doping with halogenated elements 
can also change the electrical characteristics of graphene [63]. 

Covalently bonded halogens (graphene halides) significantly alter the 
characteristics of graphene, just like hydrogen does. For instance, fluorographene 
is the thinnest insulator and the only stable stoichiometric graphene halide. In 
contrast to its counterpart graphenes, halogenated graphenes display a wide range 
of exceptional and intriguing electrical, optical, thermal, electrocatalytic, magnetic, 
mechanical, and chemical capabilities. In order to create graphene sheets dispersible 
in common organic solvents, which is essential for the production of nanocomposite 
materials, this approach has been devised. It is also possible to incorporate organic 
functional groups. The aryl diazonium salt covalent modification permits the manu-
facture of functionalized graphene with increased dispersibility in polar organic 
solvents and water by altering the substituents in the aryl-ring. This method of



functionalization can be used to produce high performance graphene-based 
nanocomposites, and the enhanced polymer host dispersibility of graphene 
nanosheets led to substantial interlayer cohesive energy and surface inertia. 
Graphene’s electrical properties can be modified covalently using 4-bromobenzene 
diazonium tetrafluoroborate (4-BBDT). 
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11.6 Non-covalent Functionalization 

Functionalization without Covalent Bonds: Because of the shaky link that exists 
between the functional group and the graphene during non-covalent 
functionalization, the essential electrical structure of the material is intact. 
Non-covalent functionalization retains the inherent chemical and physical 
characteristics while providing novel selective capabilities through the interaction 
of the counter molecules with the hexagonal lattice. This kind of functionalization is 
based on the so-called “-” interaction created between aromatic rings. For 
non-covalent functionalization between aromatic rings, several chemicals can be 
used. A number of substances can be used for non-covalent functionalization. Due to 
its strong affinity for the graphite basal planes, the pyrene moiety has generated a 
great deal of attention. The functionalization of graphene with 1-pyrenebutyrate 
improved its water dispersibility. Using non-covalent functionalization to bind 
pyrenebutanoic acid succinimidyl ester to graphene in order to boost the effective-
ness of power conversion in graphene-based photovoltaic systems. More examples 
of non-covalent functionalization are shown when 1-pyrenecarboxylic acid is used 
to functionalize graphene to provide unique optical and sensing properties 
(Fig. 11.3) [64]. 

Graphene or its derivatives (Gr) 

(A): molecules which can form covalent bonds with Gr, 
such as polyethylene glycol and isocyanate 

(B): molecules which can form noncovalent bonds with Gr, 
such as polyvinylpyrrolidone and polyvinyl alcohol 

Covalent functionalized Gr 

Noncovalent functionalized Gr 

A 

B 

Fig. 11.3 Functionalization of graphene [65]
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11.7 FNPS Applications in Biomedical Science 

Nanotechnology offer promise for nanomedicine and therapeutic procedures. The 
development of molecular machines to identify and eradicate host pathogens, in 
tissue engineering, and the replacement or repair of cells or cellular components 
in vivo are just a few of the overlapping molecular technologies that nanomedicine 
depends on. Others include ongoing advances in genomics, proteomics, and 
nanoengineered microbes. Research into the delivery and targeting of therapeutic 
and diagnostic agents with NPs is at the forefront of nanomedicine due to some oral 
and injectable drugs’ ineffective formulations, which have novel delivery 
requirements like optimizing efficacy, minimizing side effects, and improving 
patient compliance [66]. The use of NPs in formulations can improve drug bioavail-
ability, prolonged release, and more precise targeting to the level of direct intracel-
lular delivery. The blood–brain barrier, the pulmonary system, and the skin’s strong 
epithelial connections may all be avoided by small-sized NPs, which is advanta-
geous for the delivery of targeted medications (Fig. 11.4) [67]. 

Fig. 11.4 Applications of FNPs
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11.7.1 Therapy 

By raising medication concentrations in blood or vascularized tissues using poly-
meric NPs, drug toxicity can be reduced while therapeutic effects are improved. 
NPs-based drug delivery method for intra-tissue medication release in articular 
cartilage may be beneficial when utilized in pharmacological and biomolecular 
treatment for disorders like osteoarthritis. Numerous NP capabilities have been 
studied, including the ability of NPs to penetrate (endocytosis) or rupture the 
membranes of dangerous bacteria and tumor cells. Although polymer-based NPs 
cannot directly target cells, they provide flexible chemistry for the attachment of 
pharmaceuticals that, in many circumstances, can increase both cell selectivity and 
uptake. A number of membrane-bound receptors can be targeted via receptor-
mediated endocytosis. Folate and other small molecules having a glycosidic moiety 
allow for precise targeting to certain cell types that express the required receptor 
protein [68]. The two most well-known examples of cell targeting with 
functionalized NPs are asialo orosomucoid functionalized with poly-lysine to target 
the asialoglycoprotein receptor on hepatocytes and NPs functionalized with iron 
transport protein transferrin. The targeting method’s effectiveness depends on a 
number of factors, including the ligand receptor binding strength, the length of the 
spacer between the ligand and NPs, the number of targeting ligands per NP, and the 
conjugation chemistry used for functionalization. Careful adjustment of the many 
factors that influence cell-specific targeting is necessary because nonspecific 
electrostatic attachment to the surface of untargeted cells results in ineffective 
cell-specific targeting [69]. 

11.7.2 Cancer Treatment 

Cancer is one of the deadliest diseases in existence today. The development of new 
technological systems, for improve understanding of tumor biology, better 
diagnostics systems, and treatment modalities such as surgical intervention, radia-
tion, and chemotherapy, has led to a decrease in the number of cancer-related deaths 
in recent years, despite the fact that there are more than ten million new cases each 
year. Drugs used in chemotherapy frequently also kill healthy cells and cause 
damage to individuals. To create chemotherapeutics with higher action and less 
damage, cancer cells can either be actively or passively targeted. A nano-based 
targeting system began clinical testing in the middle of the 1980s. In the 1990s, the 
first product based on polymeric liposome and polymer protein conjugates was 
released. Therapies are created based on the widely used targeting technique of 
NPs and nanocarrier systems. Drugs and ligands can be combined with nanocarriers 
to bind to overexpressed antigens or receptors on target cells. Several liposomes, 
NPs, and other nanomaterials, the optimal threshold size for enhanced extravasations 
into tumors is 200 nm [70]. One of the main problems of targeting approaches is the 
inefficient diffusion of nanosystems to tumor cells, which may lead to drug resis-
tance and render many potential treatments inactive. One way to get over this



constraint so that it can actively connect to the targeted cells after extravasations is 
by functionalization. The use of ligand functionalization can be used to provide 
active tissue targeting using a number of conjugation chemistries. It is essential that 
drugs target molecules with high selectivity that are only expressed on the cell 
surface. Because the ligand FNPs may promote receptor-mediated internalization 
and release the drug within the cells, the target cells should have a surface marker 
overexpressed in order to maximize selectivity [71]. Most experts agree that higher 
binding affinities lead to greater targeting efficacy. Targeting can also be improved 
by using multivalent avidity. Proteins, particularly antibodies and their fragments, 
nucleic acids, or other receptor ligands including peptides, vitamins, and 
carbohydrates can all be used for targeting. Furthermore, it is possible to increase 
binding affinity and selectivity to cell surface targets by creating proteins that 
recognize a specific conformation of a drug target receptor. 
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11.7.3 Drug Delivery 

One of the primary goals of pharmacology is to optimize therapeutic efficacy of 
the therapy by giving the correct medicine, in the right dose, to the right patient at the 
right time. In this sense, drug distribution is one of the most important factors in the 
field of pharmacology. Nanotechnology could be necessary to accomplish the goals 
of medicine delivery. The more traditional methods for comprehending medication 
distribution concentrate on the various routes of drug delivery, such as oral, paren-
teral, transdermal, and inhalational. Throughout the history of medicine, there has 
always been a need to develop different methods of giving a patient a medication. 
Innovative drug delivery techniques’ primary goals should be to improve patient 
compliance, reduce toxicity, boost bioavailability, and achieve precise therapeutic 
targeting. Drug delivery methods are now widely used in the development and 
expansion of medicinal potency. Beyond our wildest expectations, the creation of 
novel pharmacological agents and enhanced delivery systems has the potential to 
transform disease diagnosis and treatment [72]. Over the past 10 years, nanotech-
nology has fundamentally altered the field of medication distribution and is currently 
a key component in the creation of cutting-edge drug delivery systems. Nanotech-
nology, which may also modify the physical characteristics of medicine particles, 
can affect the extent and location of medication dispersion. NPs are widely 
employed in medical procedures and the transdermal delivery of vaccinations 
[73]. We will go over nanotechnologies once again in relation to the delivery of 
medications. The application of nanotechnology in the prevention, diagnosis, and 
treatment of cancer is believed to offer the largest benefit to public health. Osmotic 
pumps are a good illustration of a microfabrication technique that has been modified 
by nanotechnology to create secondary nanometer-sized constructs (microspheres) 
[74]. According to Orringer et al., NPs can target brain malignancies through 
antigen-dependent selective or nonspecific routes [75]. Targeted delivery can be 
achieved in two ways: physically induced targeting based on stimuli, such as the 
magnetic induction between magnetic NPs and a magnet at the site of action, or



cell- or tissue-specific targeting based on a strong affinity between a ligand and target 
receptor, like the RGD peptide to a specific cellular receptor or the mineral affinity of 
bisphosphonates (BPs) to the mineral phase of bone. 
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11.7.4 Tissue Engineering and Gene Delivery 

More and more nanometer-sized parts are being created and employed in tissue 
engineering applications. Through the process of tissue engineering, biological 
constructions that will maintain, improve, and restore tissue function are frequently 
produced. The appropriate cells can be separated, grown in culture, and then 
assembled into a three-dimensional (3D) tissue. In vitro genetic modification of 
this tissue is thus possible before transplantation. Before being implanted into the 
body, the produced cell tissues can be functionalized with growth agents and 
enclosed in polymeric 3D matrices. This provides mechanical support for the 
developing tissues and has the ability to result in the formation of certain tissues. 
The fundamental difficulties in tissue engineering such as short half-life and stability 
of growth factor proteins in vivo, as well as the degradation of protein and polymeric 
matrices upon release from the polymer owing to moisture, temperature, pH, etc. To 
overcome some of the drawbacks in the existing tissue engineering technologies, 
gene therapy approaches can be used for tissue regeneration. The practice of treating 
human illnesses with genetic material injected directly into a patient’s individual 
cells is known as gene therapy. The desired genes can be cloned into an expression 
plasmid and used as a DNA complex for tissue regeneration by using viral and 
non-viral gene delivery vectors. In the era of genetic modification and gene delivery, 
transfection systems on the nanoscale are being specifically built using a range of 
materials for various uses, notably for patients who suffer from missing, inadequate, 
or failing tissue and need tissue transplantation. The multidisciplinary approach that 
has been used to develop this technology (particle mediated gene therapy) will 
continue to do so. It will combine concepts from both tissue engineering and gene 
therapy. Polymeric matrices including collagen, PLGA, and alginate hydrogels can 
be used to transport DNA. Combining these two disciplines enables the 
functionalization or incorporation of proteins and genes onto nanoparticles (NPs), 
which can then be implanted or injected to promote tissue regeneration and treat 
genetic diseases like hemophilia, muscular dystrophy, and cystic fibrosis by 
replacing errant genes in the affected cell. 

Gene therapies are also being developed for cardiovascular, neurological, infec-
tious diseases, wound healing, and cancers by delivering genes to enhance naturally 
occurring proteins, alter the expression of existing genes, or produce cytotoxic 
proteins or prodrug activating enzymes to kill tumor cells.
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11.7.5 Diagnosis 

Computed tomography (CT), magnetic resonance imaging (MRI), and positron 
emission tomography (PET), among other tomographic imaging techniques, have 
become indispensable diagnostic tools during the past few decades. While MRI and 
CT offer intrinsic tissue contrast at high spatial resolution and dynamic imaging, 
PET provides superior sensitivity in static imaging based on tracer materials. Due to 
the constraints of CT, which call for the use of ionizing radiation, real-time imaging 
of 3D volumes with MRI is still difficult. Hybrid organic–inorganic NPs, as they are 
used in this context, are anticipated to show promise as novel nanocarrier probes for 
biological applications like MRI, MPI, PET, agents that induce hyperthermia, 
magnetically controlled medium for the sensitive detection of biomolecules and 
diseased cells, etc. [76]. Iron oxide is the most promising category of nanoparticles 
(NPs) for imaging and site-specific delivery of drugs and other bioactive substances. 
The MPI will improve as an in vivo imaging modality using functionalized magnetic 
NPs, with the potential to be used as a clinical imaging technique. The ability to 
monitor in vivo drug delivery to the treated tumors via magnetic resonance imaging, 
produce a controlled drug release profile, and result in a high uptake of the conjugate 
in the tumor cells are all advantages that magnetite nanoparticles (NPs), which were 
first surface-modified with aminopropylsilane (APS) and conjugated with metho-
trexate, have for treating tumors. 

11.8 Conclusion 

Because it stands out among the components of the periodic table as a particularly 
unusual element with specific properties, carbon is the fundamental element of 
organic chemistry and, ultimately, life. One of the peculiar properties of carbon 
that makes it possible to develop new biosensors that can detect a range of 
biological, organic, and inorganic analytes with desired sensitivity levels, low 
detection limits, and good stability is its capacity to form a variety of structures 
with peculiar properties. One approach that may be employed to enhance the 
performance or increase the capabilities of the sensors is the capacity to connect 
carbon nanostructures to metal or oxide nanoparticles or insert them into other 
materials like organic polymers or hydrogels. The chemical assembly of carbon-
based nanostructures into 2D and 3D structures can also contribute features that 
improve sensing capabilities. Carbon nanostructures appear especially promising for 
the fabrication of devices for the multiple detection of analytes for the miniaturiza-
tion of the sensors allowing a diffuse sensing to control the environment, for 
example. These devices could include microfluidic chips or microelectronic devices. 
These advances in biosensor research provide a fascinating glimpse into the devel-
opment of potential platforms for the monitoring of the environment, air quality, 
harmful substances, food quality, and biomarkers. 

The discovery and development of innovative therapeutic carriers and diagnostic 
tools depend increasingly on the functionalization of NPs, which provides a unique



connection between materials and medicine and back again. Through the use of 
various types of materials and their functionalization, this technique connects drug 
targets and other biomedical applications, such as imaging and tissue engineering, to 
the molecular processes involved in physiology. The addition of functional groups to 
NPs also enables the creation of multimodality therapeutic approaches that combine 
tissue engineering, cancer treatment, medication targeting, and diagnostics. As a 
result of the research that has been done thus far, we now have a better knowledge of 
FNPs systems and are better able to deliver novel multifunctional nanocarriers, such 
as targeting molecules, medications, and diagnostic tools, to patients more swiftly. 
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Abstract 

The pharmaceutical sector is fueled by novel, high-value products that result from 
research and development. We can all agree that the pharmaceutical sector is the 
heart of the medical sciences, everything from nourishment to necessary 
medications, paracetamol to corona vaccine, are all related to the pharmaceutical 
industry. A relatively new but rapidly developing technique, bioprinting is mostly 
employed in tissue engineering and regenerative medicine. The advantages of 
modifying preset tissue forms and architectures with computer assistance and the 
creation of extracellular matrix (ECM)-like habitats for cells are combined in 3D 
bioprinting techniques. The main use of bioprinting is to regenerate or restore 
wounded and damaged tissues by creating implantable organs and tissues. The 
medical and cosmetic sectors stand to gain greatly from the technique. The ability 
of bioprinting has not yet been thoroughly examined in fields like patient-specific 
cell placement and bio-robotics. But the question arises, with the right application
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of bioinks and other methodologies, can bioprinting change biomedicine and 
biomedical engineering, or is it only useful in research settings. This comprehen-
sive study covers current approaches and potential future developments in 
bioprinting, with a focus on the potential application of 3D bioprinting in other 
medical disciplines and regenerative medicine. In this chapter, potential uses for 
experimental systems and techniques that are currently being developed for drug 
delivery, cancer research, and the bioprinting of various types of tissues are 
examined. This assessment also explores potential future opportunities for the 
efficient redesign of technical and medical procedures through the use of 
bioprinting.
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12.1 Introduction 

With the advent of bioprinting technologies, tissue engineering has merged science 
fiction and reality in the modern era of automation and technology [1]. Bioprinting is 
an adaption of additive (3D) printing that uses layer-by-layer deposition of 
biological materials and biologically active substances, such as cells, growth 
hormones, and other substances. This technique allows for the creation of 3D models 
of tissues and organs that closely resemble their human counterparts in terms of 
structure [2]. By setting up preset places and structures in computer-aided design 
software (CAD), the architecture is methodically finished. How effective the 
bioprinting method is can be determined by the value of the structures produced. 
The three primary factors to take into account while creating a product are cellular 
interactions, bioactive chemicals, and the bioprinting apparatus [3]. The primary 
biomaterial used in 3D printing, called bioink, is formed of cells that are meant to be 
deposited. These cells are often contained in a carrier matrix that attempts to replicate 
the physical and biochemical environment of native tissues in order to improve cell 
adhesion, proliferation, and differentiation [4]. 

In the last 10 years, the bioprinting sector has made tremendous achievements, 
and 3D bioprinting is currently one of the most intriguing and promising 
technologies with the potential to have a significant impact on a range of medical 
applications. If scientists could use bioprinting technology to create living, de novo 
organs like the heart, liver, kidneys, lungs, and skin, the need for organ transplants 
would be decreased. Taking cells directly from the patient would also prevent 
immune system assault and organ rejection. Another creative industrial use of 3D 
bioprinting is found in the pharmaceutical industry. The market for 3D bioprinting is 
anticipated to reach USD 1647 million [4] by 2024 as a result of the development of 
3D bioprinters and biomaterials as well as their use in the pharmaceutical and 
cosmetics sectors [5, 6]. We briefly addressed the most cutting-edge bioprinting 
techniques in this chapter, along with other essential elements important to the



application of 3D bioprinting to construct 3D tissues and organs. With a focus on the 
potential for creating in vitro models as tools for drug discovery in the pharmaceuti-
cal industry, we also discuss some of the significant challenges and fascinating 
opportunities that 3D bioprinting technologies present for developing realistic tissue 
and organs across a variety of market segments. 
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12.2 History 

The concept of 3D-printed organs and bioprinting was first explored in 1996. When 
Dr. Gabor Forgacs discovered that biological components adhere together and have 
liquid-like qualities during experiments with Charles Hull (who later founded 3D 
Systems), the general public started to exhibit interest in bioprinted items that use 
ingredients extracted directly from patient tissues. Early studies employed synthetic 
scaffolds, but after investigation into a new technique called Dynamic Optical 
Projection Stereolithography (DOPsL), it was discovered that biological tissues, 
like blood cells, could be printed in a matter of seconds. 

12.2.1 Which Organs Have Been Previously Bioprinted? 

There have not been any additional reports of 3D-printed organs since the first 
human blood vessel was made. Minor components such as arteries, bones, cartilage, 
tissues, and veins may have been printed for implantation, but since regenerative 
medicine professionals prefer to have a thorough understanding of the technology 
before moving forward, they are currently waiting for new case studies before 
thinking about printing more complex organs. 

12.3 3D Bioprinting 

Using a suitable imaging tool, such as computed tomography (CT) or magnetic 
resonance imaging (MRI), to ascertain the anatomical makeup of the target tissue is 
the first stage in the bioprinting process. The picture is then transformed using 
specialist software into a CAD drawing of cross-sectional layers so that the printing 
machine may add the layers one at a time. The bioprinting device then uses a specific 
printing method, such as inkjet 3D bioprinting, micro-extrusion 3D bioprinting, 
laser-assisted 3D bioprinting, or stereolithography, along with a combination of 
printing materials, such as scaffold and bioink, and other additive factors to produce 
the tissue (Fig. 12.1). Precision, stability, and tissue viability vary via various 
methods. In order to replicate the in vivo conditions required to maintain tissue 
viability during the maturation process, the generated tissue is then further processed 
in a bioreactor.
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Fig. 12.1 Schematic representation of the bioprinting process [7] 

12.3.1 Techniques for 3D Bioprinting 

The basis for 3D bioprinting technology was laid by conventional 2D printing on 
paper and then by 3D printing of non-biological materials. Therefore, it is not 
surprising that the engineering component has more advanced technology than 
bioink material technology. However, because bioink was first developed for print-
ing on non-biological materials, each printing method still has a number of 
limitations regarding material compatibility when using other building materials 
instead of bioink [8–10]. 

12.3.1.1 Micro-Extrusion 3D Bioprinting 
It is a regularly used pressure-assisted technique for printing non-biological 
materials. Typically, a computer-controlled robotic arm uses a pneumatic or 
mechanical (piston or screw-driven) approach to provide pressure to a nozzle in 
order to disperse the selected bioinks for the bioprinting process. Most frequently, a 
glass or plastic cartridge is used to hold the bioinks. The bioink is ejected via the 
nozzle in the form of a thin filament and deposited on the substrate based on a CAD 
design that regulates the location and course of nozzle movement to produce the 
tissue in the required 3D shape. This technology, which developed from conven-
tional 3D printing, has been demonstrated to be the most efficient approach to 
manufacture large-scale constructs because of its structural soundness, making it 
more suitable for scaling up for organ manufacturing [11]. Rapid printing also allows 
for the use of a wide variety of bioinks, including both scaffold-based and scaffold-
free bioinks. The resolution of this technique is just 100 m though [12]. Due to the 
relatively high extrusion pressure via the nozzle, the bioink components are 
subjected to experience extreme shear stress, which might induce cellular viability 
loss and tissue structure deformation [13].
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12.3.1.2 Inkjet 3D Bioprinting 
Because of its structural soundness, this technology, which evolved from traditional 
3D printing, has been shown to be the most effective method for producing large-
scale structures, making it more ideal for scaling up for organ manufacturing 
[11]. Additionally, a range of bioinks, including scaffold-based and scaffold-free 
bioinks, can be used with rapid printing. However, this method only has a 100 m 
resolution [12]. The bioink components are subjected to significant shear stress as a 
result of the relatively high extrusion pressure through the nozzle, which could result 
in cellular viability loss and tissue structural distortion. Eventually, the vapor bubble 
swiftly bursts and expels a bioink droplet as a result of the pressure-induced 
expansion it experiences [14]. These temperature changes have little effect on the 
survival of cells since the processes only last a few microseconds. It has been 
determined if the bioprinted cells can keep their genetic, phenotypic, and functional 
characteristics [15]. In contrast, a voltage pulse in a piezoelectric inkjet bioprinter 
causes the piezoelectric actuator to change form. Then, the volume of the fluid 
chamber containing the bioink abruptly changes, releasing a droplet [16]. The 
viability of the cells could be maintained even after the surgery without any issues 
[17]. Similar principles govern how electrostatic actuators work. When an electrical 
pulse is supplied between the pressure plate and an electrode, the pressure plate 
flexes. About 80–95% yield in the cells created utilizing the thermal, piezoelectric, 
and electrostatic inkjet bioprinting techniques demonstrated a robust cell viability. 
After the voltage pulse is stopped, the pressure plate reverts to its original form, 
expelling a bioink droplet. 

Inkjet bioprinting techniques show promise since they enable high-resolution 
printing and have fine control over the ejection of droplets and pico-liter sized ink 
droplets. 

12.3.1.3 Laser-Assisted 3D Bioprinting (LAB) 
Laser-assisted 3D bioprinting (LAB) is another non-contact printing technique. The 
laser-assisted bioprinter’s ribbon has an absorbent coating, such as gold, on it. When 
a laser pulse is directed and travels through the transparent ribbon, a hydrogel droplet 
is induced and eventually transmitted to the receiving substrate. The final structure is 
constructed layer by layer by repeating this process utilizing laser pulses to form a 
jet. This technology, which enables cells to be deposited at a density of up to 
108 cells/mL with a single-cell resolution and at a high pace, enables high-
throughput cell and biomaterial patterning [18–20]. Additionally, cell transfer and 
selection are made possible by the real-time cell monitoring offered by laser-assisted 
printing. However, the extreme heat generated by the laser beam might damage the 
printed tissue’s cells and reduce their vitality. 

12.3.1.4 Stereolithography-Based Bioprinting (SLB) 
Photopolymerizable liquid polymers are utilized in stereolithography-based 
bioprinting (SLB). A predefined pattern of laser or UV light is focused on the 
polymers, causing the polymers to cross-link and harden. Each polymerization 
cycle generates a little layer of the structure, and this polymerization cycle is then



Advantages Disadvantages Refs.

repeated to create the 3D structure layer by layer. The main advantages of this 
technique over alternative methods are its high resolution and lack of extremely high 
shear stress. Cells can be harmed by the cross-linking process, which exposes them 
to strong UV light (Table 12.1). 
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Table 12.1 Advantages and disadvantages of major 3D bioprinting techniques 

Bioprinting 
techniques 

Micro-extrusion 
3D bioprinting 

The ability to print tissues 
with extremely high cell 
densities and scaffold-free 
bioink, as well as the ability 
to print high-viscosity bioinks 
by altering the driving 
pressure, all contribute to the 
creation of organs and tissues 
with good structural integrity 

High shear stress from the 
pressure-driven dispensing 
has a negative impact on the 
cells’ survival and resolution, 
making it impossible to build 
a microcapillary network 

[21, 22] 

Inkjet 3D 
bioprinting 

Non-contact based, lowering 
the possibility of 
contamination 
Integration of multiple 
printing heads for diverse 
tissue architectures. Enables 
fabrication of a vasculature 
like structure and high-speed 
printing 

Needs bioink with low 
viscosity (0.1 Pa s-1 ), 
non-uniform droplet size. 
This makes it more 
challenging to install very 
viscous hydrogel ECM 
components 

[23, 24] 

Laser-assisted 3D 
bioprinting 

Bioprinting of micro-
patterned peptides, DNA, and 
cells with single-cell 
resolution is made possible 
by the printed structures’ 
great precision and 
resolution. The capacity to 
print tissues with extremely 
high cell densities and 
without restrictions due to 
viscosity 

The heat produced by laser 
energy may have an impact 
on cell survival 

[25] 

Stereolithography-
based bioprinting 
(SLB) 

Good resolution with no 
clogging during printing 

Takes a strong radiation to 
cross-link molecules, which 
is a lengthy process 

[26, 27] 

Acoustic 
bioprinting 

Convenient, cost effective, 
and biocompatible method 
for patterning 

– [28] 

12.3.1.5 Acoustic Bioprinting 
The acoustic bioprinting process shields the biomaterials from destructive stress, 
such as heat, high voltage, high pressure, and any kind of shear stress. Droplets are 
released through a nozzle using a gentle acoustic field [29]. Mild acoustic waves,



however, cannot expel viscous or highly cell-concentrated bioink droplets. Few 
research have been conducted on this methodology. 
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12.4 Bioinks 

The most challenging obstacle still standing in the way of the advancement of 3D 
bioprinting technology is the production of printing biomaterials, sometimes referred 
to as “bioink,” which is a crucial component of this technology. The ideal properties 
for bioink must meet both the physical and biological material criteria in order to 
enable cellular activity comparable to that observed in real creatures, such as cellular 
proliferation, differentiation, migration, and maturation. The physical properties 
include viscosity, structural toughness, printing ability, degradation, and functional-
ity. Examples of biological properties include bioactivity, cytocompatibility, and 
biocompatibility [30]. The most crucial aspect of the bioprinting procedure, the 
bioink viscosity, needs to be constantly tuned in order to regulate the bioink flow, 
cell encapsulation efficiency, and tissue structure stability. To meet the requirements 
of various printing processes, there were several bioink formulas available. 
Hydrogels are intriguing possibilities for the creation of bioinks due to their bio-
compatibility, low cytotoxicity, hydrophilicity, and ability to build networks of 
polymers that allow them to adopt ECM with a similar structure [31]. Self-
organizing systems exist in organs and tissues. During the embryonic development 
process, cells engage in biological self-assembly and self-organization without the 
use of external guidance or guiding structures [32]. In contrast, the complexity of the 
cell microenvironment is greatly decreased or absent in vitro, which causes distinct 
cell fusion and delayed aggregation. In bioprinting, biocompatible scaffolds are 
frequently used to give structural support for cells to attach, grow inside, differenti-
ate into, and eventually produce the tissue on (Fig. 12.2). 

Studies revealed that a scaffold’s integrin configuration has a significant impact 
on stem cell development [34]. Replicating a certain tissue type’s natural environ-
ment encourages stem cells to differentiate into that lineage. The use of appropriate 
biomaterials to support the biological components is essential for the creation of 3D 
heterogeneous tissue architectures. The most popular biomaterials for live-cell 
printing are hydrogels, because of their biocompatibility and capacity to take on a 
structure resembling that of the ECM [35]. The ultimate goal of bioprinting-based 
tissue engineering is to somewhat replicate the tissue/organs that grow during 
embryonic development. However, this unique strategy is still too far from the 
in vivo equivalents’ level of complexity, which is produced by many specialized 
cells and dynamic extracellular matrix (ECM) composition [36]. In order to print 
tissue constructions, bioink is a solution of one biomaterial or a combination of many 
biomaterials (for example, in the form of a hydrogel). Bioink encapsulates the 
appropriate cell types throughout the printing process. Natural or artificial 
biomaterials, or a combination of the two, are used to create bioinks (Table 12.2). 

In order to create tissue that closely matches it is in vivo counterpart in terms of 
both form and function, it is crucial to maximize the biological, mechanical, and
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Fig. 12.2 Organ and tissue 3D bioprinting. Schematic image of printing methods. (a) LIFT-based 
(b) SLA-based (c) Inkjet-based (d) Extrusion-based printing system [33] 

Table 12.2 Bioink material building blocks [37] 

Bioink 
material 

Chitosan Polysaccharide derived from 
the shellfish’s exoskeleton 
(e.g., shrimp). Fungal 
fermentation can produce 
chitosan that is not produced 
from animals 

Extremely biocompatible 
and shows bacterial 
resistance 

Slow pace of 
gelation 

Fibrin/ 
fibrinogen 

High biological relevance 
insoluble protein produced 
during blood coagulation 

Quick gelation Only partially 
printable 

Gelatin Is a protein compound created 
when some collagen is partially 
hydrolyzed 

Extremely biocompatible 
high solubility in water, 
thermally reversible 
gelation 

Lack of stiffness; 
and inflexible 

Graphene Carbon-based material that can 
be viewed as a one atom thick 
sheet of graphite 

Flexible and electrically-
conductive 

Small biological 
significance 

Alginate Brown algae-derived natural 
biopolymer 

Mild cross-linking (Ca2+ ) 
conditions, quick gelation 
extremely biocompatible 

Dynamics of slow 
deterioration; 
inadequate cell 
adhesion



rheological properties of bioinks. For diverse uses and cell types, several bioinks can 
be required. There are a number of basic qualities that should be considered while 
choosing a bioink, including the following:
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12.4.1 Viscosity 

The bioink matrix should fit in all bioprinting stages, both as a fluid during cell 
encapsulation and as a solid following dispensing, according to the bioprinting 
procedure [38]. 

12.4.2 Gelation and Stabilization Processes 

The viability and print resolution may be affected by how the bioink solidifies after 
extrusion. The bioink should be cell-safe and still have tissue-matching qualities 
after printing, and the process should be rapid. Ionic, thermal, stereocomplex, 
photocrosslinking, enzymatic, and click chemistry are just a few of the gelation 
techniques that may be used, and the characteristics and composition of the bioink 
material can also affect these techniques [39, 40]. 

12.4.3 Biocompatibility 

Hydrophilic and cell-adhesive materials encourage cell survival and growth. Fur-
thermore, the use of natural or synthetic bioinks has a significant influence on how 
biological interactions proceed. There is batch-to-batch variability even though 
natural-based bioinks can endure challenging manufacturing conditions (such high 
temperatures and organic solvents). On the other hand, batch-to-batch unpredictabil-
ity is solved by synthetic polymers, which have a tremendous potential for large-
scale manufacturing but lack the natural cell attachment sites [41]. 

12.4.4 Mechanical Characteristics 

When the mechanical properties of their surrounding environment, such as matrix 
elasticity are altered, cells can adapt their behavior [42]. The ability to control cell 
activity inside the printed tissue construct, such as their form and rate of prolifera-
tion, is therefore possible by modifying the mechanical characteristics of bioinks. 
This is important for the growth of a functional tissue. Another important mechanical 
property is shear-thinning, a non-Newtonian property that implies a reduction in 
viscosity as the shear rate increases and leads to rearrangement of the polymer chain. 
For instance, Chen et al. [43] combined a shear-thinning hybrid bioink which was 
created by combining hard gellan gum, flexible sodium alginate, bioactive thixotro-
pic magnesium phosphate-based gel, and thixotropic TMP-BG. The mechanical,



rheological, and bioactive characteristics of the bioink were improved for printability 
and cell survival. 
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A number of organic and synthetic biomaterials have been employed as bioinks. 
Bioink has recently been created using materials that are sensitive, dynamic, and 
supramolecular. Morgan et al. provide a comprehensive summary of the most recent 
discoveries in bioinks, including their mechanical properties and dynamic nature 
[44]. The potential for modifying synthetic polymers to increase bioactivity is 
enormous. However, when they decay, they may emit toxic byproducts and lose 
mechanical properties. Furthermore, self-assembling peptides are prospective 
biomaterials for constructing 3D scaffolds with structural and mechanical properties 
similar to extracellular matrices. Cofino et al. [45], for example, optimized methyl-
cellulose and RAD16-I-based biomaterials to build 3D predefined structures to 
generate bioink with controllable viscosity. The resulting objects have exceptional 
shape fidelity and stability. Standardized bioink formulations are desperately needed 
to enable usage in a variety of bioprinting applications. 

12.5 Applications of 3D Bioprinting (Fig. 12.3) 

12.5.1 Organ Transplantation Using 3D Bioprinting 

Building on the huge success of printing industrial prototypes for prostheses and 
surgical equipment, 3D bioprinting makes excellent progress in generating thick live 
cellular structures as a transitional stage toward organ-level complexity. Despite the 
problems associated with the linked biology and engineering, bioprinting offers

Fig. 12.3 Applications of 3D bioprinting [7]



huge potential in whole-organ printing with an excellent hierarchical organization of 
cells and creating tissue blocks in a 3D microenvironment. Cells from either patient 
or adult stem cells are employed to make a bioink capable of producing live tissues. 
These components are held together by a dissolvable gel or scaffold that may support 
cells and mold them into the correct form to achieve the intended function. Current 
advanced imaging technology, like as CT, permits the development of exact CAD 
models for 3D printing to ensure a flawless fit into the targeted tissue [46, 47]. There 
have been reports in recent years of the development of several types of thick tissues 
in a range of forms, with the eventual objective of printing full organs or body parts 
for organ donation.
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Long donor search durations and immunological rejection of the transplanted 
organ can be avoided by extracting stem cells from transplant recipients and printing 
them into replacement organs. Recent advances in 3D tissue bioprinting have 
resulted in organ-level structures such as bone, cornea, cartilage, hearts, and 
skin [48]. Zhou et al. [49] produced a patient-specific ear-shaped cartilage using 
expanded microtia chondrocytes and a biodegradable scaffold. Five individuals with 
microtia had their cartilage 3D-printed, and the results were satisfactory in terms of 
appearance. Researchers have demonstrated thick, vascularized cardiac patches as 
well as a cellularized human heart with natural architecture. Pluripotent stem cells 
were generated from omental tissue samples of patients and subsequently 
differentiated into cardiomyocytes and endothelial cells. The bioink was made by 
mixing the two cell types separately with hydrogels for the heart tissue and blood 
vessels. The functionality of functional vascularized patches was demonstrated to 
work in line with the patient’s anatomy (Fig. 12.4). In order to replace damaged 
(such as burnt) skin and heal skin ulcers and wounds, much study was undertaken on 
the skin among the many human tissues. Baltazar et al. [50] described an implantable 
multilayered vascularized 3D-printed skin transplant. The dermis of the skin was 
created using a bioink composed of human foreskin dermal fibroblasts, human 
endothelial cells, and human placental pericytes suspended in rat-tail type I collagen. 
After that, the epidermis was generated by printing with a second bioink that 
included human foreskin keratinocytes. In this arrangement, while endothelial 
cells and pericytes self-assembled into linked microvascular networks, keratinocytes 
formed a multilayered skin barrier that seemed to speed keratinocyte development. 

12.5.2 Organ Models Printed in 3D for Drug Discovery 

The translational medical research community is actively attempting to move its 
focus away from animal models and toward more complex human qualities and 
circumstances. Unfortunately, while traditional in vitro models are robust and well 
suited for high-throughput research due to their simplicity, they have little biological 
relevance to the intricate biological tissues of the human body, resulting in a 
significant technological difference between lab models and industry/clinic adopt-
able models. Bioprinting using high-resolution vascularized tissue opens the door to 
the production of biomimetic habitats and structures that facilitate in vivo



interactions between cells and their environs. Bioprinted tissue would be a useful 
tool for developing physiologically correct in vitro human organ models for drug 
toxicity studies and disease modeling that precisely reproduce the physiologically 
complicated human. Because it requires a significant number of distinct cell types to 
make a medically relevant heterotypic tissue, organotypic bioprinting is often a 
costly technology for large-scale and high-throughput experiments. Furthermore, a 
hypoxic environment may develop in the artificial tissue due to inadequate delivery 
of cell nourishment into the tissue’s core in the absence of high-resolution vasculari-
zation, which ensures long-term survival. These disadvantages can be solved by 
creating small in vitro tissue models, sometimes known as “organs-on-a-chip,” by 
combining bioprinting and microfluidic technology. Different organotypic tissues, 
for example, can be printed concurrently on a segmented microfluidic chip and 
linked via a vascular network (perfusion channels) to create a “human-on-a-chip” 
with numerous organs. It is becoming commonly accepted that 3D tissue models are 
better than 2D counterparts and more biologically relevant. These tissue models are 
also immune from rigorous ethical issues, making them an appealing choice for 
many associated industries. They have not yet been adequately verified for toxicity 
prediction. Systemic validation and standardization are required to guarantee that 
these powerful models have the potential benefit for high-throughput drug develop-
ment. Several companies and start-ups have created 3D tissue in vitro models for 
toxicity assessment and disease modeling in recent years. Organovo Inc., for
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Fig. 12.4 3D printed human 
organs: making future 
transplant wait list shorter [48]



example, created a customizable bioprinting method to manufacture tissues in 
various shapes, such as microscale tissues on multi-well tissue culture plates. For 
example, human primary hepatocytes, hepatic stellate cells, and endothelial cells 
were used to bioprint liver-like tissue architectures. The liver damage that leads to 
fibrosis was one of the effects of amethotrexate and thioacetamide exposure that was 
monitored using a tissue model [51]. To learn more about Kupffer cells’ impact on 
the injury/fibrogenic response to cytokine and pharmacological stimuli, they were 
added to a separate study [52].
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The rapid advancement of bioprinting technology and the widespread use of 3D 
bioprinter modalities have generated unprecedented interest in using this technology 
to produce in vitro models for pharmacological research. To develop a neuronal 
micro-physiological system, Bowser and Moore [53] employed 3D bioprinting 
technology based on spheroid and magnetic spheres. Spinal cord spheroids made 
of magnetic nanoparticles are arranged in a three-dimensional hydrogel framework 
using magnetically assisted bioprinting. The structures had long-range projections 
that mimicked the architecture observed in vivo as well as small-scale cell-to-cell 
interactions. Zhuang et al. [54] used an integrated ultraviolet (UV) curing system 
with extrusion-based bioprinting to allow layer-by-layer UV curing of bioprinted 
photo-curable GelMA-based hydrogels. By using this technique, cell-laden 
structures with a high aspect ratio and stability may be made without the need of 
reinforcing elements like poly(-caprolactone) (PCL) polymer. The research by 
Heinrich et al. also shown how to construct miniature brains consisting of glioblas-
toma and macrophages to test therapeutic approaches that focus on the interaction 
between these two cell types. A hybrid 3D cell-printing system that uses both inkjet-
and extrusion-based dispensing modules was developed in order to manufacture a 
3D facsimile of human skin inside a transwell system. Polycaprolactone was utilized 
to produce a collagen-based construct by extrusion-based printing, and keratinocytes 
were equally distributed across the engineered dermis using an inkjet-based dispens-
ing module. In addition, to mimic the composition and functioning of the original 
intestinal tissue, human primary intestinal epithelial cells, and myofibroblasts were 
employed to bioprint 3D intestinal tissue. The tissue model showed significant 
morphological and physiological characteristics, including a polarized epithelium 
with close connections and the expression of CYP450 enzymes. 

Although many tissues and organ models have been created, the complexity 
needed to produce replacement tissues and organ models that are medically correct 
has not yet been obtained or sufficiently characterized. A range of cell types 
participate in homeostasis and tissue development in vivo in biological systems 
with linked tissues and organs. Due to the inherent complexity of these systems, 
simulating the structure and physiology of interrelated human tissues and animal 
models to enable tracking the physiological processes is difficult. To accomplish 
differentiation into the needed phenotypes, it is still unknown how much biomimicry 
of human physiology is necessary or whether all cellular subpopulations must be 
utilized. Recent advancements in 3D bioprinting technology may provide definite 
answers to these crucial questions. For example, multimaterial deposition systems 
may be employed to create intricate heterogeneous cellular architectures. This makes



it possible to incorporate vascular and neuronal networks into the in vitro models’ 
structure, accurately simulating the complexity of numerous tissue and organ 
systems. However, to achieve this ambitious aim, further in-depth study is needed. 
In addition, combining bioprinting methods with other technologies such as imag-
ing, bioreactor technology, organs-on-a-chip (OOC), artificial intelligence (AI), and 
semiconductors would enhance tissue engineering’s capabilities and speed up the 
field’s progress toward the production of organs and tissues for a variety of 
applications. 
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12.5.3 Tumor Modeling 

A tumor microenvironment must be produced via 3D bioprinting so that tumor cells 
may interact with adjacent stromal cells including endothelium and fibroblasts as 
well as an extracellular matrix in order to appropriately study tumor growth, 
monitoring, and therapy response. The conventional techniques for mimicking 
tumors or cancer are monolayer cell cultures or animal models. However, the 
complicated connections observed in live tissue are absent from monolayer cultures. 
On the other hand, animal models could respond and react differently from human 
tissue. Analysis of intracellular molecular interactions, intercellular connections, 
enzyme kinetics, changes in protein expression, metastatic progression, etc. may 
be done using a bioprinted tumor model for specific tissues. Zhou et al. examined the 
dissemination of breast cancer in bone tissue by fabricating biomimetic bone 
structures using a table-top commercial stereolithographic printer. In order to estab-
lish a 3D structure of bone tissue and examine the relationships, breast cancer cells 
(BrCas) were planted in vitro in this work [55]. Another study used a bioprinted 
mini-brain to display how glioblastoma multiforme developed in terms of 
interactions between glioblastoma cells and glioblastoma-associated macrophages 
[56]. The results of this study indicated that drugs may be developed to stop the 
communication between these cells in order to inhibit tumor development. 

One of the most difficult elements of cancer modeling is simulating the angio-
genesis of tumor cells in the absence of vascular networks. Angiogenesis is a pivotal 
step in the development of cancer because it is essential for the transportation of 
nutrients and oxygen to the cells [57]. Vasculature can be created via bioprinting 
techniques, as was previously said, if the right bioinks and growth factors are used. 
Using patient-derived GBM cells and human endothelial cells in a collagen matrix, 
Lee et al. may have printed a physiological glioma-vascular niche model to better 
understand cell–cell interactions and the effects of microenvironmental factors on 
glioblastoma multiforme [58]. Gelatin and collagen were used to make fluidic 
vascular channels. In a recent research, Suarez-Martinez et al. examined cancer 
cell migration, proliferation, and function during microvascular network growth 
using a bioprinted tumor microenvironment model of mouse breast cancer cells 
[59]. A bioprinted hydrogel-based vascular flow device was created by Hynes et al. 
[60] in another recent work as a unique approach to comprehending the progression 
of cancer. Bone marrow suppression, gastrointestinal distress, liver toxicity, urinary



system toxicity, renal toxicity, cardiotoxicity, and neurotoxicity are among the 
adverse effects of widely recommended cancer therapies. Heterotypic drug 
interactions were performed on macrophages inside the channels and bioprinted 
breast cancer cells covered in peptide-conjugated alginate fibers to evaluate the 
therapeutic effectiveness and toxicity. HER2-positive breast cancer cells embedded 
in adipose-derived mesenchymal stem cells (ADMSCs) were employed in a new 
bioprinted model to assess doxorubicin and look into treatment resistance. 
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On the basis of a biomimetic ECM consisting of adipose cells, endothelial cells, 
and mammary fibroblasts produced from MSCs, the chemotherapeutic effects of 
tamoxifen on breast cancer were evaluated. To gauge the effectiveness of the 
medication, the adenosine triphosphate (ATP) luciferase test was utilized. 
Temozolomide (TMZ), an anti-cancer drug, and the angiogenic inhibitor sunitinib 
were both studied in a tumor microenvironment. 

The printed tissue was multicellular tumor spheroids of glioblastoma cells on a 
blood artery layer composed of fibroblasts and endothelial cells. Sun et al. employed 
HepG2 cells to construct a model of hepatocellular carcinoma in a different recent 
work to carry out pharmacological pharmacodynamics research [61]. As bioprinting 
technology develop, it may soon be possible to construct more intricate biological 
systems and examine how diseases interact with surrounding tissue as well as at the 
cellular level. 

12.6 In Situ Bioprinting 

One of the intriguing applications of 3D bioprinting is the direct patterning of de 
novo tissue onto the appropriate location of the body, such as chronic skin wounds or 
bone abnormalities. Medical imaging may be used to adjust the architecture of 
printed tissue to match the wound or defect, allowing heterotypic cellular structures, 
hydrogels, and soluble components to be correctly deposited inside the faults. This 
procedure, also referred to as in situ bioprinting or intraoperative bioprinting (IOB), 
would shorten the distance between the host and implant interfaces and provide 
clearly defined structures within areas of irregular topographies during the healing 
process, which can successfully recruit desired cells from surrounding tissues where 
the patient’s body acts as a natural bioreactor [62]. There have been fewer attempts 
than with the other apps mentioned above. In a recent proof-of-concept work, 
Albana et al. [63] precisely distributed autologous/allogeneic dermal fibroblasts 
and epidermal keratinocytes into a damaged region in mice, resembling the layered 
skin structure. Excisional wounds that were bioprinted using layers of autologous 
dermal fibroblasts and epidermal keratinocytes in a hydrogel carrier showed faster 
re-epithelialization, reduced contraction, and rapid wound closure. These results 
showed that in situ skin bioprinting is viable and revealed potential applications 
for it in the regeneration of various body parts. Successful in situ bioprinting 
techniques that enable cell extraction from a small biopsy might dramatically 
accelerate cell therapy-based healing. Zhao and Xu [64] developed a micro-
bioprinting technology that was linked to an endoscope to enable bioprinting within



the human body. In order to print tissues with extreme accuracy, they also employed 
printed circuit micro-electro-mechanical system methods. Using gelatin-alginate 
hydrogels, human gastric epithelium, and smooth muscle cells as bioinks, 
two-layer tissue scaffolds were printed in a stomach model to reproduce the 
anatomical structure of the stomach. Researchers patterned endothelial cells into a 
mouse calvaria bone defect that was filled with mesenchymal stem cells that 
contained collagen and vascular endothelial growth factor using laser-assisted 
bioprinting (LAB). This method allowed for organized microvascular networks to 
enter bone defects and has a promising vascularization rate for in situ 
pre-vascularization that aids bone regeneration. 
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In situ bioprinting, as opposed to in vitro printing, is a contact-based technique 
that necessitates close consideration of bioink properties, bioprinter setup, and 
cleaning. For instance, in extrusion-based bioprinting, the printing tip could interfere 
with the region around the fault and result in collateral damage. The bioinks used for 
in situ bioprinting often need to be biocompatible with fast cross-linkability in order 
to allow for shorter operating times and to retain the integrity of bioprinted 
constructs. Numerous biomaterials show great potential for these applications, 
including collage, fibrinogen, gelatin methacrylamide (GelMA), hyaluronic acid 
methacrylate (HAMA), and poly (ethylene glycol). Since it takes living tissue 
more than 10 days to go through angiogenesis, vascularization is a highly challeng-
ing process, particularly for in situ bioprinting. Utilizing oxygen-generating 
biomaterials or oxygen-filled microparticles that may be bioprinted inside of the 
bioink might give a temporary oxygen supply prior to angiogenesis. Another 
technique creates sacrificial porosity structures inside the bioprinted tissue using 
mesh filaments. 

12.7 Microfluidics and Organ-on-a-Chip Converge 
with Bioprinting 

Recent bioprinting research has taken use of well-proven microfluidic technology to 
develop bioprinting devices that allow precision dispensing of low-viscosity bioink 
in a well-defined template under very controlled circumstances [65, 66]. Microfluidic 
dispensing technique is used in several commercial bioprinters. As an example, 
Aspect Biosystems developed the RX1TM bioprinter, which has precise motion and 
pressure control as well as high-speed microscale resolution. The RX1TM bioprinter 
was used to create 3D neural tissues using hiPSC-derived neural aggregates, 
according to Abelseth et al. [67]. The exact manipulation of the microstructures 
and microarchitecture of tissue constructs would be made feasible by complex 
3D-shaped scaffolds, enabling the development of various tissues and organs as 
in vitro drug discovery models. As a bottom-up strategy, organ-on-a-chip and 
organoids are miniature in vitro models of human organs that are produced by 
spatially immobilizing various types of living cells to produce heterogeneous func-
tional structures within a prefabricated chip and scaffold. Multiorgans-on-a-chip, 
which are more complex heterogeneous tissue structures, might also be made using



this technique. Tissue engineering might significantly benefit from the use of 3D 
printing technology in this specific discipline. Other tiny organ models, such as those 
of the heart, kidney, liver, and vasculature, have recently been realized (i.e., printed). 
Human cell-derived organoids are efficient instruments for disease modeling, drug 
screening, and individualized treatment. By employing these organoids as the 
building blocks for 3D bioprinting, it would be able to scale up the deposition of 
these tissue structures. Maloney et al. described an immersion printing technique to 
bioprint tissue organoids in 96-well plates (Fig. 12.5)  [68, 69]. 
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Fig. 12.5 Steps for 3D-bioprinting organ-on-a-chip [68] 

To maintain a spherical shape, a hydrogel made of hyaluronic acid and collagen is 
bioprinted into a viscous gelatin solution. This prevents the bioink from interacting 
with the well walls. Reid et al. [70] created tumoroid arrays using 3D bioprinting to 
study the carcinogenesis and microenvironmental redirection of breast cancer cells. 
It has been shown that the formation of tumoroids in 3D collagen gels is much 
improved by the use of bioprinting technology. This technique also makes it possible 
to precisely create tumoroid arrays and co-print cancer cells with epithelial cells to 
create chimeric organoids. By merging 3D bioprinting, 3D cell culture, 
microfluidics, and organ-on-a-chip, it offers a great lot of promise to enable the 
integration of several organoids inside a single system with tiny footprints and 
greater biosensing capacity.
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12.8 3D Bioprinting for Meat without Animals 

It has been shown that the formation of tumoroids in 3D collagen gels is much 
improved by the use of bioprinting technology. This technique also makes it possible 
to precisely create tumoroid arrays and co-print cancer cells with epithelial cells to 
create chimeric organoids. By merging 3D bioprinting, 3D cell culture, 
microfluidics, and organ-on-a-chip, it offers a great lot of promise to enable the 
integration of several organoids inside a single system with tiny footprints and 
greater biosensing capacity. However, because to high production costs, public 
neophobia may restrict its economic viability in the near future [71]. Skeletal 
muscles, together with adipocytes, fibroblasts, and endothelial cells that provide 
the meat its nutritional value, make up the majority of typical edible meat. 
Myosatellite cells, which serve as the primary adult stem cells for muscle, have 
emerged as the most promising cell type for the in vitro process of developing 
muscle tissues [72]. Myosatellites are separated from a biopsy taken from a suitable 
animal, and they are cultivated in the best culture conditions with a consistent supply 
of nutrients and growth hormones to encourage the development of multinuclear 
myotubes. Myotube maturation, ongoing differentiation, and further development 
by fusing new myoblasts result in the formation of muscle fibers (Fig. 12.6). A 
scaffold that encourages cell development is a crucial part of tissue engineering. 
Similar to this, a pliable scaffold that is easy to detach from the completed meat 
product, enables contraction, and optimizes medium diffusion is required for myo-
blast development [73]. Alternatively, the scaffolding material needs to be composed 
of natural ingredients and be eatable. Finding low-cost, large-quantity food-grade 
culture medium is a big challenge for IVM. Animal-derived sera have long been a 
standard component of cell culture medium. While using this system, concerns over 
rules and morality are raised. Alternately, plant-based growth medium might take the

Fig. 12.6 Schematic of the in vitro meat production process [7]



place of the divisive animal-based growth media. For in vitro meat to be accepted by 
consumers, its nutritional value must be on par with or higher than that of regular 
meat. It should be emphasized that in vitro meat can be supplemented with necessary 
elements like vitamins and minerals [74].
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The primary technological challenge facing the IVM sector is scaling up the 
product for commercialization. Since lab-grown beef is currently fairly pricey, its 
marketability is diminished. The advancement of bioreactor technology, however, 
has caused prices to decline in recent years, which is optimistic for commercializa-
tion. The primary obstacles keeping the IVM technology from scaling up are the 
high cost of the microcarriers and culture medium as well as the absence of an 
adequate large-scale bioreactor for mass manufacturing. Finally, before the general 
public embraces IVM, regulatory standards and laws that reassure customers and 
reduce mistrust among start-ups functioning in the field are required. 

12.9 Limitations and Challenges of 3D Bioprinting Technology 

The ultimate aim of 3D bioprinting is to develop a method that can generate intricate, 
functioning organs in 3D, which may subsequently be utilized as a source for tissue 
grafts, organ transplants, and drug testing models as an alternative for using animals. 
This technology is still in its early stages, but it is progressing swiftly because of the 
extensive research being done in areas like printing engineering, tissue engineering, 
and cell sciences. The scaling up of bioprinting structures to functional tissues is still 
hampered by a number of significant barriers, despite the significant developments 
and countless discoveries. The ultimate aim of 3D bioprinting is to develop a method 
that can generate intricate, functioning organs in 3D, which may subsequently be 
utilized as a source for tissue grafts, organ transplants, and drug testing models as an 
alternative for using animals. This technology is still in its early stages, but it is 
progressing swiftly because of the extensive research being done in areas like 
printing engineering, tissue engineering, and cell sciences. The scaling up of 
bioprinting structures to functional tissues is still hampered by a number of signifi-
cant barriers, despite the significant developments and countless discoveries 
[75, 76]. 

The current limitation of 3D printing resolution, which is 20 m, whereas the blood 
capillary can be as small as 3 m, makes it difficult to fabricate blood capillaries. To 
generate vascularized human tissue, several potential techniques are being used. For 
instance, adding angiogenic growth factors to bioinks to encourage the formation of 
blood vessels after printing. Benmeridja et al. suggested using micro-vascularized 
units as building blocks in conjunction with 3D bioprinting [48]. In this study, 
human umbilical vein endothelial cells (HUVEC) and adipose-derived stem cells 
(ADS) were cocultured to produce dense, viable adipose tissue spheroids with a 
capillary-like network. Using a microfluidic device, vasculogenesis was promoted in 
a new way, although the hydrogels used to do so do not support cell–cell interactions 
and have an effect on the stability of phenotypic traits. It is still not viable to create



functioning vasculature in time to sustain the bioprinted tissue because of the 
vascular network’s complexity and small size. 
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Biomaterials are essential in 3D bioprinting because they support the structural 
and functional properties of the printed tissue and preserve structural integrity and 
biocompatibility during tissue printing and maturation. The printed materials now 
available on the market, however, cannot completely replicate the original ECM 
compositions that support the cellular structure. It is crucial to develop novel 
printable biomaterials that can be handled mechanically by cells and can be pro-
duced with living cells. Finding enough cells is a challenging undertaking since 
tissue printing requires a large number of cells. Since bioprinting would affect stem 
cell development at various stages of the process, a stem cell source would be the 
most promising choice. Another limitation at the moment is the 3D bioprinting 
industry’s low throughput and high cost. All current approaches need manual cell 
seeding and bioink loading, which is essential for high-throughput manufacture of 
3D objects. 3D organoids will probably be used in future large-scale drug discovery 
technologies. To create organoids, however, microscopic tissue culture plates are 
still employed. 

12.10 Conclusion and Outlook for the Future 

Enormous of developments in tissue engineering, it is now possible to regenerate de 
novo tissue or organs in vitro for the first time in the history of medicine. Despite 
many challenges, the successful demonstration of printed tissue architectures over 
the past 10 years points to a very exciting and promising technique that deserves 
additional study in a number of medical and industrial application areas. As tissue 
engineering is multidisciplinary, systematic research on bioink optimization, biore-
actor engineering, and cell culture environment by engineers, scientists, and doctors 
is crucial to enabling high-throughput production that is connected to efficient 
screening tests. It is vital to develop printing systems that can swiftly print hybrid 
materials (bioinks) with sustained biocompatibility and repeatability since the struc-
ture of live tissue and organs is so intricate. Combining bioprinting technologies 
with other enabling techniques such as 3D cell culture, bioreactor technology, 
microfluidics, and organ-on-a-chip may be able to achieve this. With the help of 
this technology, now the vast gap between the lab and the factory can someday be 
reduced, allowing for the fulfillment of clinical and industrial demands as well as the 
advancement of regenerative medicine and enhanced drug development 
[77]. Advanced bio-fabrication technologies underpin this technology. 3D 
bioprinting might signal a paradigm shift for the twenty-first century in a number 
of biological sectors. To accelerate the development of this technology and realize 
this ambition, the scientific and technical communities must effectively collaborate 
to exchange information.
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Abhigyan Satyam and Deepa Suhag 

Abstract 

Precision medicine is characterized as the personalization of illness management 
with an emphasis on the genetic, environmental, and lifestyle characteristics of 
specific individuals, including customized medical choices and interventions. 
This approach involves a number of steps, including the collection and analysis 
of a large amount of data, selection of the best and most specific medication dose 
for each patient, and development of focused and reliable analytical tools for the 
tracking of clinical, genetic, and environmental variables. Even at the molecular 
level, very accurate diagnosis and therapy are now possible because of recent 
advancements in medical research. As a result, a brand-new subspecialty of 
“medicine” called “precision” has emerged, with unique clinical ramifications 
and challenges that can be effectively addressed by recently discovered 
nanomaterials. The advancement is demonstrated by the omics-based biomarker 
discovery and the pharmaco-omics-based medication development programs. In 
the realm of oncology, precision medicine has proven most beneficial in the 
formulation of diverse treatment protocols. The COVID-19 pandemic has 
demonstrated the best application of precision medicine through the use of 
numerous biomarkers, including IL-6 and c-reactive protein, in the assessment 
of illness severity, the development of various therapeutics, and the evaluation of 
vaccination efficacy. Additionally, the care of infectious diseases, chronic
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illnesses like asthma, connective tissue diseases, cardiovascular diseases, diabe-
tes, and obesity is finding a role for precision medicine. There are still several 
obstacles standing in the way of precision medicine’s future, including the 
associated costs, ethical considerations, the security of Big Data, the fusion of 
many platforms to combine data, and the lack of qualified personnel to manage 
the data and algorithms.
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13.1 Introduction 

Precision medicine aims to reduce individual variability caused by factors 
like genetic make-up, environment, and lifestyle, offering personalized medical 
care to everyone. [1, 2]. 

In reality, it has been proven that each person has a predisposition to certain 
diseases, which corresponds to a different reaction to pharmacological treatments 
and a different set of undesirable effects. For this reason, interdisciplinary methods 
are necessary to achieve significant strides in the field of precision medicine. A few 
of the fields involved include massive data management techniques, new equipment 
(such as new high-performance techniques, instrument components, and materials), 
nano-sensors, biosensors, smart materials, novel drugs, and delivery systems 
[3, 4]. The majority of the original efforts were focused on assembling a sizeable 
data set regarding the clinical history of a particular patient, including an exhaustive 
list of all biochemical and instrumental exams performed on them throughout their 
life as well as those linked with their parents. This will enable the gathering of 
relevant information and links for a certain illness. The present challenge is the 
development of new technologies that could allow the revolutionary concept of 
precision medicine to be used regularly. The success of this technique depends on 
the capacity to obtain data from a single patient in real time with a powerful 
diagnostic value for an early diagnosis of a specific ailment. The point-of-care 
approach (POC) effectively addresses the demand for new diagnostic and analytical 
tools that may be employed anywhere by untrained people [5, 6]. 

The need for on-site new generation prompt diagnostics has increased because 
current diagnostic procedures are frequently pricey, time-consuming, and performed 
in various healthcare facilities, making patients wait an unacceptably long time 
between the test and the results and restricting early pathology detection and prompt 
pharmacological treatment and follow-up. The most effective analyzers for commer-
cial point-of-care applications right now include those designed to detect hypergly-
cemia, pregnancy, hormones for fertility monitoring, viruses (like HIV, OraQuick 
In-Home HIV Test), malaria, and typhoid [7, 8]. However, in recent years, a lot of 
pharmaceutical and healthcare businesses have focused on creating diagnostic



gadgets in response to consumer demand. In the realm of biosensors for personalized 
therapy, the development of wearable (bio)analytical equipment offers a tremendous 
opportunity. The advantages of this approach include non-invasive, continuous 
monitoring of physiological parameters and biomarkers that may be collected from 
biofluids like sweat and saliva. Additionally, the creation of highly predictive 
diagnostic tools for specific disorders is made possible by the capacity to perform 
a variety of tests on a particular biomarkers panel while concurrently measuring a 
number of significant analytes. In reality, a clinical diagnosis is based on a set of 
evidence that, when combined, creates a precise clinical framework. A single 
analytical instrument has been used in many multiplexing approaches to identify a 
panel of biomarkers. 
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With the development of intelligent polymeric materials that are more biocom-
patible and adjustable and whose features may be tuned to have properties that are 
particularly specific to individuals, precision medicine may proceed more swiftly 
[9, 10]. Because of the hydrophilic functional groups on their polymeric backbone, 
hydrogels have the capacity to absorb excessive quantities of solvent and expand in 
size, but cross-linked networks retain their stability in the presence of water. 

13.2 Precision Medicine/Personalized Medicine 

With the least amount of iatrogenic damage and cost load on society, it aims to 
achieve optimal therapeutic outcomes. The ultimate goal is to provide rational 
pharmacotherapy, which entails giving the right drug to the right patient at the 
right time at the right amount while avoiding causing any harm to the patient 
[11]. The potential for precision medicine has significantly grown as a result of 
recent advances in genetics, molecular biology, and biochemistry. The COVID-19 
pandemic has highlighted the importance of making swift, focused decisions even 
more, and the development of therapies and a corona virus vaccine has given 
precision medical practices a strong foundation. The following section titles are 
only a few of the many uses of precision medicine in both diagnostic and therapeutic 
fields (Fig. 13.1): 

13.2.1 Creation of Novel Biomarkers Based on Omics Signatures 

Omics technology has made it easier to find omics-based biomarkers with greater 
accuracy. The notion of a biomarker may be translated in the context of omics data 
by examining the associations between the traits of the omics profile or signature and 
certain medical conditions, and then building computer models utilizing the selected 
traits. The omics signature can be employed as a potential biomarker for screening, 
diagnosis, prognosis, drug development, therapeutic targeting, and treatment 
response [13]. Some molecular markers discovered using omics have successfully 
moved from the lab to the bedside. The top of the list is the MammaPrint, a 70-gene 
expression signature diagnostic tool to estimate breast cancer prognosis and guide



targeted therapy. SEPT9 promoter methylation is a recently discovered epigenetic 
diagnostic marker for colorectal cancer [14]. The OVA1 protein is used in another 
effective omics signature-based biomarker that forecasts the likelihood of malig-
nancy in women who arrive with an ovarian adnexal tumor prior to the scheduled 
operation [15]. Utilizing very sensitive omics methods, the phrase “liquid biopsy” 
describes the analysis of a tiny subset of biological components in non-invasive 
samples like blood and urine. Any of the omics may be studied with the same 
specificity as the corresponding organ tissue, including circulating tumor cells and 
cell-free DNA. Omics-based precision medicine procedures include cancer treat-
ment at various stages and prenatal screening for inborn or inherited diseases. In 
contrast, the Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)-
associated protein (CRISPR-Cas) system, a gene editing technology with a 
promising future in precision medicine, would perform miracles utilizing the data 
from multi-omics. It would contribute to editing both genes and epigenetic 
modifications, allowing for the “on and off” switching of genes pharmacological 
therapies developed using pharmaco-omics. 
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Fig. 13.1 Multi-omics approach with precision medicine [12] 

The emphasis has shifted from general, one-size-fits-all medicines to more 
specialized, tailored treatments thanks to pharmaco-omics. Pharmacogenetic guided 
dosage is particularly important in situations where there is a documented drug–gene 
interaction and in drugs with a constrained therapeutic window. Pharmaco-omics



methods can be applied to accelerate clinical trials and identify novel therapeutic 
targets. Omics data can be used to identify the patient sub-population where the drug 
would be most effective. This would speed up the approval process for new 
pharmaceuticals, lower costs and failure rates, more effective treatments, and 
fewer drug withdrawals after approval. The combination drug BiDilR (hydralazine 
+ isosorbide dinitrate) was used to treat heart failure, but it was ineffective since it 
only worked for a limited number of patients. The drug underwent more testing in 
this population, and in 2005 it was only permitted for use by persons with African 
ancestry [16]. Companion diagnostics, or the diagnostic tests required to choose 
patients or monitor them throughout therapy, are frequently designed concurrently 
with the medicine in order to ensure proper drug usage and to speed up the approval 
process. Crizotinib, a drug used to treat non-small-cell lung cancer, received FDA 
approval 4.9 months after its New Drug Application (NDA) was submitted in 
August 2011 [17]. Despite only having 347 participants in the study, it was devel-
oped with companion diagnostics connected to Anaplastic Lymphoma Kinase 
(ALK) testing, and 2013 saw its regular approval. 
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13.3 Oncology Precision Medicine 

The ability of traditional chemotherapy and radiation to effectively treat cancer 
depends on how quickly cancer cells divide. Hair follicles, blood cells, and digestive 
tract cells commonly experience a bystander impact as a result, which can have 
negative effects and be dangerous. Targeted treatment, which is often referred to as 
precision oncology, employs target identification at extracellular, cell membrane, 
intracellular, and intranuclear levels to lessen the usual side effects of chemotherapy 
while maintaining the effect on the cancer cell. Extracellular targets include ligands 
that bind to receptors on the cell surface and control cellular processes. Vascular 
endothelial growth factor-A (VEGF-A) is essential for the formation of solid tumors, 
which necessitates vascularization. Bevacizumab, a monoclonal antibody, binds to 
soluble VEGF-A and prevents it from communicating with VEGF receptors and 
neovascularization pathways. Whether used alone or in conjunction with chemo-
therapy, this drug has been effective in treating a number of malignancies, including 
colorectal, lung, renal, glioblastoma multiforme, and ovarian tumors [18, 19]. The 
receptors on the cell surface contribute to the cell’s survival by activating signaling 
pathways farther down. Targeting cancer cells with excessive or abnormal receptor 
expression with receptor-directed monoclonal antibodies reduces the toxicity of 
normal cells. The epidermal growth factor-receptor tyrosine kinase (EGF-RTK), 
commonly known as the ErbB receptor family, is made up of four members: the 
EGFR, ErbB2, ErbB3, and ErbB4. It is one of the most fully studied receptors for 
precision medicine. 

One of them, overexpression of ErbB2 (Her2/neu), by homodimerizing with 
other HER receptors and activating the signaling pathways downstream, promotes 
carcinogenesis. Breast and stomach cancers express her-2/neu excessively in 
20–25% of cases. Furthermore, Her-2/neu overexpression has been discovered in a



wide range of solid tumors, including malignancies of the esophagus, lung, bladder, 
uterus, cervix, and head and neck [20, 21]. This overexpression has been the target of 
monoclonal antibodies like trastuzumab and pertuzumab, which have shown to 
improve survival in advanced malignancies as well as in the adjuvant context. A 
monoclonal antibody can also be used to target the Her-2 receptor together with a 
chemotherapeutic medication that is linked to it. The term “antibody-drug conjuga-
tion” (ADC) refers to this method. The antibody and a chemical that targets 
microtubules are combined as an ADC known as trastuzumab emtansine. When 
the ADC binds to the Her-2/neu receptor, trastuzumab is released, and the internali-
zation of the microtubule agent causes cell cytotoxicity, there is a double impact. 
Several strategies, including monoclonal antibodies, ADCs, and intracellular 
tyrosine kinase inhibitors, are being used to target Her-2/neu. The cornerstone of 
EGFR-directed treatment for colorectal cancer is the concept of mutant receptor or 
wild-type receptor. In the case of mutant EGFR receptors (rat sarcoma mutations), 
the effect of inhibiting surface receptors is balanced by constitutive activation of the 
downstream signaling cascade. Anti-EGFR drugs (cetuximab, panitumumab) are 
only given to those with EGFR wild-type status in clinical settings. The intracellular 
targets for precision treatment include 24 TKIs, as discussed earlier. By 
phosphorylating the tyrosine residues on the protein substrates, the RTK starts the 
downstream signaling cascades. Mutations, translocations, or RTK amplifications 
promote malignant cell invasion, metastasis, and aberrant signaling. TKIs that aim to 
suppress RTK have been used to treat a range of cancers depending on the type and 
function of RTK. The second technique for precision treatment that makes use of the 
host immune system (ICIs) is the use of immune checkpoint inhibitors. Thanks to the 
pioneering work of James Allison and Tasuko Honjo, immunotherapy has been 
acknowledged as the fourth modality of treatment, joining surgery, chemotherapy, 
and radiation therapy. All because of genetic and epigenetic changes, neoantigens 
are expressed on the cell surface of cancer cells. In response, the body produces 
T-cells as a defense mechanism. To stop autoimmune disease and an inflammatory 
state, the body has defense mechanisms called immunological checkpoints which 
regulates the T-cell response. The cancer cell successfully evades the host immune 
system by expressing the ligands of these immunological checkpoints. In other 
cases, ICIs directs the body’s T-cell defense toward the tumor. Even though there 
are currently no known biomarkers for enhancing the ICI in clinical usage, the 
expression of the programmed death ligand (PD-L1), a high tumor mutational 
load, and a deficiency in mismatch repair genes are usually utilized to begin ICI 
therapy. Since its indications are not tumor-specific, ICI has been approved for 
treatment in a wide range of solid tumors [22, 23]. 
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Over time, breakthroughs in molecular knowledge of the pathophysiology of 
cancer led to the discovery of several targeted medications that are now used in the 
clinical practice of precision medicine in oncology.
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13.4 Chronic Disease Precision Medicine 

Chronic diseases attract a variety of pharmacologic therapies due to their increased 
frequency and frequent consequences, making them an ideal substrate on which to 
implement a precision medicine approach. The multi-omics repertoire is constantly 
expanding, covering everything from illness risk prediction to tailored therapies. 
Patients stand to gain from early, accurate diagnosis, treatment, and preventive 
measures as we better grasp the clinical consequences of genes and biomarkers. 

13.5 Asthma and Personalized Medication 

The CD4 T helper cell subsets comprise the Th1 and Th2 populations are well 
established. Th2 cell activity (mucus secretion and IgE synthesis) mediates the 
generation of IL-4 (IgE production), IL-5 (eosinophil activation), and IL-13, which 
are all connected to asthma. This defines a “type 2 (T2) high” endotype together with 
the recent discovery that type 2 innate lymphoid cells are potent IL-5 and IL-13 
producers. The endotype designated as “type-2 (T2) low” is characterized by the 
secretion of IL-1 and IL-17. Each endotype is thus defined by a distinct biological 
mechanism linking clinical features to a molecular route [24, 25]. It is said that these 
two dissimilar groups have asthma syndrome. Precision medicine has made it 
feasible to utilize monoclonal antibodies as a customized kind of treatment for 
refractory type 2 high asthmatics. Benralizumab, mepolizumab, and reslizumab all 
inhibit the IL-5 receptor, whereas dupilumab, an IL-4RA antagonist, inhibits the 
IL-4 and IL-13 signals. Omalizumab binds to the IgE in the blood. Chemokine 
receptor (CXCR2) antagonists and dual CXCR1/CXCR2 antagonists are potential 
therapies for type 2 moderate or “neutrophilic” asthma. 

13.6 Medical Precision and Diabetes 

Monogenic diabetes mellitus, with its several subtypes, offers a chance for precision 
medicine, which bases treatment choices on identified gene abnormalities. A mod-
erate, non-progressive form of diabetes with high fasting glucose that responds to 
diet and exercise is known as maturity-onset diabetes of the young type 2 (MODY-
2). Hepatic nuclear factor 1 (HNF-1) and HNF-4 genes are responsible for diabetes 
that develops over time and responds to low dosage sulphonylureas in MODY-3 and 
MODY-1, respectively [26]. Precision medicine and systemic autoimmune connec-
tive tissue diseases A broad variety of symptoms, many of which overlap, a varied 
course, and progressive remissions and relapses are the hallmarks of AICTDs, or 
systemic autoimmune connective tissue diseases. There has recently been a drive to 
categorize them into subgroups based on the quantifiable chemical fingerprints that 
genetic technology can measure, such as “Inflammatory,”  “Lymphoid,”  “Inter-
feron,” and “Undefined Normal like.” Additionally, it would enable the targeting 
of a certain subset of patients for therapeutic interventions including on-the-shelf or



experimental therapies. By analyzing gene expression, methylation, and genetic 
data, it is possible to create a molecular taxonomy of AICTDs, which might 
represent a new paradigm in precision medicine-based therapy [27]. 
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13.7 Precision Medicine in Emergency Care 

Decisions in emergency care settings must be made rapidly and with limited margin 
for mistake, in contrast to those with chronic conditions. Overriding the need for 
study is the requirement for action. Both the seasoned doctor and the inexperienced 
clinician are put to the test in this demanding environment. In such a high-stakes 
scenario, precision medicine technologies linked with clinical medicine would be 
invaluable. A biomarker score could be used to prioritize a patient with dyspnea 
(e.g., Manchester Triage Score). The following diagnostic biomarker panel would be 
used to distinguish causes based on a “urgent” score in conjunction with clinical, 
epidemiologic, and sociodemographic parameters: 

1. Decisions in emergency care settings must be made rapidly and with limited 
margin for mistake, in contrast to those with chronic conditions. 

2. D-Dimer: Removing the need for unnecessary imaging with a result of less than 
500 g/dL would rule out venous thromboembolism as the cause. 

3. Elevated levels of the brain natriuretic peptide could signal heart failure and need 
the use of diuretics and a 2D ECHO. 

4. A universal indicator of inflammation, C-Reactive protein (CRP) levels can 
forecast how an infection or inflammation will respond to therapy. 

5. Procalcitonin: Elevated concentrations would trigger microbiological cultures 
and direct antibiotic therapy. Values are unaffected by concurrent steroid use, 
unlike CRP. 

6. In the setting of community-acquired pneumonia and other respiratory tract 
infections, pro-adrenomedullin is a more recent biomarker with prognostic rele-
vance that is viewed as superior to that of CRP and procalcitonin (PCT). 

Additionally, other necessary care settings can gain from this. Vasculopathic 
alterations linked to the APOE 2 genotype that affect the severity and clinical 
trajectory of intracerebral hemorrhage have been identified by GWAS. This infor-
mation could help with treatment planning and talks about point-of-care objectives. 
Three SNPs that have been linked to recanalization in stroke patients treated with 
r-tPA have been discovered through genomic investigations in these individuals and 
could be used to inform therapy choices. Decisions about coronary imaging and 
transplant alternatives are aided by the identification of miRNAs that are differen-
tially altered in individuals with ischemic and non-ischemic cardiomyopathy by 
transcriptomics in heart failure [28]. The ApoE 4 homozygous genotype, toll-like 
receptor-7 loss-of-function mutations, and gene changes on chromosome 3 and 9 are 
also linked to severe COVID-19. As discussed, CRP, IL-6, and procalcitonin play a 
part in predicting poor outcomes in COVID-19. The presence of biomarkers such as



MCP-1, CRP, procalcitonin, suPAR, and NGAL facilitates distinguishing sepsis 
from SIRS, forecasting severe sepsis and septic shock, and predicting death in sepsis. 
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Several other encouraging signs led to the concept of emergency precision 
medicine, which would, at its core, include a functional electronic health record 
system, receiving inputs concerning date of prior visits, baseline patient data, 
research updates, and primary care screening data. When paired with acute Omics 
(rapid turnaround testing and targeted testing), this would aid in improving compli-
cated decision making in an urgent situation. The patient gains from obtaining better 
medical care since the doctor can make judgments and execute treatments more 
effectively with the use of information from a variety of sources, including scores, 
clinical symptoms, and biomarker levels. Precision medicine is used in emergency 
conditions using a procedure known as systematic molecular phenotyping approach. 

13.8 Infectious Illness with Precision Medicine 

A device called the Medical Tricorder has a second handheld scanner that could 
transmit data about a person’s vital signs to the tricorder itself. All vital organ 
functions could be examined, and any potentially dangerous pathogens may be 
found. Also, its data bank held information on non-human races, made possible to 
cure other life-forms. It was a success for Dr. McCoy’s ship in the science fiction 
television series Star Trek. Metagenomics—the study of genomes arising from 
environmental samples—is already being employed to reach this far-fetched future 
aim. During metagenomic next-generation sequencing (mNGS), all of the nucleic 
acids in a sample are run, which may contain diverse populations of microbes. 
Reference genomes are used to establish which bacteria are present and in what 
amounts. Sequencing reads are frequently compared to the human genome before 
digital subtraction to eliminate sequences by removing sequences originating from 
the host origin. The remaining readings are then mapped to sequence databases in 
order to detect infections. When culture, PCR, serological tests, and oligonucleotide 
microarrays failed to detect a novel arena virus in a cluster of three transplant 
recipient deaths in 2008, this approach was used to identify a new arena virus. 
Metagenomic sequencing is likely to make it easier to detect and track infections in 
both acute and chronic illnesses, and may even substitute bacterial isolate culture. 
The discovery of resistant microorganisms is another objective of precision 
medicine. 

13.9 Genetic Disease Screening for Newborns: The Emergency 
Medical Genome 

Rapid genome sequencing (STATseq), a groundbreaking use of medical genomics, 
provides a technique for combining genomic research with symptom and sign data to 
pinpoint genetic disorders. It permits a 2-day genome assessment (24-h whole-
genome sequencing +18-h bioinformatics analysis) of severely ill newborns



suspected of having genetic disorders. This technology allows for a rapid diagnosis 
and application of treatment, if any is available, hence avoiding unnecessary inten-
sive care in circumstances when no treatment is available and instead offering 
genetic counseling [29]. This tool is also essential for research and the production 
of management advice in a quickly growing sector. Other specialty have followed 
suit, pursuing direct-to-consumer testing for a variety of diseases. 
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13.10 Wearable Biosensors 

By enabling the assessment of clinically relevant data while continuously monitor-
ing a patient’s health, wearable and implantable technology will play a significant 
part in the advancement of precision medicine. Wearable biosensors offer a large 
potential to give continuous, physiological information through dynamic, 
non-invasive monitoring of biomarkers (such as metabolites, hormones, and 
microorganisms) in biofluids such as tears, saliva, urine, sweat, and interstitial fluids. 
Recent applications, in particular, have concentrated on the utilization of flexible and 
novel materials, sophisticated microfluidic technologies, and electrochemical and 
optical biosensors. Numerous wearable biosensor instances are mentioned in the 
literature, and there are more publications about this application field than ever 
before. One of the earliest instances was given in 2012 by researchers, who devel-
oped a graphene-based biosensor for wireless bacteria detection on tooth enamel. 
Another study published which demonstrated how an instrumented mouthguard 
could non-invasively monitor salivary uric acid levels. On a mouthguard platform, 
anatomically tiny instrumentation electronics including a potentiostat, microcontrol-
ler, and Bluetooth low energy transmitter were integrated with an enzyme-modified 
screen-printed electrode system. The mouthguard biosensor system provides excep-
tional sensitivity, stability, and selectivity for uric acid detection in human saliva and 
spans the healthy and hyperuricemia concentration ranges. 

Recognizing the potential of this research field, the Google[x] team in Mountain 
View, California, developed a “smart” contact lens that might 1 day provide 
non-invasive blood glucose monitoring for diabetics and correct presbyopia patients’ 
eyesight. The device comprises of a lens made of standard lens hydrogel material 
with a tiny wireless chip, a scaled-down glucose sensor, and a tiny battery buried 
between two layers of the lens perimeter, away from the iris and pupil. Tear fluid can 
enter the sensor via a pinhole in the lens, resulting in blood glucose readings that can 
be communicated to a smartphone and, perhaps, directly to a doctor [30]. Sweat is a 
biofluid that has piqued the curiosity of many researchers. Given the dispersion of 
sweat glands across the body, this matrix is conveniently accessible for chemical 
sensing applications. The first biosensors for tracking biomarkers in sweat were skin-
applied patches that could detect a variety of target analytes. Koh et al., for example, 
developed a technique for successfully and rapidly collecting sweat from the skin’s 
surface pores [31]. The device feeds this sweat to multiple channels and reservoirs 
for multiparametric sensing of markers of interest, with possibilities for wireless 
connections to other devices for image capture and analysis. Because of the



combination of biocompatible adhesives, soft device mechanics, including flexible 
and elastic properties, and waterproof interfaces, the devices may be mounted in a 
variety of locations on the body without causing chemical or physical discomfort. 
These devices use colorimetric detection and wireless data transfer to quantify total 
sweat loss, pH, lactate, chloride, and glucose concentrations. Gao et al. developed a 
mechanically flexible and fully integrated sensor array for multiplexed in situ 
perspiration analysis that simultaneously and selectively monitors skin temperature, 
electrolytes (such as sodium and potassium ions), and sweat metabolites (such as 
glucose and lactate) (to calibrate the sensors’ response) [32]. This innovation 
combined silicon integrated circuits condensed on a flexible circuit board with 
plastic-based skin-interface sensors for complex signal processing. Using wearable 
technology, a thorough sweat profile of human subjects engaged in prolonged indoor 
and outdoor physical activity was measured, as well as a real-time physiological 
evaluation of the individuals. Another way for evaluating biomarkers in sweat is 
temporary tattoos. The sensor is the first of its kind, combining interstitial glucose 
reverse iontophoretic extraction with an enzyme-based amperometric biosensor. 
Humans are utilized as test subjects for the iontophoretic biosensing tattoo platform, 
and blood sugar changes induced by meal ingestion are detected. 
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13.11 Cancer Precision Medicine 

13.11.1 Next-Generation Sequencing 

The phrase “next-generation sequencing,” or NGS, encompasses genomic, 
proteomic, epigenetic, and targeted sequencing. The ability to affordably obtain 
the full cancer genome is really beneficial. Correlations between genomic sequenc-
ing (RNA sequence and transcriptional level, genetic mutation, DNA methylation, 
protein function and level), clinical investigation (biological behavior, drug sensitiv-
ity/resistance, end point), and clinical investigation will allow for the identification 
of potential biomarkers for cancer precision therapy. Biomarker validation and 
patient categorization are critical components of precision medicine for generating 
clinical treatment strategies. The “Omics Era” has already begun with NGS, due to 
small labs capable of examining hundreds of molecules at the same time. The Cancer 
Genome Atlas and the Cancer Genome Project have been constructed using NGS. 
They aim to catalog the genetic variations that cause cancer and to characterize the 
topography of the cancer genome. This includes point mutations, copy number 
variation, and translocations, all analyzed through genome sequencing and analytics 
(Fig. 13.2)  [33]. 

Sequencing can also be used to find possible driver genes and chromosomal 
structural rearrangements. These genetic changes may have an impact on a number 
of biological functions, including cell signaling, metabolism, and gene expression. 
Diagnostics, prognostics, prevention, and treatability are all areas of precision 
medicine where NGS has clinical value [33]. NGS is crucial for identifying new 
biomarkers that can be used to predict drug effects and divide individuals into clear-



cut risk categories. Therapeutic predictors can be found by comparing NGS results to 
a patient’s pharmacological effectiveness. These biomarkers offer a very useful 
reference for doctors to use when making clinical judgments regarding 
recommended therapy following the validation of preclinical models. More and 
more clinics are using NGS information to make more accurate cancer diagnosis 
and treatment decisions. As a result, tumor patient classification based on genetic 
traits is increasingly becoming more common in clinical practice. 
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Fig. 13.2 Cancer precision medicine [33] 

13.11.2 Cancer Defined Molecularly 

The clinicopathologic traits and tumor anatomical origins are used in the traditional 
classification of cancer, from which therapeutic approaches can be devised. How-
ever, unique genetic variations lead to varied clinical outcomes, and treatment 
responses might differ even among individuals with comparable histologic features 
and tumor stages. As a result, drug responses and patient prognoses are difficult to 
predict [33]. Recent studies have shown that FGFR3 genetic aberrations such as 
amplification, mutation, or FGFR3-TACC3 fusion can operate as an oncogenic 
driver in a range of cancers such as urothelial carcinoma, multiple myeloma, cervical 
cancer, and HNSC. Because of these significant discoveries, medical experts are 
considering reclassifying cancer in order to treat patients accurately and uniquely 
depending on their molecular features. By improving the molecur-based classifica-
tion of cancer, the intersection of genetics, bioinformatics, and targeted treatments 
has been quickly extending the reach of precision medicine. This classification of 
cancer uses molecular biology rather than conventional anatomical and histological 
criteria, which is more therapeutically useful. 

A new perspective on oncology has been provided by the global gene expression, 
genomic, and epigenomic investigations made possible by the rapidly developing 
high-throughput technology [29]. The well-known heterogeneity in tumor genetics



and pathology demands radically different clinical prognosis and treatment 
approaches. As a result, a new cancer classification is emerging, which is based on 
cutting-edge genetic sequencing technologies. Tumor treatment may now be accu-
rately targeted to an oncogenic mutation (driver gene) using various genetic regula-
tion approaches such as microRNA replacement therapy. Other oncogenic 
mutations, on the other hand, may exist and may or may not react to a certain 
therapeutic intervention or gene-regulation. Nonetheless, a single driver gene may 
have a significant impact on the tumor’s prognosis. As a result, in certain cases can-
cer can be suppressed by altering the expression of a single driver gene. This 
cancerous tumor behavior, which some people have nicknamed “oncogene addic-
tion,” provides the scientific basis for targeted gene therapy. 
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Cancers develop as a result of acquiring somatic mutations in their genomes that 
change how important cancer genes—known as the driving genes—perform. But it 
is possible that the tumors formed from other organs have the same driving mutation 
and react to the same treatment. In this case, the same driver gene might have a role 
in the emergence of colorectal cancer (or EGFR mutation), brain and neck cancer, 
non-small-cell lung cancer, digestive track cancer, and cancer of the stomach. This 
driver gene can be therapeutically downregulated by delivering a chosen microRNA 
(like microRNA-100) through nanocarriers. To successfully find the biomarkers, this 
approach may make use of multi-omics, which include the genome, proteome, 
transcriptome, epigenome, and microbiome. As a result, the interaction between 
oncology and genetics will be appropriately matched. 

13.11.3 Precision Therapy for Cancer 

Lack of preclinical models that may accurately predict therapeutic clinical action in 
cancer patients, primarily as a result of tumor heterogeneity and genetic variety, is a 
major issue in modern cancer therapy. The classification of cancer genetic changes is 
not used to inform traditional cancer therapies like chemoradiotherapy. Despite the 
fact that cancer cell lines originate from patient tumors, in vitro modification and 
genetic changes will produce cell cultures with uniform phenotypes. The anatomical 
sites of the tumors, the classification of malignant tumors (TNM classification, 
where “T” stands for the primary tumor site, “N” stands for the involvement of 
regional lymph nodes, and “M” stands for the presence or absence of distant 
metastatic spread), the histological grade, risk profiles, and clinical characteristics 
are frequently used to categorize patients receiving traditional cancer therapy, as 
shown in Fig. 13.3. 

The treatment approach typically adheres to a broad regimen without accounting 
for tumor heterogeneity and genetic characteristics. This type of traditional treat-
ment, sometimes known as “one-size-fits-all” drug, may be hazardous to some 
people [34]. N = 1 medicine, sometimes referred to as precision medicine, is 
centered on a person’s genetic profile. A particular genetic mutation, or “driver 
gene,” can be identified at the individual level as the root cause of a number of 
cancers, including breast, lung, ovarian, colon, and other cancers, by genome



sequencing. This method advances tumor identification by gene-mapping analysis, 
which categorize patients according to particular driver genes. In this approach, by 
grouping people into subpopulations that react differentially to a certain treatment, 
the medication can be therapeutically applied more precisely. The so-called tailored 
treatment can provide patients a more accurate prognosis of the diseases they may 
acquire. 
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Fig. 13.3 Outlining the distinctions between precision medicine and conventional medicine [12] 

13.11.4 Nanomaterials for Personalized Cancer Therapy 

One of the numerous problems in precision medicine that cannot be readily over-
come by current medical approaches is targeted gene delivery. In the past 10 years, a 
number of therapeutic approaches based on chemical and physical characteristics at 
the nanoscale, such as magnetic hyperthermia and photothermal treatments, have 
showed promise for addressing some of the fundamental needs in medical



diagnostics and therapy. These include medication and gene delivery, medical 
imaging, cell and gene targeting, and cell targeting. The discovery that specifically 
tailored nanocarriers and their surface modifications can considerably advance 
diagnostics and therapeutics has ushered in a new age in medical history, despite 
the fact that major issues with these cutting-edge materials have not yet been entirely 
overcome [20]. These particulate carrier systems were created with special 
characteristics. These enable intelligent initiation the release of drugs, efficient 
gene transport, sensitive biosensing, super-resolution nano-imaging, signal nano-
transduction, and the analysis of biological nanoanalytes [35]. The utilization of 
customized nanostructures created for specific biological and clinical purposes in 
cancer diagnosis and therapy is one of the key areas of interest in the so-called 
nanomedicine. Because of their much smaller scales (10 nm), large surface areas, 
novel structures, and properties specific to the nanoscale, as well as their extensive 
functionality, manipulability, and capacity for biomimicry, nanoparticles stand out 
from more traditional materials like bulk, single crystals, and thin films [1, 36]. Due 
to this, it offers a lot of flexibility in terms of structural architecture, tunable 
properties, microenvironmental interactivity, functions at the nano-bio interface, 
and even the potential to build nanorobots for specialized cellular tasks, pointing 
to a promising future for both basic science research and clinical applications. 
Cancer precision treatment, which has made good use of the unique nano 
characteristics, has prompted the creation of a variety of nanoparticles. In hindsight, 
the bulk of the first generation (1G) nanomaterials are single, unfunctionalized, and 
as-produced basic nanoparticles like SiO2, Fe3O4, ZnO, and quantum dots with 
constrained characteristics and applications. To address the complex medical issues, 
it is necessary to functionalize nanoparticles with a variety of moieties, including 
anticancer drugs, biological molecules, fluorescent dyes, tumor-specific ligands, and 
genetic entities. These components need to be appropriately built at the nanoscale in 
order for them to function either separately or together for the best medical 
theranostics. Thus, the term “multifunctional nano-system” has become the accepted 
definition of second generation (2G) nanoparticles. Some molecular systems may be 
constructed as a tube or ring, for instance. These structures are controlled by 
molecular interactions, and they may be “turned on-off” by structural reversal, pH, 
light, and electrical fields. A “microbivore” is a clever nanomachine that might act as 
a synthetic phagocyte, or white blood cell. Third generation (3G) nanomaterials 
could be used to describe the following autonomous nanodevices. 
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13.12 New Methods for Clinical Trials in Precision Medicine 

Oncology trials have traditionally been medication-focused, with the aim of finding 
commonalities between patients (such as their tumor type or, more recently, a shared 
genetic abnormality) and enlisting them in a study with a specific treatment regimen. 
Tumor-specific clinical investigations required a relatively broad population to be 
included in gene-agnostic trials due to the substantial variability in genetic 
subgroups, the microenvironment, baseline features, comorbidities, and other



factors. Through reactions on the sidewalls of graphene or at the termini of 
nanotubes, covalent functionalization has grown in popularity as a method for 
modifying carbon nanomaterials. 
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13.13 Octopus, Platform, Basket, Umbrella, and Master Protocols 

Recently, basket designs have focused on a widespread genetic anomaly [37]. The 
75% objective response rate shown across tumor types with larotrectinib, which 
targets NTRK fusions, best represents the potential of the basket gene-directed, 
histology-agnostic paradigm, even if other single-gene targets have demonstrated 
to be noticeably less effective. In umbrella studies, a single histology is employed, 
but different medications are used according on the genetic differences in patient 
subgroups [38]. Other trial types include octopus trials (also called “complete phase I 
trials”), which have multiple arms testing various drug combinations, and master 
protocols, which cover trials with multiple histologic arms (previously known as 
“broad phase II trials”) or multiple platform, basket, or umbre designs. Platform 
trials search tumors with various histologies for genomic or other biomarkers using a 
single analytical approach, such as NGS. Randomization has advanced along with 
the development of Bayesian adaptation, which allows for dynamic modifications of 
randomization based on sparse patient populations and immediate results. 

The ultimate goal of precision medicine is an individual, patient-centered (rather 
than drug-centered) research based on the best available biomarkers. In “N-of-1” 
studies, each patient’s response to therapy is assessed independently based on their 
molecular, immunological, and other biologic characteristics. In these trials, spe-
cially formulated pharmaceutical combinations are employed for certain individuals. 
To ascertain effectiveness, “N-of-1” studies must assess the “method” of matching 
patients to drugs rather than treatments, which differ from patient to patient. 

13.13.1 Observable Facts 

The growth of data mining and real-world registries is a result of improved computer 
data “processing” capabilities. Pembrolizumab for solid tumors with a mismatch 
repair gene deficit and palbociclib for male breast cancer were both approved by the 
FDA based, at least in part, on the same data. Real-world data has a striking potential 
to speed up the approval process for medications if it can properly forecast the results 
of upcoming trials. 

13.14 Individual Vaccines (Vaccinomics) 

The accumulation of somatic mutations in cancer can result in the production of 
cancer-specific neo-epitopes. Since autologous T-cells typically identify these 
neo-epitopes as foreign molecules, they make great targets for cancer vaccines.



Even while every malignancy has unique mutations of its own, only a few number of 
neoantigens are present in all malignancies. Theoretically, rapid genetic change 
mapping, rational selection of vaccine targets like neo-epitopes, and on-demand 
production of immunizations tailored to a patient’s individual tumor will soon be 
made possible by technology breakthrough. It could also be feasible to employ 
commercially available immunizations for tumors with related epitopes as an 
alternative. 
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Clinical studies are now being carried out to evaluate different tailored vaccines. 
For instance, utilizing computational prediction of neo-epitopes, researchers devel-
oped customized RNA mutanome vaccines for patients with malignant melanoma. 
Two of the five patients treated demonstrated objective responses to the vaccination 
alone, while the third patient had a CR to therapy with the immunization combined 
with PD1 blocking [39]. A study of vaccine-induced polyfunctional CD4+ and CD8+ 

T-cells targeting different neoantigens in individuals with melanoma found that four 
out of six vaccinated patients showed no signs of recurrence 25 months after 
immunization [40]. The first therapeutic cancer vaccine licensed by the FDA, 
sipuleucel-T, is generated from autologous peripheral blood mononuclear cells and 
a recombinant fusion protein of prostatic acid phosphatase and granulocyte-
macrophage colony-stimulating factor ex vivo. Sipuleucel-T is utilized to treat 
metastatic castration-resistant prostate cancer, according to the results of a 
randomized, double-blind, placebo-controlled phase III study. Sipuleucel-T-treated 
patients lived longer than placebo-treated patients (25.8 vs. 21.7 months, respec-
tively; p = 0.03). 

13.15 Recommendations for the Best Use of Precision Medicine 

Tumors are tremendously varied and complicated, and standard clinical research and 
practice models typically do not result in the most effective therapy, as genomic 
studies have demonstrated. Studies in precision medicine highlight the significant 
difficulties in developing trials for this novel paradigm. First, in these studies, 
patients are matched to medications at a rate that ranges from 5% to 49%, with the 
majority of matches occurring between 15% and 20%. The failure to match patients 
is caused in part by the following factors: (1) enrolling patients with advanced 
disease who deteriorate or die before the study is finished; (2) using small gene 
panels that result in few actionable alterations; (3) taking a long time to receive and 
interpret genomic results; and (4) having trouble obtaining targeted therapy drugs 
and/or low drug availability. The following are a few answers provided by studies 
with greater matching rates, including I-PREDICT 12 (matching rate, 49%): 
Utilizing a large NGS panel with more than 200 genes, just-in-time electronic 
molecular tumor boards that are created immediately in response to a doctor’s 
request, and the use of biomarkers to match patients to chemotherapy, hormone 
therapy, and immunotherapy (in addition to gene targeted agents) are just a few of 
the strategies used [41–43]. The great majority of these trials have shown improved 
clinical outcomes when treatments are matched to drugs as opposed to when they are



r

not specific to the complicated molecular biology of malignancies, it is important to 
note that the use of customized medication combinations that target a larger percent-
age of the aberrations present in a specific malignancy is linked with better results 
than more selective matching. 
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The following are other significant obstacles to precision medicine implementa-
tion: (a) Based on histology and/or genetic co-alterations, there may be variations in 
how patients respond to matching therapy. Selected genetic indicators are predictive 
in particular tumor histologies, in contrast to molecular abnormalities (such as 
NTRK fusions, MSI-H) that indicate tumor agnostic response to treatment. 
(b) Genomic landscapes’ variability, complexity, and ongoing evolution. The sig-
nificant diversity between the primary tumor and metastatic locations makes it 
possible that molecular profiling of tumor tissue collected from a single lesion is 
not always predictive of the systemic illness. Due to the pressure from targeted 
treatments, the tumor’s molecular profile is also constantly changing, with newly 
arising resistant clones and novel molecular alterations hastening the progression of 
the illness [44]. (c) The need for thorough patient screening to find specific o  
uncommon genetic abnormalities (such NTRK fusions). (d) Inadequate technology 
and resources to fully understand the causes of cancer in particular patients; incom-
plete biologic/molecular profiles to guide therapy selection; (e) Major holdups in the 
start of clinical studies; (f) variances in drug absorption and side effects among 
different racial and ethnic groupings; (g) there is an absence of agreement among 
assays from various diagnostic companies/laboratories; (h) and, most importantly, 
there is a shortage of access to medical care. Clinical trials recruit about 3–5% of 
cancer patients, although enrolment is limited by onerous qualifying standards and 
limited medication availability [45, 46]. 

13.16 Future Innovations in India 

On January 3, 2020, the Genome India Project was launched in India. In partnership 
with 20 academic institutions, it seeks to map the population’s genomes using 
genome-wide sequencing. The Indian Cancer Genome Atlas and the Indian Genome 
Variation Consortium are examining the differences between the genomes of the 
Indian population and the world genomes. The Unique Methods of Management and 
Treatment of Inherited Disorders project and the September 2019 launch of NIDAN 
(National Inherited Disease Administration Kendra Network) are recent initiatives 
that provide as examples of advancements in this discipline. These significant 
breakthroughs bode well for the future of precision medicine in this nation. 

13.16.1 Difficulties with Precision Medicine 

Like any new endeavor, precision medicine must overcome several obstacles. In 
addition to being expensive, the massive amount of data that must be gathered and 
analyzed also requires a lot of labor and technological expertise. A significant



problem is data security and anonymization. Therefore, ethical issues are crucial. 
Another distraction comes from data noise. At the earliest, data analysis turnaround 
time is 26 h, which is still a long time for judgments in acute care settings. 
Calculating the veracity of such data is equally challenging. Capacity building 
must proceed at breakneck speed, particularly in light of the accessibility of high-
caliber artificial intelligence (AI), machine learning (ML), and laboratory equipment. 
The pursuit of precision-based medicines may undermine population health. Despite 
recent developments and the expanding influence of precision medicine, there are 
still significant obstacles to be addressed before it can be widely used in clinical 
practice. 
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The following are the difficulties that precision medicine must overcome: 

1. There are countless economic, legal, social, and technical problems that demand 
creative answers. 

2. Providing solid evidence in favor of precision medicine. More investigation is 
currently required to support the use of precision medicine, which would result in 
noticeably better outcomes. 

3. Considerable funding is required to enhance data collection, storage, sharing, and 
EHR integration (electronic health records). 

4. Although it has not yet been accomplished, it will be essential in many healthcare 
systems to incorporate genomic information into clinical care and research. 

5. Lack of physician trust in their capacity to make therapeutic judgments when 
genetic or genomic information is present makes education a significant barrier. 
Education initiatives across the various medical specialties are required. 

6. Efforts must be made to ensure participant trust and engagement. Currently, 
patient worry, the apprehension of pointless and expensive testing, potential 
procedures resulting from a genetic result, and privacy concerns are barriers to 
full patient engagement. 

7. Improving ethnic diversity is necessary to effectively translate genetic findings. 

13.17 Conclusion 

It only seems a matter of time before precision medicine and omics technologies take 
the lead in the selection of diagnostic and therapeutic choices, given the magnitude 
of the field and its rate of growth. As a result, modern physicians need to be flexible, 
revived, empathetic, patient-centered, aware about omics, able to apply big data, 
fully utilize AI and ML, evaluate complicated material, and present it to the patient in 
a coherent and persuasive “capsule.” We must build intelligent big data platforms, 
collect uniformly formatted data, educate healthcare professionals in genomics, 
supply infrastructure, and include patients and the general public if precision medi-
cine is to survive and succeed. According to Sir Charles Darwin, “The species that 
survives is not the one that is the strongest or the most clever, it is the one most 
adaptable to change.” On the therapy front, a number of gene therapies are getting 
closer to approval despite a number of setbacks. Pharmacogenetics, which uses a



person’s DNA to prescribe the safest, most effective prescription for them, is being 
pioneered by a few medical centers, which are also building the infrastructure 
required to make it operate in a clinical context. However, some scientists contend 
that we first need further proof of the benefits. Patient information is the fuel for 
precision medicine. People can impact their own health care and the course of 
research by using the genetic information and health records of patients and healthy 
volunteers. Gaining participants’ trust is essential for the success of large-scale 
initiatives like the Precision Medicine Initiative of the US National Institutes of 
Health. Large-scale initiatives like the Precision Medicine Initiative of the US 
National Institutes of Health must win participants’ trust if they are to be successful. 
But when the promised anonymity turns out to be nothing more than a fig leaf, it 
becomes difficult. 
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Abstract 

The adoption of AI technologies, which are widely used in modern business and 
daily life, is becoming incremental in the healthcare industry. In patient care and 
administrative processes, artificial intelligence offers a variety of uses that help 
healthcare practitioners improve on existing solutions and find issues’ answers 
more rapidly. Even though hospitals and other healthcare organizations may use a 
range of techniques as a consequence, the bulk of AI and healthcare technologies 
are crucial to the industry. And even though several papers on the application of 
artificial intelligence in healthcare claim that it can execute specific processes, 
including disease diagnosis, just as well as or better than humans, there is still 
some time before AI in healthcare replaces humans for a variety of medical duties. 
But a lot of people are still uncertain. How could artificial intelligence improve 
medical technology? What role will AI play in healthcare going forward? What 
part does AI presently play? Will it eventually take the place of people in medical 
care and life-saving procedures? Not whether AI will be useful in healthcare, but 
rather how to assure its adoption in everyday clinical practice, is the most crucial 
topic. Clinicians may eventually gravitate toward professions requiring the 
highest level of cognitive function and unique human abilities. Only those 
healthcare providers that choose not to engage with AI in healthcare may not 
gain completely from it. 
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14.1 Introduction 

Artificial intelligence and nanotechnology have been in the development for many 
years, not just as a field of technology in and of themselves, but also in the various 
industries and spaces where they can now be seen. Complex systems that can operate 
on the nano-meter scale are typically found in technology that is unsuitable for the 
many facets of AI [1]. However, there are a few emerging areas where AI and 
nanotechnology are combining. In addition to combining these two technologies, 
linked work will boost study in a single discipline, potentially leading to a slew of 
new communication technologies and insights [2]. The use of machine learning 
(ML) algorithms and other cognitive technologies in healthcare is referred to as 
artificial intelligence (AI). AI can be defined simply as the ability of computers and 
other devices to replicate human cognition and to learn, think, and make decisions or 
take actions. Artificial intelligence and nanotechnology are fields that can aid in the 
pursuit of precise medicine tailoring the best treatment for each patient, particularly 
cancer patients [3]. Recent progress in these fields enables better nanomaterial 
design and patient data acquisition for cancer medicine. Diagnostic nanomaterials 
were used to create a patient-specific disease outline, which was then used to 
improve treatment outcomes by combining a variety of healing nanotechnologies. 
Despite this, the high interpatient and intratumor heterogeneity makes rational 
design of therapeutic and diagnostic platforms to analyze the output extremely 
difficult. Using classification algorithms and pattern analysis for improved therapeu-
tic and diagnostic accuracy, integrating AI approaches will bridge the gap. There-
fore, AI in healthcare refers to the application of machines to analyze and take action 
on medical data, frequently with the aim of forecasting a specific outcome. AI may 
assist doctors and other healthcare workers in providing more accurate diagnostic 
and treatment suggestions by utilizing patient data and other information. By 
analyzing vast volumes of data to provide better preventative care ideas for patients, 
AI may also aid in making healthcare more proactive and predictive. Because of the 
crucial part it plays in a healthy, productive society, healthcare is one of the most 
important businesses in the larger big data ecosystem. Patients might live or die 
depending on how AI is used in medicine. AI can help healthcare workers with 
everyday tasks, including doctors, nurses, and other healthcare providers. AI in 
healthcare can improve overall patient outcomes, preventative care, and quality of 
life in addition to offering more precise treatment and diagnostic modalities. By 
examining data from the public sector, the healthcare industry, and other sources, 
artificial intelligence (AI) can help anticipate and observe the rise of hazardous 
illnesses. AI has the potential to be tremendously useful in the fight against 
pandemics and epidemics, as well as in the improvement of global public health.
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Artificial intelligence must have access to a lot of data in order to be helpful in the 
healthcare industry. Another difficulty is the possibility of bias if the population-
representativeness of the data used to train the algorithms is low. It could be 
challenging to compare results or merge data from many sources due to the absence 
of standards among various artificial intelligence systems. 

14.2 AI and Nanotechnology 

Medical practice is gradually evolving as a result of artificial intelligence (AI). AI 
applications are advancing into fields that were previously believed to be the sole 
purview of human expertise as a result of recent developments in digitized data 
collecting, machine learning, and computing infrastructure. While some strategies 
are still only ideas, others have already been developed and put into practice. 
Nanotechnology is the atomic-scale manipulation of matter [4]. Nanomaterials 
have fascinating characteristics and are frequently used in technical applications 
[5, 6]. Electronics and nanotechnology are commonly mentioned together [7– 
9]. Amazing new and innovative concepts in healthcare will result from the integra-
tion of AI with nanotechnology. Gene therapy, diagnostics, medicine delivery, and a 
wide range of other applications will all undergo revolutionary change thanks to 
nanotechnology [10, 11]. Making an accurate risk predictor out of the electronic 
health record EHRs are the gold mine of patient data, but developers and providers 
have long struggled to safely, precisely, and quickly analyze and extract this wealth 
of knowledge. It has become incredibly challenging to comprehend precisely how to 
engage in crucial risk clinical decision support, stratification, and predictive analyt-
ics due to integrity and data quality challenges, including a jumble of data formats, 
unstructured and structured inputs, and inadequate records. 

14.3 How Artificial Intelligence Works? 

Rapid data digitization improvements have taken place in the pharmaceutical indus-
try during the past few years. A tremendous amount of data has been documented as 
a result, which needs to be properly processed and examined before being used in 
experimental study. Massive volumes of data can be handled by AI with improved 
automation. It has developed into a potential tool for reverse engineering and 
ongoing medication delivery system optimization. AI applications have consider-
ably enhanced the effectiveness of treatment. A technology-based system called 
artificial intelligence (AI) consists of a number of sophisticated tools and networks 
that mimic human intelligence. By using software and systems that can learn from 
the input data, reason about it, and interpret it, AI may make decisions independently 
for a specific goal. AI employs a wide range of methodology, including the basic 
machine learning paradigm (ML) [12]. 

ML use algorithms to find patterns in a collection of input data. A subset of 
machine learning (ML), known as deep learning, uses artificial neural networks



(ANNs) to simulate how the human brain transmits electrical impulses. Various tools 
have been created by scientists based on the network that serves as the fundamental 
structure of AI technology. The IBM Watson supercomputer is one of the tools based 
on the AI system; it has access to patient medical records and can compare them to a 
huge database to find anomalies or diseases. IBM, for example, can identify breast 
cancer in under 60s. 

294 S. Kaushik and D. Suhag

Applications of Artificial Intelligence Can Help Nanotechnology. Although the 
concept of nanotechnology is straightforward, its application may be difficult. 
Atomic level operation is initially far more challenging than other levels of opera-
tion. Different laws of physics are in play [13, 14] and even little mistakes can have 
disastrous consequences. Environment-related error rates are introduced and have an 
impact on the output’s accuracy. It is essential to use the right instruments in a 
delicate environment like the human body to achieve the best results. Evidently, we 
are talking about machine learning algorithms. When precision is lost, you must 
approximate and use statistics. Artificial intelligence models have a significant role 
to play in the analysis of noisy data. In this situation, an algorithm has to give the best 
estimate. AI integration in healthcare is being handled by medical data scientists. 

14.4 Microscopy and AI 

The signals that are generated are of low quality, which is the main issue with AFM 
(atomic force microscopy). These microscopes research erratic and complex atomic 
interactions. The analysis of tip-to-sample contacts and the resulting signal is the 
goal of machine learning techniques. The data scientist approach aims to address 
these problems. The method is known as functional recognition scanning probe 
microscopy. It is a great illustration of how computer vision is used in the medical 
field [15]. In order to streamline data, artificial neural networks (ANNs) examine the 
behavior of scanned material (Fig. 14.2). Simple interactions between the tip and the 
sample are ideal for AFM. It is never simple in medical imaging, but ANNs try to 
make the data more understandable and take different factors into consideration. 
There are many uses for AI, and in a few years, it will be difficult to picture a world 
without deep learning and AI in healthcare. There will undoubtedly be a large 
demand for data scientists in the deep learning in healthcare field. 

14.5 Chemical Modeling and AI 

Many problems that at first glance seem simple at the macroscale turn out to be 
complicated at the nanoscale. Atom and molecule modeling at the nanoscale is 
challenging. It is a difficult undertaking to thoroughly represent a chemical system, 
even for artificial intelligence in healthcare. Error rates can be reduced using data 
science techniques to a tolerable level. Nanoelements’ structural properties have 
been identified using machine learning algorithms. Because of the crucial



applications for these components, all calculations must be accurate. When tradi-
tional measurements are insufficient, scientists frequently use machine learning. 
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14.6 Nanofibers 

A good diagnosis can aid in the management of any medical issue. An accurate and 
timely diagnosis is crucial for effective treatment of any condition [16]. According to 
the World Health Organization, an in vitro diagnostic tool that is sensitive, specific, 
user-friendly, repeatable, robust, portable, and economically viable should be able to 
make a diagnosis quickly. We desperately require rapid point-of-care diagnostic 
technologies for medical diagnostics. Studies suggest that nanofibers offer more 
binding sites, increasing sensitivity and decreasing the detection threshold [17]. Due 
to their three-dimensional structure, electrospun nanofibers have a larger surface 
area, higher enzyme loading, and lower mass transfer resistance [18]. Composite 
nanofibers have also been intensively studied because the synergistic advantages 
shown when metal oxide nanoparticles or nanofibers are used in combination with 
polymer nanofibers. Over the past 10 years, research on nanofibers has become 
increasingly important for applications in tissue engineering and drug delivery. 
Nanofibers are very beneficial from a therapeutic standpoint due to their high drug 
loading capacity and straightforward production process [19]. A second approach for 
delivering two active chemicals in the same formulation is provided by combination 
systems, such as embedding nanoparticles within nanofiber architectures. 
Depending on the required release period for therapy, the formulation characteristics 
also make it simple to change the pace at which the active components release. 
Antibiotics, cancer treatments, analgesics, hemostatic agents, and different proteins 
are delivered via nanofiber systems for tissue engineering. In addition, other uses, 
such as coating medical devices, offer fresh perspectives on the therapeutic applica-
tion of nanofibers. The most popular method for creating nanofibers is 
electrospinning, which offers a foundation for scaling up processes from laboratory 
to commercial applications. The restrictions on systemic routes are the primary limit 
for nanofibers (Fig. 14.1). 

Nanofibers are primarily made for the local delivery of active substances. 
Nanofibers are ideal three-dimensional structures that are excellent for tissue regen-
eration, regardless of the therapeutic goal. For cell regeneration, particularly in 
applications for wound healing, they offer matrix structure. 

14.6.1 Medical Diagnosis 

Researchers used electrospinning to generate polyvinyl alcohol (PVA)/ 
polyethyleneimine (PEI) nanofibers on the surface of gold electrodes for enzyme-
based glucose monitoring. The glucose oxidase enzyme was immobilized on the 
nanofibers. Gold nanoparticles were put to the nanofibers to boost conductivity. The 
combination of metal nanoparticles with electrospun nanofibers is reported to



increase mechanical strength, heat resistance, optical, and electrical characteristics. 
The nanosensor has a very low detection limit for glucose, great selectivity for 
glucose, and good operating and storage stability [21]. Blood glucose levels must be
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Fig. 14.1 Nanofibers action toward bacteria, nanofibers are the newest popular polymers that are 
widely employed for research and commercial applications [20]



assessed in order to identify and treat diabetes mellitus. Glucose is measured using 
enzyme-based sensors, which provide accurate, rapid, and precise glucose detection. 
Enzymatic activity, however, may be impacted by environmental conditions includ-
ing temperature, pH, humidity, etc. [22]. Frequently employed for this purpose, 
electrochemical sensors based on the enzyme glucose oxidase have limitations such 
low stability and repeatability and expensive cost. One of the researchers used the 
adsorption of cupric oxide nanoparticles on carbon nanofibers to create a nonenzy-
matic sensor for glucose measurement. Because they are simpler to manufacture on a 
large scale, more amenable to surface functionalization, and more wettable than 
carbon nanotubes, carbon nanofibers are used to make biosensors. The sensor 
demonstrated excellent sensitivity and a low detection limit. The glucose analysis 
performed by the sensor was accurate and exact. It also successfully detected glucose 
in human serum, proving its versatility [23]. Cobaltosic oxide (Co3O4)-polyvinyl 
pyrrolidone (PVP) nanofibers were created by Ding et al. utilizing electrospinning 
and calcination for nonenzymatic glucose monitoring. Co3O4 fibers exhibit very 
good catalytic activity. The biosensor demonstrated good sensitivity, selectivity, 
reproducibility, and a low limit of detection in addition to a quick reaction time of 
<7 s. The sensor proved successful in determining the concentration of glucose in 
human serum samples with similar accuracy to that of the commercial glucometer 
[24]. Continuous glucose monitoring may be useful to assess changes in blood 
glucose levels. Implantable nanosensors are used for this purpose due to their 
small size and possibility for less intrusive insertion. The human epidermal growth 
factor (hEGF) receptor is expressed in around 33% of breast cancers, making it a 
valuable biomarker. Zinc oxide nanofibers have a lot of promise as biological 
sensors because of their high surface-area-to-volume ratio, environmental friendli-
ness, biocompatibility, excellent electron transport, and chemical stability. 
Mesoporous zinc oxide nanofibers were produced by Ali et al. utilizing the 
electrospinning process. Zinc oxide nanofibers were electrophoretically generated 
on ITO glass following treatment with oxygen plasma and covalent coupling with an 
antibody against the hEGF receptor. The biosensor showed high selectivity, repro-
ducibility, and femtomolar sensitivity. Compared to the enzyme-linked immunosor-
bent test (ELISA), the sensor’s sensitivity for identifying breast cancer biomarkers 
was three orders of magnitude greater [25].
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Malaria is a serious problem, particularly in developing countries. Malaria is 
usually diagnosed by microscopy, however, it is unable to detect low parasite blood 
levels. The pricey ELISA, flow cytometry, mass spectrophotometry, and polymerase 
chain reaction are among more recently developed technologies. Brince Paul et al. 
developed a low-cost, ultrasensitive nanosensor to detect malaria. The researchers 
produced copper-doped zinc oxide nanofibers by electrospinning and functionalized 
them with mercaptopropylphosphonic acid (MPA). Functionalization with MPA 
was done to help with antibody immobilization. Monoclonal antibodies against 
protein-2 rich in histidine were immobilized. Protein-2 with a lot of histidine is 
released into the blood by Plasmodium falciparum. Copper doping helped to 
improve conductivity and pre-concentrate the target analyte on the surface of 
nanofibers because the electric field created at the copper oxide/zinc oxide interface



increased conductivity. Zinc oxide has a high isoelectric point (9.5), which facilitates 
the attraction and binding of the target analyte molecules through electrostatic 
interactions. The developed nano-biosensor exhibited an attogram/ml limit of detec-
tion and was highly selective for histidine-rich protein-2 [26]. 
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14.6.2 Therapy 

For the delivery of medicinal medicines, nanofibers have a wide range of 
advantages. Their enormous surface area aids in improving the solubility and 
bioavailability of drugs. They can also be used to create customized delivery systems 
that deliver drugs precisely where they are needed [27]. The medicine can be loaded 
onto electrospun nanofibers using a variety of techniques, including blending, 
coaxial electrospinning, emulsion electrospinning, chemical immobilization, and 
physical adsorption [28, 29]. These approaches are contrasted in Table 14.1. 

One capability that makes nanofibers ideal for therapy is their capacity to prevent 
drug burst release. Also, biocompatibility, biodegradable makeup, which does away 
with the requirement for surgical removal once the medication load has been 
released is important. Mechanical toughness and the kind of polymer, nanofiber 
size, core-shell morphology, mechanism of drug loading, and nanofiber shape all 
affect how drugs are released from nanofibers. Applications of nanofibers in therapy 
include oral/oromucosal applications, transdermal and topical applications, intrave-
nous delivery, ophthalmic applications, wound healing, targeted drug delivery 
system, coating on implants and stents, gene delivery, veterinary drug delivery 
among others [30–32] (Table 14.2). 

14.7 Improved Drug Delivery with AI 

Because it increases the therapeutic efficacy of pharmaceuticals, it is essential to 
optimize the drug delivery mechanism. By overcoming the inherent instability of 
bioactive chemicals, which compromises the medicine’s pharmacokinetic qualities, 
an improved drug delivery strategy improves the physicochemical properties of the 
drug. Artificial intelligence (AI) has recently been used by scientists to design, 
characterize, and optimize medicine delivery. To obtain the greatest therapeutic 
effect, drug delivery uses a variety of strategies, including formulations, 
manufacturing processes, storage of bioactive chemicals, and transportation to the 
target areas [39]. Recently, developments based on nanotechnology have been 
closely linked to improvements in drug delivery [40]. The development of computer 
methodologies has sped up the entire process, even though scientists have used a 
variety of scientific disciplines to optimize drug delivery systems, including phar-
maceutical sciences, biosciences, and engineering. AI is used by researchers to 
design, describe, and produce medication delivery nanosystems [41]. In the past 
10 years, AI has been used to analyze and understand genetic and biological data. In



14 Nanotechnology for AI in Healthcare 299

Ta
b
le
 1
4.
1 

C
om

pa
ri
so
n 
of
 s
ev
er
al
 e
le
ct
ro
sp
in
ni
ng

 d
ru
g 
lo
ad
in
g 
te
ch
ni
qu

es
 

B
le
nd

in
g

C
oa
xi
al
-e
le
ct
ro
sp
in
ni
ng

E
m
ul
si
on

 e
le
ct
ro
sp
in
ni
ng

C
he
m
ic
al
 i
m
m
ob

ili
za
tio

n
P
hy

si
ca
l 
ab
so
rp
tio

n 

D
efi
ni
tio

n
D
ru
g 
di
ss
ol
ut
io
n 

in
 a
 p
ol
ym

er
 

so
lu
tio

n,
 a
nd

 t
he
n 

el
ec
tr
os
pi
nn

in
g 

W
he
n 
a 
co
nc
en
tr
ic
 

sp
in
ne
re
t w

ith
 tw

o 
di
st
in
ct
 

di
am

et
er
s 
is
 u
til
iz
ed
, c
or
e-

sh
el
l n

an
ofi

be
rs
 c
an
 b
e 

pr
od

uc
ed
 

E
m
ul
si
fi
ca
tio

n 
of
 a
n 
oi
ly
 

so
lu
tio

n 
co
m
pr
is
in
g 

po
ly
m
er
 a
nd

 a
n 
aq
ue
ou

s 
so
lu
tio

n 
co
nt
ai
ni
ng

 a
ct
iv
e 

U
se
 o
f 
pr
im

ar
y 
am

in
o,
 

hy
dr
ox

yl
, a
nd

 c
ar
bo

xy
lic
 

gr
ou

ps
 in

 th
e 
co
nj
ug

at
io
n 

of
 d
ru
gs
 a
nd

 p
ol
ym

er
s 

H
yd

ro
ge
n 
bo

nd
s,
 

el
ec
tr
os
ta
tic
 i
nt
er
ac
tio

ns
, 

hy
dr
op

ho
bi
c 
bo

nd
s,
 a
nd

 
va
n 
de
r 
W
aa
ls
 f
or
ce
s 
ar
e 

us
ed
 t
o 
bi
nd

 th
e 
dr
ug

 to
 

th
e 
m
at
ri
x 

A
dv

an
ta
ge
s

S
im

pl
er
 t
ha
n 

al
te
rn
at
iv
e 

m
et
ho

ds
 

P
ro
vi
de
s 
th
e 
dr
ug

 tr
ap
pe
d 

in
 th

e 
co
re
 w

ith
 p
ro
te
ct
io
n 

an
d 
a 
su
st
ai
ne
d 
re
le
as
e 
of
 

th
e 
su
bs
ta
nc
e 
co
nt
ai
ne
d 
in
 

th
e 
co
re
 

S
in
ce
 th

e 
co
nt
ac
t 
be
tw
ee
n 

th
e 
aq
ue
ou

s 
an
d 
or
ga
ni
c 

ph
as
es
 i
s 
ke
pt
 to

 a
 

m
in
im

um
, l
ab
ile
 a
ct
iv
es
’ 

bi
oa
ct
iv
ity

 i
s 
m
ai
nt
ai
ne
d 

T
he
re
 is
 l
itt
le
 t
o 
no

 d
ru
g 

co
nt
ac
t 
w
ith

 t
he
 o
rg
an
ic
 

so
lv
en
t a
nd

 n
o 
ne
ed
 f
or
 a
 

co
m
m
on

 s
ol
ve
nt
 

C
ov

al
en
t 
bi
nd

in
g 
ai
ds
 i
n 

pr
ev
en
tin

g 
bu

rs
t 
re
le
as
e 
of
 

ac
tiv

e,
 m

ak
in
g 
it 
su
ita
bl
e 

fo
r 
sl
ow

 a
nd

 e
xt
en
de
d 

de
liv

er
y 
of
 g
en
es
 a
nd

 
gr
ow

th
 f
ac
to
rs
 

M
os
t 
st
ra
ig
ht
fo
rw

ar
d 

pr
oc
ed
ur
e,
 e
na
bl
es
 in

st
an
t 

di
sc
ha
rg
e 
of
 a
ct
iv
e 

D
is
ad
va
nt
ag
es
 

It
 i
s 
di
ffi
cu
lt 
to
 

di
st
ri
bu

te
 d
ru
gs
 

ev
en
ly
 a
cr
os
s 
th
e 

na
no

fi
be
r 
m
at
ri
x 

In
cr
ea
se
d 
ri
sk
 o
f 
la
bi
le
 

m
at
er
ia
ls
 b
ei
ng

 d
am

ag
ed
 

as
 a
 r
es
ul
t 
of
 s
he
ar
in
g 

fo
rc
es
 b
et
w
ee
n 
th
e 

aq
ue
ou

s 
an
d 
oi
ly
 p
ha
se
s 

C
om

po
un

ds
 i m

m
ob

ili
ze
d 

m
ay
 b
e 
pa
rt
ia
lly

 
in
ac
tiv

at
ed



300 S. Kaushik and D. Suhag

Ta
b
le
 1
4.
2 

E
xa
m
pl
es
 o
f 
na
no

fi
be
rs
 i
n 
w
ou

nd
 h
ea
lin

g 

S
ys
te
m

P
ol
ym

er
D
ru
g

R
es
ul
t

R
ef
er
en
ce
s 

N
an
ofi

br
ou

s 
w
ou

nd
 d
re
ss
in
g

U
si
ng

 P
V
P

F
re
e 
ci
pr
ofl

ox
ac
in
 

m
on

oh
yd

ro
ch
lo
ri
de
 

m
on

oh
yd

ra
te
 

S
up

er
io
r 
w
ou

nd
 h
ea
lin

g 
qu

ic
ke
r 
he
al
in
g 
th
an
 

tr
an
sp
ar
en
t 
fi
lm

s 
[3
3]
 

C
hi
to
sa
n/
P
V
A
 n
an
ofi

be
rs
 

de
co
ra
te
d 
w
ith

 s
ilv

er
 

na
no

pa
rt
ic
le
s 

C
hi
to
sa
n/
P
V
A

S
ul
fa
ni
la
m
id
e

S
ilv

er
 n
an
op

ar
tic
le
s 
an
d 
su
lp
ha
ni
la
m
id
es
 

co
m
bi
ne
d 
an
tib

ac
te
ri
al
 a
ct
io
n 
re
su
lts
 i
n 
a 
fa
st
er
 

ra
te
 o
f 
w
ou

nd
 h
ea
lin

g 
in
 r
at
s 

[3
4–

36
] 

N
an
ofi

be
rs

C
hi
to
sa
n 

et
hy

le
ne
di
am

in
et
et
ra
ac
et
ic
 

ac
id
/P
V
A
 

L
ys
oz
ym

e
S
m
oo

th
 t
ex
tu
re
, r
ap
id
 r
el
ea
se
 o
f 
ly
so
zy
m
e,
 a
nd

 
ex
pe
di
te
d 
w
ou

nd
 h
ea
lin

g 
In
 r
at
s 
as
 c
om

pa
re
d 
to
 g
au
ze
 t
re
at
ed
 w
ou

nd
s 

[3
7]
 

N
an
ofi

be
rs

G
el
at
in

C
ef
az
ol
in

H
ig
h 
e n
tr
ap
m
en
t 
ef
fi
ci
en
cy
, g

re
at
 o
xy

ge
n 

pe
rm

ea
bi
lit
y,
 a
nd

 s
us
ta
in
ed
 d
ru
g 
re
le
as
e 

[3
8]



addition to accelerating the drug development process, it has made it possible to 
identify functional small compounds quickly and anticipate their behavior.
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A significant chemical space with more than 10 compounds can be used to 
develop a drug. Researchers use AI to swiftly assess therapeutic targets, identify 
lead compounds with therapeutic promise against a disease, and enhance medication 
delivery. This essay’s main focus is on how AI may improve the delivery of medical 
care. Integrated circuits, a power supply, sensors, and a secure data backup that is 
kept up to date utilizing AI-based technologies make up the Nanorobots 
[42]. Medications are delivered via nanorobots. They are built to avoid accidents, 
find their intended recipient, connect to them, deliver chemical medications, and 
then leave the body. Advanced micro- and nanorobots may navigate the targeted 
regions (like pH) based on physiological conditions. This method reduces systemic 
negative effects while increasing pharmaceutical effectiveness. Nanorobots that can 
be implanted provide pharmaceuticals in a regulated and dose-dependent way. 
Researchers employed artificial neural networks (ANNs), logistic regression, and 
network-based modeling to investigate pharmaceutical combinations and improve 
the overall dosage regimen. Combination drug therapy, which requires many drugs 
to be taken at regular times, is typically more successful than using only one. For 
instance, a cancer combination therapy may involve six or seven drugs. Researchers 
have also developed a quadratic phenotypic optimization platform to identify the 
optimal drug combination for the treatment of bortezomib-resistant multiple mye-
loma. The creation of a strong drug delivery combination may result from analysis of 
data on drug interactions and their potential for synergistic or antagonistic effects. 
The Master Regulator Inference Algorithm, which uses “Mater regulator genes,” 
was successfully used by scientists to predict 56% synergism (Fig. 14.2). 

Network-based Laplacian is another platform for controlling synergistic medica-
tion combinations used for efficient drug delivery [43]. These AI-driven algorithms

Fig. 14.2 Artificial neural network architecture



could theoretically forecast up to twenty-eight synergistic combinations for antican-
cer treatments. Combination synergy estimation was devised to predict likely syner-
gistic antimalarial combinations [44].
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14.8 The Role of Nanobots in the Future of Medicine 

A nanobot is a tiny machine with a diameter of 1–100 nm that is made to carry out 
specific, occasionally exact tasks. The size of a ribosome is about 30 nm, that of an 
antibody is about 10 nm, and that of a hemoglobin molecule is about 5 nm [45]. 

The Greek word for a little person is where the word “nano” comes from. The 
idea of nanotechnology was initially presented by Nobel Prize–winning physicist 
Richard Feynman in 1959 in a talk titled “There’s plenty of room at the bottom” 

[46]. However, since Feynman’s initial theories, nanotechnology has made consid-
erable advancements. More than 12 years ago, the first nanobot experiment was 
completed. It dealt with a nanorobot designed to correct genetic flaws in DNA 
through gene replacement. Although the idea may seem futuristic, it is nonetheless 
a valid premise [47]. 

The nanobot’s job is to scan nucleotides, look for broken pieces, get rid of those 
pieces, and then fix the DNA. In the brand-new and fast evolving field of gene 
therapy, nanobots might eventually have a big impact [48]. A therapy for germs 
using nanobots is another futuristic technology concept. Imagine a nanobot with the 
ability to enter bacteria and kill it with heat while causing no harm to surrounding 
cells. What does it seem to be, in your opinion? Our antibacterial nanobot is a 
retractable heating sphere that can be injected into a patient and activates when 
microbes are present. However, occasionally the production of nanobots is 
motivated by the bacteria themselves. Some nanobots are designed to kill pathogens. 
For instance, many bacteria possess chemical rotors that they may employ to drive 
flagella or cilia, which result in movements like a corkscrew or bead. This propulsion 
strategy enabled rotating synthetic microrobots using flexible filaments, helical 
microstructures, or tumblers rotating on an axis similar to a bacterial flagellum. 
Additionally, certain nanoliposome-containing bacteria that are magnetotactic are 
used to deliver medications. Doxorubicin, popularly referred to as “red devil,” is a 
clear and vividly colored injectable cancer medication [49]. Doxorubicin has serious 
side effects that might include heart damage, nausea, and hair loss. It would be great 
if we could reduce these negative effects and deliver the drugs directly to the cells. 
Nanobots may be advantageous. For instance, a robot nanocarrier may have a 
diameter of 50–120 nm. The nanobot is a mesoporous silicon sphere that contains 
doxorubicin molecules. When exposed to near-infrared radiation, the nanocarrier is 
effectively propelled thanks to a small covering of gold that covers half of it. It is 
capable of moving at 950 body lengths per second, which is quite rapid. Addition-
ally, the nanocarrier has exceptional cell and tissue penetration as well as the ability 
to switch between on and off regulated release depending on the environment. Drug 
side effects are reduced because of the nanobot’s capacity to infiltrate the tumor cell 
by cell. The ability of micro- or nano-surgical tools to access or remove cellular



tissues from remote regions of the body would be extremely helpful to surgeons. A 
700-mm star-shaped microgripper is a small medical device made of ferromagnetic 
material and can be accurately controlled with a magnet from up to 10 cm distant. 
When the robot arrives at the proper location and is propelled by mechanical, 
electrical, or chemical cues, the microgripper shuts, trapping a cell within. 
Microgrippers might be used to gather samples and take tissue biopsies without 
requiring invasive surgical procedures. 

14 Nanotechnology for AI in Healthcare 303

In the distant future, nanobots are anticipated to move throughout our bodies. 
Before they are utilized regularly for disease diagnosis and treatment, they still need 
to be developed. The staff at Nanobot Medical Animation Studio is continually eager 
to take on new projects linked to nanotechnology and biotechnology [50]. 

14.8.1 Nanorobot Structures and Components 

There are two basic methods used to build nanorobots. They are the “Self-assembly” 
and the “Positional assembly.” In the positional assembly, billions of molecules are 
put together and the nanobots can automatically combine them into their natural 
configuration. In the self-assembly, the robotic arm of the nanomachine that is used 
to pick and assemble the molecules is controlled manually by an operator [51]. Addi-
tionally, nanobots are equipped with swarm intelligence for decentralized activity, a 
strategy that was modeled after the cooperative behaviors of social creatures like 
ants, bees, and other insects. But these particular parts and substructures are neces-
sary for the nanobots to perform flawlessly. Components of Nanorobots include 
power supply, fuel buffer tank, sensors, motors, manipulators, onboard computers, 
pumps, pressure tanks, and structural support. 

14.8.1.1 Nanorobot Substructures 
1. Payload: The region where the nanobot stores and distributes a tiny dose of 

medication or a substance. 
2. A little camera: A tiny camera might be incorporated into the nanorobot. When 

guiding the nanorobot manually through the body, the operator can. 
3. Electrodes: By harnessing the electrolytes in the blood, the electrode attached on 

the nanorobot may create a battery. 
4. Lasers: These lasers have the ability to destroy dangerous substances such as 

cancer cells, blood clots, and arterial plaque. 
5. Generating ultrasonic signals: Use when kidney stones are the target of the 

nanorobots’ attack. 
6. The nanorobot will require a form of propulsion to enter the body because they 

move against the blood flow [52]. 

14.8.1.2 The First-Ever Self-Propelled Nanobots to Deliver 
Nanoparticles 

In a world first, University of California, San Diego researchers have demonstrated 
that man-made, microscopic devices may enter a living thing and deliver their



therapeutic payload without causing any negative side effects. These tiny devices 
have been successfully implanted inside the body of a living mouse using micro-
motor-powered nanobots that are pushed by gas bubbles created by a reaction with 
the contents of the stomach in which they were put [53]. The teeny robots used in the 
study were tubular, 5 mm in diameter, 20 mm long, and zinc-coated. When the 
nanobots were consumed by the mouse and reached the stomach, the hydrogen 
bubbles they produced when the zinc interacted with the hydrochloric acid in the 
digestive secretions propelled them like little rockets. The nanobots moved outside 
into the stomach lining at a speed of up to 60 mm/s, where they were lodged, 
disintegrated, and transported a nanoparticle compound straight into the gut tissue. 
The nanobots that were able to penetrate the stomach walls of the mouse’s stomach 
remained firmly adhered to the lining for a full 12 h after ingestion, according to the 
researchers, proving their effectiveness and durability. Furthermore, once the mouse 
was finally killed and its stomach was dissected and examined, the presence of the 
nanobots showed no signs of elevated toxin levels or tissue damage. The researchers 
said that this was in line with their expectations, especially given that zinc acts as a 
vitamin with many purposes. 
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The self-propelled, nanoparticle-delivering micromachines developed by the 
University of California are the first ones ever made. Although nanobots had 
previously been employed on biological tissue, such as in the elimination of the 
Hepatitis C virus, and other nanobots have been created to be pushed by outside 
forces within a live thing, the University of California micromachines are the first of 
their kind. This aspect, along with the fact that this is the start of a tried-and-true 
approach to administer targeted drug administration, leads the research team to 
conclude that their success thus far justifies additional study. For everyone else, 
this is a fascinating piece of technology that, in the not-too-distant future, may 
contribute to the medical care of people. This research is still in its early stages, 
therefore many more consistently positive tests must be conducted before 
organizations like the US Food and Drug Administration will ever consider approv-
ing its usage in humans. But these initial efforts are crucial for what might someday 
become a regular, focused, and secure replacement for conventional high-dose 
drugs. 

14.8.1.3 Applications of Nanorobotics in Cancer Therapy and Detection 
Nanorobots created with improved detecting capabilities will be able to speed up a 
cancer diagnosis and hence improve the prognosis of the disease because cancer 
survival rates increase with early detection [54]. It is possible to create nanobots with 
integrated chemical sensors to find tumor cells in the body. Integrated communica-
tion technology is now used in proposed designs to create two-way signaling. This 
means that in addition to relaying data they have gathered and responding to acoustic 
signals, nanobots will also receive programming instructions from outside sound 
waves. Through carefully placed nanobots in the body that can log data from active 
nanobots moving through the bloodstream, a straightforward reporting interface 
might be created. In vivo adjustments to the instructions could be made to offer 
active targeting for healing or monitoring [55]. Nanorobots equipped with chemical



sensors can also be used for medical treatment. Therapy can be administered at both 
the primary and metastatic stages of cancer by using specific programming to detect 
various amounts of cancer biomarkers including e-cadherins and beta-catenin. The 
advantage of nanobots is that they may produce focused medical care. Because 
healthy cells are destroyed during current cancer treatments, there are serious side 
effects. Designing nanorobots with chemotactic sensors on their surfaces that corre-
spond to particular antigens on cancer cells can result in targeted treatment. 
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14.8.1.4 Applications of Nanorobotics in Biohazard Defense 
Among other things, nanorobots will be helpful for protecting against biohazards 
and improving the response to epidemic disease. Nanobots using protein-based 
biosensors will be able to transmit real-time information in areas with limited public 
infrastructure and without access to laboratory analysis. This is especially important 
for biomedical surveillance during humanitarian operations to remote or unstable 
countries or areas hit hard by epidemic illness. Additionally, nanorobotics may 
reduce pollution and carry out quarantine screening with success. In the event of 
an influenza pandemic, elevated levels of the alpha-NAGA enzyme in the blood 
might be used as a biomarker for the influenza infection. The larger concentration 
would activate the nanorobot prognostic method, which transmits electromagnetic 
back propagating signals to portable devices like a cell phone. By redistributing the 
information and revealing the location of the sick individual, this would hasten the 
quarantine procedure for contamination. 

14.8.1.5 The New Era of Nanomedicine Is Dominated by Nanobots 
Traditional water-soluble medications can make treatment challenging because they 
don’t absorb well in the sick areas. However, applications of nanomedicine, such as 
diagnostic nanomachines, enable direct access to sick regions by enabling the 
monitoring of the interior chemistry of human organs [55]. Additionally, because 
technologies like nanobots can be fitted with wireless transmitters, doctors have the 
option to alter the treatment plan if a patient’s condition deteriorates. The neurologi-
cal system of a patient could possibly be implanted with nanobots in medicine to 
track heartbeat and brainwave activity. Nanobots can totally replace pacemakers by 
treating the heart’s cells directly, according to scientists. Artificial antibodies, syn-
thetic white blood cells (WBCs) and red blood cells (RBCs), and antiviral nanobots 
are just a few of the possibilities for medical nanobot research [43, 56]. The main 
benefit that nanobots offer is that they are incredibly robust. Due to their small size, 
which prevents mechanical damage, they should theoretically last for years without 
experiencing any problems. Nanobots and nanomedicine have numerous benefits 
[57]. As a result, numerous top businesses are funding research and development in 
this field. Leading businesses’ strategic cooperation has accelerated the market for 
nanomedicine’s expansion. In medicine, there is very little room for error. 

To be more precise, everything must be perfect. Professional physicians have a 
wealth of knowledge and training in a range of procedures and other treatments that 
they may provide to patients. But some medical procedures need such a high degree 
of precision that not even the greatest doctors can do them. Fortunately, our modern



world already has nanorobots and nanomachines. It ensures that patients will get the 
treatment they need. They will thus have the chance to live better and longer lives. 
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14.9 Future Prospects for AI and Nanotechnology in Healthcare 

There are a few methods in which data science may advance healthcare. In theory, 
the integration of AI and nanotechnology into healthcare presents an intriguing 
prospect; however, numerous potential applications remain to be substantiated 
through empirical evidence. The field is frequently referred to as nanomedicine. 
As we have already mentioned, nanobots are still a thing of the future, especially for 
practical applications like medicine. Even while the outlook is positive, there might 
still be problems when these technologies are put to action. Research on nanotech-
nology must show that there won’t be any negative consequences on the patient’s 
health. Only a handful of the harmful compounds and metals used in nanotechnol-
ogy include cadmium, arsenic, and lead [58–60]. 

14.9.1 Smart Drugs 

Although the notion of smart pills is not new, a “pill cam” was approved by the FDA 
in 2001—researchers are developing creative new uses for it. For instance, MIT 
researchers created a wirelessly controllable ingestible sensor pill. The medication 
would function as a “closed-loop monitoring and therapy” solution, altering the 
dosage of a certain medication in accordance with information obtained from the 
body (e.g., gastrointestinal system). The most recent FDA-approved smart pill that 
keeps track of when medication was taken is an illustration of this technology in 
action. The product enables users to track their own medication history using a 
smartphone or to let doctors and caregivers access that information online. It is 
approved for adults with schizophrenia and bipolar disorder. Nanotechnology-based 
therapeutic strategies have recently been used to fight against the coronavirus 
pandemic [61]. 

14.9.2 Personalized Medicine 

Doctors study the human body in medical colleges using their textbooks. Each 
sufferer is unique in actuality. Everyone can have a customized experience thanks 
to nanotechnology. Doctors now have a new set of instruments, whether it be for 
identifying a tumor, administering medication, or transplanting organs. These 
instruments will be equipped with hands, eyes, and a brain thanks to machine 
learning! Even after the procedure, tailored care will be provided through artificial 
intelligence in healthcare. The health of the patient is monitored, and the information 
can be used to enhance the procedure for future clients.
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14.9.3 Limitations with AI-Based Technology 

One of the challenges addressed by AI-based systems is the variety and unpredict-
ability of data sources. Pharmaceutical companies have access to data sets with 
millions of molecules, yet standard ML algorithms are unable to assess these sorts of 
data. Although the computer model built on the quantitative structure-activity 
relationship (QSAR) can predict a wide variety of molecules and removes some 
restrictions, it also has several serious flaws. There are certain downsides, including 
small training sets, erroneous experimental data in training sets, and a lack of 
experimental validation. 

14.10 Conclusion 

Healthcare advancements that would not otherwise be impossible could be made 
possible by nanotechnology. In several medical task domains, for example remote 
surgery, drug delivery, microscopes, and many more, AI has improved clinical 
diagnosis and decision-making performance. How swiftly AI applications 
co-evolve with a healthcare system under severe financial strain while accepting 
swift advancements in molecular and genomic research will decide the influence of 
this performance on the landscape of medical practice, including illness diagnosis 
and treatment. The medical education system will need to prepare clinicians for their 
new duties as information integrators, translators, and patient advocates. Clinicians 
will need to learn how to play these new roles. 

To accomplish so, they will be provided with the means. Because it is yet unclear 
who will ultimately be in charge of, certify, or profit from the use of AI, it is crucial 
to strike a balance between legal protections and market forces that will maximize 
patient benefits. It may be stated that nanotechnology would not become as impor-
tant without data science. Nanotechnology works at the atomic level. As physics’ 
principles vary, data that has to be examined is frequently noisy and imprecise. In 
particular, atomic force microscopy produces pictures that are worthless. The data is 
subsequently filtered by data scientists using computer vision methods. Nanobots 
sound much more fascinating. They are powered by nanosensors and artificial 
intelligence. These tiny devices can treat cancer and provide drugs without 
endangering the patient. Surgeons cannot carry out procedures at the atomic level, 
despite being skilled and accurate. In the future, genetic illnesses may be prevented 
via the application of data science and gene modification. 
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Abstract 

The downsizing of materials has given rise to various effects, particularly the high 
surface area-to-volume ratio combined with other unique tunable properties that 
made nanomaterials appropriate tools for several biomedical applications. By 
improving existing clinically relevant technologies, nanotechnology has signifi-
cantly advanced imaging, early detection, diagnosis, and prognosis of diseases. A 
pressing need for early detection and diagnosis of diseases endlessly drives the 
advancements of imaging modalities and contrast agents. Current challenges 
include fast and detailed imaging of tissue microstructures and lesion 
characterizations that could be achieved via developing nontoxic contrast agents 
with longer circulation time. With the nanoparticles’ unique biophysical 
properties, it is possible to enhance biomedical imaging and manipulate 
nanoparticles for molecular specificity to make a tissue-specific diagnosis. Impor-
tantly, subtle variation in the size or composition of these nanoparticles results in 
abundant changes in their optical, magnetic, or electrical properties that allow the 
unique possibility of tuning them. 
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15.1 Introduction 

Nanoparticles possess unique optical and physic-chemical properties that may 
potentiate applications in biomedicine, particularly in diagnostics, therapy, and 
imaging [1]. Advances in biomolecular diagnostics strategies have greatly focused 
on single molecule detection and characterization of DNA, RNA, or proteins 
through improved nanoparticle-based platforms. Nanoparticles improve analytical 
capability compared to traditional techniques with high resolution and medium-high 
throughput. Several applications have been identified, spanning from monitoring a 
disease or treatment to identifying problem areas in the body (Fig. 15.1). 

Nanomaterials extensively explored for health care diagnostics are mostly either 
purely organic or inorganic materials or a combination of both, i.e., hybrid 
nanomaterials. Organic nanomaterials, including carbon nanotubes, nanocrystals,

Fig. 15.1 Nanomaterials used for imaging and therapeutic purposes



dendrimers, liposomes, micelles, hyper-branched organic polymers, molecularly 
imprinted nanostructures, and polymeric hydrogel nanoparticles, have been largely 
employed as imaging and therapeutic agents [2, 3]. Whereas, inorganic 
nanomaterials, like metallic nanoparticles, quantum dots, superparamagnetic iron 
oxide nanoparticles, and metal oxides, have also gathered great attention for health 
care diagnostics, particularly in biosensing. These materials have been extensively 
used for various molecular imaging techniques, including magnetic resonance imag-
ing (MRI) [4], positron emission tomography, single-photon emission tomography, 
optical imaging, and ultrasound imaging [5–7].
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The unique characteristics of nanomaterials also allow a wide range of diagnostic 
approaches, such as surface modification to obtain more available binding sites for 
immobilized binding receptor molecules and signal enhancement using 
nanoparticle-labeled disease biomarkers to improve sensitivity and specificity of 
the bio-detection assays [8]. Nanoparticles are the key players of next-generation 
multimodal technologies as they provide abundant surface area for functionalization 
and surface ligands to facilitate site-specific localization and stimuli-responsive 
behavior. Nanomaterials have been expanding the current situation of molecular 
diagnostics, point-of-care diagnosis, disease care with therapeutics, and personalized 
medicine. Integrating biomarker discovery into the nanodevices and allowing the 
combination and modifications of nanomaterials have significantly improved the 
clinical and research-based applications for cancer, cardiovascular, infectious, and 
neurological diseases in recent years. Moreover, Moreover, nanomaterials allow 
mass production with enhanced functionality, significantly lower costs, and 
environment-friendly manufacturing processes to improve healthcare [9]. The fur-
ther engineered nanomaterials, in combination with the current developments, will 
spectacularly impact healthcare diagnostics and result in synergetic medical 
solutions [10]. This chapter focusses on the recent applications of nanoparticles in 
enhancing the bioimaging and diagnostics in clinical settings (Fig. 15.2). 

15.2 Nanoparticles for Magnetic Resonance Imaging (MRI) 

MRI is a routinely used non-invasive imaging technology that works on the principle 
of nuclear magnetic resonance (NMR) [12]. MRI employs contrast agents to acquire 
images by highlighting areas of interest based on contrast uptake. The MRI signals 
are generated by the protons of the water molecules, while the image contrast is 
produced by the differences in the intensity of this signal among different tissues 
depending on the concentration, relaxation times (T1 and T2), and mobility of the 
water molecules within each tissue [13]. Gd(III)-based T1 contrast agents (GBCAs) 
have been extensively used for a long time; however, increasing reports on events of 
nephrotoxicity of these have forced scientists to look for alternatives [14]. Recent 
developments in the use of nanoparticles have designated them as better contrast 
agents for MRI and radiotherapy [15]. The large surface-area-to-volume ratio of 
nanoparticles enhances their interaction rates giving better biological effectiveness 
of the radiation dose. Additionally, the single-domain magnetization of some



nanoparticles enhances spin interactions with 1 H in surrounding water molecules, 
enhancing MRI contrast [16]. There are several varieties of nanoparticles in various 
stages of preclinical development, however, regulatory agencies have approved only 
a few for clinical use, thus demonstrating the challenge of clinical translation [17]. 
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Fig. 15.2 Magnetic nanoparticles in diagnostics [11] 

Iron oxide nanoparticles (IONPs)-based contrast agents are being widely used for 
T2-weighted magnetic resonance imaging (MRI) in clinical diagnosis due to their 
high biocompatibility and excellent magnetic properties [1]. Control of the size of 
the IOPNPs in the 1–100 nm range results in controlled magnetic properties ranging 
from paramagnetic to ferrimagnetic, thereby significantly improving their clinical 
performance and application as a T1 or T2 contrast agents. Moreover, the ease of 
functionalization of IONPs surfaces with different types of ligands such as 
antibodies, peptides, sugars, etc. have made carrying out more specific molecular 
MRI possible. Also, IONPs functionalized with few epithelial growth factor receptor 
antibodies have been projected for the diagnosis of various types of cancer, includ-
ing breast, stomach, colon, kidney, liver or brain cancer [18, 19]. IONPs can 
effectively accumulate in tumors due to the Enhanced Permeability and Retention 
effect [20]. Efremova et al. developed IONPs for targeted breast cancer diagnosis in 
a heterotopic model, wherein IONPs accumulated passively inside the tumor 24 h 
post intravenous injection using T2-weighted MR images [21]. Similar studies have 
been conducted using orthotopic models of breast cancer, pancreatic cancer, and 
glioblastoma multiforme (GBM). Kucharzyk et al. developed IONPS composite 
made with three different bioengineered spider silks functionalized with the adhe-
sion peptides carrying a positive or negative charge [22]. When subjected to the 
alternating magnetic field, these particles generated 2.5 times higher heat causing an 
almost three times higher percentage of apoptosis in cancer cells than the control 
particles. Quiet recently Norouzi et al. synthesized biocompatible magnetic iron



oxide nanoparticles (IONPs) stabilized with trimethoxysilylpropyl-ethylenediamine 
triacetic acid (EDT) were developed as a carrier of Doxorubicin for glioblastoma 
multiforme chemotherapy [23]. The combination not only helped to overcome the 
blood–brain barrier and multidrug resistance of glioma cells but also provided site-
specific magnetic targeting. 
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In addition to cancer diagnosis, different types of IONPs are being employed for 
other clinical applications, such as the detection of brain inflammation or the early 
diagnosis of thrombosis [24, 25]. Furthermore, it was seen that zwitterion-coated 
superparamagnetic IONPs (3 nm core/1 nm shell) show considerable contrast 
enhancement compared to the clinical dose of GBCAs in T1-weighted MRI imaging 
and angiography in murine models as effective renal clearance [26]. Suzuki et al. 
invented a fucoidan-coated USPIONs to visualize by MRI arterial thrombi in the 
early stage of the disease [27]. Highlighting the efficacy of IONPs as drug delivery 
system, Hussein-Al-Ali et al. developed IONPs having a chitosan shell that 
encapsulated chlorambucil as an anti-cancer drug for the targeted delivery to leuke-
mia cancer cells [28]. In a similar work, Ebadi et al. formulated polymer-coated 
IONPs for the targeted delivery of a liver anti-cancer drug, sorafenib, showing 
positive results [29]. In combination with MRI, IONPs have also been used in 
many other in vivo applications, such as imaging of activated microglia during 
brain inflammation [30], tracking of stem cells [31], image-guided treatment of 
anemia using bacteria loaded with IONPs [32], or to carry out vascular imaging [33]. 

Despite all these advances, very little clinical translation has been achieved. The 
main reasons behind this relative failure are likely related to the lack of comprehen-
sive toxicity assays and preclinical imaging studies using appropriate animal models 
(Fig. 15.3). 

Fig. 15.3 Influence of magnetic nanoparticle size and coating on cellular uptake for in vitro MRI 
[34]
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15.3 Nanoparticles CT Imaging 

In clinical practice, CT is one of the most commonly used non-invasive imaging 
modalities because of its high spatial resolution, wide availability, and rapid acqui-
sition of images [35]. It uses the interaction of X-ray with the body or contrast agent. 
X-ray attenuation is related to a material’s atomic number, so higher Z elements such 
as Ba or I-based CT contrast agents are used clinically. Besides suffering from poor 
contrast generation at high voltages, these contrast agents also suffer from rapid 
clearance and toxicity issues. 

Using nano-sized iodinated contrast agents such as micellar, polymeric, and 
liposomal contrast agents in CT can now overcome current limitations. Gold 
nanomaterials such as spheres, rods, shells, and cages have also been studied 
because of their excellent biocompatibility and facile synthesis [36, 37]. Since the 
gold nanoparticles have K-edge energy level of 80.7 keV, they exhibit better CT 
contrast effect than iodine-based contrast agents with quite low energy levels 
[38, 39]. Depending on the particle size and crystal structure, there are two types 
of gold nanoparticles, clusters, and colloidal particles and their size can be tuned to 
around 1–2 nm level [40]. Their ultrasmall size is the key to their clinical translations 
to avoid unnecessary retention in the body and subsequent toxicity. Advancing 
surface chemistry and nanotechnology have enabled gold nanoparticles to be devel-
oped as radiosensitizers [41]. PEG or zwitterions stabilized AuNPs display remark-
able circulation in vivo and show high tumor accumulation thanks to their enhanced 
permeability and retention (EPR). To further enhance gold nanoparticles’ accumu-
lation and tumor targeting specificity, active targeting ligands for multiple tumor 
biomarkers such as anti-Her2 antibodies (Herceptin) [42], folic acid [43], and RG 
[44] have been conjugated to gold nanoparticles to construct active tumor targeting 
CT contrast agents. Due to long retention time of gold nanoparticles, efforts have 
been shifted to developing ultrasmall gold nanoclusters, which display tumor con-
trast and good renal clearance. In recent work, Basilion and colleagues have shown 
that PSMA-targeted gold nanoclusters have excellent renal clearance with 14% ID/g 
Au excreted in urine 24 h after injection, and two times less liver retention than gold 
nanoparticles, according to ICP and CT imaging [45]. Polyethylene glycol (PEG) is 
a polymer widely used to stabilize gold nanoparticles and render them biocompatible 
[46]. Kim et al. recently functionalized gold nanoparticles (approximately 30 nm in 
diameter) with PEG to extend their lifetime in the bloodstream and found that the 
attenuation of PEG–GNPs is 5.7 times higher than that of the current iodine-based 
CT contrast agent, Ultravist and had a much longer blood circulation time (4 h) than 
Ultravist (10 min) [47]. 

Contrast agents such as radiolabeled gold nanoparticles that facilitate multimodal 
imaging capabilities like PET/CT or single-photon emission computed tomography 
(SPECT)/CT have garnered more interest owing to enhanced contrast generated 
from orthogonal imaging methods. Gold nanoparticles coated with dendrimer 
(labeled with 99m Tc) shows improved imaging capability due to high sensitivity 
SPECT imaging that enhances the information from CT imaging (54). Recently, Zhu 
et al. constructed functional technetium-99m (99m Tc) labeled polyethyleneimine



(PEI)-entrapped gold nanoparticles (Au PENs) with pH-responsive charge conver-
sion property for enhanced single-photon emission computed tomography (SPECT)/ 
computed tomography (CT) dual mode imaging of cancer cells [48]. Although 
several studies using AuNPs for cancer imaging or therapy did not exhibit significant 
toxicity, the long-term effect of AuNPs in the body is still uncertain, and few studies 
have investigated a prolonged time for toxicity and renal clearance. Moreover, the 
cost associated with the gold nanoparticles also restricts their efficient translation. 
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Micelles and lipoproteins are another micelle-related class of nanoparticles that 
have notably been adapted as CT contrast agents. et al. doxorubicin loaded An 
amphiphilic copolymer poly(-caprolactone)-ss-poly(2-(dimethylamino) ethyl 
methacrylate), PCLSS-PDMAEMA [49]. The drug-loaded gold nanoparticle 
micelles possessed better in vitro CT imaging properties than the conventional 
contrast agent, Omnipaque, serving as a promising “theragnostic platform” for 
efficient cancer thermotherapy and diagnosis. Similarly, Torchilin described a 
method to prepare polymeric iodine-containing PEG-based micelles giving a long-
circulating blood pool imaging agent for CT. 

Falling into the class of metallic nanoparticles, Bismuth (Bi) is another suitable 
candidate for an X-ray contrast agent due to its high atomic number, high density, 
and good X-ray attenuation (absorption kedge = 90.5 keV). Moreover, the 
photocatalysis and photothermal properties of the Bi also enable it to be used as a 
multimodal contrast agent. Tungsten, tantalum, ytterbium, gadolinium, silver, iron, 
platinum, and copper are a few other nanoparticles that are being investigated for 
their potential in CT and SPECT. Such metallic nanoparticles provide targeted and 
dual/multipurpose contrast enhancement properties and therapeutic effects. Research 
has shown that they have strong potential to be able to take place at the market; 
however, more research is needed to shed light to the clinical potential of metallic 
nanoparticles keeping in mind the factor of long-term toxicity. 

15.4 Nanoparticles for Ultrasound Imaging and Therapies 

Compared to other imaging methods, ultrasound imaging also known as ultrasonog-
raphy (US, is frequently used in clinical imaging due to its inherent merits, such as its 
wide adaptability, availability, non-radioactivity, non-invasive nature, and real-time 
monitoring. Microbubbles are the most widely used US contrast agents, as they 
appear bright on US images because of their high compression and strong scattering 
[50]. However, conventional microbubbles are not only too large to exit the vascu-
lature but also suffer from low stability. Nanoparticles have appeared as useful tools 
for wide application in the US and can be applied for extravascular ultrasonic 
imaging or therapeutic purposes by incorporating multimodal agents. US imaging 
can direct the US therapeutic process and monitor the efficiency of therapy for 
cancer and many other serious diseases. US possesses important physicochemical 
properties for other therapeutic applications, such as sonodynamic therapy (SDT) 
[51], high-intensity focused US (HIFU) [52], US-triggered drug release [53] and



US-enhanced gene transfection [54] Therefore, nanoparticle-based US imaging and 
therapeutic modalities have been extensively used in the clinical settings. 
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Gas stabilizing nanoparticles (GSNs) are a distinct class of ultrasound responsive 
materials that gained a lot of popularity specially for US imaging and therapy of 
cancer [12]. They are engineered to form gas pockets either on their surface or within 
hydrophobic cavities, which can function as heterogeneous nucleation sites to 
produce micron-sized cavitating bubbles under ultrasound irradiation [55]. Their 
fluorocarbon-free nature and size as small as <50 nm ensures excellent signal 
stability in ambient storage for months and after intravenous injection for several 
days [56]. Additionally, GSNs, when administered either solely or in combination 
with a sonosensitizer have shown promising outcomes in sonodynamic therapy 
[57]. Researchers also have a proven record in localized drug delivery applications 
using external ultrasound pulses however, their role in HIFU is still limited due to the 
requirement of HIFU activation pulses, which complicates the ultrasound imaging 
system and brings safety issues [58]. 

Another class of nanomaterials that garnered much interest for US were 
Mesoporous Silica Nanoparticles (MSNs), made of silica with a porous structure 
that allows the introduction of therapeutic agents in their network of cavities. Earlier 
efforts to encapsulate perfluoropentane (PFP), within a hollow silica shell consider-
ably increased the US image contrast and imaging lifetime and exhibited targeting 
ability after modification with targeting small molecules in vitro (breast tissue from 
mastectomy) [59]. Moreover, Chen et al. designed exosome-like silica nanoparticles 
that differed significantly from other silica structures used for US imaging in vitro 
[60] while Janus porous silicon NPs designed by Tamarov et al. generated 
microbubbles under US radiation and prolonged the blood circulation time 
[61]. Multiwalled carbon nanotubes that have been functionalized for high compati-
bility were found to provide enhanced and long-lasting imaging without toxicity, 
demonstrating their potential as US contrast imaging agents with a wide range of 
frequencies. Additionally, ex vivo and in vivo studies conducted using calcium 
carbonate (CaCO3) hybrid nanoparticles loaded with doxorubicin (DOX-CaCO3-
MNPs) exhibited simultaneous tumor-specific US imaging and effective antitumor 
therapeutic function [62]. 

Apart from these, few organic NPs have also shown promising results in US 
based imaging and therapeutics. Li et al. outlined the applications of Perfluorooctyl 
Bromide nanoparticles NPs for enhanced US contrast imaging and drug delivery 
[63]. They showed that PFOB NPs coated with lipids were useful for drug delivery 
while PFOB NPs coated with polymers were more fit for US contrast imaging. 
Moreover, PFP/PLGA-PEG-folic acid NPs have been designed for targeted US 
imaging by phase shift induced by low-intensity focused US irradiation.



15 Nanomaterials in Bioimaging and Diagnostics 319

15.5 Nanoparticles for Multimodal Imaging 

Over the years it has been realized that no single imaging technique can offer the 
optimum combination of properties (e.g., resolution, sensitivity, cost, availability), 
thus efforts to combine modality or multimodal imaging are rapidly growing and so 
is the requirement for advanced and specific multimodal imaging agents. The large 
surface areas of nanoparticles make them ideal for these applications since different 
modality reporters and targeting vectors can be incorporated to alter localization 
properties. Multimodal imaging with an optical contrast agent coupled to MRI or 
PET/SPECT has been heavily explored to improve imaging resolution and diagnosis 
sensitivity. Radioisotope/MR imaging agents are typically designed by beginning 
with a magnetic nanoparticle core and then either attaching radioactive isotopes to 
the surface or incorporating them into the core. Voulgari et al. created a poly 
(methacrylic acid)-graft poly (ethylene glycol) copolymer-derived iron oxide nano-
particle system for cisplatin delivery to tumors that outperformed free cisplatin 
in vivo, especially in the presence of an external magnetic field [64]. 

In a recent report, photo uncaging nanoparticles (PUNPs) with CdSe/ZnS QDs 
and SPIONs enabled the combination of NIR fluorescence imaging with MRI and 
were successfully used for in vitro and in vivo imaging. UNPs and QDs exhibit 
excellent fluorescence signal after injection, whereas SPIONs exhibit excellent MRI 
contrast. In another case, combining Gd-DTPA with Ag2Se QDs enabled 
T1-weighted MRI and fluorescence imaging with high tissue penetration and excel-
lent temporal and spatial resolution. There are also many progresses in the combina-
tion of optical imaging with radioisotopes, The Cornell Dots being the prime 
example. Developed in 2014 and still under clinical trials, these agents combine 
targeting peptides, radioisotopes, and an optical dye (cyanine 5 dye) into a silica 
nanoparticle. A PET/NIR dual-modality imaging system was developed by doping 
Cu to gold nanoclusters to form a self-illuminating imaging agent that allowed 
successful imaging of tumor without a need for external excitation. Interestingly, it 
has been seen that a combination of optical with MRI contrast agents overcomes the 
low sensitivity of MRI and allows the collection of real-time information during 
in vitro assessment, allowing for rapid screening and identification of key 
characteristics for iterative design. Very recently, a precision delivery strategy 
using the magnetic targeting and ultrasound-triggered release were designed. This 
multifunctional nano-system with responsiveness to the magnetic field and ultra-
sound by synergizing different functions of its components was used for targeted and 
controlled delivery of thrombolytic drugs. 

Another interesting study carried out by Chen et al. described nano-agents for 
trimodal imaging of ischemic myocardium in rats [65]. The team prepared a targeted 
nanoprobe (IMTP-Fe3O4-PFH NPs) with enhanced ultrasound (US), photoacoustic 
(PA), and magnetic resonance (MR) performance for direct and non-invasive visual 
imaging of ischemic myocardium in a rat model. Post-injection of NPs through the 
tail vein of model rats, in vivo imaging results, showed a significantly enhanced 
US/PA/MR signal. Despite such advances, the increased nanoparticle complexity



significantly limits potential clinical translation and must be improved in quality and 
efficiency to allow successful translation to clinical imaging and diagnostics. 
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15.6 Nanotechnology-Assisted Cell Tracking 

Long-term, continuous in vivo cell tracking can provide detailed knowledge about 
cellular functions and medicinal treatments. Numerous biomedical imaging methods 
have been investigated for these applications, from the bench to the bedside, 
including positron emission tomography (PET), single-photon emission computed 
tomography (SPECT), magnetic resonance imaging (MRI), magnetic particle imag-
ing (MPI), photoacoustic (PA) imaging, and fluorescence imaging. As a result, 
translational research must develop adaptable contrast agents as long-term cell 
trackers to observe the target for at least a few weeks. Direct and indirect labeling 
are now the two main categories of cell labeling techniques used. Each tactic has 
benefits and drawbacks of its own. Generally speaking, the direct labeling method 
has the benefits of simple preparation, high labeling effectiveness, and wide avail-
ability of exogenous contrast agents, whereas the indirect labeling method, which 
involves genetic change, can enable persistent cell tagging. Among them, biolumi-
nescence is the most common and well-suited indirect labeling technology, a natural 
light source based on the oxidation of its luciferin substrate by the enzyme luciferase. 

Nonetheless, bioluminescence imaging technology still faces a lot of obstacles 
and restrictions. For instance, unstable bioluminescence experiences signal degrada-
tion, and the imaging process needs a highly sensitive CCD lens. Their slow progress 
in translational research is further hampered by their weak signals, which require 
repeated luciferin injections, long detection times, expensive costs, and the possibil-
ity that transgenic markers will affect cells, genes, or antibodies. 

Direct cell labeling with inorganic NPs designed with several tracers has drawn 
more interest in the last decade for enhancing the monitoring and imaging of tissue 
and/or organ regeneration. The multi-labeling approach, also known as the employ-
ment of a combination of two or more chemical elements to be tracked using various 
imaging techniques, does in fact provide a way to go around a particular technique’s 
limitations in terms of imaging detection. Examples include inorganic gold NPs with 
red-emitting firefly luciferase (RfLuc)-based bioluminescence (BL) tags and inor-
ganic NPs with gold and gadolinium elements that have been created for the 
non-invasive labeling and tracking of human mesenchymal stem cells (hMSCs) in 
a mouse model of pulmonary disease. To assess the in vivo migration, homing, 
functions, and survival of transplanted hMSCs and gain a better understanding of 
pulmonary fibrosis therapy, multimodal imaging with CT, MRI, and BL was suc-
cessfully utilized [66, 67]. 

A wide range of research interests has been sparked by the investigation of 
exogenous contrast agents, such as nanoparticle (NP)-based cell trackers, for 
biological and/or preclinical investigation. Clinical studies evaluated numerous 
nanoparticles, including superparamagnetic iron oxide NPs (SPIONs), carbon NPs, 
silver NPs, and CdS/ZnS quantum dots [68]. Phase 4 clinical studies for central



venous catheters based on silver nanoparticles (NPs) and SPIONs for MRI-guiding 
pancreatic cancer and catheter-related infections have been completed. This suggests 
the preclinical investigation and development of NP-based trackers or medicines is 
crucial. 
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For a variety of reasons, the use of artificial nanoparticles in biological research 
has grown significantly during the past 5 years. Unique physical, chemical, and 
optical properties have been found at the nanoscale scale. In order to accurately 
regulate the size and shape of nanoparticles in order to modify their absorption and 
emission properties, new synthetic techniques have been devised. The high surface-
to-volume ratio of nanoparticles has been used in conjunction with surface modifi-
cation, or “biofunctionalization,” to enable multivalent ligand binding to target 
biomolecules.113 The molecular targeting of nanoparticle beacons is now enabling 
a wide range of scientific applications. 

Bioluminescence imaging, which enables in vivo cell tracking together with 
precise anatomical knowledge of specific organs, is not as spatially precise as 
magnetic resonance imaging (MRI), which has a spatial resolution of 50 μm. In 
vivo cell tracking has shown encouraging results using iron oxide nanoparticles 
(IONs), gadolinium (Gd)-based nanoparticles, manganese (Mn)-based 
nanoparticles, F-based nanoparticles, and SPIONs as MRI contrast agents. High 
spatial resolution, desirable penetration depth, strong biocompatibility, efficacy, and 
non-ionizing radiation are all characteristics of these contrast agents. 

Mesenchymal stem cells (MSCs) generated from mouse bone marrow were 
recently tagged by Ashraf et al. using SPIONs enclosed in polyelectrolyte 
multilayers. The encapsulated SPIONs worked well as a labeling agent for stem 
cells at a low feeding concentration (100 g Fe mL-1 ) since they had a two-fold 
higher absorption efficiency of Fe than those labeled with naked SPIONs [69]. Rivas 
et al. modified polyacrylic acid (PAA)-coated ultrasmall iron oxide nanoparticles 
(USPIO-PAA-GlcN) with glucosamine to improve cellular absorption and biocom-
patibility, whereas PAA-coated SPIONs (SPIONs-PAA) and PAA-coated USPIONs 
(USPIONs-PAA) were utilized for comparison. Due to their severe aggregation 
behavior in cell culture media, the SPIONs-PAA were only detected in some cells 
with non-uniform distribution after incubation with MSCs [70]. 

In a recent study, Daldrup-Link et al. used matrix-associated stem cell implants 
(MASIs) tagged with ferumoxytol to predict cartilage repair results with MRI in a 
minipig model. Compared to unlabeled MASIs, the ferumoxytol-labeled MASIs had 
significantly shorter T2 times (22.2 ms 3.2 vs. 27.9 ms 1.8; P = 0.001). After 
transplanting it into cartilage defects, this made it easier to image the MASI. 
Additionally, due to the quick loss of iron after cell death, ferumoxytol-labeled 
apoptotic MASIs had a longer T2 relaxation duration than labeled live MASIs 
2 weeks after implantation (26.6 ms 4.9 vs. 20.8 ms 5.3; P = 0.001) [71]. 

Metallic nanoparticles have tremendous potential as X-ray contrast imaging 
agents because of their strong X-ray absorption and low toxicity profiles that have 
been reported in animals for brief periods. Due to their possible biocompatibility, 
low short-term toxicity, high absorption coefficient, and higher physical density 
compared to iodine (gold 79(Z), 5.16 cm2 /g, 19.32 g/cm3 ; iodine 53(Z), 1.94 cm2 /g,



4.9 g/cm3 ), gold nanoparticles have attracted much attention. As a result, there is a 
high demand for the safe synthesis of these nanoparticles to allay worries about 
potential toxicity brought on by reducing agents and reaction conditions [72]. 
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Paclitaxel (PTX)-loaded human serum albumin (HSA) nanoparticles are sold 
under the brand name “Abraxane,” and it has been clinically proven to be effective 
in treating cancer [73]. To increase the biocompatibility of some therapeutic 
medications, HSA is typically used to encapsulate them [74]. For cancer imaging 
and therapy, Wang et al. (2016) [71] created a targeted agent using PTX and 
AIEgens. Theranostic nanoplatforms had the following four components: AIEgens 
coupled to HSA for imaging, HSA modified by cyclic arginine-glycine-aspartic acid 
(cRGD) for specific recognition, HSA functionalized polypyrrole (PPy) for 
thermotherapy, and PTX acting as a chemotherapeutic agent and mediating protein 
synthesis are some examples of HSA-modified HSA. First, by putting AIEgens into 
a hydrophobic pocket of HSA, which gave AIEgens a high fluorescence, 
HSA-AIEgens were created. Interestingly, the final product displayed significant 
fluorescence intensity even after conjugation with quencher-PPy thanks to the 
exceptional properties of AIEgens. The imaging capabilities of the AIR genes-
based nanoplatforms were then examined to determine the effectiveness of tumor 
treatment in mice. The mice’s entire bodies had AIEgens fluorescence after receiving 
an intravenous injection for almost 1 h; this fluorescence was connected to the high 
levels of NPs in the blood. The nano-agent then demonstrated greater accumulation 
in tumors and improved fluorescence vs. time, demonstrating its capacity to target 
tumors precisely. Additionally, 48 h after injection, the nano-agent’s fluorescence in 
mice was still robust, demonstrating AIEgens’ high bioimaging capability and 
exceptional in vivo retention. 

In vivo fluorescence imaging increasingly uses quantum dots as fluorophores. 
Fluorescence imaging provides a number of benefits over other imaging modalities 
since it is non-invasive, has good sensitivity, and uses widely accessible and 
reasonably priced equipment [75]. Its depth of tissue penetration is constrained by 
its optical nature. Numerous in vivo investigations have confirmed the effectiveness 
of QDs. In the lungs of mice, CdSe/Zns QDs coated with PEG and a lung-targeting 
peptide have been shown to accumulate significantly [76]. 

15.7 Conclusion and Future Prospects 

For biomedical imaging, the design and development of thoroughly validated 
nanoparticle-based contrast agents necessitate a variety of skills in fields like radiol-
ogy, engineering, and chemistry. To realize products, this multidisciplinary research 
strategy must be continued. To be selective to receptors, nanoparticle-based contrast 
agents will need knowledge of target identification, colloidal chemistry, biochemis-
try, analysis, and stability. The process of formulating a biomedical imaging agent 
may be similar to that used to create novel therapeutic medications, but there will be 
additional difficulties in addressing colloid stability and the stability of conjugated 
ligands. As they enter the clinic, nanoparticle contrast agents will face difficulties in



repeatable large-scale manufacture with a good value-to-cost ratio. Publications, for 
instance, frequently highlight a contrast agent’s fivefold increases in tumor selectiv-
ity without mentioning its ten-fold increase in liver concentration. When possible, 
rudimentary toxicity testing using blood samples should be incorporated into in vivo 
research because they are typically relatively straightforward. 
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The potential for nanoparticle application in biological imaging is apparent. In 
order to combat non-specific organ absorption and RES, synthesis methodologies 
should continue to generate nontoxic, biocompatible, and biodegradable 
nanoparticles. The dosages of nanoparticles could be reduced to enhance imaging 
performance by raising the contrast-to-noise ratio, directing the agent to tissues of 
interest, or enhancing instrument sensitivity to increase the possibility of translation 
into the clinic. 
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Abstract 

Nanotechnology has advanced, and several methods of creating nanomaterials 
have been created. Among them, bioinspired or biomimetic nanoplatforms have 
been employed for a variety of biomedical purposes. Bioinspiration is the creation 
of new materials, devices, and structures that are inspired by biological evolution 
and refinement over millions of years. The goal is to improve biological system 
modeling and simulation in order to gain a better understanding of nature’s 
critical structural features, such as a wing, for use in future bioinspired designs. 
Bioinspiration differs from biomimicry in that the latter seeks to precisely repli-
cate biological material designs. Bioinspired research is a return to science’s 
classical roots: it is a field that focuses on observing the remarkable functions 
that distinguish living organisms and attempting to abstract and imitate those 
functions. By combining science and nature, it is possible to produce a wide 
variety of new materials with amazing qualities by taking the best traits from 
natural species. In addition to 2D nanomaterials remarkable qualities, bioinspired 
2D nanomaterials and technologies have produced important advancements.
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Bioinspired nanomaterials and nanostructures have received significant attention 
from the domains of biology and medicine. This chapter gives a broad review of 
the creation of bioinspired nanomaterials and nanostructures, as well as the 
applications of these materials in organ chips, DNA nanorobots, immune cell 
adhesion, smart nanochannels, and bioinspired mineralization. Finally, the possi-
bility of biologically inspired nanomaterials and nanostructures is examined.
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16.1 Introduction 

The creation of new technologies using concepts distilled from the study of 
biological systems is known as biomimetics. A flow of ideas from the biological 
sciences into engineering gives rise to “biomimetic technologies,” which take the 
advantage of natural selection’s millions of years of design work in living systems 
[1]. A crucial aspect of biomimicry or bioinspiration is taking inspiration from 
nature’s designed principles. This involves developing incredibly complex engineer-
ing models at various length scales and using the wealth of knowledge to solve some 
of humanity’s most serious issues [2]. When you take into account the variety of 
functions that natural materials and systems have evolved to carry out, such as 
structural support, signal transduction, actuation, sensing, catalysis, trafficking, 
gating, light-harvesting, charge transfer, molecular recognition, self-assembly, self-
organization, self-replication, or combinations of two or more of these functions, 
you can see that nature’s “solution manual” is quite comprehensive. As a class of 
simple-to-use biomaterials, bioinspired nanomaterials have proven to be effective in 
addressing a variety of biomedical problems by serving as adaptable instruments for 
biosensing, bioimaging, bio-catalysis, antibacterial treatment, and biotherapy 
[3]. The surface of the functional nanomaterial can be subjected to a variety of 
chemical modifications or biological interactions, enabling it to recognize a particu-
lar spot in complicated surroundings both in vitro and in vivo. Unlike many 
biological systems, which demand a very unique lock-and-key technique for molec-
ular interaction, surface engineering offers a new way to make specificity of 
bio-functional nanomaterials [4]. The attachment of biological molecules, such as 
proteins, antibodies, and nucleic acids, to the surface of nanomaterials is a crucial 
prerequisite for ensuring the biosafety of such materials. An advanced 
nanomaterial’s key characteristics are its low toxicity, excellent biocompatibility, 
and distinctive stimuli responses including light, electricity, and magnetism, which 
broaden its range of bio-applications [5]. 

Recently, bioinspired nanoparticles with improved surface bio-physicochemical 
characteristics have been produced using nanotechnology and biomimetic 
techniques for drug delivery and vaccine development. These biomimetic 
nanoparticles have a number of advantages over conventional nanomaterials,



including their diversity, adaptability, and reproducibility as well as their usefulness, 
complexity, and biocompatibility [6]. Biologically inspired nanoparticles can per-
form well inefficient nano-therapies or nano-vaccines for infectious diseases because 
of their inherent activity. 
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This chapter reviews the creation of bioinspired nanomaterials and divides them 
into two subclasses: bio-templates and bio-mimics. By taking cues from nature’s 
extraordinary finesse, scientists have begun developing nanomaterials with a range 
of biological uses. The primary factor in the extraordinary functionalities of these 
bioinspired nanomaterials is the fact that the human biological system is made up of 
nanoscale self-assemblies of biological components. Over the past few decades, 
tremendous progress has been made in the creation of biomimicry and bioinspired 
materials, including nanomaterials for tissue engineering and orthopedic implants, 
smart robots, and a new class of materials that mimic the capacity of living things to 
adapt and self-regulate [7]. 

16.2 Bioinspired Nanovesicles 

Lipid-based nanovesicles have been extensively exploited as significant drug deliv-
ery carriers in the field of nanomedicine due to their superior biocompatibility and 
sample preparation techniques. Two lipids make up the exterior layer of 
nanovesicles, while an aqueous cavity fills the inside. The first described lipid 
nanovesicle was a liposome, which has been utilized to carry medications and 
genes [8]. An innovative class of drug delivery vehicles is comprised of bioinspired 
nanovesicles, which also include biomimetics and cell-derived nanovesicles 
[9]. Exosomes are fused to form these vesicles after whole cells are extruded, 
followed by the creation of nanoparticles coated with cell-derived membranes. As 
a result, there is little chance of an immunological reaction and a high loading 
capacity is guaranteed. They can also be employed for gene delivery, immunother-
apy, tumor targeting, and medication delivery because of their great 
biocompatibility. 

16.2.1 Extracellular Vesicles 

Extracellular vesicles, a variety of substances produced by cells, are crucial for cell-
to-cell communication. The smallest extracellular vesicles are exosomes, which have 
a size range of 50–150 nm. Because they may be transferred from one place to 
another, they are utilized as medicine delivery agents. In some circumstances, they 
are also used as diagnostic markers. It is occasionally challenging to employ it as the 
only drug delivery method, nevertheless, because of difficulties that many 
researchers confront, such as poor loading capacity and getting a smaller number 
of exosomes under normal circumstances. Therefore, bioinspired exosomes come 
into play as an alternative to naturally generated exosomes, and they have already 
been cited as an effective treatment for a number of conditions [10].
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16.2.2 Exosomes 

Exosomes produced by many cell types, including immune cells and mesenchymal 
stem cells (MSCs) under particular circumstances, have been found to have various 
therapeutic effects [11]. The major histocompatibility complex on the heads of 
exosomes generated from B cells triggers T-cell reactions. This implies that 
exosomes may be employed as an immunomodulatory agent, as shown by exosomes 
originating from dendritic cells (DC) that were combined with tumor antigens, 
inducing immune responses and reducing the survival of established tumors. 
Exosomes are employed for immunotherapy and immunomodulation, as well as 
loading cargo and displaying antigens on their surfaces. For example, melanoma 
(skin cancer)-derived exosomes from mouse models loaded with immunomodula-
tory CpG DNA exhibited antigens on their surface that were more successful in 
eliminating tumors than either exosomes or DNA alone. Bovine milk is employed in 
the cost-effective and large-scale manufacturing of exosomes via bioinspired syn-
thesis. When xenograft mice with A549 lung cancer were treated with aferin A 
(WFA) three times per week, anticancer activity enhanced. When compared to 
non-targeted exosomes (50%), exosomes treated with the ligand folic acid 
(FA) showed a 74% anticancer impact. Other organizations were also effective in 
loading medications into milk-derived exosomes for oral delivery, such as 
anthocyanidins and paclitaxel [12]. 

16.3 Wound Healing Dressing Mat with a Bioinspired Design 

Wound therapy is complicated since some conditions, such as diabetes and cardio-
vascular disease, aggravate the condition. Site dressing is vital in the healing process 
because it mimics ECM, adheres to the site, and eventually migrates to the wound, 
aiding in the healing and skin regeneration process. Polycaprolactone (PCL) has 
been widely employed in wound healing due to its strong biocompatibility, biode-
gradability, and simplicity of availability. It may be combined with other polymers 
to increase its mechanical qualities and tissue regeneration capabilities 
[13]. Electrospinning was utilized in this study to construct biodegradable and 
ecologically friendly polyhydroxy butyrate/poly-3-caprolactone (PHB/PCL) mats 
that imitate the extracellular matrix (ECM) and give structural and biochemical 
evidence for tissue regeneration [14]. The aforementioned mats were changed by 
melanin-TiO2 nanostructures, which were inspired by the natural component mela-
nin, which is frequently employed as an antimicrobial agent. The antibacterial 
activity of these coated mats was substantial against both gram-positive and gram-
negative bacteria strains. They demonstrated high water retention, hydrophilicity, 
and in vitro activity, all of which indicated contact and attachment [15].
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16.4 Carbon Dots/Biodots Inspired by Nature 

Quantum dots have been widely employed in the biomedical area as a potent carrier 
due to their optical qualities dependent on their size. One of the green chemistry 
approaches for producing fluorescent carbon quantum dots (C-dots) on a large scale 
using waste material and natural resources as carbon starting materials (such as 
orange, ginger, and sugarcane juice) is the hydrothermal approach. The preparation 
methods are challenging, time-consuming, and have low reproducibility. Water-
melon peel, milk, lignin, sugarcane juice, coffee grounds, chicken eggs, food scraps, 
bananas, hair, ginger, onion scraps, honey, bread, candle soot, chitosan, and gelatine 
have also been used as carbon sources [16–19]. Because citrus limetta juice has a lot 
of sugar as a carbohydrate, which is the beginning point for C-dot manufacturing, 
Asiya F. Shaikh employed a hydrothermal method to quickly create C-dots that are 
extremely luminous. In vitro activity, investigations have shown that they have anti-
adhesion and anti-biofilm formation abilities against Candida albicans growing on 
polystyrene surfaces. In summary, this innovative method provides a fresh method 
for producing C-dots from natural carbon sources (Fig. 16.1) [20]. 
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16.5 Nanoparticles of Viral Origin 

Viruses are increasingly being utilized in the creation of bioinspired/biomimetic 
nanoplatforms due to their special features. Viral nanomaterials (VLPs) can be made 
from virus nanoparticles (VNPs) and virus-like particles [21]. The latter is utilized 
for the delivery of pharmaceuticals and bioimaging agents, as well as the creation of 
inorganic NPs [22]. The capsid, a protein coat that covers a virus, is a smart material 
because of its monodispersity, symmetry, and polyvalency. The helical virus is a 
prefabricated scaffold with a distinctive design and a high surface area-to-volume 
ratio that makes it possible for it to produce different kinds of nanostructures. The 
perfect starting point for the production of new nanomaterials that mix inorganic or 
organic moieties precisely and controllably is planted virus capsids. Furthermore, 
icosahedral three-dimensional designs with structural symmetry are formed when 
spherical plant virus capsid proteins are put together. They may be applied for a 
variety of biological purposes with just a few straightforward adjustments. This leads 
to the utilization of TMV, a helical virus that causes tobacco mosaic virus disease in 
tobacco plants, to create bioinspired nanomaterials. Due to its elongated hollow 
tube-like shape (4 nm in diameter), it can be readily converted into nanorods. Three-
nanometer-diameter cobalt and nickel nanowires are produced in the middle hollow 
area. Using a unique recipe, Tsukamoto and associates produced bimetallic Co-Pt 
and Fe-Pt alloy nanowires in the hollow channel of the TMV. Co-Pt and Fe-Pt 
nanowire development and nucleation were extensively studied and described [23]. 

16.6 Theranostic Tumor Permeated Bioinspired Nano-Vehicle 

Effective oncology therapy is hampered by a number of factors in addition to the 
difficulties of cancer treatment. This is most likely caused by the presence of 
immunosuppressive cells in the vicinity of the immunosuppressive tumor cell area, 
such as myeloid-derived suppressor cells (MDSCs), M2-like tumor-associated 
macrophages (TAMs), regulatory T cells (Tregs), and immature/tolerogenic den-
dritic cells (DCs) [24]. Additionally, cancer cells have developed a predisposition to 
naturally inhibit the antitumor immune response of immunosuppressive cells like 
CD8+ T cells and natural killer (NK) cells in tumors through a number of ways 
[25]. There is unquestionably a need to address this condition in which immunosup-
pression is reduced, boosting the antitumor response of cancer cells. A bioinspired 
tumor-responsive theranostic nano-vehicle (BTV) with tumor-penetrating properties 
was developed by Wang et al. (2021) [26] to cope with the immunosuppression of 
cancer cells for efficient anticancer therapy. A tumor-activated melittin pro-peptide 
(TM), ROS-responsive prodrug gemcitabine (RG), and a theranostic probe of 
photochlor (HPPH) were all included in a lipoprotein-based, bioinspired nano-
vehicle. The following are some of the different compounds’ purposes: At particular 
locations, TM has been enzymatically transformed to active melittin, increasing the 
action of pharmaceuticals. This boosts tumor penetration and accumulation capabil-
ity. RG (prodrug) was converted into active gemcitabine, an immunomodulator.



When HPPH was exposed to radiation, it produced singlet oxygen, which boosted 
the anticancer activity of the resulting nano-vehicle. This allowed HPPH to serve as a 
ranostic probe in BTN for in vivo systemic tumor monitoring. Surprisingly, this 
combination therapy markedly decreased tumor immune suppression and increased 
the infiltration of cytotoxic lymphocytes, which is essential for reducing tumor 
immune suppression and dramatically inhibiting tumor development. In a word, 
this innovative design opens the door for the delivery of a nanoplatform with 
exceptional immune suppression-relieving qualities that may be applied in efficient 
anticancer therapy. 
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16.7 Bioinspired Polymeric Nanoparticles 

16.7.1 Nanoparticles of Poly (Lactic-Co-Glycolic Acid) 

Organ-specific medication targeting is still a challenge in the domains of drug 
delivery and nanomedicine. Scientists developed programmable bioinspired 
nanoparticles (P-BiNPs) that can target bone localization and deliver a payload to 
homotypic cancer cells in animal models. They started by encouraging cancer cells 
to over express integrin on their outermost surface. These programmed cancer cell 
membranes were then applied to the polymeric NPs, where they were absorbed by 
prostate cancer cells, enhancing the therapeutic potential of the medicine, the clarity 
of the image, and eventually minimizing adverse effects. These NPs were coated 
with biologically inspired nanomaterials, which prolonged their circulation duration, 
prevented immune system recognition, and enhanced biocompatibility [27]. 

16.7.2 Alginate Nanoparticles 

The discipline of nanotechnology has extensively generated and studied natural and 
synthetic nanoparticles (NPs) for medication delivery [28]. Alginate, chitosan, 
gelatin, collagen, poly (D, L-lactide), poly (D, L-glycolide), poly (lactic acid), and 
poly (lactide-co-glycolide) are all included [29]. A form of polymeric drug delivery 
vehicle called alginate nanoparticles improves the bioavailability and, consequently, 
the effectiveness of many medications. Alginate, a naturally occurring sugar poly-
saccharide, has mucoadhesive properties and can stick to the plasma membrane as a 
result of the polymer’s cationic makeup [30]. Various chemical strategies have been 
developed throughout the years to produce appropriate alginate NPs. However, these 
traditional procedures lack adequate control, call for NP dispersion and size, and 
ultimately call for the use of corrosive organic solvents that can be hazardous to the 
in vivo environment. Bubble bursting is a natural occurrence in the marine environ-
ment that produces nano- and micro-sized particles. The main cause of wave 
breaking is bubble film breakdown and jetting. By adopting the microbubble-
bursting technique, alginate NPs with a size range of 80–200 nm were created. 
The study team created microbubbles of various sizes in the most precise way



conceivable using a T junction microfluidic device. The size achieved was propor-
tional to the process’s alginate solution’s viscosity [31]. 
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16.8 Metallic Nanoparticles Inspired by Nature 

16.8.1 Bioinspired Silver Nanoparticles (AgNPs) 

Using various fractions of Elaeagnus umbellate extract (EU), Ali et al. (2020) [32] 
reduced silver nitrate to silver NPs in order to create bioinspired silver nanoparticles 
(AgNPs). The developed NPs were morphologically controlled, and their utility was 
evaluated according to their size and form. Additionally, the size, shape, and 
bactericidal activity of the NPs were investigated using scanning electron micros-
copy (SEM) and atomic force microscopy (AFM). They observed that the NPs were 
monodisperse, non-toxic, and roughly 40 nm in size. Also, they were effective 
against both gram-positive and gram-negative strains of Escherichia coli (E. coli) 
and Staphylococcus aureus (S. aureus). Electrostatic interaction took place between 
the NPs and the bacterial cell wall. The findings demonstrated that the accumulation 
of NPs on the cell surface of E. coli was quicker and more pronounced than that of 
S. aureus, which was likely caused by the two bacterial strains’ differing cell wall 
compositions. When NPs entered bacteria, they reacted with the sulfhydryl groups, 
denatured the proteins, and subsequently changed the activity of the enzymes. 

16.8.2 Biologically Inspired Gold Nanoparticle 

Graphene, one of the most sophisticated nanomaterials, has proven to have impor-
tant scientific relevance for potential future applications of nanotechnology 
[33]. One of the best biocompatible nanoplatforms, it is used in antibacterial, 
antiviral, cancer-targeting, medication delivery, and photo thermal treatment 
[34]. Researchers made gold nanoparticles (AuNPs) with decreased graphene 
oxide coatings. They used syzygium cumin seed extract (GO) to lower graphene 
oxide and chloroauric acid. Biophysical techniques including UV-Vis spectroscopy 
(UV-Vis), dynamic light scattering (DLS), and Fourier transform infrared spectros-
copy (FTIR) were used to carefully analyze its physicochemical properties. The 
results showed that the deposition of graphene oxide on AuNPs during their creation 
was successful. The human colorectal cancer cell line (HCT 116) and lung cancer 
cell line (A549), as well as the gram-positive bacterial strains S. aureus and Bacillus 
subtilis, were each exposed to the antibacterial and anticancer activities. According 
to cytotoxicity and antibacterial toxicological tests, the synthesized nanocomposite 
showed significant anticancer activity against the A549 cell line and gram-negative 
bacterial strain E. coli compared to the other strains [35].
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16.8.3 Iron Oxide Nanoparticles Influenced by Biology 

Superparamagnetic iron oxide NPs (SPIONs) have found extensive application as a 
result of their unique properties. Due to the harsh chemical reagents used in their 
production, these NPs are less magnetic, more costly, and dangerous, which limits 
their use in the biomedical field. Russell J. Wilson created SPION-loaded silica 
nano-capsules using a bimodal catalytic peptide surfactant stabilized nano-emulsion 
template. The stability of the nano-emulsions was due to the peptide’s surface 
property and electrostatic repulsion. SPIONs were preloaded into the oil phase of 
the nano-emulsions. Catalytic peptides support both the bio-solidification process 
and the creation of iron oxide-containing silica shell nano-capsules. The simple 
encapsulation of iron oxide into silica nano-capsules serves as a simple indicator of 
the potential of these developed nanoplatforms to distribute medicines. 

16.9 Green Metallic Nanoparticle Synthesis with Bioinspired 
Design 

There is a growing possibility for bioinspired synthesis of metallic nanoparticles due 
to the efficiency and cheap cost of biosynthesis as well as the simplicity with which 
several proteins, lipids, carbohydrates, and antibodies may be added to change them 
[37]. The harmful side-effects and high energy needs of the abrasive compounds and 
stabilizers utilized in the manufacture and manufacturing of these metallic NPs 
provide explain this. The NPs must be spread equally, and their size must be 
controlled for industrial processing. There have been several efforts to utilize food 
by-products like orange peels and banana peels [38]. In addition to their function as 
reducing agents in synthesis; they may readily be recovered into a number of 
valuable chemicals through these processes. Using an aqueous extract of the fruit’s 
rind, which is used to treat diarrhea, cholera, and inflammation, a group of 
researchers produced silver (Ag), gold (Au), and platinum (Pt) [39]. They performed 
this in order to examine the metals’ antibacterial properties both attached and 
detached from different antibiotic classes. The results showed a correlation between 
antibiotics and NPs, with AgNPs outperforming AuNPs and PtNPs in terms of their 
ability to combat gram-negative bacterial strains. Likewise, all kinds of NPs showed 
synergistic interactions with different antibiotic classes. Bacillus spp., which had 
previously been found to be resistant to streptomycin, was also made susceptible by 
the combination of AuNPs and antibiotics. Collectively, metallic NPs increased the 
susceptibility of bacterial strains to antibiotics [40]. 

16.10 Bioinspired Nanomaterials as Bio-templates 

Scientists have paid a lot of attention to recent studies on protein cages, which are 
synthetic, highly symmetrical, multifunctional protein structures with three distinct 
interfaces: the inside, the outside, and the interface between subunits [41] (Fig. 16.2).



Chemical and genetic modifications of these subunits can result in the development 
of a single cage with various functionalities and a range of applications in industries 
spanning from medical to electronics. Ferritins, a class of proteins whose main job is 
to store and sequester iron (Fe), were the first protein cages to be used in the 
production of inorganic nanoparticles [42]. Many studies looked at how these 
protein complexes self-assemble. In one of the most recent studies, Huard et al. 
developed a revolutionary engineering approach called reverse metal-templated 
interface redesign (rMeTIR) [43]. It alters a naturally occurring protein-protein 
interface such that it only reacts to a metal ion in a particular way. Through the 
binding of divalent copper, they were able to control the self-assembly of the ferritin 
protein cage. Here, copper serves as a template for ferritin assembly, similar to how 
RNA sequences serve as structural templates for viral capsid construction. It is 
possible to demonstrate the critical role of conserved hydrogen-bonding interactions 
in providing geometrical specificity for cage assembly by making protein cages in 
this way. It is also possible to gain a fundamental understanding of the structure and
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Fig. 16.2 Applications of bioinspired nanoparticles [36]



stability of the isolated ferritin monomer as well as the uniform chemical modifica-
tion of the cage interior under physiological conditions (Fig. 16.3).
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Fig. 16.3 Protein cages are small, monodisperse nano-compartments with a clearly defined 
structure [44] 

16.11 Amino Acid/Protein Cage 

The storage and transport of nucleic acids between diverse chemical environments, 
biomineralization, sequestration, and the production of anode materials for lithium-
ion batteries are some of the principal applications of protein cages [45, 46]. Follow-
ing Mann and colleagues [47], additional investigations used the biomineralization 
technique to create metallic and inorganic nanoparticles inside the apoferritin frame-
work. Some of these techniques include sequential ion sequestration, just like in the 
production of ZnSe nanoparticles. The nanoparticles only form in this circumstance 
if Zn2+ is delivered before Se2 due to the protein’s directing electrostatic force that 
concentrates cations in the cage’s interior. 

16.12 Protein Cage for Nanomedicine 

Protein-based nanomedicine platforms, which are created from naturally self-
assembled protein subunits of the same protein or a mix of proteins, have attracted 
the greatest interest recently in the design of drug delivery systems because of their 
biocompatibility, biodegradability, and low toxicity [47]. Drugs can be kept inside a 
protein cage and then given just to the cells that will benefit from them. Because 
protein cages are the structural shells of viruses after the nucleic acids have been 
removed, potential synthetic cargo can be stored there. 

The ferritin/apoferritin protein cage is a naturally occurring cage that may be 
utilized to deliver drugs since it is stable under physiological settings. Apoferritin is



created when the iron atoms in ferritin are taken out [48, 49]. At pH 2, the subunits of 
ferritin/24 apoferritin can segregate before coming back together to form a full shell 
as the pH of the fluid is progressively adjusted to neutral [50]. This is a crucial 
characteristic of these proteins. Low pH disassembles the ferritin/apoferritin cage, 
allowing the medication to be assembled into the cage (pH 2). When the pH is 
adjusted to basic (pH 8.5), the cage is put back together. To increase therapeutic 
efficacy, stability, and biocompatibility, a dissociation-reassembly technique has 
been seen as a viable method for encapsulating tiny medicines, biomarkers, and 
even nanoparticles [51]. 
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16.13 Bio Batteries 

In rechargeable lithium batteries, biomaterials have been employed as electrode 
materials [52]. These materials’ nanostructure enhances electrochemical activity, 
which enhances battery performance. For instance, nanosized amorphous FePO4 

particles, which are desirable cathode materials for rechargeable Li batteries due to 
their high specific capacity and safety, were successfully transformed from the M13 
virus and employed as a template to create the particles [53]. An extensively 
researched virus for nanotechnology is M13. It consists of a main coat protein 
(p8) encasing a single-stranded circular DNA. Minor coat proteins P3, P6, P7, and 
P9 cap the viral end. Major and minor coat proteins serve as inorganic material 
nucleation sites. For instance, the p3 protein of the M13 virus was discovered to bind 
conducting single-walled carbon nanotubes (SWNTs), while the p8 protein of the 
virus was altered to bind FePO4 cathode material. The virus-nanoparticle hybrid 
material exhibits better cyclability and retains a high capacity (about 130 mAhg-1 at 
10 °C) at high current rates due to the high specific capacity of FePO4 and the high 
conductivity of the SWNTs. The hybrid cathode materials as a result are electro-
chemically stable. Similar to this, to produce hybrid virus-Au-Co3O4 cathode 
materials, the p8 protein may be changed to incorporate a Co nucleation site as 
well as an Au binding motif. Nearly 890 mAhg-1 is the estimated specific capacity 
of Co3O4. Regardless of the nanostructure of Co3O4, the reaction product, Li2O, 
which is inert in bulk, becomes electrochemically active. Au nanoparticles promote 
electrochemical activity by improving electrical conductivity and catalytic action. 
Despite the apparent advantages of employing biomaterials in the manufacture of bio 
batteries, the high prices connected with them impede commercialization [54]. The 
development of optimum architectures for increased performance of large-scale 
commercial devices remains a basic issue. 

16.14 Nanomaterials Inspired by Biological Systems 

As a result of being motivated by engineering principles found in nature, scientists 
have begun to develop materials that explicitly clone biological processes to regulate 
the design of devices for medical, environmental, and energy purposes with



extraordinary precision. For example, scientists have imitated the water-repellent 
properties of some naturally occurring surfaces, such as the lotus plant’s leaves and 
water striders’ feet, to create structured hydrophobic surfaces [55]. Biologists, 
physicists, chemists, mathematicians, and computational scientists have united to 
better understand the physics behind these processes. Here, we look at the applica-
tion of nanoparticles in the rapidly evolving fields of tissue engineering and biomin-
eralization. The creation of these materials was motivated by the natural capacity of 
biological proteins and peptides to self-assemble. 
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16.15 Bioinspired Nanomaterials for Tissue Engineering 
and Biomineralization 

Nanomaterials are a great option as scaffolds for tissue regeneration and engineering 
since the tissues and organs of the human body are composed of nanostructured 
proteins. The development of peptide nanotubes (NTs), which resemble protein-like 
tubular structures and have applications in tissue engineering, was inspired by the 
spontaneous self-assembly of proteins and peptides to generate solid nanofibrils or 
hollow nanotubes (NTs) [56, 57]. Dipeptides from the diphenylalanine motif of the 
Alzheimer’s -amyloid peptide dissolve in 1,1,1,3,3,3-hexafluoro-2-propanol and are 
diluted to a final concentration of less than or equal to 2 mg mL. This produces 
micrometer-long multi-walled NTs with diameters ranging from 80 to 300 nm 
[58]. Amazing mechanical, thermal, and chemical strength characterizes these 
NTs. With deterioration starting only around 200 °C, dry NTs have a high Young’s 
modulus of about 19–27 GPa and an average point stiffness of 160 N m1 [59]. This 
is an order of stiffness higher than biological microtubules, which provide cells with 
their rigid cytoskeleton and have Young’s modulus of about 1 GPa. An order of 
magnitude stiffer than this material is biological microtubules, which provide cells 
with their rigid cytoskeleton and have Young’s modulus of about 1 GPa. According 
to certain studies, the stacking of aromatic side chains to give stability and mechani-
cal strength, micro- and nano-electromechanical systems, different functional 
devices, and tissue engineering may all make use of these peptide NTs. Another 
advantage of using biological NTs for biological sensing is that they are biocompat-
ible. For instance, the placement of peptide NTs on graphite electrodes increased the 
electrochemical activity toward the redox process of potassium hexacyanoferrate. 
Due to the aforementioned property, as well as their low cost and strong solubility, 
the peptide NTs are economically feasible. Similar to this, thiol-modified peptide 
NTs mounted on gold electrode surfaces and coated with enzymes showed improved 
sensitivity and repeatability for the detection of glucose and ethanol, with short 
detection times, great stability, enormous current densities, and superior sensitivity 
[60, 61]. Long peptide surfactants with a hydrophobic tail made up of four or more 
successively hydrophobic amino acids and a hydrophilic head made up of two to 
three charged amino acids are known as linear peptides. These peptides include 
AIN D, V6D, G8DD, and KV6 as examples. At dosages of 4–6 mM, these peptides 
form a network of cationic or anionic open-ended NTs of 30–50 nm diameters in



water. These tubes feature peptide bilayer walls that are 4–5 nm thick. They are held 
together by hydrogen bonding and stabilized by their hydrophobic characteristics. 
By adopting sheet topologies and forming homogeneous tubes in water with 30 nm 
thick walls, biotinylated peptides have been demonstrated by Matsumura et al. [62] 
to function as protein scaffolds. Nano-fibers used in tissue engineering as scaffolds 
include those formed of collagen, gelatin, and chitosan as well as synthetic biode-
gradable polymers including polylactic acid, poly (d,l-lactic co-glycolic acid), poly-
vinyl alcohol, and polycaprolactone. a few of these items have also received FDA 
approval. 
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A three-dimensional scaffold for tissue engineering is made using carbon-based 
nanomaterials due to their unique mechanical, electrical, and optical characteristics. 
These materials can be used to activate artificial scaffolds because of their high 
electrical conductivity and structural similarity to the extracellular matrix (ECM) 
found in living things. For instance, graphene, graphene oxide (GO), and reduced 
graphene oxide (rGO) form ECM-like microenvironments that encourage cell adhe-
sion, proliferation, and differentiation [62, 63]. 

According to Kalbacova et al. [64] human mesenchymal stem cells (hMSCs) 
showed a spindle-like shape when grown on graphene, which improved their ability 
to develop into osteoblast lineage and showed higher adhesion. Since the surface 
oxygen content of graphene varies, a mixture of hydrogen bonds, electrostatic 
interactions, and interactions are used to attach it to proteins. Its highly wrinkled 
nanoscale structure also significantly increases osteogenic differentiation. 
Hydrogels, which are more often used for tissue engineering because of their 
outstanding biocompatibility and biodegradability, have also been reinforced with 
graphene [64]. The superior electrical properties of graphene and CNTs have an 
impact on the behavior of electro-active brain cells. Neuroendocrine PC12 cells 
showed neurite outgrowth and expansion on rGO [65]. Similar to this, the introduc-
tion of multi-walled and single-walled NTs (MWNTs and SWNTs, respectively) 
significantly boosted network activity by boosting the frequency of spontaneous 
action potentials and continuous postsynaptic currents in hippocampus neurons 
[66, 67]. Better protein adsorption is also made possible by the huge surface area 
of the NTs. 

16.16 Conclusion and Potential Outcomes 

The highly evolved biological world serves as a very efficient testing ground for the 
creation of novel materials because of its richness and intriguing reactions to its 
environment. Science and nature meet in a mystical doorway that motivates us to 
develop novel, multifunctional nanomaterials that transcend the limits of the current 
material systems. The field of nanomedicine offers potential applications for inno-
vative bioinspired nanoplatforms. They are being utilized for a number of medicinal 
purposes, including cancer treatment, antimicrobial therapy, immunotherapy, 
biosensing, and diagnostics. By applying NPs to the membranes of cancer cells, 
membrane coating works to activate the body’s natural defense system to create



cancer immune therapies that are comparable to nano-vaccines. Additionally, 
aggressive tumor-specific targeting, increased blood flow, and reticuloendothelial 
system escape may be advantageous to them. A number of factors need to be 
carefully considered before the successful commercial development of bioinspired 
materials for practical applications, including the high cost of manufacturing large-
scale devices using biomaterials and the short lifespan of biological substances like 
enzymes that may cause these materials to degrade in devices. Despite the fact that 
bio mimetic structures are fascinating and offer new opportunities for designing 
novel materials with distinctive properties for a variety of applications, future 
research in this field should focus on the development of cleaner, more sophisticated, 
yet cost-effective methods for designing them. To this purpose, design principles 
should be considered in addition to the structure of biological structures. Working 
together, biologists, chemists, physicists, material scientists, and computer scientists 
can successfully progress in this field of study. Last but not least, a fascinating 
research field will be the development of novel methods to duplicate the controlled 
self-assembly, adaptability, and self-healing characteristics of biological materials in 
synthetic materials inspired by biological materials. The ongoing interest in the 
subject of bioinspired nanomaterials will motivate the creation of novel materials 
as natural prototypes with unique properties for sustainable applications, driving 
multidisciplinary research and education. 
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Yassine Slimani and Essia Hannachi 

Abstract 

The rapid growth in industrialization and population has resulted in the genera-
tion and permanence of a wide variety of inorganic and organic pollutants, posing 
potential risks to the environment and human health. The degradation (either 
removal or reduction) and sensing of these pollutants from various environmental 
media (e.g., air, water, and soil) are nowadays important problems worldwide. To 
address this issue, several nanotechnologies and numerous nanostructured 
materials and composites have been established for efficient environmental 
remediation applications. This is ascribed to their large surface area and improved 
characteristics and efficiency (like high reactive feature). The current chapter 
reports nanotechnologies such as filtration, photocatalysis, chemical reactions, 
absorption, adsorption, nanosensing, etc. It also offers an overview of the use of 
nanostructured materials and composites in the remediation of the environment. 
Novel nanostructured materials, involving inorganic-based nanomaterials (NMs) 
(e.g., zero-valent metal NMs, metal oxide-based NMs, silica-based NMs), 
carbon-based NMs, polymeric-based NMs, as well as their nanocomposites 
were extensively reported and discussed. These materials are efficiently 
employed for remediating various environmental pollutants such as halogenated 
herbicides, volatile organic compounds, chlorinated organic compounds, aro-
matic and aliphatic hydrocarbons, pharmaceuticals, dyes, heavy metals,
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biological substances (e.g., antibiotics, parasites, bacteria, and viruses), as well as 
gases (NOx, CO, SO2, etc.). Their efficiency, advantages, and limitations were 
compared and discussed. Moreover, some potential directions for future studies 
were proposed.
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17.1 Introduction 

Environmental contamination is without a doubt one of the most serious issues 
confronting civilization nowadays. Novel techniques for the remediation of 
pollutants in the environment (soil, water, and air) are continually being developed. 
Organic substances, wastewater, industrial waste, poisonous gases, spills of oil, 
fertilizers, herbicides, pesticides, heavy metals, and particulate matter are only a 
few of the numerous pollutants to be concerned about [1]. Because diverse 
substances could be used in remediating the environment, a broad range of 
methodologies are able to be used to accomplish this aim. Because of the 
complexities of the mixture of diverse substances, minimal reactivity, and significant 
volatility, capturing and degrading environmental contaminants might be difficult. 
Recently, scientists have concentrated on the utilization of nanostructured materials 
to establish novel environmental remediation technologies [1]. 

Because of the peculiar physical features of nanomaterials, nanotechnology has 
received a great deal of interest in recent years. Because of their larger surface-to-
volume ratio, nanostructured materials have more potent reactivity and hence supe-
rior efficacy in comparison to their bulk equivalents. Furthermore, nanostructured 
materials have the ability to harness distinct surface chemical properties in compari-
son to standard techniques, allowing them to be coated or functionalized with 
functional groups that may target particular molecules of concern (contaminants) 
for effective remediation. Furthermore, purposeful tweaking of the physical features 
of nanoparticles (e.g., chemical composition, porosity, size, and shape) might 
bestow further favorable traits that could improve the material’s  efficacy for pollut-
ant remediation. The complex surface modification chemistry of nanomaterials, 
together with their customizable physical properties, provides substantial benefits 
compared to current approaches dealing with environmental contaminants. 
Techniques designed as a mixture of multiple distinct materials (composites/ 
hybrids), acquiring certain desirable features from each of their constituents, are 
possibly more stable, selective, and efficient over techniques founded on a single 
nano-platform. Once we compare the utilization of nanomaterials alone, gluing 
nanomaterials to a scaffold may be an alternate strategy to boost the material’s



stability. The functionalization of a compound with specific substances accountable 
for addressing pollutant molecules of concern may boost the material’s efficacy and 
selectivity [2–4]. 
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The material used for remediating pollution should not necessarily be another 
pollutant itself after its use. So, for this application area, biodegradable materials are 
of particular interest [5]. In addition to increasing the trust and recognition by 
consumers of a specific technology, the use of biodegradable materials may also 
provide a more green and safe alternate route to remedy environmental 
contaminants, since there is no creation of product wastes to be discarded after 
use. In addition, there is a particularly strong appeal for new technologies that can 
leverage the targeted capture of contaminants to overcome low-efficiency results 
generated by direct targeting. Therefore, in order to obtain materials that can cope 
with a range of challenges related to the removal of contamination, several studies 
have been conducted, which focus on the use of nanotechnology principles and 
combine them with chemical/physical or mechanical modifications of material 
surfaces [4–6]. Some of the most significant challenges that should be considered 
while developing novel nanomaterials for the remediation of the environment 
include target selective capture, cost efficiency, easy preparation, green synthesis, 
nontoxicity, biodegradable feature, recycling, and possible recovery after utilization. 
Despite the promising benefits of nanostructured materials stated above, some 
nanomaterials are fundamentally nonstable in normal conditions and hence require 
specific procedures for the preparation of nanomaterials at the nanoscale. To avoid 
agglomerations and to improve monodispersity and stability it is necessary to carry 
out additional operations. Another factor that could limit their application is the 
feasible poisonousness of metal-based NPs included in remediation, together with 
their byproduct and recovery expenditures originating at the remediated location. 
Therefore, it is important to obtain a thorough knowledge of the nanomaterial 
features, their manufacturing processes, and performance improvement to identify 
excellent nanomaterials that are able to cope with environmental challenges. 

This chapter aims to deliver an overall overview of the latest developments made 
in the design of nanostructured materials and/or composites employed for the 
treatment of the environment from different kinds of contaminants. Filtration, 
photocatalysis, chemical redox processes, adsorption, and absorption, as described 
in Fig. 17.1, are among a series of feasible routes that could remove contaminants 
[1, 3, 5]. For the methods mentioned in Fig. 17.1, some kinds of materials that could 
be utilized are also reported. For the case of distinct kinds of products that might be 
used for environmental remediation, it is to the best of our knowledge that no 
classification has been performed. Accordingly, the current chapter will focus on 
the different nanotechnologies as well as the diverse kinds of materials involved in 
environmental remediation applications. Particularly, it will focus on three major 
classes of nanomaterials reported in the literature: inorganic, polymer-based, and 
carbon-based nanomaterials and nanocomposites.
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Fig. 17.1 Technologies used for environmental remediation 

17.2 Nanotechnologies Used for Environmental Remediation 

17.2.1 Photocatalysis 

Advanced reduction processes (ARPs) and advanced oxidation processes (AOPs) 
are very potential environmental remediation alternatives, particularly for mediums 
that enable the transmission of light, such as water and atmosphere [7, 8]. The 
generation of highly reactive oxygen species (ROS), primarily superoxide radical 
anions (O • -

2 ) and hydroxyl radicals (HO•), characterizes the above processes. In an 

aqueous medium, HO• is the most powerful oxidant, E0 HO • , H
þ 

H2O 
= 

2:73 V vs:NHE [9]. Positive vacancies on the photocatalyst surface (usually 
designated as h+ ) are likewise highly oxidant, E0 = 2.53 V vs. SHE [10]. The 
occurrence of ROS assures an elevated reactivity (quick reactions) and poor selec-
tivity (no differentiation among reducible and oxidizable molecules). Currently, 
AOPs are being widely utilized, more particularly for the remediation of our 
environment, and therefore our emphasis will be on them in upcoming sections. In 
AOPs, heterogeneous photocatalysis has been extensively utilized, with complete 
mineralization of both inorganic and organic contaminants being achieved in a 
number of cases [7, 8]. AOPs utilize various kinds of near-ultraviolet/visible



lamps (like LED) and, preferably, sunlight. The effectiveness of the photocatalytic 
processes is enhanced if there are sufficient overlaps among the photocatalyst 
absorption and the radiation spectrum of sunlight. Indeed, this is among the major 
defies in this area, and it has been addressed in a variety of ways, like altering the 
crystalline structure of the photocatalysts by doping and/or introducing defects. 
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Fig. 17.2 Photocatalysis processes of a semiconducting photocatalyst in water containing 
pollutants 

The utilization of semiconducting materials, preferably in the form of 
nanoparticles or films placed on substrates, is relied upon for heterogeneous 
photocatalytic processes. Nanoparticles tend to be agglomerated when they are 
utilized, due to the decrease of some surfaces and thus their reactivity. The reactive 
surface of the hemi-sphere in contact with the surface will not exist once 
nanoparticles are made as films, considering that they display a sphere-like shape, 
due to a considerable deficit of the active surface in the product. The bandgap energy 
(Eg) separating the conduction band (CB) and the valence band (VB) should be 
identical to or smaller than the incident photon energy (hν), which means Eg≤ hν. As  
demonstrated in Fig. 17.2, the photons are adsorbed and the electrons (e-) propagate 
from VB to CB, creating vacancies (holes, h+ ) in VB and forming pairs of electron-
hole (e- - h+ ). 

Pairs of e- - h+ are extremely nonstable and typically annihilate in a few 
nanoseconds, going back to the starting state before the absorption of photons. A 
relatively small fraction of e- - h+ separates, which is governed by the experiment 
settings and, in particular, the material being studied. The magnitude of Eg is the 
essential parameter for the success of photocatalysts. To prevent undue energy 
consumption of irradiation lamps, a preference should be given to (nano)materials 
having Eg magnitudes within the energy spectrum of photons supplied by sunlight.
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The main reactions that happen during the e- - h+ segregation in an aqueous 
media involve the oxidation of adsorbed H2O to HO• and the reduction of O2 to O

• -
2 

(Fig. 17.2). The foregoing equations are the most significant reactions occurring 
[11, 12]: 

H2Oþ hþ →Hþ þ HO • ð17:1Þ 
HO- hþ →HO • 17:2 

O2 ads e- →O • -
2 17:3 

O • -
2 Hþ →HO •

2 17:4 

When other substances are adsorbed on the surface, they could likewise be 
reduced or oxidized: 

Pollutantþ hþ → Pollutant •þ ð17:5Þ 
Pollutant e- → Pollutant • - 17:6 

The reactions of adsorbed substances could enhance the effectiveness of a 
pollutant’s removal, but they could open new pathways which result in products 
other than those resulting from ROS reactions and could also have different toxicities 
and stabilities. 

During heterogeneous photocatalytic processes, additional ROS can also be 
produced. For instance, H2O2 is created by the dismutation of HO •

2 and O
• -
2 and 

can then be reduced to HO• as shown in the following equations [13, 14]: 

O • -
2 þ HO •

2 þ Hþ →H2O2 þ O2 ð17:7Þ 
H2O2 Hþ e- →HO • H2O 17:8 

The findings from experiments on the great differences in reactivity dependences 
with O • -

2 and [HO•] or other ROS support the view that HO• is primarily 
accountable for degrading organic contaminants [11]. 

HO• commonly combines with non-saturated functional groups to generate HO•

adducts, but it could alternatively interact with H• abstraction to form radical entities 
with H-deficiency, or with an e- oxidation to form a radical cation and HO-: 

Pollutant þ HO • → Pollutant •þ þ HO- ð17:9Þ 
Pollutant HO • → Pollutant -H • H2O 17:10 

Pollutant HO • → Pollutant -OH • 17:11 

The intermediates Pollutant•+ , (Pollutant(-H)•, and (Pollutant-OH)• are of short 
life and would endure chemical reactions via distinct reaction routes, resulting in a



number of byproducts where the majority of them will hydroxylate and thus being 
soluble in water, greatly polar, and easily adsorbed on mineral surfaces like clays, 
potentially increasing their residence time in the environment. When a sufficient 
period is given for the reactions to occur, it may eventually result in mineralization, 
which means the conversion toward the most oxidized ionic substances (SO4 

2-, 
PO4 

3-, NO3
-, CO3 

2-, and so on). Nevertheless, some kinds of refractory materials, 
like triazines, have been shown to create a stable intermediate that will not react 
anymore [15]. 
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For different situations, HO• reactions occur extremely quickly, with bimolecular 
rate constants of k > 109 M-1 s-1 or more, which is near to or at the diffusion-
controlled limit in water, and in a non-selective fashion. Throughout the oxidation of 
aromatics, h+ and HO• are shown to differ in regioselectivity and could provoke 
different materials [16]. Lately, it has been demonstrated that for similar processes, 
there are competing routes among the oxidation of chemisorbed species by h+ and 
the reaction with HO• [17, 18]. 

It is especially essential to note that the heterogeneous photocatalytic process is a 
superficial process, which means that the reactive substances must be diffused from 
the core of the solution to the surface, become adsorbed (perhaps with some changes 
in the structure), endure reactions, desorb, and diffuse back inside the solution 
[11]. The prospect of ROS being formed at the surface and migrating within the 
solution has been investigated, and it was demonstrated that HO• is diffused just a 
few hundred Angstroms down from the surface inside the aqueous medium. ROS 
migrates just a couple of atomic lengths beyond the surface, according to ESR 
experiments. As a result, if the molecules are not adsorbed, they will not undergo 
reactions through heterogeneous photocatalysis. Since the adsorption/desorption 
equilibrium would be shifted as the reaction progresses, only a small amount of 
starting adsorption is required. 

Titanium dioxide (TiO2) is one of the widely utilized photocatalytic (nano)-
materials for the remediation of the environment (water and atmosphere), both in 
suspensions and thin films [19]. It has good photochemical stability, less toxic, 
inexpensive, easily accessible, simple to recover, and so on. Its chief limitation is 
the limited level of spectrum overlapping with sunlight radiation, which is approxi-
mately 5% at ground level, reducing the degradation efficacy of TiO2 photocatalysts 
under sunlight [19]. As a result, significant attempts are being made to enhance its 
photocatalytic efficacy by forming nanocomposites with other products [20–22], 
producing two-dimensional (thin films and nanosheets) [23] and three-dimensional 
(nanowires and nanotubes) nanostructures [24] and introducing imperfections into 
the crystalline system [25]. TiO2 nanomaterials tend to agglomerate, resulting in a 
loss of photoactivity and active surface. Hence, sonication may be employed prior to 
or throughout the procedure to prevent agglomeration [26]. The resultant separation 
is not definite, since the equilibrium is favorable to reaggregate; however, the 
agglomeration process’s kinetics could be sluggish. Prolonged ultrasound periods 
may not always aid deagglomeration. A significant issue regarding the utilization of 
nanoparticles, particularly in suspended form, was the ability to remove them out of 
the medium before discarding the photocatalysts [27]. Ultracentrifugation and



nanofiltration are frequent treatments for this; however, they require large energy 
costs, which need to be prevented. 
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Given that the reactions occur among entities that are adsorbed on the nano-
photocatalyst’s surface, the photocatalytic conversion of a contaminant could be 
appropriately characterized via an altered Langmuir-Hinshelwood kinetic model, as 
shown in the following expression [28]: 

r= kLH . θ= kLH: 
KLH . C 

1þ KLH . Cð Þ ð17:12Þ 

Here θ (cm2 ) represents the material’s surface coverage, kLH (mol/s cm2 ) is the 
kinetic rate constant per unit of surface area, and C is the contaminant concentration 
after the equilibrium of adsorption is achieved. When the Langmuir model was 
rigorously obeyed, the Langmuir-Hinshelwood adsorption constant (KLH) will be 
equivalent to the Langmuir adsorption constant (Keq, see Eq. 17.15). Typically, the 
amount of contaminants is very small, hence KLH . C <≪ 1, and the process rate 
subsequently falls to pseudo-first-order kinetics: 

r= kLH . KLH . C= kapp . C ð17:13Þ 
The mathematical model of first order typically fits the experimental kinetics very 

well. This could lead to estimating the rate constant and half-life duration of various 
processes and comparing rates of eliminating diverse contaminants. Generally, the 
size variations and the modification in the active surface display a significant impact 
on the rate as well as the degradation concentration. In this area, a large number of 
studies and techniques are under investigation to improve the photocatalytic perfor-
mance of nanomaterials and nanocomposites under sunlight. 

17.2.2 Adsorption 

Adsorption represents a surface phenomenon wherein a material known as “adsor-
bate” which is submerged in an aqueous solution (it could even be a gas) diffuses in 
the direction of the adsorbent’s surface and interacts with the adsorbent, causing it to 
be held (Fig. 17.3). This occurrence of interaction/retention is greatly determined by 
the physicochemical features of both adsorbate and adsorbent. They are of two 
natures: physical and chemical, which are known as physisorption and chemisorp-
tion, respectively. Physisorption corresponds to weak interactions which could be 
easily broken (for example, by low heating). Chemisorption corresponds to more 
strong interactions (but less strong than chemical bonds) which are hard to be 
broken. The adsorbate–adsorbent interactions have a significant impact on the 
former’s electronic structure, which determine their interactions with the surface 
throughout the process of adsorption and could boost their reactivity in heteroge-
neously catalytic procedures [29]. As a result, the entire process of adsorption is 
dependent on the available surface and its porosity, two variables that grow



dramatically at the nanoscale level. Not every place on the surface is accessible to 
interact with the adsorbate. Depending upon the chemical features of the adsorbate, 
the locations of interaction, or binding sites, should meet certain characteristics 
associated with the density of electrons, acidity, as well as shape. Accordingly, the 
most popular and most simple method of adsorption is Langmuir’s model, which 
makes the following presumptions: (1) the adsorption–desorption procedure reaches 
equilibrium, (2) the catalyst’s surface is homogeneous, (3) the various linking 
adsorption points on the surface have the same energy, (4) the adsorbent–adsorbate 
interactions occur via the same type of functional groups, (5) every single linking 
point connects with just one adsorbate species, (6) a single layer of adsorbate is 
created on the surface, and (7) there exists no adjacent interactions among adsorbed 
species when they are on the surface [15–17]. Even though these hypotheses 
oversimplify the issue, they result in the widely recognized Langmuir adsorption 
isotherm. Regardless of its clearness, the term “isotherm” relates to a specific 
temperature, thus each adsorption investigation should be conducted during 
temperature-controlled settings that are comparable with the ones that would be 
used in the environmental remediation processes. 
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Fig. 17.3 Schematic illustrations of adsorption/desorption processes 

When the equilibrium A + S ⇄ Aads (where Aads is the adsorbed species, S is the 
adsorbent, and A is the adsorbate) is reached, the rates of adsorption and desorption 
are equal:



½ ]tot
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rads = kads . A½ ] . S½ ]= kdes . Aads½ ] ð17:14Þ 
Here kdes and kads represent, respectively, the rate constants for desorption and 

adsorption. [S] denotes the number of free binding points per unit of adsorbate 
surface. Hence: 

Keq = 
kads 
kdes 

= 
Aads½ ]
A½ ] . S½ ] ð17:15Þ 

The Langmuir isotherm could be stated as mentioned in Eq. (17.16), by consid-
ering the overall number of binding locations (occupied and unoccupied) as 
[S]tot = [S] + [Aads] and identifying the portion of populated binding locations as 
Θ= Aads½ ]

S . 

Θ= 
Keq . A½ ]

1þ Keq . A½ ] ð17:16Þ 

This equation could be linearized by applying the reciprocal. Generally, a linear 
behavior occurs once Keq≪ 1, while the system attains saturation once Keq≫ 1 [30]. 

Considering that the various hypotheses (1)–(7) reported above fail, various 
models have been developed, which involve surface inhomogeneity, interactions 
among adsorbate molecules on the surface, the probability of multiple adsorptions, 
and the possibility of forming multilayers of adsorbate. Therefore, the Freundlich 
isotherm (Eq. 17.17) accounts for surface heterogeneity because the adsorption heat, 
ΔHads, varies with the number of occupied binding points (sites with the most 
favorable interactions being engaged first), whereas homogeneous surfaces with 
comparable active sites display an unchanged ΔHads [29, 30]. 

x 
m 

=K . C 1 n ð17:17Þ 

here, x represents the adsorbate mass, m denotes the adsorbent mass, and K and 
n are specific constants for each adsorbate and adsorbent at a certain temperature. 

The Temkin adsorption isotherm accounts for adsorbate molecules’ interactions 
when they are on the surface, arguing that these interactions decrease the adsorption 
heat and utilizing this method to adjust the Langmuir model’s equilibrium rate 
constant [29, 30]. 

The Adsorbent’s surface can include functional groups that are ionizable which 
can be either protonated or deprotonated based on the pH of the environment. The 
surface is neutral at a pH level that corresponds to the point of zero charge (pHPZC). 
The surface is charged negatively if pH > pHPZC and charged positively if 
pH < pHPZC. It can be feasible to predict if the interactions among the adsorbate 
and the binding locations would be favorable or unfavorable by looking at the pH of 
the environment and the pKa values of various ionization sites on the molecule. 
Although it is sometimes overlooked, the research investigation of adsorption



process at regulated pH conditions is essential to the efficacy of adsorption as a 
remediation approach. 
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Nano-adsorbents, like other nanomaterials employed in environmental remedia-
tion, are supposed to be abundant, inexpensive, simple to utilize, highly stable 
(mechanically and chemically), safe for both human health and the environment, 
recyclable, and reusable. Most importantly, after they reach the end of their practical 
lifespan, the produced residues should be simply inertized or valorized to prevent 
residue accumulation. Nano-adsorbents should also be effective (possess elevated 
adsorption yields), enable simple on-demand adsorbates’ desorption, possess high 
selectivity wherever feasible, and be easily separated from the environment. It is 
essential that nanomaterials employed in environmental treatment do not create 
additional forms of contamination, that is why biodegradable nanostructured 
materials are being extensively explored [31]. Nano-adsorbents are often hard to 
separate out except if nanofiltration is employed, which is a costly separation 
procedure. As a result, magnetic nanoparticles may be integrated with the nano-
adsorbents to facilitate their separation using a magnetic field [26, 32]. 

Like other kinds of nanomaterials, nano-adsorbents could be also synthesized 
using the well-known top-down and bottom-up approaches [31]. Nevertheless, 
bottom-up synthesis of nanomaterials is preferable because it provides better control 
of the procedures as well as the shape, size, and characteristics of the final 
compounds. The emphasis is nowadays being directed to the biosynthesis of 
nanostructured materials, with the hope that they would display higher biodegrad-
ability or lesser toxicity [33]. 

Adsorption techniques are effective for removing a wide range of persistent and 
mobile organic substances from various kinds of liquid and gaseous discharges. The 
adsorption techniques are often simple and inexpensive to implement. Zeolites, 
polymers, activated carbons (ACs), and many other materials are presently 
employed as adsorbents, and many have been created by valorizing various kinds 
of wastes [34]. Nanomaterials’ advancements have resulted in a significant rise in 
adsorbents’ effectiveness and adsorption rate, owing primarily to the significant 
increase in active surface and porosity, as well as the existence of a much greater 
number of active sites. Nano-adsorbents are currently employed mostly for the 
removal/reduction of dyes, oil, and heavy metals from water. They have the potential 
as well to remediate the so-called toxic forever chemicals like perfluoroalkyl and 
polyfluoroalkyl substances (PFAS) [35]. 

Several publications have evaluated the adsorption potential in the remediation of 
the environment. Even though adsorption has been utilized for this task for a long 
time, its use in the form of nanomaterials is still in its early stages. There are many 
basic investigations that have to be conducted to effectively manage the procedure 
and its related factors. The potential changes in the surface (functionalization) for 
carrying out specific adsorption procedures, or the successful deposition as films for 
effective flow chemistry heterogeneously catalytic procedures, appear highly 
desirable.
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17.2.3 Chemical Redox Processes 

Chemical redox processes are a class of catalytic procedures that involve an 
exchange of electrons or ions with the medium to reach the reagents. Generally, a 
material, either at the nanoscale or not, emits ions inside the volume of the medium 
or undergoes oxidation to release electrons (e-). As a result, for both situations, the 
process could be identified as a homogenous process, occurring inside the volume of 
the medium rather than on its surface. However, the use of nanomaterials aids since, 
as described previously in the above parts, the surface-to-volume ratio promotes the 
procedures occurring in comparison to the employment of aggregates of 
nanoparticles or macroparticles. The following subsections cover the two primary 
processes in this category. 

17.2.3.1 Fenton and Photo-Fenton Processes 
H2O2/Fe

2+ combinations have particularly strong oxidation characteristics in acidic 
media, which is explained by a sequence of events known as Fenton reactions [36], 
wherein reactive oxygen species are created, mostly HO• radicals (Eqs. (17.18) and 
(17.19)). Fe3+ regenerates at proper acidic circumstances (pH ~2.7–2.8) and various 
additional reactive oxygen species are created (Eqs. 17.20–17.23). HO •

2 may also 
regenerate Fe2+ as shown in Eq. (17.24). With the existence of a Fe source and H2O2, 
sunlight or lamps simulating sunlight irradiation enable pollutant degradation. Such 
a process is referred to as the heterogeneous photo-Fenton process, and it has the 
potential to perform very well in the remediation of the environment. Fe3+ 

complexes could regenerate Fe2+ under irradiation (λ ≥ 300 nm), as evident in 
Eq. (17.26). Lastly, throughout the electro-Fenton process, H2O2 is created in situ 
following Eq. (17.27). and Fe2+ is regenerated through Eqs. (17.21) and (17.22). 

Fe2þ þ H2O2 → Fe3þ þ HO • þ HO- ð17:18Þ 

Fe3þ H2O2 → Fe2þ HO •
2 Hþ 17:19 

Fe2þ HO • → Fe3þ HO- 17:20 

Fe3þ H2O2 → FeOOH2þ Hþ 17:21 

FeOOH2þ → Fe2þ HO •
2 17:22 

Fe2þ HO •
2 → Fe3þ HO-

2 17:23 

Fe3þ HO •
2 → Fe2þ Hþ O2 17:24 

H2O2 HO • →HO •
2 H2O 17:25 

Fe OH 2þ hν→ Fe2þ HO • 17:26
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O2 2H3O
þ 2e- →H2O2 2H2O 17:27 

The various reactive oxygen species produced are extremely reactive and capable 
of effectively transforming contaminants existing in the media, eventually causing 
mineralization. Fenton processes offer many benefits such as iron being inexpensive, 
widely accessible, and non-hazardous, as well as H2O2 being simple to manage. 
Pharmaceuticals, phenols, polychlorinated biphenyls (PCBs), and polycyclic aro-
matic hydrocarbons (PAHs) have all been demonstrated to be degraded via Fenton 
processes [37]. One significant disadvantage is that Fe salts precipitate, and the 
inclusion of Fe2+ and H2O2 implies high economic costs. Consumption of energy 
also increases the expenses of electro-Fenton procedures. For that reason, photo-
Fenton is widely employed utilizing sunlight, which significantly minimizes related 
expenses. 

17.2.3.2 Metal-Based Processes 
Nanoscale metal-based processes provide the advantage of using zero-valence 
features (Metal0 , M0 ), assuming the metal’s potential for reduction is adequate. 
The processes that occur are one-electron reduction or a sequence of sequential 
one-electron reductions: 

M0 þ Pollutant→Mþ þ Pollutant • - ð17:28Þ 

M0 Pollutant • - →Mþ Pollutantϴ 17:29 

Mþ Pollutant • - →M2þ Pollutantϴ 17:30 

Here “•-” denotes a one-electron excess and “ϴ ” indicates a two electrons excess. 
The mechanisms described in Eqs. (17.28 and 17.29) often result in the breakdown 
of C–X bonds, wherein X is an atom that is electronegative with a large electron 
density charge, like halogen. After this process, the contaminant intermediate takes 
H+ or H• from the solvent (typically water) and generates reduced products: 

H2Oþ Pollutant • - →Reduction Products ð17:31Þ 
According to this approach, reactions with zero-valence nano-metals may be used 

to degrade halogenated solvents or halogenated aromatic compounds, which have 
extremely lengthy environmental lifetimes and are typically resistant to other reme-
diation procedures. Due to Fe’s excellent reduction potential, Fe0 nanomaterials are 
commonly utilized for this intent [38, 39]. Nano-metals with zero-valence often 
undergo oxidation on the surface, permitting reactions with other substances that 
could exist with a larger reduction capability. This might be effective for heavy 
metals contamination removal. Certain nano-metals with zero-valence have also 
been demonstrated to exhibit antibacterial or antivirus capabilities, making them 
appropriate for disinfecting interior environments (such as inside buildings) and 
remediating microbe or virus-infested water bodies [40].
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The usage of bimetallic nanomaterials has been investigated in order to benefit 
from the existence of metals that have various reduction potentials, which could 
boost contaminants’ degradation [41–43]. This technique additionally contributes to 
addressing the earlier reported issues of nanomaterials’ agglomeration and improv-
ing the stability of zero-valence nano-metals. Noble nano-metals have been also 
utilized to construct bimetallic nanomaterials, with improved rates of pollution 
reduction; however, this increases significantly the costs because of the cost of the 
utilized noble metals (Au, Pd, etc.) [41–43]. 

17.2.4 Nanofiltration 

Filtration is a basic physical separation technique that separates objects from fluids 
(either liquid or liquid) with the help of a medium that serves as a filter having a 
particular structure that penetrates the fluids and maintains the objects of specific 
dimensions which depend on the pore size of this filter medium. Membrane filters 
incorporating material sheets, granular deep bed filters, or surface filters with sieves 
are some examples of useful filter media [44]. Pressure is applied to drive the process 
of filtering, either by applying it to the input side or by applying a vacuum to the 
filtrate side. 

As shown in Fig. 17.4, the technologies of membrane filtration are categorized 
based on membrane selectivity (determined by membrane pore size and the 
associated size of particles excluded) and the needed applied pressure [46]. They 
could be classified as follows: microfiltration (MF), ultrafiltration (UF), 
nanofiltration (NF), and reverse osmosis (RO). Here, MF uses the largest particle/ 
pore sizes, while RO uses the smallest ones. The needed applied pressure varies with 
the filtering technique and rises as the size of membrane pores decreases as follows: 
MF > UF > NF > RO. 

MF displays an exclusion size ranging between 0.1 and 10 μm and needs a driven 
pressure of roughly 0.2–5 bar. It is appropriate to eliminate most bacteria and cells, 
clays, Mycoplasma, E. coli, algae, etc. UF exhibits an exclusion size ranging 
between 0.01 and 0.1 μm and needs a driven pressure of about 1–10 bar. It is 
appropriate to eliminate some viruses, proteins, natural organic matter, humic 
acids, etc. MF shows an exclusion size ranging between 0.001 and 0.01 μm and 
needs a driven pressure of roughly 5–10 bar. It is appropriate to remove multivalent 
ions, heavy metals, synthetic dyes, carbohydrates, etc. MF presents a smaller 
exclusion size ranging between 0.0001 and 0.001 μm and needs a much higher 
driven pressure of about 10 up to 150 bar. It could eliminate practically the different 
objects other than water due to being built of semi-permeable membranes that only 
let water pass through. 

Pretreatment of the input to the membrane filters is very important because it 
reduces fouling and enhances the functionality of membranes [47, 48]. For the 
pretreatment of the input in MF, traditional multimedia filtering processes and 
coagulation have been largely employed. Furthermore, considering the sequence 
of graduated size exclusion, each membrane stage could serve as a pretreatment for



the succeeding one. Simply, microfiltration could be employed as a pretreatment for 
ultrafiltration, ultrafiltration as a pretreatment for nanofiltration, and ultrafiltration 
and nanofiltration as pretreatments for reverse osmosis. 
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Fig. 17.4 Schematic illustration for water treatment using membrane filtration technologies. 
(Reproduced with permission from [45]) 

17.2.5 Nano-Sensors 

Continuously monitoring air pollution constitutes one of the vital and fundamental 
requirements in terms of controlling environmental pollution [49]. One of the risks 
of modern industrialization involves the release and spread of harmful and hazardous 
gasses (like H2S, NH3,  NO2, etc.). Inevitably, industry cautions are sometimes tardy 
to detect leakage of gasses. Furthermore, numerous issues, arising from the occur-
rence of heavy metal ions and other contaminants in water, air, and soil, emphasize 
the requirement to develop some technologies that are able to detect the 
contaminants earlier than that their amounts achieve dangerous levels in the envi-
ronment. Once the technologies for pollution detection become more available and 
inexpensive, decision-making regarding the environment, monitoring of the ecosys-
tem, and process management will be improved. Rapid and precise sensors capable 
of detecting contaminants at the molecular level will efficiently improve human 
capabilities to promote long-term human health and environmental sustainability.
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Generally, sensors are basically a sort of energy converters, which are able to 
detect mechanical, chemical, and physical characteristics in their surroundings and 
show them as output signals (frequently optical or electrical signals). Consequently, 
numerous sensors have been designed and created for usage for diverse purposes. 
Interestingly, nano-sensors are one of the widely used sensors nowadays [50–52]. A 
nano-sensor is basically made up of nanostructured materials, accompanied by an 
identifying element and a signal transduction technique. Nano-sensors can be 
categorized into magnetic, optical, mechanical, and electrochemical nano-sensors 
depending on signal transduction processes. They are biological, physical, or chem-
ical nanoscale sensors that could measure variations at the nanosized scale with 
extremely high precision and sensitivity, either quantitatively or qualitatively. The 
main essential features that contribute to the widespread trust in information 
provided by these nano-sensors are high detection power, high sensitivity, high 
accuracy, and the capacity to measure numerous kinds of species in the environment 
at the same time. 

17.3 Examples of Nanomaterials Used for Environmental 
Remediation 

17.3.1 Inorganic Nanomaterials 

Various metal-based nanostructured materials have been reported for the remedia-
tion of a wide range of pollutants; however, most of these investigations have 
focused on the elimination of chlorinated organic compounds and heavy metals 
from water. Metal and metal oxide nanostructured materials are very effective nano-
adsorbents possessing several advantages like excellent adsorption capacity and 
rapid kinetics. Some examples of metal-based nanomaterials examined for various 
environmental remediation applications are outlined in Table 17.1. Over the past 
years, effective physical and/or chemical synthesis approaches have been widely 
studied to obtain metal and metal oxide nanostructured materials with controlled 
shapes, high stability, and monodispersity. Hydrothermal, co-precipitation, sol-gel, 
etc., are some of the most extensively employed synthesis methods that provide large 
yields [54, 55]. 

Silver nanoparticles (Ag-NPs) have been used for disinfecting water due to their 
good antiviral, antifungal, and antibacterial activities [93–95]. Ag-NPs of very small 
size (<10 nm) were reported to be extremely toxic to E. coli and P. aeruginosa. They 
could additionally hinder viruses from attaching to host cells by attaching to the 
virus’s glycoproteins preferentially. Slightly larger nanoparticles (~10 to 25 nm) 
showed lesser antibacterial activities [96]. Furthermore, Ag with nano-triangular 
shapes showed enhanced bactericidal activities in comparison to Ag nanospheres 
and Ag nanorods, highlighting the relevance of nanoparticle shapes in inducing their 
desirable effects [97, 98]. Ag-NPs have been combined with a variety of different 
materials, including polymers and metal oxides, in order to improve the global



effectiveness of the resultant nanocomposites. This point will be further addressed in 
the upcoming subsections. 
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Table 17.1 Some examples of metal-based nanomaterials applied for environmental remediation 

Products Applications References 

Silver nanoparticles Water disinfection (antibacterial 
activities) 

[53–57] 

Degradation of dyes (e.g., Congo red 
(CR), methylene blue (MB), methyl 
orange (MO), and rhodamine B (RhB)) 

Nano-sensors (Hg2+ and Fe3+ metal 
ions) 

Silver-based nanocomposites (e.g., 
combination with polymers or other 
oxide nanomaterials) 

Water disinfection (antibacterial 
activities) 

[58–62] 

Adsorption of dyes (like MB, acid red 
37) 

Removal of contaminants (like iodide 
I-) 

Filtration 

TiO2 NMs Dye degradation (MB, MO, and 
auramine O (AO)) 

[63–67] 

Remediation of eutrophic shallow 
freshwater systems 

Antimicrobial and larvicidal activities 

Doped TiO2 NMs Dye degradation (MB, RhB, and basic 
yellow 28 (BY28)) 

[68–72] 

Degradation of heavy metal ions (like 
Cr6+ ) 

Antimicrobial activity (S. aureus and 
E. coli) 

Photocatalytic hydrogen production 

Titanate NMs Catalytic reduction of gases—nitric 
oxide 

[73–75] 

Mixed oxide NMs Degradation of dyes [76–79] 

Magnetic NMs Elimination of various heavy metals [80–85] 

Degradation of dyes 

Bimetallic NMs Reduction of heavy metal ions (like 
Cr6+ ) 

[86–92] 

Reduction of 4-nitrophenol to 
4-aminophenol 

Detection of Cr3+ 

Degradation of dyes 

Titanium oxide nanomaterials (TiO2 NMs) are another well-known explored 
metal-based product for environmental remediation applications. Because of their 
fascinating features such as energy-converting, gas sensing, electronic, 
photocatalytic, and semiconducting traits as well as their nontoxicity and lower 
cost, TiO2 NMs have been widely investigated for wastewater treatment, surfaces’



self-cleaning, and air purification applications [99]. TiO2 NMs could be activated by 
an illumination source and hence are considered as good photocatalysts to eliminate 
organic pollutants from diverse media. TiO2 NMs can produce highly reactive 
oxidants such as hydroxyl radicals, which act in disinfecting microorganisms 
including algae, viruses, bacteria, and fungi. Generally, TiO2 itself possesses a 
somehow low photocatalytic activity, hence, it is frequently doped with other 
transition metal ions to improve its efficiency. As a result, numerous investigations 
have been conducted on metal ions doped TiO2 NMs. For instance, Ag-doped TiO2 

nanofibers (NFs) are prepared via a hydrothermal process and then tested as 
photocatalysts for degrading different dyes (crystal violet (CV), Congo red (CR), 
malachite green (MG), and Methylene blue (MB)) under direct sunlight irradiation 
[100] and 2-chlorophenol under UV light illumination [101]. As well their 
antibacterial activities are tested against E. coli and S. aureus. In comparison to 
control TiO2 NFs, Ag-doped TiO2 NFs demonstrated both good photodegradation 
and antibacterial efficiencies. This enhancement had been ascribed to the following 
possible variables: an appropriate content of silver on the surface that efficiently 
captures photo-induced holes and electrons, a rapid movement of photo-induced 
electrons to the adsorbed oxygen available on the surface of the NFs, an increase in 
the number of surface hydroxyl groups, and an expansion of the response interval to 
light to the visible spectrum. Recently, Y. Slimani et al. [69] prepared Ce-Sm 
co-doped TiO2 NPs with various doping levels via a sol-gel auto-combustion 
process, which are then tested as photocatalysts for degrading MB dye. In compari-
son to control TiO2 NPs, Ce-Sm co-doped TiO2 NPs demonstrated better 
photodegradation efficiency. Indeed, excellent performances are obtained for NPs 
with a doping level of 0.5%, wherein the photodegradation efficiency achieved about 
98% within 30 min and a reaction rate constant of 0.0616 min-1 . These 
performances are reported to be much better than many other oxide compositions. 
It was established that h+ and •O2- are the utmost important active species in the 
photocatalytic degradation process. In addition, the reported nanophotocatalysts 
revealed high stability and can be definitely recovered and reused easily, suggesting 
their capability for real applications in the future. 
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Inorganic titanium oxide-based materials, called titanates, have also been studied 
for removing pollutants. For example, neutral, acidic, and basic titanate nanotubes 
(NTBs) have been prepared via hydrothermal technique by Chen’s group [74], 
which are tested as catalysts to reduce NO with ammonia. For neutral, acidic, and 
basic pH environments, manganese oxide was incorporated into different titanate 
NTBs formulations to produce Mn-doped titanate nanotubes, titanate nanorods, and 
titanate nanosheets, respectively. The neutral Mn-doped titanate NTBs showed the 
highest surface area, excellent active species’ dispersion, and the greatest active 
redox performance. Hence, neutral Mn-doped titanate NTBs possessed excellent 
catalytic reduction efficiency, while those prepared under basic conditions revealed 
insignificant activity. Different kinds of titanates, ATiO3 where A is a divalent ion 
like Ba, Ca, Sr, Na, Ni, Co, etc., as well as their composites are widely investigated 
and numerous of them revealed enhanced environmental remediation performances 
[75]. ATiO3 NMs combine both piezocatalytic and photocatalytic behaviors,



suggesting them as promising multifunctional nanomaterials for practical 
applications in the environment and energy. To improve their efficiencies, numerous 
approaches have been performed to alter ATiO3 NMs via doping or substitution, 
including hetero-cations, combining them with other semiconducting (nano)-
materials or carbonaceous materials. Also, the preparation methods, preparation 
environments, crystalline phase, etc., greatly govern the activity of ATiO3 nano-
catalysts. Several studies reported that the cubic BaTiO3 NMs display lesser 
piezocatalytic and photocatalytic performances under ultrasonication than tetragonal 
BaTiO3 NMs. In-depth investigations must be performed to figure out the exact facts 
that lead to the piezocatalytic and photocatalytic activities in ATiO3 NMs. Although 
numerous research articles investigated the piezoactivity and photoactivity of ATiO3 

NMs, the majority of them concentrated on the degradation of organic dyes, while 
fewer interest was devoted to other kinds of contaminants. Accordingly, the efficacy 
of ATiO3 NMs for environmental remediation applications should be well verified 
regarding other inorganic and organic contaminants such as pathogenic species, 
NOx, heavy metals, pharmaceutics, herbicides, pesticides, etc. Also, the evaluation 
of their toxicity in water should be studied. 
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Other metal oxide nanomaterials also demonstrated good photocatalytic activities 
for degrading dyes and removing heavy metal ions from polluted environments. For 
instance, E. Hannachi et al. [102, 103] synthesized a series of NMs made of ZnO 
NPs doped with rare earth elements like Y, Ce, Yb, etc. via a low-cost simple sol-gel 
synthesis approach. The findings revealed that an optimal concentration of 
co-dopants could significantly improve the degradation efficiency as well as accel-
erate the degradation rate. Numerous other metal oxide nanomaterials revealed 
enhanced photocatalytic activities [104–106]. 

Furthermore, mixed oxide nanomaterials have been studied. For instance, mixed 
TiO2–SiO2 oxide materials are synthesized using titanium isopropoxide or titanium 
butoxide and bamboo as sources of titanium and silica, respectively [76]. These 
binary materials were tested for their ability to degrade methylene blue (MB) dye 
photocatalytically. The degradation rate of MB at different treatment durations 
revealed substantial photoactivity. It has been speculated that these composites 
could find real use in industrial wastewater treatment systems on a small scale. 
Overall, although mixed oxide nanomaterials have higher photoactivity in compari-
son to pure TiO2 nanomaterials in the majority of cases, their real use is restricted to 
the mineralization of specific contaminants. In the literature, numerous mixed oxide 
nanomaterials showed an improved ability to eliminate a broad range of 
contaminants [77–79]. 

Moreover, magnetic metal-based and metal oxide-based nanosized adsorbents 
have particular appeal due to their ease of retention and separation from the water 
that is treated. Iron and iron oxide-based nanomaterials (NMs) have been widely 
documented in previous studies for the elimination of various heavy metals (includ-
ing Hg2+ ,  Cr6+ ,  Pb2+ ,  Cd2+ ,  Co2+ ,  Cu2+ , and Ni2+ ), as well as for the degradation of 
some dyes [80–85]. Recently, spinel ferrites, hexaferrites, and multiferroic materials 
received great interest for applications in environmental remediation [107– 
115]. Nevertheless, there are some limitations to utilizing such kinds of NMs for



environmental pollutants remediation. Agglomeration is one of the main concerns 
because it may drastically impact the reactivity of the product, reducing the benefit of  
employing nanomaterials to improve performance. Another issue to consider when 
dealing with metal and metal oxide NMs is the potential toxicity of the NMs utilized. 
Furthermore, the related costs and destiny of the remediation technologies are 
essential factors to think about when using NMs as remediation products. 
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Fig. 17.5 Mechanism of degradation of heavy metals and chlorinated contaminants from aqueous 
systems utilizing core-shell iron nanoparticles. (Reproduced from [117]) 

Nanoparticles made of iron with a core-shell configuration could be as follows; 
the core consists of a zero-valent elemental iron (Fe0 ) and the shell is comprised of 
mixed valent (Fe (III) and Fe (II)) oxides [116]. The mechanism whereby these core-
shell nanoparticles could be employed to remediate environmental pollutants is 
depicted in Fig. 17.5 [117]. Electrons donated from the zero-valent Fe0 core could 
be used for reducing both heavy metals and chlorinated compounds. Furthermore, 
the shell part of the nanoparticles may aid in remediating the pollutants, like heavy 
metals with a larger standard reduction potential (E0 ) than the Fe2+ /Fe pair. 

Some researchers investigated the utilization of sonication of magnetic 
nanoparticles (MNPs) solution in an attempt to prevent the agglomeration of NPs 
in order to improve their capacity to remove heavy metals [118]. When subjected to 
ultrasound treatment, nanoclusters may be dispersed; however, the released 
nanoparticles are susceptible to re-agglomeration if exposed to extended sonication 
durations. Hooshyar et al. [118] prepared 12 nm iron spherical NPs and found that 
sonication may improve the removal efficiency of heavy metals Co2+ and Ni2+ , with 
an ideal ultrasound period of around 30 min for the Co2+ case and 20 min for the Ni2+ 

case. The greatest removal efficiencies are about 60% and 39% for Co2+ and Ni2+ , 
respectively. 

Numerous investigations examined the utilization of bimetallic nanoparticles to 
overcome some of the limitations related to mono-metallic nanoparticles, particu-
larly agglomeration and poor stability. Various surfactants and stabilizers are usually 
used to boost the stability of NP solutions, but the incorporation of a second metal 
(or more) into the composition might improve the material’s solution stability and 
eliminate the requirement for surfactants and stabilizers [86, 119]. Enhanced stability



may lead to higher capacity and efficiency, as well as a faster rate of pollutants’ 
degradation. The inclusion of extra metals, like Co, Ni, Pt, Ag, or Pd as a way to 
improve the stability of Fe0 nanoparticles, has been suggested in recent studies [86– 
91]. Some noble metals may be coupled with Fe0 nanoparticles to catalyze 
hydrogenation and dichlorination reactions with pollutants, which leads to a more 
effective remediation process. Wang et al. [92] documented an increased rate of 
dehalogenation of chlorinated organic compounds by incorporating Pd into zero-
valent iron nanoparticles, although the costs are being expensive owing to the price 
of elemental Pd. Additional strategies for improving NPs’ stability involve the 
addition of supporting materials, like the examples provided below in the 
sub-section polymer-based (nano)materials. 
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An additional issue related to the utilization of metal-based nanomaterials is the 
potential toxicity of the chemicals employed to manufacture the nanomaterials as 
well as the byproducts released through pollutant degradation. In a previous study, 
Naz et al. [120] showed the effective application of zero-valent metal nanoparticles 
to remove Cu2+ and Ni2+ from aqueous mediums. They made up Mn, Fe, and Mn-Fe 
nanoparticles from using cannabis sativa leaf extract. This strong antioxidant extract 
includes substances that react with Fe (III) to create zero-valent Fe nanoparticles. 
Among the various prepared NPs, Mn-Fe NPs revealed increased photocatalytic 
activity toward MO and CR dyes in comparison to single Mn and Fe NPs. Hence, it 
is interesting to use natural products in the synthesis of nanomaterials for environ-
mental remediation to alleviate worries about the potential toxicity of chemicals and 
byproducts when employing chemical production routes. Furthermore, the green 
synthesis of zero-valent Fe nanoparticles shown by this research group offers the 
benefits of adding value to natural resources that would otherwise be deemed 
garbage (like leaf extracts) and offering low-cost nano-catalysts for dye removal 
from water. In another study, Poguberović and collaborators [121] made bimetallic 
NPs using cherry, mulberry, and oak leaf extracts for the elimination of As3+ and 
Cr6+ . Their study showed rapid kinetics and adsorption rate of the zero-valent Fe 
NPs, where the highest capacity for Cu2+ is about 1047 mg Cu/g with the use of 
mulberry leaf extracts and the highest capacity for Ni2+ is about 777 mg Ni/g with 
the use of oak leaf extracts. The remarkable disparities in performance may result 
from the specific raw materials utilized in the synthesis of nano-adsorbents. The best 
removal capacity of Cu2+ was attained at pH = 7, whereas the best removal capacity 
of Ni2+ was attained at pH = 8. Although the results of this investigation appear 
encouraging, additional investigations are needed before these materials can be used 
on a large-scale basis in wastewater treatment. Moreover, pH-sensitive remediation 
systems could pose some limits in their application to in situ remediation since 
certain environmental situations might not provide suitable conditions for effective 
and efficient remediation. Therefore, the researchers were able to create a reasonably 
harmless and low-cost organic–inorganic combination product for targeting 
polychlorinated biphenyl pollutants. 

The development of mixed magnetic nanomaterials can also lead to enhanced 
performance for environmental remediation [122–124]. For instance, nano-
NiFe2O4–NiO composites are synthesized via a co-precipitation process and the



results showed an optimal photocatalytic degradation of about 95.4% toward MB 
dye within 2 h for 50%NiFe2O4-50%NiO composition [122]. NiO–CuO and NiO– 
Co3O4 composite nanophotocatalysts are also prepared and revealed excellent deg-
radation efficiency against cefixime antibiotic [123] and malachite green dye [124], 
respectively. 
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Table 17.2 Some studies on the use of silica NMs for environmental remediation of pollutants 

Products Applications References 

Amine-grafted silica 
materials 

Removal of gases (CO2, H2S) [125–132] 

Carboxylic acid-
functionalized silica 

Wastewater treatment (heavy metals, dyes, 
radioactive ions) 

[133–136] 

Thiol-functionalized 
silica 

Soil and wastewater treatment (removal of heavy 
metals) 

[137–140] 

Amino-functionalized 
silica 

Soil and wastewater treatment (removal of heavy 
metals and dye degradation) 

[127, 141– 
145] 

Conversely, mesoporous silica materials, because of their flexibility, have also 
acquired a great interest in numerous kinds of applications, including catalysis and 
adsorption. These materials provide many advantages for applications in environ-
mental remediation, such as high surface area, controllable size of pores, ease of 
alteration of the surface, and a large volume of pores. A number of investigations 
have also documented the application of these kinds of materials in pollutant 
remediation in the gas phase because of their exceptional performance as adsorbents. 
Moreover, several papers have presented various surface modifications of 
mesoporous silica materials. Table 17.2 highlights some of the studies that examine 
the application of silica NMs in the environmental remediation of various pollutants. 

The hydroxyl groups that exist on the surface of silica materials play a key role in 
gas adsorption, surface modification, and other surface-related phenomena like 
wetting. Putting functional groups onto the walls of the pores is another recognized 
method for developing novel catalysts and adsorbents [117]. For instance, A. Ayub 
et al. [125] used amine-surface-modified silica materials to selectively remove H2S 
and CO2. These materials attained rapid CO2 uptake by achieving about 82% of their 
equilibrium CO2 uptake in 1 min. The materials are able of completely removing 
H2S and CO2 by 100%. Additionally, the materials maintained about 99% of their 
initial CO2 uptake during 100-cycle testing in hot air. Anyanwu et al. [126, 127] 
utilized amine-surface-modified mesoporous silica (SBA-15) grafted at different 
temperatures for capturing CO2. The nano-adsorbents grafted at ambient temperature 
revealed outstanding stability even after ten adsorption–desorption cycling tests, 
which is comparable to the conventional process that implies grafting at much higher 
temperatures >75 °C. In another study, Anyanwu et al. [128] employed silica gels 
grafted with amine for CO2 capture purposes. Materials with high amine loading and 
largest pores (1.12 cm3 /g pore volume, 14.9 pore diameter, and 309 m2 /g BET 
surface area) demonstrated excellent CO2 adsorption performance, rapid CO2 uptake 
rate, and excellent cycle stability. Unexpectedly, the performance of materials 
exceeded those of the excellent MCM and SBA-type sorbent materials. Bai et al.



[129] synthesized triamine-grafted MCF silica at room temperature. The findings 
indicated that these materials display excellent CO2 adsorption capacity, rapid 
adsorption kinetics, and outstanding cyclic stability. Mesoporous silica SBA-15 
materials are grafted by using different sterically hindered amines, which are 
assessed for removing H2S [130]. Excellent adsorbance performance is achieved 
for materials with (tert-butylaminopropyl) trimethoxysilane grafting. The significant 
abundance of amine groups on the surface of silica materials was linked to the 
observed good efficiency in H2S and CO2 removal. Another research group 
(s) showed [131, 132] the effectiveness of amine-modified alumino-silicates for 
capturing CO2 and other carbonyl substances such as ketones and aldehydes. CO2 

capture has been found to be achievable by reversible adsorption of the gaseous 
molecules into the amino-silica product. Likewise, the creation of hemiaminal or 
imine is necessary for capturing ketone and aldehyde. The reaction kinetics are very 
quick, attaining around 90% of the entire capacity of the material in a couple of 
minutes. As a result, the above-mentioned products offer a feasible replacement for 
the classical capture of carbon dioxide by aqueous amines and other silica-supported 
amines since they are simpler to prepare, less costly, and offer higher stability and 
performance. Nevertheless, this may restrict some of their applications to capture 
pollutants that do not react with amines. Amine-functionalized porous silica is 
employed as an aldehyde abatement product to trap aldehydes with low-molecular-
weight (like formaldehyde). The obtained findings implied that primary and second-
ary amines, rather than tertiary amines, are more appropriate to capture aldehydes, 
which is in accordance with the covalent capturing of the desired pollutant through 
the creation of imine and hemiaminal intermediates. 
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An example of mesoporous silica materials and surface properties relevant to 
adsorption applications is depicted in Fig. 17.6. 

In addition to the capture of gases, silica-based compounds are applied for the 
elimination of organic dyes from wastewater. Numerous research groups [133–136] 
successfully functionalized mesoporous silica with carboxylic acid groups (–COOH) 
because the latter may establish hydrogen bonds with a variety of substances, 
including contaminants, dyes, and metal ions. The best performance for the degra-
dation of methylene blue was attained at a pH of 9. Although these products are good 
adsorbents under basic circumstances, the pH dependence probably limits their 
practical applicability. Moreover, other research groups examined the applications 
of thiol-functionalized silica materials [137–140] and aminopropyl or amino-
functionalized silica materials [127, 141–145] in remediating numerous kinds of 
metal ions like U6+ , Hg2+ , Pb2+ , Cr3+ , Al2+ , Ni2+ , Zn2+ , Cu2+ , Co2+ , and Cd2+ as well 
as for degrading dyes. 

17.3.2 Carbon-Based Nanomaterials 

Carbon-based nanostructured materials are also utilized for the remediation of 
pollutants via photocatalysis and adsorption processes. Indeed, carbon-based 
nanostructured materials possess distinctive chemical, physical, and electronic



features. Graphene, multi-walled carbon nanotubes (MW-CNTs), single-walled 
carbon nanotubes (SW-CNTs), and fullerenes C540 and C60 could all be formed 
through adjustable hybridization states [146–148]. Some studies reported that the 
surface modifications, functionalization, or activation of the virgin carbon material 
are initially needed for the feasibility of graphene and carbon nanotubes (CNTs) in 
environmental remediation applications. Many investigations have been conducted 
on MW-CNTs and SW-CNTs. The materials’ adsorption capabilities render them 
especially suitable for removing inorganic and organic contaminants from large 
volumes of aqueous solutions and from the air. 
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Fig. 17.6 A case of functionalized mesoporous silica materials applied in environmental remedia-
tion of pollutants. (Reproduced from [117]) 

Numerous papers have been published that detail the application of graphene to 
create nanocomposite photocatalysts. Pure graphene could be employed as an 
efficient adsorbent to remove contaminants from aqueous mediums like fluoride. 
At ambient temperature and pH of 7, graphene’s monolayer adsorption capacity for 
fluoride is about 35.6 mg/g [149]. Although pure graphene could potentially be 
utilized for the remediation of the environment, a range of strategies depend on the 
usage of modified graphene to remediate various substances. Surface alterations



reduce graphene layers’ aggregation and hence improve the effective surface area, 
rendering the modified graphene potentially better than pure graphene 
[150]. Graphene oxide (GO) is a kind of modified graphenes that has been reported 
for the remediation of the environment by the adsorption of a number of water and 
gaseous pollutants, like pharmaceuticals, heavy metal ions (like Pb2+ , Cd2+ , As3+ , 
and Cr6+ ), organic (cationic and anionic) dyes, CO2 separation, NO2 detection, etc. 
[151–156]. On the surface of the carbon of graphene oxides, numerous functional 
groups that contain oxygen, like hydroxyls, epoxides, and carboxylic acids exist, 
which play a great role in adsorption. Several researchers demonstrated that 
nanocomposites comprising of graphene and semiconducting nanoparticles (TiO2, 
ZnO, CeO2, WO3, etc.) revealed higher photocatalytic activities in comparison to 
pristine nanoparticles alone (TiO2, ZnO, CeO2, WO3, etc.) [157–162]. These 
nanocomposites were examined, for example, for the reduction/removal of heavy 
metal ions (like Cr6+ ), degradation of dyes (like MG, MB, RhB), antibacterial 
agents, as well as gas sensors. This could be ascribed to the rise in conductivity. 
Even magnetic iron oxide-based nanomaterials are combined with graphene oxide to 
form new potential nanocomposites for environmental remediation applications 
[163–165]. One should note here that the control of the composition ratio in the 
nanocomposites between the graphene and the nanoparticles is important to achieve 
optimal photocatalytic activity. Indeed, exceeding a certain graphene content, a 
reduction in photocatalytic activity could be noticed. Table 17.3 summarizes some 
examples of graphene-based nanocomposites used for environmental remediation 
applications. 
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Conversely, great efforts have been done to improve the adsorption capabilities of 
pure CNTs by opening the closed ends. Indeed, unaltered carbon-based 
nanostructured materials are frequently inert to environmental pollutants. To boost 
their performance, they are usually altered or coated by other reactive compounds 
that have the required functional groups or charges. As a result, these hybrid 
nanomaterials combine numerous properties within a single framework to achieve 
the required efficiency. SW-CNTs are often organized in a hexagonal pattern where 
each nanotube is encircled by six others, which results in packages of aligned tubes 
with a heterogeneous porous framework. Adsorption may occur in four distinct 
accessible sites for an ordinary open-ended CNT bundle, which are of two sorts: 
(1) those that have greater energy of adsorption, localized either among two adjacent 
nanotubes or inside an individual nanotube, and (2) those that possess lower energy 
of adsorption, localized on the outside surfaces of the external CNTs making up the 
bundle [179]. Because the exterior sites are directly exposed to the adsorbing 
substance, adsorption on outside surfaces approaches equilibrium considerably 
quicker than adsorption on internal sites. MW-CNTs are seldom found in bundles 
unless particular techniques of synthesis are applied to generate such arrangements. 
Via nitrogen adsorption–desorption isotherm measurements, Zhong et al. [180] 
proved that distinct kinds of pores (i.e., inner and aggregated) form a multi-stage 
process of adsorption. Aggregated pores have been found to be more substantially 
responsible for the adsorption capabilities of these products than the less available 
interior pores. Moreover, the oxygen concentration of CNTs might have an impact



on their adsorption ability. CNTs that possess –COOH, –C=O, and –OH groups 
might favorably influence adsorption capabilities. This could be done based on the 
particular synthesis techniques and the associated purifying operations. CNTs could 
be oxidized using a variety of chemicals, including NaOH, KOH, H2SO4, NaOCl, 
H2O2, KMnO4, HNO3, etc., which could significantly enhance the adsorption 
capacities of metal ions like Cu2+ , Ni2+ , Cd2+ , and Pb2+ [166–170]. 
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Table 17.3 Graphene and CNT-based nanocomposites used for environmental remediation 
applications 

Products Applications References 

Pristine graphene Treatment of aqueous solutions (like 
adsorption of fluoride) 

[149] 

Graphene oxide Adsorption of a number of water and 
gaseous pollutants, like 
pharmaceuticals, heavy metal ions (like 
Pb2+ , Cd2+ , As3+ , and Cr6+ ), organic 
(cationic and anionic) dyes 

[151–156] 

CO2 separation 

NO2 detection 

Semiconductor-graphene oxide 
nanocomposites (semiconductors like 
ZnO, TiO2, WO3, or CeO2) 

Gas sensing [157–162] 

Removal of metal ions 

Dye degradation (like MG, MB, RhB) 

Water disinfection (antibacterial 
activity) 

Spinel ferrite-graphene oxide 
nanocomposites 

Removal of heavy metal ions [163–165] 

Degradation of synthetic dyes 

Antibacterial applications 

Oxidized CNTs Adsorption of metal ions [166–170] 

CNT-based nanocomposites: Dye degradation [171–178]

• Metal oxide semiconductor-CNTs 
nanocomposites 

Metal ions removal

• Non-oxide semiconductor-CNTs 
nanocomposites

• Magnetic iron oxide-CNTs 
nanocomposites

• Bimetallic NMs-CNTs 
nanocomposites 

Recently, several attempts are focused on the combination of CNTs with other 
kinds of photocatalysts/adsorbents to further enhance their performances, for exam-
ple, metal oxide semiconductors like TiO2, ZnO, and WO3 [171–173], titanates 
[174, 175], non-oxide semiconductors like CdS [176], magnetic iron oxide-based 
NMs [177], bimetallic NMs [178], and so on. These nanocomposites demonstrated 
enhanced adsorption and photocatalytic performances in comparison to individual 
nanomaterials.
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17.3.3 Polymer-Based Nanomaterials 

Polymers are largely employed to detect and remove organic contaminants (such as 
volatile organic compounds, pharmaceuticals, and aromatic hydrocarbons), gases 
(such as NOx, SO2, and CO), pollutant chemicals (such as heavy metals, arsenic, 
iron, nitrate, and manganese), and a broad range of biologics (such as viruses, 
parasites, and bacteria). Polymeric hosts (such as surface functionalized ligands, 
stabilizing agents, emulsifiers, and surfactants) are often employed to enhance the 
stability and surpass certain limitations of pristine nanoparticles, and they also 
provide other beneficial characteristics like recyclability, durability, thermal stabil-
ity, and boosted mechanical strength. Table 17.4 summarizes a few examples of 
polymer-based nanostructured materials employed for the treatment of environmen-
tal pollutants. 

Amphiphilic polyurethane nanomaterials have been produced for the removal of 
polynuclear aromatic hydrocarbons (PAHs) from soils, proving that organic 
nanomaterials may be tailored to have desirable features [181]. Amphiphilic poly-
urethane nanomaterials recovered about 80% of the phenanthrene from polluted 
aquifer sand. An examination of diverse compositions revealed that the affinity of 
amphiphilic polyurethane nanomaterials for phenanthrene improved as the size of 
the hydrophobic core rose. In addition, rising the amount of ionic groups on the 
precursor chains reduced the agglomeration of amphiphilic polyurethane particles in 
the existence of polyvalent cations [181]. After that, numerous researchers devel-
oped diverse potential polyurethane-based nanocomposites for the removal of 
contaminants from water and soil, as well as for oil separation, by incorporating 
diverse kinds of oxide NMs like GO, ZnO, and SiO2 [182–184]. Dendrimers, 
including, for example, poly(amidoamine) (PAMAM), have been employed in 
contaminated wastewater treatment [185–189]. These nano-dendritic polymers 
include functional groups like hydroxamates, carboxylates, and primary amines 
that may encapsulate a wide variety of solutes in water, such as cations (U6+ , 
Zn2+ , Ni2+ , Fe3+ , Fe2+ , Au+ , Ag+ , and Cu2+ ), as well as they effectively degrade

Table 17.4 Some examples of polymer-based nanomaterials employed for environmental reme-
diation of pollutants 

Products Applications References 

Amphiphilic polyurethane NPs Removal of polynuclear aromatic 
hydrocarbons from soils 

[181] 

Polyurethane-based 
nanocomposites 

Oil adsorption and separation [182–184] 

Dye degradation 

Removal of metal ions 

Dendrimers Wastewater treatment (degradation of dyes 
and removal of heavy metal ions) 

[185–189] 

Functionalized biodegradable 
polymeric nanomaterials 

Removal of metal ions, dyes, and oils from 
water 

[190–194] 

Polymeric-based 
nanocomposites 

Catalytic degradation of dyes [195–202] 

Removal of heavy metals



the dyes. They could be employed as chelating agents and ultrafilters or microfilters 
that attach with metal ions, to facilitate the purification of water. Functionalized 
biodegradable and non-toxic polymeric nanomaterials, including cellulose, chitosan, 
polylactic acid (PLA), gelatin, etc., have been also utilized for specifically capturing 
volatile organic compounds and removing metal ions, dyes, and oils from water 
[190–194]. The modified target-specific reactivity of materials enabled the quick and 
selective capturing or removing of desirable pollutants. The development of ionic or 
covalent connections among the amine functional groups and the intended aldehydes 
and/or carboxylic groups is the basis for this technique, which could lead to a more 
selective and efficient capturing technology. As an example, Fig. 17.7 shows the 
mechanism of aldehydes and carboxylic acid gaseous captured by poly (D,L-lactic 
acid)-poly(ethylene glycol)-poly(ethyleneimine) (PDLLA-PEG-PEI) [203].
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Fig. 17.7 Mechanism of PDLLA-PEG-PEI for aldehydes and carboxylic acid gaseous capturing. 
(Reproduced from [203]) 

Polymer-supported nanocomposites (PNCs) are products that use a polymer as a 
base material and have nano-entities dispersed in or coated on it. These products 
combine the desired features of the nanomaterials (like high reactivity) and the base 
polymer (like exquisite mechanical strength). Biodegradability and biocompatibility 
are the two important factors in the utilization of polymer-supported 
nanocomposites. Numerous polymers have also been employed for environmental 
remediation applications by the construction of membranes that include metal and 
metal oxide nanomaterials [195–198]. Polymers are often utilized as base 
components in polymeric nanocomposites, while other elements of the 
nanocomposite, like nanomaterials, take the responsibility of remediating the 
pollutants. Nevertheless, in some studies, functionalized polymeric nanocomposites 
have been also identified to be the possible principal agent in the remediation 
process. Green hybrid polymeric-based nanocomposites, made of ZnO NPs loaded 
into a hydrogel, have been created by employing acrylamide-grafted on the poly-
meric chains of gelatin and chitosan [202]. These hydrogel nanocomposites showed 
a successful degradation of about 91% of Congo red dye in wastewater and under 
sunlight. Magnetic polymeric-based nanocomposites made of alginate and poly 
(vinyl alcohol) (PVA) hydrogels and Fe3O4 NPs have been prepared by Zhang 
et al. [204]. The prepared products demonstrated good catalytic performances for



the Fenton degradation of organic dyes. Remarkably, the double-cross-linked struc-
ture provides the iron oxide NPs much more stability and recyclability in comparison 
to the conventional Fenton catalytic process. The mass loss of these polymeric-based 
nanocomposites is about 10% after six cycles. This could prevent the creation of Fe 
sludge in Fenton-like reactions to the utmost level and offers widespread potential 
applications for the remediation of wastewater. In another study, biopolymeric 
hydrogel nanocomposites composed of gelatin-supported Sn-doped Gd2O3 have 
been prepared [199]. The existence of many functional groups on the gelatin’s 
framework, like hydroxyl (–OH) and carboxylic acid (–COOH), facilitates the 
cross-linking with formaldehyde. These nanocomposites were employed for the 
catalytic degradation of different dyes (like 2-nitrophenol, 4-nitrophenol, CR, MO, 
and MB dyes) in aqueous medium NaBH4 reducing agents. For instance, the 
catalytic degradation of CR dye was successfully performed with a reaction rate of 
about 0.915 min-1 . It has been also stated that these biopolymeric hydrogel 
nanocomposites can be recycled recovered by a simple discharge of the reduced 
dye and reutilized for another time. Ibeaho et al. [200] developed multifunctional 
magnetic hydrogels fabricated by Fe3O4 NPs-mediated radical polymerization of 
poly (ethylene glycol) diacrylate. The obtained products display multifunctional 
properties integrating photothermal response, superwettability, and magnetism, in 
addition to the rapid degradation of organic dyes with excelled recyclability. In 
another study, hydrogel nanocomposites of polyethyleneimine and magnetic NPs 
have been synthesized [201]. The resultant materials display a rough surface and 
high porosity, leading to a fast adsorption rate and great adsorption capacity of heavy 
metals like Pb2+ , Cd2+ , and Cu2+ , which could be further enhanced by raising the pH 
value of the initial solution. 
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17.4 Conclusions and Future Perspectives 

Nowadays, our ecological equilibrium is being considerably disturbed by the rapid 
growth in population and in the amount of residues emitted by a large number of 
industries. The subject of environmental pollution and climate change is one of the 
dangerous issues of concern worldwide. The pollution of our environment is being a 
risk to our lives since it could be the main sources of a variety of undesirable 
diseases. Therefore, an immediate degradation (reduction or removal) of these 
contaminants is needed. Nevertheless, certain contaminants are extremely difficult 
to breakdown and require a long period of treatment. The unique function of 
nanotechnology could be employed for this purpose, and contaminants are able to 
be changed into safe ones or properly removed, which is attributed to their high 
surface area, adequate functional groups, and active sites. Additionally, nanotech-
nology can change strong surface complexes with many types of contaminants and 
so effectively remove the contaminants from the environment (like an aqueous 
solution). Accordingly, nanostructured materials and composites could be employed 
in the environmental remediation processes. For the remediation of environmental 
pollutants, many types of nanostructured materials and composites are utilized, such



as inorganic-based, carbon-based, and polymer-based nanomaterials. Contaminants 
such as halogenated herbicides, volatile organic compounds, organophosphorus 
compounds, chlorinated organic chemicals, dyes, heavy metals, pharmaceuticals, 
etc. could be effectively remediated by using these nanomaterials and 
nanocomposites. Moreover, processes such as photocatalytic reduction, catalysis, 
adsorption, (nano)filtration, nanosensing, etc., of pollutants are frequently identified 
as significant technologies for reducing or removing or capturing pollutants in the 
environment. In light of this, the current chapter will focus on the important 
nanotechnologies and nanomaterials employed in environmental remediation 
applications, as well as their advantages and limitations that must be overcome to 
achieve a clean and safe environment in the future. 
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The use of nanostructured materials and composites in the identification and 
elimination of diseases offers in-line and real-time detection, smaller sizes of 
samples, reduced costs, quicker treatment period, higher degradation yields, lesser 
toxicity (even nontoxicity), improved sensitivity and selectivity, and so on. Indeed, 
nanomaterials of metal and metal oxides have been widely utilized to eliminate 
heavy metals and organic contaminants by the oxidation or reduction of NMs. The 
level of degradation could be further improved by functionalizing these NMs with 
chemical groups capable of selectively capturing specific contaminants in the pol-
luted medium. This technology is efficient and exciting, and it could potentially be 
employed in the treatment of air and water. 

Nanomembranes have been used in the treatment of drinkable water, wastewater 
reclamation, and reuse, as well as the elimination of pesticides, natural organic 
matter, pharmaceuticals, dyes, and heavy metals from polluted water. Additional 
improvements should be done within environmental remediation applications to 
selectively eliminate the nanomaterials and nanocomposites after use, which should 
also possess stronger resistance to variations in pH values and concentrations of 
contaminants existing in polluted water, higher stability over very long durations, 
and lowest costs. Because of their low basic weight, small size of pores, and large 
permeability, nanofibrous media are also suitable for a broad variety of applications 
as filters. Furthermore, nanofibrous membranes exhibit distinctive characteristics 
including large specific surface area, strong connectivity between pores, and the 
ability to include active sites or functional groups at the nanoscale. Nanofiber filters 
could be utilized in a variety of applications, including the extraction of 
microparticles from wastewater. To extend the lifespan of the membranes, 
nanofiltration or ultrafiltration could be used. Some research activities are under 
examination to produce nanostructured materials with different fiber geometries and 
diameters in order to determine their influence on the efficiency of nano-fibers. 

Polymer-supported nanocomposites have been also employed for environmental 
remediation applications, such as monitoring and detection (sensors) of pollutants, 
adsorption of contaminants, chemical catalysis degradation, and photocatalytic 
degradation, which provide a greener environment perspective. Nevertheless, an 
investigation of the relationship among the surrounding polymers and the 
encapsulated nanomaterials, as well as their dispersion in contaminated water and



air, should be conducted. Furthermore, the manufacture of polymeric-based 
nanomaterials for large-scale applications is still in progress. 
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The widespread use of sorbents in the remediation of the environment has 
revealed their potential to adsorb metals and organic contaminants from polluted 
air and water. High adsorption selectivity and capacity have been achieved by the 
use of nanostructured materials like titanate-based NMs, iron-based NMs, and 
polymeric nano-adsorbents. Sorbent surface modification is being investigated to 
improve process performances. Improving sorbent reusability and extending their 
lifetime should be also investigated in order to minimize their costs. 

Nano-sensors that are able to detect and identify volatile organic compounds, 
contaminant chemicals, and toxic gases, as well as bacteria, have been created. 
Additional improvements in the multifunctional characteristics of nanostructured 
materials are needed to fulfill requirements for the detection and remediation of 
contaminants in air and water. Also, fundamental investigations are needed to 
understand well their capabilities. 

Because of their fibrous body and large surface area, SW-CNTs and MW-CNTs 
have demonstrated outstanding adsorption capabilities to remove numerous chemi-
cal and biological pollutants. Tiny NMs made of carbon nanotubes are hard to be 
separated from aqueous solutions. To achieve this, an ultracentrifugation separation 
process would be preferably applied, nevertheless, such a procedure requires high 
energy. Filtration by membranes is an alternate and effective approach for separating 
carbon nanotubes from an aqueous solution. Nevertheless, these membranes could 
be easily plugged. Nanocomposites made of carbon nanotubes and magnetic NMs or 
metal oxide NMs are interesting products for large-scale environmental pollution 
control. Further attempts will be necessary to design and develop CNT-based 
nanocomposites for real applications. Nano-dendritic polymers have been created 
for use in filtering techniques that need low pressure to eliminate or recover 
contaminants from polluted water, wastewater, and soil, like metal ions, uranium, 
and perchlorate. The efficiency of composites based on nano-dendritic polymer has 
not been yet documented and needs to be studied in the future. 
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and Agriculture 18 
A. V. Trukhanov, Preeti Thakur, and Atul Thakur 

Abstract 

Agricultural production, sometimes known as “farming,” is the process of 
cultivating certain plants and rearing livestock to provide food, feed, fiber, and 
a variety of other desirable items. Agriculture is the core of most emerging 
countries, providing both direct and indirect nourishment for humans. Agri-
food production is critical since it is one of the key economic drivers. It can 
also provide access to value-added crops. Food nanotechnology is a booming 
topic of study that opens up a whole new world of prospects for the food sector. In 
addition, nanotechnology is rapidly introducing new opportunities for innovation 
in the food business, but uncertainties and health concerns are also arising with 
it. Agricultural practices are frequently in the spotlight because global warming, 
energy, resource restrictions, and the world’s fast rising population are putting 
unprecedented strain on food and water supplies. Many challenges are faced with 
food production capacity, including a declining ratio of arable land for cultiva-
tion. Agriculture is becoming increasingly crucial as a source of food in a world 
of dwindling resources and an ever-increasing world population. It is critical to 
employ current technologies in agricultural and food sciences such as nanotech-
nology and nanobiotechnology. The present focus of nano-agriculture is on target 
farming, which involves the use of nanosized particles with particular features to 
increase crop and animal output. Agri-food nanotechnology is an
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interdisciplinary field, when compared to its usage in medicine delivery and 
pharmaceuticals, the use of nanotechnology in agriculture and food is pretty 
recent. For “sustainable intensification,” nanoscience has the capability to safe-
guard and monitor plant development, identify plant and animal illnesses, boost 
global food supply, improve food quality, and minimize waste. This chapter 
provides an overview about the importance of agriculture and food production 
in nanotechnology.
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18.1 Introduction 

Nanotechnology provides novel agrochemical agents and delivery systems for 
increasing crop yield while decreasing pesticide consumption. Furthermore, in the 
foodservice industry, nanoscience technologies may be used to detect pathogens in 
packaging, improve flavor and color quality, and increase safety by strengthening 
barrier qualities. Nanotechnology holds great promise for providing benefits not only 
within food products but also in the environment around food products. The 
fundamental application and functional categories of nanotechnology that are cur-
rently being created for food packaging are as follows: The development of plastic 
product barriers, the addition of active ingredients that can provide features that are 
essential and go beyond those of conventional active packaging, and the detection 
and signaling of pertinent information are all examples of improvements. Nano food 
packaging materials have the potential to increase food shelf-life, enhance food 
safety, warn customers when food is contaminated or rotten, mend packaging 
tears, and even release additives to prolong the life of the food in the container. 

Nanobiotechnology has the potential to increase crop yields through the follow-
ing applications: nano-formulations of agro-chemicals for utilizing insecticides and 
fertilizers for crop improvement; the use of nano-sensors/nano-biosensors in crop 
improvement for the detection of diseases and agrochemical residues; nanodevices 
for plant gene modification; crop diseases diagnostics; animal care, livestock breed-
ing, poultry production; and post-harvest management [1]. Nanotechnology 
applications include gene or DNA transfer via nanoparticles in plants for the 
development of insect-resistant cultivars, food processing and storage, nano-feed 
additives, and extended product shelf-life. Nanotechnology has the potential to 
speed the production of biomass-to-fuels technologies. When compared to tradi-
tional encapsulating agents, nanomaterials allow for better encapsulation and release 
efficiency of active food ingredients, and the development of nano-emulsions, 
liposomes, micelles, biopolymer complexes, and cubosomes has resulted in 
improved properties for bioactive compound safety, controlled delivery systems, 
food matrix integration, and concealing undesired flavors. Also, the growing public 
concern about food quality and health benefits is driving academics to develop a



technique to improve food quality while affecting the nutritional content of the 
product as little as possible. The food sector has expanded its need for 
nanoparticle-based products since many of them include critical nutrients and have 
been shown to be non-toxic [2, 3]. 
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But concerns about the safety of nanoparticles have emerged based on only a few 
toxicological studies, and academics and industry will need to demonstrate that these 
nanotechnologies do not have a greater harmful influence on the environment and on 
human beings. 

18.2 Applications of Nanotechnology in Agriculture 

Green methods for synthesizing nanoparticles with plant extracts are advantageous 
because they are simple, convenient, environmentally friendly, and require less 
reaction time. Nanomaterials created using environmentally friendly and green 
methods have the potential to improve agriculture by improving fertilization, plant 
growth regulators, and pesticides. Furthermore, they reduce the amount of harmful 
chemicals that pollute the environment. Nanobiotechnology in farming has gained a 
significant amount of attention in the last decade, thanks to a lot of public financing, 
the level of progress is good, and many innovative methods have been incorporated 
in agriculture [4]. This could be attributed to the unique essence of farmlands, which 
operates as an open platform wherein matter and energy are readily exchanged. In 
contrast to commercial nanoproducts, the scale of demand for input materials is 
always large due to the lack of control over the input of nanomaterials. Nanotech 
offers new agrochemical agents and delivery mechanisms to boost crop productivity 
while reducing application of pesticides. Nanotechnology can boost agricultural 
production by using: (1) nano-formulations of agrochemicals for applying pesticides 
and fertilizers for crop improvement; (2) nano-sensors in crop protection for 
identifying diseases and agrochemical residues; (3) nanodevices for plant genetic 
engineering; (4) plant disease diagnostics; (5) animal health, animal breeding, 
poultry production; and (6) postharvest management. Precision farming techniques 
may be used to increase crop yields while minimizing soil and water damage. It can 
also reduce nitrogen loss due to leaching and emissions, as well as soil-
microorganisms. 

According to experts, the potential benefits of nanotechnology for agriculture, 
food, fisheries, and aquaculture should be balanced against concerns for the soil, 
water, and environment, as well as worker occupational health. Insecticide resistance 
is a prime example of evolution on an ecological time scale. Insecticide resistance 
research is necessary because it leads to a better understanding of mechanisms that 
operate in real time, as well as because it is economically significant. Insects have 
become a growing problem for agriculture and public health.
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18.3 Agriculture Intensification Systems for Long-Term 
Sustainability 

Sustainable intensification refers to a production system that aims to increase yield 
while minimizing environmental impact while cultivating the same agricultural area 
[5]. This paradigm provides the best combination of agricultural production 
approaches in light of the current biophysical, social, cultural, and economic situa-
tion. To increase productivity, novel nanomaterials based on the use of inorganic, 
polymeric, and lipid nanoparticles synthesized using various techniques (e.g., emul-
sification, ionic gelation, polymerization, oxydo-reduction, etc.) have been devel-
oped [6]. They can be used to develop intelligent nano-systems for the 
immobilization and release of nutrients in soil, for example, such systems have the 
advantage of minimizing leaching while improving plant nutrient uptake and 
mitigating eutrophication by reducing nitrogen transfer to groundwater (Fig. 18.1). 
Furthermore, nanomaterials could be used to improve the structure and function of 
pesticides by increasing solubility, increasing resistance to hydrolysis and photode-
composition, and/or providing a more specific and controlled release toward target 
organisms (Fig. 18.2) [7]. 

Fig. 18.1 Possible applications of nanotechnology in agriculture: Using nanomaterials (SiO2, 
TiO2, and carbon nanotubes), we can (a) boost productivity by using nano-pesticides and nano-
fertilizers, (b) enhance soil quality by using nano-zeolites, (c) stimulate plant growth by using 
nanomaterials, and (d) offer smart monitoring by using nano-sensors by wireless communication 
devices
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Fig. 18.2 Applications of nanotechnology in agriculture 

18.4 Systems to Improve the Quality of the Soil 

Hydrogels, nano-clays, and nano-zeolites have been shown to improve soil’s water-
holding capacity, acting as a slow-release source of water and reducing hydric 
shortage periods during crop season. The use of such systems is advantageous for 
agricultural purposes as well as reforestation of degraded areas. Organic 
nanomaterials, such as polymers and carbon nanotubes, and inorganic nanomaterials, 
such as nano metals and metal oxides, have also been used to absorb pollutants, 
increasing soil remediation capacity and reducing treatment time and costs [8, 9]. 

18.5 Pesticides with Nanoparticles 

NPs may be crucial in the management of insect pests and host infections because 
they are common in agricultural fields and products. A nano-encapsulated pesticide 
formulation that was recently developed has slow releasing properties as well as



improved solubility, specificity, permeability, and stability [10]. These benefits are 
primarily obtained by either protecting the encapsulated active ingredients from 
premature degradation or increasing their pest control efficacy for a longer period 
of time. The development of nano-encapsulated pesticides reduced pesticide dosage 
and human exposure to them, making crop protection more environment friendly 
[11]. Also, greater than 1/2 of the world’s population relies upon on green vegetation 
and their merchandise for survival, growing plant productiveness and keeping them 
healthy is a prime concern. Pathogens, nutrient deficiency, and soil/air pollution, for 
example, are all biotic and abiotic elements that may have an effect on plants growth 
with the aid of using inducing harm that ends in reduced crop and fruit yield [12]. 
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18.6 Growth of Cultivated Plants and Ecotoxicological 
Sustainability 

Agriculture host plants play a critical role in the food chain. Plants are now being 
developed not only on agricultural lands, but also on aqueous medium. Several NPs 
of iron oxide (magnetite), a magnetic form of iron ore, can naturally deposit in the 
plant host. It is intriguing to speculate that iron (II, III) oxide NPs (Fe3O4-NPs) can 
accumulate in Lepidium sativum and Pisum sativum plants [13]. And apart from 
that, the use of polymeric NPs in agriculture, particularly when loaded with plant-
derived insecticides, appears to be novel and forward-thinking. There is no reason to 
doubt that microorganisms play an important role in the maintenance of soil health, 
ecosystem health, and crop yield [14]. Though the understanding of ecotoxicological 
aspects of the agricultural field under consideration is critical. If agricultural plant 
nanomaterials are free of toxic nanocomposite, there is a unique opportunity for 
increased crop production. Therefore, the introduction of engineered (either chemi-
cal or green) NPs in the agricultural field should always be followed by a routine 
check-up in order to maintain an eco-friendly agricultural field [15]. 

18.7 Nano-Fertilizers: A Sustainable Source of Crop Nutrition 

In order to increase crop output and soil fertility, nutrient supplementation, also 
known as element fertilization, is often necessary. However, proper fertilizer man-
agement is seen to be one of the most important requirements for long-term agricul-
tural success. Contrarily, access to food is a fundamental human right. Everywhere 
in the world, there is a threat to global food security. Natural resource shortage is a 
factor that threatens food security. Approximately nine billion people will live on 
Earth by the year 2050, up from the present seven billion [16]. The globe will need 
60–100% more food to feed its expanding population. Intensive farming is being 
used to fulfill the growing demand for food, but this technique eventually creates a 
vicious cycle of declining agricultural yields and dwindling soil fertility. According 
to estimates, 40% of all agricultural land worldwide has suffered serious degrada-
tion, which has led to a major decline in soil fertility as a result of such intensive



farming methods. As a result, enormous amounts of fertilizer are required to increase 
agricultural output and soil fertility. Additionally, it has been clearly shown that only 
one-third of crop yield is influenced by fertilizers, with the remaining half coming 
from how well other agricultural inputs are employed [17]. 
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However, only 30–40% of the nutrients in standard fertilizers are really used. For 
instance, the nitrogen (N) 30–35%, phosphorus (P) 18–20%, and potassium 
(K) 35–40% nutrient utilization efficiency of traditional fertilizers has hardly 
changed over a number of decades [18]. Furthermore, the final fertilizer concentra-
tion at the target places has a significant impact on how fertilizers, sprayed on leaves 
or applied directly to the soil, utilize nutrients. In practical scenarios, significantly 
less than the required minimum concentration often reaches the desired destination 
due to various factors such as chemical leaching, drift, runoff, hydrolysis, evapora-
tion, photolysis, or even microbial degradation. As a result, the regular application of 
too many fertilizers has a detrimental effect on the soil’s natural nutritional equilib-
rium. In addition to this, drinking water has been seriously affected by harmful 
compounds that have leached into rivers and reservoirs. Through increased nutrient 
usage effectiveness and addressing the enduring issue of eutrophication, nano-
fertilizers may be the greatest choice for resolving macro- and micronutrient 
deficiencies. The potential for nano-fertilizers, which are made to control nutrient 
delivery depending on crop demands while reducing differential losses, is 
immense [19]. 

The use of excellent seeds, irrigation, and appropriate fertilizer management can 
boost agricultural output by 35–40%. The productivity of crops may rise dramati-
cally with the application of fertilizers with nano-formulated compositions. Carbon 
nanoparticles, for instance, can boost the grain yields of rice (10.29%), spring maize 
(10.93%), soybean (16.74%), winter wheat (28.81%), and vegetables 
(12.34–19.76%) when mixed with fertilizer [20]. As a result of the great porosity 
of plant root and leaf surfaces at the nanoscale, nanoparticles stimulate several 
crucial facets of plant life. Therefore, applying nano-fertilizers can enhance plant 
nutrient absorption through existing holes, or the procedure can make new pores or 
use endocytosis or ion channels to assist complexation with molecular transporters 
or root exudates. In sustainable agriculture, a new phrase known as “control loss 
fertilizer” is utilized. When these fertilizers come into touch with water, they self-
assemble in the soil to form a nano network, which reduces nonpoint pollution of 
agricultural inputs. In contrast, the soil network is accessed by imprisoned fertilizer 
nutrients through hydrogen bonds, surface tension, molecular force, or viscous force. 
Their spatial scale enlarges as a result, making them readily blocked by soil filtration 
and remaining fixed in soil close to crop roots. This makes it easier for plants to 
absorb nutrients to satisfy their needs throughout the growth cycle. For instance, an 
innovative strategy has been employed to successfully lower the rate of nitrogen 
transfer into the environment. The use of control loss fertilizer improves a 9.8% rise 
in soil residual mineral nitrogen and a 5.5% increase in wheat output over the use of 
conventional fertilizers. It also decreases nitrogen runoff and leaching loss by 21.6% 
and 24.5%, respectively (Fig. 18.3).
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Fig. 18.3 Nanofertilizers and Nano-pesticides for crop production [21] 

18.8 Crop Growth, Seed Germination, and Quality 
Enhancement, Utilizing Nanomaterials 

The creation of low-cost nanotech applications for better seed germination, plant 
growth, development, and environmental adaptation is the main goal of the 
emerging scientific innovation platform known as nanoscience. The development, 
survival, and population dynamics of a plant are all facilitated by the germination of 
the seed [21]. On the other side, seed germination is affected by environmental 
conditions, genetic features, moisture availability, and soil fertility. The use of 
nanomaterials enhances plant growth and development as well as germination. 
Multiwalled carbon nanotubes (MWCNTs), for instance, enhance seed germination 
in a number of crop species, including tomato, corn, soybean, barley, wheat, maize, 
peanut, and garlic. Similar to this, agricultural plants benefit from the application of 
nano SiO2, TiO2, and Zeolite to encourage seed germination [22]. Additionally, it 
has been found that Fe/SiO2 nanomaterials have a great deal of promise for enhanc-
ing the germination of maize and barley seeds. The underlying processes by which 
nanomaterials can increase germination are still unclear, despite a sizable amount of 
research on their beneficial effects on germination. Nanomaterials including ZnO, 
TiO2, MWCNTs, FeO, ZnFeCu-oxide, and hydroxy fullerenes, in addition to pro-
moting germination, have to promote crop growth and development while enhancing 
crop quality in a number of crop species, including peanut, soybean, mungbean, 
wheat, onion, spinach, tomato, potato, and mustard [23].
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18.9 Plant Adaptation to Climate Change Factors Using 
Nanomaterials 

As the world’s population growing and resources getting scarcer, food security is 
becoming a difficult problem. Climate baseline changes over time, such as those in 
temperature, water shortage, cold, salinity, alkalinity, and toxic metal pollution, are 
referred to as progressive climate change. In order to help plants, adjust to environ-
mental challenges more quickly, it is important to avoid damaging already fragile 
ecosystems [24]. This task requires a multi-pronged approach that involves 
stimulating the plant’s enzymatic system, hormonal control, stress gene expression, 
toxic metal absorption regulation, and reducing the plant’s life cycle to prevent water 
shortage stress or flash floods. Researchers have worked hard to create technology 
and methods that would enable sustainable agricultural systems while reducing their 
detrimental effects on the environment [25]. 

Recent developments in nanomaterial engineering imply that nano-fertilizers can 
increase crop productivity in currently unfavorable conditions. In around 23% of the 
world’s farmed lands, salinity stress significantly restricts crop yield. The application 
of nano-SiO2 to tomato and squash plants under NaCl stress, on the other hand, has 
been shown to enhance seed germination, increase plant fresh weight, dry weight, 
and chlorophyll content and stimulate proline accumulation. Similar to this, 
Torabian et al. [26] shown that foliar spraying iron sulfate (FeSO4) nanoparticles 
increase the tolerance of sunflower cultivars to salt stress. Recently, it was shown 
that silicon nanoparticles (SiNPs) might successfully reduce the stress caused by 
UV-B on wheat. The nutrient availability and plant germination and growth can both 
be enhanced over time by nano zeolite. Excellent work was done by Abdel-Aziz 
et al. [27] to research the uses of nanomaterials (Fig. 18.4). 

Fig. 18.4 Nanoparticles for stress tolerance which helps in sustainable agriculture [21]
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They found, for the purpose of producing yield from the date of planting, the life 
cycle of wheat plants treated with nano-fertilizers was 23.5% shorter than that of 
plants treated with conventional fertilizer (130 vs. 170 days). 

In places prone to drought or even abrupt flash floods, where crop maturity is a 
crucial component of sustainable crop production, the use of nano-fertilizers to speed 
up plant development and productivity reveals their potential as useful instruments 
in agricultural operations. Additionally, the nanoparticles are useful in the detoxifi-
cation or remediation of dangerous contaminants, such as heavy metals. Biotic 
variables like pests and diseases have a big impact on crop output. Pesticides have 
been frequently used by farmers to prevent crop losses, which have a severe impact 
on environmental sustainability and human health. Pest and disease risks may be 
successfully decreased by using nanomaterials, minimizing the severity of crop 
losses and environmental dangers. Numerous plant diseases brought on by Fusarium 
solani, Fusarium oxysporum fsp Radicis Lycopersici, Verticillium Dahliae, 
Phytophthora infestans, and Ralstonia solanacearum can be effectively controlled 
by metal oxide nanomaterials such as CuO and ZnO. 

Increased enzyme activity can be used to explain how nanoparticles affect crop 
development in challenging conditions. For instance, the use of nanomaterials like 
nano-SiO2 or nano-ZnO improves plant tolerance to extreme climate events by 
increasing the accumulation of free proline and amino acids, the uptake of nutrients 
and water, and the activity of antioxidant enzymes like superoxide dismutase, 
catalase, peroxidase, nitrate reductase, and glutathione reductase [28]. 

18.10 Nanomaterials as Nano-Sensors: Perturbation 
Measurement and Monitoring 

Nanomaterial engineering is the most cutting-edge research area for sustainable 
agriculture. Nanomaterials are used in precision farming to lower prices and labor 
requirements, boost productivity, and promote environmentally friendly growth. The 
creation of nano-sensors to measure and monitor crop growth and soil conditions, 
nutrient deficiency, toxicity, diseases, and the release of agrochemicals into the 
environment would help to ensure the safety of ecological systems and sustainable 
agriculture [29]. Increased specificity, sensitivity, and quick reactions to identify 
deficiencies are now possible because to the combination of biology and 
nanomaterials into sensors. For instance, throughout the growing season, cultivated 
fields are continuously monitored in real time by a global positioning system (GPS) 
based on nano-sensors. Through nanoscale carriers that employ wireless signals 
dispersed over the cultivated fields, these networks of wireless nano-sensors keep an 
eye on the controlled release mechanism [30]. By avoiding overusing agricultural 
inputs, this may provide complete, real-time crop growth monitoring and effective, 
high-quality data that enables the best management techniques. Water consumption 
efficiency might be increased by automating irrigation systems with sensor 
technologies. Nano-sensors that measure soil water tension in real time in conjunc-
tion with autonomous irrigation control are used when there is a water shortage. The



timely use of insecticides or fertilizers to prevent crops from infestation would also 
benefit from early identification of insects or diseases. In order to track insect 
assaults, Afsharinejad et al. [31] developed a wireless nano-sensor. This sensor 
can distinguish between various insect species and the volatile chemical compounds 
that numerous host plant species produce. A nano-gold immunosensor has been 
shown to be effective at detecting the Karnal bunt disease in wheat plants by Sing 
et al. [32]. Additionally, the creation of bionic plants using nanoparticles inserted 
into living plants’ cells and chloroplasts for sensing or imaging objects in their 
environment and communicating as infrared devices, or even self-powering plants as 
light sources, has significant potential in precision farming. 
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By keeping track on crop and soil health, the clever application of nano-sensors in 
agriculture is a new instrument that promotes sustainable growth. Although there are 
surprisingly few applications of nano-sensors, particularly in field investigations, 
suggesting a new direction for future study [33]. 

18.11 Food Science’s New Frontier: Nanotechnology 

The potential of nanotechnology in food science has not yet been fully exploited due 
to a lack of knowledge. Most current applications of nanotechnology are in the fields 
of electronics, automation, super-materials, or life sciences like medicine [34]. How-
ever, humankind’s experience accumulated through decades of scientific discoveries 
plainly indicates that such a new science will not be restricted inside a limited 
number of applications, but would have a significant influence on human existence 
in its whole. Nanoscience has the ability to transform the world’s food industry. 
Nanotechnology will most likely dramatically improve four important areas of the 
food industry: the creation of novel functional materials, micro- and nanoscale 
processing, product development, and the design of procedures and instruments 
for food safety and biosecurity. With the assistance of nanotechnology nonpolluting, 
less expensive, and more efficient procedures will be created; lighter and more 
accurate food production equipment will be produced; and nutritious, 
nutraceutical-loaded meals will be packaged in lighter, more functional, and stronger 
packaging materials. Food safety might be considerably enhanced by developing 
“bacteria-repellent” surfaces or packaging materials that change color in the pres-
ence of hazardous microbes or toxins. As a result, food science and technology 
should harness the strong powers of nanotechnology for the benefit of humanity. 

The uses of nanotechnology in the foodservice industry may be divided into two 
categories: food nanostructured ingredients and food nanosensing 
[35]. Food nanostructured substances include a wide range of applications, from 
food processing to food packaging. These nanomaterials can be employed in food 
processing as food additives, carriers for smart nutrition delivery, anti-caking agents, 
antibacterial agents, fillers to improve mechanical strength and durability of packag-
ing materials, and so on. Food nanosensing, however, can be used to improve food 
quality and safety evaluation.
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18.12 Two Methods of Nanofabrication 

Nowadays, nanostructures are readily accessible, which has prompted the creation of 
various antibacterial drugs. To create them naturally, polymer nanoparticles (nano-
capsules and nanospheres), nanotubes, nanofibers, and liposomes can be mixed with 
antimicrobial, plant extracts, peptides, and essential oils. Due to the suitability of the 
nano-structural system, the characteristics of the nanomaterial and antibacterial 
agent are highlighted. In order to create nanomaterials and nanostructures, 
top-down and bottom-up methods are employed. The top-down approach involves 
nanoscale grinding of bulk materials and stabilization of the nanoparticles using 
colloidal stabilizers. The top-down approach’s main drawback is that it cannot be 
employed for mass manufacturing due to its slow output pace. Surface flaws, 
contamination, and stress introduction can potentially result in errors. Additionally, 
this method produces waste and is constrained by the equipment available. The 
process of making materials consisting of individual atoms that spontaneously self-
assemble and self-regulate is known as nanotechnology. Bottom-up approaches 
result in less flaws, more homogeneity, and better short- and long-range order 
(Fig. 18.5). 

Fig. 18.5 Applications of nanotechnology for food processing and packaging
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18.13 Four Nanostructures in Food Systems 

Some food items contain substances that are nanoscale in size yet are not lab-made. 
While some dietary proteins have a more complex structure, others have globular 
forms with sizes between 10 nm and 100 nm. Most lipids and polysaccharides are 
linear polymers with a thickness of 1 nm, or one-dimensional nanostructures. 
Natural nanostructures may be found in milk and goods produced from it, including 
casein. Liposomes, nano-emulsions, microemulsions, and polymeric nanoparticles 
are a few examples of synthetic nanostructured food systems. These polymers enable 
greater control over the release and preservation of bioactive components while also 
improving solubility and bioavailability. The bulk of bioactive substances have a 
very acidic property, including vitamins, proteins, lipids, and carbohydrates. This is 
considerably worse in the duodenum and stomach where there is a high concentra-
tion of digestive enzymes. Encapsulation protects these bioactive molecules from 
damage while also facilitating their quicker absorption in food, which is a significant 
disadvantage for bioactive chemicals that are not encapsulated. The development of 
newer, smarter nanoparticle-based tiny consumable capsules aims to enhance the 
daily food consumption of vital micronutrients, vitamins, and medications. 

18.14 Nano-Emulsions 

Nano-emulsions, which are colloidal dispersions with diameters ranging from 50 nm 
to 1000 nm, are employed in the manufacture of beverage, sweetener, salad dressing, 
and other processed goods [36]. Nano-emulsions can be used to clean equipment and 
increase clarity without changing the product’s appearance or flavor. Functional 
nano-emulsified and encapsulated nano-compounds are utilized to deliver lutein, 
lycopene, b-carotene, vitamins A, D, and E3, coenzyme Q10, and omega-3 fatty 
acids to certain places [37]. Capsaicin-loaded nano-emulsions were stabilized using 
natural polymers including chitosan and alginate. Regularly adding elements of 
functional meals into droplets can change the interfacial layer’s characteristics, 
which can slow down chemical breakdown processes. Additionally, bottled milk 
and water that have been supplemented with vitamins, antioxidants, and minerals are 
made using nano-emulsions [38]. 

18.14.1 Nanostructured Proteins-Biopolymeric Particles 

Micelles, which are protein-biopolymeric spheres with diameters of 5–100 nm, can 
include lipids, antioxidants, and vitamins. To make insoluble components soluble in 
water, microemulsions are created. Glycerides for food items have also been made 
with the use of microemulsions. Together, lipophilic and hydrophilic antioxidants 
increase the efficiency of microemulsion antioxidation. Food-grade biopolymers, 
such as polysaccharides or proteins, are used to make nanoparticles. Numerous 
biodegradable biopolymeric nanoparticles include polylactic acid. Many



manufacturers actively promote this product. Proteins, vaccinations, and 
medications are frequently packaged and transported in polylactic acid. There are 
some negative consequences of polylactic acid exist, such as quick bloodstream 
clearance and liver and kidney buildup. It is useless as a nanoparticle for dispersing 
active ingredients elsewhere in the body unless it is linked to an associative mole-
cule, such as polyethylene glycol. 
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18.14.2 Nanocomposites 

In nanocomposite food packaging, polymers are a practical substitute for conven-
tional packaging materials (glass, metals, and paper). Nanocomposites are polymer 
matrices reinforced with nanofillers, such as carbon nanotubes, cellulose 
microfibrils, nano-clays, and nano-oxides, with a minimum feature size of less 
than 100 nm. Although both synthetic and natural polymers have been widely 
employed in food packaging, the latter is more common. However, the demand for 
biodegradable packaging composed of polyvinyl alcohol, polyglycolic acid, and 
polylactide has surged due to environmental concerns. 

18.14.3 Liposomes 

Phospholipid bilayer vesicles having a spherical form are known as liposomes. In the 
food sector, liposomes have been utilized to encapsulate useful substances. More 
recently, their capacity to absorb food preservatives has been examined, which may 
help with food preservation. Food solubility, stability, and bioavailability may all be 
enhanced by fat-based nanoencapsulation while harmful interactions with other food 
ingredients are avoided. It looks like a family of lipid-based antioxidant carriers has a 
lot of potential. Nanoliposomes aid in the targeted delivery of vitamins, minerals, 
enzymes, additives, and nutraceuticals. A higher interfacial area and smaller size of 
liposomes increase the bioavailability of encapsulated compounds. 

18.15 Food Processing 

Nanostructured food products are being developed with the objective of improving 
taste, appearance, and consistency (Cientifica Report, 2006) [39]. Nanotechnology is 
increasing the shelf-life of various types of food materials while also reducing food 
waste caused by microbe infestation [40]. Nanocarriers are now being used as 
delivery systems for food additives in food products without affecting their basic 
morphology. Furthermore, the significance of nanotechnology in food processing 
can be assessed by looking at its role in improving food products in terms of (1) food 
texture, (2) food appearance, (3) food taste, (4) nutritive value of the food, and 
(5) food shelf-life. Surprisingly, nanotechnology not only affects all of the afore-
mentioned aspects, but it has also led to significant changes in food products, 
providing them with novel qualities.
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18.15.1 Food Texture, Taste, and Appearance 

Numerous possibilities are available, thanks to nanotechnology for boosting food 
quality and flavor. The release and preservation of flavors, as well as the creation of a 
balanced flavor profile, have all been improved with the application of 
nanoencapsulation methods [41]. Anthocyanins, a highly reactive and unstable 
plant pigment with a range of biological functions, were enclosed in nanoparticles 
by Zhang et al. [42]. By encasing cyanidin-3-O-glucoside (C3G) molecules into the 
inner cavity, apo recombinant soybean seed H-2 subunit ferritin (rH-2)’s heat 
stability and photostability were enhanced. The creation of multifunctional 
nanocarriers for the transport and preservation of bioactive compounds is described 
here. Rutin is a typical dietary flavonoid with significant pharmacological properties, 
but because of its low absorption, its use in food is restricted. The absorbance, 
thermal stability, and UV radiation stability of ferritin trapped rutin over free rutin 
were all increased by the inclusion of ferritin nanocages [43]. Nano-emulsions are 
being utilized increasingly often to deliver lipid-soluble bioactive compounds 
because they can be manufactured using natural components and simple production 
procedures, and because they can be customized to maximize water-dispersion and 
bioavailability. 

18.15.2 Nutritive Value 

The majority of bioactive compounds, such as lipids, proteins, carbohydrates, and 
vitamins, are sensitive to the stomach and duodenum’s high acidic environment and 
enzyme activity. Encapsulation of these bioactive compounds not only allows them 
to withstand such harsh conditions but also allows them to easily assimilate in food 
products, which is difficult to achieve in non-capsulated form due to their low water 
solubility [44]. To provide significant health benefits, nanoparticle-based tiny edible 
capsules with the goal of improving delivery of medicines, vitamins, or fragile 
micronutrients in daily foods are being developed. The different techniques used 
to encapsulate substances in miniature forms to more effectively deliver nutrients 
like protein and antioxidants for precisely targeted nutritional and health benefits are 
nanocomposite, nano-emulsification, and nano-structuration. Polymeric 
nanoparticles have been discovered to be suitable for encapsulating bioactive 
compounds (e.g., flavonoids and vitamins) in order to protect and transport bioactive 
compounds to target functions [45]. 

18.15.3 Shelf-Life or Preservation 

By postponing or preventing deterioration until the product reaches the target site, 
nanoencapsulation of these bioactive components extends the shelf-life of food 
products, which are frequently degraded and ultimately rendered inactive by harsh 
environments in food supplements. A protection against moisture and gas exchange,



as well as the delivery of tastes, colors, antioxidants, enzymes, and anti-browning 
agents, might all be provided by edible nano-coatings on a variety of food 
components. These coatings could also help to extend the shelf-life of processed 
meals even after the container has been opened [46, 47]. 
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18.16 Food Packaging with Nanotechnology 

Methods of food packaging are used to guarantee that the food’s quality is 
maintained while still being packaged in a way that makes it safe to consume. By 
scavenging oxygen and other gases that cause food to deteriorate, packaging pri-
marily helps to protect food from external shocks and vibration, microbial infection, 
and temperature [48]. Packaging materials should be composed of biodegradable 
materials to decrease environmental damage. This idea has increased the use of 
nanotechnology to the food packaging sector. A good packing material must be both 
robust and biodegradable, as well as gas and moisture permeable. The advantages of 
nano-based “smart” and “active” food packagings over conventional packaging 
techniques include better packaging materials with improved mechanical strength, 
barrier properties, and antimicrobial films, as well as nanosensing for pathogen 
detection and alerting consumers to the safety status of food [49]. In order to provide 
a barrier against high temperatures and mechanical damage and hence increase food 
shelf-life, nanocomposite and nanolaminates are actively used in food packaging. 
The use of nanoparticles in packaging materials allows for the provision of high-
quality food with a longer shelf-life. In order to provide better mechanical and 
thermostable packing materials, polymer composites are being created. To make 
superior materials, a lot of organic or inorganic fillers are employed. A number of 
products, including antimicrobial food packaging, nanocomposite, and 
nanolaminates that shield food from heat and mechanical damage, are made with 
nanoparticles and used in food packaging. Although these nanoparticles are usually 
regarded as harmless, there is a lot of worry about how easily they may be absorbed 
via food. Knowing more about these nanoparticles’ immunogenicity, potential for 
damage, and distribution inside the human body is therefore crucial. Making stron-
ger and more resilient packing materials is the aim of polymer composite materials. 
Inorganic and organic fillers are used to strengthen polymer composites. Cost-
effective polymeric packaging materials have been created for developments in the 
integration of polymeric nanoparticles. Nanocomposites based on graphene 
nanoplates can be utilized to make heat- and barrier-resistant food packaging. 
Carbon nanotubes and nanofibers are not commercially feasible options for food 
packaging due to their high cost and difficulties in processing dispersions. Fresh 
produce should not be totally sealed to prevent gas migration and penetration caused 
by cellular respiration. Fizzy beverage packaging should be designed to minimize 
oxidation and decarbonation. When food matrices or packaging materials are 
utilized, the flow of oxygen, carbon dioxide, and water vapor is altered. Conse-
quently, a variety of nanocomposite materials, including polymers, may be 
employed for this. Adding nano-bio-composites to food packaging enhances its 
ability to act as a gas barrier [50].
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18.17 Nano-Sensors 

Nano-sensors help in the detection of gasses released by food deterioration as well as 
any changes in the color of the food. The sensors are often sensitive to gasses 
including ammonia, hydrogen, hydrogen sulfide, nitrogen oxides, and sulfur diox-
ide. They consist of an electronic data processing component and a sensor compo-
nent that can recognize changes in light, heat, humidity, gas, and chemicals and 
transform those changes into electrical signals [51]. Due to their great sensitivity and 
selectivity, nano-sensors are more effective than conventional sensors. Palladium, 
platinum, and gold are some of the metals used to make these gas sensors. Toxins 
like aflatoxin B1 are also found in milk, and gold-based nanoparticles are employed 
to find them. The sensitivity of the sensors is increased by the use of DNA and 
single-walled carbon nanotubes in their construction. Agriculture uses nano-sensors 
to monitor the soil conditions essential for agricultural growth. They also help with 
the pesticide surface detection on fruits and vegetables. Nano-sensors for locating 
carcinogens in food products have also been created, in addition to pesticides. In gas 
sensors, conducting polymers are also utilized. These electroactive conjugated 
polymer-based sensors have conductive particles inserted within an insulating poly-
mer matrix (Fig. 18.6) [52]. 

In fact, a form of detector called an electronic nose uses a number of chemical 
sensors and is connected to a system for data processing. The sensor is known as an 
electronic nose because it functions similarly to a human nose. There have been 
reports of electronic tongue detecting devices that use the same principles as the 
electronic nose in addition to the electronic nose. It changes color when it comes into

Fig. 18.6 Nano-sensors for monitoring different aspects of plants [21]



touch with any traces of food decomposition, letting you know that the food is no 
longer safe to eat. These days, nano-biosensors are proven to be highly effective and 
beneficial for the detection of bacteria and viruses. Biosensors and biomimetic 
sensors, both are efficient in finding mycotoxins and other harmful substances. 
Biomimetic membranes and proteins are employed to make sensors. The sensors 
serve as fictitious cell surfaces to help identify and get rid of infections. Because 
nano-sensors have been designed to have better levels of selectivity and sensitivity, 
their usage has actually helped to reduce detection limits.
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18.18 Nano-Coatings for Smart Surfaces 

Combining biopolymers with nanostructured materials (NSMs) can enhance the 
characteristics of polymers. NSMs made from biopolymers can be utilized to 
enhance the practical qualities of intelligent and active packaging. These three 
forms of packaging are referred to as intelligent, active, and enhanced packaging 
since a single piece of packing material may serve numerous functions. There is a lot 
of talk about “thick and homogeneous layers”in nano-coatings. Effective ways for 
determining the safety and quality of meals after they have been created are 
non-invasive techniques for measuring air content and gas amount beyond the 
phases of production. The presence of oxygen inside packaging has the potential 
to shorten the shelf-life of food because it encourages the growth of potentially 
harmful microbes. 

18.18.1 Antibacterial Nanoparticles in Active Packaging 

The active barrier features of the packaging facilitate the release of antibacterial and 
antioxidant compounds, therefore eliminating unwanted pollutants like oxygen and 
water vapor. Molecules in active packaging have the ability to remove or release 
food ingredients from or into the environment [53]. At the time, antimicrobial 
packaging is the main use for active polymer nanoparticles. The effectiveness and 
utility of food items are considerably increased by nanoparticle coatings and 
capsules. For example, the sensory characteristics and esthetic appeal should be 
under control to assure the quality of packaged meals. Antibacterial active packag-
ing, a specific and distinctive kind of food packaging that incorporates powerful 
antibacterial agents, can be used to achieve this. Exudates from fresh-cut melon, 
steak, chicken, and silver asparagus all prevent the formation of aerobic 
psychotropics (yeasts and molds), which need oxygen, in order to function. They 
also have antibacterial effects on E. coli and S. aureus. Without compromising 
sensory quality, orange juice, zinc oxide, and egg albumen in liquid form success-
fully lower mold counts, Salmonella, Lactobacillus plantarum, and yeast [54, 55]. In 
order to preserve the bioavailability of bioactive substances during food preparation, 
transit, and storage in the gastrointestinal tract, functional antibacterial components 
and nutraceuticals must be encapsulated. Additionally, adding nanoparticles to food



enhances the absorption of polyphenolic compounds including resveratrol, 
curcumin, and epigallocatechin-3-gallate. These polyphenols will not be destroyed 
by the stomach’s acidity. Research has proven that edible nano-coatings are a 
feasible alternative to microbial degradation and preservatives in terms of food 
preservation and shelf-life extension. Gelatin coatings containing cellulose or 
chitosan nanocrystals have been shown to be particularly successful at maintaining 
the freshness of food over prolonged storage using nanomaterials like nano-silica. 
Additionally, techniques for preserving fruit have been developed that mix polyeth-
ylene with nanopowders such as rutile TiO2, anatase TiO2, kaolin, and silver (Ag). 
The antibacterial activity of chitosan-coated nanoparticles may be mediated through 
the interaction between positively charged chitosan with negatively charged cell 
membranes. The membrane becomes permeable as a result of these interactions, 
allowing chemicals inside the cell to escape and rupturing the membrane. Antimi-
crobial food packaging sheets made of nanocellulose, polyvinyl alcohol (PVA), and 
silver nanocomposite were created and put on the market. 
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18.19 Nanotechnology-Enabled Food Production, Safety, 
and Quality Solutions 

Dietary quality deteriorates as a result of several chemical interactions between 
environmental factors and dietary ingredients. These undesired processes can be 
stopped using a variety of nanomaterials. Although some metal and metal oxide 
nanoparticles can generate ROS and result in oxidative stress, these nanomaterials 
also include nano-toxins that also exploit this mechanism to create oxidative stress, 
leading to an imbalanced redox state [56]. As a result, less reactive nanoparticles are 
employed as carriers for antioxidants. Encapsulated flavonoids and vitamins can 
release their contents into a somewhat acidic environment, such as the stomach 
[57]. Nanotechnology can remove the negative effects of dietary components. The 
carrier is infused with specific nutraceuticals to help the body reduce cholesterol 
accumulation. The general population is aware that there are not many 
nanostructures in food that can start nano-effects on their own [58]. For instance, 
green tea includes nano-selenium, which enhances the body’s absorption of sele-
nium. Nanoencapsulation is a crucial part of nanotechnology since it wraps the 
components and assures product function, including the controlled release of the 
core. Large numbers of active molecules are frequently combined in encapsulated 
compounds, which have a pH-triggered controlled release, enhanced stability, and a 
longer shelf-life [59]. The physical characteristics of materials used in packaging and 
food have been proven to be greatly improved by nanoparticles. Silicate 
nanocomposites showed a variety of desired characteristics, such as flame and UV 
light resistance. To enhance the look and flavor of food, many creative natural items 
have been created, such as colors and esthetic appeal [60].
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18.20 Safeguarding against Chemical Ingredient/Promote better 
Physical Properties 

18.20.1 Flavors 

Flavors are an important aspect of the food system because they enable sensory 
awareness of minor tastes, which improves the eating experience overall. 
Nanoencapsulation methods are commonly employed to increase taste retention 
and release while also providing culinary harmony [61]. Silica dioxide (SiO2) 
nanoparticles have been shown to transport scents or flavors in food and non-food 
goods. Because nano-silica particle exposure through food is reliant on the nano-
silica content of processed foods, estimating the amount of nano-silica that will be 
eaten is crucial. The nano-silica content of freshly brewed coffee was measured in 
order to compute the nano-silica concentration in a cup of coffee. Fumed silica is 
used to keep coffee creamer from clumping [62]. 

18.20.2 Anti-Caking Substances 

SiO2 is used in food and non-food goods to thicken pastes, as anti-caking agents in 
powdered products, and to convey scents or tastes. This is classed as a food additive 
(E551) in the European Union. It has been revealed that a percentage of the SiO2 in 
E551-containing dietary components is nanosized. Eating E551-containing foods 
exposes the gastrointestinal epithelium to nanosized SiO2. Despite the fact that silica 
nanoparticles can be deadly when exposed to human lung cells, they are routinely 
used [63, 64]. 

18.20.3 Colorants 

Food color additives must be authorized by the FDA’s  Office of Cosmetics and 
Colors, according to FDA rules. Many different nanoscale color additives are now 
being investigated and created. Several nanomaterials have been authorized for use 
as food coloring ants, which is important for product marketing. TiO2 was permitted 
as a food coloring additive by the US Food and Drug Administration, but its usage in 
concentrations larger than 1% w/w in food was forbidden. Food color additive mixes 
containing TiO2 may contain up to 2% SiO2 or aluminum oxide as dispersion aids 
[65]. Carbon black, however, has been phased out as a food color. Although beta-
carotene is a provitamin A and may be used to color foods, its hydrophobicity and 
chemical stability prevent it from being employed.
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18.20.4 Other Advantages 

Nanomaterials are being created on a regular basis to increase the mechanical and 
physical qualities of packaging, such as tensile strength, gas permeability, stiffness, 
flame, and water resistance. Polymer nanocomposites are the most recent materials 
with significant promise for application in active food packaging. In the 1990s, 
multilayer silicate-polymer nanocomposites were introduced. Because of their 
improved strength, flame resistance, and possible utility in UV-shielding 
applications, these new polymer nanoparticles are generally predicted to radically 
revolutionize the food packaging business. 

18.21 Concerns about Safety 

Opportunities and exposure to these chemicals increase as food nanotechnology 
research improves. Human exposure to nanoparticles is rising, and various research 
have been conducted to investigate the toxicity of nanomaterials in meals, namely 
food additives/ingredients and food packaging. After exposure, the bioavailability, 
biodistribution, routes, and toxicity of nanomaterials are all unclear. There has been 
a rising emphasis on the use of nanoparticles as food additives due to public and 
government interest. More than 93% of the TiO2 in chewing gum is at the nanoscale 
level. TiO2 is a chemical that may be emitted into the environment, absorbed by 
someone chewing gum, and stored in the body. Foods containing E551 may expose 
the gastrointestinal epithelium to SiO2 nanoparticles [66]. The destiny and toxicity of 
nanomaterials in food packaging and foodstuffs are determined by their physico-
chemical characteristics and dose. Nanotechnology in the food sector demands 
rigorous analysis and assessment in silico, in vitro, and in vivo. It is feasible to 
quantify and analyze absorption, distribution, metabolism, excretion, and ultimate 
toxicity by combining all of these physical, osmotic, pH, chemical, and biological 
processes. Food nanotechnology requires a uniform worldwide regulatory framework. 

18.22 Conclusion 

Nanotechnology has been used in agriculture and the food industry to increase crop 
production with food quality enrichment by improving farming systems. The emer-
gence of engineered nanomaterials and their actions within the context of sustainable 
agriculture have dramatically changed the world agriculture canvass in terms of 
novelty, rapid growth, and enormity in order to meet projected global food demand. 
Agriculture in the twenty-first century faces a series of challenges, including the 
need to increase production of food and fiber to feed the world with a shrinking rural 
labor force, change in climate, and urbanization. These issues will be exacerbated 
when we have to serve over 9 billion people by 2050. As a result, there will be an 
increase in supply for agricultural products. Raw materials will soon be viewed as 
the foundation of commercial activity and manufacturing, particularly in developing



countries with larger populations. To deal with this scenario, agriculture-dependent 
countries must adopt more efficient methodologies, labor-saving techniques, and 
environmentally friendly production methods. Despite the availability of a wealth of 
information on individual nanomaterials, the toxicity level of many NPs remains 
unknown, limiting their use due to a lack of understanding of risk assessments and 
human health effects. For this technology to be exploited, a comprehensive database 
and alarm system, as well as international cooperation for regulation and legislation, 
is required. 
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The benefits of using nanotechnology in the food industry are numerous and 
expected to grow. This new, rapidly evolving technology has an impact on every 
aspect of the food system, including production, processing, packaging, transporta-
tion, shelf-life, and bioavailability. Because of their unique and novel properties, 
commercial applications of nanomaterials in the food industry will grow. The human 
population’s exposure to nanomaterials will continue to rise. As a result, the public’s 
primary concern is the health impact of nanomaterials in food. The ability to quantify 
nanomaterials throughout the food life cycle is critical for manufacturing consis-
tency, product safety, and potential benefits. The safety of food and food-related 
products containing nanomaterials will determine public acceptance. A unified 
international regulatory framework for food nanotechnology is required. 

References 

1. Dwivedi S, Saquib Q, Al-Khedhairy AA, Musarrat J (2016) Understanding the role of 
nanomaterials in agriculture. Springer, Berlin, pp 271–288 

2. Thakur A, Thakur P (2021) Ferrite nanoparticles for agriculture-related activity. In: Singh JP, 
Chae KH, Srivastava RC, Caltun OF (eds) Applications of nanostructured ferrites. Woodhead 
Publishing, Cambridge, pp 315–330. https://doi.org/10.1016/B978-0-443-18874-9.00005-9 

3. Kaur S, Sharma K, Singh R, Kumar N (2022) Advancement in crops and agriculture by 
nanomaterials. In: Thakur A, Thakur P, Khurana SP (eds) Synthesis and applications of 
nanoparticles. Springer, Singapore, pp 319–335. https://doi.org/10.1007/978-981-16-6819-7_ 
14 

4. Dineshkumar R, Paul A, Gangopadhyay M, Singh N, Sen R (2017) Smart and reusable 
biopolymer nanocomposite for simultaneous microalgal biomass harvesting and disruption: 
integrated downstream processing for a sustainable biorefinery. ACS Sustain Chem Eng 5(1): 
852–861 

5. Sadik OA, Du N, Kariuki V, Okello V, Bushlyar V (2014) Current and emerging technologies 
for the characterization of nanomaterials. ACS Sustain Chem Eng 2:1707–1716 

6. Grillo R, Abhilash PC, Fraceto LF (2016) Nanotechnology applied to bio-encapsulation of 
pesticides. J Nanosci Nanotechnol 16:1231–1234 

7. Singh R, Thakur P, Thakur A, Kumar H, Chawla P, Rohit JV, Kaushik R, Kumar N (2021) 
Colorimetric sensing approaches of surface-modified gold and silver nanoparticles for detection 
of residual pesticides: a review. Int J Environ Anal Chem 101(15):3006–3022 

8. Sekhon BS (2014) Nanotechnology in agri-food production: an overview. Nanotechnol Sci 
Appl 7:31–53 

9. Khin MM, Nair AS, Babu VJ, Murugan R, Ramakrishna S (2012) A review on nanomaterials 
for environmental remediation. Energy Environ Sci 5:8075–8109 

10. Khota LR, Sankarana S, Majaa JM, Ehsania R, Schuster EW (2012) Applications of 
nanomaterials in agricultural production and crop protection: a review. Crop Prot 35:64–70

https://doi.org/10.1016/B978-0-443-18874-9.00005-9
https://doi.org/10.1007/978-981-16-6819-7_14
https://doi.org/10.1007/978-981-16-6819-7_14


18 Nanotechnological Applications in Food and Agriculture 415

11. Bhattacharyya A, Duraisamy P, Govindarajan M, Buhroo AA, Prasad R (2016) Nano-
biofungicides: emerging trend in insect pest control. In: Prasad R (ed) Advances and 
applications through fungal nanobiotechnology. Springer, Cham, pp 307–319 

12. Nuruzzaman M, Rahman MM, Liu Y, Naidu R (2016) Nanoencapsulation, nano-guard for 
pesticides: a new window for safe application. J Agric Food Chem 64:1447–1483 

13. Abbas SS, Haneef M, Lohani M, Tabassum H, Khan AF (2016) Nanomaterials used as a plants 
growth enhancer: an update. Int J Pharm Sci Rev Res 5:17–23 

14. Perlatti B, Bergo PLS, Silva MFG, Fernandes JB, Forim MR (2013) Polymeric nanoparticle-
based insecticides: a controlled release purpose for agrochemicals. In: Trdan S (ed) Insecticides-
development of safer and more effective technologies. InTech, Rijeka, pp 523–550 

15. Thakur A, Thakur P, Khurana SP (eds) (2022) Synthesis and applications of nanoparticles. 
Springer, Singapore pp 1–554 

16. Prasad R, Kumar V, Prasad KS (2014) Nanotechnology in sustainable agriculture: present 
concerns and future aspects. Afr J Biotechnol 13:705–713 

17. Marzbani P, Afrouzi YM, Omidvar A (2015) The effect of nano-zinc oxide on particleboard 
decay resistance. Maderas Cienc Tecnol 17:63–68 

18. Subramanian KS, Manikandan A, Thirunavukkarasu M, Rahale CS (2015) Nano-fertilizers for 
balanced crop nutrition. Springer, Berlin, pp 69–80 

19. Solanki P, Bhargava A, Chhipa H, Jain N, Panwar J (2015) Nano-fertilizers and their smart 
delivery system. Springer, Berlin, pp 81–101 

20. Shukla, P. J., Chaurasia, P., Younis, K., Qadri, O. S., Faridi, S. A., & Srivastava, G. (2019). 
Nanotechnology in sustainable agriculture: studies from seed priming to post-harvest manage-
ment. Nanotechnology for Environmental Engineering, 4(1). https://doi.org/10.1007/s41204-
019-0058-2 

21. Liu C, Zhou H, Zhou J (2021) The applications of nanotechnology in crop production. 
Molecules 26(23):7070 

22. Lu C, Zhang C, Wen J, Wu G, Tao MX (2002) Research of the effect of nanometer materials on 
germination and growth enhancement of Glycine max and its mechanism. Soybean Sci 
2002(21):168–171 

23. Banerjee J, Kole C (2016) (2016). Plant nanotechnology: an overview on concepts, strategies, 
and tools. In: Kole C, Kumar D, Khodakovskaya M (eds) Plant nanotechnology. Springer, 
Cham, pp 1–14 

24. Vermeulen SJ, Aggarwal PK, Ainslie A, Angelone C, Campbell BC, Challinor AJ, Hansen JD, 
Ingram J, Jarvis A, Kristjanson PM, Lau CB, Nelson GC, Thornton PK, Wollenberg EK (2012) 
Options for support to agriculture and food security under climate change. Sci Direct 15(1): 
136–144 

25. Haghighi, M., Afifipour, Z., & Mozafarian, M. (2012). The Effect of N-Si on Tomato Seed 
Germination under Salinity Levels. Journal of Biological and Environmental Sciences, 6. 

26. Torabian S, Zahedi M, Khoshgoftar AH (2017) Effects of foliar spray of nano-particles of 
FeSO4 on the growth and ion content of sunflower under saline condition. J Plant Nutr 40(5): 
615–623 

27. Abdel-Aziz H, Hasaneen MNA, Omer AM (2016) Nano chitosan-NPK fertilizer enhances the 
growth and productivity of wheat plants grown in sandy soil. Span J Agric Res 14(1):e0902 

28. Wang S, Wang F, Gao S (2015) Foliar application with nano-silicon alleviates cd toxicity in rice 
seedlings. Environ Sci Pollut Res 22(4):2837–2845 

29. Sharma P, Sharma A, Sharma M, Bhalla N, Estrela P, Jain A, Thakur P, Thakur A (2021) 
Nanomaterial fungicides: in vitro and in vivo antimycotic activity of cobalt and nickel 
nanoferrites on phytopathogenic fungi. Glob Chall 1:1700041 

30. Tudi M, Daniel RH, Wang L, Lyu J, Sadler R, Connell D, Chu C, Phung DT (2021) Agriculture 
development, pesticide application and its impact on the environment. Int J Environ Res Public 
Health 18(3):1112. PMID: 33513796; PMCID: PMC7908628 

31. Afsharinejad A, Davy A, Jennings B, Brennan C (2016) Performance analysis of plant 
monitoring nanosensor networks at THz frequencies. IEEE Internet Things J 2016(3):59–69

https://doi.org/10.1007/s41204-019-0058-2
https://doi.org/10.1007/s41204-019-0058-2


416 A. V. Trukhanov et al.

32. Singh R, Singh R, Singh D, Mani JK, Karwasra SS, Beniwal MS (2010) Effect of weather 
parameters on Karnal bunt disease in wheat in Karnal region of Haryana. J Agrometeorol 
2010(12):99–101 

33. Pal K, Khurana SMP, Debnath N, Das S (2022) Micronutrient nanoparticles: synthesis, 
properties and application in agriculture. In: Thakur A, Thakur P, Khurana SP (eds) Synthesis 
and applications of nanoparticles. Springer, Singapore 

34. Thakur P, Chahar D, Taneja S, Bhalla N, Thakur A (2020) A review on MnZn ferrites: 
Synthesis, characterization and applications. Ceramics International 46:15740-15763. https:// 
doi.org/10.1016/j.ceramint.2020.03.287 

35. Ezhilarasi PN, Karthik P, Chhanwal N, Anandharamakrishnan C (2013) Nanoencapsulation 
techniques for food bioactive components: a review. Food Bioprocess Technol 6:628–647 

36. Anton N, Vandamme TF (2011) Nano-emulsions and micro-emulsions: clarifications of the 
critical differences. Pharm Res 28:978–985 

37. Gupta A, Eral HB, Hatton TA, Doyle PS (2016) Nanoemulsions: formation, properties and 
applications. Soft Matter 12:2826–2841 

38. Tadros TF, Izquierdo P, Esquena J, Solans C (2004) Formation and stability of nanoemulsions. 
Adv Colloid Interf Sci 108-109:303–318 

39. Singh T, Shukla S, Kumar P, Wahla V, Bajpai VK (2017) Application of nanotechnology in 
food science: perception and overview. Front Microbiol 8:1501. Erratum in: Front Microbiol. 
2017 Dec 12;8:2517. PMID: 28824605; PMCID: PMC5545585 

40. Pradhan N, Singh S, Ojha N, Srivastava A, Barla A, Rai V et al (2015) Facets of nanotechnol-
ogy as seen in food processing, packaging, and preservation industry. Biomed Res Int 2015: 
365672 

41. Nakagawa K (2014) Nano- and micro-encapsulation of flavor in food systems. In: Kwak H-S 
(ed) Nano- and microencapsulation for foods, chap 10. Wiley, Oxford, pp 249–272 

42. Zhang T, Lv C, Chen L, Bai G, Zhao G, Xu C (2014) Encapsulation of anthocyanin molecules 
within a ferritin nanocage increases their stability and cell uptake efficiency. Food Res Int 62: 
183–192 

43. Yang R, Zhou Z, Sun G, Gao Y, Xu J, Strappe P et al (2015) Synthesis of homogeneous protein-
stabilized rutin nanodispersions by reversible assembly of soybean (Glycine max) seed ferritin. 
RSC Adv 5:31533–31540 

44. Koo OM, Rubinstein I, Onyuksel H (2005) Role of nanotechnology in targeted drug delivery 
and imaging: a concise review. Nanomed Nanotechnol Biol Med 1:193–212 

45. Langer R, Peppas NA (2003) Advances in biomaterials, drug delivery, and bionanotechnology. 
AICHE J 49:2990–3006 

46. Bradley EL, Castle L, Chaudhry Q (2011) Applications of nanomaterials in food packaging 
with a consideration of opportunities for developing countries. Trends Food Sci Technol 22: 
603–610 

47. Sari P, Mann B, Kumar R, Singh RRB, Sharma R, Bhardwaj M et al (2015) Preparation and 
characterization of nanoemulsion encapsulating curcumin. Food Hydrocol 43:540–546 

48. Thakur A, Sharma N, Bhatti M, Sharma M, Trukhanov AV, Trukhanov SV, Panina LV, 
Astapovich KV, Thakur P (2021) Synthesis of barium ferrite nanoparticles using rhizome 
extract of Acorus Calamus: characterization and its efficacy against different plant phytopatho-
genic fungi. Nano Struct Nano Objects 24:100599 

49. Mihindukulasuriya SDF, Lim LT (2014) Nanotechnology development in food packaging: a 
review. Trends Food Sci Technol 40:149–167 

50. Othman SH (2014) Bio-nanocomposite materials for food packaging applications: types of 
biopolymer and nano-sized filler. Agric Agric Sci Proc 2:296–303 

51. Pathania et al (2019) Development of tungsten doped Ni-Zn nano-ferrites with fast response and 
recovery time for hydrogen gas sensing application. Results in Physics 15: 102531. https://doi. 
org/10.1016/j.rinp.2019.102531 

52. Jianrong C, Yuqing M, Nongyue H, Xiaohua W, Sijiao L (2004) Nanotechnology and 
biosensors. Biotechnol Adv 22:505–518

https://doi.org/10.1016/j.ceramint.2020.03.287
https://doi.org/10.1016/j.ceramint.2020.03.287
https://doi.org/10.1016/j.rinp.2019.102531
https://doi.org/10.1016/j.rinp.2019.102531


18 Nanotechnological Applications in Food and Agriculture 417

53. Bradley EL et al (2011) Applications of nanomaterial in food packaging with a consideration of 
opportunities for developing countries. Trends Food Sci Technol 22:604–610 

54. Llorens A et al (2012) Metallic-based micro- and nanocomposites in food contact materials and 
active food packaging. Trends Food Sci Technol 24:19–20 

55. Pyrgiotakis G et al (2015) Inactivation of foodborne microorganisms using engineered water 
nanostructures (EWNS). Environ Sci Technol 49(6):3737–3745 

56. Kumari S et al (2023) Nano Ca–Mg–Zn ferrites as tuneable photocatalyst for UV light-induced 
degradation of rhodamine B dye and antimicrobial behavior for water purification. Cer Int 49: 
12469-12480. https://doi.org/10.1016/j.ceramint.2022.12.107 

57. Wang Y, Nowack B (2018) Environmental risk assessment of engineered nano-SiO2, nano iron 
oxides, nano-CeO2, nano-Al2O3 and quantum dots. Environ Toxicol Chem 37:1387–1395 

58. Ndlovu N, Mayaya T, Muitire C, Munyengwa N (2020) Nanotechnology applications in crop 
production and food systems. Int J Plant Breed Crop Sci 7(1):603–613 

59. Khanra A, Sangam S, Shakeel A, Suhag D, Mistry S, Rai MP, Chakrabarti SK, Mukherjee M 
(2017) Sustainable growth and lipid production from Chlorella pyrenoidosa using N-doped 
carbon Nanosheets: unravelling the role of graphitic nitrogen, vol 6. ACS Sustain Chem Eng, 
p 774 

60. Singh T, Shukla S, Kumar P, Wahla V, Bajpai VK, Rather IA (2017) Application of nanotech-
nology in food science: perception and overview. Front Microbiol 8:1501 

61. Nakagawa K (2014) Nano- and microencapsulation of flavor in food systems. In: Kwak H-S 
(ed) Nano- and microencapsulation for foods. Wiley, Oxford, pp 249–272 

62. Wang Y, Kalinina A, Sun T, Nowack B (2016) Probabilistic modeling of the flows and 
environmental risks of nano-silica. Sci Total Environ 545–546:67–76 

63. Peters R, Kramer E, Oomen AG, Herrera Rivera ZE, Oegema G, Tromp PC, Fokkink R, 
Rietveld A, Marvin HJ, Weigel S, Peijnenburg AA, Bouwmeester H (2012) Presence of 
nano-sized silica during in vitro digestion of foods containing silica as a food additive. ACS 
Nano 6:2441–2451 

64. Athinarayanan J, Periasamy VS, Alsaif MA, Al-Warthan AA, Alshatwi AA (2014) Presence of 
nanosilica (E551) in commercial food products: TNF-mediated oxidative stress and altered cell 
cycle progression in human lung fibroblast cells. Cell Biol Toxicol 30:89–100 

65. U.S. FDA (2020) CFR e Code of Federal Regulations Title 21. Food and Drug. Chapter I. Food 
and Drug Administration, Department of Health and Human Services. Part 73. Listing of color 
additives exempt from certification. Subpart A. Foods. Sec. 73.575. Titanium dioxide 

66. Giubilato E, Cazzagon V, Amorim MJB, Blosi M, Bouillard J, Bouwmeester H, Costa AL, 
Fadeel B, Fernandes TF, Fito C, Hauser M, Marcomini A, Nowack B, Pizzol L, Powell L, Prina-
Mello A, Sarimveis H, Scott-Fordsmand JJ, Semenzin E, Stahlmecke B, Stone V, Vignes A, 
Wilkins T, Zabeo A, Tran L, Hristozov D (2020) Risk management framework for 
nano-biomaterials used in medical devices and advanced therapy medicinal products. Materials 
13:4532

https://doi.org/10.1016/j.ceramint.2022.12.107


Nano/Mesoporous Materials 
as State-of-the-Art Military Applications 19 
Larrisa V. Panina, Atul Thakur, and Preeti Thakur 

Abstract 

Nanotechnology is rapidly gaining prominence across various fields, ranging 
from medicine to military applications. Considered as the forefront of innovation, 
nanotechnology holds immense potential for military use, with a multitude of 
applications on the horizon. The deployment of miniaturized military systems 
would offer a substantial strategic advantage against adversaries. Examples 
include miniature drones or swarms of artificial bees, which enhance battlespace 
awareness and situational visibility. Moreover, employing miniaturized 
AI-equipped bots at the frontline provides a comprehensive understanding of 
evolving battlefields. As nanotechnology progresses, it will unlock the develop-
ment of a new class of lethal weapons, reshaping the geopolitical landscape. It is 
imperative for the world to acknowledge and embrace the advanced capabilities 
of nanotechnology, integrating them into contemporary warfare strategies. 
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19.1 Introduction 

Nanotechnology research and development has a substantial influence on military 
materials and systems (including national defense and homeland security) [1–4]. The 
United States Department of Defense (DoD) is a key research funder, contributing a 
considerable share of federal funding to nanotechnology research, which includes 
materials research, electronic device research, and bio-chemical protection research 
[1, 2]. The overall Department of Defense expenditure in nanotechnology has varied 
but stayed substantial (hundreds of millions of dollars) since the formation of the 
National Nanotechnology Institute in 2000. The Department of Defense recognized 
nanotechnology as one of the six “Strategic Research Areas” in the mid-1990s. The 
Department of Defense nanotechnology program is split into seven program compo-
nent areas that correlate to the National Nanotechnology Initiative (NNI) of the USA 
(Fig. 19.1). 

Medicine, biological and chemical sensors, explosives, electronics for computers, 
power production and storage, and structural materials for vehicles, coatings, filters, 
and textiles are all military uses [3, 4]. Many of these uses are also useful for 
non-military purposes. Although the vast majority of military nanotechnology 
research should enhance our lives, there may be certain hazards linked with these

Fig. 19.1 The DoD Nanotechnology Program’s seven distinct areas for nanotechnology



created nanoparticles, which can potentially harm the environment. Military activity, 
for example, can cause explosions, and high-tech weaponry blasts can emit poison-
ous nanoparticles. Furthermore, the widespread usage of nanotech sensors may have 
an influence on the environment when the sensors decay and designed nanoparticles 
seep into the soil. Nanotechnology has the potential to benefit the military in several 
ways. Advances in material science have led to the development of exceptionally 
strong armor materials like tungsten and carbon nanotubes, enhancing ballistic 
protection in applications such as personal body armor, bulletproof vests, and 
protective enclosures. The pursuit of invisibility technmology remains an active 
area of research, aiming to manipulate electomagnetic waves to render objects 
effectively invisible through innovative techniques like metamaterials and cloaking 
devices [5, 6]. Scientists are experimenting with light manipulation to make soldiers 
appear to vanish. When “electrochromic camouflage” is utilized, fabric colors may 
change rapidly to fit in with their environment.
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19.2 Origin 

Nanotechnology has historically been used rapidly and extensively in warfare and 
defense. Several countries, including China, the UK, Russia, and, most notably, the 
USA, have funded military applications of this technology over the last two decades. 
The US government has long been regarded as a national leader in research and 
development in this field, but it is now being challenged by international competition 
as the importance of nanotechnology grows. As this sphere expands, it will have a 
dominant platform at the forefront of military interests in the use, or misuse, of its 
power [7]. 

19.2.1 United States National Nanotechnology Initiative 

In order to steer funds toward the advancement of nanoscience and nanotechnology, 
with a focus on realizing the promise of nano-weapons, the US government launched 
the National Nanotechnology Initiative in 2000. In addition to coordinating the 
employment of nanotechnology across all military branches, including the Air 
Force, Army, and Navy, this initial US concept has now been broadened. The US 
government invested over $19.4 billion in nanoscience between 2001 and 2014, as 
well as in the creation and production of nano-weapons for military defense. 
According to the twenty-first Century Nanotechnology Research and Development 
Act of 2003, national cooperation, productivity, and competitiveness will help the 
USA continue its leadership in the field of nanotechnology. 

Around 60 nations worldwide developed national nanotechnology programs 
between 2001 and 2004. Research and development in this field “has now become 
a socio-economic target in an area of strong international collaboration and competi-
tiveness,” claims R.D. Shelton, a global technology assessor. Data as of 2017 
showed that the USA alone had published 4725 patents in the USPTO, preserving



their position as the industry leader in nanotechnology for more than 20 years. The 
most recent military nanotechnological weaponry research is the development of 
defensive military equipment with the aim of improving existing designs of light, 
flexible, and resilient materials. Through the use of sensors and the modification of 
electromechanical properties, these cutting-edge designs are endowed with 
capabilities that also improve offensive tactics. 
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19.3 Nanotechnology and the Military 

One-dimensional nanoscale formations, such as thin films and sheets, share 
similarities with two-dimensional structures like carbon nanotubes [8]. Additionally, 
three-dimensional objects at the nanoscale are also possible, such as nano-porous 
structures where the bulk material remains macro-sized while the cavities are nano-
sized. Examples of such structures include nano sponges and nano-porous 
membranes. It is crucial to recognize that nanotechnology encompasses more than 
just manipulating the behavior of matter at the micro- and macro-levels. At the 
nanoscale, the fundamental building blocks of both matter and life exist. It is within 
this realm that cellular functions, genetic reproduction, molecular chemistry, and 
cutting-edge electronics all converge [9]. Significant new advancements in a wide 
range of sectors may be possible if it is possible to comprehend how these processes 
function and to alter occurrences at this level to achieve certain results. This includes 
biotechnology, electronics, and material science. The properties of matter in a larger 
form can be drastically changed by nanostructures due to their small size. Because 
the surface area of nanomaterials is increased, surface characteristics may become 
dominant and increase their reactivity. 

At the nanoscale, quantum physics plays a crucial role, and as a result, material 
properties—including those of individual atoms and bulk matter—can vary greatly 
and exhibit traits that are not visible at higher sizes. To give an example, gold 
nanoparticles can be orange, purple, red, or green in color [10]. Similar to this, 
carbon atoms in the form of carbon nanotubes can exhibit tensile strengths 100 times 
greater than those of steel and, depending on their arrangement, can either be 
metallic or semi-conducting. For instance, titanium dioxide and zinc oxide are 
both frequently found in sunscreen. When reduced to the nanoscale, both particles, 
which are composed of macro-particles, appear translucent. Nanotechnology can 
envision new goods, tools, and solutions to address pressing global issues. When it 
comes to military platforms, equipment, weapons, and missiles—where weight 
reduction is crucial and material quality is crucial—nano characteristics have a 
significant impact. It has several military uses and can remove many limitations by 
lessening its weight and bulk [11]. 

That might improve our ability to battle, especially in high-altitude and moun-
tainous places, by allowing us to move large amounts of equipment in response to 
emergencies. Undoubtedly, nanotechnology helps the globe to overcome many 
obstacles. There are numerous products that may be developed to simplify living. 
For instance, solar cells might be printed on paper and smaller-sized medications



may be constructed to improve distribution. Electricity-free water filters could also 
be developed. The use of nanotechnology to reduce weight and volume would have 
numerous civil and military uses [12]. 
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19.4 Mesoporous Nanomaterials for Military Applications 

A number of fields, including optics, catalysis, drug delivery systems, coatings, 
cosmetics, bio-separation, diagnostics, gas separation, and the military, heavily rely 
on materials having particularly specified porous characteristics on the nanoscale 
[13]. Nano-porous materials have void regions that can take on cylindrical or cage-
like shapes within an amorphous or crystalline structure. These materials can be 
classified into three main types based on their pore size: microporous, mesoporous, 
and macro-porous [14]. Microporous materials, such as MOFs (metal-organic 
frameworks), zeolites, carbons, and amorphous glasses, have incredibly small pore 
size distributions ranging from 0.5 to 2 nm [15]. These chemicals have good thermal 
stability and catalytic activity that are helpful in the cracking processes, as well as the 
capacity to serve as ion exchange media, drying agents, and gas separation materials. 
Metal organic frameworks (MOFs) are one of the subtypes of microporous solids 
with the quickest development [16]. 

Zeolites and similar crystalline molecular sieves have an inherent limitation on 
the size and accessibility of their pores because of the pore templates available for 
their production. Conversely, macro-porous substances, such as porous polymer 
beads, which contain pores with a size range of 50–1000 nm, provide for easy 
access to the interior pores at the price of selectivity. These restrictions led to the 
development of mesoporous materials, which have holes that range in size from 2 to 
50 nm [17]. 

19.4.1 Mesoporous Materials Have the Following Major Benefits 

1. Large surface areas (>500 m2 /g) and narrow pore size distributions. 
2. Framework/wall replacements with different metal oxides (MO2), such as titania, 

alumina, and silica. 
3. Simple organic functionalization techniques. 
4. Low toxicity and biocompatibility. 

19.4.2 Mesoporous Material’s Properties and Characterization 

It is possible to classify ordered mesoporous materials based on their size and pore 
shape, including whether they are cylindrical, cage-like (2D or 3D), or cylindrical. 
Examples of cylindrical structures with uniform pore diameter that show promise for 
usage in catalysis, adsorption, and as drug administration systems are MCM-48, 
AMS-6 (Iad), MCM-41, SBA-15, and NFM-1 (p6mm). In contrast, cage-type meso-



caged solids like FDU-1(Imm), SBA-1(Pmn), and AMS-8(Fdm) are constructed 
from spherical or elliptical cages that are joined in three dimensions by microscopic 
cage-connecting windows. The mass transfer of active compounds may be con-
trolled using these materials. One of the most versatile classes of mesoporous 
materials is porous silicas, which combine well-defined pore sizes with silica’s 
well-known biocompatibility in a number of applications. An essential quality of a 
porous silica material is its ability to integrate functional organics (R) on the silica 
wall. Porous silica that has undergone calcination has a high density of surface 
silanol (Si-OH) groups. When these silanols react with other silanes, different 
functional groups (Si-R) are formed on the silica framework, and these groups can 
be employed to conjugate different molecules of interest [18]. 
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19.5 Military Applications of Nanotechnology 

As previously said, several countries are aware that applications relating to military 
are significantly impacted by nanotechnology. Nanotechnology can influence com-
bat technology in a variety of ways. In order to enable mobility over all sorts of 
terrain, including mountains, all types of war-like equipment, weapon platforms, and 
missiles may be constructed from lighter, harder, heat-resistant nanomaterial. The 
military’s use of nanotechnology will give troops on the ground stronger protection, 
more lethality, more endurance, and superior repair capabilities in a combat 
situation. 

19.5.1 Areas Impacted 

The automotive industry will be at the forefront of direct nanotechnology impact 
across all vehicle classes. The primary objective is to achieve overall weight 
reduction, enhance fuel efficiency, and improve ergonomic features. This 
encompasses various vehicles, including tanks, infantry combat vehicles, gun 
towers, engineer vehicles, and cargo transports. Additionally, nanotechnology 
contributes to the reinforcement of automobiles, providing increased strength and 
safety in the event of collisions. MXene is found to be exceptional for EMI shielding 
[19]. With nanotechnology, the military may concentrate on five different fields. 
These are listed below: 

1. Focus on the combat soldier, 
2. Ability to introduce nanotechnology in information dominance, 
3. Weapons, 
4. As discussed above, vehicles and platforms, 
5. Logistics. 

The combat soldier worries about the weight of his gear. Additionally, his sensors 
might accomplish the same thing with less electrical power. Future Indian Army



soldiers will wear the barest minimum of protective gear and will be equipped with a 
Battlefield Management System on their wrists that will provide them access to all 
the information they want, including the common operating picture. In addition, his 
weapon would be lighter and he would be undetectable by infra-red (IR) technology. 
Thanks to nanotechnology combined with micro- or macro-fiber, future troops will 
be outfitted with an all-impact suit that provides protection against bullets, grenade 
fragments, biological agents, and chemical agents. Both his weapon and ammo 
would be lightweight and precise. He will have a lightweight smart helmet as well 
as a solar system for preserving food and water. 
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In terms of sensors and other communication devices, nanoelectronics will 
fundamentally lead to higher technology and quality. Microchips used in the elec-
tronics sector will consume less electricity as a consequence. Furthermore, it would 
lead to quicker processing and less noise. Future nano-electronic technology will 
have the capacity for cognitive functions, allowing computers to carry out higher-
level human jobs. These will increasingly increase, allowing robots to carry out 
command duties more effectively. These changes would have a big impact on the 
Indian Army, which has a good monitoring system. 

Nanomaterials will provide smoother energy release control and shorter diffusion 
paths for high explosive ammunition bursts. As a result, the total effect at the target 
end will be improved. Additionally, ammunition containing nanoparticles can 
improve the penetration of kinetic rounds into objects, particularly armor. To 
make the material stealthier, the architecture can be made more flexible to scatter 
light that hits these particles. The effects of nanotechnology would result in lighter-
weight frameworks for guns, rifles, and automated shooting systems over the next 
10 years. Other armed forces utilize nanotechnology to alter the bullet’s trajectory 
while firing to account for body vibration. Whether they are tanks or other ground 
vehicles, future platforms should be lighter so that more of them may be loaded onto 
an IL-76, C-130, or Globe Master transport aircraft. The tank should move more 
quickly and be deadlier. The long-term objective is to fabricate thin, light nano-
composite panels to cover exposed sections of tanks, infantry combat vehicles, and 
other vehicles. Nanoparticles’ capacity to scatter light and infrared would enable 
stealth, and electronic systems and other components would also be lightweight. In a 
similar vein, autonomous vehicles built on nanomaterials might be more effective in 
a combat environment. 

Future warfare will be heavily dependent on logistics. For the Indian Army, 
supply chain management is crucial to logistics. This would make it simpler to get 
gasoline, food, water, and ammunition supplies to the required locations at the 
proper times during field operations. Such procedures necessitate the use of modular 
containers. The military may transfer these in a variety of sizes to the places where 
they are needed. Each of these containers would be equipped with RFID 
(radiofrequency identification) tags to facilitate distribution, transportation, and 
collection. Thanks to nanotechnology, these containers would be lightweight and 
simple for transport planes and utility helicopters to move. All of these elements 
would make supply distribution on the battlefield simpler when combined with 
artificial intelligence. Nanoferrites have been found quite useful as RADAR absorb-
ing materials [20].
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All of the main armed forces in the world are actively working to create materials 
and systems that include nanotechnology. At the moment, nanotechnology research 
is focused on improving medical facilities and creating powerful, light, and multi-
functional materials that may be utilized as armor to give protection and enhance 
communication in a network-centric military environment. Nanotechnology 
undoubtedly provides the military with a wide range of fresh options. 

19.6 The Following Are a Few Domains Where Nanotechnology 
Can Be Used Extensively 

19.6.1 Electronics and Computers 

Electronics and computers will get much smaller, quicker, and less power-hungry 
with the use of NT [21–23]. These systems, which will be improved by higher levels 
of artificial intelligence, will be used by the military as a whole and even built into 
extremely small components (such as guns, eyewear, uniforms, mini- and 
microrobots, and explosives). Conversely, massive battle-management and 
strategy-planning systems will have many levels and a high degree of autonomous 
decision-making. They would establish a pervasive network that could be used, for 
example, to logistics and be utilized in conjunction with sensors, wireless commu-
nication tools, and mall light displays (Fig. 19.2). 
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Fig. 19.2 Potential applications of nanotechnology in Military



19 Nano/Mesoporous Materials as State-of-the-Art Military Applications 427

19.6.2 Smaller Sensors 

Nanotechnology allows for smaller sensors, often down to micrometer sizes rather 
than centimeter levels, however in many applications, signal strength relies on the 
size of the receiving component, possibly limiting the capacity to shrink the entire 
system. There might be a reduced size constraint due to the power supply or the 
communication antenna. However, low-cost mass production may enable the place-
ment of tens of thousands of sensors in a single area [24]. 

19.6.3 Lighter, Stronger, and Heat-Resistant Materials 

Lighter, stronger, and heat-resistant materials will allow conventional land, sea, and 
air vehicles to move more quickly and nimbly. New designs for smaller cars with 
more potent engines, though, may also be made viable. With lighter energy-storage 
and conversion technologies, such as fuel cells with membranes constructed of 
nanoparticles or hydrogen tanks based on nanotubes or fullerenes, all-electric mili-
tary vehicles, including electromagnetic guns, may become practical. Small systems 
may exhibit muscle-like action due to materials deforming or contracting molecules. 
Applying moveable pigment particles to surfaces with locally variable color can be 
used to camouflage an object. Surfaces having the ability to specifically absorb 
electromagnetic radiation can reduce the amount of radar and infrared fingerprints. 
Nanostructured materials can make stronger light armor, yet it is uncertain if they 
would be superior to heavy armor. Wearers of nanofiber-based clothing can more 
successfully protect themselves from gunfire. 

19.6.4 Advance Materials for Weapons and Explosives 

Modern explosives and materials allowed conventional weapons to fire with long 
ranges and less mass. Precision in targeting could experience substantial 
enhancements through the integration of nanotube-based guidance systems. this 
holds true not only for conventional weaponry but also extents to missile technology, 
where nano-tube based systems have the potential to greatly improve accuracy. But 
it is uncertain whether NT-designed materials and structures will outperform the 
characteristics of tungsten or (depleted) uranium in penetrating projectiles. Also, it is 
unclear whether NT-based armor will defeat NT penetrators or vice versa. 

19.6.5 Smart Systems Worn by Soldiers 

They could detect the wearer’s health and either release medications or compress 
wounds using smart materials. The human body movements can produce the energy 
needed for communication.
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19.6.6 Autonomous Mini- and Micro-Robots 

With NT, autonomous mini- and microrobot size might be drastically decreased to 
less than 0.1 mm. These could use either conventional propulsion principles (wheel, 
track, propeller, wing, jet, rotor) or biomimetic ones (using legs, wriggling like a 
snake, hopping, using flapping wings, etc.) that are familiar from more sophisticated 
technical systems to move in all media, including on land, in water, and in the air. A 
broad variety of functions may be accomplished by mini/microrobots, including as 
reconnaissance, communication with bigger weapons, locating targets for small-
scale actuation, and producing weapons. Even while mobility might be made easier, 
say by the wind, or even if they were initially carried by grenades, rockets, etc., their 
speed and range would be limited. Sensing, communication, and actuation skills 
would all suffer as size shrank. Close quarters or broad use, however, could 
compensate for such limitations. One scenario may include the robot approaching 
a central node while inside a target object or person, where it might listen in, change, 
or destroy. Acting in big groups, blocking windows and air intakes, abrading 
mechanisms, etc. are further options. 

Biological–technological hybrids such as insects or tiny animals that are con-
trolled by nerve/brain electrodes could potentially achieve comparable 
objectives within the realm of miniaturized and microscale robotics. Conse-
quently they can be classified as part of the mini/microrobot category. 

19.6.7 Smart Systems Implanted into the Human Body 

Nanotechnology offers greater potential for implanted systems in human bodies, 
surpassing the capabilities of microsystems technology. One application involves 
monitoring the health and stress levels of soldiers and administering drugs or 
hormones as needed. Another application entails the use of electrodes connected 
to specific areas of the cerebral cortex, sensory organs, sensory nerves, motor nerves, 
or muscles. This technology could be employed to enhance the reflexes of pilots, for 
instance. However, achieving complex sensory perceptions or cognitive abilities 
requires significant advancements in brain research and a reduced ethical barrier for 
human testing. 

19.6.8 For Military Uses of Outer Space 

Smaller launch vehicles and notably smaller satellites are only two of the many 
alternatives that NT (with MST) will make possible for military space missions. 
Small satellites might be launched in swarms for radar, communication, or intelli-
gence purposes. The system’s massive effective antenna size would result in great 
target resolution, but the entire antenna and solar-cell area would dictate signal 
intensity. Small spacecraft may manipulate other satellites after rendezvous and 
docking or strike them directly with high relative velocities in order to damage or



kill them. NT-enabled electromagnetic acceleration might also be used by kinetic-
energy space weapons. 

19 Nano/Mesoporous Materials as State-of-the-Art Military Applications 429

19.6.9 For Nuclear Weapons 

Nuclear weapons will not cause the anticipated qualitative shift. NT will facilitate 
smaller guiding or safety/arming/fusing systems. However, this would not change a 
weapon’s essential properties, such as the requirement for a critical mass of uranium 
or plutonium to trigger a fission explosion and produce a total mass of at least 70 kg. 
The exception would be hypothetical pure-fusion bombs without a fission primary, 
in which case the fusion fuel would be ignited at a micro-spot using MST/NT. It 
would be challenging to distinguish them from conventional weapons because of the 
yield, size, and mass potential arbitrarily low values. One idea is to release a little 
amount of antimatter onto lithium deuteride after carefully trapping it in a microtrap. 
These concepts should be thoroughly studied even if they are currently speculative. 

19.6.10 Chemical and Biological Weapon 

In contrast, NT will provide qualitatively fresh alternatives to chemical and 
biological weapons. Use of capsules that more securely house the active chemicals 
and only release them when necessary is one option. NT may enable the develop-
ment of chemical or biological weapons that exclusively respond to particular 
protein or gene patterns, as well as genetic developments that conflate the two. 
Such weapons may be used to harm certain plant or animal breeds or to target 
specific ethnic groups or even lone individuals. NT can also be used to more readily 
infiltrate the body or its cells. It is possible to design mechanisms that limit or prevent 
damage to one’s own forces, such as self-destruction after a certain period of time or 
reliable vaccination. All of these would lead to biological warfare being far more 
effective and manageable. Conversely, NT could make it possible for more sensitive 
sensors to be used with chemical or biological weapons. High active surface area NT 
materials can be used to bind and neutralize chemicals, decontaminate polluted 
regions, and make protective clothing. 

Most applications mature over a period of 3–5 years. It is not necessary for all of 
them to demonstrate sufficient resistance to countermeasures, cost-effectiveness, 
technical feasibility, and commercial viability. When a mass market is envisaged, 
many will be developed concurrently or primarily in the civilian sector. Military uses 
in this case may be influenced by civilian technologies. In many perilous situations, 
however, the military will continue to take the lead, occasionally opening the door 
for later civilian uses. Numerous combat countermeasures that would heavily rely on 
NT itself are to be predicted given the wide spectrum of effects if the necessary 
technology is currently available. Armed forces might introduce more autonomous 
systems, actively safeguard them (using reactive surfaces to deter items from 
clinging to them, “guard” micro/nanorobots), or passively shield them (using



molecular-scale sieves). Which is more effective, weapons or countermeasures, is 
not yet clear. However, there are no indications of defense dominance, making 
counterattack and preventative assault likely to be vital in armed conflict. 
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19.7 Potential Threats to Consumer, Worker, 
and Environmental Safety 

It is essential that consumers and employees are provided the proper protection and 
safety when nanotechnology is used in the military (or any other context, for that 
matter), and it should not have any detrimental impacts on them. Although there are 
many environmental advantages to nanotechnology, there are also some 
disadvantages that must be addressed. One of these is the growing toxicological 
contamination of the environment as a result of some nanotechnology products’ or 
nanomaterials’ ambiguous size, shape, and chemical composition [25]. Nanoparticle 
production also requires energy-intensive techniques. Finally, the infrastructure for 
recovering and recycling harmful nanomaterials is still missing, and their release 
might harm the environment [26]. However, nanoparticles have large potential to be 
utilized for the remediation of environmental pollution especially water pollution 
[27, 28]. 

19.8 Possible Human Rights Issues 

Nanotechnology and human rights issues include uneven access to technology’s 
advantages, unequal distribution of its financial rewards, the technology’s negative 
impacts on society and culture, privacy, and informed consent. All of these topics are 
intimately related to one another. As was already said, society may have concerns 
about nanotechnology, including potential risks to the environment, human health, 
and safety. All of these have a detrimental indirect effect on the economy, especially 
in less developed countries. There are also some short-term effects, such as the 
displacement of traditional sectors when nanotechnology-based goods take over. 
The development of better and more sophisticated surveillance systems due to 
nanotechnology poses privacy concerns. As with any new technology, it is critical 
to assess the benefits and drawbacks of nanotechnology research. Nanotechnology is 
unquestionably a boon for the military, and research conducted for military purposes 
may also be quite useful in civilian situations [29]. 

19.9 Conclusion 

Modern, cutting-edge technology today permeates many facets of life and is not only 
the preserve of a small group of people [30]. It is important to be aware of the 
likelihood that should a country miss the next technological advancement, the enemy 
would still have it. This would have difficult-to-imagine consequences for the future



of military warfare. It is essential to acquire this knowledge in order to guarantee the 
security of any state or country in the future. Furthermore, the versatility of nano-
technology has increased interest in this field of study. 
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With enormous potential benefits and equally significant potential risks, nano-
technology (NT) is predicted to bring about revolutionary advancements in a variety 
of sectors. There may be specific hazards as the military develops, and it will take 
specialist study and research to prevent them. In NT, the development of military 
science and technology is increasing. Such uses in warfare may become common-
place in the future. Risks to stability and arms control may specifically arise from 
new biological weapons and microrobots. Non-medical body implants present many 
problems for individuals as well as society as a whole, which might make them more 
acceptable through the military. More study is needed to discover the best defense 
against these dangers. For the short- and medium-term, a number of constraints and 
restrictions are suggested. As a starting step, greater transparency and international 
cooperation are required. 
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Abstract 

The subject of nanotechnology has significant changes in the last 10 years as new 
applications of nanoparticles (NPs) and other nano-biomaterials have been dis-
covered. However, the toxicity of nanoparticles and their interactions with 
biological systems are still poorly understood. The toxicity of a nanoparticle is 
affected by its size, shape, surface area, and surface chemistry. Nanoparticles can 
be ingested, breathed, or absorbed via the skin. With greater manufacturing and 
deliberate (sunscreens, medicine delivery) or inadvertent (environmental, occu-
pational) exposure to these particles, the chance of unfavorable health impacts 
will most likely grow. To ensure the risk-free and long-term implementation of 
nanotechnology, the possible health concerns of new nanomaterials must be

R. Rathore · D. Suhag 
Amity Centre for Nanotechnology, Amity University Haryana, Gurgaon, Haryana, India 
e-mail: dsuhag@ggn.amity.edu 

F. Wan 
School of Electronics and Information Engineering, Nanjing University of Information Science & 
Technology, Nanjing, China 

Centre for Nanotechnology, Amity University Haryana, Gurugram, India 

A. Thakur (✉) 
Amity Centre for Nanotechnology, Amity University Haryana, Gurgaon, Haryana, India 

School of Electronics and Information Engineering, Nanjing University of Information Science & 
Technology, Nanjing, China 
e-mail: athakur1@ggn.amity.edu; 100108@nuist.edu.cn 

P. Thakur 
Amity Centre for Nanotechnology, Amity University Haryana, Gurgaon, Haryana, India 

Amity School of Applied Sciences, Amity University, Gurugram, Haryana, India 
e-mail: pthakur@ggn.amity.edu 

# The Author(s), under exclusive license to Springer Nature Singapore Pte 
Ltd. 2023 
D. Suhag et al. (eds.), Integrated Nanomaterials and their Applications, 
https://doi.org/10.1007/978-981-99-6105-4_20

433

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-6105-4_20&domain=pdf
mailto:dsuhag@ggn.amity.edu
mailto:athakur1@ggn.amity.edu
mailto:100108@nuist.edu.cn
mailto:pthakur@ggn.amity.edu
https://doi.org/10.1007/978-981-99-6105-4_20#DOI


physiologically defined. As a result, there is increased scientific curiosity about 
the impacts of nanomaterials found in the surroundings of humans. Humans have 
been exposed to many nanoscale materials since infancy, and the recently devel-
oped area of nanotechnology has turned into yet another threat to human exis-
tence. NPs may penetrate the human body, get past numerous biological barriers, 
and potentially even reach the most sensitive organs because of their small size. 
Scientists have proposed suggestions that NPs smaller than 10 nm act like gases, 
are easily absorbed into human tissues, and might disrupt the normal biochemical 
environment of cells. NPs are more dangerous to human health than their large-
sized chemical particle equivalents, it is commonly accepted that NP toxicities are 
inversely related to NP size. Scientists were concerned about the unpredictable 
health effects of NPs because of their unique physicochemical characteristics in 
many biological systems. As a result, it is believed that new methods of thinking 
that seek to contribute to the safe use of NPs are critical to narrow the knowledge 
gap and focus entirely on NP toxicity problems.
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20.1 Introduction 

The exact methods via which NPs and biological systems interact are still unknown. 
The intricacy of the particles is increased by the fact that they can interact and 
connect with biological matter, as well as modify their surface features in response to 
their surroundings. A growing scientific understanding of the mechanisms governing 
NPs’ interactions with cells suggests that cells can readily uptake NPs through either 
active or passive methods [1, 2]. 

The area of nanoscience known as nanotoxicology is concerned with the investi-
gation of the harmful impact of nanomaterials or nanoparticles on living organisms. 
The safety of manufactured nanoparticles in humans is a serious problem as their 
usage in biological applications increases. Nanoparticles (NPs) are frequently 
utilized as drug carriers and in nanomedicine because of their tiny size and distinc-
tive characteristics [3, 4]. Their size, morphology, surface functional groups, and 
dose-dependent characteristics may also contribute to their toxicity to normal, 
healthy human cells, tissues, and organs [5]. Numerous studies have demonstrated 
that biosynthesized nanoparticles with biocompatible surface functional groups are 
less hazardous to human cells than chemically produced NPs. This is because 
synthetic compounds are used as surface functional and capping agents in chemi-
cally synthesized materials [6, 7]. Contrarily, certain biosynthesized nanoparticles 
can become harmful when they interact with cells, break down into simpler shapes, 
or amass. The four types of nanomaterials that are present in the human environment 
are carbon-based nanomaterials, metal-based nanoparticles, dendrimers, and



composites [8, 9]. Carbon-based nanomaterials like fullerenes and nanotubes are 
employed in films, coatings, and electronics. Metal-based nanomaterials are 
employed in food, cosmetics, and medicinal applications. Examples include nano-
silver, nanogold, and metal oxides like titanium dioxide (TiO2). There is currently 
little information available concerning the detrimental consequences of nanomaterial 
exposure on human health. They could be able to stay in the human environment and 
body for a longer amount of time than their bigger counterparts because of their tiny 
size and, in certain situations, superior stability. Some nanomaterials could be easier 
to breathe in, consume, or absorb via the skin. Additionally, like viruses, these NPs 
seem to be able to exploit an endocytotic mechanism to hijack an already-existing 
transport system across the body. As a result, any toxicological hazards must be 
handled carefully because it appears that broad translation of NPs throughout the 
body is possible if the body is exposed [10, 11]. 
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20.2 Nanotoxicity: Are We Heading in the Right Direction? 

The more important query is: How dangerous are nanomaterials at the conceivable 
amounts at which they may be used? Almost everything can be poisonous in high 
enough quantities. The underlying material, size, shape, and coatings will all have an 
impact on any potentially harmful consequences of nanoparticles. Nanotechnology 
is anticipated to form the foundation for many of the significant technological 
advancements of the twenty-first century [12–15]. The potential release of 
nanomaterials into the environment and consequent consequences on the health of 
ecosystems are becoming a rising worry that must be addressed given the rate at 
which they are being produced. Understanding the destiny and behavior of produced 
nanomaterials in the environment is a prerequisite for achieving this. A necessary 
step toward achieving this is understanding the fate and behavior of created 
nanomaterials in the environment. b) Do they affect the environment and human 
health differently than bigger particles of the same substance? Through both delib-
erate and accidental releases, such as air emissions and solid or liquid waste streams 
from production plants, nanomaterials are introduced into the environment. Addi-
tionally, the amount of nanomaterials that are used in paints, textiles, and personal 
care items like sunscreen and cosmetics that are released into the environment is 
inversely proportional to their utilization. Designed nanoparticles are so tiny, it is 
feasible to breathe in airborne particles made of nanomaterials with diameters 
ranging from a few nanometers to several micrometers. Nanomaterials can aggregate 
into larger particles or longer fiber chains, changing their characteristics and 
impacting how they behave in both indoor and outdoor settings as well as how 
they could be exposed to and enter the human body. Solid nanoscale particles can 
accidentally or purposely come into contact with skin. The stratum corneum, a thick 
layer of dead keratinized skin cells on the surface of the skin, prevents particles, ionic 
chemicals, and water-soluble compounds from passing through. Intentional cutane-
ous exposure to nanoscale compounds may occur when lotions, creams, wound 
dressings, detergents, and socks are used. Nanoscale ZnO and TiO2 materials can be



exposed as sunscreen ingredients or as coatings on fibrous materials to make them 
water- and stain-resistant. Dermal contact with human materials created during the 
creation or burning of nanoparticles may result in unintentional exposure. The ability 
of certain nanomaterials to permeate the skin and cause toxicological consequences 
such as cytotoxicity in the skin, or other organs, accumulation in the skin or 
metabolism to even smaller particles, or photoactivated nanoparticles is unknown. 
Numerous chemical classes, including metals, metal oxides, carbon, and semicon-
ductor nanoparticles, can be used to categorize the wide range of nanotechnology 
goods [16, 16, 18]. 
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20.3 Potential Routes of Human Exposure to Nanomaterials 

Humans are exposed to nanoparticles primarily through ingestion, either directly 
through food or indirectly through food container nanoparticle disintegration or 
subsequent absorption of breathed particles. Once within the body, they may be 
carried by blood circulation throughout. Their size and surface characteristics, 
including polarity, hydrophilicity, lipophilicity, and catalytic activity, may have an 
impact on how they are distributed throughout the body. As particle size reduces, 
surface area per unit mass rises, hence it is believed that nanoparticles would have 
more chemical and biological activity within the body [19]. It is therefore 
hypothesized that smaller nanoparticles may be more hazardous than their bigger 
equivalents. It is generally accepted that cells absorb smaller nanoparticles more 
quickly than bigger ones. Inhalation of nanoparticles in the air might also expose 
people to them. Skin absorption is a significant method of human exposure to 
nanoparticles [20]. 

20.4 Nanomaterial Characterization 

Determining the toxicity of nanoparticles requires accurate characterization of those 
materials. The quality of the dispersion of nanoparticles is influenced by the suspen-
sion medium, which may have an impact on the biological activity of the particles. 
The preparation and solubilization of the nanoparticles affect these characteristics. 
Nanomaterials must be dispersed stably with precise control over particle size and 
distribution before being tested for toxicity in an aqueous media. Their biological 
impact may be influenced by how they disperse in the medium. The degree of 
clustering of particles depends on the dispersion condition of the nanomaterial. 
The form, size, surface area, and closeness of the nanoparticles to one another all 
affect how they aggregate [21–23]. Their dispersion status may be impacted by the 
physiological and biological media frequently utilized in toxicity research. There-
fore, it is necessary to measure the particle size distribution of both “as-received” and 
“as-dosed” (Table 20.1). 

As cellular absorption plays a major role in determining nanomaterial toxicity, the 
protein corona may have a considerable effect on their toxicological profile.
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Table 20.1 Possible risks of nanomaterials 

Nanomaterials Possible Risks 

1. Silica nanoparticles, carbon 
nanomaterials 

Pulmonary inflammation, granulomas, and fibrosis 

2. Carbon, silver, and gold nanomaterials Distribution into other organs including the central 
nervous system 

3. Quantum dots, carbon and TiO2 

nanoparticles 
Skin penetration 

4. MnO2, TiO2, and carbon nanoparticles May enter the brain through nasal epithelium 
olfactory neurons 

5. TiO2, Al2O3, carbon black, co, and Ni 
nanoparticles 

May be more toxic than micron sized particles 

For toxicity and characterization of nanoparticles in aqueous environments, there 
is no well-defined battery of experiments. Studies are carried out utilizing various 
nanoparticle sources and kinds, cell lines, mediums, tissues, animal models, and/or 
delivery techniques, according to a study of the current literature. 

20.5 Nanomaterials’ In Vitro Toxicity Assessment 

In vitro toxicity tests are essential to examining the mechanistic impacts of 
nanomaterials on biological entities. The use of in vitro testing to complement 
and/or augment the more expensive and time-consuming in vivo animal studies 
has many benefits, including inexpensive costs, quick turnaround times for findings, 
and no ethical concern. To evaluate the cytotoxicity of different compounds and the 
effects of nanomaterials on cellular physiology, typical in vitro models include 
monolayer cell cultures, cocultures, multilayer cocultures, xenograft models, and 
tissue slices. Systems using human cells have the potential to do away with the 
requirement for interspecies extrapolation, enhancing testing effectiveness and 
minimizing the usage of animals. In vitro systems, however, have drawbacks. Due 
to restricted metabolic capacity, in vitro biotransformation of a substance may be 
significantly less than in vivo systems. The development of high-throughput, pre-
dictive, and mechanism-based tests is crucial and desirable for determining the 
potential toxicity of nanomaterials that humans are exposed to but for which there 
is less evidence of their toxicity. 

20.6 Nanomaterials Made of Carbon 

As its distinctive one-dimensional hollow nanostructure and peculiar capabilities, 
carbon nanotubes (CNTs) are emerging as an essential new class of multifunctional 
building blocks for the development of nanotechnology. The urgent necessity for 
large-scale manufacture of carbon nanotubes for application in commercial goods 
has been reaffirmed by the nanotechnology industry’s recent fast achievements. In



the upcoming years, as industrial scale facilities for the relatively inexpensive 
manufacturing of multi-walled carbon nanotubes (MWCNTs) proliferate, so will 
the exposure of professionals and the general public to MWCNTs. Several study 
teams have looked at the absorption of CNTs and their possible risks to people and 
other biological systems, especially MWCNTs. For instance, it has been 
demonstrated that CNTs cause human T-cells to exhibit inflammatory and apoptotic 
reactions. Through gene expression analysis, it was found that MWCNTs activated 
genes related to cellular transport, metabolism, cell cycle control, and stress response 
in human skin fibroblasts. Researchers found indications of cytotoxicity for carbon-
based nanomaterials, although MWCNTs were the least hazardous of the carbon 
nanotubes, carbon nanofibers, and carbon nanoparticles studied [24, 25]. Water-
soluble CNTs functionalized with polyethylene glycol chains did not have any 
harmful effects when tested in a variety of immune system cells. 
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According to several researches ultrafine carbon particles may traverse the blood– 
brain barrier to disrupt the central nervous system and can enter the lungs more easily 
than bigger particles. They found that carbon nanoparticles move from the lungs to 
the circulation rather than releasing clotting factors and that harmful effect appears 
shortly after exposure. Given that asbestosis, lung cancer, and malignant mesotheli-
oma of the pleura are known to be caused by asbestos fiber inhalation, there seems to 
be a strong likelihood that CNTs, due to their structural similarities to asbestos, will 
likewise have major harmful effects on human health. According to several studies, 
carbon nanotubes show high cytotoxicity in vitro, including the ability to cause 
oxidative stress, halt cellular growth, and trigger apoptosis and necrosis. 

20.6.1 CNTs and Phenomena at Bio-Interfaces 

The carbon allotrope known as carbon nanotubes (CNTs) has special qualities that 
make it possible to employ it in nanotechnology-related fields including optics, 
electronics, and medicine. They stand out for their durability, electrical conductivity, 
and heat conductivity. The singularity of the atoms is due to their extraordinarily 
strong bonding structure, which also displays high extreme aspect ratios. Carbon 
nanotubes (CNTs) are divided into single-walled and multi-walled varieties 
depending on the number and configuration of their sidewalls. Exposure to these 
nanomaterials in the workplace and the general population has resulted from the 
usage of carbon nanotubes to improve the performance of various items, notably 
those used in healthcare. It has always been difficult to make carbon nanotubes 
biocompatible with biological systems. After being injected into the body, CNTs 
interact with organs and bodily fluids [26]. Numerous experimental data suggest that 
CNTs are harmful to different organ systems. The adsorption and transportation of 
CNTs in organisms via various ways of administration are used to assess the efficacy 
of CNTs as medication carriers. Following administration, CNTs are carried to many 
organs through the lymphatic or systemic circulation. Several methods, including 
oral, intravenous, inhalation, transdermal, subcutaneous, and intraperitoneal, are 
used to introduce CNTs into the body. The most often mentioned methods of



administration in vivo are intratracheal and inhalation because of the more distinct 
and certain findings in the tests that have been reported. Compared to intravenous 
injection, oral, or topical delivery, breathing CNTs, according to some accounts, 
induces significant irritation [27]. CNTs interact with proteins or cells as they enter 
the body, which may cause metabolism or cause the CNTs to retain their original 
shape. They can also be sent to other bodily organs, where they may remain 
localized, move, or be expelled. Depending on their content, components, structure, 
size, and functionalization, CNT biodistribution in the body may produce varied 
levels of toxicity. 
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20.6.2 Quantum Dots 

Nanocrystals called quantum dots (QDs) have 1000–100,000 atoms and show 
peculiar “quantum effects” including protracted fluorescence. Due to their distinc-
tive optical and electrical characteristics, QDs are now utilized in the biomedical 
imaging and electronics sectors. One of QDs most advantageous characteristics is 
their wide range of fluorescence, which makes them the perfect fluorophores for 
biomedical imaging. To mark neoplastic cells, DNA, and cell membrane receptors, 
for instance, fluorescent QDs can be coupled with bioactive moieties to target 
particular biologic processes and cellular structures. Each form of QD has unique 
physicochemical characteristics that influence how harmful it could be [28]. The 
following factors have all been shown to be determining factors for QD toxicity: 
size, charge, concentration, outer coating bioactivity, oxidative, photolytic, and 
mechanical stability. This is significant and may be misleading, as QD toxicity is 
determined by multiple factors derived from both individual QD physicochemical 
properties and environmental conditions. 

20.7 Metabolism of Nano-Biomaterials 

The metabolism of nanoparticles is not well understood. The total metabolism of 
nanomaterials depends on hepatocytes. Understanding and tracking what, when, and 
how much nanostructures degrade are crucial because the breakdown of 
nanomaterials may cause unanticipated chemical reactions. The majority of 
nanomaterials have been observed to collect in the liver after oral administration 
in vivo mouse models, where the nanoparticles have been maintained and have been 
demonstrated to cause tissue damage. Nanomaterials can travel to different sections 
of the body due to their tiny size, either directly upon application or indirectly 
through inhalation, ingestion, and cutaneous exposure after entering the circulation. 
The metabolism of nanoparticles is not well understood. The total metabolism of 
nanomaterials depends on hepatocytes. Understanding and tracking what, when, and 
how much nanostructures degrade are crucial because the breakdown of 
nanomaterials may cause unanticipated chemical reactions. The majority of 
nanomaterials have been observed to collect in the liver after oral administration in



in vivo mouse models, where the nanoparticles have been maintained and have been 
demonstrated to cause tissue damage. Nanomaterials can travel to different sections 
of the body due to their tiny size, either directly upon application or indirectly 
through inhalation, ingestion, and cutaneous exposure after entering the circulation 
(Fig. 20.1). 
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Fig. 20.1 The route of nanoparticles from inhalation to the disease site 

20.8 Nanoparticle Properties that Influence Toxicities 

Size, surface area, shape, aspect ratio, surface coating, crystallinity, dissolution, and 
agglomeration are NPs properties that influence toxicity. 

20.8.1 Dimensions and Surface Area 

The surface area to volume ratio exponentially rises with decreasing nanoparticle 
size, enhancing biological and chemical reactivities [29]. Nanomaterial cytotoxicity 
results from the surface-to-cellular component contact. Therefore, the cytotoxicity of 
nanoparticles can vary greatly depending on surface area and particle size even if 
they have the same chemical make-up. In other words, compared to bigger particles 
with identical contents, nanoparticles are more hazardous. NPs are more numerous 
per unit mass and have a bigger surface area than larger particles. The body responds 
to a comparable mass made up of billions of NPs differently than it does to numerous



microparticles. The huge surface area and high surface reactivity of the designed 
nanoparticles might cause more reactive oxygen species to be produced, which could 
lead to cytotoxicity and genotoxicity. 
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20.8.2 Shape 

Nanoparticles’ biological reactivity and toxicity are significantly influenced by their 
form. Common shapes for nanoparticles include spheres, cylinders, cubes, sheets, 
and rods. The cellular uptake of the nanoparticle is influenced by its form. Spherical 
nanoparticles are ingested by cells more frequently than the other types. Compared 
to gold nanospheres, gold nanorods do not accumulate as many autophagosomes. 
The cytotoxic effects of gold nanoparticle in stars, rods, and spheres were exam-
ined on human fetal osteoblast, osteosarcoma, and pancreatic duct cell lines using 
the MTT test [30, 31]. Star-shaped gold nanoparticles are the ones that are most 
hazardous to human cells. Gold nanoparticles’ cytotoxicity and antitumor potential 
are influenced by their form. Mesoporous silica nanoparticles have shown promise 
as oral medication delivery systems for drugs. Needle-shaped nanoparticles are more 
hazardous than spherical nanoparticles due to their enhanced numerous endocytic 
processes, internalization rates, and more effective adhesiveness to the surface of the 
target cell. 

20.8.3 The Aspect Ratio 

A nanoparticle’s aspect ratio is defined as its width to height ratio. A nanotube has an 
aspect ratio that is very near to zero, whereas a spherical particle has an aspect ratio 
of one. The more poisonous the NPs are, the greater their aspect ratio. Aspect-ratio-
dependent toxicity is typically seen in the lung. Lung cancer, mesothelioma, and 
asbestosis are all brought on by nanofibers that have lengths of 2, 5, and 10 meters 
and thicknesses of around 150 nm. The pulmonary toxicity induced by high aspect 
ratio carbon nanotubes was investigated in Sprague-Dawley rats when administered 
directly into the trachea. On the peritoneal side of the diaphragm, carbon nanotubes 
generated considerable protein exudation and granulomas. Mesoporous silica NPs 
with aspect ratios of 5, 1.75, and 1 were studied to determine their in vivo toxicity, 
excretion, and biodistribution following oral administration. Systematic absorption 
through organs like the small intestine rises and urine excretion reduces when the 
aspect ratio is lowered. According to reports, kidney toxicity of silica nanoparticles 
depends on their form. 

20.8.4 Crystallinity 

The degree of poisonousness of nanomaterials could depend on their crystalline 
structure. Polymorphs, or several crystal forms with the same chemical composition,



displayed a variety of chemical and physical traits. In both in vitro and in vivo 
experiments, it was discovered that 10-hydroxycamptothecin (HCPT) nanoparticle 
dispersions had cytotoxicity that is dependent on the polymorph. Pancake, prismatic, 
and needle morphologies of three 10-hydroxycamptothecin polymorphic nanoparti-
cle dispersions were produced and described. The cytotoxicity data showed that the 
different HCPT nanoparticles’ cellular toxicity varied depending on their size and 
shape. Despite similar cellular uptakes, needle-shaped HCPT nanoparticles are more 
potent in inducing an apoptotic response in cancer cells. 
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20.8.5 Surface Coating or Surface Functionalization 

Their characteristics are changed via surface coatings of nanoparticles [32]. A layer 
or layers (the “shell”) surround a particle’s surface (the “core”). The objective of the 
surface coating may be to customize its functioning, wettability, stability, or disso-
lution. Surface coating can change poisonous particles into harmless ones due to 
bioavailability, whereas less harmful particles can become more toxic [32]. 

20.8.5.1 Dissolution 
Nanoparticles’ capacity to dissolve is a crucial characteristic that affects their safety, 
absorption, and related harmful mechanisms. Depending on the surface modifica-
tion, two identical NPs of comparable composition and size may disintegrate in 
entirely different ways. The ideal cellular entrance route for nanoparticles that 
dissolve in media before being taken up by organisms is through clear ion channels 
and ion transporters. 

20.8.5.2 Agglomeration 
Nanomaterials have a high free surface energy, which makes them prone to aggre-
gation in solution. To avoid aggregation, protective agents are used to shield 
nanomaterials. The degree of aggregation has an impact on the toxicity of 
nanoparticles as well. The aggregation of nanoparticles may result in inflammatory 
lung diseases in people. Carbon nanotubes and oxide nanoparticles are the 
nanomaterials where the toxicity is most frequently seen to be agglomeration-
dependent. It has been noted that agglomerated carbon nanotubes are more hazard-
ous than well-dispersed carbon nanotubes. Studies have demonstrated the signifi-
cance of effective agglomeration management by revealing that larger silver 
nanoparticles exhibited significantly lower hemolytic toxicity compared to their 
smaller agglomerates. 

20.9 Nanoparticle Toxicology 

The precise mechanisms through which NPs and biological systems interact are 
unknown. The ability of the particles to interact and link with biological matter, as 
well as change their surface properties in reaction to their environment, adds to their



complexity. Recent advances in science have increased our understanding of how 
NPs interact with cells, which shows that either active or passive methods are 
frequently employed by cells to absorb NPs. It is more difficult to comprehend 
intracellular systems and processes. Even identical particles of the same substance 
may behave quite differently due to minute differences in surface coating, charge, or 
size [33]. Due to this, it is challenging to classify how NPs behave when they interact 
with biological systems, making it challenging to pinpoint nanoparticle dangers. 
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20.9.1 Cytotoxicity 

Depending on the method of administration and the location of the deposition, 
toxicity might vary in intensity. A system-based approach to toxicity information 
presentation that emphasizes lung, cutaneous, liver, and nervous system targets 
preserves clinical relevance. Each eukaryotic cell, including lung cells, contains 
functionally unique compartments that are encompassed by membranes. The two 
primary categories are the nucleus and organelles, which are composed of the 
mitochondria, endoplasmic reticulum, Golgi apparatus, peroxisomes, lysosomes, 
and endosomes. The nucleus and organelles are encircled by a lipid bilayer made 
up of several proteins. NPs can traverse organelle membranes since they have been 
discovered in lysosomes, mitochondria, and the nucleus; however, the internaliza-
tion processes are not understood. 

20.9.1.1 The Lung Cells 
The epidermis, gastrointestinal tract, and respiratory tract are biological 
compartments that are “designed” to function as barriers against the entry of 
nanosized materials when nanoparticles come into contact with them. This overview 
will concentrate on the lung as a possible barrier for inhaled NPs since it serves as the 
body’s single most significant entrance site for NPs. However, there is proof that 
NPs can deposit on the olfactory epithelium and go straight to the brain, according to 
published research. The main focus of current research is on how NPs affect 
bronchial epithelial cells, fibroblasts, and alveolar macrophages. Studies have 
already demonstrated that NPs drastically lower macrophage phagocytic capability, 
which lowers lung clearance capacity. Over the past three decades, numerous 
synthetic polymers have been developed for use as drug carrier devices, including 
the biocompatible and biodegradable poly (lactic-co-glycolic acid, or PLGA). Even 
though these drug-loaded nanostructures provide potential alternatives to chemo-
therapy for cancer, cytotoxicity needs to be considered. Chitosan and albumin, two 
biological capping substances, minimize cytotoxicity by simulating the physiologi-
cal environment and “hiding” from the immune system [34]. However, more 
investigation is needed into the potential for enzymatic breakdown brought on by 
biophysical similarity. Numerous industries use silica (SiO2) nanoparticles as 
additions in foods, medicines, cosmetics, printer toners, varnishes, and mechanical 
and chemical polishing (Fig. 20.2)
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Fig. 20.2 Nanoparticles induced toxicity [35] 

Recent uses of silica NPs include cancer therapy, DNA delivery, medication 
administration, enzyme immobilization, biosensors for simultaneous assessment of 
glucose, lactate, l-glutamate, and hypoxanthine levels in rat striatum, and biomarkers 
for leukemia cell detection using optical microscope imaging [36]. Silica 
nanoparticles have been demonstrated to have minimal toxicity when used in modest 
amounts. Sadly, silica NPs may also aggregate and, at a dosage of 25 g/mL, have 
been reported to induce protein aggregation in vitro. It has been suggested that 
oxidative stress may be to blame for the cytotoxicity of silica NPs both in vitro and 
in vivo. According to recent studies, utilizing silica NPs at moderate doses is 
theoretically possible and within acceptable safety limits; nonetheless, high-dose 
toxicity profiles call for more research. 

20.9.1.2 The Skin Cells 
The biggest organ in the body, the skin acts as the first barrier of defense between the 
inside organs of the human body and the outside world. As a result, it is exposed to 
some general environmental assaults in the air as well as specialized and possibly 
harmful chemicals found in creams, sprays, or garments. NPs used topically have the 
capacity to reach the systemic circulation after penetrating the skin, where they may 
cause extensive injury. The cytotoxic properties of gold and TiO2 nanoparticles were 
discussed in this section. TiO2 nanoparticles are an appealing element in commercial 
sunscreens and cosmetics due to a number of their characteristics. They enhance



cream clarity and appearance and provide UV light inhibiting qualities. The effects 
of TiO2 toxicity on biological processes such as cell proliferation, differentiation, 
motility, and death are shown to be cell type specific. Such detrimental effects, 
however, were not reproducible in vivo. Although it might be suggested that the 
number of follicular holes in the skin that permit particle absorption, as well as the 
surface coatings and functionalization of TiO2 NPs, are associated with varying 
levels of penetration and toxicity [37]. 
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Due to their simplicity in production and potential for biofunctionalization, gold 
nanoparticles (AuNP) are being investigated for therapeutic uses such as cutaneous 
medication administration. Au compounds are often utilized in therapeutic settings 
and are widely recognized as safe, for instance, in the treatment of rheumatoid 
arthritis. However, as particles are shrunk to the nanoscale scale, significant meta-
bolic changes occur, demanding further investigation into their cytotoxic character. 
Contradictory results continue to be the principal obstacle to clinical use despite the 
relative amount of toxicity research concentrating on AuNP [38]. 

20.9.1.3 The Liver Cells 
The body’s primary organ for detoxification is the liver. It possesses the ability to 
deoxidize, store glycogen, and synthesize secretory proteins. It serves as a biological 
barrier by separating and removing diverse external substances by phagocytosis. 
Several MNPs (metal nanoparticles), including nano-metal monomers and nano-
metal oxides, have been shown to accumulate in the liver and have negative effects 
in earlier in vivo experiments. Once MNPs are ingested, inflammatory cytokines 
shift. NiO NP decreased the levels of the anti-inflammatory cytokines IL-4 and IL-10 
while increasing the levels of the pro-inflammatory cytokines IL-1 and IL-6. The 
liver undergoes structural modifications as a result of MNP-induced liver dysfunc-
tion. Inflammation brought on by MNPs may have had an impact on liver 
coefficients. The presence of liver damage was suggested by a considerable drop 
in total bilirubin and a rise in alkaline phosphatase (ALP) and aspartate aminotrans-
ferase (AST) in blood serum. The liver underwent structural alterations as the 
primary sign of the injury, which led to metabolic dysfunction. AgNP increased 
relative spleen weight and affected the liver by causing extensive and severe 
hepatocyte necrosis and hemorrhage, as well as multifocal peribiliary 
microhemorrhages and sporadic portal vein endothelial injury [39]. TiO2 NP pro-
duced structural alterations in the liver, including hepatic inflammatory cell infiltra-
tion, a rise in the collagen content of the liver tissue, the start of fibrosis, and a 
thickening of the Glisson capsule. It was shown that AuNP activated liver 
macrophages, which accelerated the development of experimental immunological 
hepatitis and liver damage. MNPs promote liver cell toxicity by causing oxidative 
stress, inflammation, and perhaps even multiple forms of cell death. The liver is 
particularly susceptible to NP toxicity because it is the location of first-pass metabo-
lism, and it has been demonstrated that given drugs can persist even after exposure 
has terminated. Even so, it is crucial to continue researching NP-mediated hepato-
cellular damage. Lipid peroxidation tests, comet assays, and oxidative DNA damage 
are frequently used to examine how NPs affect liver cells.
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20.9.2 Nanoparticles’ Impact on the Cardiovascular System 

NPs can enter our bodies through inhalation (intranasal or intratracheal) or through 
oral exposure to the gastrointestinal tract, where they can then enter the circulatory 
system. These can have a significant impact on the system’s normal operation. Some 
of the first effects of NPs on the cardiovascular system include an increase in blood 
pressure, a decrease in heart rate, and altered vascular tone and dysfunction [40]. NPs 
can have angiogenic/antiangiogenic, vasodilation/vasoconstriction, pro-oxidant/ 
antioxidant, cytotoxic, apoptotic, and phagocytic effects on our body depending 
on their physical properties, concentration, and retention time. People who have 
pre-existing cardiovascular disease are more vulnerable to these changes. Because of 
the assimilation of NPs in the bloodstream, such people are more prone to sudden 
cardiac arrests, heart attacks, and blood clotting. Epidemiological studies have found 
evidence of NPs’ acute and chronic effects. The main cause of these maladies due to 
increased oxidative stress has been identified as increased ROS generation caused by 
nanoparticles. Silver nanoparticles, which are currently used in pacemakers, drugs, 
and coupled antibodies, have a dual and inverse effect on blood composition, 
angiogenesis (vessel formation), and membrane permeability. 

Long-term TiO2 NP exposure can result in their accumulation in the heart, 
resulting in sparse cardiac muscle fibers, inflammation, cellular necrosis, and cardiac 
biochemical dysfunction. 

20.9.3 Neurotoxicity 

Nanomaterials can reach the brain accidentally through blood circulation from the 
treatment of peripheral illnesses or through inhalation of air in addition to being used 
purposely for the treatment of brain disorders. Consequently, despite significant 
advancement in the industry, the employment of nanomaterials has led to a brand-
new cause for worry: nanomaterial neurotoxicity. The brain and spinal cord make up 
the central nervous system. Both are sensitive human organs that require defense 
against xenobiotic damage. Following intravenous injection, it has been 
demonstrated that several NPs, including pegylated PLA immuno-nanoparticles 
and polysorbate 80-coated PBCA NPs, may pass the blood–brain barrier (BBB) 
and aggregate in the brain. But due to their distinct physicochemical characteristics, 
such as their huge surface area, NPs could result in neurotoxicity. Due to the lack of 
defined mechanisms and routes via which NPs may exert their toxic effects, it is 
necessary to analyze the possible neurotoxic consequences of these NPs on CNS 
function [41]. A few publications, albeit not many, have shown that NPs are 
neurotoxic both in vitro and in vivo. Common neurotoxicity mechanisms include 
oxidative stress, increased cell apoptosis and autophagy, immunological response, 
and inflammation, which all activate certain signaling pathways that impact blood– 
brain barrier activities. Additionally, a neurotoxic impact may affect neuronal 
structure or function directly or may set off a chain reaction through glial activation 
and glial-neuronal connections. It could show up right away or after some time.



Different regions of the central nervous system or the entire system may be affected 
by neurotoxicity, which can have temporary or permanent effects. Brain-specific cell 
types such as blood–brain barrier and blood–liquid barrier cells, glial cells or 
neuroglia, and neurons with and without myelin sheaths, a membrane covering 
responsible for accelerating signal conduction speed, should be utilized to test the 
neurotoxicity of nanomaterials. Larger neurons have thicker myelin sheaths than 
smaller ones; therefore, tiny neurons are unmyelinated and have very sluggish signal 
conduction velocity. Unmyelinated neurons are also helpful for in vitro evaluations 
of neurotoxicity since they are prevalent in illnesses linked to demyelination 
pathways, such as multiple sclerosis. 
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Nanoparticles have a much greater surface area per unit volume compared with 
the larger particles. It leads to nanoparticles more chemically reactive [42]. Conclud-
ing possible risks and causes of nanomaterial toxicity using conventional 
methodologies and procedures is risky since they are not sufficiently precise and 
dependable. As a result, since it is crucial for understanding how nanomaterials 
interact with the brain, the unique field that integrates nanotoxicology and neurology 
has to be improved by allocating original and specialized experimental models and 
methods. There may be safer nanocarrier systems with fewer side effects as a result 
of a better understanding and unraveling of neurotoxic mechanisms. 

20.9.4 Immunotoxicity of Nanoparticles 

Phagocytic immune cells including macrophages, neutrophils, and dendritic cells aid 
in the absorption of ENM (engineered nanomaterials). Size and surface modification 
of ENMs, for example, can affect how they interact with immune system cells such 
as phagocytes, lymphocytes, and mast cells. According to the surface functional 
group, there have been reports of both enhanced and decreased absorption of single-
walled carbon nanotubes, suggesting that surface alterations may play a role in 
facilitating immunological recognition and/or uptake of ENMs. Furthermore, the 
activation of the complement system has been connected to ENM size. Although the 
relationship between NPs and the immune system has been shown, there is not much 
information at this time. The ability of an NP to bind or coat surface species, its 
solubility, lipophilicity and hydrophilicity, as well as its composition and electronic 
structure, are crucial characteristics in terms of how well it interacts with biological 
tissues, especially the immune system. Some NPs accumulate in local lymph nodes, 
where they might be taken up and processed by dendritic cells, interact with self-
proteins to change their antigenicity, and then trigger different immunological 
reactions, including autoimmunity. Other NPs, like Pd allergic contact dermatitis, 
may induce allergic sensitization. In vitro studies have demonstrated that NPs can 
direct the production of cytokines toward Th1 (Pl, Pd, Ni, Co) or Th2 (Ti, mw, and 
sw Carbon) patterns. However, it is unlikely that NPs can act as a hapten, inducing 
specific IgE production; instead, they are more likely to act as an adjuvant, inducing 
a particular pattern of cytokines, antibodies, and cells that favor allergic sensitization 
to environmental allergens. Some NPs have been linked to allergic sensitization.



Additionally, in the lung of test animals, NPs raised the production of IL-1beta, 
MIP-1alpha, MCP-1, MIP-2, keratinocyte chemoattractant, TARC, GM-CSF, 
MIP-1alpha, and activation of the stress-activated MAPKs p38 and JNKs [43]. 
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In addition, the exposure to ENMs might compromise healthy immune function; 
ENM-immune cell interactions could cause unintended activation of one or more 
immune cell types. Immune cell activation might have serious effects, including 
toxicological repercussions for other vital systems. There is growing evidence that 
suggests a specific immune cell, the mast cell, may contribute to the onset of both 
pulmonary and cardiovascular problems following ENM exposure. Mast cells have 
long been recognized to contribute to allergic inflammation in conditions including 
anaphylaxis, allergic rhinitis, allergic dermatitis, asthma, and atopic dermatitis. In 
fact, the activation of mast cells by ENM could be a major impediment to the 
creation of safe nanotechnologies that prevent not only the emergence of these 
allergic diseases but also any unintended anaphylactic-type responses linked to 
nanotherapeutics. 

20.9.5 Genotoxicity of Nanomaterials 

Modifications to the genetic code can have a gravely detrimental effect on human 
health since somatic cell mutations can cause cancer and other chronic disorders. 
Genotoxic events can affect the complete genome (during mitosis), chromosomes, or 
DNA. It is crucial to identify compounds that could be genotoxic and to research the 
processes of genotoxicity. A major concern is the possibility that exposure to NM 
might be genotoxic. The word “genotoxicity” refers to an agent’s capacity to alter 
the genetic code by chemical or physical means. Genotoxic events can alter the 
quantity or make up of a cell’s genetic material in a way that is either short-term 
(repairable damage) or long-term (mutations). 

The two main processes that might result in NM genotoxicity are primary (direct 
or indirect) and secondary genotoxicity. Some NMs may be affected by one of these 
processes, while for some NMs, both mechanisms may operate concurrently follow-
ing NM exposure. The primary direct genotoxicity of NMs is caused by their direct 
interaction with the genome after coming into physical contact with the DNA of the 
nucleus. Chromosome damage, significant DNA deformities, DNA breaks, and 
other DNA lesions might be caused by this interaction. The major mechanisms of 
indirect action include intracellular ROS formation through the Fenton-type reaction 
and reactive oxygen species (ROS) generated by NMs or hazardous ions released 
during NM breakdown. Oxidative stress is a significant mechanism for primary 
indirect genotoxicity. Free radicals may interact negatively with biological 
macromolecules like DNA and others. DNA strand breakage and a purine or 
pyrimidine oxidation lesions can result from ROS damage. Despite being repairable, 
the damage may potentially result in gene mutations and even more severe chromo-
somal damage. NMs can also induce DNA damage by using extra compounds that 
either interact with DNA or hinder DNA replication and cell division. For instance, 
protein kinases, which regulate cell cycle events including DNA replication and cell



division, can interact with NMs. Determining whether primary genotoxicity is direct 
or indirect requires research into the absorption process and if NMs may enter the 
nucleus. The smallest NMs (with a size of barely a few nanometers) were able to 
penetrate the nucleus through nuclear pores. In certain investigations, larger NMs 
were discovered in the nucleus, indicating that there may be additional pathways for 
nuclear absorption, such as intracellular processes resembling endocytosis. NMs 
may interact with DNA directly once they are inside the nucleus or with DNA that is 
organized into chromosomal structures (direct genotoxicity) depending on the stage 
of the cell cycle. NMs may interact or bind to DNA molecules during interphase, 
preventing DNA replication and the conversion of DNA to RNA. NMs can also 
disrupt the process of mitosis by interfering with the splicing machinery. 
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Secondary genotoxicity is assumed to be the main mechanism of NM 
genotoxicity. ROS from inflammatory cells is responsible for it. Phagocytes can be 
activated by NMs, which causes an oxidative burst. The initial line of defense against 
the entry of bacteria or other materials involved in a clearing is inflammation. 
Ineffective clearance of chemicals, such as inhaled NMs, may trigger a persistent 
immune cell response. It has only recently been examined in vivo following persis-
tent inflammation caused by the activation of immune cells like neutrophils or 
macrophages since this sort of secondary genotoxicity cannot be studied using 
normal in vitro techniques. The capacity of NMs to cause genotoxicity via inflam-
mation cannot be assessed using normal monoculture methods, making it impossible 
to research secondary genotoxicity in vitro. As a result, advances in novel models 
focus on co-culturing immune system cells with target cells. Numerous studies also 
show that the size, surface characteristics, chemical composition, shape, dosage, and 
length of exposure all affect the NMs’ ability to cause genotoxicity. 

20.10 The Effects of Nanoparticles on Plants and Their Toxicity 
Mechanisms 

Germination percentage, root elongation, biomass, and leaf count are the main 
physiological markers of NP toxicity in plants. NPs can have serious adverse 
consequences, including inhibiting plant growth and germination and even killing 
plants. Inhibition of plant species like soybean, maize, wheat (Triticum aestivum), 
ryegrass, and barley was found to be caused by exposure to NPs (MWCNTs, single-
wall carbon nanotubes, ZnO NPs, Ag NPs, and Fe NPs). Several aspects of plant 
growth were also impacted, including seed germination, shoot length, biomass, and 
gene expression. Around ten years ago, Moore, Hund-Rinke, and Simon proposed 
that NP may be able to affect biota by the production of reactive oxygen species 
(ROS) that may cause biological processes to be disrupted. Moore also raised the 
prospect that NP may serve as a vehicle for other contaminants. No one toxicity 
mechanism can be said to apply to all NP. However, oxidative stress is a phenome-
non that is frequently documented. Modifying hormones or hatching enzymes, to 
mention a few additional pertinent pathways, have been documented to have physi-
ological repercussions, such as reproductive failure. These outcomes raise questions



about population growth and the potential for generational consequences. Addition-
ally, photosystem II was impacted by changes in the photosynthetic pigment content 
of algae and aquatic plants. Similar to this, some recent studies have focused on NP 
accumulation in terrestrial plants, which can lead to biochemical and physiological 
alterations. For instance, the exposure to CeO2 NP has an impact on carbon fixation 
as well as water usage efficiency during photosynthesis. 
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20.10.1 The Impact of Nanoparticles on Plant Physiological Indices 

Germination percentage, root elongation, biomass, and leaf count are the main 
physiological markers of NP toxicity in plants. NPs can have serious adverse 
consequences, including inhibiting plant growth and germination and even killing 
plants. Inhibition of plant species like soybean, maize, wheat (Triticum aestivum), 
ryegrass, and barley was found to be caused by exposure to NPs (MWCNTs, single-
wall carbon nanotubes, ZnO NPs, Ag NPs, and Fe NPs). Several aspects of plant 
growth were also impacted, including seed germination, shoot length, biomass, and 
gene expression [44]. Bacillus thuringiensis (BT)-transgenic cotton’s growth was 
slowed when it was exposed to SiO2 NPs. When cultivated in a sand substrate, CuO 
NPs hinder wheat plant development and alter the root structure (Fig. 20.3). 

Copper oxide NPs dramatically lower the fresh weights and root lengths of 
Arabidopsis seedlings, as well as the germination rate and biomass of rice seeds. 
The growth of radish, tomato, lettuce, wheat, cabbage, cucumber, and maize was 
hindered when large quantities of rare earth oxide nanoparticles (CeO2, La2O3, 
Gd2O3, and Yb2O3) were administered to the roots of the plants. Catalase (CAT)

Fig. 20.3 The primary properties of nanomaterials and their toxicological effects on crops [44]



and total chlorophyll content are both increased by TiO2 nanoparticles, but ascorbate 
peroxidase (APX) level is decreased.
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20.11 Toxicology of ENMs in Aquatic Ecosystems 

ENMs are used and disposed of in such large quantities daily; the ecosystem, and 
particularly the aquatic ecology, has become a significant victim of environmental 
contamination. In recent years, nanotechnology has become a significant inventive 
strategy for advancing both science and the economy. The aquatic ecology has 
suffered as a result of its extensive usage and introduction of high doses. Addition-
ally, the uncontrolled discharge of these created ENMs from sewage sludge and 
industrial waste is a diverse and mostly unrecognized phenomenon, raising 
questions about their ecological toxicity. With varied particle morphology and 
elemental content, ENMs are synthesized in a wide range of shapes, sizes, and 
surface functions and enter the environment either knowingly or unknowingly. 
The extensive usage of ENMs has toxicological consequences on the aquatic 
ecosystem, leading to significant toxicity in aquatic plants, aquatic microorganisms, 
and aquatic animals, according to prior research. Carbon-based substances including 
carbon nanotubes and graphene oxide have also been discovered to be harmful to 
aquatic ecology, in addition to metallic ENMs. These compounds will very probably 
be released into the environment and ecosystem as a result of increased uses and 
unchecked manufacturing, causing cellular harm. Graphene oxide is also very 
unstable in natural surface water and rapidly interacts with other environmental 
surfaces, both of which are crucial in the transformation of these new materials, 
according to long-term stability studies. Despite intensive study of graphene-based 
applications, an investigation into how they affect the environment is still in its early 
phases. 

The scientific community has created reliable, stable, and environmentally 
friendly procedures for secure synthesis and disposal in response to the discrepancy 
between ENM synthesis and toxicological data. The transfer of ENMs into the 
environment is significantly influenced by their in-bound characteristics. Because 
of their high aggregation stability, low photobleaching, and delayed 
photodegradation, doped ENMs, for instance, have a toxicological impact. Addi-
tionally, recent research has demonstrated that the transport and toxicological effects 
of ENMs are completely attributable to the dissolved ion concentration as opposed to 
the nanomaterial itself or its aggregated form. 

20.12 Quick Recap and Outlook 

The effects of several kinds of nanomaterials on the environment and human health 
as well as their destiny, behavior, and toxicity have been investigated. Several study 
teams have found that the nanomaterials can be harmful, although the reasons why 
this is the case is mainly unclear. Still a lot has to be learnt about how nanoparticles



interact with the environment and the human body work. Much more study is 
necessary to analyze the stability of these matrices in a variety of test techniques 
to fully assess the risk of human exposure to nanoscale components of current and 
potential goods. Numerous studies on the toxicity of nanoparticles using various cell 
lines and incubation times are being published, but it is difficult to determine 
whether the toxicity observed is physiologically relevant due to the wide range of 
nanoparticle concentrations, variety of cell lines, culturing conditions, and lack of 
mechanism knowledge. It is still unsure of the best way to gauge nanomaterial 
density, surface area, mass concentration, or any combination of these. Have these 
toxicological investigations revealed any novel biological toxicity pathways to us? 
The answer, with a few exceptions, is no, it does not. It was predicted that a new 
understanding of how cells and organs function, both internally and externally with 
others, will be attained if the biomedical community adopts nanoparticles as new 
instruments for in vivo imaging on longer time scales. Engineered nanomaterials 
come in a huge diversity of sizes, shapes, compositions, and coatings that are 
comparable to, if not greater than, that of conventional chemicals. Smart sensors 
should be created as a consequence of developments in information technology and 
sensor design and will be able to detect nanoparticle quantities and assess their 
potential toxicity, possibly offering early warning indications of danger. It is neces-
sary to come to a worldwide agreement on a series of in vitro screening tests for 
toxicity to people and the environment. To evaluate the safety of complicated multi-
component and multifunctional nanomaterials, scientists will need to create verified 
models that can foresee the release, transport, transformation, accumulation, and 
absorption of designed nanomaterials in the environment. By connecting the physi-
cal and chemical characteristics of nanoparticles to their behavior, these models 
should be able to forecast possible effects of designed nanomaterials and 
nanoproducts as well as estimate consequences among sensitive populations. 
Structure-activity connections must be created to forecast biological consequences, 
ecological impacts, and degradation at the end of life. To generate nanoparticles with 
the appropriate human health and environmental performance in addition to their 
physical features, each of these models is necessary. Outside of the scientific 
community, it is challenging to explain studies on the advantages and disadvantages 
of nanotechnology, but it is essential for discussions that are grounded in science. To 
do this, communication activities must be developed that enable technical knowl-
edge to be summarized, analyzed, and finally synthesized for a range of 
stakeholders, including consumers and decision-makers. 
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20.13 Conclusion 

A thermodynamically unstable system is a system of nanoparticles with high specific 
surface energy and a large surface area. The NPs will agglomerate, disintegrate, and 
interact with other changes brought on by the body’s environmental effect after 
entering the organism through a variety of pathways (such as high protein concen-
tration, high ionic strength, and high acidity). The physical and chemical



characteristics of NPs may alter with aggregation, which may have an impact on the 
biological consequences. It is necessary to have a solid grasp of the biocompatibility 
and toxicity of nanoparticles in order to employ them safely in biomedicine. As it 
was observed, information on NP toxicity is growing steadily, but more work is still 
needed to make real progress in this area. These investigations may now be carried 
out from the following angles: taking into account different particle types, taking 
into account the dose–response relationship, conducting in vivo and in vitro tests, 
and creating a toxic nanoscale database to better explain the division of harmful 
nanosize range. Nanoparticles have many uses in biomedicine because of their 
distinctive physicochemical and behavioral properties; nonetheless, worries 
concerning their hazardous effects on the biological system are now attracting the 
attention of the international health community. This highlights the significance of 
researching and understanding the cellular and molecular processes behind the 
impacts in question. Among the harmful mechanisms discovered are those that 
induce ROS, cause cell cytotoxicity, and have genotoxic and neurotoxic 
consequences. Nanoparticles’ size, surface area, shape, aspect ratio, surface coating, 
crystallinity, dissolution, and agglomeration all affect how poisonous they are. For 
instance, it has been demonstrated in animal studies that smaller nanoparticles have 
higher acute toxicity. It was also shown that a nanoparticle’s crystallinity or form 
might affect how poisonous it is. The harmful consequences of nanoparticles must 
now be taken into account while producing nanoparticles. To find the ones that 
operate the best without having negative side effects, their size, shape, and other 
essential characteristics should be altered. The creation of safer and more efficient 
nanoparticles will be made possible by taking into account the hazardous effects of 
nanoparticles. Studies in toxicology lay the groundwork for safeguarding both 
people and the environment. Because of this, it could be challenging to classify 
some of the more useful NPs as being more harmful to biological systems based on 
the experimental models that are now available and vice versa. Given the wide range 
of possible uses for NPs and the need to address information gaps, the pertinent 
harmful effects of NPs should be evaluated using globally accepted, impartial in vivo 
toxicological models that focus on critical systems. 
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Nano-Remediation Perspectives 21 
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Abstract 

A variety of organic and inorganic pollutants that are harmful to the environment 
and human health have been driven by many global events, such as industrial 
expansion and population rise. It is essential to find new technologies and apply 
them to the problem of environmental pollution. Nanotechnology is a relatively 
new topic of study with several applications. A particularly effective tactic is 
nano-remediation, which is described as using manufactured materials to clean 
the environment. Dealing with persistent pollutants, such as insecticides, 
chlorinated solvents, halogenated chemicals, or heavy metals, may be done 
quickly, effectively, and efficiently this way. A long-term option to eliminate 
new contaminants like medicines or personal care products is nano-remediation. 
Due to their diversity and versatility, nanomaterials can be employed in media 
such as soil, water, or the air. This chapter provides an overview of the usage of 
nanomaterials for media cleansing. It explores the state of the art for different
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nanomaterials, such as metal, carbon, polymer, and silica, used to purify water, 
soil, and air.
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21.1 Introduction 

Environmental remediation effectively removes pollutants or toxins from a variety 
of environments, including soil, surface, groundwater, and sediment, for the protec-
tion of human health and the environment. For the purposes of drinking fresh water, 
inhaling clean air, and using high-quality water for business and agriculture, clean 
and pollution-free environments are a must. Unfortunately, a variety of anthropo-
genic and natural toxins are constantly a threat to many important natural resources, 
including air, soil, groundwater, and others. The term “nano-remediation” refers to 
the employment of nanoparticles in environmental cleanup. The primary idea of 
pollution control at the nanoscale is to separate certain components and molecules 
from a mixture of contaminants via nanofabrication, thermal partitioning, or nano 
structure. By improving sensing, treating, and remediating environmental toxins 
with nanoscale devices, nanotechnology is leading to significant advancements in 
environmental conservation technologies [1]. Contrarily, the unique properties of 
nanotechnology may also lead to unanticipated environmental consequences, thus 
we should exercise extreme caution. The chapter includes a brief discussion of all 
current advances in nano-remediation methods to address environmental contami-
nation, such as cleaning up oil spills and air and water pollution [2, 3]. By treating 
persistent contaminants with few remediation choices, removing intermediaries 
related to degradation, and accelerating the pace of breakdown or stabilization, 
nanotechnologies have the potential to greatly increase remediation capabilities. 
Target-specific capture, cost-effectiveness, ease of synthesis, green chemistry, 
non-toxicity, biodegradability, recyclability, and the potential for recovery after 
usage (regeneration) are a few crucial considerations when developing new 
nanomaterials for environmental remediation (Fig. 21.1). 

The innovative component of nanotechnology has been the clustering or assem-
bly of molecules to tailor the properties of the resulting nanomaterials to the intended 
use. The investigation of semiconductor and metal properties that rely on size and 
shape has received considerable attention in this field. 

21.2 Nanomaterials 

Particles of a size between 1 and 100 nm are known as nanoparticles (NPs) 
[5, 6]. Because of their unique properties, NPs are very reactive with environmental 
contaminants that have been integrated into their macroscale structure. NPs have a



lot of reaction/adsorption sites on their surfaces. There are two types of 
nanomaterials: manufactured and natural. Naturally occurring NPs in soil include 
clay, iron oxide, and organic matter. Manufactured NPs are either created or 
synthesized with a unique attribute to enhance their industrial or technical uses. 
Nanomaterials can be produced in two broad methods. The first way entails dividing 
a significant area into smaller portions, either from top to bottom or from outside to 
inside. The second strategy involves building up tiny compounds into larger ones 
from bottom to top. Among the nanomaterials developed for pollution remediation 
are nanoscale zeolites, carbon nanotubes, metal oxides, bimetallic nanoparticles 
(BNPs), enzymes, and titanium dioxide (TiO2). 
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Fig. 21.1 Different types of nanomaterials employed for nano-remediation [4] 

The special characteristics of nanomaterials, such as large surface area, quantum 
size effect, ease of separation and recycling, etc., enable their usage as adsorbents. 
For instance, the ferromagnetism of iron-doped nanoparticles promotes reuse and 
recycling. Nanoparticles’ potential for recycling makes them desirable from an 
economic standpoint. The primary factor in fullerene’s capacity for absorption and 
ease of recycling is its hydrophobicity [7].
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21.3 Nano-Remediation 

The use of nanoparticles in environmental remediation is known as 
nano-remediation. It is being investigated for the treatment of contaminated soil, 
wastewater, groundwater, sediment, or other environmental elements [8]. Nano-
remediation is a young industry; by 2009, at least 44 cleanup sites around the 
world, mainly in the USA, had used nano-remediation technology [9, 10]. The 
EC-funded NanoRem Project is researching nano-remediation in Europe 
[11]. About 70 nano-remediation initiatives at either pilot or full size have been 
identified globally, according to a report by the NanoRem collaboration. A nanopar-
ticle agent must come into touch with the target contaminant during nano-
remediation under circumstances that permit a detoxifying or immobilizing reaction. 
In situ application or a pump-and-treat procedure are frequently used in this method. 
At large-scale cleanup locations, some nano-remediation techniques have been used, 
particularly the usage of nano zero-valent iron for groundwater cleanup. There are 
yet undiscovered methods. 

21.4 The Chemistry Behind Nanomaterial Bioremediation 

There are many reasons why different NMs are employed in bioremediation. For 
instance, when a material is reduced down to the nanoscale, its surface area per mass 
increases, allowing for more of it to come into contact with the environment and 
impact the reactivity. Because NMs exhibit the quantum effect, less activation 
energy is needed to enable chemical reactions. Another phenomenon displayed by 
NPs that can be utilized to detect harmful substances is surface plasmon reso-
nance [12]. Different metallic and nonmetallic NMs of varying sizes can be utilized 
for environmental cleanup, depending on their form and composition. Because NPs 
may diffuse or penetrate into a contaminated zone where microparticles cannot, as 
well as because they have higher reactivity to redox-amenable pollutants, it is 
possible, for instance, to use a variety of single metal NPs, bimetallic NPs, carbon 
base NMs, and other nanoparticles. It is noted that pollutants like carbon tetrachlo-
ride can cause oxide-coated FeO to form weak, outer-sphere complexes (CT). In 
batch trials and field evaluations, benzoquinone, by-trichloroethene, and other 
chlorinated aliphatic hydrocarbons can be converted into compounds with lesser 
toxicities while CT can be converted through electron transfer into methane, carbon 
monoxide, or format. TiO2 nanotubes can be applied in the lab to break down 
pentachlorophenol (PCP) via a photo-electrocatalytic process in addition to field 
uses [13]. Additionally, biocatalysts for reductive dechlorination can be made from 
single metal NPs. In a bio-reductive test involving Pd, palladium, Pd (0) NPs can be 
deposited on the cell wall and inside the cytoplasm of Shewanella oneidensis and can 
be charged with radicals by adding various substrates as electron donors, such as 
hydrogen, acetate, and formate (II). The radical on the Pd (0) can catalytically 
combine with PCP when these charged Pd (0)-deposited S. oneidensis cells come 
into contact with chlorinated compounds, removing the chlorine molecule from the



chlorinated compounds [14]. Additionally, microbial cells with the ability to biode-
grade or recover particular compounds can be immobilized using NPs. Instead of 
traditional cell immobilization on micron-sized medium or a fixed surface, Pseudo-
monas delafieldii has been coated with magnetic NPs (that is, Fe3O4) that have been 
functionalized using ammonium oleate. These magnetic NP-coated microbial cells 
were concentrated at a particular spot on the reactor wall, isolated from the bulk 
solution, and reused for the treatment of the same substrate by the application of an 
external magnetic field to the microbial cells. It has been shown that these microbial 
cells, which were fed to a bioreactor at a high biomass concentration, desulfurize 
organic sulfur from fossil fuel (specifically, dibenzothiophene) just as well as cells 
that are not NP-coated [15]. The upcoming discussions will specifically delve into 
nanomaterials (NMs) with a primary focus on their applications in addressing a wide 
range of waste remediation challenges (Fig. 21.2). In the coming decades, the ability 
of NMs to reduce pollution generation is expected to potentially spark the most 
revolutionary advances in the environmental field. 
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21.5 Nanomaterials for the Removal of Pollutants from Water 

The use of NPs for water filtration, which was initially done in the 1990s, is one of 
the most recent developments. Gillham and Hannesin (1964) were the first 
researchers to utilize the idea of using NPs on the cleaning of polluted water. 
Utilizing nZVI, the halogenated group was cleaned up [16]. Wang and Zhang 
conducted the initial study in 1997 that used NPs to remove organo-chlorines from 
polluted groundwater. They observed the rapid and total eradication of many 
aromatic chlorinated compounds using bimetallic NPs [17]. 

There are four categories of nanomaterials: (1) carbonaceous NMs, (2) metal-
based or inorganic NMs, (3) polymer-based NMs, and (4) composite NMs [18]. A 
schematic illustration of the different kinds of NMs used to remove environmental 
toxins is shown in Fig. 21.3. Although carbonaceous nanomaterials like carbon 
nanotubes (CNTs), graphene, and graphene oxides possess immense potential, the 
practical utility of graphene is at times limited due to its costly production and 
relatively low yield. Consequently, graphene oxide (GO) serves as a viable precursor 
material for various applications reliant on graphene [19]. And metal-based NMs 
(such as Fe-based NPs, Cu-based NPs, and BNPs) are used most frequently in 
environmental remediation, polymer- and composite-based NMs (such as chitosan, 
alginate, clay-polymer nanocomposites, zeolite, and biochar supported 
nanocomposites) have received significant research attention but limited practical 
application. [20] Fe-based NPs have also been used successfully in the area, along
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Fig. 21.3 Types of nanomaterials employed to remove water pollutants



with a few cases of Cu-based NPs, BNPs, various metal oxide NPs (such TiO2, ZnO, 
and CNTs), and so on. The main benefits of using NMs for cleaning water and soil 
are their high selectivity, high adsorption capacity (because of a large specific 
surface area and numerous adsorption sites), and ease of regeneration after use [21].
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21.5.1 Metal and Metal-Based Nanomaterials 

Enhanced photocatalyst microparticles that incorporate gold nanoparticles can be 
used to purify water. Gold nanoparticles (AuNPs) are attractive probes for the 
attachment of peptides because of their unique physicochemical and optical 
properties, which make them well suited for conjugation with small biomolecules 
[22, 23]. Additionally, a variety of metal oxide nanoparticles, such as iron oxide 
(Fe2O3/Fe3O4), zinc oxide (ZnO), and titanium dioxide (TiO2), are used for water 
purification due to their high reactivity, photolytic properties, as well as adsorbent 
properties derived from their vast surface area and affinity to different chemical 
groups [24, 25]. For instance, iron nanoparticles have been utilized to remove colors 
from wastewater from the textile, paint, and paper industries because of their 
stability in suspension medium and high adsorption capability [26]. Methyl orange 
and methylene blue, two of the most frequently used industrial dyes and pesticides 
with the greatest consequences on the environment and human health, have recently 
been shown to be extremely successful in being absorbed by these NPs [27–31]. The 
removal of methyl orange and phenol using magnetic iron oxide nanoparticles and 
carbon demonstrated that the nanocomposites had stronger interactions with the dye, 
with the amount of carbon being a crucial determinant in the NPs’ adsorbent activity 
[32]. In addition to colors, several metals like chromium (VI) represent a significant 
class of water pollutants. According to recent studies, the use of iron oxide, zero-
valent iron NPs, and organic acids (such citric acid) might lessen the harm that 
chromium does to the environment [33]. Titanium dioxide nanoparticles (TNPs) are 
an effective alternative for recently developing contaminants like pharmaceuticals 
and a common photocatalyst for the removal of micropollutants in water [34]. 

21.5.2 Nanomaterials Based on Carbon 

Examples of nano-porous carbon-based materials that exhibit physicochemical 
properties that make them suitable for water treatment processes to remove 
contaminants like heavy metals, fluorides, textile dyes, or pharmaceutical products 
include activated carbons, carbon nanotubes (CNTs), including multi-walled and 
single-walled nanotubes (MWCNTs), graphene, and its oxide. Additionally, numer-
ous organic and metal ion water pollutants have been shown to be attracted to the 
adsorption characteristics, high surface to volume ratio, conductivity, electrochemi-
cal stability, and catalytic activity of graphene oxide (GO) and reduced graphene 
oxide (rGO) nanosheets [35]. MWCNTs are used in the absorption of chromium in 
polluted groundwater [36]. Effect of absorption is impacted by factors like pH and



adsorbent concentration. If the pH values are higher than 7, the adsorption reduced. 
MWCNTs have also been employed in water gasoline removal projects [37]. Due to 
the serious environmental damage that fluoride causes, many carbon-based 
substitutes have been utilized to defluoridate wastewater. The removal of fluoride 
by chemically and biologically reduced graphene oxide reveals that the former had 
an 87% reduction while the latter had a 94% capacity in this regard [38]. Similar to 
how much study has been done on the utilization of activated carbon in removing 
pharmaceutical chemicals due to its low cost, large pore size, and high porosity. For 
instance, a 2019 study that compared the adsorption of carbamazepine and sildenafil 
citrate onto granular and powdered activated carbon [39] indicates that 90% of the 
compounds were removed from the combination in just 10 h, as opposed to just 40% 
for granular activated carbon after 70 h, due to the higher surface area of powdered 
activated carbon. The evaluation of caffeine, ibuprofen, and triclosan adsorption 
using powdered activated carbon was also reported, and it indicated a substantial 
influence of pH [40]. 
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21.5.3 Nanomaterials Based on Polymers 

The use of nanoparticles, nanocomposites, or NF membranes might be among the 
polymer nanotechnology-based water treatment methods [41]. By detourning 
particles in the membrane pores and by the pollutants’ chemical interaction with 
the membranes, which results in the pollutant being immobilized, polymeric 
nanomembranes are employed in particular to remove unwanted nanoparticles 
from the aqueous phase. In this sense, solvent casting is a common production 
technique that uses chitosan as a polymer to produce NF membranes. These 
membranes are a method for cleaning textile effluent, according to Long et al. 
(2020) [42], because they reject electroneutral and negatively charged colors less 
frequently than positively charged dyes. However, NF efficiency is also significantly 
influenced by the physical size of the dyes [43]. By using the membranes as a matrix 
or support for other types of materials, one might increase the durability and 
effectiveness of these nanofiltration membranes. Recently, a number of additives 
have been employed as membrane matrices to change synthetic and natural polymers 
including polyamide, cellulose, and chitosan. These additions include 
triethanolamine, metal oxide nanoparticles, and carbon nanotubes [44]. For instance, 
employing carboxylated MWCNTs in polyamide membranes has been shown to 
improve the rate at which salt is rejected, which is very useful for eliminating 
industrial salts from textile effluents [45]. Additionally, polyethersulfone 
membranes with MWCNTs, graphene, or other functionalized polymers 
demonstrated effective heavy metal and dye rejection in aqueous conditions [46].
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21.6 Soil Nano-Remediation 

The environment was irreversibly changed when humans settled during the transi-
tion from hunter-gatherers to farmers. The dominance of wheat, first as a source of 
food and then as a medium of trade, had an effect on the extinction of animal and 
plant species, the altering of river courses, soil erosion, and pollution. Due to the 
existence and expansion of industrialization and excessive urbanization, the deterio-
ration and pollution of soil have worsened [47]. Nanomaterials have lately grown in 
favor for soil remediation because of their high reactivity, high surface-to-volume 
ratio, surface functionalization, and capacity to change physical characteristics 
including size, shape, porosity, and chemical composition. These qualities work 
together to trap impurities efficiently and selectively. The intercalation of 
nanoparticles in the soil allows for the cleaning of huge areas while spending less 
money and time, thanks to the in situ application. In soil pollution nano-remediation, 
zero-valent iron, carbon nanotubes, and magnetic nanoparticles have prevailed [48]. 

21.6.1 Nanomaterials Based on Metal 

At the nanoscale, zero-valent iron (nZVI) is an electron donor with a negative 
reduction potential. nZVI use is one of the most popular in pilot tests because it 
enables the removal of polychlorinated biphenyls, organochlorine pesticides, and 
chlorinated organic solvents by oxidation–reduction transformation techniques 
sequestration [49]. Additionally, nZVI has shown effective cleaning percentages 
for the removal of DDT, lead, cadmium, nitrate, trichloroethene, and hexavalent 
chromium [50]. nZVI may be made in a variety of methods, including electrochemi-
cally, carbothermally, with ultrasonic assistance, and by green synthesis. nZVI has 
weak mobility, poor agglomeration dispersion stability, and is challenging to sepa-
rate from treated soil even though it is reactive as a reducing agent [51]. The most 
widely used techniques for surface modification and material function maintenance 
involve alloying Pd, Pt, Ag, Cu, and Ni with other noble metals. Other techniques 
(ethylene glycol) include covering surfaces with synthetic polymers like polyethyl-
ene or biopolymers like starch, carboxymethyl cellulose, or guar gum. While the 
incorporation of nZVI on the surface of supports like silica, activated carbon, 
zeolites, or polymer membranes makes it easier to separate the nanomaterial from 
the cleansed soil. Additionally, nZVI can be “trapped” in particle emulsions or 
dispersions in biopolymers including calcium alginate, chitosan, and gum arabic 
using a “trapping” method. Other metal-based nanoparticles include those made of 
silica, aluminum, titanium, iron phosphate, goethite, and magnetic materials [50]. 

21.6.2 Nanomaterials Based on Carbon 

Carbonaceous nanoparticles are unique in that they have a large surface area, a high 
degree of microporosity, outstanding sorption properties, and an ecologically



friendly composition. Some architectural designs incorporate materials like activated 
carbon nanoparticles, fullerene C60, fullerene C540, SWCNTs, MWCNTs, 
graphene, and others [52]. Activation or functionalization of carbon-based 
nanomaterials also has additional advantages, much like in other environmental 
remediation applications. CNTs have lately become more well-liked because they 
have a greater capacity for adsorption than graphene, graphene oxides, biochar, and 
granular activated carbon. Adsorption is influenced by the exposure area and surface 
functional groups like -COOH and -OH. The adsorption capacity can be increased 
by joining functional groups like -NH2, -SH, oxidation processes, coating with 
nonmagnetic metal oxides, and grafting magnetic iron oxides. Materials that are 
more prone to flocculation and less appropriate for nano-remediation have increased 
surface area, a high surface-to-volume ratio, and therefore high reactivity. The 
surfactant poloxamer 407 has successfully stabilized multi-wall carbon nanotubes 
[53]. The removal of heavy metals by CNTs is possible for Pb2+ , Cu2+ , Ni2+ , and 
ZN2+ , but it depends on the pH, the quantity of organic matter present, and the 
presence of silt and clay particles. Additionally, by eliminating pollutants including 
hexachlorocyclohexane, crude oil, Cr (VI), Cd, and DDT and promoting microbial 
activity and plant development, CNTs can enhance soil quality [54]. CNTs can be 
used in aqueous dispersion, separation columns, and membrane filtration processes. 
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21.7 Nano-Remediation in the Gas Phase 

One of the biggest issues the world is presently dealing with is air pollution, which 
has an impact on both public health and climate change. Particulate matter (PM10 
and PM2.5), nitrogen oxides (NOx), sulfur dioxide (SO2), carbon monoxide (CO), 
lead, and ground-level ozone, which is produced by chemical interactions between 
NOx and volatile organic compounds (VOCs), are the six most prevalent and 
dangerous outdoor air pollutants [55]. The following are recognized as secondary 
particulate matter precursors: ammonia (NH3), NOx, SOx, and VOCs. Despite being 
the most major greenhouse gas created by human activity, carbon dioxide (CO2) is  
not a pollutant. Potential remedies for this problem include the use of graphene 
oxides (GOs), graphite oxides, CNTs with highly reactive surface sites, and 
mesoporous silica materials with ordered and adjustable porous structure, high 
surface area, large pore volume, and heat stability [56]. 

21.7.1 Materials Based on Carbon 

Nanotechnology has benefits for reducing air pollution, including remediation and 
treatment, pollution prevention, monitoring, and sensing. By changing the reaction 
temperature with the addition of water, it is possible to control the amount of 
oxygen-containing functional groups that are present on the surface of graphite 
oxide. This material has been used in ammonia gas sensors that operate at different 
temperatures [57, 58]. Furthermore, nanoparticles based on carbon offer the chance



to mix different nanomaterials to make nanocomposites, which combine numerous 
properties into a single new material [59, 60]. GO and zirconium hydroxide/ 
graphene composites have been exploited as an environmental remediation method 
by the adsorption of SO2. GO was also employed as a photocatalyst to break down 
VOCs and underwent photoreduction while being subjected to UV light [61]. A GO 
membrane with a sizable specific surface area and continuous pore structure was also 
used to collect PM2.5 [62]. Numerous studies have been conducted on CNTs in an 
effort to enhance their adsorption capacities. Typically, additional reactive materials 
with the appropriate functional groups or charges must be used to modify or coat 
CNTs. Modified MWCNTs or SWCNTs have been employed in investigations by 
Dong et al. (2013), [63] Park et al. 2019, [64] and Amade et al. (2014) [65] to detect 
H2S and SO2, CO and NH3, NO2 and NH3, VOCs, and NOx. 

21 Nano-Remediation Perspectives 467

21.7.2 Materials Based on Silica 

Silica-based nanomaterials exhibit extraordinary flexibility due to their many advan-
tageous properties, including their enormous surface area, variable pore size, and 
readily changeable surfaces. Additionally, in recent years, interest in using these 
nanomaterials to clean up dirty air and remove contaminants from the gas phase has 
increased because of their capacity for catalysis and adsorption. The physicochemi-
cal properties of silica nanoparticles may be improved through surface modification. 
For instance, hydroxyl groups on the surface of silica nanoparticles may facilitate the 
production of a number of surface phenomena, including gas adsorption and wetting. 
The process is effective for developing novel catalysts and adsorbents. The presence 
of amine groups on the surface of modified mesoporous silica was shown to assist 
the efficient capture of H2S and CO2 from natural gas in one of the earliest 
experiments examining the adsorbent capacity of the material [66]. According to 
the experts, the material swiftly eliminated up to 80% of the entire H2S (in 35 min) 
and CO2 in the sample, proving its outstanding efficacy in doing so (in 30 min). 
Similar findings from another research imply that amino-silicates may aid in the 
prevention of climate change by removing CO2 from the environment [67]. Along 
with CO2, these amine-modified silicates effectively remove organic contaminants 
including aldehydes and ketones [68]. In an industrial context, they may conse-
quently be helpful for removing pollutants. Conversely, lead (Pb) atmospheric 
pollution is a problem that affects both the environment and human health world-
wide, and it is not yet known how to totally eradicate Pb from the atmosphere. To 
solve this environmental issue, Yang et al. [69] created silica nanoparticles. The 
outcomes showed that their silica nanoparticles were capable of removing ambient 
Pb from contaminated air. As a result, silica-based nanoparticles may be desirable 
environmental agents to combat industrial pollution caused by lead and other heavy 
metals (Table 21.1).
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Table 21.1 Advantages and possible risks of nanomaterials for remediation 

Types of 
nanomaterials 

Remediation 
mechanism 

Metal based Adsorption, 
oxidation, 
reduction, 
photodegradation, 
photocatalysis [70] 

High specific surface area, 
removal of diverse 
pollutants (chlorinated, 
organic solvents, 
polychlorinated biphenyls, 
organochlorine pesticides) 

NPs can have adverse 
effects on pure cultures 
of bacteria, research of 
the risks in human and 
environmental health is 
missing 

Carbon based Adsorption Compatibility with other 
treatments, high surface 
area 

Different cell toxicity 
effects (reactive oxygen 
species production, 
lysosomal and DNA 
damage), rapid 
saturation, and high cost 

Polymer 
based 

Nanofiltration Microporosity, sorption 
properties, eco-friendly 
nature, compatibility with 
other treatments, 
employment of polymer 
derived from waste 
materials 

Denaturation by 
extreme temperature 

Silica-based Catalysis, 
adsorption 

Versatility on surface 
modification, adaptable 
pore size, compatibility 
with other treatments [71] 

Performance depends 
on pH 
Scattered size 
distribution 

21.8 Risk to the Environment and Ecotoxicology 

Despite the fact that they have been used effectively for soil and groundwater 
cleanup, exposure to nanoparticles may have harmful effects on both humans and 
the environment. For toxicological risk assessments, information on nanomaterial 
exposure, absorption, and immediate impacts is needed, as well as information on 
NPs’ immediate effects after entering the human system [72]. To make judgments or 
suggestions, however, there is not enough information available in this area. A 
complex process and a number of factors affect environmental toxicity. Thus, the 
effects of synthetic NPs on living beings may depend on a number of factors, such as 
the dissolving potential, the properties of the particle surface, the potential for 
aggregation, the exposure environment characteristics, and the physiological, 
biological, and organism behavior when exposed to NPs [73]. Nanoparticles have 
an impact on both humans and the environment. For instance, iron oxide NPs can 
have a mutagenic impact by impairing an organism’s ability to grow or reproduce. It 
can be demonstrated that exposure to subinhibitory levels of amoxicillin-bound iron 
oxide NPs encouraged bacterial growth in pseudomonas aeruginosa and Staphylo-
coccus aureus in the presence of humic acid [74]. The combined impacts of NPs and 
other contaminants on terrestrial plants are currently the subject of scant



investigation. To provide a firm foundation for risk assessment, more research is 
required to examine the cumulative implications under actual conditions [75]. The 
size and shape of NPs ultimately influence the amount of toxicity. However, it is not 
only unnecessary to monitor NPs in soil-plant systems, but additional information is 
also needed about how they are distributed in size and other ways [76]. There are 
various nano-risk techniques which are designed to be utilized as preliminary risk 
screening and/or research prioritization tools rather than to help regulatory decision-
making. The conventional risk assessment framework is a helpful tool, but in the 
near future it might not be able to evaluate the risks that engineered nanomaterials 
pose to human health and the environment because of significant methodological 
limitations and epistemic uncertainty [77]. This section gives an overview of current 
studies on the environmental dangers of employing nanomaterials to remediate soil 
and groundwater. Gómez-Sagasti et al. [78] conducted a three-month experiment 
to investigate the impact of nZVI concentrations (ranging from 1 to 20 mg g DW 
soil-1 ) on the microbiological traits of sandy-loam and clay-loam soils. The results 
provided evidence that the kind of soil may affect any negative impacts that nZVI 
may have on the microbial communities in the soil. The results showed that nZVI 
had a more strong inhibitory impact on soil microorganisms in sandy-loam soil 
compared to clay-loam soil. The high organic content of clay-loam soil, which acts 
as a protective agent when nZVI is applied to the soil by making it inactive and 
limiting contact with soil microorganism cells, explains this. The nZVI remediation 
of sandy-loam soil negatively impacted the bacterial biomass as well as the activity, 
diversity, and richness of arylsulfatases. They failed to discover any blatant 
concentration-response effects of nZVI therapy on the soil. In order to fully compre-
hend the kind and impact of soil attributes on the effects of nZVI on soil bacterial 
populations, additional research using a range of soil types and soil characteristics is 
reportedly required. The relationships between cytotoxicity and particle stability 
were studied by Dong et al. [79] in a separate inquiry, and they also looked at the 
impact of carboxymethyl cellulose (CMC) surface coating on the cytotoxicity and 
colloidal stability of nZVI against Escherichia coli (E. coli). The effects of particle 
cytotoxicity on CMC concentration, ionic strength (Ca2+ ), and anti-aging treatment 
were also investigated. The results show that nZVI is time- and concentration-
dependent toxic to E. coli. Conversely, the cytotoxicity of the nZVI was reduced 
when the particles were coated with CMC. This is because CMC-modified nZVI’s 
cell membrane is intact, in contrast to naked nZVI, which showed cell membrane 
collapse when it came into contact with E. coli. The aged nZVI and CMC-nZVI 
showed no impact on E. coli because of the FeO conversion to less dangerous iron 
oxide. The toxicity of nZVI and CMC-nZVI in response to its presence was 
concentration-dependent because Ca2+ concentration might increase or decrease. 
The presence of Ca2+ may cause nZVI to settle and aggregate, which may lessen its 
toxicity. By encouraging NP adhesion to bacterial surfaces and producing a more 
toxic impact, Ca2+ might, however, conceivably make nZVI more hazardous. In a 
separate study, Chaithawiwat et al. [80] looked into how nZVI affected the different 
phases of bacterial development in four distinct bacterial strains. The results showed 
that during the lag and stationary phases, all bacterial strains were resistant to nZVI,
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but that resistance decreased during the exponential and decline phases. The results 
also show that as nZVI concentration was increased, bacterial inactivation increased. 
The results suggest that it is important to consider both the bacterial development 
phase and nZVI concentration when investigating the effects of nZVI on bacteria. 
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21.9 Conclusion 

The latest advancements in soil and groundwater pollution nano-remediation are 
attempted to be described in this chapter. The main advantages of using 
nanomaterials in soil remediation are a decrease in overall costs and cleaning time, 
a near total eradication of pollutants at the site, and the removal of the need to 
dispose of contaminated soil. nZVI nanoparticles are frequently utilized in environ-
mental remediation because of their high reactivity and higher capacity to immobi-
lize heavy metals as Cd, Ni, and Pb. By altering and/or covering nZVI, it is feasible 
to reduce the cytotoxic effects on soil microorganisms. Carbon nanotubes (CNTs) 
are superior nanomaterials for both organic and inorganic cleaning because of their 
enormous surface area and great adsorption capability. More study is needed to 
better understand how CNTs affect the environment. Metal and MNP-based soil and 
groundwater remediation is now a possible strategy, thanks to the unique separation 
technique. Before using full-scale nano-remediation, further study is necessary, 
especially in respect to its efficacy and potential adverse impacts on the environment. 
Combining nano-remediation with other remediation technologies seems to hold the 
key to the future of soil remediation, as doing so brings soil remediation methods 
closer to “green” environmental standards. 

More effort must be placed toward developing more intelligent nanomaterials in 
order to enhance soil cleanup. NPs having a high capacity for numerous jobs, such as 
interacting with hydrophilic and hydrophobic materials or catalyzing several pollut-
ant processes on a single particle, could be produced as a consequence of more 
advanced research, for instance. To develop NPs that can remediate a range of 
pollutants and to enhance injecting systems, more research is necessary. The major-
ity of currently conducted research on nano-remediation is limited to laboratory tests 
and modeling. It is difficult to translate these findings to in situ settings. In order to 
develop standardized application methods and dosages for nanomaterials at the field 
level, further study is required. In order to understand the fate and transport behavior 
of nanoparticles in soil, water, and sediments as well as how they affect environ-
mental factors, efforts should also focus on the field application of nano-remediation. 
Nano-remediation has been created and studied over the past 20 years. However, 
there are concerns about how it may impact both the environment and humans. 
Given the quick development of nano-remediation technology, adequate evaluation 
must be done in order to eliminate or mitigate any potential environmental or 
ecological concerns. In order to comprehend the techniques for eliminating 
pollutants and the behavior of nanomaterials in nature, studies without contamina-
tion have also been carried out. Numerous research studies have examined how



bacteria in soil and groundwater are affected by nano-remediation, but it is still 
unknown how compounds like nZVI interact with microbial activity. 

21 Nano-Remediation Perspectives 471

References 

1. Kamat PV, Meisel D (2003) Nanoscience opportunities in environmental remediation. C R 
Chim 6:999–1007 

2. Punia P, Aggarwal RK, Kumar R, Dhar R, Thakur P, Thakur A (2003) Adsorption of cd and Cr 
ions from industrial wastewater using ca doped Ni–Zn nanoferrites: synthesis, characterization 
and isotherm analysis. Ceram Int 48(13):18048–18056 

3. Chalia S, Bharti MK, Thakur P, Thakur A, Sridhara SN (2003) An overview of ceramic 
materials and their composites in porous media burner applications. Ceram Int 47(8): 
10426–10441 

4. Del Prado-Audelo M, Kerdan IG, Escutia-Guadarrama L, Reyna-González JM, Magaña JJ, 
Leyva-Gómez G (2021) Nanoremediation: nanomaterials and nanotechnologies for environ-
mental cleanup. Front Environ Science 9:793765 

5. Thakur A, Verma R, Wan F, Ravelo B, Edelman I, Ovchinnikov S, Thakur P (2023) Investiga-
tion of structural, elastic and magnetic properties of Cu2+ ions substituted cobalt nano ferrite. J 
Magn Magn Mater 581: 170980 

6. Verma R, Thakur P, Sun AC, Thakur A (2023) Investigation of structural, microstructural and 
electrical characteristics of hydrothermally synthesized Li0.5-0.5xCocFe2.5-0.5xO4 
(0.0≤x≤0.4) ferrite nanoparticles. Phys B: Cond Mater 661: 414926 

7. Baby R, Saifullah B, Hussein MZ (2019) Carbon nanomaterials for the treatment of heavy 
metal-contaminated water and environmental remediation. Nanoscale Res Lett 2019(14):341 

8. Singh A, Wan F, Yadav K, Salvi A, Thakur P, Thakur A (2023) Synergistic effect of ZnO 
nanoparticles with Cu2+ doping on antibacterial and photocatalytic activity. Inorg Chem Comm 
157: 11425 

9. Karn B, Kuiken T, Otto M (2009) Nanotechnology and in situ remediation: a review of the 
benefits and potential risks. Environ Health Perspect 117(12):1823–1831 

10. Mueller NC, Braun J, Bruns J, Černík M, Rissing P, Rickerby D, Nowack B (2012) Application 
of nanoscale zero valent iron (NZVI) for groundwater remediation in Europe (PDF). Environ 
Sci Pollut Res 19(2):550–558 

11. Bardos P, Bone B, Daly P, Elliott D, Jones S, Lowry G, Merly C (2014) "A risk/benefit 
appraisal for the application of nano-scale zero valent iron (nZVI) for the remediation of 
contaminated sites" (PDF). www.nanorem.eu. Accessed 3 Dec 2014 

12. Himanshi, Jasrotia R, Prakash J, Verma R, Thakur P, Kandwal A, Wan F, Thakur A (2023) 
Synthesis, characterization and applications of doped barium hexaferrites: A Review. Phys B: 
Cond Mater 667: 415202 

13. Quan X, Yang S, Ruan X, Zhao H (2005) Preparation of Titania nanotubes and their environ-
mental applications as electrode. Environ Sci Technol 39(10):3770–3775 

14. De Windt W, Aelterman P, Verstraete W (2005) Bioreductive deposition of palladium 
(0) nanoparticles on Shewanella oneidensis with catalytic activity towards reductive dechlori-
nation of polychlorinated biphenyls. Environ Microbiol 7(3):314–325 

15. Shan G, Xing J, Zhang H, Liu H (2005) Biodesulfurization of Dibenzothiophene by microbial 
cells coated with magnetite nanoparticles. Appl Environ Microbiol 71(8):4497–4502 

16. Gillham RW, O’Hannesin SF (1994) Enhanced degradation of halogenated Aliphatics by zero-
valent iron. Ground Water 32(6):958–967 

17. Wang C-B, Zhang W-X (1997) Synthesizing nanoscale iron particles for rapid and complete 
Dechlorination of TCE and PCBs. Environ Sci Technol 1997(31):2154–2156 

18. Guerra FD, Attia MF, Whitehead DC, Alexis F (2018) Nanotechnology for environmental 
remediation: materials and applications. Molecules 23(7):1760

http://www.nanorem.eu


472 F. Wan et al.

19. Suhag D, Sharma A, Patni P, Garg S, Rajput SK, Chakrabarti SK, Mukherjee M (2016) 
Hydrothermally functionalized biocompatible nitrogen doped graphene nanosheet based bio-
mimetic platforms for nitric oxide detection. J Mater Chem B 4(27):4780–4789 

20. Kumari S, Dhnada N, Thakur A, Gupta V, Singh S, Kumar R, Hameed S, Thakur P (2023) Nano 
Ca–Mg–Zn ferrites as tuneable photocatalyst for UV light-induced degradation of rhodamine B 
dye and antimicrobial behavior for water purification. Ceram Int 49: 12469–12480 

21. Pal K, Khurana SMP, Debnath N, Das S (2022) Micronutrient nanoparticles: synthesis, 
properties and application in agriculture. In: Thakur A, Thakur P, Khurana SP (eds) Synthesis 
and applications of nanoparticles. Springer, Singapore pp 337–356. 

22. Shahdeo D, Kesarwani V, Suhag D, Ahmed J, Alshehri SM, Gandhi S (2021) Self-assembled 
chitosan polymer intercalating peptide functionalized gold nanoparticles as nanoprobe for 
efficient imaging of urokinase plasminogen activator receptor in cancer diagnostics. Carbohydr 
Polym 266:118138 

23. Shahdeo D, Kesarwani V, Suhag D, Ahmed J, Alshehri SM, Gandhi S (2022) Corrigendum to" 
self-assembled chitosan polymer intercalating peptide functionalized gold nanoparticles as 
nanoprobe for efficient imaging of urokinase plasminogen activator receptor in cancer 
diagnostics"[carbohydrate polymers, 266, (2021) 118138]. Carbohydr Polym 284:119239 

24. Aragaw TA, Bogale FM, Aragaw BA (2021) Iron-based nanoparticles in wastewater treatment: 
a review on synthesis methods, applications, and removal mechanisms. J Saudi Chem Soc 25: 
101280 

25. Krishnia L, Thakur P, Thakur A (2022) Synthesis of nanoparticles by physical route. In: 
Synthesis and applications of nanoparticles. Singapore, Springer Nature Singapore, pp 45–59 

26. Singh R, Mehra R, Walia A, Gupta S, Chawla P, Kumar H, Kumar N (2021) Colorimetric 
sensing approaches based on silver nanoparticles aggregation for determination of toxic metal 
ions in water sample: a review. Int J Environ Anal Chem 103:1–16 

27. Chahar D, Kumar D, Thakur P, Thakur A (2023) Visible light induced photocatalytic degrada-
tion of methylene blue dye by using Mg doped Co-Zn nanoferrites. Mater Res Bull 62: 112205. 

28. Hannachi E, Slimani Y, Nawaz M, Trabelsi Z, Ghulam Y, Bilal M, Almessiere M, Baykal A, 
Thakur A, Thakur P (2022) Synthesis, characterization, and evaluation of the photocatalytic 
properties of zinc oxide co-doped with lanthanides elements. J Phys Chem Sol 70: 110910 

29. Punia P, Bharti MK, Chalia S, Dhar R, Ravelo B, Thakur P, Thakur A (2021) Recent advances 
in synthesis, characterization, and applications of nanoparticles for contaminated water 
treatment-a review. Ceram Int 47(2):1526–1550 

30. Singh R, Thakur P, Thakur A, Kumar H, Chawla P, Rohit VJ, Kumar N (2021) Colorimetric 
sensing approaches of surface-modified gold and silver nanoparticles for detection of residual 
pesticides: a review. Int J Environ Anal Chem 101(15):3006–3022 

31. Bharti MK, Gupta S, Chalia S, Garg I, Thakur P, Thakur A (2020) Potential of magnetic 
nanoferrites in removal of heavy metals from contaminated water: mini review. J Supercond 
Nov Magn 33:3651–3665 

32. Istratie R, Stoia M, Păcurariu C, Locovei C (2019) Single and simultaneous adsorption of 
methyl orange and phenol onto magnetic iron oxide/carbon nanocomposites. Arab J Chem 12: 
3704–3722 

33. Yang J, Zhong L, Liu L (2017) Chromium (VI) reduction in the nano- or micron-sized iron 
oxide - citric acid systems: kinetics and mechanisms. J Environ Chem Eng 5:2564–2569 

34. Mahmoud WMM, Rastogi T, Kümmerer K (2017) Application of titanium dioxide 
nanoparticles as a Photocatalyst for the removal of micropollutants such as pharmaceuticals 
from water. Curr Opin Green Sustain Chem 6:1–10 

35. Chakraborty A, Patni P, Suhag D, Saini G, Singh A, Chakrabarti SK, Mukherjee M (2015) 
N-doped carbon nanosheets with antibacterial activity: mechanistic insight. RSC Adv 5: 
23591–23598 

36. Mpouras T, Polydera A, Dermatas D, Verdone N, Vilardi G (2021) Multi wall carbon nanotubes 
application for treatment of Cr (VI)-contaminated groundwater; modeling of batch & column 
experiments. Chemosphere 269:128749



21 Nano-Remediation Perspectives 473

37. Lico D, Vuono D, Siciliano CB, Nagy J, De Luca P (2019) Removal of unleaded gasoline from 
water by multi-walled carbon nanotubes. J Environ Manag 237:636–643 

38. Roy S, Manna S, Sengupta S, Ganguli A, Goswami S, Das P (2017) Comparative assessment on 
defluoridation of waste water using chemical and bio-reduced graphene oxide: batch, thermo-
dynamic, kinetics and optimization using response surface methodology and artificial neural 
network. Process Saf Environ Prot 111:221–231 

39. Delgado N, Capparelli A, Navarro A, Marino D (2019) Pharmaceutical emerging pollutants 
removal from water using powdered activated carbon: study of kinetics and adsorption equilib-
rium. J Environ Manag 236:301–308 

40. Kaur H, Bansiwal A, Hippargi G, Pophali GR (2018) Effect of hydrophobicity of 
pharmaceuticals and personal care products for adsorption on activated carbon: adsorption 
isotherms, kinetics and mechanism. Environ Sci Pollut Res 25:20473–20485 

41. Abdelbasir SM, Shalan AE (2019) An overview of nanomaterials for industrial wastewater 
treatment. Korean J Chem Eng 36:1209–1225 

42. Long Q, Zhang Z, Qi G, Wang Z, Chen Y, Liu Z-Q (2020) Fabrication of chitosan 
Nanofiltration membranes by the film casting strategy for effective removal of dyes/salts in 
textile wastewater. ACS Sustain Chem Eng 8:2512–2522 

43. Weng R, Chen L, Lin S, Zhang H, Wu H, Liu K et al (2017) Preparation and characterization of 
antibacterial cellulose/chitosan nanofiltration membranes. Polymers (Basel) 9:1–13 

44. Lakhotia SR, Mukhopadhyay M, Kumari P (2018) Cerium oxide nanoparticles embedded thin-
film nanocomposite Nanofiltration membrane for water treatment. Sci Rep 8:4976–5010 

45. Al-Hobaib AS, Al-Sheetan KM, Shaik MR, Al-Suhybani MS (2017) Modification of thin-film 
polyamide membrane with multi-walled carbon nanotubes by interfacial polymerization. Appl 
Water Sci 7:4341–4350 

46. Peydayesh M, Mohammadi T, Nikouzad SK (2020) A positively charged composite loose 
Nanofiltration membrane for water purification from heavy metals. J Membr Sci 611:118205 

47. Kumar L, Ragunathan V, Chugh M, Bharadvaja N (2021) Nanomaterials for remediation of 
contaminants: a review. Environ Chem Lett 19:3139–3163 

48. Mukhopadhyay R, Sarkar B, Khan E, Alessi DS, Biswas JK, Manjaiah KM et al (2021) 
Nanomaterials for sustainable remediation of chemical contaminants in water and soil. Crit 
Rev Environ Sci Techn 52:1–50 

49. Cheng P, Zhang S, Wang Q, Feng X, Zhang S, Sun Y et al (2021) Contribution of Nano-zero-
valent iron and arbuscular mycorrhizal fungi to phytoremediation of heavy metal-contaminated 
soil. Nano 11:1264 

50. Stefaniuk M, Oleszczuk P, Ok YS (2016) Review on Nano Zerovalent iron (nZVI): from 
synthesis to environmental applications. Chem Eng J 287:618–632 

51. Guerra FD, Attia MF, Whitehead DC, Alexis F (2018) Nanotechnology for environmental 
remediation: materials and applications. Molecules 23:1–23 

52. Marcon L, Oliveras J, Puntes VF (2021) In situ nanoremediation of soils and groundwaters from 
the nanoparticle's standpoint: a review. Sci Total Environ 791:148324 

53. Matos M, Correia AAS, Rasteiro MG (2017) Application of carbon nanotubes to immobilize 
heavy metals in contaminated soils. J Nanopart Res 19:126 

54. Shan J, Ji R, Yu Y, Xie Z, Yan X (2015) Biochar, activated carbon, and carbon nanotubes have 
different effects on fate of (14)C-catechol and microbial Community in Soil. Sci Rep 5:16000– 
16011 

55. Manisalidis I, Stavropoulou E, Stavropoulos A, Bezirtzoglou E (2020) Environmental and 
health impacts of air pollution: a review. Front Public Health 8:14–13 

56. Srivastava N, Mishra G, Saxena SK (2022) Environmental Nanomedicine. In: Thakur A, 
Thakur P, Khurana SP (eds) Synthesis and applications of nanoparticles. Springer, Singapore pp 
487–501 

57. Luo L, Peng T, Yuan M, Sun H, Dai S, Wang L (2018) Preparation of graphite oxide containing 
different oxygen-containing functional groups and the study of ammonia gas sensitivity. 
Sensors 18:3745



474 F. Wan et al.

58. Bannov AG, Prášek J, Jašek O, Zajíčková L (2017) Investigation of pristine graphite oxide as 
room-temperature Chemiresistive ammonia gas sensing material. Sensors (Switzerland) 17:1– 
10 

59. Scida K, Stege PW, Haby G, Messina GA, García CD (2011) Recent applications of carbon-
based nanomaterials in analytical chemistry: critical review. Anal Chim Acta 691:6–17 

60. Seredych M, Bandosz TJ (2010) Effects of surface features on adsorption of SO2 on graphite 
oxide/Zr(OH)4 composites. J Phys Chem C 114:14552–14560 

61. Tai XH, Chook SW, Lai CW, Lee KM, Yang TCK, Chong S et al (2019) Effective Photore-
duction of graphene oxide for Photodegradation of volatile organic compounds. RSC Adv 9: 
18076–18086 

62. Jung W, Lee JS, Han S, Ko SH, Kim T, Kim YH (2018) An efficient reduced graphene-oxide 
filter for PM2.5 removal. J Mater Chem A 6:16975–16982 

63. Dong KY, Choi J, Lee YD, Kang BH, Yu YY, Choi HH et al (2013) Detection of a CO and 
NH3 gas mixture using carboxylic acid-functionalized single-walled carbon nanotubes. Nano-
scale Res Lett 8:12–13 

64. Park S, Byoun Y, Kang H, Song Y-J, Choi S-W (2019) ZnO nanocluster-functionalized single-
walled carbon nanotubes synthesized by microwave irradiation for highly sensitive NO2 
detection at room temperature. ACS Omega 4:10677–10686 

65. Amade R, Hussain S, Ocaña IR, Bertran E (2014) Growth and functionalization of carbon 
nanotubes on quartz filter for environmental applications. J Environ Eng Ecol Sci 3:1–7 

66. Huang HY, Yang RT, Chinn D, Munson CL (2003) Amine-grafted MCM-48 and silica Xerogel 
as superior sorbents for acidic gas removal from natural gas. Ind Eng Chem Res 42:2427–2433 

67. Choi S, Drese JH, Eisenberger PM, Jones CW (2011) Application of amine-tethered solid 
sorbents for direct CO2 capture from the ambient air. Environ Sci Technol 45:2420–2427 

68. Nomura A, Jones CW (2013) Amine-functionalized porous Silicas as adsorbents for aldehyde 
abatement. ACS Appl Mater Inter 5:5569–5577 

69. Yang X, Shen Z, Zhang B, Yang J, Hong W-X, Zhuang Z et al (2013) Silica nanoparticles 
capture atmospheric lead: implications in the treatment of environmental heavy metal pollution. 
Chemosphere 90:653–656 

70. Punia P, Bharti MK, Dhar R, Thakur P, Thakur A (2022) Recent advances in detection and 
removal of heavy metals from contaminated water. ChemBioEng Rev 9(4):351–369 

71. Ivanets A, Prozorovich V, Kouznetsova T (2022) Advancement in water purification by 
nanomaterials. In: Thakur A, Thakur P, Khurana SP (eds) Synthesis and applications of 
nanoparticles. Springer, Singapore pp 387–404 

72. Thakur P, Verma Y, Thakur A (2022) Toxicity of nanomaterials: an overview. In: Thakur A, 
Thakur P, Khurana SP (eds) Synthesis and applications of nanoparticles. Springer, Singapore 
pp 535–544 

73. Lee SP, Ali GAM, Algarni H, Chong KF (2019) Flake size-dependent adsorption of graphene 
oxide aerogel. J Mol Liq 2019(277):175–180 

74. Dissanayake NM, Current KM, Obare SO (2015) Mutagenic effects of iron oxide nanoparticles 
on biological cells. Int J Mol Sci 2015(16):23482–23516 

75. Current KM, Dissanayake NM, Obare SO (2017) Effect of iron oxide nanoparticles and 
amoxicillin on bacterial growth in the presence of dissolved organic carbon. Biomedicine 
2017(5):55 

76. Du W, Xu Y, Yin Y, Ji R, Guo H (2018) Risk assessment of engineered nanoparticles and other 
contaminants in terrestrial plants. Curr Opin Environ Sci Health 2018(6):21–28 

77. Shrivastava M, Srivastav A, Gandhi S, Rao S, Roychoudhury A, Kumar A, Singhal RK, Jha 
SK, Singh SD (2019) Monitoring of engineered nanoparticles in soil-plant system: a review. 
Environ Nanotechnol Monit Manag 2019(11):100218 

78. Gómez-Sagasti MT, Epelde L, Anza M, Urra J, Alkorta I, Garbisu C (2019) The impact of 
nanoscale zero-valent iron particles on soil microbial communities is soil dependent. J Hazard 
Mater 2019(364):591–599



21 Nano-Remediation Perspectives 475

79. Dong H, Xie Y, Zeng G, Tang L, Liang J, He Q, Zhao F, Zeng Y, Wu Y (2016) The dual effects 
of carboxymethyl cellulose on the colloidal stability and toxicity of nanoscale zero-valent iron. 
Chemosphere 2016(144):1682–1689 

80. Chaithawiwat K, Vangnai A, McEvoy JM, Pruess B, Krajangpan S, Khan E (2016) Impact of 
nanoscale zero valent iron on bacteria is growth phase dependent. Chemosphere 2016(144): 
352–359



Impact of Nano-Biomaterials on the World 22 
Irina Edelman, Sergey Ovchinnikov, Atul Thakur, and Preeti Thakur 

Abstract 

People have been exposed to airborne nanosized materials (100 nm) for 
thousands of years, but since the industrial revolution, particularly with regard 
to combustion operations, the level of exposure has significantly increased. Since 
the advent of nanotechnology, two decades ago, the danger of exposure to 
nanomaterials by ingestion, absorption through the skin, absorption through the 
dermis, and medication administration utilizing designed nanoparticles, has 
grown. Nanomaterials acquire new mechanical, electrical, optical, catalytic, 
and, last but not least, biological capabilities when they shrink from bulk to 
nanoscale. The creation, usage, and disposal of the product, as well as the 
toxicological impacts of nanomaterials, must all be studied. Basic multidisciplin-
ary research including materials scientists, toxicologists, medical professionals, 
and environmental engineers is necessary to better understand the health risks and 
safety concerns of nanoparticles. 
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22.1 Introduction 

Nanotechnology which combines engineering with biology, chemistry, medicine, 
and physics is seen by many experts as the next logical step in science [1]. A 
substance’s physical and chemical characteristics can alter significantly from those 
of the same material in bulk form when its dimensions are reduced to extremely tiny 
levels. The development of microscopic or even molecular devices using current 
nanotechnology has the potential to advance energy, space exploration, medicine, 
and environmental protection [2]. It will not be long until the entire history can be 
compressed inside our pockets or the system extended by specially created 
molecules that resemble life systems, thanks to our rapidly expanding knowledge 
of nanoscience and our capacity to engineer new goods and services. Engineered 
nanomaterials, such as those used in cosmetics, food packaging, medication delivery 
systems, therapies, biosensors, and other products, are quickly encroaching our daily 
lives [3, 4]. Nanomaterials are widely employed for a variety of commercial products 
such as wound treatment, detergents, or antimicrobial coatings because their size 
scale is close to that of biological macromolecules and they have antibacterial and 
odor-fighting characteristics [5, 6]. 

As the use of nanomaterials is growing, so does the population that is exposed to 
them. Despite the clear advantages of using nanoscale materials, there are unan-
swered questions regarding the potential effects of nanoparticles on the environment. 
Before mass production of nanomaterials, one of the most important problems that 
must be resolved in the near future is how harmful they are to people and how they 
affect the environment [7]. There is much discussion about the possibility that the 
unique features of nanoparticles could have hazardous biological impacts. What 
biological reactions might be expected when nanoparticles undergo biodegradation 
in the cellular environment? For instance, biodegraded nanoparticles may gather 
inside cells and cause intracellular changes including organelle integrity disruption 
or gene alterations. One of the most pressing questions is whether nanomaterials are 
more dangerous than their non-nano counterparts. In the environment, can 
nanoparticles degrade into more dangerous forms? It is critical for nanotoxicology 
research to uncover and comprehend how nanomaterials affect the environment 
before they can be used in daily activities in order to avoid their negative effects 
[8]. This chapter states recent developments in nanomaterial toxicity and environ-
mental impact to answer concerns about potential environmental implications of 
upcoming nanotechnologies. 

While it is still a young field of study, nanotechnology has the potential to have a big impact 
on how we approach and solve problems. It is believed that nanotechnology would signifi-
cantly affect research, food systems, agriculture, medicine, and the environment.
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22.2 Knowledge Gaps in Fate, Exposure and Toxicity 
of Nanomaterials 

The National Institute for Workplace Safety and Health (NIOSH) is the principal 
government organization conducting research on the potential effects of 
nanomaterials on occupational safety and health, whereas in India National Institute 
of Occupational Health (NIOH) is established to prevent and control occupation 
related health problems by creating a safer work environment through intensive 
research (basic/epidemiological/translational), development of appropriate technol-
ogy for risk minimization. In this role, NIOSH is aware that the research community 
is at the forefront of developing new nanomaterials, evaluating their use in various 
contexts, and figuring out their toxicological and environmental effects. Despite the 
lack of widespread knowledge of the threats that nanoparticles pose to human health 
and the environment, it is advisable to be aware of the most recent information and 
handling guidelines for nanomaterials from NIOSH and other reliable sources. 
Although the causes of nanotoxicity are not fully understood, it is known that 
nanoparticles have hazardous effects on the lungs, reproductive system, heart, 
gastrointestinal tract, skin, and immune system [9]. Nanomaterials can also result 
in persistent contamination of the air, water, and—most importantly—soil 
[10, 11]. The uptake of nanomaterials by plants, their transportation in the environ-
ment, and indicators of ecological exposure can all be significantly impacted by 
changes to the fundamental features of nanomaterials (such as size, shape, oxidation 
state, and partitioning). Because these pollutants are too small to be easily detected, 
they have long-term impacts that are unknown. Before large-scale nanotechnology is 
fully established, larger and multicenter investigations are required to ascertain 
human reaction and the destiny of the nanoparticles in the environment [12]. 

We do not know enough about how prolonged, low-dose exposure to 
nanomaterials can damage human health. The lungs, gut, and skin are the three 
main organs via which humans are exposed. In addition to being used in food goods 
and packaging, nanomaterials may be ingested or inhaled by factory workers. 
Nanomaterials become lodged in the liver after entering the body, but the long-
term risks they bring are unknown. The issues that can arise from new breakthroughs 
have already been seen in the world. It is crucial that advancements in nanotechnol-
ogy do not lead to similar health crises given the world’s experiences with asbestos 
(which, despite being used for thousands of years, was only discovered as a source of 
disease in the 1900s), the contentious development of genetically modified foods, 
and the highly relevant microplastics crisis. We can protect users, workers, and the 
surroundings from potential health and safety dangers by strengthening non-animal 
tests for nanotechnology. Our lives have already been improved by nanotechnology, 
and with a better understanding of their safety, we may more confidently make use of 
the advantages this new technology brings.
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22.3 Impact of Nanomaterials on Human Health 

The possible effects of employing nanotechnological components and tools on 
human health are known as the health repercussions of nanotechnology. There is a 
lot of discussion over whether or not nanotechnology will be good or bad for human 
health because it is a relatively young science. The potential medical uses of 
nanotechnological advancements to treat disease and the possible health risks 
provided by nanomaterial exposure make up the two areas of the health effects of 
nanotechnology. Researchers, engineers, and medical experts are using a highly 
developed set of nanoscience and nanotechnology methodologies to study the 
present worldwide epidemic and how it may possibly help the scientific, technologi-
cal, and medical sectors combat the pandemic [13]. 

The majority of naturally occurring substances and chemicals that come into 
touch with the human body have created tolerance. It is less likely to be safe with 
novel drugs since it lacks natural tolerance to them. Skin, lungs, and the digestive 
system are three ways that nanoparticles might enter the body. The development of 
“free radicals,” which can harm cells, may be facilitated by this. Concerns have also 
been raised about nanoparticles’ potential to enter the circulation and pass across the 
blood–brain barrier. According to Kirchner et al. [14], there are three main reasons 
why nanoparticles become harmful when they come into touch with live cells: 

1. “Chemical toxicity of the materials used to make them. Cd2+ , for example, is 
released from cadmium selenide nanoparticles. 

2. Nanoparticles’ small size allows them to adhere to cellular membranes and enter 
cells. Attachment of nanoparticles to membranes and storage of nanoparticles 
within cells can impair cellular functions, even if the nanoparticles are chemically 
inert and do not decompose or react with other matrix components. 

3. Form. Carbon nanotubes, for example, can easily pierce cell membranes.” 

The environmental effects of nanotechnology are becoming a more active area of 
study. Until recently, the potential negative effects of nanomaterials on human health 
and the environment were speculative and unsubstantiated [15, 16]. Wiesner et al. 
[17] examined the risks of manufactured nanomaterials as well as potential human 
and animal health risks. They found that fullerene-based nanomaterials are cytotoxic 
to human cells, may damage DNA, accumulate in rat livers, and create reactive 
oxygen species in addition to having antibacterial capabilities. Although the Federal 
Drug Administration (FDA) in the USA has approved some non-toxic nanoparticles 
for use in paints and sunscreen lotions, there are toxic nanoparticles and chemicals 
that are known to accumulate in the food chain, such as asbestos, diesel particulate 
matter, ultra-fine particles, and lead. It is well acknowledged that it is extremely 
difficult to apply knowledge of bulk materials to nanoparticles because of how 
different their chemical characteristics are from those of bulk materials. 

Anti-bacterial silver nanoparticles dissolve in acids that would not dissolve bulk 
silver, which is one sign of their higher reactivity [18]. A list of some exposure 
episodes involving people and the environment is shown in Table 22.1. The table



unequivocally demonstrates that nanoparticles may be released from both point 
sources and non-point sources, such as businesses, landfills, moist deposition from 
the atmosphere, storm-water runoff, and attrition from products containing 
nanomaterials. In the atmosphere, nanomaterials are subject to photochemical 
reactions. Within living organisms, they can accumulate, alter, or decay. 
Nanomaterials must be removed from the air using air filters and respirators due to 
diverse atmospheric transmission processes. Inhaling nanomaterials that are released 
into the air and eating drinking water or food (like fish) that has collected 
nanoparticles are alternative exposure situations. Manufacturing is the most frequent 
moment when humans come into contact with nanomaterials. 
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Table 22.1 Impact and future prospects of nanomaterials 

Positive impacts Negative impacts Future prospects 

1 Development of medicine 
and 
Economy 

Long term regulatory measures for 
safety or lack of unified set of global 
regulations 

Tumor targeting 
delivery system 

2 Better stability of unstable 
active ingredients 

Potential to be genotoxic if unregulated Drug discovery/ 
vaccine 

3 Medical robotics (better 
diagnosis and treatment). 

Cultural, economic, and military 
(defense) changes 

Implantable 
delivery system 

4 Good biocompatibility, 
biodegradability, and 
bioavailability 

Products/byproducts for manufacturing 
nanomaterials released in surroundings 
or penetrating the human body 

Nanoparticles for 
gene delivery 

5 Targeted drug delivery Costlier to be used by majority Molecular 
diagnosis 

6 Detection of nutrients and 
pathogens by biosensors, 
quantum dots 
Nano-clay for water 
retention 

Nanotoxicity (uncertain cytotoxicity of 
the nanostructured materials 
incorporated or migrated in food 
products) 

Biosensors, 
nanobots, 
xenobots, 
bio-labels 

Dermal exposure via sunscreen and cosmetics is also possible. To make the 
particles mobile in the subsurface and efficiently transfer nano iron to cells, special 
surface coatings will be required. These changes may increase their risk of inadver-
tent exposure to people and other creatures. Many other types of nanomaterials (such 
as metal oxide nanoparticles and quantum dots used as contrast agents in magnetic 
resonance imaging) will also require surface coatings in order to perform their 
intended function. Despite the fact that there are many different types of 
nanomaterials, free nanoparticles have mostly been the subject of concerns 
[19]. The likely pathways through which nanoparticles enter and move throughout 
the human body are depicted in Fig. 22.1 [20].
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Fig. 22.1 Diagram showing the nanoparticle exposure routes in the human body [20] 

22.4 Medical Applications 

Nanomedicine is a medical application of nanotechnology [21]. Nanomedicine 
approaches range from medical applications of nanomaterials to nano-electronic 
biosensors and even potential future applications of molecular nanotechnology. In 
the near future, nanomedicine hopes to provide a valuable set of research tools and 
clinically useful devices [22, 23]. According to the National Nanotechnology Initia-
tive, the pharmaceutical industry will see new commercial applications such as 
advanced drug delivery systems, new therapies, and in vivo imaging [24]. Another 
active area of research is neuro-electronic interfaces and other nanoelectronics-based 
sensors. Cell repair machines, according to the speculative field of molecular 
nanotechnology, could revolutionize medicine and the medical field in the future.



DNA oligonucleotide ligands possess the ability to identify other molecules and, in 
some cases, can even display catalytic properties. Aptamers are used in a large 
variety of biosensors [25, 26] and therapeutics [27]. Aptamer binding depends on its 
3D structure. The problem now is that there are no aptamer single crystals, so the 
classical X-ray diffraction cannot help. To understand the molecular basis of the 
complex formation, knowledge about a main aptamer spatial conformation is very 
desirable but is often unavailable because of limitations of analytical methods for 
structure analysis. The most known method of small angle X-ray scattering (SAXS) 
with synchrotron source provides only the molecular shape, but not its structure. To 
solve this problem, recently a four-step approach to determine a true 3D structure of 
aptamers in solution using SAXS and molecular structure restoration (MSR) has 
been developed. The approach consists of (1) acquiring SAXS experimental data of 
an aptamer in solution, (2) building a spatial distribution of the molecule’s electron 
density using SAXS results, (3) constructing a 3D model of the aptamer from its 
nucleotide primary sequence and secondary structure, and (4) comparing and refin-
ing the modeled 3D structures with the experimental SAXS model. This approach 
was used to analyze the 3D structure of RE31 aptamer to thrombin in a native free 
state at different temperatures. The resulting 3D structure of RE31 has the most 
energetically favorable conformation and the same elements such as a B-form 
duplex, non-complementary region, and two G-quartets. More broadly, this study 
demonstrates the complementary approach for constructing and adjusting the 3D 
structures of aptamers, DNA enzymes, and ribozymes in solution and could supply 
new opportunities for developing functional nucleic acids. The use of magnetic 
nanoparticles to destroy disease-causing neoplasms in the body is one of their newest 
applications. This direction is being actively developed, and the selective attachment 
of nanoparticles to cells that need to be destroyed is facilitated by their 
functionalization with an aptamer [28]. Aptamers are also widely used in cancer 
diagnostics and therapy [29]. Ehrlich carcinoma cell cultures are the most accessible 
for experiments, and recently they have become model objects for studying various 
effects on their destruction, including the action of a magnetic field [30]. It is 
observed that the magneto-dynamic therapy using the gold-coated magnetic NPs 
functionalized with DNA aptamers to selectively kill tumor cells in vivo [31]. The 
cell-specific DNA aptamer AS-14, binding to the fibronectin protein in Ehrlich 
carcinoma, delivered gold-coated magnetic nanoparticles to the mouse tumor. 
Applying an alternating magnetic field with a frequency of 50 Hz to the tumor site 
causes the nanoparticles to vibrate and attract fibronectin proteins and integrin’s to  
the surface of the cell membrane. This leads to apoptosis followed by necrosis of 
tumor cells without heating the tumor, adjacent healthy cells and tissues. The core-
shell Fe3O4@C NPs functionalized with aptamers were used successively in the 
experiments on the magneto-mechanical disruption of Ehrlich ascites carcinoma cell 
cultures [32].
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22.5 Nanotoxicology 

The study of possible health concerns caused by nanomaterials is known as 
nanotoxicology. Nanomaterials are easier for the human body to absorb than bigger 
particles since they are so tiny. How these nanoparticles act inside the organism is 
one of the key questions that has to be solved. The behavior of nanoparticles depends 
on their size, shape, and surface reactivity with the surrounding tissue. For instance, 
they may overstress the phagocytes that take in and get rid of foreign matter. 
Inflammation and stress responses would result from this, weakening the body’s 
defenses against additional diseases. In addition to the possibility that 
non-degradable or slowly degradable nanoparticles build up in organs, another 
issue is how they might interact with biological processes occurring inside the 
body. Because nanoparticles have a large surface area, they will quickly adsorb 
some of the macromolecules they come into contact with when exposed to tissue and 
fluids. This could affect, for instance, how proteins and enzymes regulate one 
another. It is challenging to generalize about the health concerns associated with 
exposure to nanomaterials due to the multitude of factors determining toxicity; each 
new nanomaterial must be evaluated separately, and all material features must be 
taken into account. Health and environmental concerns coexist in the workplaces of 
companies that manufacture or use nanomaterials, as well as in nanoscience and 
nanotechnology laboratories (Fig. 22.2). 

Fig. 22.2 Toxicity associated with nanoparticles [24]
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22.6 Environmental Impact 

The two primary sources of nanomaterials in the environment are those produced 
naturally and those produced by humans. Examples of natural sources include 
volcanoes, viruses, ocean spray, dust storms, bacteria, and bushfires. The two 
categories of anthropogenic sources include inadvertently formed nanomaterials, 
such as those released by combustion aerosols, including those from motor vehicle 
exhaust emissions, coal fly ash, and wielding operations, and purposely 
manufactured nanomaterials with specific features. These materials could encom-
pass primarily metallic substances and metal oxides, such as fullerenes, quantum 
dots, nanowires, and nanotubes [33]. Furthermore, in each of these groups, 
nanoparticles can develop accidentally [34]. This evaluation concentrates on four 
important features of the deliberately created ENM group. These comprise (1) the 
description and use of ENM, (2) the estimation of ENM exposure, (3) the evaluation 
of hazards, and (4) environmental legislation. 

The breakdown of nanomaterials (such as surface-bound nanoparticles or nano-
scale coatings) can release free nanoparticles into the environment either directly or 
indirectly. The environment may be accessed in a variety of ways. Medicines are 
commonly coated, and studies have shown that these coatings can degrade either as a 
result of UV light-induced environmental alteration or as a result of human body 
metabolism [35]. About their transit and fate, aquatic nanomaterials have received 
comparably little research. This only serves to emphasize the need of investigating 
the many potential mechanisms that can alter the characteristics of nanoparticles 
once they are discharged into the environment. Nanomaterials or product spills 
during production, shipping, or disposal constitute additional routes for environmen-
tal exposure. Unless it is established that the benefits outweigh the risks, the Royal 
Society and The Royal Academy of Engineering warn against employing free 
nanoparticles in environmental remediation or other uses [36]. How much “nano-
litter” exposure may impact living things and the precise toxicity pathways are 
currently unknown. Due to the numerous experimental difficulties and problems 
encountered when determining the toxicity of nanomaterials, Kumar and Sharma 
recently reviewed the toxicological studies on biological systems with metal and 
metal oxide nanoparticles, fullerenes, and carbon nanotubes [37] and came to the 
conclusion that additional research is still required to definitively establish their 
safety and toxicity. Chemical toxicology was a major consideration in the develop-
ment and standardization of the majority of toxicity assessment techniques. Yet, due 
to their distinct physicochemical characteristics, nanoparticles might impede or 
complicate traditional toxicity assessments. In conclusion, unless the ambiguities 
surrounding their destiny, transport, and toxicity are resolved, applications of 
nanoparticles that involve their direct introduction to the environment promise to 
be problematic.
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22.6.1 Environmental Risk Assessment for Nanoparticles 

Nanoparticles may be emitted as aerosols into the atmosphere, surface water, and 
soil depending on the kind. Aggregates, functionalized nanoparticles, bare 
nanoparticles, and nanoparticles embedded in a matrix are all examples of nanopar-
ticle releases into the environment [38]. When nanoparticles are released into the 
environment, whether on purpose or accidentally, they disperse and wind up in the 
air, water, and soil, where they can persist for a very long time or be consumed by 
living creatures. They can provide an ecotoxicological danger as they biodegrade or 
bioaccumulate in the food chain. There have been instances of diesel exhaust 
producing nanoparticles [39]. Automobiles continue to emit lead compounds and 
carbon nanoparticles due to incomplete combustion. The majority of contemporary 
cars are equipped with pollution control systems that utilize catalysts like platinum 
and other noble metals [40, 41]. 

It was discovered a few years ago that during the course of their lives, automobile 
catalysts release platinum nanoparticles with diameters ranging from 0.8 to 10 nm 
[42]. Although metal nanoparticles like platinum and palladium are included in the 
most recent catalysts created by the car industry, their sizes are different from those 
of conventional catalysts. It has been proven that nano-dispersed platinum group 
elements may penetrate mammalian tissues [43]. In biological systems, very little 
soluble or biodegradable nanoparticles may accumulate. Metal and metal oxide 
nanoparticle cytotoxicity can be reduced by utilizing organic coatings. Emerging 
nanotechnologies may raise environmental issues, which are related to the possible 
bioaccumulation of nanoparticles in natural systems. For instance, nanoparticles 
found in sunscreens have the potential to pollute water and soil and bioaccumulate 
in the food chain [44–46]. Blaser et al. found that the silver discharged is combined 
with sewage sludge and may move further over agricultural fields during their 
evaluation of the emission [47]. Engineered nanoparticles that disintegrate are 
more likely to do so because they are lipophilic and soluble in water (and so have 
the potential to penetrate fatty cell membranes) [48]. 

When analyzing environmental exposure, it is important to identify and quantify 
the sources, analyze the environmental release pattern, evaluate ambient 
concentrations, and assess the possibility of bioaccumulation. It is feasible to 
forecast how artificial nanoparticles will react in the environment using information 
about natural nanoparticles [49]. 

22.6.2 The Positive Impact of Nanomaterials on the Environment 

Raising the standards for the air, soil, and water are among the global environmental 
problems. The business sector is actively focused on identifying pollutants (from 
chemical spills, fertilizer runoff, and pesticide runoff), modernizing industrial and 
mining sites, treating pollutants, and preventing additional pollution. 

Nanomaterials could offer a practical solution to these problems. Nanoparticles 
may be used to improve environmental cleaning processes and even provide efficient



energy solutions, such as solar cells built of nanoparticles. Additionally, 
nanoparticles improve the quality and functioning of many consumer items [50– 
52]. As a result, more people are exposed to manufactured nanoparticles every day. 
Nanotechnology, however, has both positive and negative consequences on the 
environment. Nanotechnology can be used to improve the quality of water. 
Examples of nanomaterials that can be used for water remediation include carbon 
nanotubes (CNTs), zeolites, nanoparticles of zero valent iron (ZVI), silver 
nanoparticles, and other nanomaterials [53]. Photocatalysts include other 
nanomaterials including tungsten oxide, titanium dioxide, and zinc oxide. These 
photocatalysts can convert organic pollutants into inert molecules by oxidizing them. 
TiO2 is the preferred material due to its excellent photoconductivity, good 
photostability, accessibility, cost, and non-toxicity. Silver at the nanoscale has an 
antimicrobial impact. Numerous polymeric nanoparticles are furthermore used to 
remediate wastewater. The use of magnetic nanoparticles for water purification also 
deserves attention. An important advantage of using magnetic NPs in this field is the 
possibility to extract them easily from the medium by applying a magnetic field. 
Among others, Fe3O4@C NPs are the most attractive candidates for this purpose, 
since they combine good sorption properties of carbon with high magnetic properties 
of magnetite (Fe3O4). Many authors have devoted their efforts to application of 
Fe3O4@C NPs as adsorbents of various substances. These NPs were used as 
sorbents of heavy metals (Cu, Ni, Co, and Cd) [54]. It was shown that the carbon 
layer is responsible for the effective adsorption of the polycyclic aromatic 
hydrocarbons by Fe3O4@C NPs [55]. Fe3O4@C NPs obtained by the light hydro-
thermal reaction of glucose with iron were used as the magnetic solid-phase extrac-
tion sorbent of brominated flame-retardants and pentachlorophenol [56]. A 
significant volume of research publications has been dedicated to the investigation 
of dye adsorption by Fe3O4@C and Fe3O4@SiO2 nanoparticles [57–59]. The high 
adsorption capacity of magnetic NPs together with easy magnetic separation and the 
possibility of their reusing noted in these works stimulate the search for new 
technological solutions for further improving the characteristics of adsorbents 
based on such kind of NPs. 
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Another cutting-edge technique that may be utilized to purify water in residential, 
commercial, and industrial settings is nanofiltration. Molybdenum disulfide (MoS2) 
is used to create an energy-efficient membrane that filters five times as much water as 
conventional ones. To wipe up oil spills in bodies of water, a paper towel constructed 
of nano-fabric, which is weaved from tiny wires of potassium manganese oxide, has 
been developed. Nanotechnology thus offers a way to treat the polluted water and 
stop further pollution. It is possible to filter airborne dangerous gases using nano-
technology. But first, we must utilize accurate sensors to pinpoint the contaminants’ 
molecular locations. Heavy metal ions and radioactive elements can both be detected 
by a sensor known as a nanocontact sensor. These sensors are portable, affordable, 
and simple to use on-site. Currently, NO2 and NH3 gas detection is done using 
single-walled nanotubes (SWNTs). 

In addition, SWNTs sensors have the potential to attain high sensing activity at 
ambient temperature, in contrast to traditional sensors, which function between



200 and 600 °C. For the detection of pesticides, heavy metals, and VOCs, cantilever 
sensors have been created. Toxic gases including NOx, SO2, and CO2 may be 
absorbed using a mixture of CNTs and gold particles. Due to its enormous surface 
area, manganese oxide, a distinct porous nanomaterial, provides outstanding haz-
ardous gas adsorption. By deploying specific sensors to identify toxins, we may so 
contribute to the sustainability of both human health and the environment. Therefore, 
nanotechnology presents a novel approach for lowering waste production, green-
house gas emissions, and the discharge of hazardous chemicals into waterways [60]. 
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22.7 The Positive Impact of Nanomaterials on Health 

The use of nanotechnology is expanding quickly in a variety of fields, including 
industrial applications, medical imaging, illness detection, medication delivery, gene 
therapy, and cancer treatment. Due to its many potential benefits for human health 
and the possible threats to human health, nanotechnology is at the forefront of the 
rapid development of healthcare products [61, 62]. 

When shrunk to a nano-molecular size, many tiny particles that are currently 
thought to be innocuous are likely to develop special properties and might show 
harmful biological effects. It is well established that the physical and chemical 
characteristics of the particle will affect the toxicity of designed NP. The same 
material that is not on the nanoscale can have different properties in nanomaterials. 
The size of the NP, together with its surface area, aggregation state, crystal structure, 
surface charge, and porosity, are crucial factors in figuring out how poisonous it 
is. Nanoparticles have a variety of special health advantages; molecular imaging 
employs them to identify, measure, and visualize cellular and molecular alterations 
that take place both in vitro and in vivo [63]. Fluorescent biological probes 
consisting of organic dyes are frequently used in biology because they are inert 
and may interact without losing sensitivity in a variety of cellular functions. 
Nanoparticles can be used as probes in vivo by attaching them to protein, antibody, 
and nucleic acid molecules. These nanoparticles might then be used as tools to see 
and quantify molecular processes taking place inside the body. In a broad spectrum, 
they have good brightness, photostability, and absorption coefficients (Fig. 22.3). 

Using nanoparticles for site-specific, targeted medication administration 
increases bioavailability, has fewer adverse effects, is less hazardous to other organs, 
and is less expensive [65, 66]. The investigation of tumor-specific thermal scalpels to 
heat and burn tumors represents an attractive prospective application of 
nanoparticles in cancer therapy. It is possible to stop the growth of a tumor by 
utilizing near infrared-absorbing polyethylene-coated gold nano-shells of 130 nm. 
Gold and silver nanoparticles, which are utilized in wrinkle creams, deodorants, and 
burn treatments, have potent antifungal, antibacterial, and anti-inflammatory 
qualities. They are non-cytotoxic, very stable, biocompatible, and neutral [64].
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Fig. 22.3 Nanoparticles and their applications in biomedical fields [64] 

22.7.1 Enhanced Therapeutics, Diagnostics, and Sensors Powered 
by Nanotechnology 

A small chip may contain up to 64 nano-sensors, each of which is capable of 
detecting the tiniest levels of hazardous gases. It requires a very little amount of 
electricity and is made to plug into a cell phone. In order to monitor crop disease and 
moisture levels in agriculture, researchers are also creating sensors. These 
nanotechnology-enabled sensors will aid in securing firefighters, troops, and our 
food supply due to their small size and versatility [67]. The fact that a patient’s body 
does not absorb the complete therapeutic amount is a significant challenge for 
modern medicine. Using nanotechnology, scientists can more accurately deliver 
pharmaceuticals to specific organs and tissues, and they can create medications 
such that the active component penetrates cell membranes more quickly, resulting 
in a reduction in the overall amount of medication needed. 

Nanotechnology may also change medicine delivery by tackling concerns like 
how to maintain the release of pharmaceuticals in the body and improving 
bioavailability—the quantity of active substance per dosage. Some pharmaceuticals 
can now be transported via “nano-vehicles.” Stavudine and zidovudine, two HIV 
drugs, have been encapsulated in liposomes, which may transport the drug payload 
by bonding with cell membranes, in carriers with a size range of 120–200



nanometers. Since the half-lives of both of these drugs are short, the liposome 
coating could help them stay active for extended periods of time. 
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Many targeted drug delivery methods utilize dendrimers, which are branching 
nano-molecules, and fullerene “buckyball” cages [68]. 

22.7.2 Fluorescent Quantum Dots 

Glow-enabled nanoscale semiconductors can be used as biosensors to identify 
illness. In comparison to traditional organic dyes, quantum dots, also known as 
nanocrystals, have a number of benefits, such as the capacity to adjust their lumines-
cence to a wide range of frequencies and a much slower rate of in vivo degradation. 
Fluorescent quantum dots can be combined with antibodies that target cancerous, 
TB, or HIV-infected cells. They might also be used to detect malaria by making 
fluorescent quantum dots particularly target the protein that makes a mesh in the 
inner membrane of blood cells. Because the geometry of this protein network 
changes when cells are infected with malaria, researchers may identify malaria 
infection by the shape generated by the dots. 

22.7.3 Health Monitoring 

Nanotubes and nanoparticles can be used as glucose, carbon dioxide, and cholesterol 
sensors for in situ monitoring of homeostasis, the body’s system for maintaining 
metabolic equilibrium. Nanotechnology has also improved the treatment of tubercu-
losis. For the present TB therapy, a complex medication regimen that is spread out 
over several months is required. A lot of folks either do not take their meds as 
prescribed or stop taking the course altogether. Drug formulations based on nano-
technology break down more gradually and supply more of the active ingredient in 
fewer doses. To allow for continued delivery of the therapy, the drugs are 
encapsulated in biodegradable polymers such as microspheres and liposomes. 
Polylactide co-glycolide nanoparticles have been used effectively in drug carrier 
studies for TB because they degrade well and do not elicit an immunological 
response. Nanoparticles might potentially serve as the basis for an aerosol TB 
vaccination. There is no requirement for trained personnel to administer the vacci-
nation because it is stable at room temperature without a needle. This is important in 
distant locations without a strong cold chain. 

Nanotechnology may advance vaccination to new heights by creating substitutes 
for injectable vaccines for diseases that affect the underprivileged. Injectable 
vaccines could be helpful if the latent virus is combined with nanoparticles to 
strengthen the immune response. The development of a pandemic influenza vaccine 
is also being done using this method.
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22.7.4 Drug Delivery Using Nano-Capsules 

Nano-capsules, which have a millimeter-thin diameter, can have an antibody coating 
on their surface to help guide blood flow to artificial tumors. An instantaneous blast 
that occurs when the capsules arrive at the tumor causes them to instantly open and 
release their medicinal contents. There are small gold particles in the range of 6 nm, 
or 6 millionths of a millimeter, on the surface of the polymer. These particles cling 
across and are particular to the laser light, guiding the capsules to position their drug 
load capacity when it is needed. When the gold specks are exposed to near infrared 
light, they instantly melt without damaging the surrounding material, revealing the 
rupturing of the capsule [69]. 

22.7.5 Nano-Capsule Bandages to Combat Infection in the Future 

The traditional dressings must be removed if the skin becomes damaged or the 
healing process is slowed. In contrast, when a wound becomes infected, nano-
capsular dressings immediately release antibiotics. They do not need to be removed, 
which increases the likelihood that a wound will heal without leaving a scar. 
Additionally, ulcers can be treated with nano-capsular bandages, which are most 
frequently applied by soldiers on the battlefield. These medicinal dressings target the 
treatment before the infection worsens by releasing antibiotics from nano-capsules 
activated by the presence of disease-causing pathogenic or causative bacterial 
organism. The capsules containing the antibiotics, which serve as dressings, are 
ruptured by bacterial toxins. 

The development of formulation methods, notably interfacial nano-deposition 
and interfacial polymerization, is aided by nano-capsules. The ability to release them 
as monodisperse particles with unique biological, electrical, optical, and magnetic 
characteristics is another advantage. Because they are created to generate contents in 
response to a specific bimolecular triggering action mechanism, they are restricted in 
drug delivery systems. Agrochemicals, wastewater treatment, genetic engineering, 
cosmetics, cleaning products, and adhesive components are just a few of the areas 
where nano-capsules are useful. Enzymes, adhesives, catalysts, polymers, oils, 
inorganic micro- and nanoparticles, latex particles, and even living cells are all 
encapsulated using them. They can be utilized to distribute active medicinal 
substances, to sum up (APIs). They offer cutting-edge, efficient drug delivery 
technologies for the foreseeable future [70]. The nano-capsules market has an 
interesting and promising future. This is a technology that will continue to offer 
answers for various major difficulties, as evidenced by the expected industry growth 
and the expanding number of economically relevant applications for the sector. 

It will be far more effective, for example, to administer and target smart drugs that 
can be tailored to a patient’s requirements. The stability and bioavailability of 
pharmaceuticals can be improved by developing transdermal drug delivery devices.
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22.7.6 Nanobots in Medical Field 

Nanobots are robots that employ nanotechnology. Emerging technology known as 
“nano robotics’‘produces machines or robots with parts that are at or very close to 
the scale of a nanometer. The nanoscale technical gaps in physics, chemistry, and 
biology will be bridged in part by nanobots. With the help of these nanobots, new 
techniques and items will be developed for use in technical and medical-
pharmaceutical applications. Nanobots are also suitable candidates for complex 
therapies due to their small size. Drug delivery systems and contrast agents are 
both made of nanobots, they can be utilized for drug delivery in a very active way. 
Drugs typically go through the entire body before they reach the location where the 
sickness is present. The medicine can be targeted to a particular place using 
nanotechnology, which can lower the likelihood of any potential side effects 
[71]. More specifically, the term “nanorobotics” refers to the engineering field of 
nanotechnology that focuses on designing and creating nanobots with sizes starting 
at 0.110 micrometers and made of molecular or nanoscale components. The phrases 
nanobots, nanoid, nanite, nanomachine, or nano-mite are used to describe the 
nanodevices that are currently the subject of research and development. Although 
several crude molecular machines and nanomotors have been tried, nanomachines 
are largely used in the research and development stage. 

These nanorobots frequently transport biochemical payloads throughout the 
system and block local tumor blood flow, which may result in tissue death and 
cause the tumor to shrink. The development of nanobots and their application to 
medicine is now under way. When injected intravenously, nanobots used in medi-
cine target cancer cells and repair damaged tissue because they are built to perform 
specific biological tasks. When research projects and nanobots are joined, a new 
benchmark in the development of medical analysis is attained. Humanity has made 
significant progress in terms of procedure safety and dependability. Endoscopy is 
one of the methods that has been created to aid in diagnosis and provide a better 
understanding of the body’s inner workings. But as we are all aware, technology 
must eventually be phased out. And much as historical practices have evolved to 
address the shortcomings of their forebears, nanorobotics will work to address the 
following flaws in current medical technologies: 

1. Remove unhealthy tissue layers that require time to recover. 
2. Although anesthesia can significantly reduce pain, it only has a temporary effect. 
3. For delicate surgeries like eye surgery, there is still no 100% success rate. 
4. The patient’s life is entirely in the hands of the operator, surgeon, or physician in 

any invasive technique. It is dangerous because a single error could result in the 
patient’s death. 

The following are the key advantages of this technology: 

1. No or little tissue trauma. 
2. Much quicker healing time.
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Fig. 22.4 Nanobots in medicine and drug delivery [71] 

3. Less after-treatment care is necessary. 
4. Rapid reaction to an unexpected development. 
5. Monitoring and diagnosis from the interior. 

Nanobots can carry payloads like medications or healthy cells to a precise spot in 
the body by being steered externally as instructed by a computer. These nanobots’ 
ability to go through normal cellular channels is an extra benefit (Fig. 22.4). 

The primary drawback of designing nanobots is that it is expensive and involves 
numerous complexities. The power supply is the biggest challenge. More research 
must be done in order for the bots to defeat the body’s immune reaction. If terrorists 
employ nanobots improperly, they might potentially be turned into bioweapons and 
pose a threat to civilization. Nanobots are foreign to the body since they can have 
catastrophic consequences if nanobacteria are present. The body contains a lot of 
foreign objects, so biodegradability will be a big issue. Thus, it is necessary to take 
strong measures to address each of these shortcomings. 

22.7.7 Development of a “Global Super-Brain” 

A third exciting development in nanobot research is the use of nanotechnology to 
build a “global super-brain” where potentially, human cognition might be transmit-
ted to an artificial interface, producing a “brain–cloud interface.” Theoretically, in 
the future, nanobots might wirelessly transmit brain data to a network of cloud-
hosted supercomputers, enabling data extraction in real-time and brain-state moni-
toring. But before it can be implemented, this use of nanotechnology must go



through a rigorous period of study and design, as well as go beyond the technology’s 
ethical and moral implications. 
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22.8 Xenobots 

Recent research has paved the way for the creation of xenobots, small robots with a 
length of less than 1 mm and made of 500–1000 living cells. They may be found in 
many different straightforward forms, some of which include legs. Studies have 
shown that they can move tiny objects, travel effectively in a linear or circular 
pattern, work together with other xenobots to complete tasks, and live for around 
10 days. Scientists think that these xenobots might be developed in various ways that 
could help human, animal, and environmental health, despite the fact that their 
position as “programmable living robots” made from live, organic tissue raises 
ethical questions. Xenobots future is somewhat uncertain due to ethical concerns, 
scientists working in this field are enthusiastic about their potential applications in 
removing microplastics from the ocean, removing toxins and radioactive materials 
from hazardous locations, improving the efficiency and effectiveness of targeted 
drug delivery, and repairing cells and tissues [71, 72]. 

Xenobots could be used to remove plaque from our arteries, remove radioactive 
waste from the environment, collect microplastics from the ocean, convey drugs 
inside of people, and clean up radioactive waste. The xenobots are suitable for 
internal drug administration since they may endure in aquatic settings for days or 
weeks without extra nutrition. In addition to these immediate useful activities, the 
xenobots may aid scientists in their understanding of cell biology, paving the way for 
future improvements in human health and lifespan. 

22.9 Conclusion and Challenges 

Nanotechnology is developing quickly, and this will undoubtedly have an impact on 
human health, the environment, and toxicology [73]. It is without question how 
important nanotechnologies are to our well-being, but it is even more important to 
research any potential negative effects. Nanomaterials’ safety, toxicity, and health 
implications have lagged considerably behind their production. 

This is believed to be due to the lack of specific guidelines and widespread 
consensus among researchers regarding appropriate experimental procedures or 
study designs. It also depends on the unique properties of nanoscale materials 
[74, 75], which provide difficulties for the toxicological assessment of novel 
nanomaterials. Despite a significant rise in publications in recent years, all of these 
issues lead to variable and erratic outcomes and obstruct the advancement of this 
field. This study attempts to critically compile and evaluate the many methods and 
challenges connected to the health and safety implications of nanomaterials for 
human health and the environment using the abundance of knowledge already 
accessible. The preparation procedures for typical nanomaterials and prospective



applications have been briefly explored. The developing science of nanotoxicology 
will greatly contribute to the development of safe and sustainable nanotechnology. A 
deeper comprehension of the dangers posed by nanoparticles in the environment and 
on humans is crucial for the development and use of various nanomaterials in the 
future. A multidisciplinary team effort involving material scientists, molecular 
biologists, toxicologists, and physicists is necessary to create nanotoxicology. One 
of the numerous topics of nanotoxicology is the comprehension of biological 
responses to nanomaterial exposure and the processes underlying them. It is impor-
tant to recognize and document in the literature any challenges that were experienced 
when conducting various in vitro and in vivo studies on nanomaterials. This would 
make it easier for beginners to figure out the problem and help them save time and 
effort. Evaluation of the safety aspects of the particles must be given top priority due 
to the anticipated large-scale production of the particles and the likelihood of human 
exposure, either directly through the use of cosmetics, drugs, or drug delivery 
devices or indirectly through distribution through the air, water, and soil [76, 77]. 
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There is a need for better environmental risk and life cycle assessment, as well as 
defined sustainability targets, in the governance of technical innovation in the field of 
nanotechnology. In many aspects, nanotechnology is an example of a 
technologically based attempt to solve a problem that actually requires social, 
economic, and political solutions. 
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